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Abstract

The optokinetic response (OKR) is a type of eye movement that plays an
essential role in the stabilisation of visual perception. Many studies have inves-
tigated the possibility of using the OKR as an objective no-report’ measure of
visual function in both clinical and research settings. However, a greater under-
standing of the OKR (and its components) and how measures are impacted by
various top-down and bottom-up factors is an essential first step for the effective
application of OKR as an objective tool. To this end, a series of eye movement
studies were carried out to quantify the role of stimulus velocity, motion direc-
tion, stimulus eccentricity, instruction type, visual attention and the presence of
incongruent motion on the OKR in response to drifting sinusoidal luminance
gratings (Experiment 1) and random-dot kinematograms (Experiment 2 and Ex-
periment 3). In Experiment 1, stimulus velocity, motion direction and instruction
type (look/stare) were manipulated; results indicated that increasing stimulus
velocity and direction of motion away from the horizontal axis reduced the gain
of the ORR. Further, reversed OKAN direction was associated with low accuracy
of the preceding OKR (low gain and directional inaccuracy), indicating that this
reversal may have been caused by adaptation to visual motion during optokinetic
stimulation. In Experiment 2, central and peripheral regions of the visual field
were stimulated separately and simultaneously with opposing directions of mo-
tion, while visual attention was manipulated. This revealed a generalised atten-
tional boost to OKR gain and a crucial role for foveal stimulation in driving high-
fidelity OKR. In the absence of central stimulation, increasing peripheral stimu-
lus area did not increase gain. Importantly, generating an OKR to peripheral
stimulation was possible in the presence of a central stimulus moving in the op-
posite direction, when attention was directed to the periphery. This points to an
attentional reweighting of the relative contributions of different spatial regions
when generating the OKR. Finally, Experiment 3 presented discrete patches of
motion stimuli to 27 different spatial locations of the visual field while varying
direction of motion and manipulating attention. The results were used to develop
detailed maps of OKR gain across the visual field. The data presented in this
thesis highlight how OKR is influenced by a wide variety of endogenous and
exogenous factors that must be carefully considered in the development of OKR-
based objective measures.
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Glossary of abbreviations
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Frontal eye field
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Mean
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Medial superior temporal area
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Ocular following response
Optokinetic after-nystagmus
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Temporonasal

Usetul field of view

Primary visual cortex / Striate cortex
Secondary visual cortex / Prestriate cortex
Visual area four / Extrastriate cortex
Middle temporal area

Medial motion area / Dorsomedial area
Visual field loss
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Vestibular-ocular reflex
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Chapter 1

General Introduction

1.1 What is an optokinetic response?

As we move in an environment, full field visual motion is induced. Such
motion poses a challenge for the visual system, as visual quality is impaired by
the presence of retinal motion. For example, retinal motion is associated with
motion smear due to the temporal window over which visual signals are inte-
grated (Bedell et al., 2010; Burr, 1980), with the length of this temporal window
varying based on stimulus size and light intensity (Barlow, 1958). Consequently,

there are several mechanisms for stabilising retinal motion. In humans, this is
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Figure 1.1: Example OKR trace showing horizontal gaze displacement over time, with
slow phases highlighted in red and fast phases highlighted in blue. On the Y axis, positive
degrees represent the right side of the display while negative degrees represent the left
side of the display. The dashed line represents the midline of the display. This trace
shows an OKR in response to a rightward drifting black and white sinusoidal grating

stimulus during Experiment 1, under ‘Look OKR’ conditions.



achieved through a combination of vestibular-ocular reflex (VOR), smooth pur-

suit eye movements (SPEM) and optokinetic response (OKR) (Collewijn, 1985).
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Figure 1.2: Adapted from Knapp et al. (2009). OKR eye movement traces in response to
vertical (left) and horizontal (right) stimulus motion and two different stimulus sizes,
illustrating the dramatic difference in amplitude and frequency between look and stare
OKR, as well as between different motion directions and stimulus sizes. ‘Distance’ refers
to the viewing distance of the stimulus. Note the dramatic difference in frequency and
amplitude between look and stare OKR, which varies across motion direction, stimulus

size and viewing distance conditions.

OKR typically involves a series of back-and-forth binocular eye move-
ments known as optokinetic nystagmus, which alternate between a ‘slow” phase
and a ‘fast’ phase to produce a sawtooth waveform (Figure 1.1). The slow phase
is a pursuit eye movement, during which gaze attempts to match the speed and
direction of the stimulus to hold the image relatively still on the retina. The fast

phase is a saccade-like eye movement moving in the opposite direction to the



slow phase; this prevents the slow phase from driving the eye to its mechanical
limit (Garbutt & Harris, 1999). Each slow phase and following fast phase to-
gether constitute one nystagmus ‘beat’. In research, OKR is generally character-
ised by its slow phase gain (ratio of slow phase velocity to stimulus velocity),
amplitude (physical length of the slow phase) and frequency (number of nystag-
mus beats within a given timeframe) (Collewijn, 1985; Frattini & Wibble, 2021;
Garbutt & Harris, 1999). While OKR is generally described as being reflexive
(Carpenter, 1988, p. 39), OKR in humans is known to be affected by top-down
influences such as attention (Kanari et al.,, 2017) and task instruction (Pola &

Wyatt, 1985).

There are several types of OKR which will be covered throughout this
chapter. OKR has both an early and a late component: early OKR (EOKR) has a
rapid build-up (Abadi et al., 1994) and dominates in humans with normal vision
(Garbutt & Harris, 1999); late OKR (LOKR) has a slow build-up and dominates
in animals with poor or absent foveal vision (Collewijn, 1972), though it is pre-
sent in humans (Garbutt & Harris, 1999). LORKR is also associated with a slow
decay of nystagmus following termination of the stimulus, known as optokinetic
after-nystagmus (OKAN) (Collewijn, 1985). The task instructions provided to
observers are able to affect the OKR produced. If observers are instructed to fix-
ate and follow features of the moving stimulus, look’ OKR will be produced,
whereas instructing observers to passively gaze at the stimulus produces ‘stare’
OKR (Pola & Wyatt, 1985). Look OKR is associated with high amplitude, low
frequency eye movements and stare OKR is associated with low amplitude, high
frequency eye movements (Honrubia et al., 1968; Knapp et al., 2008; Valmaggia
et al,, 2005). Amplitude and frequency of OKR vary with stimulus size, direction
of motion (Knapp et al., 2009) and velocity (Abadi et al., 2005; Murasugi & How-
ard, 1989b; Valmaggia et al., 2005), however, the amplitude of look OKR is often
at least double that of stare OKR, and the frequency of stare ORR is often at least
double that of look OKR (Knapp et al., 2008, 2009; Valmaggia et al., 2005) (Fig-

ure 1.2).



1.2 Neural substrates of the OKR

Early OKR research investigating afoveate animals such as the rabbit
showed that, in such animals, OKR has a directional preponderance whereby it
is only produced in response to stimuli drifting in a temporonasal (TN) direction.
In contrast, foveate animals such as humans produce OKR in both directions
(Tauber & Atkin, 1968). Such research highlights the existence of different path-
ways for producing OKR. Whereas the unidirectional OKR seen in afoveate ani-
mals may be mediated by a subcortical pathway, the bidirectional OKR observed
in humans may be so due to involvement of an additional cortical pathway (Gar-

butt & Harris, 1999).

The subcortical pathway involves the accessory optic system (AOS), in-
cluding the pretectal nucleus of the optic tract (NOT) (in the macaque monkey:
Biittner-Ennever et al., 1996; in the mouse: Dhande et al., 2013; Leigh & Zee,
2015). In the macaque monkey, retinal slip (relative motion of the stimulus across
the retina), the stimulus for producing OKR, is encoded by contralateral retinal
afferents to the AOS, with different AOS nuclei responding to different directions
of motion (Leigh & Zee, 2015; Mustari et al., 1994). Research conducted using
macaque monkeys has shown that, in primates, the retina, V1, MT and MST
input to the NOT (Distler et al., 2002; Distler & Hoffmann, 2001), which encodes
retinal error position, acceleration and velocity (Das et al., 2001). In cats, the
cells of the NOT have been shown to provide direction-selective signals about
retinal slip during OKR (Hoffmann & Huber, 1983), and in afoveate animals, have
been shown to respond only to TN stimuli (Collewijn, 1985), indicating that the
asymmetrical OKR seen in such animals is driven by this subcortical pathway.
However, the NOT also plays a role in generating OKR in foveate animals: in
monkeys, lesions of the NOT impair smooth pursuit and OKR slow phases in the
direction of the lesioned hemisphere (Cohen et al., 1990; Kato et al., 1988) and
electrical stimulation of the NOT produces nystagmus with ipsilateral slow
phases (Cohen et al.,, 1990; Fuchs & Mustari, 1993). Thus, evidence from non-
human animals suggests that the AOS and NOT play an important role in the

encoding of retinal slip signals and producing pursuit eye movements.

In humans, a cortical pathway forms a major contribution to the genera-

tion of pursuit eye movements. This pathway runs from the human homologues



of MT, MST (MT+) and the frontal eye fields (FEF) to the pontine nuclei and
the cerebellum (Leigh & Zee, 2015). Unlike afoveate animals, humans show a
rapid build-up of slow phase velocity during OKR (Abadi et al., 1994). This rapid
build-up may be due to involvement of the smooth pursuit system and the ocular
tollowing response (OFR) in human OKR (Leigh & Zee, 2015). Lesion studies
and single-cell recordings from monkeys show that MST neurons are important
in generating this OFR (Takemura et al., 2002; Takemura & Kawano, 2002). All
of the cortical eye fields have been implicated in human OKR (Ruehl et al., 2019).
In an fMRI study of human look OKR, Ruehl et al. (2019) reported that during
OKRR, the FEF, which is involved in the allocation of spatial attention and saccade
generation (Blanke et al., 2000; Dieterich et al., 2003; Everling, 2007; Pierrot-
Deseilligny et al., 2004), formed a functional subcluster with the parietal eye field
(PEF), which is involved in visual attention and visually-guided saccades
(Brotchie et al., 2003; Biichel et al., 1998). The FEF also formed a functional
subcluster with the cingulate eye field (CEF), supplementary eye field (SEF) and
V6, which has a strong response to optic flow fields and peripheral motion and is
involved in processing of egomotion (Cardin & Smith, 2011; Pitzalis et al., 2010),

making it a region well suited to respond to optokinetic stimuli.

The cortical pathway may be responsible for producing the bidirectional
OKR seen in humans. At birth, human OKR is asymmetrical, resembling that of
an afoveate animal; however, by the age of six months, it is usually symmetrical
(Garbutt & Harris, 1999). This initial asymmetry is thought to be a result of
dominance of the subcortical pathway at birth. As the cortical pathways mature,
they become dominant in OKR production, resulting in symmetrical OKR (Leigh
& Zee, 2015). Development of OKR symmetry and of binocularity may be linked;
disrupting the development of normal binocular function, such as by strabismus
(fixational misalignment of the two eyes), is associated with persistence of OKR
asymmetry (Valmaggia et al., 2005). This indicates that the subcortical pathway
may have a larger contribution to the OKR in these individuals (Leigh & Zee,
2015) and points to a role of binocular cells in producing bidirectional OKR.
While the NOT is still directionally selective in foveate animals, data obtained
from cats has led to the suggestion that there is an indirect route to the NOT via
the binocular cells of the visual cortex in such animals (Hoffmann, 1982; Mon-

tarolo et al., 1981), allowing it to respond to both N'T and TN stimuli. Animals

10



with stereopsis (the ability to use the disparity between the inputs to two eyes
with overlapping visual fields to encode depth and distance), such as monkeys
and cats, have been found to have higher OKR gain than those without, which
may be a result of the stereoscopic system supplementing inputs to the pretectum

(Hoftmann, 1982; Hoftmann & Distler, 1986; Montarolo et al., 1981).

The retinal slip signal encoded by the AOS and NOT is thought to play
a key role in determining slow phase velocity during OKR. Researchers have
studied the OKR in non-human animals using open-loop conditions such as by
immobilising the viewing eye while recording eye movements from the mobile
non-viewing eye. The result is a slow phase that steadily increases in velocity
until its speed is many times greater than that of the stimulus, an effect that has
been demonstrated in both monkeys and rabbits (Koerner & Schiller, 1972; Ter
Braak, 1936). This effect occurred in a stepwise manner, increasing from slow
phase to slow phase rather than involving increases of velocity within phases.
This indicates that, under normal viewing conditions, retinal slip is an important

determinant of slow phase velocity.

1.8 Time course of the OKR

OKR has at least two components which have different time courses:
early OKR (EOKRR) and late OKR (LORR) (Garbutt & Harris, 1999). OKR is also
associated with an after-effect known as optokinetic after-nystagmus (OKAN)
(Figure 1.8) which can be observed when an optokinetic stimulus is terminated
in complete darkness (Collewijn, 1985). EOKR and LOKR are thought to be me-
diated by different pathways (Fuchs & Mustari, 1993; Collewijn, 1972; Garbutt
& Harris, 1999), while OKAN is thought to be related to the LOKR component
(Lafortune et al., 1986b; Garbutt & Harris, 1999; Fuchs & Mustari, 1993; Cohen
et al., 1981). These components may optimally operate at different stimulus ve-
locities; Lafortune et al. (1986b) reported that EOKR was most active in the 10-
30 deg/s range whereas LOKR, evident via OKAN magnitude, was most active

in the 40-70 deg/s range.
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1.3.1 Early ORR

EORR is associated with a rapid build-up of slow phase velocity which
reaches the stimulus velocity in approximately five seconds (Abadi et al., 1994).
Though humans exhibit both EOKR and LOKR, EOKR tends to dominate under
photopic light levels and is associated with a rapid drop-oft of slow phase velocity
following termination of the stimulus (Garbutt & Harris, 1999). EORR is not
seen in afoveate animals, such as rabbits (Collewijn, 1972), whereas monkeys
show well-developed EOKR and LOKR (Cohen et al., 1977). EOKR is thought
to be mediated by a cortical pathway similar to that of smooth pursuit eye move-

ments (SPEM) (Fuchs & Mustari, 1993).

1.3.2 Late ORKR

Contrary to EOKR, LOKR is associated with a gradual build-up of slow
phase velocity (Garbutt & Harris, 1999). LOKR dominates in animals with poor
or absent foveal vision, such as the rabbit (Collewijn, 1972), and has also been
found to dominate in humans with certain conditions, including maldeveloped
foveae (Baloh et al., 1980a), hereditary cerebellar ataxia (Zee et al., 1976) and
parietal lobe lesions (Baloh et al., 1980b, 1982). LOKR is thought to be mediated
by a subcortical pathway, with the NOT playing a key role: in monkeys, LOKR
does not recover following large NOT lesions and electrical stimulation of the
NOT produces eye movements resembling LOKR and OKAN (Fuchs & Mustari,
1993).

1.3.3 Optokinetic after-nystagmus

When an optokinetic stimulus is terminated in a completely dark envi-
ronment, there is sometimes a gradual decay of the slow phase velocity. This
persistence of nystagmus after stimulus termination is known as optokinetic af-
ter-nystagmus (OKAN) (see Figure 1.3). OKAN often follows the direction of the
preceding OKR (OKAN-I). After a variable amount of time, this may be replaced
by a nystagmus that is reversed in direction with respect to the preceding OKR
(OKAN-II) (Collewijn, 1985).

12
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Figure 1.3: From Bertolini et al. (2021). UPPER: Eye movement trace showing gaze
displacement over time, demonstrating OKR occurring during stimulation (green) fol-
lowed by OKAN occurring in dark conditions (blue) before eventually decaying.
LOWER: Plot showing eye velocity over time during stimulation (green) and in dark
conditions (blue) showing the decay of eye movement velocity following termination of

the stimulus.

OKAN is associated with the activity of the vestibular system, highlight-
ing its functional proximity to the optokinetic system. Studies using humans and
monkeys have shown that during OKR, information about velocity is stored by
the velocity storage mechanism (VSM) of the vestibular nuclei of the brainstem;
after OKR, the discharge of this stored activity produces OKAN (Cohen et al,,
1981; Collewijn, 1985; Katz et al.,, 1991; Leigh & Zee, 2015). Consequently, ves-
tibular damage aftects OKR and OKAN. In humans, unilateral dysfunction of the
vestibular labyrinth can cause OKAN to be diminished, whereas bilateral dys-
tunction can completely eradicate OKAN (Ireland & Jell, 1982). This indicates
that OKAN relies on bilateral vestibular input. Further evidence of the link be-
tween OKR, OKAN and the vestibular system comes from monkey research
showing that there is an adapting influence of VOR on both LOKR and OKAN
(Lisberger et al., 1981) and evidence that post-rotational (vestibular) nystagmus

is able to counteract OKAN in humans (Barratt & Hood, 1988). Such evidence
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A Horizontal Stimulation
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Figure 1.4: From Ventre-Dominey and Luyat (2009). Eye movement traces showing
gaze displacement over time during optokinetic stimulation without a fixation cross and
the following OKAN (left) compared to during fixation of a cross during optokinetic
stimulation and the following OKAN (right). Stimulation is with horizontal (upper, A)
and oblique (lower, B) motion. H, V and T correspond to the displaying of horizontal,
vertical and torsional eye movement, respectively. Note the occurrence of OKAN-II im-

mediately following fixation without the occurrence of OKR.

highlights that LOKR in particular is associated with OKAN, and as such, OKAN
is sometimes used in research as an indicator that LOKR has occurred (e.g. Lafor-

tune et al., 1986a).

As a feature of the LOKR component, OKAN can be seen following stim-
ulation at a velocity which maximally stimulates the LOKR pathway. Lafortune
et al. (1986b) found that OKAN magnitude in humans was highest following
stimulus velocities in the 40-70 deg/s range. Using a 60 deg/s stimulus, Cohen
et al. (1981) found that human OKAN has a slow phase velocity of up to 15-20
deg/s. In contrast, the OKAN of monkeys can reach velocities of 90-120 deg/s
(Cohen et al., 1977), highlighting the presence of inter-species differences be-

tween the optokinetic systems of human and non-human primates; it is suggested
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that activity of the LOKR component, and therefore of the VSM, is lower in hu-

mans (Cohen et al., 1981).

OKAN does not necessarily consistently follow the same direction as the
preceding OKR; it can present with a reversed slow phase direction with respect
to the stimulus. There are many speculated causes of these reversals. There may
be a relationship between stimulus velocity and OKAN direction, with low stim-
ulus velocities producing OKAN-I and high stimulus velocities producing the
reversed OKAN-II (Collewijn, 1985). Stimulus duration has also been reported
to contribute. Gygli et al. (2021) used a range of stimulus durations, finding that
five of their 11 observers showed OKAN-II in 70% of trials that used prolonged
(8, 5 and 10 minutes) stimulation, but only in 10% of trials that used briefer 30-
second stimuli. Brandt et al. (1974) also reported OKAN-II following prolonged
stimulation (8 and 15 minutes), which they explained as being a form of motion
habituation. They suggested that if the ‘habituative countercharge’” from the
stimulus outweighs the remaining ‘optokinetic charge’, the OKAN direction will
reverse. Similarly, suppression of OKR during full-field stimulation has been re-
ported to produce OKAN-II. Ventre-Dominey and Luyat (2009) used a fixation
cross to suppress OKR, observing OKAN-II immediately afterwards (Figure
1.4). They speculated that this may have resulted from the suppression of pursuit
signals and asymmetrical activity of the VSM. The occurrence of OKAN follow-
ing OKR suppression indicates that an optokinetic response may not be neces-
sary for OKAN to occur; information relating to visual input, without an oculo-
motor output, is sufficient to produce OKAN. This suggests that the visual input
may be responsible for velocity storage rather than the OKR itself. However, it
may be the case that OKAN-II is caused by a difterent mechanism to OKAN-I; it
has been suggested that rather than being associated with VSM activity, as is the
case in OKAN-I, OKAN-II may be independent of OKAN-I, instead being caused
by motion adaptation (Chen et al., 2014; Gygli et al., 2021).

Studying OKAN, particularly OKAN-II, is very challenging in humans
due to their weak and inconsistent OKAN (Gygli et al., 2021). Gygli et al. (2021)
obtained OKAN-II data from five of their 11 participants; six of their participants
did not produce OKAN-II. Koenig and Dichgans (1981) used one minute of stim-
ulation at 30, 60, 90, 120 and 180 deg/s, reporting that four participants showed

no OKAN-II. Brantberg (1992) also used one minute of stimulation with two
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stimulus velocities, reporting OKAN-II during three trials in one out of 16 par-
ticipants. Noojj et al. (2018) reported OKAN-II in 24% of trials that followed 60
deg/s stimulation; however, these trials were all accounted for by just four of
their 13 participants. Clearly, there are large individual differences in the occur-
rence of OKAN-II, with many experiments reporting it in less than half of ob-
servers, making it a very challenging area of research. As a result, OKAN rever-

sal is not fully understood.

1.4 The role of the vestibular system

Though OKR is produced by visual input, the vestibular system is known
to be involved in the response. The importance of the vestibular system in OKR
is exemplified by the effects of labyrinthectomy, which has been shown to reduce
both the gain and frequency of OKR and to reduce or eradicate OKAN (Cohen et
al.,, 1973). This is thought to be due to the activity of the VSM, which stores

activity related to velocity during optokinetic stimulation (Cohen et al., 1981).

There is behavioural evidence of the link between OKR and the vestibular
system. While vestibular stimulation produces post-rotational nystagmus
(PRN), OKAN is able to counteract it (Barratt & Hood, 1988). Further, optoki-
netic stimuli can be used to predictably modulate PRN (Cohen et al., 1981). This
evidence suggests that visual and vestibular inputs are integrated in producing
these nystagmic responses. The vestibular influence on OKR appears to be
greater in the LOKR system compared to the EOKR system. Lisberger et al.
(1981) found that adapting monkeys towards a VOR gain of zero affected LOKR
gain in parallel, as well as affecting the OKAN charging time constant, but it did
not affect EOKR gain. They argued that this shows that the signals responsible
tfor producing OKAN access the VOR pathways prior to reaching the variable
gain elements responsible for VOR adaptation, with these variable gain elements
located between the sites at which LOKR and EOKR mechanisms access the oc-

ulomotor pathways.

There is also neurophysiological evidence of this relationship obtained
from non-human primate studies. Neurons of the vestibular nuclei of monkeys

have been shown to respond to both head rotation and optokinetic stimulation
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(Henn et al., 1974; Waespe & Henn, 1977). When optokinetic stimulation is ter-
minated in a dark environment, these vestibular nucleus neurons continue to dis-
charge for a brief time (Waespe & Schwarz, 1986), producing OKAN. Such evi-
dence provides confirmation of the influence of optokinetic visual input upon ves-
tibular nucleus output. However, it should be noted that the VSM of the vestib-
ular nuclei is thought to play less of a role in human OKR compared to that of
monkeys, with human OKR being driven primarily by the EOKR system (Cohen

et al, 1981).

1.5 Effect of stimulus eccentricity

Many aspects of visual performance are superior in the central visual
field, with increasing eccentricity having a detrimental effect. These eccentricity
effects in vision are generally attributed to physiological differences between the
central and peripheral visual field. Central vision has superior acuity (Anstis,
1998), contrast sensitivity (Virsu & Rovamo, 1979) and colour sensitivity (Han-
sen et al., 2009). More eccentric regions of the retina have lower ganglion cell
density (Curcio & Allen, 1990) and photoreceptor density (Curcio et al., 1990).
These difterences are reflected at higher levels of visual processing; for example,
the fovea is significantly over-represented in V1, as shown by Azzopardi and
Cowey (1996) in the macaque monkey. Eccentricity effects also impact motion
perception, with past research showing that increasing stimulus eccentricity is
associated with lower perceived speed (Johnston & Wright, 1986; Tynan & Seku-

ler, 1982). By extension, one might expect to see eccentricity eftects in the OKR.

Past research has generally confirmed central superiority in driving the
OKR and a detrimental effect on gain resulting from occlusion of the centre.
Howard and Ohmi (1984) equated central and peripheral sinusoidal luminance
grating stimuli for visibility and contrast, finding that central superiority in driv-
ing OKR remained. From this, they concluded that this central superiority is not
a consequence of lower visibility in the visual periphery. However, the periphery
was able to drive the OKR by itself. With the centre occluded, the peripheral
stimulus was able to produce an OKR, even when participants were instructed to
attend to the central occlusion (Howard & Ohmi, 1984). Consequently, Howard

and Ohmi (1984) concluded that attention to the periphery is not required for an
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ORR in response to the periphery, but OKR in response to the centre has higher
gain. Similarly, other studies have reported that central occlusion reduced the
gain of OKR (Abadi & Pascal, 1991; Cheng & Outerbridge, 1975; Murasugi et
al., 1986; van Die & Collewijn, 1982). Though attention is not required to pro-
duce a peripheral OKR (Howard & Ohmi, 1984), it has been reported to facilitate
it (Dubois & Collewijn, 1979). Collewijn (1985) argued that this is a result of
attention reweighting the relative contributions of difterent retinal locations to-
wards oculomotor responses. Unfortunately, attention was not precisely manip-
ulated in these studies; participants have instead simply been instructed to direct
attention towards the peripheral stimulus (Dubois & Collewijn, 1979; Howard &

Gonzalez, 1987).

Some studies have reported a velocity-based eftect of occluding the cen-
tre. Howard and Ohmi (1984) and Valmaggia et al. (2001) both reported that the
detrimental effects on gain of central occlusion only occurred in response to stim-
ulus velocities above 30 deg/s. However, others have reported responses to ve-
locities both above and below 30 deg/s being affected (van Die and Collewijn,

1982, 1986).

Several methodological issues have been identified by studies attempting
to mask the central visual field for OKR research. A central patch surrounded by
motion can appear to move in opposition to the peripheral motion, resulting in
an OKR with a reversed direction with respect to the stimulus (Wyatt & Pola,

1984). A mask may also act as a stationary object within the moving field, which
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can suppress OKR by providing a fixation point (Murasugi et al., 1986). As a
result, the proximity of the stationary edge ot the mask to the fovea may have a
larger effect on the OKR than the area of the stimulus or the mask (Carpenter,
1988). These factors make investigating peripheral OKR by using central mask-
ing challenging. Howard and Ohmi (1984) noted that the use of clear, stationary
edges in central masks may cause them to suppress OKR; they created a mask
with blurred edges and adjusted the peripheral stimulus in terms of contrast and
spatial frequency to match central and peripheral stimulus visibility. Despite
these modifications, they still reported lower gain in response to peripheral stim-

uli moving at speeds greater than 30 deg/s.

In contrast to the findings obtained via central masking, early reports of
OKR in central scotoma patients yielded very different results, with Hood (1967,
1975) reporting high gain OKR up to a stimulus velocity far exceeding that seen
in normal observers (Figure 1.5), successfully tracking stimuli at 90 deg/s.
Gresty and Halmagyi (1979) were later able to replicate this result using an ar-
tificial scotoma. Hood (1967) attributed this eftect to the role of LOKR in periph-
eral OKR, arguing that the observed high-gain OKR was mediated by the sub-
cortical pathway as the OKR had been released of the constraints of central (and
thus cortical) influence. However, this finding has not been consistently repli-
cated, with both real and artificial scotoma studies reporting a reduction in gain
(Cheng & Outerbridge, 1975; Dubois & Collewijn, 1979; Valmaggia et al., 2001;
van Die & Collewijn, 1982) and van Die and Collewijn (1982) reporting that the
effect on gain was similar in both central scotoma patients and central masking

in visually normal observers.

The size of an occluder required to affect OKR is also contested. Val-
maggia et al. (2001) investigated central scotoma patients, reporting that OKR
gain was only affected in observers with central scotomas larger than 20 deg
whereas observers with smaller scotomas were not different to controls. In con-
trast, van Die and Collewijn (1982) reported than removing even the central 5
deg was sufficient to lower gain. Valmaggia and Gottlob (2002) noted that we
might expect to see differences in performance as a result of artificial masking
and real scotoma, as patients with scotoma may experience ‘filling in’ of the opto-

kinetic stimulus. However, van Die and Collewijn (1982) reported that, whether
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the scotoma was real or artificial, the effect of central occlusion on gain was com-

parable.

Overall, the available evidence suggests that removal of central stimula-
tion, either by artificial masking or by scotoma, has a detrimental effect on OKR

gain.

1.6 Top-down influences on the ORR

1.6.1 Effect of task instruction: Look and stare OKR

ORKR in humans appears to have both voluntary and reflexive components
which can be brought out by varying the instructions given to observers. When
an observer is told to actively pursue features of the moving stimulus, look OKR

is produced; when an observer is told to passively gaze towards the stimulus,
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Figure 1.6: From Hood and Leech (1974). Traces showing gaze displacement during
look (‘active’) OKR and stare (‘passive’) OKR, with arrows indicating the location of a
reversal of stimulus motion (striped optokinetic drum) direction. Note the difference in
OKR frequency and amplitude between the two conditions, and the difference in phase

type leading the direction changes.
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stare OKR is produced (Pola & Wyatt, 1985). Look ORR is generally described
as having high amplitude, low frequency movements, whereas stare OKR is de-
scribed as having low amplitude, high frequency movements (Honrubia et al.,

1968; Knapp et al., 2008; Valmaggia et al., 2005).

Pola and Wyatt (1985) reported that ‘active’ (look) OKR had higher am-
plitude, gain and phase lag compared to ‘passive’ (stare) OKR. Increasing the
stimulated area resulted in higher gain for both look and stare OKR, which they
argued implicates shared oculomotor systems. They described a foveal tracking
system which responds to target position and is under voluntary control and an
optokinetic system which responds to target velocity and is reflexive. As stare
OKR could be induced using peripheral stimuli, they suggested that this must
represent a response to target velocity; in contrast, they suggested that look
OKR is more related to the foveal tracking system. By their account, these two

systems run in parallel and converge prior to a common integrator.

Hood and Leech (1974) showed that look and stare OKR difter in their
response to a change of stimulus motion direction as well as in their tendency to
produce a perception of self-motion. During look OKR, a change of motion di-
rection enacted by reversing the direction of a striped optokinetic drum resulted
in a deviation of the eyes towards the direction of drum rotation followed by a
re-centring by the fast phase. In contrast, a direction change during stare OKR
was assoclated with a deviation of the eyes away from the direction of drum ro-
tation followed by a re-centring by the slow phase (Figure 1.6). They argued that
this may reflect a difference in the function of the fast phase between look and
stare OKR. Additionally, it was reported that the illusion of self-motion induced
by the optokinetic stimulus was reduced during look OKR conditions. This find-
ing implies that stare OKR is associated with more vestibular activity than look
ORR, which may be due to the higher frequency of stare OKR causing greater
activity of the VSM (Frattini & Wibble, 2021).

Look OKR may allow for tracking of stimuli to a higher velocity. Honru-
bia et al. (1968) found that during look OKR, observers had a large slow phase
amplitude which remained relatively constant as stimulus velocity increased,
though eye movement frequency increased linearly with stimulus velocity. Dur-
ing this condition, observers were capable of closely pursuing striped optokinetic

drum stimuli up to a velocity of 60 deg/s. In contrast, when stimulus velocity
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arrows on look OKR traces indicate the location of stare OKR breakthrough within the
look OKR trace.

was increased during stare OKR, OKR frequency increased in a non-linear fash-
ion, reaching asymptote at a stimulus velocity of 40 deg/s. Consequently, look
ORR was associated with high gain OKR up to a higher stimulus velocity com-
pared to stare OKR. From this, Honrubia et al. (1968) argued that look and stare

OKRR should be considered to be mediated by separate mechanisms.

Like Honrubia et al. (1968), Valmaggia et al. (2005) reported velocity-
based differences between look and stare OKR in response to striped stimuli.
They showed that look OKR gain was higher than that of stare OKR in response
to horizontally moving stimuli at 45 deg/s and 60 deg/s, and in response to ver-
tically moving stimuli at 30 deg/s, 45 deg/s and 60 deg/s. This result demon-
strates that stare OKR gain is able to match that of look OKR up to a higher
velocity in response to horizontal compared to vertical motion. Increasing stim-
ulus velocity decreased gain for both look and stare OKR, an eftect that was larg-
est for vertical stare OKR and smallest for horizontal look OKR, showing that
stare OKR in response to vertically moving stimuli is particularly impacted by

high stimulus velocity. The data of both Valmaggia et al. (2005) and Honrubia
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et al. (1968) highlight that as stimulus velocity increases, the differences between
look and stare OKR become more apparent. Valmaggia et al. (2005) suggested
that these differences may be a consequence of different contributions from cor-
tical and subcortical systems in look and stare OKR, as look OKR may involve
the smooth pursuit system. Similarly, Garbutt and Harris (1999) posited that the
differences between look and stare OKR may be caused by involvement of SPEM
in look OKR.

tMRI has been used to investigate differences between look and stare
OKR. Kashou et al. (2010) reported that look OKR was associated with higher
levels of cortical activation compared to stare OKR, particularly in limbic, occip-
ital and parietal lobes. They concluded that look OKR instructions are associated
with a response that has more activation sites compared to stare OKR. Konen et
al. (2005) also reported higher cortical activation during look OKR. They de-
scribed the strength of the BOLD response as being reflective of the degree to

which the eye movements were voluntary.

Maintaining look OKR requires more active effort on part of the observer
compared to stare OKR, and as a result, lapses in look OKR are often reported.
Stare OKR occurs during these lapses, highlighting its more reflexive nature
(Figure 1.7). This stare OKR breakthrough during look OKR conditions has been
reported by many researchers (Hood & Leech, 1974; Knapp et al., 2008; Pola &
Wyatt, 1985). Hood and Leech (1974) suggested that the effort required for the
observer to continually select and fixate features of the moving stimulus makes
look OKR difficult to sustain for long periods of time, causing stare OKR to occur
due to lapses in the observer’s ability to maintain it. Additionally, any residual
retinal motion resulting from imperfect gain may act as a trigger for stare OKR
to occur. Hood and Leech (1974) argued that the tendency for stare OKR break-
through to occur during look OKR conditions is indicative of look and stare OKR
involving different underlying mechanisms. Knapp et al. (2008) also reported
stare OKR breakthrough during look OKR conditions, noting that these lapses
tend to occur immediately after the fast phase, a possible consequence of the ob-
server being unable to instantly select a new feature of the stimulus to track; the
result is stare OKR occurring reflexively until a new target is selected. These
accounts suggest that failures of look ORR, leading to increased retinal slip, trig-

ger a reflexive stare OKR to occur until voluntary target tracking is re-initiated.

23



The impact of task instruction upon the OKR has wider implications for
OKR research, beyond that which looks specifically at look and stare OKR. Many
existing studies do not specify what instructions were given to participants, if at
all, or whether look or stare OKR has been recorded. As a result, it is sometimes
unclear whether the data presented has come from look or stare OKR, which may

be a source of inconsistencies both between and within studies.

1.6.2 Effect of attention on the OKR

Attention can generally be described as the focussing of cognitive re-
sources onto certain aspects of the environment and is conceptually split into
several types. Visual attention allows an observer to focus resources onto a par-
ticular visual feature, object or location (Souto & Kerzel, 2021; Sperling & Mel-
chner, 1978) and as such, can be further divided into visual spatial attention and
visual feature attention (Lindsay, 2020). Both forms of covert selective attention,
visual spatial attention allows an individual to deploy attention to a particular
region of the visual field whereas visual feature attention allows an individual to
focus attention on a particular stimulus feature such as colour or shape (Lindsay,
2020). Attention is a limited resource, and allocating attention towards pro-
cessing certain information can be a voluntary or involuntary process. The mech-
anisms that underlie this process are driven by both endogenous and exogenous
factors, such as the intentions of the observer or the salience of the stimulus,
respectively (Souto & Kerzel, 2021). Research has shown that eye movements

and attention are closely related (for a review, see Souto & Rerzel, 2021).

As seen in the look and stare OKR literature, the instructions given to
participants during OKR experiments impact the resulting eye movement be-
haviour, which may be a consequence of difterences in the allocation of attention
between look and stare conditions. This is because actively tracking features of
the stimulus during look ORR conditions may make the task more attentionally
demanding (Magnusson et al., 1985). Similarly, Pola and Wyatt (1985) sug-
gested that the attention involved in voluntary tracking during look OKR may
modulate the response to the target’s position and velocity. They described at-

tention as being the ‘third component’ of the OKR, after what they described as
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the ‘target position system’ and the ‘target velocity system” which they related
to look and stare OKR, respectively.

Outside of the look and stare OKR literature, OKR is known to be affected
by attention. Frattini and Wibble (2021) reported that OKR gain was higher
during a focussed attention’ condition compared with a ‘neutral attention’ con-
dition. Focussed attention was also associated with higher VSM activity, indicat-
ing that the activity of the LOKR or vestibular system may have been increased

by the attention to the stimulus. Similarly, Kanari et al. (2017) manipulated both
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Figure 1.8: From Kanari et al. (2017). Eye movement traces from a single participant
showing response to attended peripheral motion in the presence of opposing central mo-
tion. Upper plots show horizontal gaze displacement in response to leftward (a) and
rightward (b) motion; lower plots show vertical gaze displacement in response to upward
(c) and downward (d) motion. Solid black arrows indicate the points in the OKR trace

corresponding to attended peripheral motion.
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attention and stimulated visual field region, reporting that gain was highest
when a task was used to increase attention toward the stimulus and when locus
of attention and gaze were congruent. Given the influence of attention upon
OKRR, some researchers have also attempted to use OKR suppression and break-
through as a proxy measure of attention (Rubinstein & Abel, 2011; Williams et
al., 2006, 2016).

While many eccentricity effects can be attributed to physiological differ-
ences between the central and peripheral visual field regions, the anatomical ex-
planation cannot always fully account for the eftects of eccentricity. For example,
M-scaling does not always compensate for eccentricity effects (Bao et al., 2013;
Staugaard et al., 2016; Valsecchi et al., 2013; Wolfe et al., 1998), and training can
be used to improve peripheral responses (Hubert-Wallander et al., 2011). Atten-
tion has been proposed as an additional explanation for eccentricity effects. In-
creasing attention towards the visual periphery has been shown to reduce some
eccentricity effects during visual tasks (Kirsch et al., 2020; Staugaard et al., 2016),
indicating that these eccentricity effects may be partially caused by attention.
OKR has been shown to be affected by stimulus eccentricity (e.g. Abadi et al,,
1999, 2005; Howard & Ohmi, 1984; Murasugi & Howard, 1989b); attention may

be able to account for some of these effects.

Experiments have been carried out using optokinetic stimuli with differ-
ent directions of motion presented simultaneously to assess the effect of attention
on the driving stimulus for OKR. Maruyama et al. (2003) presented two patterns
moving in different directions within the same plane, finding that OKR was
driven by the pattern that the observer attended to. This demonstrates that
within the same visual field region and depth plane the OKR will be driven by
the attended stimulus. However, whether this is the case regarding stimuli pre-
sented at different eccentricities is of interest, as researchers have sought to un-
derstand whether the OKR is preferentially driven by attended motion or central
motion. Howard and Gonzalez (1987) simultaneously presented stimuli with dif-
ferent motion directions to the centre and to the periphery, asking participants
to attend to the peripheral motion; they reported that slow phase direction was
determined by the direction of motion in the centre. This result is thus the same
as that achieved without any manipulation of attention: using a similar stimulus,

Abadi and Pascal (1991) reported that in the presence of opposing central and
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peripheral motion, the centre drove the response. However, they used a square
central stimulus surrounded by peripheral motion, so it is possible that the edges
of the central stimulus that were perpendicular to the direction of motion had a
suppressive effect on the OKR in response to the periphery (Murasugi et al.,
1986). From their results, Howard and Gonzalez (1987) concluded that attention
towards the periphery was not sufficient to induce a peripheral OKR in the pres-
ence of central motion. However, the periphery itself is able to drive an OKR,
and Howard and Ohmi (1984) showed that in the absence of central motion, at-
tention to the peripheral stimulus is not required for it to drive the OKR. Taken
together, this evidence suggests that although the periphery can drive the OKR,
and attention is not required to do so, central motion, when present, will drive
the OKR regardless of attention. From this, it appears that central motion rather

than attended motion preferentially drives the OKR.
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Figure 1.9: From Ranari et al. (2017). Stimulus configuration used in Kanari et al. (2017)
Experiment 2. Circles with dotted lines were not presented; they are included to illus-
trate the borders of areas where targets were presented, and where a different direction
of motion is presented to the centre. To direct attention towards the peripheral stimu-

lus, participants were asked to count the number of white target dots.
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Kanari et al. (2017) dispute the conclusion that central motion preferen-
tially drives the OKR, arguing that past studies (e.g. Howard and Gonzalez,
1987) failed to precisely manipulate attention. Rather than controlling attention
by using a task, these methods have involved instructing observers to attend to
a particular region of the visual field. Consequently, Kanari et al. (2017) sug-
gested that these results may have been caused by insufficient attention towards
the peripheral stimulus, as separating gaze and attention can be challenging. To
address these concerns, they presented different directions of motion to different
regions of the visual field and asked participants to complete a counting task
presented in one region of the stimulus (Figure 1.9). The result was an OKR that
tollowed the direction of attended motion (Figure 1.8), and they found that gain
was enhanced through the use of the counting task. They reported that the pres-
ence of an incongruent central stimulus had little effect on the gain and frequency
of the peripherally driven OKR. From this, they argued that it is attended mo-
tion, not central motion, which drives the OKR, and that past research (e.g. Abadi
& Pascal, 1991; Howard & Gonzalez, 1987) has reflected an attentional bias in
tavour of central vision. In a later study (Kanari & Kaneko, 2019) they again
reported that attended motion drove the OKR, regardless of whether that motion

was central or peripheral.

The available evidence suggests that attention impacts the OKR: it is able
to increase gain across the visual field and manipulate the driving region of the
OKR, allowing peripheral motion to be prioritised over central motion if suffi-
cient attention can be directed to the periphery. In the absence of appropriate
attentional control, central motion appears to take precedent, which may be a
result of an attentional bias in favour of the locus of gaze. Overall, this evidence
indicates that lower attention towards the visual periphery under normal view-

ing conditions may contribute to the eccentricity eftects seen in the OKR.

1.6.3 How does attention influence visual performance?

Attention modulates the perception of visual stimuli. For example, it af-
tects the perception of stimulus features such as by increasing apparent spatial
tfrequency and contrast (Carrasco et al., 2004; Carrasco & Barbot, 2019; Gobell

& Carrasco, 2005). It has been shown to modulate the strength of the motion
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after-effect (Chaudhuri, 1990; Lankheet & Verstraten, 1995), though the extent
to which motion adaptation mechanisms are pre-attentive remains a controver-
sial issue (Morgan, 2013) (for a review and meta-analysis, see Bartlett et al,,
2019). Attention has also been found to increase perceived motion speed across
a range of stimulus velocities (Turatto et al., 2007). Turatto et al. (2007) demon-
strated that the effects of attention on perceived motion speed may not be con-
sciously perceptible, as the reported perceived speed increase was less than the
just noticeable difference, and observers reported not being able to perceive a
difference between stimuli. However, in a forced-choice paradigm, their perfor-
mance indicated a difference in perceived speed despite observers stating that
they had simply guessed. This suggests that attention is able to impact visual
performance without changing conscious perception. Such effects of attention
on perception are reflected at a neural level, with studies of motion processing in
humans and monkeys reporting that attention modulates activity in areas
V5/MT and MST (Martinez-Trujillo & Treue, 2002; Rees et al., 1997; Treue &
Maunsell, 1996). For example, in monkeys, Treue and Maunsell (1996) showed
that responses of neurons in areas M'T and MST were reduced when attention
was directed to a visual stimulus outside of the cell’s receptive field and were

enhanced when attention was directed inside the cell’s receptive tield.

Many proposals have been put forward to explain how attention modu-
lates perception, such as by shrinking receptive fields around the attended stim-
ulus (Moran & Desimone, 1985) or by increasing contrast gain (Reynolds et al.,
2000). The biased competition model of attention (Desimone, 1998; Desimone &
Duncan, 1995) suggests that attention modulates the competitive interactions
between the neurons that represent the available stimuli so that neurons relating
to behaviourally irrelevant stimuli are suppressed (Desimone, 1998). The nor-
malisation model of attention (Reynolds & Heeger, 2009) expands upon this idea,
outlining three basic components: a ‘stimulation field’, which characterises the
selectivity of a neuron; a ‘suppression field’, which characterises the spatial posi-
tions and features which contribute to suppression; an ‘attention field’, which acts
as a multiplier for the stimulus drive. The stimulus drive represents what the
neuron’s response to the stimulation field would be in the absence of suppression
and attention. Normalisation involves calculating the ratio between a single neu-

ron’s activity and the summed activity of a population of neurons (Carandini &
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Heeger, 2011). In this model, the attention field and the stimulus drive are mul-
tiplied together before being divided by a constant plus the suppression field,
which provides normalisation. It is assumed that the stimulus drive is selective
whereas the suppressive drive is not specific. According to this model, the atten-
tion field alters the balance between excitation and suppression within a popula-
tion of neurons. Schwartz and Coen-Cagli (2013) further expanded on this idea
in their model of spatial extent to include a flexible normalisation pool whereby
the surround divisively normalises the centre if the two areas are considered to
be statistically dependent. Attention multiplicatively accentuates attended fea-
tures and locations prior to normalisation. The models of Schwartz and Coen-
Cagli (2013) and of Reynolds and Heeger (2009) thus share the role of attention
as something that has its effect before normalisation, impacting both the numer-

ator and the normalisation pool.

1.7 Effect of stimulus characteristics on the OKR

Increasing stimulus speed has a detrimental effect on OKR gain in both
cats and humans (Donaghy, 1980; Valmaggia et al., 2005). Investigating both
look and stare OKR in humans, Valmaggia et al. (2005) reported that increasing
stimulus velocity caused gain to decrease for both OKR types in response to both
horizontal and vertical stimulus motion. This effect of increasing stimulus veloc-
ity was most pronounced in vertical stare OKR and least pronounced in horizon-
tal look OKR. Increasing stimulus velocity has also been shown to increase the

slow phase amplitude (Honrubia et al., 1968).

Many studies have reported that the size of the stimulated area has an
effect on the OKR. Increasing the area of an optokinetic stimulus is associated
with an increase in gain (Cheng & Outerbridge, 1975). However, small stimuli
are still able to induce fairly high-gain OKR. Howard and Ohmi (1984 reported
that as long as any edges in the moving field that are perpendicular to the direc-
tion of motion are sufficiently blurred, a small display can induce high-gain OKR;
without blurred edges, the gain was much lower. They suggested that in many
experiments investigating the effect of stimulus area, low gain in response to
smaller stimuli may be due to the proximity of sharp, stationary edges to the

tfoveae rather than being due to the area of the stimulus. Increasing the area of a
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stimulus also results in an increase of the upper velocity limit of the OKR; this is
thought to be a consequence of the peripheral contribution to the OKR
(Dichgans, 1977; Hood, 1967, 1975). The size of a stimulus required to induce an
OKR may vary based on the retinal location of the stimulus. In macaque mon-
keys, Koerner and Schiller (1972) found that the stimulated area required to pro-
duce OKR was a function of eccentricity, with more eccentric locations requiring
larger moving fields to produce a response. In addition to the effect of proximity
of sharp stimulus edges to the fovea, the effect of stimulus area on the OKR may
be related to the way in which the size of a moving field influences motion per-
ception. For example, Watamaniuk and Sekuler (1992) showed psychophysically
that, in humans, the thresholds for identifying global motion direction of a ran-
dom-dot field increased as the size of the moving area decreased. This indicates
that increasing the stimulus area results in improved accuracy of global motion
integration. This may contribute to the eftect of stimulus area on measures such
as OKR gain. Additionally, as stimulus size is increased, so too will the need for
image stabilisation to cope with the increase in retinal motion within the visual
field. In this way, larger stimuli may simply provide a more potent trigger for

OKR to occur.

Various other stimulus characteristics have been shown to affect the
OKR. In cats, reducing stimulus contrast was shown to reduce OKR gain, and
the magnitude of this effect was dependent on the spatial frequency of the stim-
ulus (Donaghy, 1980). While first-order (luminance-defined) motion has been
shown to be a highly effective driver of OKR, particularly LOKR, second-order
(texture-defined) motion, which does not provide a uniform field of motion, has
been shown to be extremely ineffective as an OKR stimulus in humans (Harris &
Smith, 1992, 2000). However, combining first- and second-order motion stimuli
has an enhancing effect on the OKR if the first-order motion stimulus has low
contrast and the stimuli are moving in the same direction. If the stimuli are mov-
ing in different directions, the etfect is one of suppression (Harris & Smith, 2000).
From this, Harris and Smith (2000) concluded that second-order motion is able
to modify the response to low-contrast first-order motion, despite being a poor
driver of OKR alone. In reference to this finding, Dakin and Turnbull (2016)
suggested that the OKR system may include cortical areas which are known to

support the processing of second-order motion, such as V3 (Smith et al., 1998).
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Finally, the presence of stationary edges perpendicular to the direction of motion
(Murasugi et al., 1986) and stationary objects within the moving field (Barnes &

Crombie, 1985) have both been shown to have a suppressive eftect on the OKR.

1.8 Symmetry of the OKR

1.8.1 Development of OKR symmetry

OKR can be impacted by direction of motion. It is generally agreed that
horizontal OKR (HOKR) in visually normal adult humans is symmetrical (Gar-
butt & Harris, 1999; Knapp et al., 2008; Valmaggia et al., 2005). The development
of this symmetry is thought to be related to binocularity. Humans are born with
an asymmetrical OKR, much like that of the rabbit (Garbutt & Harris, 1999),
whereby there is a more rigorous OKR in response to TN compared to NT mo-
tion. Within the first six months of life, human OKR becomes symmetrical (Har-
ris et al.,, 1994). Evidence for a role of binocularity in this process comes from
studies of humans with abnormal or absent binocularity. Valmaggia et al. (2005)
showed that participants with normal binocularity had no TN-NT asymmetry
whereas participants without measurable binocularity had significant asym-
metry, with higher gains in the TN direction. They suggested that this is evi-
dence of dominance of the subcortical pathway in these individuals, which in
monkeys has been shown to have a preference for TN motion (Hoffmann, 1989),
positing that the cortical pathway has failed to mature normally. However, evi-
dence of EOKR in human infants younger than one month old indicates that,
even before OKR symmetry develops, there is some cortical mediation of OKR
(Harris et al.,, 1994). As well as having HOKR asymmetries, individuals with
early-onset strabismus have been shown to have VOKR asymmetry, whereas in-
dividuals with later onset strabismus did not have a marked VOKR asymmetry
(Tychsen et al.,, 1984). This shows that early abnormal visual experiences affect
the development of both VOKR and HOKR (Hainline et al., 1984). It may be
tempting to conclude from this evidence that early monocular deprivation is re-
sponsible for these asymmetries. However, while Reed et al. (1991) found a cor-
relation between degree of HOKR asymmetry and age at strabismus onset, this
correlation was not reflected in their monocularly enucleated observers, who

were not different from controls. Consequently, they suggested that persistence
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of OKR asymmetry is not a result of early monocular deprivation, but rather, is

a result of early abnormal competition between the eyes.

Research sectioning the interhemispheric connections such as the corpus
callosum and optic chiasm in monkeys showed that VOKR asymmetry was ex-
aggerated as a result (Pasik et al.,, 1971), leading to the suggestion that immatu-
rity of the coordination between hemispheres may play a role in OKR asymme-
tries (Hainline et al., 1984). Similarly, removal of a cerebral hemisphere in human
infants has been shown to cause no OKR, long tracking or reversed OKR in re-
sponse to stimulation in the direction of the intact half field (Braddick et al.,
1992), corroborating the suggestion that interhemispheric connections play a

role OKR symmetry.

1.8.2 Vertical and oblique OKR and OKAN

Whereas it is generally agreed that HOKR in humans is symmetrical
(Garbutt & Harris, 1999; Knapp et al., 2008, 2013; Valmaggia et al., 2005), data
regarding the symmetry of VOKR are more variable. VOKR is often reported as
having lower gain than HOKR (Valmaggia et al., 2005). Studies examining the
up-down symmetry of VOKR have yielded mixed results. Some studies have re-
ported that VOKR has higher gain in response to upward moving stimuli com-
pared to downward moving stimuli, particularly at high stimulus velocities
(Howard & Simpson, 1989; Murasugi & Howard, 1989b). Other studies have re-
ported no differences in gain between upward and downward OKR (Kanari et al.,
2017). Velocity of the stimulus may be the key to witnessing this asymmetry;
Kanari et al. (2017) reported no VOKR asymmetry using a 13.3 deg/s stimulus,
a velocity at which Murasugi and Howard (1989b) also reported no asymmetry.
However, while some research (e.g. Murasugi & Howard, 1989b) has concluded
that VOKR asymmetry occurs at higher (~15-20 deg/s) stimulus velocities,
other studies have reported asymmetry in response to stimuli at velocities as low

as 10 deg/s (Garbutt, Han, Kumar, Harwood, Harris, et al., 2003).

There may be individual differences in VOKR asymmetry. Knapp et al.
(2008) reported no overall VOKR asymmetry at the group level but noted that
there were idiosyncratic asymmetries when examining individual data. There

may also be individual differences in vertical OKAN symmetry. Murasugi and
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Howard (1989b) reported that full-field upward stimulation produced an upward
OKAN, but full-field downward stimulation did not produce a downward OKAN.
However, this group level asymmetry was eliminated by stimulating only the
central visual field, which resulted instead in idiosyncratic vertical OKAN asym-
metries. Similarly, Baloh et al. (1983) reported that some observers only pro-

duced an upward OKAN following downward stimulation (OKAN-II).

The study of oblique OKR and OKAN has been limited, particularly in
humans. However, there has been some research into oblique OKR/OKAN in
monkeys. Oblique OKR relies on the combined vertical and horizontal compo-
nents of the eye movements, therefore it is constrained by the limitations of both.

As VORKR is reported to have lower gain than HOKR (Valmaggia et al., 2005),
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Figure 1.10: From Raphan and Cohen (1988). Horizontal, vertical and tortional eye
movement velocity in the monkey in response to vertical optokinetic stimulation at 60
deg/s, and during the following OKAN, with the head upright (A) or at 90° (B). In
response to this head-vertical motion, OKR and OKAN were both stronger with the
head at 90° compared to with the head upright, as earth-parallel movements were facil-

1tated.
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one might expect that, as the stimulus velocity increases, the vertical component
will break down first. Kréller and Behrens (1995) showed this to be the case in
squirrel monkeys, as the trajectory of the slow phase shifted towards the hori-
zontal axis when stimulus velocity exceeded 90 deg/s. They suggested that this
was a result of the EOKR system struggling to produce OKR at such high ve-
locities, with VORR being particularly affected, resulting in a compensatory shift
towards the horizontal axis to maintain gain. Similarly, they noted that the ver-
tical component was unstable at high velocities, and no vertical OKAN was ob-
served. This indicates that vertical velocity storage may no longer occur when

the stimulus velocity is sufficiently high.

When interpreting OKR and OKAN in response to different directions of
stimulus motion, it is important to consider the frame of reference being used by
OKR systems. Most OKR research is conducted with the head upright, therefore
head-horizontal and earth-parallel are usually congruent. Raphan and Cohen
(1988) studied OKR and OKAN in rhesus and cynomolgus macaque monkeys
using a variety of stimulus directions and head orientations. They reported that
the OKAN slow phase direction was shifted towards an earth-parallel orientation
regardless of stimulus direction or head orientation (Figure 1.10). Earth-parallel
components were facilitated, which they explained in terms of the otoliths (inner
ear structures that register gravity and linear acceleration) reorienting the coor-
dinate system of the velocity storage integrator. By extension, this suggests that
results such as those of Kroller and Behrens (1995) may depend on head orienta-
tion; rather than showing a breakdown of head-vertical components, their result

may reflect a breakdown of earth-vertical components.

1.8.3 Pathology-induced asymmetry

OKR asymmetry can be acquired through pathology. For example, une-
qual visual field loss between the two eyes is sometimes associated with inter-
ocular gain differences (Dakin et al., 2019) and early-onset strabismus is associ-
ated with HOKR and VOKR asymmetry (Tychsen et al., 1984; Valmaggia et al.,
2003, 2005). Lesions can produce large OKR asymmetries which can be used to
make inferences about the location of the lesion (Garbutt & Harris, 1999). A uni-

lateral lesion of the HOKR pathway can decrease the amplitude, frequency and
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velocity of eye movements towards the lesioned hemisphere (Garbutt & Harris,
1999); this behaviour indicates that the lesion may be in the parietal lobe, brain-
stem or cerebellum (Baloh et al., 1977, 1980b). In contrast, an increase of the eye
movement velocity towards the lesioned hemisphere is associated with certain

acute vestibular lesions (Sasser, 1994).

1.9 Is OKR made up of smooth pursuit and saccades?

1.9.1 Slow phases as smooth pursuit eye movements

Many researchers have suggested a role of smooth pursuit eye move-
ments (SPEM) in human OKR. The presence of OKR in animals that lack a
SPEM system demonstrates that SPEEM is not a prerequisite for OKR to occur,
but the OKR produced by animals with and without a SPEM system does not
appear to be identical (Collewijn, 1985), leaving open the possibility that SPEM
contributes to the OKR in some animals. However, it is also possible that this
difference is not one of having a SPEM system or not, but rather, is one of being
foveate or not (Tauber & Atkin, 1968). Some researchers have suggested that the
slow phase of OKR is a form of SPEM (Garbutt & Harris, 1999) and look OKR
has been described as being a combination of both OKR and SPEM (Pola & Wy-
att, 1985) or as a transition from OKR to SPEM (Roelofs, 1954). While both
OKR slow phases and SPEM involve the smooth tracking of a stimulus,
Collewijn (1985) warned against assuming that the two are the same, citing gain
differences between the responses: in response to a target moving at a constant
velocity, the gain of SPEM (Collewijn & Tamminga, 1984) is lower than that of
OKR (Paige, 1983) and shows a more dramatic decrease as stimulus velocity in-
creases (Collewijn, 1985); in response to drifting gratings, the gain of OKR is
higher than that of SPEM (van Die & Collewijn, 1982). While SPEM typically
involves foveal tracking of'a target, OKR can be induced in response to peripheral
motion (Kanari et al., 2017), hence some researchers have distinguished SPEM
and OKR as foveation of a moving target and the stabilisation of the overall ret-
inal image, respectively (Garbutt & Harris, 1999). By these accounts, OKR
evoked by peripheral motion should not be considered as SPEM. However, it

should be noted that some studies have shown evidence of eccentric smooth
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pursuit in both individuals with normal vision and with central visual field loss

(Gonzélez et al., 2018; Steinman et al., 1969; Winterson & Steinman, 1978).

Developmental studies have provided evidence both for and against a role
of SPEM in human OKR. Full-field stimuli evoke OKR in human newborn in-
fants (Figure 1.11A) (Dayton, Jones, Aiu, et al., 1964; Gorman et al., 1957).
SPEM has also been reported in human infants, though it is stimulus-dependent,
inconsistent and jerky in nature due to frequent use of catch-up saccades and
refixations (Figure 1.11B) (Dayton, Jones, Steele, et al., 1964; Dayton & Jones,
1964; Kremenitzer et al., 1979; Von Hofsten & Rosander, 1997). Kremenitzer et
al. (1979) reported that newborn infants showed both SPEM and OKR, but that
OKR was produced up to a higher stimulus velocity compared to SPEM, and
optokinetic stimuli produced more rigorous pursuit than individual moving tar-
gets. They suggested that this result may reflect poor foveal function in newborn
human infants. It has been suggested that the OKR observed in young infants
may be LOKR rather than EOKR; however, human infants have been shown to
exhibit EOKR from at least 22 days in age (Hainline et al., 1984). Taken together,
this evidence indicates that a well-developed SPEM system may not be necessary
to produce EOKR. Some researchers have suggested that SPEM may play a
larger role in look OKR but not stare OKR. Harris, Kriss, et al. (1996) tested
infants with delayed visual maturation (DVM), showing that during their early
period of visual unresponsiveness, OKR but not SPEM could be induced. As
these infants were otherwise visually unresponsive and unable to respond to in-
dividual stimulus features, it is likely that they exhibited a reflexive stare OKR
and not look OKR. DVM infants and age-matched controls showed a similar
OKR with a rapid build-up (EOKR), indicating that SPEM was not required for
this OKR to occur. By extension, this suggests that the EOKR reported in visu-
ally normal newborns was not dependent on SPEM, providing further evidence

that SPEM is not required for EOKR to occur.

The developmental timelines of SPEM and OKR can be examined to as-
sess whether they may be related. Initially, human infants have asymmetrical
OKR, with a more rigorous response in the TN direction (Garbutt & Harris,
1999). The emergence of OKR symmetry and SPEM have a similar developmen-
tal timeline. SPEM shows a rapid increase in gain within the first 3-4 months of

life; by 5-6 months of age, SPEM has become much more adult-like, though it
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has not reached full adult levels (Jacobs et al., 1997; Von Hofsten & Rosander,
1997). This is a similar timeline over which OKR symmetry develops (Harris et
al., 1994), however, infant OKR appears more adult-like than infant SPEM (Fig-
ure 1.11). Early-onset strabismus is associated with OKR asymmetry (Valmaggia
et al., 2003, 2005; Wright, 1996) as well as SPEM asymmetry (in monkeys: Lee
et al., 2009; in humans: Tychsen & Lisberger, 1986), both favouring the TN di-
rection of motion. However, correlations between the development of SPEM and
OKR do not necessarily point to SPEM being directly involved in ORKR. It may
be that development of SPEM and OKR are simply both related to the develop-
ment of binocular abilities, causing them to develop concurrently as the coordi-
nation between the two eyes improves (Garbutt & Harris, 1999). Evidence that
the prevention of the development of normal binocularity impedes the develop-

ment of symmetrical OKR and SPEM in monkeys and humans (Lee et al., 2009;
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Figure 1.11: (A) From Dayton, Jones, Aiu, et al. (1964). Electro-oculography (EOG) trace
showing OKR in a normal human adult (left) and in a one-day-old human infant (right).
Note the similarity between the adult and infant OKR sawtooth waveform. (B) From
Dayton, Jones, Steele, et al. (1964). EOG trace showing SPEM at various ages ranging
from one day to adult, alongside the number of refixations made per second, which de-
creases as age increases. Note the dramatic difference in smoothness of the EOG trace
between newborn infants and adults. Overall, the traces shown in A and B demonstrate

that OKR in newborn infants appears to be better developed than SPEM.
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Tychsen & Lisberger, 1986; Valmaggia et al., 2003, 2005; Wright, 1996) can be

interpreted as supporting this outlook.

Finally, fMRI has been used to compare the OKR and SPEM systems.
Konen et al. (2005) reported that in adult humans there were no oculomotor areas
exclusively dedicated to either SPEM or OKR and that similar structures were
activated during both eye movement types, including the SEF, FEF, posterior
parietal cortex, regions within the ventrolateral premotor cortex, V1/V2, MT+
and the cerebellum. SPEM was associated with deactivation of the parieto-insu-
lar vestibular cortex, which has also been observed during OKR (Dieterich et al.,
2003). Konen et al. (2005) argued that this evidence supports that OKR and
SPEM are related. However, 1t should be noted that different stimuli were used
to induce OKR and SPEM, and the recorded responses could thus be aftected by
this; OKR was induced using a drifting black and white stripe stimulus while
SPEM involved pursuit of a single target against a black background. As some
researchers have argued that it is look, not stare, OKR which is related to SPEM,
it is also important to compare SPEM to each OKR type. Kashou et al. (2010)
carried out such an experiment using drifting striped stimuli, reporting similar-
ities in activation between SPEM, saccades and look OKR, but not stare OKR.
From this, they argued that look OKR represents a series of alternating SPEM
and saccades rather than being a ‘true’” OKR. However, as they did not employ
eye tracking during scanning, the types of eye movements carried out by the

participants cannot be confirmed.

1.9.2 Fast phases as saccades

The fast phases of OKR attract less research attention than the slow
phases and as such the comparison between fast phases and saccades has not been
given the same degree of attention as that of slow phases and SPEM. However,
there is some evidence that the fast phases of OKR are not simply saccades. Sac-
cades are known to be preceded by (and with their targets guided by) shifts in
attention towards the endpoint of the saccade (Deubel & Schneider, 1996; Kustov
& Robinson, 1996). In contrast, Hanning and Deubel (2019) reported that the
tast phases of OKR are not preceded by shifts in attention, describing fast phases

as instead being reflexive gaze-resetting eye movements controlled at a lower
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Figure 1.12: From Garbutt et al. (2001). Scatterplot of saccade and OKR fast phase peak
velocity by amplitude in a typical adult human participant, based on data recorded using
infrared limbal reflection. Note the higher average peak velocity of saccades (black

crosses) compared to fast phases (grey circles).

level. Further, in an fMRI study of adult humans Kashou et al. (2010) reported
that look OKR, compared to stare OKR, was more highly correlated with activa-
tion in areas associated with both SPEM and saccades, which indicates that these
smooth pursuit and saccade areas are less involved in stare OKR. This could be
interpreted as stare OKR being distinct from SPEM, saccades and look OKR.
Comparing reflexive saccades and OKR fast phases in adult human observers,
Garbutt et al. (2001) reported that while the main sequence for duration was the
same for reflexive saccades and fast phases, OKR fast phases had a slightly lower
peak velocity (Figure 1.12). Lower peak velocity of fast phases compared to sac-
cades has also been reported by Henriksson et al. (1980). In sum, the evidence

suggests that fast phases and saccades, though very similar, may not be identical.
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1.10 Potential impact of OKR research

1.10.1 Diagnostic potential of the OKR

Suppressing the OKR in response to full-field motion is quite difficult in
the absence of a fixation target, therefore a lack of a response to tull-field motion
may indicate that the stimulus has not been perceived. Similarly, if a stationary
object is placed within the moving field without affecting the OKR, this may in-
dicate that the stationary object has not been perceived. This means that the
OKR may provide a useful objective tool for obtaining visual measures. OKR
measures based on inducing OKR in response to full field motion are known as
‘induction methods’ whereas measures based on suppression of OKR using fixa-
tion targets are known as ‘suppression methods’ (Aleci et al., 2018; Shin et al,,
2006). Such methods may be particularly valuable for testing individuals for
whom traditional measures can pose complications, such as very young children.
Research has highlighted the potential of OKR as a measure of various aspects
of visual performance, including visual acuity (Aleci et al., 2018; Doustkouhi et
al., 2020a; Gorman et al., 1957; Shin et al., 2006), contrast sensitivity (Dakin &
Turnbull, 2016), colour vision deficit (Taore et al., 2022), visual field loss (Dakin
et al., 2019; Doustkouhi et al., 2020b) and interocular suppression in amblyopia
(Wen et al.,, 2018); a better understanding of the way in which stimulus area,
retinal location of the stimulus, and attention impact OKR will increase its po-

tential as an objective vision measure.

Gorman et al. (1957) were the first to attempt to assess vision in human
infants using OKR, concluding that it may provide a useful measure of visual
acuity. More recently, Shin et al. (2006) explored this possibility in adult patients
with ocular disease. They reported that visual acuity was correlated with the
width of stripes required to induce OKR (induction method) and the size of dots
required to suppress OKR (suppression method). However, which method was
more diagnostically useful was related to the visual acuity of the observer; they
reported that the induction method was useful for patients with acuity of <20/60
while the suppression method was useful for patients with acuity >20/200. Sim-
ilarly, as the acuity measurable by the stimulus is limited by its spatial and tem-
poral frequencies, low stimulus velocities are reported to be more appropriate for

measuring acuity in subjects with low visual acuity while higher velocities are
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suitable for those with better visual acuity (Aleci et al., 2018; Han et al., 2011;
Wester et al., 2007). For example, Han et al. (2011) noted that with a temporal
resolution of 60Hz and a stimulus velocity of 10 deg/s, spatial resolution is lim-
ited to 6 cyc/deg; this corresponds to a Snellen acuity of 20/100. This means
that a test under these parameters is only suitable for acuities up to 20/100. Aleci
et al. (2018) also used OKR to measure visual acuity, finding that the best agree-
ment between methods of acuity testing (OKR or Teller) was obtained in re-
sponse to the minimum contrast level (20%), though the analysis of OKR was
limited in this study due to the lack of eye tracking. Additionally, Doustkouhi et
al. (2020a) reported that estimates of the mean spherical equivalent (MSE) de-
rived from OKR correlated well with MSE estimates derived from autorefraction
(r = 0.88). This evidence suggests that it is possible to use OKR to measure visual
acuity, though different methods and stimuli are suitable for difterent levels of
acuity. However, some studies have not been able to provide support for the clin-
ical usefulness of OKR in acuity testing. Khan et al. (1976) utilised lenses and
filters to progressively fog the vision of adults with normal vision and compared
this to the results obtained from ocular disease patients. They reported that alt-
hough there was a good correlation (correlation coetficients of +0.863 when vi-
sion is fogged with neutral-density filters, and +0.911 when vision is fogged with
ophthalmic convex lenses) between OKR and acuity in individuals with good vi-
sion, this correlation was not significant in those with poor vision (correlation
coefticient of +0.606), limiting its clinical usefulness. Further, Cetinkaya et al.
(2008) reported no correlation between spatial frequency threshold for OKR in-
duction and recognition visual acuity in children. Overall, the data regarding the
usefulness of OKR as a measure of visual acuity are mixed, particularly with re-

spect to individuals with poor vision.

Although visual acuity is the most commonly measured aspect of spatial
vision quality, contrast sensitivity has been argued to provide a better predictor
of functional vision (Owsley & Sloane, 1987). Unfortunately, deriving a contrast
sensitivity function (CSF) is a relatively intensive and laborious process, relying
on perceptual report (Dakin & Turnbull, 2016). This means that deriving a CSF
in populations who struggle to provide accurate perceptual report can be chal-
lenging. Dakin and Turnbull (2016) obtained a CSF through perceptual report
and through the use of ORR, reporting a high level of agreement between the
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two methods (mean R = 0.95). They suggested that the OKR may provide a use-
tul alternative method for measuring contrast sensitivity. In another OKR
method utilising stimulus contrast, Wen et al. (2018) used dichoptic presentation
of ORR stimuli with varying contrast ratios to assess interocular suppression in
individuals with amblyopia. They showed that in normal observers the time
spent pursuing the OKR stimulus was approximately equal across the two eyes.
However, in observers with amblyopia, pursuit time in the dominant fellow eye
was higher than that of the amblyopic eye. The eftective contrast ratio required
to produce a balanced response in such observers was correlated with the visual
acuity in the amblyopic eye (Spearman’s correlation coefficient = 0.97). They
concluded that OKR in response to dichoptic gratings with different contrast
ratios provides a reliable objective no-report measure of interocular suppression

in amblyopia.

As OKR is affected both by stimulus area and visual field location, it is
sensitive to visual field loss. Standard automated perimetry relies on perceptual
report (Turalba & Grosskreutz, 2010), so like deriving a CSF, may prove chal-
lenging with regards to some child or patient populations. Dakin et al. (2019)

reported that, in adults with asymmetric visual field loss, the difference in visual
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Figure 1.13: From Doustkouhi et al. (2020b). Stimuli used in a simulated visual field
loss (SVFL) paradigm. (a) The stimulus is constructed in two layers, with a drifting
isotropic noise carrier and a mask. (b) Examples of stimuli with varying levels of SVFL:

from left to right, 8%, 89% and 88% of the noise carrier is visible through the mask.
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field index (a metric to describe visual field function as a percentage that assigns
more weight to central regions) across the eyes was correlated with OKR gain
differences between the eyes (at 12.5% stimulus contrast, R = 0.61). This demon-
strates that interocular gain differences can be used to assess diftferences in vision
between the eyes. Doustkouhi et al. (2020b) explored the possibility of utilising
OKR to measure extent of visual field loss using a simulated visual field loss
(SFVL) paradigm (Figure 1.13). They reported that the gain of OKR was nega-
tively correlated with the extent of SVFL (r = 0.88), though it did not provide
topographical information, which could limit its usefulness. It may be the case
that a better understanding of the way in which different visual field regions
contribute to the OKR could open up the possibility of gaining topographical
information about VFL using OKR.

When considering the use of OKR as an objective measure of vision, it is
important to note that while Gorman et al. (1957) concluded that an OKR was
indicative of the presence of vision, there is some evidence of OKR in individuals
lacking conscious visual perception. Ter Braak et al. (1971) reported the case of
an adult with acquired cortical blindness who said that he did not see motion, but
in whom a passive OKR could be induced. A necropsy revealed partial cortical
sparing which may have been responsible for the presence of the OKR. Similarly,
Van Hof-Van Duin and Mohn (1983) reported OKR in children with cortical
blindness. Such cases indicate that conscious perception is not necessary for OKR
to occur. Additionally, factors other than an inability to see the stimulus could
prevent an individual from producing an OKR. Bilateral lesions to the OKR path-
ways and gaze paresis (an inability to move the eyes together) can prevent OKR
from occurring (Garbutt & Harris, 1999). Pathological nystagmus sometimes
produces an OKR that appears reversed in direction (Hood & Leech, 1974), and
in cases of gaze paretic nystagmus (nystagmus during eccentric gaze that is neu-
rological in origin), OKR may be extremely disrupted or absent (Harris et al,,
1993a; Harris et al., 1993b). Finally, absence of OKR can also be the result of an
inability to produce saccades. For example, in individuals with ocular motor
apraxia, who cannot produce fast phases, OKR stimuli will instead cause the eyes
to drift to their mechanical limit (Harris, Shawkat et al., 1996). Given the variety
of conditions that can affect the OKR, using OKR to test vision would require

pathological influences on the OKR to be ruled out first.
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The available evidence suggests that the OKR can be used to measure
various aspects of visual performance, though it may have limitations. However,
expanding the current knowledge of how various factors, such as stimulus area,
observer attention and retinal location of the stimulus affect the resulting OKR
can help quash some of these limitations. In this way, the full diagnostic potential

of OKR may currently remain untapped.

1.10.2 OKR as a no-report measure in research
1.10.2.1 OKR as a measure of attention

Current tools for assessing the allocation of visual attention have limita-
tions. For example, the useful field of view (UFOV) test is used to assess visual
attention, but it involves identifying the location of peripheral static stimuli (Ru-
binstein & Abel, 2011), so it is limited in its range of stimulus types and locations,
in addition to requiring participant report. Having tools for measuring atten-
tional allocation that allow for both static and dynamic stimuli to be used and

that remove the need for participant report is desirable for researchers.

Williams et al. (2006) assessed adult observers’ ability to suppress OKR
using a fixation point, as well as their ability to maintain this OKR suppression
while attending to features of the OKR stimulus. They reported that during fix-
ation there was near complete suppression of OKR. However, when observers
were asked to pay covert attention to features of the moving stimulus, there was
increased OKR breakthrough as their attention was divided between the station-
ary fixation point and the moving OKR stimulus. The amount of breakthrough
was positively correlated with the age of the observer; while trying to suppress
OKR (i.e. to achieve a gain of zero), the correlation between age and OKR gain
was 72 = 0.81. From these data, they suggested that OKR could be utilised to
develop a measure of the ability to divide attention between stimuli. Williams et
al. (2016) then compared multiple sclerosis (MS) patients and controls on this
ability and tested cognitive abilities including attention and memory using the
Audio Recorded Cognitive Screen (ARCS). They found that despite group-based
differences in ARCS performance, MS patients were able to perform as well as

controls on the OKR suppression task. They attributed this to the multi-faceted
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nature of attention: differences in ARCS performance were not reflected in OKR
suppression, likely due to the tasks involving different attentional demands.
These studies indicate that OKR suppression and breakthrough can be used as a
measure of divided visual attention, but this suppression task may not be sensi-

tive to other forms of attention, such as those assessed by the ARCS.

Rubinstein and Abel (2011) expanded on the work of Williams et al.
(2006), using a similar OKR suppression task to assess the allocation of visual
attention. They presented both static and dynamic stimuli in central and periph-
eral visual field locations while participants were asked to maintain fixation on a
central target. Optokinetic stimuli were made up of letters, for example blue T's
and red Cs, with an occasional red T. This stimulus was replicated from the stim-
ulus used by Williams et al. (2006). An example of a dynamic task in this para-
digm is identification of when a moving stimulus feature, such as the red T,
passes a central or peripheral spot, whereas an example of a static task is the
identification of the appearance or disappearance of a static stimulus such as a
green star in the centre or periphery. They reported that dynamic stimuli elicited

more OKR breakthrough than static stimuli, and that central stimuli elicited
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Figure 1.14: From Frattini and Wibble (2021). OKR eye movement traces showing dis-
placement of gaze during focussed (red), neutral (yellow) and divided (green) attention
conditions. Note the differences in frequency, smoothness and consistency of the wave-

form between conditions.
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more breakthrough than peripheral stimuli. They concluded that OKR break-
through is sensitive to the way in which visual attention is allocated, and thus

may prove useful as a measure of visual attention.

More recently, Frattini and Wibble (2021) explored the use of OKR as a
measure of attention while using pupil size to measure alertness. They used fo-
cussed attention, divided attention and neutral attention conditions. Focussed
attention was achieved by asking participants to verbally report each rotation of
arotating optokinetic stimulus, whereas the neutral attention condition involved
simply viewing the stimulus. During the divided attention condition, participants
viewed the optokinetic stimulus while being presented with an auditory distrac-
tor task (the Paced Auditory Serial Addition Test), which required participants
to add up a sequence of digits provided through a speaker and report the answer
verbally. The number of nystagmus beats was highest during focussed attention
and lowest when attention was divided, and the consistency of the OKR wave-
form was also higher during focussed attention, becoming more unstable during
divided attention (see Figure 1.14). This indicates that OKR frequency is reflec-
tive of the observer’s level of attention. Gain, however, appeared to be related to
alertness, as the gain of the OKR was higher during focussed or divided attention
conditions and lower during neutral attention. They also reported that there was
more VSM activity during focussed attention, which they attributed to the
higher OKR frequency seen during this condition. These results show that the

OKR may provide a useful proxy measure for both attention and alertness.

Overall, these studies indicate that OKR provides a useful measure for
the allocation of visual attention and is sensitive to both attention level and alert-
ness. However, further research is required to understand the way in which at-
tention to different visual field regions and stimuli impacts the OKR in order to

tully utilise it as an attention measure.

1.10.2.2 Use of OKR in binocular rivalry research

Binocular rivalry studies typically rely on the observer to report percep-
tual reversals, such as by a button press (e.g. Logothetis et al., 1996). This can
lead to individual differences in performance due to the subjective nature of per-

ceptual judgments, as well as differences in time taken to react to perceptual
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reversals. The latter is particularly problematic when perceptual reversals are
very frequent (e.g. <200 ms) as it may not be possible for the observer to report

every reversal (Aleshin et al., 2019). This therefore poses a threat to the precision
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Figure 1.15: From Aleshin et al. (2019). (A) gaze displacement over time with OKR slow
phases highlighted in red (here called ‘smooth pursuit’). (B) These extracted segments
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of the measurement of perceptual reversals. Additionally, the task of indicating
the occurrence of a perceptual reversal may interfere with other aspects of some
binocular rivalry studies. For example, some research has examined the eftects
of attention on binocular rivalry (Paffen et al., 2006; Paften & Alais, 2011), but
the task of pressing a button to indicate a reversal requires attention in itself,
which may provide an unwanted distractor task during some experiments. OKR
may provide a means to resolve this problem (Qian & Brascamp, 2019). Using
OKR as a no-report measure for perceptual reversals would also allow for a wider
range of observers to be tested, such as very young children and individuals with
disabilities that may interfere with their ability to perform a traditional binocular

rivalry task effectively.

Qian and Brascamp (2019) used OKR to create a no-report binocular ri-
valry study investigating the effects of attention on binocular rivalry. They noted
discrepancies between studies into the effects of attention on binocular rivalry
(e.g. Paffen et al., 2006) and computational models (e.g. Li et al., 2017), which
they suggested may have been due to methodological issues arising from the
need to report perceptual reversals. They dichoptically presented dot stimuli
with different directions of motion while observers performed an auditory atten-
tion task. Unfortunately, as this work was presented in the form of an abstract,
details of the auditory attention task and the way in which difficulty was manip-
ulated were not provided. Their results showed that as the attention task became
more challenging, the frequency of perceptual reversal decreased. This aligned
with the results of previous research, leading them to suggest that these results
were valid, and that computational models need to be revised to reflect this. Sim-
ilarly, Aleshin et al. (2019) used OKR as a no-report measure for perceptual re-
versals in response to dichoptically presented grating stimuli of different colours,
finding that compared to existing forms of measurement, their method was 55%
less variable. They argued that their data were consistent with oculomotor tran-
sitions being reflective of perceptual reversals. They concluded that using ‘cu-
mulative smooth pursuit’ obtained from ORR slow phases presented an improve-
ment upon existing methods while also offering potentially superior temporal

resolution (Figure 1.15).

OKRR appears to provide a useful measure of perceptual reversal in binoc-

ular rivalry studies, with the potential to improve the temporal resolution of such
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data and widen the participant pool. This will allow researchers to more precisely
examine the temporal features of binocular rivalry, and to test observers who

may otherwise be unable to participate.

1.11 Conclusion

The use of OKR as a measure for attention and perceptual reversals are
just examples of its potential uses in research; a greater understanding of the
OKR in terms of attention, task instruction, visual field location and stimulus
teatures is needed, not only to better understand the fundamental mechanisms
underlying mammalian vision, but because it is crucial if OKR is to be more
widely implemented as an objective no-report proxy measure in research, adding
a valuable tool to the researchers’ arsenal. Beyond the world of research, the OKR
may also provide a useful tool to measure a variety of visual parameters such as
acuity, contrast sensitivity, stereopsis, colour sensitivity, and more, without the
need for patient report. A greater understand of the way in which ORR is driven
can therefore also improve the exploitation of OKR as a clinical tool. The creation
of eftective no-report measures for research and clinical settings will allow for
the inclusion of a wider range of individuals in research and for greater accessi-
bility to clinical testing of vision for individuals who may be unable to engage in
traditional testing methods. The literature reviewed in this chapter represents
decades of work carried out with the goal of understanding the OKR; however,
unresolved issues remain. This project aims to address some of these issues. To
this end, the following chapters will report three experiments conducted with
the aim of better understanding the nature of the OKR and OKAN in normal
adult human observers. These experiments will investigate the roles of stimulus
size, speed and direction of motion, stimulus eccentricity, task instruction and

attention in the human OKR.
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Chapter 2

General Methods

2.1 Hardware

2.1.1 Eye tracker

Figure 2.1: Photographs of the experimental setup, showing the EyeLink 1000 (SR Re-
search) in the tower mount setup. In front of the EyeLink is the BenQ TK700STi pro-
Jector and projector screen used to display stimuli in experiments 2 and 3. In Experiment

1, an liyama Vision Master Pro 514 CRT monitor was used in place of the projector.

Eye movements were recorded monocularly using an EyeLink 1000 (SR
Research) eye tracker in the tower mount setup with a 25mm lens (Figure 2.1).

For all but one participant, the right eye was recorded; the left eye was recorded
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trom the remaining participant due to a long-standing ocular pathology that re-
stricted visual function in the right eye. Participants requiring refractive correc-
tion were requested to use contact lenses. Gaze position and pupil size (using
ellipse fitting model) were sampled at a rate of 500Hz; though the tracker was
capable of a sample rate of up to 1000Hz, the initial data collected for the exper-
iment was binocular, thus limited to a sample rate 500Hz. A decision was made
to instead use monocular data due to a need to use the tower mount setup in place
of the desktop emitter; however, to maintain consistency with the initial data, a
sample rate of 500Hz continued to be used. The head was stabilised using an SR
Research head and chin rest, onto which the eye tracker was mounted. Prior to
each block of stimuli, the eye tracker was calibrated using a nine-point (8x3) cal-
ibration grid featuring a circular black calibration target against a grey back-
ground. Calibrations were validated to check for error, and only accepted when
they achieved a rating of ‘good’ by the EyeLink system (worst point error <1.5°,
average error <1.0°). Eye tracking was carried out in a dark room without win-

dows.

2.1.2 Displays

Experiment 1 used an liyama Vision Master Pro 514 85Hz CRT monitor
with a screen size of 40.5cm (width) by 80.5cm (height) and a resolution of 1024
(horizontal) by 768 (vertical) pixels. The display was viewed from a distance of
75cm, resulting in a subtended display size of 30.2 deg (width) by 22.9 deg
(height).

All subsequent experiments displayed stimuli by front projecting them
onto a white projection screen using a BenQ TK700STi projector set to a reso-
lution of 1920 (horizontal) by 1080 (vertical) pixels and a frame rate of 240Hz.
The average luminance of the display was 94.8lm (range: 0.38—310.5lm, gamma
= 1.6). Stimuli were projected from a throw distance of 133.5cm, resulting in a
projection size of 143cm (width) by 85cm (height). The display was viewed by
participants from a distance of 170cm, resulting in a subtended display size of
45.6 deg (width) by 28.1 deg (height). An image of this setup is shown in Figure

2.1.
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2.2 Software

Experiments were written and run using PsychToolbox-3 (http://psych-

toolbox.org) (Brainard, 1997) in MATLAB (https://uk.mathworks.com/prod-
ucts/matlab.html) R2014b (Experiment 1) and MATLAB R2021a (all subse-

quent experiments). The eye tracking components of the experiment were writ-
ten using the EyeLink Toolbox (Cornelissen et al., 2002) for PsychToolbox-3 in
MATLAB. Data analysis was conducted using MATLAB R2020b, MATLAB
R2023a and MATLAB R2024a. Circular statistics were conducted in MATLAB
R2024a using the Circular Statistics Toolbox (Directional Statistics) (Berens,

2009).

2.3 Stimuli

(i

B

Figure 2.2: Examples of the main types of stimuli used in these experiments. (A) A sinus-

oidal luminance grating stimulus used in Experiment 1. The example shown, featuring
vertical stripes, was used in trials with horizontal (left/right) motion; different orienta-
tions of gratings were used to display vertical and oblique motion. Gratings had an SF
of 0.5 cyc/deg and drifted at 10, 20 and 40 deg/s. Grating stimuli were presented with a
circular black aperture with a diameter of 21.52 deg. (B) A random-dot kinematogram,
such as that used in Experiment 2 onwards. Random-dot kinematograms presented black
dots against a grey background, drifting at 15 or 30 deg/s. Dot density, dot size and

overall stimulus size varied across experiments.
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Experiment 1 used black and white sinusoidal luminance grating stimuli
(Figure 2.2, A), whereas all subsequent experiments used random-dot kinemato-
grams (Figure 2.2, B). Across all experiments, all stimuli were displayed with
circular apertures to allow for various directions of motion to be presented with-
out the occurrence of edges perpendicular to the direction of motion. The stim-
ulus parameters used in each experiment will be described in detail in the rele-

vant chapters.

2.3.1 Grating stimuli

Sinusoidal grating stimuli were used to drive OKR and OKAN in Exper-
iment 1 (Figure 2.2, A). These stimuli were black and white gratings with a spa-
tial frequency of 0.5 cyc/deg. Grating stimuli were animated by updating the
phase of the sinusoid on each frame. They were presented at speeds of 10 deg/s
(5Hz), 20 deg/s (10Hz) and 40 deg/s (20Hz). Eight directions of motion were
used across four orientations: horizontal (left/right) motion using vertical
stripes; vertical (up/down) motion using horizontal stripes; oblique +45° (up-
right/down-left) motion using -45° stripes; oblique -45° (up-left/down-right)
motion using +45° stripes. Stimuli were each presented for 50 seconds and were

displayed centrally.

2.3.2 Random-dot kinematogram (RDK) stimuli

Following Experiment 1, all subsequent stimuli used were circular ran-
dom-dot kinematograms (RDKs) (Figure 2.2, B). Black dots (0.38lm) were pre-
sented against a grey (94.81lm) background. Dots drifted at a speed of 15 deg/s,
with the exception of two conditions in Experiment 2 which were repeated at 30
deg/s to assess whether results remained consistent at a higher stimulus veloc-
ity. Dot size and density varied between experiments, in addition to the stimu-
lated retinal location, stimulus area, and aperture type. RDK stimuli will thus be

described in greater detail in the relevant chapters.

On initiation of the stimulus, each dot was assigned a random starting

position; these starting positions were independent of each other, meaning that
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dots sometimes overlapped and formed clusters. Dots drifted with 100% direc-
tional coherency in the majority of trials. During Experiment 2 trials using
Brownian (random-walk) motion, global dot motion was not coherent, and dots
were instead each assigned a random direction of motion on each frame. When
dots reached the edge of the aperture, they were re-drawn on the opposite side.
Each dot had a lifetime of 1000 frames (4.17 seconds). When the lifetime of a dot
expired, it was re-drawn at a random location within the aperture. To prevent
dot lifetimes from expiring simultaneously, the starting ‘life’ of each dot was ran-

domly generated on the first frame of the stimulus.

2.4 Attention (counting) task

Experiments 2 onwards involved methods to increase the amount of vis-

ual attention being directed towards the stimulus, or towards particular regions

N N

Figure 2.3: Example of the appearance of colour counting task dots in cyan, magenta and
green. The density of coloured dots varied based on experiment and condition. Up to
eight colours were presented: cyan, magenta, green, blue, purple, red, orange and yellow.
Throughout the trial, this subset of dots cycled through the randomly pre-selected col-
ours; participants were required to count the number of colours presented and report

this number at the end of the trial.
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of the stimulus, in order to assess the effects of attention on the OKR. A colour

counting task was used to achieve this (Figure 2.3).

During trials using this task, a subset of dots was rendered in colour (cyan
(x 0.5031, y 0.7794, z 0.6110), magenta (x 0.7041, y 0.6274, z 0.6364), green (X
0.4332,y 0.7515, 7 0.2428), blue (x 0.2786, y 0.1904, z 0.9680), yellow (x 0.7930,
y 0.9370, 7 0.2597), orange (X 0.5673, y 0.5046, z 0.1254), red (x 0.4810, y 0.3130,
z 0.1557) or purple (x 0.6385, y 0.3760, z 0.9848)) instead of black. At the start
of each counting task trial, the number of colours to be used was randomly se-
lected between two and eight. The colours to be presented in that trial were then
randomly selected from the eight pre-defined colours. Throughout the trial, the
subset of coloured task dots cycled through the selected colours in a random or-
der, with each colour only being presented once within the trial, and not repeated.
Participants were required to count the number of different colours presented
throughout the trial and report this number at the end of the trial. The size,
density and location of these coloured task dots varied according to condition

and experiment, and as such, will be described in detail in the relevant chapters.

2.5 General procedure

Across all experiments, due to the large number of stimuli being pre-
sented, experiments were broken down into a series of blocks; at the end of each
block of stimuli, participants were given the option of either continuing to the
next block or terminating the session. The duration of each block of stimuli var-
ied between 5-15 minutes, depending on the experiment and condition. Partici-
pants were encouraged to terminate the session if they felt fatigued or inatten-
tive. As data were recorded, they were visualised on a display in real time to allow
for monitoring of data quality and blink frequency. Prior to each block of stimuli,
participants were encouraged to assume a comfortable position, with the aim of
minimising head movement and thus eye tracker drift throughout the block. Par-
ticipants were also instructed to use both the forehead and chin rest to minimise
gradual rolling of the head throughout the trial. At the start of each block of
stimuli, the eye tracker was calibrated using a nine-point calibration grid, and

the calibration was then validated to assess for error. A limited number of blocks
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were repeated due to low data quality, with the most frequent cause being signal

loss caused by excessive blinking.

Procedures varied across experiments and as such will be provided in fur-

ther detail in each experimental chapter.

2.6 Data analysis

2.6.1 Assessment of data quality

Prior to the analysis of each trial, raw gaze position and pupil size were
plotted against time for visual inspection of the data. In some trials, low data
quality resulting from excessive blinking or head movement prevented analysis
of the data, therefore visual assessment of data quality was required. In cases of
very low data quality that prevented analysis of the data, participants were asked
to return to repeat the trial. During Experiment 1, the majority of participants
were asked to return to re-record at least one trial. During Experiment 2, this
need became less frequent, with fewer than half of participants asked to return to
re-record trials. During Experiment 3, no repeating of trials was necessary. The
data were inspected blind, prior to viewing trial parameters such as stimulus di-
rection; this allowed a decision to be made about whether an OKR had occurred
without that decision being biased by knowledge about the trial type. If the stim-
ulus direction could not be discerned from the raw data due to the lack of clear
slow and fast phases in any particular direction (see Figure 2.4, an absence of

OKR was determined, and parameters such as gain were recorded as zero.

2.6.2 Segmentation of data based on velocity and direction

To determine when the fast phases started and ended, fast eye movements
were detected based on their velocity. This was achieved using an existing code
written for detection of microsaccades based on an algorithm developed by Eng-
bert and Kliegl (Engbert & Kliegl, 2003; Engbert & Mergenthaler, 2006). How-
ever, as it was being used to detect the fast phases of OKR rather than saccades

or microsaccades, the velocity threshold was adjusted to better suit this purpose.
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Figure 2.4: Plots comparing two trials, one with occurrence of OKR (upper) and one with
a lack of OKR (lower). Gaze position is illustrated in black (deg. of visual angle), while
pupil size is illustrated in green (arb. units). On the Y axis, zero indicates the midline of
the display. UPPER: Plot showing horizontal gaze displacement over time in response
to a leftward drifting stimulus. OKR is evident in the sawtooth waveform: fast phases
move upwards and slow phases slope downwards, demonstrating an OKR with left-
wards slow phases. LOWER: Plot showing vertical gaze position in response to a ver-
tically drifting stimulus. There are no slow or fast phases, indicating that OKR did not

occur during this trial.

This threshold was then continuously adjusted as required throughout the pro-
Ject, as there were large individual differences in fast phase velocity, as well as

large differences between conditions. For example, during Experiment 2, which
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Figure 2.5: A visualisation of the segmentation of OKR data according to fast phase loca-
tion, showing horizontal gaze displacement over time. Such plots are made following the
analysis of each trial to assess how successful the analysis code has been in accurately
segmenting the data. Shown here is an OKR in response to a stimulus drifting towards
the left, evident due to slow phases sloping downwards. The Y axis shows the horizontal
displacement of gaze in deg of visual angle; the X axis shows time in milliseconds. The
identified location of the start of each fast phase is shown by vertical blue lines; the loca-
tion of the end of each fast phase is shown by vertical red lines. By identifying the location
of these fast phases through the use of the saccade detection algorithm, it was possible to

segment the data into fast phases and slow phases.

used both central and peripheral stimuli, the observed median fast phase velocity

per trial ranged from 21.39 deg/s to 488.98 deg/s.

Once the fast eye movements were detected, the data were segmented
using this information (Figure 2.5), resulting in segments of data that either con-
tained a fast eye movement or a slow eye movement. Some experimental condi-
tions were assoclated with a direction-changing OKR, with these direction
changes primarily occurring during the slow phases; these changes of slow phase
direction were identified using the ‘findpeaks’ function in MATLAB, and this
information was used to further segment the gaze position data (Figure 2.6).

‘Minimum peak prominence’” was specified as an input argument for the
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Figure 2.6: Horizontal gaze displacement in response to two simultaneously presented
stimuli in a centre-surround configuration with opposing directions of horizontal mo-
tion in the centre and in the surround. Gaze position is illustrated in black (deg of visual
angle) while pupil size (arb units) is illustrated in green. The black arrow highlights the
location of a blink. The blue arrows indicate the locations of slow phase direction
changes, forming smooth peaks and troughs in the eye movement trace. During trials
containing a direction-changing OKR, the ‘findpeaks’ function in MATLAB is used to
find the location of these peaks and troughs, allowing the direction-changing slow
phases to be split. In this way, the portion of the slow phase in response to one direction
of stimulus motion can be separated from the portion of the slow phase responding to
the opposite direction of stimulus motion. This allows the gain in response to each of
the two opposing stimuli to be calculated separately, as well as allowing for more accu-

rate recording of the number of slow phases occurring in response to each stimulus.

‘tindpeaks’ function; this value was set based on visual inspection of the data.
Data were visualised as in Figure 2.6 and minimum peak prominence was set by

visually assessing the prominence of the smallest peak.
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2.6.3 Classification of slow and fast phases

With the data in the form of a series of segments containing slow and fast
eye movements, it was possible to assess each segment and classify it as a slow
phase, a fast phase, or as neither. This was achieved by first analysing the seg-
ment to extract information such as velocity, direction and duration. OKR has a
sawtooth waveform, whereby the slow phases follow the approximate stimulus
direction, and the fast phases follow a direction opposite to the slow phases. Stim-
ulus direction was therefore taken into account when classitying each data seg-
ment, as a slow eye movement with a direction opposite to the stimulus was as-
sumed to not be a slow phase, and a fast eye movement following the same direc-
tion as the stimulus was assumed to not be a fast phase. Importantly, this pre-
vented catch-up saccades during slow phases from being classified as fast phases.
The exception to this occurred during OKAN trials of Experiment 1, during
which OKAN-II (reversed OKAN) was sometimes observed; during analysis of
these trials, the data were visually inspected to assess the direction of OKAN,

and this information was used in place of stimulus direction.

Velocity and duration thresholds were then used to identify whether each
data segment was a fast phase or a slow phase. These thresholds were based on
a combination of existing methods and trial-and-error with the present data sets,
with the data being continuously plotted and visually assessed to monitor the
success of the analysis. For example, the software 2D VOG Analysis Program

Version 4.20 (John P. Kelly, https://faculty.washington.edu/jokelly/voganaly-

sis/) can be used for analysis of video-oculography data and includes analysis of
ORR. The parameters used by this software for analysis of OKR are the follow-
ing: a minimum fast phase velocity of 50 deg/s; a maximum slow phase velocity
of 150 deg/s; a slow phase duration between 50-1000 ms (reported in Costa,

2011). These were used as the initial parameters in the analysis.

The initial parameter of a maximum slow phase velocity of 150 deg/s was
found to not be successful across the large stimulus velocity range used in Ex-
periment 1: at 10 and 20 deg/s stimulus velocity, this threshold was found to be
too high, with saccades such as catch-up saccades which follow the stimulus di-
rection being misclassified as slow phases; however, at 40 deg/s stimulus veloc-

ity, this maximum peak velocity threshold was found to be too low, filtering some
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slow phases out of the analysis. Additionally, there were substantial differences
in slow phase velocity based on stimulus direction. As a result, different maxi-
mum slow phase velocities were used for different stimulus velocities and direc-
tions. The thresholds set for centrally-presented stimuli were as follows: up to
20 deg/s stimulus velocity, a maximum peak slow phase velocity threshold of
100 deg/s was applied for all directions of motion; for 30 deg/s stimulus veloci-
ties, and for vertical stimuli at 40 deg/s, a maximum slow phase velocity of 150
deg/s was applied; at 40 deg/s stimulus velocity with horizontal or oblique di-
rections of motion, a maximum slow phase velocity threshold of 200 deg/s was
applied. From Experiment 2 onwards, peripheral stimuli were presented; these
stimuli were sometimes associated with a much lower slow phase amplitude and
velocity, and there were substantial individual differences in peripheral re-
sponses. Further, peripheral responses tended to have a less consistent OKR,
with a greater number of non-OKR eye movements. For this reason, velocity
thresholds were frequently adjusted during analysis of such trials, with a maxi-

mum slow phase velocity as low as 15 deg/s being required in some cases.

In reference to fast phase velocity thresholds, the initial minimum veloc-
ity threshold of 50 deg/s was found to be too low in response to centrally pre-
sented stimuli, and during Experiment 1, fast phases were found to frequently
exceed 300 deg/s. The minimum velocity threshold was thus increased to 100
deg/s. However, from Experiment 2 onwards, peripheral stimuli were presented;
these stimuli were associated with a much lower fast phase amplitude and veloc-
ity. As a result, a lower minimum fast phase velocity threshold of 40 deg/s was
implemented for such trials. However, as with the analysis of slow phases, this
threshold for fast phase velocity was adjusted when necessary. Fast phases re-
semble saccades, and as such, peak velocity is positively related to amplitude and
shows a large range (e.g. ~100-700 deg/s peak velocity observed across a range
of amplitudes by (Garbutt et al., 2001)). For this reason, fast phase velocity varied

considerably across conditions, as fast phase amplitude was very variable.

In addition to using direction and velocity to identify fast and slow phases
of OKR, duration thresholds were also used in this process. In line with the
threshold used by 2D VOG Analysis Program Version 4.20, an initial slow phase
duration range of 50-1000 ms was used. This range proved unsuccesstul in cap-

turing the slow phases observed, particularly due to the difference in slow phase
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duration between ‘look’ and ‘stare’ conditions in Experiment 1. Some observed
slow phases fell around the minimum threshold, therefore this was decreased by
a further 10 ms. During look OKR in response to 10 deg/s stimuli during Ex-
periment 1, slow phase durations exceeding 3000 ms were observed, therefore
the maximum slow phase duration was increased to 4000 ms. The final slow
phase duration range used was therefore 40-4000 ms. Existing data regarding
the duration of fast phases are more limited due to a focus on slow phases in the
ORR literature, however, a starting threshold of'a maximum of 400 ms was set.

This threshold was found to be successful in extracting the observed fast phases.

Following the analysis of each trial, the results of the analysis were plot-
ted and compared to the initial raw data to assess the success of the analysis. In
some cases, it was clear that many slow phases had not been successfully ex-
tracted from the data, therefore thresholds were adjusted as required to maximise

the success of the analysis.

2.6.4 Blink removal and data smoothing

Prior to data segmentation, blinks were identified based on a pupil size of
zero (Figure 2.4, Figure 2.6). The 200 ms of data around each blink were also
marked as part of the blink, to account for distortion of the data immediately
preceding the blink and to allow time for recovery of the signal following each
blink (as done by Kanari et al., 2017 and Kanari and Kaneko 2019). After seg-
mentation of the data, any segment that was marked as part of a blink was re-
moved. During trials in which participants were required to maintain gaze within
a certain region of the display, gaze deviations away from this region were
treated in the same manner as blinks to ensure that all data analysed were ac-

quired while the participant viewed the correct region of the stimulus.

Velocities were smoothed using a Savitsky-Golay filter (as used by
Doustkoubhi et al., 2020b, and Ghasia and Shaikh, 2015) with a window size ot 30
samples (60 ms) before being classified as slow phases or fast phases. Data
smoothing occurred prior to any classification of eye movement types: velocities
were smoothed prior to the initial detection of fast eye movements for data seg-
mentation, and the raw, unsmoothed data were then segmented based on that

information. The Savitsky-Golay filter was then applied to the segmented data
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prior to slow and fast phase classification. The underlying reason for segmenting
the unsmoothed data and then re-smoothing after segmentation was to prevent

the sharp peaks and troughs in the nystagmus waveform from being dulled.

2.6.5 Calculating OKR measures

2.6.5.1 Velocity and gain

Velocity was calculated as the first derivative of position over time: dis-
placement between adjacent gaze position samples was calculated for the X and
Y gaze displacement separately (i.e. horizontal and vertical gaze displacement
were first calculated separately). Displacement was then multiplied by the sample
rate to obtain velocity across each X and Y gaze position vector, giving Xelocity

and Yvelocity. Resultant velocity was then calculated as:

Resultant velocity = \/ Xve1ocityQ+Yvelocity2

Mean, median and peak velocities for each slow phase and fast phase were

then obtained.

The ‘gain’ of the OKR is a ratio measure describing how closely the slow
phase velocity matches the stimulus velocity, whereby a gain of 1.0 indicates
identical slow phase and stimulus velocity. Gain was calculated as (e.g. Collewijn,

1985):

Slow phase velocity

Gain = - -
Stimulus velocity

Mean and median gain were then obtained for each slow phase.
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2.6.5.2 Amplitude

The amplitude represents the distance travelled in each phase, in deg of
visual angle. Amplitude is thus the difference in gaze position between the start
and end of the phase. To calculate this, the distance travelled was first calculated
separately for the X and Y gaze displacement of each slow or fast phase (i.e. the
horizontal and vertical amplitude were calculated separately). The overall ampli-

tude of the phase was then calculated as:

. _ 2 2
AmphtUde - \/Xamplitude +Yamplitude

2.6.5.3 Angle/Direction

Each slow or fast phase was also analysed to extract its average angle or
direction. The X and Y amplitude of each phase was calculated separately as de-

scribed above. These values were then used to trigonometrically calculate the

overall angle of the eye movement, 8:

0 = tan"! (Yamplitude X )
amplitude

2.6.5.4 Frequency

To calculate the frequency of the OKR, the number of slow phases that
occurred during a given trial was divided by the duration of the trial in seconds,

giving frequency in mean slow phases per second.

_ Number of slow phases

Trial duration
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Chapter 3

Experiment 1: The effect of task
instruction, stimulus speed and

direction of motion

3.1 Introduction

The instructions given to an observer prior to viewing an optokinetic
stimulus are known to impact the OKR produced in response to the stimulus.
‘Look’ OKR 1is produced when an observer is told to actively fixate and follow
features of the moving stimulus, whereas ‘stare’ OKR is produced when an ob-
server is told to passively gaze towards the stimulus (Garbutt & Harris, 1999).
ORR therefore has both reflexive and voluntary components (Pola & Wyatt,
1985) which can be observed through manipulation of task instructions. In the
tollowing chapter, look and stare OKR will be investigated in response to a range

of stimulus directions and velocities, and the resulting OKAN will be analysed.

Look and stare OKR have characteristic differences. Compared to stare
ORR, look OKR is described as having lower frequency, higher amplitude slow
phases (Knapp et al., 2008) and is often found to have higher gain (Valmaggia et
al., 2005). The differences between look and stare OKR are reflected in the brain,
with fMRI studies of humans showing higher levels of cortical activation during
look OKR (Kashou et al., 2010; Konen et al., 2005) and greater similarity in acti-
vation sites between look OKR, smooth pursuit eye movements (SPEM) and sac-
cades (Kashou et al., 2010). Some have referred to stare OKR as a ‘passive’ re-
sponse and to look OKR as an ‘active’ response (Pola & Wyatt, 1985), while oth-
ers have gone as far as to propose that look OKR is a combination of SPEM and
saccades rather than being ‘true’ optokinesis like stare OKR (Kashou et al., 2010).
Overall, look OKR is generally viewed as being a voluntary response whereas

stare OKR is viewed as being involuntary and reflexive.
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ORR also has short- and long-time-constant components: early ORKR
(EOKR) and late OKR (LOKR) (Garbutt & Harris, 1999), which are also referred
to as the direct and indirect pathways, or as the fast and slow pathways, respec-
tively. While EOKR is thought to be generated by a cortico-ponto-cerebellar
pathway similar to that of SPEM, LORR is thought to be mediated by a subcor-
tical pathway (Fuchs & Mustari, 1993). Whereas LOKR slow phase velocity
builds up gradually, EORR is associated with a rapid build-up of slow phase ve-
locity (~5 seconds, Abadi et al., 1994). LORKR is also associated with a gradual
decay of slow phase velocity, manifesting as a post-exposure effect known as
optokinetic after-nystagmus (OKAN) (Collewijn, 1985) which can be recorded
when an observer is placed in complete darkness upon termination of the stimu-
lus. OKAN can therefore be used as an indicator that LOKR has occurred (Lator-
tune et al., 1986b, 1986a).

One may be tempted to draw parallels between look OKR and EOKR,
and between stare OKR and LOKR. Pola and Wyatt (1985) described look OKR
as being a form of foveal tracking closely related to SPEM: voluntary and posi-
tion-based. In contrast, they described stare OKR as being reflexive and velocity-
based, stabilising the overall retinal image rather than foveating and stabilising
individual stimulus features. The velocity-based nature of stare OKR implies that
foveation of the stimulus is not necessary to produce it; perhaps relatedly, afove-
ate animals only produce LOKR (Collewijn, 1972, 1985) and LOKR dominates
in humans with maldeveloped foveae (Baloh et al., 1980a). EOKR and LOKR are
thought to be linked to cortical and subcortical pathways, respectively (Fuchs &
Mustari, 1993; Leigh & Zee, 2015). Similarly, look OKR has been shown to in-
volve higher levels of cortical activation compared to stare OKR (Kashou et al.,
2010; Konen et al., 2005). Primates show both EOKR and LOKR (Cohen et al,,
1977) though EOKR is known to dominate in humans under photopic conditions
(Garbutt & Harris, 1999). Considering the above evidence, it may be the case that
look OKR instructions encourage greater involvement of the cortical EOKR sys-
tem while stare OKR instructions are associated with greater activity of the sub-

cortical LOKR system or reduced activity of the EOKR system.

As previously stated, the occurrence of LOKR can be assessed by observ-
ing the occurrence of OKAN following termination of the stimulus (Lafortune et

al., 1986b, 1986a). In this way, the following experiment will evaluate whether
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look or stare instructions are more highly associated with activity of the LOKR
component. Evidence from monkeys suggests that foveal tracking of optokinetic
stimuli does not contribute significant charge to the velocity storage mechanism
responsible for producing ORAN (Lisberger et al., 1981); this evidence has been
used to suggest that ORKAN, and thus LOKR, may be related to stare OKR
(Knapp et al.,, 2013), though this has not been verified in humans. Past research
in humans has shown that OKAN is associated with higher stimulus velocities.
For example, Lafortune et al. (1986b) showed that OKAN was associated with a
long-time-constant component which was maximally active in the 40-70 deg/s
stimulus velocity range, whereas stimulus velocities in the range of 10-30 deg/s
were more associated with a short-time-constant component that was attributed
to SPEM. In the following experiment, stimuli are presented at velocities of 10
deg/s, 20 deg/s and 40 deg/s; it is expected that more OKAN will be observed
following the presentation of stimuli moving at 40 deg/s. OKAN is thought to
be the main evidence of LOKR activity in humans, with some studies reporting
that the rapid build-up of OKR in humans resulting from EOKR activity prevents
a gradual build-up of gain from being observed (Cohen et al., 1981). To verify

this, build-up of gain will also be investigated in the following chapter.

The tollowing experiment will also examine the effects of different direc-
tions of stimulus motion on both OKR and OKAN. The majority of past OKR
research has involved measuring responses to horizontal stimulus motion, with
a smaller number of studies investigating vertical motion. Human studies involv-
ing oblique stimulus motion are largely absent from the OKR literature. There
have been inconsistencies regarding the up-down symmetry of the vertical OKR.
Some studies have reported higher gain in response to upward drifting stimuli
(Howard & Simpson, 1989; Murasugi & Howard, 1989b). While some have found
that this asymmetry does not exist at low (~10-15 deg/s) stimulus velocities
(Kanari et al,, 2017; Murasugi & Howard, 1989b), others have reported asym-
metry in response to 10 deg/s stimuli (Garbutt, Han, Kumar, Harwood, Harris,
et al., 2003). To clarify this issue, the following experiment will investigate
whether vertical OKR is asymmetrical, and if so, whether this is a velocity-based
eftect. Oblique OKR involves a combination of vertical and horizontal compo-
nents; it is therefore expected that vertical OKR asymmetries will be reflected to

a lesser extent in oblique OKR.
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Oblique OKR in humans has not been well characterised. To rectify this,
oblique OKR will be recorded in response to a range of stimulus speeds to assess
whether characteristics, such as gain, fall precisely between those of vertical and
horizontal OKR. This would indicate equal combination of vertical and horizon-
tal components in producing oblique ORR. With the head upright, experiments
involving monkeys have reported that oblique OKR shifts towards the horizontal
axis at high stimulus velocities due to the breakdown of the vertical OKR com-
ponent (Kroller & Behrens, 1995). Difficulty in producing vertical OKR at such
high velocities results in a shift towards the horizontal axis to maintain gain. In
humans, vertical OKR has been shown to lose gain at high stimulus velocities to
a greater extent than horizontal OKR, particularly with reference to stare OKR
(Valmaggia et al., 2005). It is therefore anticipated that at a high stimulus veloc-
ity (40 deg/s) a shift of oblique OKR direction towards the horizontal axis will
too be observed, and stare OKR may be more severely affected. In monkeys, ver-
tical OKAN asymmetry has been reported whereby upward OKAN is weak or
absent (Raphan & Cohen, 1988; Matsuo & Cohen, 1984), with Kroller and Beh-
rens (1995) reporting almost no vertical OKAN. The following experiment will
confirm whether these effects reported in monkeys can be replicated in human

observers.

Finally, the following experiment will also investigate OKAN reversal.
Though reversal of OKAN (OKAN-II) with respect to the preceding stimulus
has been widely reported in OKAN studies using humans, monkeys and cats
(Brandt et al., 1974; Clément et al., 1981; Collewijn, 1985; Gygli et al.,, 2021;
Raphan & Cohen, 1988; Ventre-Dominey & Luyat, 2009), the cause is not well
understood. A velocity-based eftect has been reported in which higher stimulus
velocities are associated with OKAN reversal (Collewijn, 1985). Some authors
(Brandt et al., 1974; Chen et al., 20145 Gygli et al., 2021; Ventre-Dominey &
Luyat, 2009) have described OKAN reversal as partially resulting from a form of
motion adaptation, due to finding reversed OKAN following fixation of a cross
used to suppress OKR and following prolonged optokinetic stimulation. Brandt
et al. (1974) suggested that it the remaining ‘optokinetic charge’ is outweighed
by the ‘habituative countercharge’, OKAN direction will reverse. The suggestion
is thus that greater retinal slip resulting from suppression of OKR during opto-

kinetic stimulation results in motion habituation leading to OKAN reversal
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(Ventre-Dominey & Luyat, 2009). It is suggested that OKAN-I and OKAN-II

may thus be mediated by separate mechanisms (Gygli et al., 2021).

Building on this, one might expect that low gain OKR should also be as-
sociated with OKAN reversal due to higher levels of retinal slip. Similarly, an
OKR that does not accurately follow the direction of stimulus motion might also
result in OKAN reversal. While past research of OKAN reversal has primarily
focussed on features of the optokinetic stimulus itself, an analysis that takes the
preceding OKR into account may offer further information about the cause of
reversal. In this way, the use of oblique optokinetic stimuli in the following ex-
periment may offer insights into OKAN reversal; for example, if the findings of
a shift of oblique OKR towards the horizontal axis can be replicated (Kroller &
Behrens, 1995), one might expect to see an OKAN that is vertically reversed.
This is because horizontally following an oblique stimulus would result in net
vertical motion across the retina, potentially leading to adaptation to vertical,
but not horizontal, motion. Further, an OKAN which is reversed in only its ver-
tical or horizontal component would also imply that vertical and horizontal ve-
locity storage is separate. In the following experiment, OKAN in response to
multiple directions and velocities of stimulus motion will be recorded. OKAN
will be analysed in a way which considers the preceding OKR in terms of its
direction and gain in an attempt to better understand the cause of OKAN rever-

sal.

In addition to addressing the outlined research questions, this initial ex-
periment will play an important role in determining stimulus parameters for sub-
sequent experiments. The use of'a range of stimulus velocities and directions will
allow for floor and ceiling effects in OKR capabilities to be assessed across a
range of participants. This will provide a basis for selecting appropriate stimulus

parameters moving forward.

The following experiment (Experiment 1) aims to measure OKR in terms
of slow phase gain, amplitude, frequency and angular trajectory/direction in re-
sponse to various directions and velocities of stimulus motion. Both look and
stare OKR will be produced via the manipulation of task instructions. Issues
identified during the course of this experiment leading to methodological

changes for subsequent experiments will also be discussed.
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3.2 Selection of stimulus parameters

The stimulus parameters used in this experiment were chosen based on
the outcomes of past research. The following section will outline the basis of

these decisions.

3.2.1 Velocity and spatial frequency

Past OKR and OKAN research has used a wide range of stimulus speeds
and spatial frequencies (SFs). Table 3.1 displays examples of the stimulus veloc-
ity and SF used in past research of human OKR and OKAN and the reported
outcomes in terms of gain. It should be noted that stimulus velocity and SF are
not the only variables influencing these outcomes; OKR 1is also aftected by factors

such as stimulus size and direction of motion (Knapp et al., 2009).

As one of the aims of this experiment was to induce not only OKR, but also
OKAN, stimulus parameters were chosen to eftectively drive both. Lafortune et
al. (1986b) tested OKR and OKAN at a range of stimulus velocities. They de-
scribed OKAN magnitude as being low and constant at stimulus velocities 10-30
deg/s, and as being high and constant at stimulus velocities 40-70 deg/s, which
they interpreted as reflecting the velocity ranges producing maximal activity of
the EOKR and LOKR components, respectively. They reported that initial slow
phase velocity of OKAN was dependent on stimulus velocity, whereas the decay
time constant was not. Stimulus parameters were also chosen to avoid floor and
ceiling eftects; a range of OKR gain outcomes were desirable. As shown in Table
3.1, stimulus velocities of 10-20 deg/s are often reported to result in a high-gain
(~0.80-1.0) OKR. The response to stimulus velocities of 30 deg/s and higher
appear more mixed, likely a result of variation in other stimulus parameters such
as direction of motion. For example, whereas Abadi et al. (2005) reported a gain
of ~0.90 in response to a full-field 40 deg/s horizontally drifting grating stimu-
lus, Murasugi and Howard (1989b) reported a gain of ~0.50-0.70 in response to
a full-field 30 deg/s vertically drifting dot stimulus, with lower gain being ob-
tained in response to downward-drifting stimuli compared to upward-drifting

stimuli.
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Table 3.1

Stimulus SF and velocity used in past OKR research

Author Spatial Frequency  Velocity Outcome
Howard and Gon-  2.5° black stripes with 20 deg/s OKR gain of ~0.70
zalez (1987) (ex- 5° white stripes
periment 1) (square wave)

Valmaggia et al. 0.25 cyc/deg black 15, 30,45  OKR gain of ~0.90-1.00,
(2005) and white square wave and 60 ~0.65-0.90, ~0.50-0.80
grating deg/s and ~0.30-0.70, respec-
tively (control group, all
motion directions)
Murasugi and 2° dots with a density ~ OKR: 10, OKR gain of ~0.80-0.90,
Howard (1989b) of 450 dots/m? 30, 50 and ~ ~0.50-0.70, ~0.30-0.70
70 deg/s and ~0.25-0.35, respec-
tively (full field)
OKAN: 30  OKAN initial velocity of
deg/s ~0.00-8.50 deg/s (full
field)
Kanari and Dots with a density of 31 deg/s ORR gain of ~0.4 when
Kaneko (2019) 0.4 dots/deg? vergence and attention
are both at the centre
Abadi et al. (2005)  0.25 cyc/deg black 20, 40, 60 Full field: OKR gain of
(experiment 2) and white square wave and 80 ~0.90, ~0.90, ~0.80 and
grating deg/s ~0.75, respectively
20° field: OKR gain of
~0.90, ~0.75, ~0.70 and
0.55, respectively
Doustkouhietal. 1.3 cyc/deg (SF fil- 10 deg/s OKR gain of ~0.92

(2020b)

tered 2D random
noise carrier)

With consideration to past research, the selected stimulus velocities for

this experiment are 10, 20 and 40 deg/s. Stimuli drifting at 10 deg/s are expected

to produce high-gain OKR, whereas stimuli at 40 deg/s are expected to produce

ORR with a lower gain. In light of Lafortune et al.’s (1986b) report, OKAN is
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expected to be driven at these velocities, however, more OKAN is expected to
result from the 40 deg/s stimulus. As shown in Table 3.1, the pattern and SF of
OKRR stimuli varies across studies, and selection of SF and velocity is limited by
the frame rate of the display, as an insufficient frame rate for the chosen param-
eters will result in aliasing. It is also desirable to have multiple cycles available
on-screen to increase the number of potential pursuit targets during look OKR.
For these reasons, a black and white sinusoidal luminance grating with an SF of
0.5 cyc/deg was chosen, as this allowed for a grating to be presented at a range
of stimulus velocities while avoiding aliasing of the 40 deg/s stimulus with an
85Hz display. These chosen stimulus velocities and SF produced gratings pre-
sented at 5Hz, 10Hz and 20Hz.

3.2.2 Duration of exposure

As the EOKR system is able to build up slow phase velocity to near stim-
ulus velocity within five seconds (Abadi et al., 2005), it was expected that the
EOKR system would be active even with a relatively short stimulus duration.
The priority was therefore selecting a stimulus duration that would activate the
LORR system and produce OKAN. Examples of studies examining human
OKAN with their stimulus durations and outcomes in terms of OKAN velocity

and duration are reported in Table 3.2.

Though Bertolini et al. (2021) and Murasugi and Howard (1989b) used
different stimulus durations (30 and 50 seconds, respectively) to produce OKAN,
they both reported an OKAN with similar durations of 30 and 25 seconds, re-
spectively. Despite Ventre-Dominey and Luyat (2009) using a stimulus duration
almost double that of Murasugi and Howard (1989b), the reported initial OKAN
velocity and duration was comparable. Lafortune et al. (1986a) tested a range of
stimulus durations and reported their effects on different OKAN parameters such
as cumulative displacement and slow phase duration. Though different OKAN
parameters were found to have different time constants, they produced an esti-
mate of the OKAN ‘charging’ time constant of 46.93+9.93 seconds based on an
average of these parameters. In contrast, Cohen et al. (1981) produced a much

lower estimate of the OKAN charging time constant based on slow phase
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velocity to be ~20 seconds, highlighting the variation in estimates that can be

produced when examining different outcome variables.

Lafortune et al’s (1986a) study was used as the primary basis for the

stimulus duration of 50 seconds selected for Experiment 1.

Table 3.2

Stimulus durations used in past OKAN research

Author Stimulus duration Outcome
Murasugi 50 seconds Initial OKAN velocity (gain): ~0.00-8.50 deg/s
and Howard (~0.00-0.28)
(1989b) OKAN duration: 12-25 seconds
Bertoliniet 30 seconds OKAN produced with a velocity approaching 0
al. (2021) at ~30 seconds
Ventre- 90 seconds Initial OKAN velocity (gain): 7 deg/s (0.14)
Dominey (OKAN-I)
and Luyat OKAN decay time constant: ~5 seconds (range
(2009) 1.5-26 seconds) (OKAN-I)

Lafortune et 5, 10, 20, 30, 40 and  Increasing exposure time up to 40 seconds sig-
al. (1986a) 60 seconds nificantly increased cumulative displacement
and slow phase duration

3.2.3 Direction of motion

Past OKR research has focussed on horizontal and vertical motion, the
result of which is that oblique OKR and OKAN is less well understood. In terms
of ORAN reversal, use of oblique motion provides an opportunity to examine
vertical and horizontal velocity storage together to examine the extent to which
they are separate mechanisms, for example by testing whether OKAN can be
reversed in one dimension but not the other. For these reasons, both cardinal and
oblique directions of motion were used in Experiment 1. As there are inconsist-
encies in the literature regarding the symmetry of vertical OKR (Garbutt, Han,

Kumar, Harwood, Harris, et al., 2003; Howard & Simpson, 1989; Kanari et al.,
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2017; Murasugi & Howard, 1989b), both directions of motion were used for each
orientation of motion (e.g. during horizontal motion, both leftward and right-
ward motion were used). Experiment 1 therefore used a total of eight directions
of motion and four grating orientations: vertical (up/down) motion using hori-
zontal gratings; horizontal (left/right) motion using vertical gratings; oblique
+45° (up-right/down-left) motion using -45° gratings; -45° (up-left/down-
right) motion using +45° gratings. Stimuli were presented within a circular ap-
erture to avoid edge artefacts that would have a suppressive effect on the OKR
(Murasugi et al., 1986). Importantly, this also avoided the aperture problem: pre-
senting oblique motion within a square aperture results in the perception of ver-

tical or horizontal motion.

3.2.4 Selection of look and stare OKR instructions

Past look and stare OKR research has used a variety of different instruc-
tions to produce look and stare OKR, which may result in variability between the
resulting behaviours across studies. For example, Valmaggia et al. (2005) pro-
vided instructions that appeared to instruct participants towards a particular
slow phase amplitude. During look conditions, participants were instructed to
fixate a stripe as it entered the display and to continue fixating it until it left at
the other side of the display, thus driving a slow phase amplitude with the ap-
proximate height or width of the display, depending on motion direction. It is
therefore not surprising that horizontal amplitude is reported as being higher
than vertical amplitude, as the horizontal extent of the display was 13° larger
than the vertical extent. That their figures show a horizontal look OKR ampli-
tude of 50° is also to be expected, as their display was 54° in width. In contrast,
during stare OKR, participants were instructed to fixate stripes as they crossed
the centre of the screen. It is thus possible that the resulting small amplitude
ORR was a result of participants’ attempts to maintain central gaze. These in-
structions are also unusual in that participants are told to fixate the stimulus
features during stare conditions. The look and stare instructions provided by
Valmaggia et al. (2005) appear to be based on the prior expectation that look
OKR has a large amplitude whereas stare OKR has a small amplitude, potentially

impacting the outcome.
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Pola and Wyatt (1985) provided comparatively vague instructions to par-
ticipants. During look conditions, participants were instructed to ‘attempt to
look at the round target” whereas during stare conditions they were instructed
to ‘gaze ahead, but avoid doing anything in particular’. While these instructions
do not bias responses to a particular amplitude, as was the case for Valmaggia et
al. (2005), they do leave open the possibility that participants may not converge
on the stimulus during stare OKR conditions. Knapp et al. (2008) provided a
different set of instructions to both Valmaggia et al. (2005) and Pola and Wyatt
(1985). During look conditions, participants were told to ‘actively fix and follow
individual OKN target stripes’ and during stare conditions were told to ‘look
towards the centre of the screen while keeping the stripes in focus’. These in-
structions encourage participants to pursue stimulus features during look condi-
tions without defining a particular spatial extent of the pursuit movements, and
they ensure that participants maintain vergence and ocular accommodation on
the stimulus during stare OKR conditions without directly instructing them to

fixate the stripes.

The instructions used in Experiment 1 aimed to avoid the prescriptive
nature of Valmaggia et al.’s (2005) instructions and to instead allow the partici-
pants’ eye movement behaviour to emerge more naturally. Ensuring that the
participant’s gaze was converged upon the stimulus during stare conditions was
also desirable. For these reasons, the instructions of Knapp et al. (2008) were
used as the basis for the instructions provided in Experiment 1, as they appeared
to provide a comfortable mid-ground between being too specific or too vague.
During stare conditions, participants were told to ‘look towards the screen and
keep the image on the screen in focus’; during look conditions, participants were

told to ‘fixate and follow individual stripes on the screen’.

In both conditions, participants were warned that the screen would turn
black at the end of each stimulus. It is during this period of time that OKAN was
recorded. The instructions thus also asked that participants continue to look to-
wards the screen after it had turned black; this ensured that participants’ gaze
remained within an area that the eye tracker was able to record and prevented

participants from closing their eyes.
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3.3 Methods

3.3.1 Participants

Experiment 1 had an initial pool of 13 participants. However, two partic-
ipants failed to complete all experimental conditions and the data of three partic-
ipants who completed all experimental conditions was removed due to consist-
ently low data quality. The remaining eight participants thus formed the final

participant pool in this experiment.

Of the eight participants used in this experiment, six were postgraduate
students and staff at the University of Nottingham. Three participants were fe-
male and the remaining five were male. The age range of participants was 22-53
years. All participants had normal or corrected-to-normal (with contact lenses)

vision.

3.3.2 Stimuli

Stimuli were sinusoidal luminance gratings (Figure 3.1) presented at a
viewing distance of 75 cm for a duration of 50 seconds. Stimuli had an SF of 0.5

cyc/deg (0.015 cyc/pix) and were presented at speeds of 10 deg/s (5Hz), 20

N

7

Horizontal Vertical Oblique +45 Oblique -45

Figure 3.1: The four orientations of black and white sinusoidal luminance grating stimuli
used in Experiment 1. The red arrows indicate the two directions of motion used for
each grating orientation. Sinusoidal luminance gratings had an SF of 0.5 cyc/deg and
were displayed drifting at velocities of 10 deg/s (5Hz), 20 deg/s (10Hz) and 40 deg/s

(20Hz) for a duration of 50 seconds.
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deg/s (10Hz) and 40 deg/s (20Hz). Stimuli had eight directions of motion across
four grating orientations: vertical (up/down) motion using horizontal stripes;
horizontal (left/right) motion using vertical stripes; oblique +45° (up-
right/down-left) motion using -45° stripes; -45° (up-left/down-right) motion us-
ing +4:5° stripes. Stimuli were presented within a circular black aperture with a

diameter of 21.52 deg of visual angle (area = 363.73 deg?).

3.3.3 Experimental environment

To record OKAN, it is essential that the environment is completely dark.
The experiment was thus completed in a dark room with all sources of light re-
moved or covered. Participants were asked to cover any light-emitting devices
such as mobile phones and watches to ensure that they were out of view. The eye
tracker was used in the tower mount setup to keep the visible light from the IR

emitter out of view.

3.3.4 Procedure

At the beginning of each block of stimuli, participants were provided with
one of two sets of instructions (see section 3.2.4), depending on whether the block

was a look OKR block or a stare OKR block.

The experiment was completed across six blocks, with each block pre-
senting eight stimuli. Three blocks used stare OKR instructions whereas three
blocks used look OKR instructions. Each block presented each of the eight direc-
tions of motion once and used a single stimulus velocity throughout. Of the three
look and three stare OKR blocks, one block presented stimuli at 10 deg/s, one
presented stimuli at 20 deg/s and one presented stimuli at 40 deg/s. The order
of stimuli within each block and the order in which each participant completed
the eight blocks was randomised. Participants were each shown a total of 48

stimuli across the experiment.

Prior to the presentation of instructions, the eye tracker was calibrated
using a nine-point calibration grid and the calibration was then validated to as-

sess for error. The instructions were presented to participants, who were given
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an unlimited amount of time to read the instructions before initiating the block
by pressing the Space key. There was a three-second countdown prior to the
presentation of each stimulus in the form of black numbers against a grey back-
ground. The stimulus was then presented for 50 seconds. On termination of the
stimulus, the screen turned black for 80 seconds to allow for OKAN to be rec-
orded in scotopic conditions. At the end of this 30 seconds, the next stimulus was
presented. After eight stimuli were presented and the block was complete, a mes-
sage appeared on the screen informing the participant that the block had ended.
At this point, participants were given the opportunity to continue to the next
block or to terminate the session. Each block lasted for ~10.7 minutes, with the
entire experiment taking ~64.2 minutes to complete. The lights were switched
on between blocks to prevent participants from fully dark adapting throughout
the experiment, as this may potentially reduce the amount of OKAN being pro-
duced.

Upon inspection of the data, some participants were asked to return to
re-record certain trials due to low data quality. Most participants were required

to re-record between one and eight trials.

3.4 Results: OKR

3.4.1 Gain

Slow phase gain is calculated by dividing the slow phase velocity by the
stimulus velocity; a gain of 1.0 thus indicates that slow phase velocity matched
stimulus velocity. The median gain of each slow phase was used due to a skewed
velocity distribution within the phase. The mean slow phase gain across the
whole trial was then taken. These means are plotted for each of the eight partic-

ipants, with all directions of motions combined, in Figure 3.2.

Examining OKR data, a linear regression model was calculated to predict
the gain of OKR using stimulus velocity (10, 20 and 40 deg/s), orientation of
motion (horizontal, vertical and oblique) and instruction type (look and stare) as
predictor variables. For orientation of motion, horizontal motion was used as a

reference level while vertical and oblique motion were used as indicator variables.
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Stimulus speed (deg/s)

Lookmms  Staremm

Figure 3.2: Gain in response to stimuli drifting at 10, 20 and 40 deg/s during look and
stare OKR conditions in eight individual participants. Responses to look OKR are shown
in red and responses to stare OKR are shown in blue. The shaded area indicates the 95%
CI of the fitted function. A horizontal jitter of up to 4 deg/s has been applied to increase
the visibility of the data points. Each data point represents the mean gain obtained by
that participant in a single trial. Participant numbers are indicated in the lower left corner

of each plot.

A significant regression equation was found (F(4, 882) = 195.09, p < .001) with
an adjusted R? of .670. The results of this analysis are shown in Table 3.3. In this
model, velocity (F(1, 878) = 694.13, p < .001), orientation of motion (F(2, 378) =
30.662, p < .001) and instruction type (F{(1, 378) = 28.689, p < .001) were all
found to significantly predict OKR gain. Using horizontal motion as a reference
level, vertical motion was found to significantly reduce gain (f =-0.218, p < .001)
whereas oblique motion was not ( = -0.046, p = .077). This effect is illustrated
in Figure 3.3, which shows the gain obtained in response to each orientation of
motion across stimulus velocity. Instruction type used look OKR as a reference;

the negative coefficient obtained for this variable (B =-0.113, p < .001) therefore
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indicates that gain was reduced by the use of stare instructions, as illustrated for

each participant in Figure 3.2.

Figure 3.3: N = 8. Gain of OKR 1.5¢
across stimulus velocity in response
to different orientations of motion.

The shaded area indicates the 95% | _

Gain

CI of the fitted function, with data
points showing the mean gain ob- 0.5
tained by one participant in a single .

trial. A horizontal jitter of up to 4

deg/s has been applied. Responses 0

. ) . 10 20 40
to horizontal motion are shown in

Stimulus speed (deg/s)

red; oblique motion in blue; vertical

motion in green. Horizontal %  Vertical M8 Oblique =

These regression models were then calculated at the individual partici-
pant level to assess the consistency of the observed effects. Significant regression
equations were found for every participant (P1 (F(4, 47) = 67.576, p < .001, ad-
justed R? = .850), P2 (F(4, 47) = 78.760, p < .001, adjusted R? = .869), P3 (F(4,
47) = 105.580, p < .001, adjusted R? = .899), P4 (F(4, 47) = 95.095, p < .001,
adjusted R? = .889), P5 (F(4, 47) = 83.584, p < .001, adjusted R? = .875), P6 (F(4,
47) = 118.440, p < .001, adjusted R? = .909), P7 (F(4, 47) = 77.579, p < .001,
adjusted R? = .867), P8 (F(4, 47) = 59.317, p < .001, adjusted R? = .832)). Ad-
justed R? values ranged from .832 to .909, indicating that the models were able
to account for 83.2-90.9% of the variance in OKR gain. The results of these mod-
els are presented in Table AB.1 (Appendix B). Increasing stimulus velocity sig-
nificantly reduced gain in every participant. Vertical OKR gain was significantly
lower than horizontal OKR gain in every participant, whereas oblique OKR gain
did not differ from horizontal OKR gain in any participant. Stare OKR gain was
lower than look OKR gain in five participants (P2, P3, P5, P7, P8) while the

remaining three (P1, P4, P6) showed no significant effect of instruction type.
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Table 3.3

Results of linear regression model to predict gain of OKR based on stimu-

lus velocity, orientation of motion and instruction type

B SE F P
Intercept 1.826 0.081 42.961 < .001%
Velocity -0.022 0.0008 -26.346 <.001*
Orientation (vertical) -0.218 0.029 -7.256 <.001%*
Orientation (oblique) -0.046 0.026 -1.769 .077
Instruction type -0.113 0.021 -5.356 <.001%*

Note: horizontal motion is used as a reference level, with vertical and oblique motion as indicator variables.

Linear regression models were then calculated to investigate whether
vertical OKR gain was symmetrical across stimulus velocity in look and stare
OKR separately, and to assess for interactions between stimulus velocity and
vertical symmetry. Significant regression equations were found in the prediction
of look (F(3, 47) = 43.050, p < .001) and stare (F(3, 47) = 26.900, p < .001) vertical
OKR gain, with adjusted R?s of .729 and .623, respectively. The results of these
analyses can be viewed in Table 3.4. In response to both look (f = -0.0196) and
stare OKR (B = -0.0188), stimulus velocity significantly predicted vertical OKR
gain (p < .001), indicating that increasing stimulus velocity reduced gain. Verti-
cal motion direction was only a significant predictor of gain during look OKR
conditions (B = 0.2175, p = .041), indicating that gain in response to upward
motion (M = 0.641, SD = 0.323) was significantly higher than gain in response
to downward motion (M = 0.511, SD = 0.319). Neither look nor stare OKR
showed a significant interaction between stimulus velocity and direction of ver-
tical motion. Mean gain in response to upward and downward motion at each

stimulus velocity is shown for look and stare OKR in Figure 3.4.

T-tests were conducted at the individual participant level to assess the
consistency of the effect of asymmetrical vertical look OKR; gain of individual
slow phases was used rather than trial averages to increase statistical power.
These tests found that OKR was significantly vertically asymmetrical in look
conditions in five participants (P2 (t(291) = 6.117, p < .001), P3 (t(270) = 1.988,

p = .048), P5 (t(269) = 4.098, p < .001), P7 (t(345) = -3.820, p < .001), P8 (t(430)
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= 18.918, p < .001)), with all but one (P7) being associated with higher upward
gain. Vertical asymmetry was seen in stare OKR in four participants (P1 (t(411)
= 3.823, p < .001), P3 (t(823) = 8.182, p < .001), P4 (t(294) = 4.174, p < .001),
P5 (t(482) = 3.172, p = .002), all of whom presented with higher upward gain.
Participants exhibiting stare OKR asymmetry were compared to participants ex-
hibiting look OKR asymmetry: t-tests showed that those exhibiting stare OKR
asymmetry had significantly higher gain during vertical stare OKR compared to
those that did not have asymmetrical vertical stare OKR (#2,220) = 10.050, p <
.001). Mean vertical stare OKR gain was 0.15 higher in those with asymmetrical
vertical stare OKR. Similarly, this group also had significantly higher amplitude
during vertical stare ORR than those without vertical stare asymmetry (£2,220)
= 12.907, p < .001). Mean slow phase amplitude during vertical stare OKR was

1.70 deg higher in those with vertical stare OKR asymmetry.

Table 3.4

Results of linear regression model to predict gain of vertical OKR based on

stimulus velocity and direction of vertical motion

Look B SE F P
Intercept 0.9694 0.073 13.253 < .001%
Velocity -0.0196 0.003 -7.106 <.001*
Direction 0.2175 0.103 2.103 .041%
Velocity*Direction -0.0037 0.004 -0.955 345

Stare B SE F p
Intercept 0.8705 0.085 10.289 <.001%
Velocity -0.0188 0.003 -5.869 <.001*
Direction 0.1509 0.119 1.262 214
Velocity*Direction -0.0022 0.005 -0.497 622

This analysis was then repeated to assess the vertical symmetry of
oblique OKR gain across stimulus velocity. Regression models were calculated

using stimulus velocity and direction of oblique motion (upward (up-left and up-
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right 45°) or downward (down-left or down-right 45°) oblique) as predictors,

with interaction terms included to assess for interaction between stimulus veloc-

Table 3.5

Results of linear regression model to predict gain of oblique OKR based on

stimulus velocity and vertical direction of oblique motion

Look B SE F P
Intercept 1.8346 0.050 26.497 <.001%
Velocity -0.0246 0.002 -12.915 <.001%*
Direction 0.0025 0.071 0.0845 973
Velocity*Direction -0.0001 0.003 -0.039 .968

Stare B SE F P
Intercept 1.1994 0.077 15.487 <.001*
Velocity -0.0236 0.003 -8.061 <.001%*
Direction -0.0343 0.109 -0.313 155
Velocity*Direction 0.0009 0.004 0.228 .820
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Figure 3.4: N = 8. Mean gain in response to upward (blue) and downward motion (red)

drifting at 10, 20 and 40 deg/s during look (right) and stare (left) OKR conditions. Mean

gain at each stimulus velocity is shown, with the shaded area indicating the standard

error of the mean.



ity and vertical symmetry. Significant regression equations were found in the
prediction of look (F(3, 95) = 111.68, p < .001) and stare (F(3, 95) = 41.644, p <
.001) OKR, with adjusted R?s of .778 and .562, respectively. In both models, stim-
ulus velocity significantly predicted the gain of oblique OKR, indicating that gain
was significantly lowered by increasing stimulus velocity. However, vertical di-
rection of oblique stimulus motion was not a significant predictor of either look
or stare OKR gain, and there were no significant interactions between stimulus

velocity and direction of motion. The results of these analyses can be viewed in

Table 3.5.

T-tests were again used at the individual participant level to assess the
consistency of the lack of up-down symmetry during oblique OKR. Gain of indi-
vidual slow phases throughout trials was used in place of overall trial averages.
Results showed that there was no significant up-down asymmetry in the gain of
oblique OKR in three participants during look and stare OKR (P3, P4 and P8).
Three participants had a significant up-down gain asymmetry during oblique
look OKR (P1 ({1036) = -5.152, p < .001), P6 (t(921) = -3.895, p < .001), P7
(#1050) = -5.266, p < .001)), with P1 and P6 producing higher downward gain
and P7 producing higher upward gain. Four participants had significant asym-
metries during oblique stare OKR (P2 (#772) = -3.307, p < .001), P5 (£(396) =
2.215, p = .027), P6 (t(1149) = 2.340, p = .019), P7 ({881) = -12.573, p < .001)),
with P2 and P7 producing higher downward gain and P5 and P6 producing
higher upward gain.

3.4.2 Frequency

In each trial, the number of slow phases was counted and divided by the
duration of the trial (50 seconds) to obtain the OKR frequency expressed as slow
phases per second. These data are illustrated for each participant during both

look and stare conditions in Figure 3.5.

A linear regression model was calculated to predict the frequency of OKR
using stimulus velocity, orientation of motion and instruction type. The results
of this model are shown in Table 3.6. A significant regression equation was found
(F(4, 382) = 9.859, p < .001) with an adjusted R? of .085. In this model, stimulus

velocity (F(1, 378) = 10.757, p = .001), orientation of motion (F{2, 878) = 12.033,
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p <.001) and instruction type (F(1, 8378) = 4.954, p = .027) all significantly pre-
dicted OKR frequency. Increasing stimulus velocity reduced the OKR frequency
(B =-0.007). In terms of orientation of motion, horizontal motion was used as a
reference while vertical and oblique motion were used as indicators; the result
shown in Table 3.6 thus indicates that, compared to horizontal motion, vertical
motion significantly decreased frequency ( = -0.263, p < .001) whereas oblique
motion did not (p = .401). In terms of instruction type, look OKR instructions
formed the point of comparison, and the coefficient (f = -0.119) indicates that
trequency of OKR was reduced by the use of stare OKR instructions. However,

as shown in Figure 3.5, this was not a consistent pattern across all participants.

This analysis was repeated at the individual to assess the consistency of
effects across participants. Regression models were calculated for each partici-
pant to predict OKR frequency using stimulus velocity, orientation of motion
(horizontal/oblique/vertical) and instruction type (look/stare). Horizontal mo-
tion was used as a reference variable against which vertical and oblique motion
were compared. Significant regression equations were found for six out of eight
participants (P1 (F(4, 47) = 4.961, p = .002, adjusted R? = .252), P2 (F(4, 47) =
9.853, p < .001, adjusted R? = .430), P3 (F{(4, 47) = 3.762, p = .010, adjusted R?
=.190), P4« (F(4, 47) = 8.567, p = .013, adjusted R? = .179), P5 (F'(4, 47) = 13.903,
p <.001, adjusted R2 = .523), P8 (F(4, 47) = 2.989, p = .029, adjusted R? = .14:5)).
Equations for two participants (P6 (F(4, 47) = 2.025, p = .108, adjusted R? =
.080), P7 (F(4, 47) = 0.885, p = 481, adjusted R? = - .010)) were not statistically
significant. The results of these models are shown in Table AB.2 (Appendix B).
Increasing stimulus velocity significantly decreased OKR frequency in four par-
ticipants (P1, P2, P3, P4) while having no significant effect on the remaining
participants. Effects of orientation of motion observed at the group level appear
to be primarily driven by P1 and P2, both of whom had significantly lower fre-
quency in response to vertical stimuli compared to horizontal stimuli. Orienta-
tion of motion had no significant effect on the remaining participants, and the
eftfect of oblique versus horizontal motion was not significant in any participant.
Presenting stare OKR instructions significantly reduced frequency in P2, P5 and

Ps.
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Figure 3.5: Mean frequency of OKR across stimulus velocity in look and stare conditions

in eight individual participants. Responses to look OKR are shown in red whereas re-

sponses to stare OKR are shown in blue. Individual data points represent the mean fre-

quency obtained by that participant in a single trial; a horizontal jitter of up to 4 deg/s

has been applied to increase the visibility of the data points. The shaded area indicates

the standard error of the mean. Participant numbers are indicated in the upper left of

each plot.

Table 3.6

Results of linear regression model to predict frequency of OKR based on

stimulus velocity, orientation of motion and instruction type

B SE F P
Intercept 1.647 0.078 21.098 <.001*
Velocity -0.007 0.002 -3.279 .001%
Orientation (vertical) -0.263 0.076 -3.468 <.001%*
Orientation (oblique) -0.055 0.065 0.840 401
Instruction type -0.119 0.053 -2.226 027*

Note: horizontal motion is used as a reference level, with vertical and oblique motion as indicator variables.
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Figure 3.6: N = 8. Mean OKR frequency in response to upward (blue) and downward
(red) motion at 10, 20 and 40 deg/s during look (right) and stare (left) OKR conditions.

The shaded area indicates the standard error of the mean.

Analyses were then carried out to assess the vertical symmetry of look
and stare OKR across stimulus velocity in terms of frequency (Figure 3.6). Linear
models were calculated to predict the frequency of OKR using stimulus velocity
and direction of vertical motion for look and stare OKR separately, with interac-
tion terms included to assess for interaction between stimulus velocity and ver-
tical symmetry. A significant regression equation was found in the prediction of
vertical look OKR frequency (F(3, 47) = 3.471, p = .023) with an R? of .136; the
model to predict the frequency of vertical stare OKR was not significant (F{3,
47) = 2.042, p = .122). The results of these analyses can be viewed in Table 3.7.
During look OKR trials using vertical motion, frequency was significantly pre-
dicted by both velocity and direction of vertical motion, however, there was no
interaction between the two predictors. The coeflicients indicate that increasing
stimulus velocity decreased vertical OKR frequency (f = -0.0173), and that fre-
quency was higher in response to downward (M = 1.277, SD = 0.473) compared

to upward (M = 1.071, SD = 0.362) stimulus motion (§ = -0.5462).
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Table 3.7

Results of linear regression model to predict frequency of vertical OKR

based on stimulus velocity and vertical direction of oblique motion

Look B SE F p
Intercept 1.6812 0.173 9.728 <.001%
Velocity -0.0173 0.006 -2.654 011%
Direction -0.5462 0.244 -2.235 .081%
Velocity*Direction 0.0146 0.009 1.579 121

Stare (non-sig) B SE F P
Intercept 1.3175 0.236 5.581 <.001%
Velocity -0.0137 0.009 -1.687 .131
Direction 0.1537 0.384 0.460 647
Velocity*Direction 0.0045 0.013 0.355 724

This analysis was repeated to assess whether oblique OKR is vertically
symmetrical in terms of frequency. Linear regression models were calculated for
look and stare OKR separately to predict frequency in response to oblique motion
using stimulus velocity and vertical direction of motion as predictors. The re-
sulting regression equations were not significant for look (F(3, 95) = 2.181, p =

.095) or stare (I(3, 95) = 0.581, p = .629) OKR.

3.4.3 Amplitude

A linear regression model was calculated to predict the amplitude of the
ORR using stimulus velocity, orientation of motion and instruction type. The
results of this analysis are shown in Table 8.8. A significant regression equation
was found (F(4, 883) = 23.641, p < .001) with an adjusted R? of .191. In this
model, amplitude was significantly predicted by orientation of motion (F(2, 379)
= 9.567, p < .001) and instruction type (F(1, 879) = 75.042, p < .001) but not by
stimulus velocity (F(1, 379) = 0.891, p = .532). Horizontal motion was used as a

reference variable; the coefficients therefore indicate that amplitude was reduced

by presenting vertical (B = -1.8756) or oblique (B = -0.8323) motion, with
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vertical motion having a larger effect. Presentation of stare instructions instead

of look instructions also reduced OKR amplitude (f = -1.9475) (Figure 3.7).

Table 3.8

Results of linear regression model to predict amplitude of OKR based on

stimulus velocity, orientation of motion and instruction type

B SE F P
Intercept 6.0556 0.328 18.478 <.001%*
Velocity 0.0056 0.009 0.625 532
Orientation (vertical) -1.3756 0.318 -4.327 <.001%*
Orientation (oblique) -0.8323 0.275 -3.023 .002*
Instruction type -1.9475 0.229 -8.663 <.001%*

Note: horizontal motion is used as a reference level, with vertical and oblique motion as indicator variables.

These analyses were repeated on individual participants to assess the con-
sistency of the observed eftects across individuals. Regression models were cal-
culated for each participant to predict OKR slow phase amplitude using velocity,
orientation of motion direction and instruction type. Significant regression equa-
tions were found for all participants (P1 (F(4, 47) = 34.944, p < .001, adjusted R?
= .743), P2 (F(4, 47) = 27.881, p < .001, adjusted R? = .696), P3 (F(4, 47) =
15.781, p < .001, adjusted R? = .557), P4 (F(4, 47) = 4.700, p = .003, adjusted R?
= .239), P5 (F(4, 47) = 7.863, p < .001, adjusted R? = .369), P6 (F(4, 47) = 2.958,
p =.030, adjusted R? = .143), P7 (F(4, 47) = 9.058, p < .001, adjusted R? = .407),
P8 (F(4, 47) = 4.627, p = .003, adjusted R? = .236)). Though stimulus velocity
did not have a significant eftect at the group level, it was found to significantly
affect amplitude in three participants, with P1 and P7 showing an increase in
amplitude with velocity and P38 showing a decrease in amplitude with increasing
velocity. The eftect of vertical motion was found to be significant in four partici-
pants (P3, P4, P6, P7). Finally, the effect of instruction type was found to be
significant in seven participants, with stare OKR instructions significantly re-

ducing slow phase amplitude in all but P6. The results of these analyses can be

seen in Table AB.3 (Appendix B).
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Table 3.9

Results of linear regression model to predict amplitude of vertical OKR

based on stimulus velocity and vertical direction of oblique motion

Look B SE F p
Intercept 4.4255 0.754 5.873 <.001*
Velocity -0.0306 0.028 -1.076 .288
Direction 2.6093 1.066 2.44:8 018%
Velocity*Direction -0.0234 0.040 -0.581 .565

Stare (non-sig) B SE F P
Intercept 2.9781 0.778 3.829 <.001*
Velocity -0.0067 0.029 -0.227 .821
Direction 0.2118 1.099 0.192 .848
Velocity*Direction 0.0004 0.041 0.011 .992

Look and stare OKR were then modelled separately to assess the up-
down symmetry of amplitude in response to vertical motion (Figure 3.8). Linear
models were calculated using stimulus velocity and direction of vertical motion
as predictors, and the interaction between the two was assessed (Table 3.9). The
resulting regression equations were significant for look (F(3, 47) = 7.211, p <
.001, adjusted R? = .284) but not for stare (F(3, 47) = 0.093, p = .963) OKR.
During look OKR in response to vertical motion, amplitude was significantly
predicted by direction of vertical motion (8 = 2.6093) but not by stimulus veloc-
ity. This indicates that amplitude was higher in response to upward (M = 5.774,
SD = 2.204) compared to downward (M = 3.710, SD = 1.250) motion. There was
no significant interaction between direction of vertical motion and stimulus ve-

locity.

T-tests were conducted at the individual level to assess for up-down
asymmetry of slow phase amplitude in look and stare OKR during vertically
drifting stimuli. Results showed that vertical amplitude was significantly asym-
metrical during look OKR in P1 (43871) = 6.404, p <.001), P2 (#(291) = 7.102, p
<.001), P8 (4(270) = 8.492, p < .001), P4 (£(300) = 8.577, p < .001), P5 ({269) =

4.732, p <.001) and P6 (4525) = 5.090, p < .001), all of whom had higher upward
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amplitude. Stare OKR amplitude was vertically asymmetrical in P2 (#306) =
7.469, p < .001), P3 ({323) = 4.434, p < .001), P5 ({174) = 4.651, p < .001) and
P6 (#(462) = 5.005, p < .001), again all producing higher upward amplitude. Dif-
tference in amplitude between responses to upward and downward moving stim-
uli was calculated for each participant, and a t-test was used to assess whether
there was a significant difference in the extent of up-down asymmetry between
look and stare OKR at the group level. Results showed that look OKR amplitude
was significantly more asymmetrical than that of stare OKR (#7) = 3.363, p =
.010). Upward look OKR amplitude was a mean of 1.861 deg (SD = 1.148) higher
than downward look OKR amplitude, whereas upward stare OKR amplitude was
0.685 deg (SD = 0.598) higher than downward stare OKR amplitude.
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Figure 3.7: Amplitude of OKR slow phases in response to stimuli drifting at 10, 20 and
40 deg/s in eight individual participants. Responses to look OKR are shown in red and
responses to stare OKR are shown in blue. The shaded area represents the 95% CI of the
fitted function. A horizontal jitter of up to 4 deg/s has been applied to increase the visi-
bility of the individual data points. Data points represent the mean slow phase amplitude
obtained by that participant during one trial. Participant numbers are indicated in the

upper left corner of each plot.
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(red) motion at 10, 20 and 40 deg/s during look (right) and stare (left) conditions. The

shaded area indicates the standard error of the mean.

3.4.4 Slow phase angle/direction

The angle/direction of each slow phase was calculated whereby 0/360°
indicates movement towards the right, 180° indicates movement towards the left,
90° indicates downward movement and 270° indicates upward movement. The
mean slow phase angle obtained in each trial is displayed in Figure 3.9 for each
direction of stimulus motion. Mean angles were calculated using the ‘circ_mean’
tunction from the Circular Statistics Toolbox (Directional Statistics) (Berens,

2009) for MATLAB.

Once mean slow phase angles had been calculated, the difference between
slow phase direction and stimulus direction was calculated in deg for each trial.
The mean deviation of the slow phase direction away from the stimulus direction
is shown in deg for each direction of stimulus motion in Table 3.10. While devi-
ation away from the stimulus direction was similar in response to both horizontal
and vertical cardinal stimulus motion, deviation away from the stimulus direction
during oblique stimulation was larger, particularly in response to oblique stim-

ulation with downward motion: in response to upward obliques, mean deviation
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was 10.8° (SD = 6.9°); in response to downward obliques, mean deviation was
20.0° (SD = 7.4°). During oblique stimulation, these deviations away from the
stimulus direction shifted the direction of the slow phases towards the horizontal

axis (Figure 8.9).

Table 3.10

Mean deviation of the slow phase direction away from the stimulus direc-
tion in response to each direction of stimulus motion. ‘Overall’ column

shows the mean deviation for each orientation of stimulus motion.

Orientation Direction Mean (SD) deviation Overall mean (SD)

Horizontal ~ Right (0/360°) 5.8° (4.1°) 5.9° (4.0°)
Left (180°) 6.0° (3.9°)

Vertical Up (270°) 8.9° (2.5°) 6.5° (6.2°)
Down (90°) 9.0° (7.8°)

Oblique Up-right (315°) 9.4° (6.1°) 15.4° (8.5°)
Up-left (225°) 12.8° (7.4°)
Down-right (45°) 18.6° (8.0°)
Down-left (185°) 21.4° (6.6°)

T-tests were carried out to assess whether the mean deviation of the slow
phase direction away from the stimulus direction differed between directions of
stimulus motion. First, a t-test was carried out to test for differences in deviation
of slow phase direction between vertical and horizontal directions of stimulus
motion; this showed no significant difference between the two orientations of
stimulus motion (4189) = 0.735, p = .463). Consequently, vertical and horizontal
directions were combined and then compared to oblique directions of motion to
assess whether the deviation of the slow phase direction away from the stimulus
direction differed between oblique and cardinal directions of motion. The result
showed a significant difference (#881) =-12.811, p < .001) whereby the deviation
of the slow phase direction away from the stimulus direction was significantly
larger during oblique motion. Finally, a t-test was carried out comparing upward

oblique motion (315°/225°) to downward oblique motion (45°/135°) in terms of
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the mean deviation of the slow phase direction away from the stimulus direction.
This showed a significant difference (#95) = -8.525, p < .001) whereby the devi-
ation of the slow phase direction was larger in response to downward oblique
motion compared to upward oblique motion. Overall, the results of these tests
indicate that slow phases in response to oblique motion show a significant shift
of slow phase direction towards the horizontal axis, with responses to downward
oblique motion being particularly aftected. The direction of slow phases in re-
sponse to cardinal directions of stimulus motion show significantly greater di-

rectional accuracy when compared to responses to oblique motion.

These analyses were repeated at the individual level to investigate the
consistency of the effects. T-tests, as above, were conducted on individual partic-
ipant data. The angle of individual slow phases was used rather than trial aver-
ages; the difference in angle between the stimulus direction and the direction of
each slow phase was calculated and entered into the analysis. First, one-sample
t-tests were used to assess whether the deviation of the slow phase direction away
from the stimulus direction was significantly difterent from zero in response to
any orientation of stimulus motion (vertical/horizontal/oblique). These t-tests
tfound that deviations were significant for all participants during vertical motion
(P1(4785) = 27.738, p<.001), P2 (#594) = 18.778, p < .001), P3 (#566) = 20.016,
p < .001), P4 (#597) = 22.515, p < .001), P5 ({(457) = 18.383, p < .001), P6
(#1010) = 35.229, p < .001), P7 (#783) = 24.478, p < .001), P8 ({721) = 22.960,
p < .001)), horizontal motion (P1 (#1060) = 41.258, p < .001), P2 (#925) =
22.085, p < .001), P3 (#793) = 19.265, p < .001), P4 ({645) = 27.056, p < .001),
P5 (4639) = 21.230, p < .001), P6 (#1038) = 28.757, p < .001), P7 (#931) =
86.178, p < .001), P8 ({793) = 35.244, p < .001)) and oblique motion (P1 (#2294)
= 79.602, p < .001), P2 ({1872) = 39.965, p < .001), P3 ({1728) = 67.850, p <
.001), P4 (#1276) = 35.993, p < .001), P5 ({1293) = 31.569, p < .001), P6 (#2073)
= 61.884, p < .001), P7 ({1934) = 67.124, p < .001), P8 ({1714) = 51.275, p <

.001)).

T-tests were then used to determine whether the deviation of the slow
phase direction away from the stimulus direction differed between responses to
horizontal and vertical motion. This difference was found to be significant in six
participants (P1 (41845) = 7.181, p < .001), P3 (#1359) = 13.716, p < .001), P4
({1242) = -5.557, p < .001), P5 ({1096) = 8.460, p < .001), P6 (#(2048) = 18.725,
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p<.001), P7 ({1714) = 4.895, p < .001)), with all but P4 deviating significantly
more during vertical OKR. For these six participants, vertical and horizontal
responses were thus kept separate and compared to oblique motion individually.
These analyses found that deviation of the slow phase direction during oblique
OKR was significantly larger than that during vertical (P1 (£3079) = -19.089, p
< .001), P8 (#(2294) = -14.506, p < .001), P4 (£(1873) = -10.526, p < .001), P5
(#1750) = -5.864, p < .001), P6 (#(3083) =-2.462, p = .014), P7 (#(2717) = -21.204,
p <.001)) and horizontal (P1 (#3354) = -30.997, p < .001), P3 ({2521) = -35.226,
p < .001), P4 ({1921) = -5.886, p < .001), P5 (41932) = -9.999, p < .001), P6
(#3111) = -25.121, p < .001), P7(42865) = -28.929, p < .001)) OKR for these six
participants. For the remaining two participants (P2 and P8), who showed no

significant difference in deviation between horizontal and vertical motion,
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Figure 3.9: N = 8. Mean slow phase direction per trial in response to each direction of
stimulus motion. Stimulus direction is indicated by the icon above each plot. Each bar on
the plot represents the mean direction and gain of slow phases during one trial. Mean
slow phase direction, and the standard deviation of the mean, are shown in the upper
corner of each plot. Black arrows below the X axis indicate the direction associated with

each angle.
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deviations for vertical and horizontal motion were binned. Deviation during re-
sponses to cardinal and oblique motion were then compared, finding that devia-
tion was again significantly larger during oblique stimulation (P2 (#3392) = -
17.266, p < .001), P8 (#38229) = -12.492, p < .001)). Deviation of the slow phase
direction away from the stimulus direction was then compared for upward versus
downward obliques, finding that deviation during downward obliques was sig-
nificantly larger for seven participants (P1 (42293) = -32.402, p < .001), P2
(#1871) = -15.584, p < .001), P38 ({1727) = -10.794, p < .001), P4 (#(1275) = -
13.882, p <.001), P5 (#1292) = -4.687, p < .001), P6 ({2072) = -20.116, p < .001),
P8 (#(1713) = -31.824, p < .001)), with only P7 producing larger deviations in

response to upward-drifting oblique stimuli ((19383) = 10.830, p < .001).

To assess whether deviation of the slow phase direction from the stimulus
direction was related to instruction type, look and stare conditions were com-
pared in response to each orientation of motion. Results showed that, during
stimulation with horizontal motion, the deviation of the slow phase direction
away from the stimulus direction was significantly larger in response to stare
OKR conditions (M = 6.4°, SD = 4.4°) compared to look OKR conditions (M =
5.4°,SD = 8.5°) ({(47) = -2.061, p = .045). However, in response to vertical (#93)
= 0.671, p = .504) and oblique (495) = -1.895, p = .166) motion, no significant
difference was found between look and stare conditions. A t-test also found no
significant difference in slow phase angle deviation between 10 deg/s and 40
deg/s conditions (£(253) = -0.863, p = .389), indicating that deviation of the slow
phase direction away from the stimulus direction did not change significantly

with stimulus velocity.

T-tests were used to assess the impact of look and stare instructions on
slow phase deviation away from the stimulus direction in each participant. Re-
sults showed that deviations were significantly larger during stare OKR in three
participants (P1 (44140) = -2.072, p = .038), P5 (#2390) = -9.871, p < .001), P8
(#(3229) = -2,534, p = .011)), and significantly larger during look OKR in one
participant (P5 (3088) = 2.067, p = .039)). There was no difference in deviations
between look and stare conditions in P2, P4, P6 and P7. T-tests were then used
to investigate whether deviations varied with stimulus speed in each participant.
Results showed that deviation of the slow phase direction away from the stimulus

direction was generally largest during 40 deg/s conditions, with deviations
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being larger during 40 deg/s conditions compared to 20 deg/s conditions in six
participants (P2 (#2149) = 4.369, p < .001), P3 (#(1887) = 8.618, p < .001), P4
((1577) = 2.586, p = .010), P5 ({(1610) = 8.416, p < .001), P6 (1(2682) = 5.067, p
<.001), P8 (#2088) = 8.641, p < .001)) and larger during 40 deg/s compared to
10 deg/s in the same six participants (P2 (4(2209) = -4.572, p < .001), P3 (£(2091)
= -7.421, p < .001), P4 ({1571) = -2.926, p = .004), P5 ({(1621) = -7.632, p <
.001), P6 (t(2795) = -4.154, p < .001), P8 (#2097) = -8.317, p <.001)). Regarding
the difference in slow phase direction deviations between 10 deg/s and 20 deg/s
stimuli, there was no difference between the two conditions in P1, P2, P4, P5, P6
and P8. Slow phase deviations were larger during 20 deg/s stimuli in P3 (#2196)
= -4.232, p < .001) and were larger during 10 deg/s stimuli in P7 (#2504) =

2.382, p=.017)

3.4.5 Build-up of gain over time

To assess whether there was a significant increase in gain throughout the
50-second OKR trial, slow phases were binned into tive-second epochs and were
assessed via a one-way ANOVA to test for a significant main effect of time on
gain. Data were also then assessed at the group and individual level by fitting
two-piece linear functions. This analysis aimed to identify ‘knot points’ repre-
senting changes in the slope of the function of gain over time using a custom
MATLAB script utilising the following equation, where m; and me are the slopes
of the two functions, £ is the knot point, and c; is the y-intercept of the first

function:

()= {mlt + ¢, t < k, where £ is the knot point
Y= Imyt + £ (my- my)+c¢, t>k

which was used to derive an anonymous function that was entered into
Isqcurvetit’ in MATLAB, which solves data-fitting problems using a least
squares method. 95% confidence intervals (Cls) of the functions at either side of

the knot point were calculated using ‘regress’ in MATLAB. It should be noted
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Figure 3.10: N = 8. Mean gain obtained during each five-second epoch during stare OKR
conditions (left) and during conditions involving stimuli presented at a velocity of 20
deg/s (right). In the upper plots, the period during which a significant increase in gain
was observed is highlighted by blue area. The red shaded area indicates the standard
error of the mean. In the lower plots, mean gain is shown by the black line, with yellow
lines indicated the two-piece linear function fit to the data. The yellow circle indicates
the ‘knot point’ at which the slope of the function changes. The slope of the function (and
95% CI, shown in blue dash) is indicated in black text on the lower plots, with arrows
pointing towards the corresponding function. It is expected that the gain obtained within
the first five seconds of stimulation represents the activity of the EOKR system; further
build-up beyond this time is expected to reflect activity of the LOKR system.

that the binning of data into five-second epochs was a necessary step due to issues
with timestamp accuracy occurring during data collection; for this reason, the
analysis is not sensitive to increases in gain occurring within the first five sec-
onds of stimulation. As EOKR-related gain increases are likely to occur during

these initial five seconds, identified knot points are unlikely to reflect a transition
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from EOKR to LOKR; rather, they likely retlect transitions from slow LOKR-
related build up into steady-state OKR. As the eftect of interest is the build-up of
gain over time, data showing a decline in gain over time (thus an initial function
with a negative slope) were disregarded. 95% ClIs of the slopes of functions on
each side of the knot point were used to assess the significance of the knot point;
overlapping Cls indicate that the function at either side of the knot point cannot
be considered to have a significantly different slope, therefore the knot point it-

self'is not considered to be significant as a transition point in the slope.

With all stimulus velocities combined, during look OKR trials there was
no significant main eftect of time on gain (F{8, 12582) = 1.340, p = .218). During
stare OKR trials, there was a significant main eftect of time on gain (F(8, 11331)
= 5.420, p < .001). To investigate this main effect, pairwise t-tests were carried
out to assess the difference in gain between adjacent five-second bins. These t-
tests showed that gain continued to build up throughout the first 25 seconds of
the trial. Gain increased significantly between the first and second five-second
bins (41259) = -3.176, p = .001), between the second and third five-second bins
(#(1259) = -4.555, p < .001), between the third and fourth five-second bins
(#1259) = -2.177, p = .029), and between the fourth and fifth five-second bins
((1259) = -2.279, p = .023), with gain increasing from 0.598 (SD = 0.371) within
the first five seconds to 0.663 (SD = 0.367) by the fifth five-second bin. Subse-
quent time bins did not differ significantly (Figure 3.10, upper left). A two-piece
linear function was fit to the data to further examine the build-up of gain over
time (Figure 8.10, lower left), showing an initial ramp with a slope of 0.03 (CI:
0.02, 0.04), and a knot point at 25 seconds, likely indicating a transition into
steady-state OKR as the function after the knot point had a slope (-0.01) that,
based on its 95% CI, could not be considered significantly different from zero

(slope: -0.01; CI: -0.03, 0.01).

These analyses were also carried out to assess whether there was a sig-
nificant build-up of slow phase gain throughout trials at different stimulus veloc-
ities. During trials presenting stimuli at a velocity of 10 deg/s, there was a sig-
nificant main effect of time on gain (F(8, 8244) = 3.050, p = .002). Pairwise t-
tests were again used to assess the change in gain between five-second bins, find-
ing significant increases in gain only between the second and third five-second

bins (4916) = -2.842, p = .005) and between the fifth and sixth five-second bins
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Figure 3.11: Four examples of typical build-up of gain over time during look (lower) and
stare (upper) OKR trials. Gain over time is illustrated in black, with yellow lines indicat-
ing the two-piece linear function that has been fit to the data. Yellow circles indicate the
identified knot point (point at which the gradient changes/intercept of the two linear
tunctions). Dashed blue lines indicate the upper and lower 95% CI of the identified linear
functions. Text with arrows indicates the slope, and calculated upper and lower CI, of
the functions. The absence of upper and lower CIs on a function indicates that insufficient

samples occurred during that time to allow for CIs to be calculated.

(#916) = -2.224, p = .026). Fitting of a two-piece linear function to the data re-
vealed a flat function with a slope not distinguishable from zero (0.02; CI: 0.00,
0.04) and no significant knot points. During trials presenting stimuli at a velocity
of 20 deg/s, there was again a significant main effect of time on gain (F(8, 8523)
= 11.880, p < .001). Pairwise t-tests showed that gain increased significantly
throughout the first 20 seconds of the trial. Gain increased significantly between
the first and second five-second bins (#947) = -4.348, p < .001), between the sec-
ond and third five-second bins (#947) = -2.146, p = .032) and between the third
and fourth five-second bins (#(947) = -3.192, p < .001), with gain increasing from

0.684 (SD = 0.302) in the first five seconds to 0.753 (SD = 0.259) in the fourth
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five-second bin. Subsequent time bins did not differ significantly (Figure 3.10,
right). 20 deg/s data were further assessed through the fitting of a two-piece
linear function (Figure 3.10, lower right). This analysis identified an initial pos-
itive slope ot 0.04 (CI: 0.08, 0.05) before reaching a knot point (change in slope)
at approximately 25 seconds. Beyond this, the slope of the function was not con-
sidered to be significantly different from zero, likely reflecting steady-state OKR.
During trials presenting stimuli at 40 deg/s, there was no significant main eftect
of time on gain (F(8, 7137) = 0.590, p = .789), and a function fit to the data cor-
roborated this finding, as its slope (0.01) was not distinguishable from zero (CI:

0.00, 0.01), and no significant knot points were identified.

Data were also analysed at the individual level by fitting two-piece linear
tunctions to individual participant data for look and stare conditions. During look
OKR conditions, an initial positive gradient was only identified in 25.0% of trials.
In 62.5% of cases, the initial slope was not significantly different from zero, indi-
cating that steady-state OKR had likely been reached within the first few seconds
of the trial (a time period that this analysis was not sensitive to). However, even
in trials showing an increase in gain over time, the identified knot points were
not considered to be significant, as the Cls of the first and second half of the
tunctions overlapped, with the second functions being generally flat. These find-
ings thus agree with the ANOVA, indicating no significant effect of time on gain
during look OKR conditions. Examples of typical look OKR timeseries, with fit-

ted two-piece linear functions, can be seen in Figure 3.11 (lower).

This analysis was repeated to assess stare OKR data. In contrast to look
OKR, stare OKR trials produced a notable increase in gain over time, with posi-
tive initial ramps in gain identified in 62.5% of cases (Figure 3.11, upper). Many
identified knot points could not be considered to be significant due to overlapping
ClIs for the slopes of the functions fitted before and after the knot point. Only two
participants produced stare OKR data showing both a significant increase in gain
throughout the start of the trial as well as significant knot points likely showing
a transition to steady-state OKR: P4 and P7. These significant knot points fell
between 20-30 seconds into the trial, indicating that gain continued to increase
until this time. In P4, initial ramps in gain had an average slope of 0.16 (95% CI:
0.13, 0.19). After the knot point, the slope of the function was not significantly
different from zero, likely indicating steady-state OKR. In P7, the initial ramps
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in gain had an average slope of 0.05 (95% CI: 0.03, 0.07). After the knot point,
the slope of the function was again not significantly different from zero, likely
indicating steady-state OKR. It should be noted that the absence of significant
knot points in other participants does not necessarily indicate that an LOKR-
related build-up in gain did not occur, as positive ramps in gain were still ob-
served; in five participants (P2, P3, P5, P6, P8), the absence of a knot point was
generally due to gain continuing to increase across the duration of the trial. How-
ever, in one participant (P1) a decline in gain over time was reliably observed
under both look and stare conditions, possibly signifying an eftect such as a de-
cline in attention across the trial, obscuring the effects of EOKR/LOKR-related

gain build-up.

3.5 Results: OKAN

Table 3.11

Results of logistic binomial linear regression analysis to predict the occur-

rence of OKAN based on five predictor variables.

(non-sig) B SE F p
Intercept -0.3681 0.735 -0.501 617
Velocity 0.0012 0.014 0.086 931
Orientation (vertical) 0.4835 0.312 1.549 121
Orientation (up oblique) 0.8548 0.303 1.169 242
Orientation (down oblique)  -0.0401 0.874 -0.108 913
Instruction type 0.0040 0.214 0.019 985
Angular SP deviation 0.0204 0.017 1.226 .220
Gain -0.1609 0.501 -0.321 748

Note: Analysis of orientation uses horizontal motion as a reference variable

Out of 383 trials in which OKR was produced, 189 (49.35%) were fol-
lowed by OKAN. These trials were all accounted for by six of the eight partici-
pants; two participants (P3 and P5) did not produce any OKAN. Of the 189 trials
that resulted in OKAN, 94 (49.74%) were look OKR trials and 95 (50.26%) were

103



stare OKR trials, indicating that both look and stare instructions were equally
associated with OKAN. Of the 189 trials which resulted in OKAN, 50 (26.45%)
presented stimuli at 10 deg/s, 80 (42.32%) presented stimuli at 20 deg/s, and the
remaining 59 (31.22%) presented stimuli at 40 deg/s. Of the 189 trials leading
to OKAN, 40 (21.16%) involved horizontal stimulus motion, 52 (27.51%) in-
volved vertical stimulus motion, 51 (26.98%) involved upward oblique motion
and 46 (24.33%) involved downward oblique stimulus motion. The mean OKAN

slow phase direction obtained in each trial is shown in Figure 3.16.

To assess whether the orientation of motion (horizontal, vertical, down-
wards oblique or upwards oblique), velocity of motion, instruction type, slow
phase gain or angular deviation of the slow phase direction away from the stim-
ulus direction predicted whether or not OKAN occurred, a logistic binomial gen-
eralised linear regression model was calculated. The resulting model was not
significant (F(375) = 6.090, p = .529) and is shown in Table 3.11. This indicates
that occurrence of OKAN was not explained by any of the predictor variables.
Similarly, a model was calculated to predict occurrence of OKAN with the same
predictor variables as the above model, with the exception of OKR gain, which
was replaced with frequency. The resulting model was significant (F(375) =
14.900, p = .087, adjusted R? = .020) and can be viewed in Table AB.5 (Appendix
B). In this model, OKAN was significantly predicted by the frequency of the pre-
ceding OKR, with higher ORR frequency being associated with increased OKAN

occurrence.

Regression models were then calculated to predict OKAN occurrence in
individuals. Only participants who produced OKAN were thus included in this
analysis. Generalised linear regression models were calculated for six partici-
pants to predict occurrence of OKAN using stimulus velocity, orientation of mo-
tion, instruction type, angular slow phase deviation and OKR gain. Significant
regression equations were found for just two participants (P1 (F{40) = 25.900, p
< .001, adjusted R? = .433), P7 (F(40) = 15.000, p = .036, adjusted R? = .150))
whereas models for the remaining four participants were not significant. The
results of these analyses can be viewed in Table AB.4 (Appendix B). In the two
participants with significant regression models, increasing stimulus velocity sig-
nificantly decreased probability of OKAN occurring. In P1, upward oblique stim-

uli were associated with significantly more OKAN; in P7, vertical stimuli were
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associated with significantly less OKAN. There was a significant effect of in-
struction type in P1, with look OKR instructions leading to more OKAN occur-
rences. Finally, gain of the preceding OKR was a significant predictor of OKAN
in both P1 and P7, with higher gain OKR being associated with fewer OKAN

occurrences.

T-tests were used to compare OKR in participants who did produce
OKAN (P1, P2, P4, P6, P7, P8) and those who did not (P3 and P5). Results
showed no significant difference in OKR gain between the two groups (#4381) =
-0.152, p = .879). However, OKR frequency was significantly higher in partici-
pants that produced OKAN (#881) = 4.905, p < .001), as was slow phase ampli-
tude (#3881) = 1.968, p = .049).

3.5.1 OKAN reversal

Table 3.12

Results of logistic binomial linear regression analysis to predict the rever-
sal of OKAN based on five predictor variables: velocity, orientation of mo-

tion, instruction type, angular SP deviation and gain.

B SE F P
Intercept 6.9914 1.715 4.077 <.001%
Velocity -0.1208 0.031 -3.983 < .001%*
Orientation (vertical) -0.6172 0.552 -1.117 .264
Orientation (up oblique) -1.7326 0.585 -2.962 .003%*
Orientation (down oblique)  0.4648 0.638 0.728 466
Instruction type -0.3706 0.392 -0.945 345
Angular SP deviation 0.0757 0.030 2.536 011%*
Gain -6.6973 1.279 -5.236 < .001%

Note: horizontal motion was used as a reference variable for analysis of orientation

The mean OKAN slow phase direction in each trial was classed as re-
versed (1) or not reversed (0), depending on whether slow phases drifted towards

the direction of the preceding OKR stimulus or in a direction opposite to that of
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the preceding OKR stimulus. A logistic binomial linear regression model was
then calculated to predict reversal of OKAN based on the velocity of motion,
orientation of motion, instruction type and angular deviation of the slow phase
direction away from the stimulus direction and slow phase gain during the pre-
ceding OKR. The resulting model was significant (F{(181) = 77.00, p < .001) and
had an adjusted R? of .336, indicating that the reversal of OKAN was significantly
predicted by the stimulus velocity (f = -0.1208, p < .001), presentation of up-
wards oblique (815°/225°) motion ( = -1.7326, p = .003), the angular deviation
of the OKR slow phase direction away from the stimulus direction (f = 0.0757,

p=.011) and the gain (f =-6.6973, p < .001) of the preceding OKR. The results
of this analysis are shown in Table 3.12. The significant effect of velocity indi-
cates that, as stimulus velocity increases, the proportion of trials in which OKAN
is reversed increases: at 10 deg/s, 40.00% of OKAN reversed; at 20 deg/s, 44.30%
of OKAN reversed; at 40 deg/s, 58.33% of OKAN reversed. In terms of orienta-
tion of motion, horizontal motion was used as a reference; the significant eftect
of presentation of upward oblique motion indicates that, compared to presenta-
tion of horizontal motion, upward oblique motion was less associated with
OKAN reversal. Following presentation of horizontal motion, 42.50% of OKAN
was reversed; following presentation of upward oblique motion, 21.57% of
OKAN was reversed. The significant effect of angular deviation of the slow phase
direction away from the stimulus direction indicates that OKAN reversal was
associated with increased angular slow phase deviation away from the stimulus
direction. Of trials that preceded a reversed OKAN, the mean angular deviation
was 13.4° (SD = 9.0°); of trials that preceded a non-reversed OKAN, the mean
angular deviation was 9.3° (SD = 7.6°). The significant effect of gain of the pre-
ceding OKR on the reversal of OKAN indicates that reversed OKAN was asso-
ciated with a preceding OKR with lower gain. Mean gain obtained in trials pre-
ceding reversed OKAN was 0.523 (SD = 0.336) whereas mean gain obtained in
trials preceding non-reversed OKAN was 0.769 (SD = 0.276). This formed the

largest predictor of OKAN reversal.
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Table 3.13

Results of logistic binomial linear regression analysis to predict the rever-
sal of OKAN following 20 deg/s stimuli, based on four predictor variables:

orientation of motion, instruction type, angular SP deviation and gain.

B SE F P
Intercept 5.7274 2.224 2.575 .010%
Orientation (vertical) -0.3101 1.014 -0.306 760
Orientation (up oblique) -2.1122 1.173 -1.800 072
Orientation (down oblique)  -0.1169 1.165 -0.100 .920
Instruction type -0.6677 0.699 -0.956 .339
Angular SP deviation 0.1892 0.067 2.805 .005%*
Gain -9.8157 2.653 -3.700 <.001%

Note: horizontal motion was used as a reference variable for analysis of orientation

This analysis was repeated using only data obtained in response to trials
using stimuli drifting at 20 deg/s in order to address a collinearity issue between
gain and velocity: gain decreases as stimulus velocity increases, therefore it is
unclear which variable is contributing to reversal as the two are intrinsically
linked. 20 deg/s trials were selected for this analysis due to having the highest
number of trials resulting in OKAN. A logistic binomial linear regression analy-
sis was carried out to predict the reversal of OKAN following 20 deg/s motion
using orientation of motion, instruction type, angular deviation of the slow phase
direction away from the stimulus direction, and OKR gain. The results of this
analysis are shown in Table 3.13. A significant regression equation was found
(F(72) = 47.60, p < .001) with an adjusted R? of .450. In this model, the reversal
of OKAN was significantly predicted by the angular deviation of the slow phase
direction away from the stimulus direction during the preceding OKR (B =
0.1892, p = .005) and by the gain of the preceding OKR (B = -9.8157, p < .001),
indicating that, with velocity controlled for, slow phase gain still predicts OKAN
reversal. The significant effect of gain of the preceding OKR indicates that
OKAN reversal is associated with lower OKR gain: OKR preceding non-reversed
OKAN had a mean gain of 0.816 (SD = 0.145) whereas mean gain preceding

reversed OKAN was 0.581 (SD = 0.264). OKAN reversal was also associated
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with greater deviation of the slow phase direction away from the stimulus direc-
tion during the preceding OKR: mean deviation in trials with non-reversed
OKAN was 8.8° (SD = 6.5°) whereas mean angular slow phase deviation preced-
ing reversed OKAN was 13.5° (SD = 8.9°).

OKR slow phase

direction Horizontal (half)

OKAN reversal

Vertical (half)
OKAN reversal

Full OKAN
reversal

Figure 3.12: Example of the way in which OKAN reversal was classified based on the
quadrant in which the OKAN slow phase direction fell. The blue arrow shows the direc-
tion of the OKR slow phases (i.e. stimulus direction). White arrows show half reversals;

the black arrow shows full reversal.

This analysis was also conducted on individual participants to assess the
consistency of the effects. Regression models were calculated for the six partici-
pants who produced OKAN to predict OKAN reversal using stimulus velocity,
instruction type, angular slow phase deviation and OKR gain. Significant regres-
sion equations were found for five out of six participants (P1 (F(83) = 84.00, p <
.001, adjusted R? = .717), P2 (F(24) = 19.70, p < .001, adjusted R? = .572), P4
(F(84) = 24.90, p < .001, adjusted R? = .446), P6 (F(28) = 12.100, p = .017, ad-

justed R? = .248), P8 (F(20) = 138.300, p = .010, adjusted R? = .420)). The results
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of these models can be found in Table AB.6 (Appendix B). Higher angular devi-
ation of the slow phase direction away from the stimulus direction predicted in-
creased occurrence of reversed OKAN in three participants (P1, P4 and P8).
OKAN reversal was predicted by a preceding OKR with lower gain in three par-
ticipants (P1, P4 and P6).

During some trials, OKR direction was reversed only in the horizontal or
vertical dimension. The result is that three patterns of OKAN direction are seen:
no reversal; full reversal; half reversal. Traces illustrating examples of no rever-
sal (OKAN-I), half reversal and full reversal (OKAN-II) are shown in figures
3.13, 8.14 and 3.15, respectively. Though it was possible for cardinal OKR to
show half reversal, as illustrated in Figure 3.14, oblique OKAN was the focus of
the analysis of half-reversal due to having consistently larger OKR magnitude in
both (vertical and horizontal) dimensions. Among trials involving oblique stim-
ulus motion, OKAN was classed as fully reversed (OKAN slow phase direction
falls in a quadrant opposite to that of the preceding OKR slow phase direction)
or half-reversed (OKAN slow phase direction falls in a quadrant adjacent to the

quadrant of the preceding OKR slow phase direction) (Figure 3.12).

Table 3.14

Results of logistic binomial linear regression analysis to predict the half-
reversal of OKAN based on five predictor variables: velocity, direction of

motion, instruction type, angular SP deviation and gain.

B SE F P
Intercept -9.4103 3.465 -2.716 .007*
Velocity 0.2162 0.075 2.889 004
Direction (down oblique) -0.1862 0.715 -0.260 195
Instruction type 0.3040 0.642 0.474 .636
Angular SP deviation -0.0498 0.041 -1.224 221
Gain 8.5988 2.686 3.201 .001%*

Note: upward oblique motion was used as a reference variable for analysis of direction
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OKR OKAN Figure 3.13: Example of OKAN-I: OKAN
which follows the direction of the preceding
ORR. The upper trace shows horizontal gaze
displacement while the lower trace shows

Stimulus motion

direction vertical displacement. The final few seconds

X Gaze displacement (degrees)
=

of an OKR trial are shown (white) in addition
to the OKAN that followed (grey). Response

shown is to rightward motion (20 deg/s)

with stare OKR instructions.

Y Gaze displacement (degrees)
o

q0L—t L 1 L L 1 . . L L
0 2000 4000 6000 8000 10000 12000 14000 16000 18000

Time (ms)

OKR OKAN Figure 3.14: Example of half-reversed OKAN.

" The final few seconds of OKR are shown
(white) and the OKAN that follows (grey).
While the horizontal gaze (upper) trace

Stimulus motion

shows an OKAN following the direction of

X Gaze displacement (degrees)
[=]

direction

-0 ' : : : : the preceding OKR slow phases, the vertical
H ’ gaze (lower) trace shows an OKAN with a di-
% °T rection opposite to that of the preceding
é ’ \JJ\'\[\ OKR slow phases. Response shown is to
E s downward motion (20 deg/s) with look OKR

" 10 I 8300 o R —— instructions.
OKR OKAN Figure 3.15: Example of OKAN-II without

& b preceding OKAN-I: full reversal of slow

W phase direction. The final few seconds of
ORR are shown (white) and the OKAN that

tollowed (grey). While the horizontal (upper)

Stimulus motion
direction

X Gaze displacement (degrees)
o

Aol : : : : trace shows an OKR with leftward slow

phases, the OKAN slow phases drift to the

| W/ M right; while the vertical (lower) trace shows

downward OKR (white), the OKAN slow

phases drift upward. Response shown is to

Y Gaze displacement (degrees)
o

A0 ; : : : oblique down-left motion (40 deg/s) with

0 2000 4000 6000 8000 10000 12000 14000
Time (ms)

look OKR instructions.
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Looking at ORAN that followed oblique stimulus motion, reversed
OKAN were categorised as fully reversed or half reversed. A logistic binomial
linear regression analysis was then carried out to predict the half-reversal of
OKAN, as opposed to the full reversal, using stimulus velocity, direction of mo-
tion (upwards oblique or downwards oblique), instruction type (look or stare),
mean angular deviation of the preceding OKR slow phase direction away from
the stimulus direction, and the gain of the preceding OKR as predictor variables.
A significant regression equation was found (F{(60) = 23.500, p < .001) with an

adjusted R? of .242. The results of this analysis are shown in Table 3.14.

In this model, the half reversal of OKAN (as compared to the full reversal
of OKAN) following stimulation with oblique stimulus motion was predicted by

the stimulus velocity (f = 0.2162, p = .004) and the gain of the preceding OKR
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Figure 3.16: Mean direction and velocity of OKAN slow phases in each trial. The stim-
ulus direction during stimulation preceding the OKAN is shown by an icon above each
plot. Arrows below the X axis indicate the direction associated with each angle. Mean
OKAN slow phase direction following each stimulus direction, and standard deviation

of the mean, is show in the upper left corner of each plot.
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(B = 8.5988, p = .001). The significant effect of velocity indicates a general up-
ward trend whereby increasing stimulus velocity is associated with increased in-
stance of half-reversed OKR rather than fully reversed OKR. The significant ef-
fect of the gain of the preceding OKR indicates that the half-reversal of OKAN,
as opposed to full reversal of OKAN, is associated with a preceding OKR with a
higher gain: mean gain of oblique OKR preceding fully reversed OKAN was
0.509 (SD = 0.850) whereas that preceding half-reversed OKAN was 0.714 (SD
= 0.315).

To address a potential collinearity issue between stimulus velocity and
the gain of the preceding OKR, this analysis was repeated using only OKAN
following trials that presented oblique motion at 20 deg/s. The results of this
analysis are shown in Table 8.15. A significant regression equation was found
(F(21) = 20.50, p < .001) with an adjusted R? of .582. This model confirmed that
slow phase deviation away from the stimulus direction (B = -0.3247, p = .04:5)
and the gain of the preceding OKR (B = 17.6920, p = .016) significantly predicted

whether reversed OKAN was fully or partially reversed, with full reversal of
OKAN associated with lower OKR gain than half reversal (Table 3.15).

As there was a significant shift of oblique OKR towards the horizontal
axis, t-tests were used to assess whether this shift towards the horizontal axis,
leading to greater vertical traversing of the stimulus across the retina, was asso-
ciated more greatly with vertical reversal of OKAN. Comparing vertically- and
horizontally-reversed OKAN, a t-test found a significant difference in the mean
angular deviation of the slow phase direction away from the stimulus direction
during the preceding OKR (#39) = -7.894, p < .001) . This indicates that verti-
cally reversed OKAN following oblique stimulation was associated with signifi-
cantly greater deviation of the slow phase direction towards the horizontal axis
(M = 23.5°, SD = 6.4°) compared to horizontally reversed OKAN following
oblique stimulation (M = 9.5° SD = 5.6°). These t-tests were repeated on indi-
vidual participant data to examine whether this eftect could be consistently ob-
served in the six participants who produced OKAN. Mean angular slow phase
deviation towards the horizontal axis was compared in OKRs preceding vertical
OKAN reversal and horizontal OKAN reversal, finding that this angular devia-
tion was significantly larger during OKR preceding vertical reversal in five out

of six participants (P1 (#10) = 3.520, p = .006), P2 (#2) = 21.232, p = .001), P4
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(#(3) = 8.694, p = .034), P6 ({(6) = 8.629, p = .011), P8 (4(5) = 4.547, p = .006)),
indicating that this was a highly consistent pattern. Mean angular slow phase
deviation towards the horizontal axis was calculated for each participant. Mean
angular slow phase deviation preceding a horizontal reversal ranged from 0.5°
to 15.5° across the six participants, whereas mean angular slow phase deviation

preceding vertical OKAN reversal ranged from 16.9° to 33.1°.

Table 3.15

Results of logistic binomial linear regression analysis to predict the half-
reversal of OKAN following stimulation at 20 deg/s based on four predic-

tor variables: direction, instructions, angular SP deviation and gain.

B SE F p
Intercept -7.3281 4.053 -1.808 071
Direction (down oblique) -1.1973 1.465 -0.817 414
Instruction type 2.8667 1.789 1.823 .186
Angular SP deviation -0.8247 0.162 -1.999 045%
Gain 17.6920 7.370 2.4005 .016%*

Note: upward oblique motion was used as a reference variable for analysts of direction

3.6 Discussion

Regression modelling of OKR showed that 67.0% of the variation in gain,
8.5% of the variation in frequency and 19.1% of the variation in amplitude can be
explained by stimulus velocity, direction of motion and instruction type. The
lower predictive power of these variables towards the frequency of OKR may
reflect the dramatic individual differences seen in OKR frequency; the pattern by
which stimulus velocity and instruction condition affect frequency was incon-
sistent across observers (Figure 3.5). Gain in response to stimuli drifting at 40
deg/s was approximately three times lower than that in response to 10 deg/s
stimuli, with one participant producing no downward OKR in response to 40
deg/s stimuli during stare conditions. Vertical motion was associated with lower
gain compared to horizontal motion, though gain in response to oblique motion

did not difter from that of horizontal motion. As shown in Figure 3.3, the gain-
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stimulus velocity response function of oblique motion resembles that ot horizon-
tal motion rather than falling halfway between horizontal and vertical motion.
This may be due to the angular deviation of the slow phase direction away from
the stimulus direction during stimulation with oblique motion; analyses showed
that oblique motion, particularly downwards oblique motion, was associated with
a significant shift of OKR slow phase direction towards the horizontal axis. This
indicates that the horizontal and vertical components did not contribute equally
to OKR in response to 45° stimuli; rather, the horizontal component was larger.
For example, during stimulation with oblique motion in a downward direction,
a mean shift of the slow phase direction of 20.0° was observed; this means that
rather than tracking the stimulus along its true 45° direction, observers tracked
the stimulus at 25.0°. Kroller and Behrens (1995) and Raphan and Cohen (1988)
both showed a tendency for oblique slow phases to shift towards the horizontal
axis in monkeys; the result of the present study indicates that this also occurs in

human OKR.

Due to inconsistencies in previous research regarding the up-down sym-
metry of vertical OKR, both vertical and oblique OKR were assessed for up-down
symmetry. Murasugi and Howard (1989b), Howard and Simpson (1989) and
Garbutt, Han, Kumar, Harwood, Harris, et al. (2003) reported up-down asym-
metry in vertical OKR, with higher gain in response to upward-drifting stimuli.
Murasugi and Howard (1989b) found this to be a velocity-based effect; there is
evidence that at stimulus velocities of ~10-15 deg/s, OKR is vertically symmet-
rical (Kanari et al., 2017; Murasugi & Howard, 1989b). In the present study, di-
rection of vertical motion was found to significantly predict gain during look
OKR conditions, but no effect was seen during stare conditions at the group level.
There was no interaction between direction of vertical motion and velocity, in-
dicating that the effect was not velocity dependent within the tested velocity
range. Similar eftfects were seen in frequency and amplitude, with no asymmetry
in response to stare OKR conditions. Upward motion elicited higher slow phase
amplitude and lower OKR frequency during look, but not stare, OKR. This evi-
dence indicates that, rather than being an effect of velocity, vertical OKR asym-
metry is related to whether the response is active (look OKR) or passive (stare
ORKR). During look OKR, downward ORR was associated with a smaller ampli-
tude, higher frequency, lower gain OKR. Oblique OKR was also assessed for up-
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down asymmetry, but no effect was found in either look or stare OKR; this may
again be related to the significant shift of oblique OKR slow phase direction to-
wards the horizontal axis, reducing the role of the vertical component. It is noted
that some participants did exhibit a vertical stare OKR asymmetry, producing
higher gain in response to upward-drifting stimuli. However, further analysis
found that these participants had significantly higher vertical stare OKR gain
and slow phase amplitude compared to those without vertical stare OKR asym-
metry. This may point towards these individuals producing a more look-OKR-
like nystagmus during stare OKR conditions; despite careful presentation of in-
structions to differentiate look and stare OKR conditions, it cannot be guaran-
teed that participants did not attempt to pursue targets during stare conditions.
The vertical asymmetry found in these participants during stare OKR conditions
may thus reflect a failure to adequately follow the provided instructions. Addi-
tionally, regression models at the individual level showed that participants who
presented with significant look OKR asymmetry were those who also had a sig-
nificant effect of instruction type on gain, indicating that these participants more

effectively followed the provided look and stare OKR instructions.

Oblique OKR showed a significant shift of slow phase direction towards
the horizontal axis, therefore OKR in response to cardinal motion showed sig-
nificantly greater directional accuracy. Kroller and Behrens (1995) suggested
that the shift towards the horizontal axis may reflect a breakdown of the vertical
component, due to the EOKR system struggling to maintain vertical gain at high
stimulus velocities. Due to the finding of lower gain in response to stare OKR, it
was expected that stare OKR should be more greatly affected in this case. Anal-
ysis was therefore carried out to assess whether the mean angular deviation of
slow phase direction away from the stimulus direction was related to stimulus
velocity or instruction type. Results showed that there was no effect of stimulus
velocity on angular slow phase deviation, and that the only difference between
look and stare OKR in terms of angular slow phase deviation occurred in re-
sponse to horizontal stimulus motion. These findings do not support the asser-
tion that angular slow phase deviation towards the horizontal axis during
oblique stimulation occurs as a result of lower vertical gain and the breakdown

of the vertical component at high velocity, as increasing stimulus velocity was
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not associated with greater angular slow phase deviation, and both look and stare

OKR were equally affected despite stare OKR having lower gain.

To investigate the possibility that stare OKR is more associated with the
activity of the LOKR system than look ORKR, the build-up of gain throughout the
trial was tested. Past evidence suggested that the build-up of gain is not visible
in humans due to EOKR activity (Cohen et al., 1981). The present analysis
showed that during look OKR conditions there was no significant effect of time
on gain; gain reached asymptote within the first five seconds of stimulation, in-
dicating that the response was generated by the EOKR system (Abadi et al.,
1994). As EOKR is thought to be mediated by a cortical pathway (Fuchs & Mus-
tari, 1993), this finding is in keeping with reports of greater cortical activity dur-
ing look, compared to stare, OKR (Kashou et al., 2010; Konen et al., 2005). How-
ever, surprisingly, during stare OKR gain continued to increase significantly for
~25 seconds, indicating a role of the LOKR system in stare OKR. The possibility
of a velocity dependent effect of involvement of the LOKR system was also as-
sessed; there is previous evidence that the LOKR component is maximally active
in the 40-70 deg/s range (Lafortune et al., 1986b), therefore it was expected that
higher stimulus velocity would be associated with greater build-up of gain
throughout the trial. However, no effect of time on gain was observed at 40
deg/s, though a significant effect was seen in response to motion at 20 deg/s,
whereby gain continued to increase significantly for the first ~20 seconds of
stimulation. Additionally, while OKAN is thought to be related to the activity of
the LOKR component, stimulus velocity did not significantly predict the occur-
rence of OKAN. Taken together, these findings do not ofter support for LOKR
being maximally active at a higher stimulus velocity. It should be noted, how-
ever, that stimulus velocities beyond 40 deg/s were not tested in the present
study; it is possible that further increasing stimulus velocity may show an effect,
as the stimulus velocity used here was at the low end the 40-70 deg/s range
suggested by Lafortune et al. (1986b). Additionally, an absence of build-up of
ORR gain does not indicate an absence of LOKR activity; rather, it indicates
dominance of EORR activity (Cohen et al., 1981) such that activity of the LOKR

system is obscured.

OKAN was produced by six of the eight tested observers, highlighting

the presence of individual differences in OKAN occurrence. The occurrence of
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OKAN was not explained by any of the predictor variables (stimulus velocity,
direction of motion, angular deviation of the preceding OKR, gain of the preced-
ing OKR). Despite stare OKR showing a greater build-up of gain throughout the
trial, indicating a role of the LOKR system, stare ORR was not associated with
significantly more OKAN occurrences than look OKR. It may therefore be the
case that rather than being associated with increased activity of the LOKR sys-
tem compared to look OKR, stare OKR may be associated with decreased activity
of the EOKR system compared to look OKR. Again, this assertion is in keeping
with evidence of lower cortical activity during stare, compared to look, OKR

(Kashou et al., 2010; Konen et al., 2005).

Past literature has offered many potential explanations of the reversal of
OKAN (OKAN-II). It has been suggested that lower stimulus velocities may be
associated with OKAN-I, while higher stimulus velocities are associated with
OKAN-II (Collewijn, 1985). The findings of the present study showed that
OKAN reversal was predicted by stimulus velocity, whereby higher stimulus ve-
locities were associated with higher rates of OKAN reversal. This lends support
to suggestions of a relationship with stimulus velocity, however, issues of collin-
earity between stimulus velocity and OKR gain leave a question mark over the
true contribution of stimulus velocity. Motion habituation has also been sug-
gested to play a role in OKAN reversal (Brandt et al., 1974; Chen et al.,, 2014
Gyglietal, 2021; Ventre-Dominey & Luyat, 2009), therefore the role of gain and
angular slow phase deviation during the preceding OKR was investigated. It
OKAN reversal is related to motion habituation, it would be expected that con-
ditions during which there is greater retinal slip, such as would occur during
OKR with lower directional and gain accuracy, should result in higher instances
of OKAN reversal. The data supported a link between motion habituation and
OKAN reversal: lower OKR gain and greater angular deviation of the OKR slow
phase direction were associated with higher rates of ORAN reversal. As the gain
of the OKR and stimulus velocity are strongly related, the analysis was re-run at
a single stimulus velocity (20 deg/s) to verify that the significant effect of OKR
gain on OKAN reversal was in fact a consequence of lower gain and not of in-
creased stimulus velocity. The results showed that gain remained a significant
predictor of ORAN reversal. Due to the large variation in gain in response to

different stimulus velocities, controlling for gain to assess the role of velocity

117



was not possible. Therefore, while the gain of the preceding OKR has been con-
firmed as a predictor of OKAN reversal, the role of stimulus velocity remains

unclear due to its collinearity with gain.

Many OKAN were neither in the direction of the preceding OKR nor
tully reversed; these OKAN were reversed in only the vertical or horizontal com-
ponent. The occurrence of OKAN that is reversed in only one component pro-
vides strong evidence for separate velocity storage for horizontal and vertical
motion. The occurrence of halt-reversed ORAN, as opposed to fully reversed
OKAN, was modelled. While the analysis of the occurrence of OKAN reversal
indicated that reversed OKAN was associated with lower OKR gain compared to
OKAN-I, analysis of half reversal indicated that full reversal is associated with
lower OKR gain than half reversal. This suggests that the lower the gain of the
preceding OKR, the more complete the reversal of the following OKAN. This
was again repeated using only OKAN following a single stimulus velocity (20
deg/s) to verify that this was not an effect of stimulus velocity, confirming that
the extent of reversal was predicted by the preceding OKR gain. These findings
provide further evidence that reversal of OKAN may be related to the extent of
residual retinal slip during optokinetic stimulation, with greater retinal slip lead-
ing to OKAN reversal in a way that is related to habituation to this motion. This
was further substantiated by the finding that, following oblique stimulation, ver-
tically reversed OKAN was associated with a significantly greater shift of the
OKR slow phase towards the horizontal axis. This suggests that, when OKR
slow phases shift towards the horizontal axis, the greater vertical retinal slip that
results from the angular shift of the slow phase causes the following OKAN to

be reversed in only the vertical dimension.

While the results of Ventre-Dominey and Luyat (2009) showed occur-
rence of ORKAN with a vertical component, monkey studies have reported weak
or no vertical OKAN (Kroller & Behrens, 1995) or a lack of upward OKAN
(Raphan & Cohen, 1988; Matsuo & Cohen, 1984). In contrast, the present study
showed that vertical OKAN does occur, with upward OKAN observed more fre-
quently than downward OKAN (Figure 3.16). Both upward and downward stim-
ulation were associated with an upward OKAN; it is possible that this was related
to the lower gain in response to stimulation with downward motion compared to

upward motion. The discrepancy between these results and those of studies
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involving monkeys (Kroller & Behrens, 1995; Raphan & Cohen, 1988; Matsuo &

Cohen, 1984) may indicate differences in vertical velocity storage between pri-

mate species.

Experiment 1: Summary of key findings

Increasing stimulus velocity and use of stare instructions significantly de-
creased OKR gain

Oblique OKR was more similar to horizontal OKR; this may be due to oblique
OKR slow phases shifting towards the horizontal axis, resulting in a greater
contribution from the horizontal component during oblique OKR

Vertical OKR was asymmetric in terms of gain, amplitude and frequency,
with stronger responses to upward motion, most evident during look OKR
conditions; this effect was not reflected in the oblique OKR and was not de-
pendent on velocity

Stare OKR showed a significant build-up of slow phase velocity throughout
the trial, whereas look OKR did not; however, both OKR types were similarly
associated with OKAN, indicating equal LOKR activity. Taken together, this
indicates that rather than being associated with increased LOKR activity,
stare OKR may be associated with decreased EOKR activity

Reversal of OKAN was predicted by the gain and angular slow phase devia-
tion of the preceding OKR, with oblique slow phase shifts towards the hori-
zontal axis being associated with vertical OKAN reversal; this indicates that
reversal of OKAN may be related to increased retinal slip during the preced-
ing OKR, possibly as a result of motion habituation

Half reversal of OKAN points to separate velocity storage for vertical and

horizontal components

3.6.1 New stimulus for future experiments

Due to observers reporting feelings of discomfort caused by the grating

stimulus, finding the stimulus visually unpleasant due to strobing, and one par-

ticipant reporting severe motion sickness induced by the stimulus, a different
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Figure 3.17: N = 1. Gain in response to stimulus motion at 10 deg/s, 20 deg/s and 40
deg/s during stimulation with a sinusoidal luminance grating stimulus (red) and a RDK
stimulus (blue). Individual data points show the mean gain obtained in a single trial; the
shaded area indicates the 95% CI of the fitted function. A horizontal jitter of up to 4

deg/s has been applied to improve the visibility of data points.

stimulus was developed for use in subsequent experiments. The new pilot stim-
ulus presented dots with an approximate density of 0.63 dots/deg?, drifting with
100% coherency. Random-dot kinematogram (RDK) stimuli have been used
widely in OKR research and are eftective at driving an OKR (e.g. Kanari et al,,
2017; Murasugi & Howard, 1989b, 1989a; Ventre-Dominey & Luyat, 2009). To
confirm suitability, the new RDK stimulus gain was plotted against that obtained
by the same observer in response to the grating stimulus (Figure 3.17). Stimuli
were presented at 10 deg/s, 20 deg/s and 40 deg/s to enable comparison between
responses to RDK and grating stimuli. Excellent agreement in gain was obtained
at each stimulus velocity. It was therefore assumed that the RDK stimulus pro-

vides a suitable alternative stimulus to be used in future experiments.
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Chapter 4

Experiment 2: The effect of stimulus
area, retinal location, attention and

different directions of stimulus motion

4.1 Introduction

In the previous chapter, OKR was investigated in terms of its variation
based on task instruction, stimulus velocity and direction of stimulus motion. In
the following chapter, OKR will be investigated in terms of the role of visual
attention, stimulus size, visual field region, and the effect of the presence of two
different directions of stimulus motion. The effect of stimulus area in both central
and peripheral visual field regions will be tested to assess whether the impact of
stimulus area on the OKR is similar across the visual field, and to assess whether
the impact of attention varies across stimulus area or visual field region. Stimuli
with a centre-surround configuration will be presented with different directions
of motion in each region, while visual attention is directed to either the centre or
the surround. Such stimuli will be used to investigate whether a peripheral OKR
can be induced in the presence of opposing central motion, and whether the pres-
ence of incongruent (opposing or Brownian) motion has an impact on the re-

sponse to each visual field region.

The effect of stimulus area upon the gain of the OKR has been studied
repeatedly, with past research agreeing that increasing stimulus area is associ-
ated with an increase in gain (Abadi et al., 2005; Cheng & Outerbridge, 1975). As
stimulus area increases, so does the upper velocity limit of the OKR. This is
thought to be the result of the peripheral contribution to the OKR (Dichgans,
1977; Hood, 1967, 1975). However, the vast majority of research regarding the

impact of stimulus area on the OKR has involved stimulating the central visual
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tield; less is known about the impact of stimulus area in peripheral visual field
regions. In a study using monkeys, Koerner and Schiller (1972) reported that the
size of a stimulus required to produce OKR was an exponential function of ec-
centricity, with more eccentric regions requiring larger stimuli to drive the re-

sponse (Figure 4.1).

Though most OKR research has involved central stimuli, some studies
have investigated the peripheral response. Evidence from humans and monkeys
has shown that an OKR can be produced even when the central visual field is
occluded, though the gain is lower (Abadi et al., 1999, 2005; Abadi & Pascal,
1991; Cheng & Outerbridge, 1975; Dichgans, 1977; Dubois & Collewijn, 1979;
Howard & Ohmi, 1984; Koerner & Schiller, 1972; van Die & Collewijn, 1986; van
Die and Collewijn, 1982). In monkeys, Koerner and Schiller (1972) found that as
the size of a central occlusion was increased, the gain of the OKR decreased;
however, even with a central occlusion of 40 deg, OKR was still produced. Abadi
et al. (2005) also showed that peripheral stimulation can produce an OKR with
lower gain, however, the rate of build-up of the OKR was similar in response to
both central and peripheral stimulation. Based on this information, they argued
that the central and peripheral visual fields have common access to mechanisms

driving early/fast OKR (EOKR).

It has been suggested that differences in response to retinal slip between
central and peripheral regions may be related to the characteristics of motion-
sensitive visual feedback mechanisms in the two regions (Abadi et al., 2005); the

smaller receptive fields in the centre allow for greater sensitivity to low-velocity
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motion, such as would be experienced during high-gain OKR, allowing responses
to the centre to be more finely tuned to stimulus velocity (Barnes, 1993; Smith &
Snowden, 1994). However, the nature of the response during simultaneous stim-
ulation with differing central and peripheral stimuli is unclear. Abadi and Pascal
(1991) reported that, though stimulation of the periphery alone produced a pe-
ripheral OKR, in the presence of central and peripheral stimuli with different
motion directions the response was driven by the central stimulus. This indicates
motion in the centre may be more highly weighted in driving the OKR. Central
superiority and higher weighting have been described in many domains: percep-
tual integration studies using motion stimuli suggest that top-down feedback
aiding feature binding is stronger in central compared to peripheral vision (Bi et
al.,, 2022), and perceptual decision-making studies indicate that humans place

more weight on foveal than peripheral information (Gloriani & Schiitz, 2019).

Attention is known to affect the OKR. It can be used to manipulate the
driving stimulus. Maruyama et al. (2003) superimposed two stimuli with difter-
ent directions of motion onto the same plane, reporting that though OKR ini-
tially followed the vector average of the two orthogonally drifting stimuli, atten-
tional selection quickly caused the OKR to follow just the attended stimulus. At-
tention can also affect OKR measures obtained in response to a stimulus. Frattini
and Wibble (2021) showed that increasing attention towards a stimulus in-
creased the frequency of the OKR, whereas alertness (measured using pupil size)
was related to gain. OKR is facilitated by unity between the locus of attention
and of gaze, with higher gain being reported when the two are at the same loca-
tion (Kanari et al., 2017). This evidence suggests that the OKR is impacted by
the attention of the observer, with increased attention towards a stimulus having

a facilitative effect.

The intersection of the roles of attention, stimulus area and visual field
location in OKR is under studied. Additionally, imprecise manipulation of atten-
tion in past research may contribute to a lack of clarity regarding the effect of
the presence of multiple directions of stimulus motion. While Abadi and Pascal
(1991) showed that the centre dominates the response while attention is uncon-
trolled, other research has sought to investigate the role of attention in such ef-
tects. Howard and Ohmi (1984) showed that, in the absence of central stimula-

tion, attention to the peripheral stimulus was not required to drive a peripheral
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ORR. In a subsequent study (Howard & Gonzalez, 1987), different directions of
motion were presented to the centre and to the periphery; in this case, instructing
observers to attend to the periphery was insufficient in generating a peripheral
ORR. Taken together, this evidence indicates that while attention to the periph-
ery is not required to drive a peripheral ORR, central motion, when present, will
be prioritised in driving the response. Kanari et al. (2017) disputed this conclu-
sion, arguing that there is an attentional bias in favour of the central visual field,
and attention had not been precisely manipulated in past research; observers
were simply instructed to ‘attend to’ the peripheral stimulus. Presenting oppos-
ing directions of random-dot kinematogram stimulus motion to different visual
field regions, including in a centre-surround configuration (Chapter 1 (General
Introduction), Figure 1.9), they manipulated attention towards each region by
using a counting task. Their study showed that directing attention towards the
visual periphery was sufficient to produce a response to the periphery even in the
presence of incongruent central motion. Further, they reported that the periph-
eral response was nearly the same regardless of whether motion was presented
to the centre, noting that during attention to the periphery, very few slow phases

were made in response to the centre.

Eccentricity eftects in vision are often attributed to anatomical differences
between central and peripheral visual field regions at multiple levels of pro-
cessing, such as higher cone cell density in the central retina leading to greater
central acuity (Anstis, 1998; Curcio et al., 1990; Curcio & Allen, 1990). However,
accounting for these differences using methods such as M-scaling does not al-
ways completely remove eccentricity effects (Bao et al., 2013; Staugaard et al.,
2016; Valsecchi et al., 2013; Wolfe et al., 1998), leaving open the possibility that
there is another factor contributing to such eftects. Attention is often suggested
as being an additional source of eccentricity effects in vision. Increasing attention
towards the visual periphery has been shown to alleviate some eccentricity effects
in vision (Kirsch et al., 2020; Staugaard et al., 2016; Kanari et al., 2017), indicat-
ing a role of attention in these eccentricity eftfects. As OKR has been shown to be
affected by both eccentricity and attention, it is possible that attention contrib-
utes to eccentricity effects in the OKR. If attention can raise the peripheral per-
tormance to the level of central performance, this is an indicator that the eccen-

tricity effect is caused by attentional differences across the visual field.
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The tollowing chapter presents Experiment 2, which is divided into three
parts. In Part 1, central and peripheral stimuli will be presented separately while
stimulus area and visual attention are manipulated. In Part 2, stimuli with a cen-
tre-surround configuration will be presented with opposite directions of motion
shown in each region, while stimulus area and attention are manipulated. In Part
3, centre-surround stimuli will again be presented, however, motion in one re-
gion will be coherent while motion in the other region will be Brownian. This
will aid in assessing the extent to which results obtained in Part 2 are a conse-
quence of the presence of two opposing optokinetic stimuli or a consequence of

the presence of incongruent motion more generally.

4.2 Methods

4.2.1 Participants

Participants were postgraduate students and staff at the University of
Nottingham who were naive to the purposes of the experiment. The experiment
was divided into three parts: Part 1 and Part 2 used the same nine participants.
One participant (P2) was no longer available for Part 3, resulting in a replace-
ment participant (P10) being used. One participant (P5) had an ocular pathology
in the right eye therefore the left eye was recorded from this participant, though
the right eye was recorded from every other participant. Each part of the exper-
iment used five male and four female participants. The overall age range of par-

ticipants was 22-60 years (M = 32.9 years).

4.2.2 Stimuli

Stimuli were random-dot kinematograms (RDKs) with an approximate
density of 7.64 dots/deg? (Figure 4.2). RDKs presented black dots (0.38lm)
against a grey (94.81m) background. Each dot was seven pixels in size (diameter:
3 pixels, ~0.075 deg). Dot motion was either horizontal with 100% coherency or
Brownian (0% coherency, random-walk). Coherent dots drifted towards the right
in 50% of trials and towards the left in 50% of trials. Two stimulus velocities

were used: 15 deg/s and 30 deg/s. A drift velocity of 15 deg/s was used across
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Counting task: a subset of ) ) .
dots change colour Coherent motion Brownian motion

Centre (C) Surround (S) C/S Opposing C/S Brownian
Diameter: 5 ... 27° Inner diameter: 5 ... 16° Inner diameter: 5 ... 25° Inner diameter: 5 ... 25°
Figure 4.2: The four stimulus configurations used: Centre (C), Surround (S), Centre-Sur-
round with opposing motion (C/S Opposing) and Centre-Surround with Brownian mo-
tion (C/S Brownian). Arrows in magnified bubbles indicate dot coherency with example
dot direction; dots drifted with 100% coherency, with the exception of Brownian stimuli,
in which dots within one region had 0% coherency (random-walk). Coherent dot motion
was horizontal, drifting either towards the left or towards the right. The appearance of
the counting task is indicated in the upper left bubble: a subset of dots (shown here as
magenta) changed colour throughout each trial. For Centre (C) stimuli, ‘diameter’ refers
to outer diameter of the stimulus; for all other stimuli, the outer diameter was 27 deg,
with ‘inner diameter’ referring to the diameter of the central region of the C/S stimulus,

or the central occluding mask diameter of the Surround (S) stimulus.

all conditions, whereas conditions involving presentation of Centre (C) and Sur-
round (S) stimuli were repeated in a subset of four participants at a velocity of 30
deg/s. Dot behaviour was as described in General Methods (Chapter 2, section
2.3.2). Dots in Brownian stimuli had the same behaviours as coherent dots with
the exception of dot direction; Brownian motion dots were each assigned a ran-
dom direction of motion on every frame of the stimulus (random-walk). Each

stimulus was shown for a duration of 20 seconds.

Stimuli had four configurations (Figure 4.2): Centre (C), Surround (S),
Centre-Surround Opposing (C/S Opposing) and Centre-Surround Brownian
(C/S Brownian).
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4.2.2.1 Centre (C) stimuli

Centre stimuli (Figure 4.2, Centre (C)) had a range of diameters: 5, 7, 10,
13,16, 19, 22, 25 and 27 deg of visual angle. The overall stimulated area therefore
ranged from 19.63-572.56 deg?. Centre stimuli used coherent horizontal dot mo-

tion.

4.2.2.2 Surround (S) stimuli

Surround stimuli (Figure 4.2, Surround (S)) had an outer diameter of 27
deg of visual angle. A grey mask matching the background colour with a Gauss-
ian blurred edge was used to occlude the central region of the stimulus. A range
of inner diameters (diameter of the mask) was used: 5, 7, 10, 13 and 16 deg. The
stimulated area therefore ranged from ~871.57-552.93 deg?. Surround stimuli

used coherent horizontal dot motion.

4.2.2.3 Centre-surround opposing stimuli (C/S Opposing)

C/S Opposing stimuli (Figure 4.2, C/S Opposing) had an outer diameter
of 27 deg of visual angle. These stimuli presented one direction of dot motion to
a central region while the opposite direction of motion was presented in the sur-
round. These stimuli used coherent horizontal dot motion. In 50% of trials, the
centre contained leftward drifting motion while the surround contained right-
ward drifting motion; in the other 50% of trials, these motion directions were
reversed. The range of inner diameters (diameter of the central region) used was
5,7, 10, 18, 16, 19, 22 and 25 deg. The overall stimulated area therefore remained
constant at 572.56 deg?, with the ratio of centre to surround area varying. The
area of the central region ranged from 19.63-490.87 deg?. As the inner diameter
was increased, the surround region became smaller and more eccentric; the area

of the surround ranged from 81.69-552.93 deg?.

4.2.2.4 Centre-surround Brownian stimuli (C/S Brownian)

C/S Brownian stimuli (Figure 4.2, C/S Brownian) were the same as the

C/S Opposing stimuli in terms of the outer diameter and the range of inner

127



diameters used. However, instead of presenting opposite directions of coherent
dot motion in each region, C/S Brownian stimuli presented coherent horizontal
dot motion in one region (centre or surround) while presenting Brownian motion
in the other region. In 50% of trials, motion in the centre was coherent while
motion in the surround was Brownian; in the other 50% of trials, motion in the
surround was coherent while motion in the centre was Brownian. Coherent mo-
tion drifted in a leftward direction in half of trials and in a rightward direction in

the other half of trials.

4.2.3 Attention (counting) task

A counting task, such as described in General Methods (Chapter 2, sec-
tion 2.4), was presented during some trials to increase the attention directed to
the stimulus, or to particular regions of the stimulus (Figure 2.3 (General Meth-

ods, section 2.4, Figure 4.2).

Coloured task dots had an approximate density of 0.175 dots/deg? when
presented in a Centre (C)/centre region of C/S stimulus, or in a Surround (S)
stimulus/surround region of a C/S stimulus with an inner diameter up to 13 deg
of visual angle. Surround (S) and surround regions of C/S stimuli which involved
an inner diameter of over 13 deg used a higher proportion of coloured task dots
to increase the visibility of these coloured dots, as peripheral vision has reduced
colour sensitivity (e.g. Hansen et al., 2009) and the small area of some surround
regions would otherwise result in very few coloured dots being shown on a given
frame. At an inner diameter of 16 deg, the proportion of coloured task dots in the
surround was increased by 50% to a density of ~0.262 dots/deg?; at an inner
diameter of 19 deg, the proportion of coloured task in the surround dots was
increased by 70% relative to that of central presentation, to a density of ~0.297
dots/deg?; at an inner diameter of 22 deg and above, the proportion of coloured
task dots in the surround was increased by 100% relative to that of central
presentation, to a density of ~0.349 dots/deg?. Overall dot density was con-
sistent across all stimuli; as the number of coloured dots increased, the number
of black dots decreased in order to maintain a consistent overall dot density of

~17.640 dots/deg?.
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With the exception of their colour and density, coloured task dots fol-
lowed the same behaviour as the task-irrelevant black dots. They followed the
same speed and direction as the task-irrelevant black dots of the region in which
they were presented. During Centre (C) and Surround (S) stimuli, coloured task
dots were presented across the entire stimulated area. During C/S stimuli, col-
oured task dots were presented either in the centre or in the surround in order
to manipulate which region the participant attended to. During C/S Brownian
stimuli, the location of the coloured task dots was always the region using coher-

ent motion; coloured dots were not presented to regions using Brownian motion.

4.3 Part 1: Centre (C) and Surround (S) stimuli

4.3.1 Methods

4.3.1.1 Participants

During Part 1, nine participants (five male, four female) took part in all
trials involving stimuli drifting at 15 deg/s. The age range of these participants
was 23-60 years (M = 32.9 years). These trials were later repeated at 30 deg/s
using just four of the participants (two male, two female) with the aim of con-
firming whether the observed eftects can be generalised to other stimulus veloc-

ities. The age range of these participants was 23-39 years (M = 30.8 years).

4.3.1.2 Stimuli

Part 1 used the previously described Centre (C) and Surround (S) stimuli
(Figure 4.2). Stimuli were presented to all participants with a dot speed of 15
deg/s; in four participants, these stimuli were also presented at 30 deg/s. The

counting task was presented during 50% of trials.

4.3.1.3 Design

During Part 1, participants were each presented with a total of 56 stimuli:
36 Centre (C) stimuli and 20 Surround (S) stimuli. Stimuli varied in size, with

each size of stimulus being shown four times: using leftward motion, once with
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the counting task and once without; using rightward motion, once with the
counting task and once without. Stimuli were shown across multiple blocks, and

the order of blocks was randomised for each participant.

Gaze monitoring

Gaze location was monitored throughout the experiment to ensure that
participants were viewing the correct region of the stimulus. During presenta-
tion of Centre (C) stimuli, this prevented participants from gazing towards the
edges of the stimulus, as stationary edges have a suppressive effect on OKR gain
(Murasugi et al., 1986). Additionally, maintaining central gaze ensures that the
extent of optokinetic stimulation is approximately equal on either side of the fo-
vea. During Surround (S) stimuli, gaze position monitoring was used to ensure
that only peripheral regions would be stimulated while gaze was maintained
within the central mask. During smaller Centre stimuli (<16 deg diameter) and
Surround stimuli, participants were prevented from gazing within 1 deg of the
edge of the stimulus or mask. At 16 deg diameter and above, this restriction was
increased to within 1.5 deg of the edge. With a stimulus or central mask size of
5 or 7 deg diameter, the limitation of not looking within 1 deg of the edge was
found to be too restrictive, as the OKR being produced had an amplitude which
exceeded the allowed area; for this reason, during these conditions, the re-
striction was reduced whereby participants were not able to gaze within 0.5 deg

of the edge.

When a participant viewed a disallowed region of the stimulus for 700ms,
a warning reading ‘LOOK AT THE MIDDLE! was displayed in red text at the
centre of the screen for 1000ms, and an extra 1000ms was added to the overall
stimulus duration to account for the interruption. Such gaze deviations were
marked in the data file so that data gathered while the participant viewed disal-

lowed areas of the stimulus could be removed.

Centre (C) stimulus block design

To limit the duration of each block, the nine sizes of Centre stimuli were

split in two: one block contained the 5 to 16 deg diameter stimulus range, and
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another block contained the 19 to 27 deg stimulus range. As both directions of
horizontal motion were used, this resulted in blocks containing ten and eight
stimuli, respectively. Counting task and non-task conditions were shown in sep-
arate blocks. Centre stimuli were therefore shown across a total of four blocks:
the smaller (5-16 deg) stimuli, one block with and one block without the counting
task; the larger stimuli (19-27 deg), one block with and one block without the

counting task. The order of stimuli within each block was randomised.

Surround (S) stimulus block design

Surround stimuli had a smaller range of sizes (5-16 deg mask diameters),
so all sizes were shown within a single block. Both directions of horizontal mo-
tion were used, resulting in 10 stimuli being presented in a block. Surround stim-
uli were therefore shown across two blocks: one with the counting task and one

without. The order of stimuli within each block was randomised.

4.3.1.4 Procedure

Participants were provided with verbal instructions and shown example
trials to allow them to familiarise with the stimuli and task. Written instructions
were also provided on-screen prior to the presentation of each stimulus. At the
start of each block, the eye tracker was calibrated using a nine-point calibration

grid.

Non-counting task condition

During the trials that did not use the counting task, prior to the presen-
tation of each stimulus, instructions reading ‘Please look towards the centre of the
screen. Press SPACE to continue.” were presented in black text at the centre of the
display. Each trial began with a three-second on-screen countdown to prepare
the participant for the onset of the stimulus. The stimulus was then presented
for 20 seconds, during which time the participant’s eye movements were rec-

orded. An on-screen message informed participants when the block had come to
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an end, at which point they were given the opportunity to continue to the next

block or to terminate the session.

Counting task condition

During trials that used the counting task, prior to the presentation of
each stimulus, instructions written in black text were displayed at the centre of
the screen. During Centre (C) stimulus blocks, the instructions read ‘Please look
towards the centre of the screen while counting the number of colours presented at the
CENTRE of the screen. Press SPACE to continue.” During Surround (S) stimulus
blocks, the instructions read ‘Please look towards the centre of the screen while count-
ing the number of colours presented in the SURROUND of the screen. Press SPACE to
continue.” Each trial began with a three-second on-screen countdown. The stim-
ulus was then shown for 20 seconds while the participant’s eye movements were
recorded. At the end of each trial, black on-screen text read ‘How many different
colours did you see? Using the keyboard, provide a response between 1 and 9. Once a
response was provided, the next trial began. An on-screen message informed
participants when the block had come to an end, at which point they were given

the opportunity to continue to the next block or to terminate the session.

4.3.2 Results

4.3.2.1 Centre (C) stimulus: Gain

A linear regression model was calculated to predict ORR gain obtained
during Centre stimulus conditions based on stimulus area, counting task condi-
tion (with task or without task) and stimulus velocity (15 or 30 deg/s) and to
examine whether there was an interaction between stimulus area and counting
task condition. A significant regression equation was found (F(4, 467) = 182.24,
p < .001) with an adjusted R? of .608. There was no significant interaction be-
tween stimulus area and task condition (p = .079). The coefficients indicate that
increasing stimulus area increased gain (8 = 0.0008), that increasing stimulus
velocity decreased gain (B = -0.0151) and that presentation of the counting task

increased gain (8 = 0.1560). The results of this analysis are shown in Table 4.1.
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ORR gain obtained during centre stimulus conditions in response to each stim-

ulus velocity is shown in Figure 4.4.

Analyses were carried out to assess whether effects of use of the counting
task on gain differed between 15 deg/s and 30 deg/s stimuli (figures 4.3 and 4.4,
finding no significant difference (#115) = 1.690, p = .090) in the impact of the

counting task on gain between the two conditions.

15
Blink  Blink Blink Blink

15 I | I 1

Horizontal gaze displacement (deq)
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Time (s)

Horizontal gaze displacement (deg)

Figure 4.3: Horizontal eye movement traces obtained during two trials with the same
participant. Responses shown are to a leftward drifting Centre stimulus with a diameter
of 16 deg, with dots drifting at 15 (upper) and 30 (lower) deg/s. On the Y axis, zero
indicates the midline of the display: positive numbers indicate the right and negative

numbers indicate the left. Blinks are indicated with vertical blue bars.

133



15 deg/s 30 deg/s

Gain
o

20 100 T s00
Stimulus area (deg?)
Without task == With task ==

02}

20 100 500
Stimulus area (deg?)

Figure 4.4: Gain in response to Centre (C) stimuli drifting at 15 deg/s (upper left, N = 4,
lower left, N = 9) and 30 deg/s (right, N = 4) across stimulus area. Upper plots (N = 4
reflect responses at each stimulus speed using the same subset of four participants. Gain
in response to trials using the counting task is shown in blue, with response to trials
without the counting task shown in red. A horizontal jitter of up to 6 deg has been applied
to increase visibility of data points, which each represent the mean gain obtained in a

single trial. The shaded area indicates the 95% CI of the fitted function.

Table 4.1

Results of linear regression model to predict gain in response to a Centre

(C) stimulus based on three predictor variables (stimulus area, stimulus ve-

locity and task condition)

B SE F b
Intercept 0.8118 0.025 31.479 <.001%*
Area 0.0008 0.0001 15.867 <.001*
Velocity -0.0151 0.001 -14.855 <.001%
Task 0.1560 0.023 6.793 <.001%
Area*Task -0.0001 0.0001 -1.761 .079
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Figure 4.5: Mean gain across Centre (C) stimulus area in response to 15 deg/s (upper, N
= 9) and 30 deg/s (lower, N = 4) stimulus velocity, in conditions that did not use the
counting task (left) and that did use the counting task (right). The red shaded area indi-
cates the standard error of the mean. The blue shaded area indicates significant increase

in gain between each stimulus area increment.

Investigating the significant effect of stimulus area on gain, pairwise t-
tests were used to evaluate adjacent pairs of stimulus sizes for significant in-
creases In gain in response to both stimulus velocities and both counting task
conditions. The means obtained in each condition are shown in Figure 4.5, with

blue shaded areas indicating regions of significant gain increase.

As shown in Figure 4.5 (upper left), during non-counting task Centre (C)
stimulus conditions presenting stimuli at 15 deg/s, gain increased significantly
for the first three increments in stimulus area (19.63-132.73 deg?, p < .020) and
from 283.53 deg? to 490.87 deg? (p < .035). Under similar conditions that did
present the counting task (Figure 4.5, upper right), gain increased significantly
between the first four increments in stimulus area, from 19.63 deg? to 201.06

deg? (p < .045) and between 283.53 deg? and 380.13 deg? ({8) = -2.84:3, p = .022).
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During conditions using Centre (C) stimuli with 30 deg/s motion and no
counting task (Figure 4.5, lower left), gain increased significantly across the first
two increments in stimulus area (19.63-78.54 deg?, p < .030), with further gain
increases observed between 132.73 deg? and 201.06 deg? (#(3) = -4.879, p = .016)
and between 283.53 deg? and 380.13 deg? ({(3) =-5.287, p = .013). During similar

conditions that did use the counting task (Figure 4.5, lower right), gain again

Gain
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Figure 4.6: Gain across stimulus area in response to a Centre (C) stimulus with dots
drifting at 15 deg/s in nine individual participants. The data points represent the mean
gain obtained in a single trial; there are two points of the same colour per stimulus size
as two directions of motion (left/right) were used. Data obtained while using the count-
ing task are shown in blue, whereas data obtained without the counting task are shown
in red. The shaded area indicates the 95% CI of the fitted function. The participant num-

ber is indicated at the upper left corner of each plot.
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increased significantly across the first two increments in stimulus area (19.63-
78.54 deg?, p < .020). The only other stimulus size increment associated with
significant gain increase was from an area ot 283.53 deg? to 380.13 deg? ({38) = -

8.359, p = .044).

As subsequent parts of the experiment present only stimuli at 15 deg/s
velocity, attention then turned to analysing just gain in response to Centre stim-
uli at 15 deg/s. The gain obtained during these conditions is shown for each

participant in Figure 4.6.

Table 4.2

Results of linear regression model to predict gain in response to a Centre
(C) stimulus at 15 deg/s based on two predictor variables (stimulus area

and task condition)

B SE F p
Intercept 0.6033 0.017 35.343 <.001*
Area 0.0007 0.0001 13.303 <.001*
Task 0.1846 0.024 7.646 <.001%*
Area*Task -0.0002 0.0001 -2.529 012%

A regression model was calculated to assess the contribution of stimulus
area and counting task condition, and the interaction between the two, on the
gain of the OKR in response to 15 deg/s stimuli. A significant regression equa-
tion was found (F(3, 323) = 118.81, p < .001) with an adjusted R? of .523. The
results of this analysis are shown in Table 4.2. Again, both stimulus area and
counting task condition were found to significantly predict OKR gain: increasing
area and using the counting task increased gain. This model showed a significant
interaction between stimulus area and task condition. To probe this interaction,
the difference in gain between task a non-task conditions was calculated for each
stimulus area and correlated across stimulus area. The results showed a signifi-
cant negative correlation between the difference in gain caused by task condition

across stimulus area (R = -.862, p = .003) whereby as stimulus area increased,
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the effect of the use of the counting task on gain decreased. A scatterplot illus-

trating this relationship is shown in Figure 4.7.

Figure 4.7: N = 9. Scatterplot showing the 0.25

mean difference in gain between task and 02l ®

non-task conditions across stimulus area E .. .

during Centre (C) stimulus conditions pre- E e ¢ . .

senting stimuli at a velocity of 15 deg/s. E o1 . W
Difference in gain was obtained by subtract- B oos

ing the means of the ‘no task’ condition from

0
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the means of the ‘with task’ condition. sti ,
timulus area (deg?)

4.3.2.2 Centre (C) stimulus: Frequency

Table 4.3

Results of linear regression model to predict OKR frequency in response to
a Centre (C) stimulus based on three predictor variables (stimulus area,

stimulus velocity and task condition)

B SE F »
Intercept 1.9514 0.087 29.223 < .001%
Area 0.0002 0.0001 1.339 181
Velocity 0.0035 0.004 0.939 348
Task 0.4959 0.051 9.655 <.001%

A regression model was calculated to predict OKR frequency obtained
during Centre stimulus conditions (Figure 4.8) based on stimulus area, counting
task condition (with task or without task) and stimulus velocity (15 or 30 deg/s).
A significant regression equation was found (F(38, 467) = 31.963, p < .001) with

an adjusted R? of .166. In this model, the only significant predictor of OKR
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frequency was found to be counting task condition (p < .001), with the presenta-
tion of the counting task increasing the frequency of OKR (f = 0.4959). The
results of this analysis are shown in Table 4.3. A t-test showed that the impact
of counting task on the frequency of OKR was similar for 15 and 30 deg/s con-
ditions ((232) = 0.315, p = .753).
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Figure 4.8: Frequency across stimulus area in response to Centre (C) stimuli with dots
drifting at 15 deg/s in nine individual participants. Individual data points represent the
mean frequency (slow phases per second) obtained in a single trial. Data obtained during
trials using the counting task are shown in blue whereas those obtained without the
counting task are shown in red. The shaded area indicates the 95% CI of the fitted func-

tion. Participant numbers are indicated in the upper left corner of each plot.
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4.3.2.3 Centre (C) stimulus: Amplitude

Finally, a regression model was calculated to predict the amplitude of the
OKR slow phases in response to a Centre (C) stimulus (Figure 4.9) using stimu-
lus area, stimulus velocity and task condition as predictors. A significant regres-
sion equation was found (F(3, 467) = 103.16, p < .001) with an adjusted R? of

.396. In this model, stimulus area (» < .001) and stimulus velocity (p < .001) were

Amplitude (deg)
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Figure 4.9: Mean slow phase amplitude obtained in response to Centre (C) stimuli with
dots drifting at 15 deg/s in nine individual participants. Each data point indicates the
mean amplitude obtained in a single trial; the shaded area indicates the 95% confidence
interval of the fitted function. Data obtained during trials using the counting task are
shown in blue; those obtained without the counting task are shown in red. Participant

numbers are indicated in the upper left corner of each plot.
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tound to significantly predict amplitude, whereas counting task condition was
not (p = .751). Increasing stimulus area (8 = 0.0056) and velocity (f = 0.0710)
resulted in higher slow phase amplitude. The results of this analysis are shown
in Table 4.4. A t-test found no difference between 15 deg/s and 30 deg/s condi-
tions in terms of the difference between the amplitude obtained in task and non-

task conditions (£2382) = 0.502, p = .616).

Table 4.4

Results of linear regression model to predict OKR amplitude in response
to a Centre (C) stimulus based on three predictor variables (stimulus area,

stimulus velocity and task condition)

B SE F P
Intercept 1.4359 0.229 6.275 <.001%
Area 0.0056 0.0003 15.982 <.001%
Velocity 0.0710 0.009 7.346 <.001*
Task -0.0425 0.134 -0.318 751

4.3.2.4 Surround (S) stimulus: Gain

Table 4.5

Results of linear regression model to predict gain in response to a Surround
(S) stimulus based on three predictor variables (stimulus area, stimulus ve-

locity and task condition)

B SE F P
Intercept 0.683 0.079 8.562 <.001%
Area -0.0004 0.0002 -2.877 .004*
Velocity -0.014 0.001 -12.657 <.001%*
Task 0.301 0.109 2.762 .006%*
Area*Task -0.0002 0.0002 -1.022 .308
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Figure 4.10: Gain obtained in response to Surround (S) stimuli drifting at 15 (upper left,
N = 4, lower left, N = 9) and 30 (right, N = 4) deg/s across stimulus area. Upper plots
(N = 4) reflect data obtained from the same subset of four participants. Gain during trials
that used the counting task is shown in blue, whereas gain during trials that did not use
the counting task is shown in red. The shaded area indicates the 95% CI of the fitted

function.

A linear regression model was calculated to predict gain in response to
Surround (S) stimuli, using stimulus area, counting task condition (with task or
without task, Figure 4.11) and stimulus velocity (15 or 30 deg/s, Figure 4.10) as
predictor variables. The interaction between stimulus area and task was also as-
sessed. The results of this analysis are shown in Table 4.5. A significant regres-
sion equation was found (F(4, 259) = 87.717, p < .001) with an adjusted R? of
.578. There was no significant interaction between stimulus area and counting

task condition (p = .308).

A two-sample t-test was used to assess whether the effect of the counting
task on gain in Surround (S) stimulus conditions differed between 15 and 30
deg/s stimulus velocities. The result showed a significant difference in gain be-

tween the two velocities (#63) = -2.36, p = .02), indicating that the difference in
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gain between counting task and non-task trials was larger in response to 15

deg/s stimuli (M = 0.21, SD = 0.13) compared to 30 deg/s stimuli (M = 0.14,

SD = 0.05) (Figure 4.10).
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Figure 4.11: Horizontal eye movement traces obtained from the same participant and

the same Surround (S) stimulus (15 deg/s), without the counting task (upper) and with

the counting task (lower). On the Y axis, zero indicates the midline of the display, with

positive numbers indicating the right of the midline and negative numbers indicating

the left of the midline.

Focus then turned to the trials which were of primary interest: those in-

volving stimuli with dots drifting at 15 deg/s (Figure 4.12). A linear regression

model was calculated using stimulus area and task condition to predict gain. The
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results of this analysis are shown in Table 4.6. A significant regression equation
was found (F(3, 179) = 40.522, p < .001) with an adjusted R? of .398. The model

did not show a significant interaction between stimulus area and task condition
(p = .554). Increasing area significantly reduced gain (B = -0.0005, p = .023) and

use of the counting task significantly increased gain (f = 0.3012, p = .047).
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Figure 4.12: Gain across stimulus area in response to a Surround (S) stimulus with dots
drifting at 15 deg/s in nine individual participants. Data points represent the mean slow
phase gain obtained in a single trial. Data obtained during trials using the counting task
are shown in blue; those obtained without the counting task are shown in red. The shaded
area indicated the 95% CI of the fitted function. Participant numbers are indicated at the

upper left corner of each plot.
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Table 4.6

Results of linear regression model to predict gain in response to a Surround

(S) stimulus at 15 deg/s based on two predictor variables (stimulus area

and task condition)

B SE F b
Intercept 0.4897 0.106 4.599 <.001%
Area -0.0005 0.0002 -2.285 .028%
Task 0.8012 0.151 1.999 .047*
Area*Task -0.0002 0.0003 -0.593 .55%

4.3.2.5 Surround (S) stimulus: Frequency

Table 4.7

Results of linear regression model to predict OKR frequency in response to
a Surround (S) stimulus based on three predictor variables (stimulus area,

stimulus velocity and task condition)

B SE F P
Intercept 1.7305 0.345 5.008 <.001%
Area -0.0011 0.001 -1.721 .086
Velocity -0.0087 0.006 -1.876 .170
Task 0.6046 0.087 6.917 <.001%

A linear regression model was calculated to predict OKR frequency in
response to Surround stimuli, using stimulus area, counting task condition and
stimulus velocity as predictors. A significant regression equation was found (F(3,
259) = 17.566, p < .001) with an adjusted R? of .161. In this model, counting task
condition was the only significant predictor of OKR frequency (B = 0.6046 p <
.001), increasing the frequency of OKR. The results of this analysis are shown in
Table 4.7. Individual frequency plots in response to 15 deg/s stimuli are shown

in Figure 4.14, highlighting the individual differences present in this measure.
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Figure 4.13: OKR frequency, in slow phases per second, across stimulus area during 15
deg/s (upper left N = 4, lower left N = 9) and 30 deg/s (right, N = 4 stimulus velocity
conditions in response to Surround (S) stimuli. Upper plots (N = 4) reflect data obtained
from the same subset of four participants. Responses to trials using the counting task
are shown in blue and responses to trials without the counting task are shown in red.
Data points represent mean frequency in a single trial, with a horizontal jitter of 6 deg

applied. The shaded area indicates the 95% CI of the fitted function.

T-tests were carried out to assess whether the increase in frequency
caused by the use of the counting task differed between 15 deg/s and 30 deg/s
Surround (S) stimuli (Figure 4.13). A two-sample t-test showed a significant dif-
ference between the two conditions ({128) = -3.277, p = .001), indicating that
the difference in frequency between task and non-task conditions in response to
30 deg/s stimuli (M = 0.84, SD = 0.46) was significantly larger than that in
response to 15 deg/s stimuli (M = 0.50, SD = 0.57).
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Figure 4.14: Frequency across stimulus area in response to a Surround (S) stimulus with
dots drifting at 15 deg/s in nine individual participants. Data points represent the fre-
quency, in slow phases per second, obtained during that trial. Data obtained during trials
using the counting task are shown in blue; those obtained without the use of the counting
task are shown in red. The shaded area indicates the 95% CI of the fitted function. Par-

ticipant numbers are indicated in the upper right corner of each plot.

4.3.2.6 Surround (S) stimulus: Amplitude

Finally, a linear regression model was calculated to predict OKR slow
phase amplitude in response to Surround (S) stimuli using stimulus velocity,
stimulus area and counting task condition as predictors. A significant regression
equation was found (F(3, 259) = 69.548, p < .001), with an adjusted R? of .44:3.

The results of this analysis are shown in Table 4.8. In this model, stimulus area,
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Table 4.8

Results of linear regression model to predict OKR slow phase amplitude in
response to a Surround (S) stimulus based on three predictor variables

(stimulus area, stimulus velocity and task condition)

B SE F b

Intercept 3.6259 0.381 9.518 <.001%
Area -0.0040 0.001 -5.486 <.001*
Velocity -0.0418 0.007 -6.0004 <.001%
Task 1.1506 0.096 11.939 < .001%
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Figure 4.15: Slow phase amplitude in response to Surround (S) stimuli with dots drifting
at 15 deg/s (upper left N = 4, lower left N = 9) and at 30 deg/s (right, N = 4) during
trials using the counting task (blue) and trials that did not use the counting task (red).
Upper plots (N = 4) reflect data obtained from the same subset of four participants. Data
points indicate mean amplitude in a single trial, with a horizontal jitter of up to 6 deg

applied. The shaded area indicates the 95% CI of the fitted function.
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Figure 4.16: Mean slow phase amplitude obtained in response to Surround (S) stimuli
with dots drifting at 15 deg/s in nine individual participants. Each data point represents
the mean amplitude obtained in a single trial; the shaded area indicates the 95% CI of
the fitted function. Data obtained in response to trials using the counting task are shown
in blue; those obtained without the counting task are shown in red. Participant numbers

are indicated in the upper left corner of each plot.

stimulus velocity and counting task condition were all found to significantly pre-
dict OKR slow phase amplitude. Increasing stimulus area ( = -0.0040, p < .001)
and velocity (f = -0.0418, p < .001) were both found to decrease slow phase am-
plitude, whereas use of the counting task (f = 1.1506, p < .001) was found to

increase slow phase amplitude.

A t-test showed no significant difference between 15 deg/s and 30 deg/s

stimulus velocity conditions (Figure 4.15) in terms of the impact of the counting
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task on the amplitude of ORR (#(128) = 1.269, p = .207). Individual slow phase

amplitude during 15 deg/s stimulus velocity conditions is shown in Figure 4.16.

4.3.2.7 Modelling and comparing Centre and Surround responses

Table 4.9

Results of linear regression models to predict OKR gain, frequency and
amplitude based on four predictor variables (stimulus area, stimulus veloc-

ity, stimulus type and task condition)

Gain B SE F b
Intercept 0.1766 0.026 6.828 <.001*
Area 0.0007 0.00003 19.113 <.001*
Velocity -0.0146 0.0008 -17.952 < .001%
Stimulus type 0.6493 0.014 44.966 <.001%
Task 0.1479 0.011 13.144 <.001%*

Frequency B SE F P
Intercept 1.0203 0.104 9.732 <.001%
Area 0.0001 0.0001 0.675 499
Velocity -0.0009 0.003 -0.261 794
Stimulus type 1.0174 0.058 17.381 <.001%*
Task 0.5847 0.046 11.721 <.001%*

Amplitude B SE F p
Intercept -0.3147 0.294 -1.0667 .286
Area 0.0050 0.0003 15.981 <.001%*
Velocity -0.0418 0.012 -3.494 <.001*
Stimulus type 1.6864 0.319 5.289 <.001*
Task 0.3836 0.099 3.878 <.001%
Stim type*Velocity 0.1128 0.015 7.565 < .001%

To investigate differences between the two stimulus types (Centre (C) or
Surround (S)), linear regression models were calculated to predict the gain, fre-
quency and amplitude of the OKR based on stimulus area, velocity, type, and
counting task condition. In the analysis of amplitude, an interaction term was
included to test for interaction between stimulus type and velocity. The results
of these analyses are shown in Table 4.9. Significant regression equations were
found in the prediction of the gain (F{4, 723) = 648, p < .001, adjusted R? = .781),

frequency (F(4, 727) = 143.53, p < .001, adjusted R? = .440) and amplitude (F{5,
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727) = 208.01, p < .001, adjusted R? = .587) of the OKR. The gain of the OKR
was increased by increasing stimulus area and by using the counting task, and
was reduced by increasing stimulus velocity. Centre (C) stimuli were associated
with higher gain than Surround (S) stimuli. The frequency of the OKR was in-
creased by presenting a Centre (C) stimulus or using the counting task; stimulus
area and velocity did not significantly predict frequency. Amplitude was in-
creased by increasing stimulus area, presenting a Centre (C) stimulus and using
the counting task. Increasing stimulus velocity lowered the amplitude, but this
variable interacted with stimulus type. Table 4.4 shows that, in response to a
Centre stimulus, increasing velocity is associated with an increase in amplitude
(B = 0.0710) whereas Table 4.8 shows that in response to a Surround stimulus,
increasing velocity is associated with a decrease in amplitude (f = -0.0418), ex-

plaining the source of this interaction.

T-tests were used to investigate whether the impact of the counting task
on the gain, frequency and amplitude of the OKR differed significantly between
Centre (C) and Surround (S) stimuli. The impact of the counting task on gain
was significantly larger in response to Surround (S) stimuli (M = 0.21, SD =
0.13) compared to Centre (C) stimuli (M = 0.14, SD = 0.12) (#(124) = 8.85, p =
.001). This pattern was also reflected in the amplitude, with a significantly larger
effect in response to Surround stimuli (#362) = -9.698, p < .001). The impact of
the counting task on frequency did not difter significantly between stimulus

types (#362) = 1.67, p = .094).

Part 1: Summary of key findings

|  OKR measures (gain, frequency and amplitude) are significantly higher in
response to Centre (C) stimuli

| Increasing Surround (S) stimulus area does not increase gain

| Increasing attention towards the stimulus by using a counting task signifi-
cantly increases OKR measures to both stimulus regions

| Smaller stimuli see a significantly greater impact of the counting task on
OKR measures

| The impact of the counting task on the gain and amplitude of the OKR is

significantly higher in response to Surround (S) stimuli
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4.4 Part 2: Centre-surround with opposing motion

Part 1 has demonstrated the characteristics of the OKR in response to
central and peripheral stimulation separately. In Part 2, the centre and the sur-
round will be stimulated simultaneously with opposite directions of coherent mo-
tion. Centre-surround stimuli will be used to test whether a peripheral OKR can
be induced in the presence of opposing central motion, as well as whether the
presence of opposing motion impacts OKR measures obtained in response to the

centre or the surround.

4.4.1 Methods

4.4.1.1 Participants

Part 2 used the same nine participants that were used for 15 deg/s con-

ditions in Part 1.

4.4.1.2 Stimuli

Part 2 used the previously described C/S Opposing stimuli (Figure 4.2),
which presented opposite directions of coherent horizontal dot motion to centre
and surround regions simultaneously while varying the diameter of the central

region. All stimuli were presented with a dot speed of 15 deg/s.

4.4.1.3 Design

During Part 2, every trial used the colour counting task. Coloured task
dots were either presented in the central region or in the surround region of the
C/S stimulus; this allowed attention to be directed towards the centre or towards

the surround, depending on condition.

Participants each viewed a total of 32 stimuli. Eight inner diameters were
used for these stimuli, and these were split across blocks: inner diameters of 5-
13 deg were presented in one block and inner diameters of 16-25 deg were pre-

sented in another. As both directions of horizontal motion were used, each block
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contained 16 stimuli. In total, there were two blocks of 16 stimuli: one block
presenting stimuli with inner diameters 5-13 deg, with half of trials presenting
the counting task to the centre and half to the surround; one block presenting
inner diameters 16-15 deg, with half of trials presenting the counting task to the
centre and half to the surround. The order of blocks, and of trials within each

block, was randomised.

Like in Part 1, gaze monitoring was used to ensure that participants were
viewing the correct region of the stimulus, so that the surround stimulus region

remained in the periphery. The restrictions used mirrored those of Part 1.

4.4.1.4 Procedure

The procedure followed that of counting task trials of Part 1, though
slightly different instructions were presented. During trials that involved pre-
senting the counting task to the centre, the on-screen instructions shown before
each trial read ‘Please look towards the centre of the screen while counting the number
of colours presented at the CENTRE of the screen. Press SPACE to continue.” During
trials that involved presenting the counting task to the surround, the instruc-
tions read ‘Please look towards the centre of the screen while counting the number of

colours presented in the SURROUND of the screen. Press SPACE to continue.’

4.4.2 Results

4.4.2.1 Response to centre region of C/S Opposing stimulus: Gain

One purpose of using C/S Opposing stimuli was to assess whether the
OKRR is affected by the presence of opposing motion (Figure 4.17). Linear regres-
sion models were used to investigate this: Part 2 trials involving presentation of
the counting task to the centre of the C/S stimulus were used, along with Part 1
trials which involved presenting the counting task during a Centre (C) stimulus.
As all Part 2 trials used the counting task, Part 1 trials that did not use the
counting task were excluded. As Part 1 used a larger centre stimulus range ex-
tending to 27 deg diameter whereas Part 2 used a range extending only up to 25

deg, Part 1 trials using 27 deg stimuli were excluded from the analysis. As Part
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Figure 4.17: N = 9. Gain in response to a central stimulus region across stimulus area,
in the presence or absence of opposing motion in the surround. No surround motion
(red) draws data from Part 1 Centre (C) stimulus conditions using the counting task;
Opposing surround motion (blue) draws data from Part 2 C/S Opposing conditions
using the counting task in the centre. Data points indicate mean gain in a single trial,
with a horizontal jitter of up to 6 deg applied. Part 1 trials involving stimulus areas and
velocities not used in Part 2 were excluded. The shaded area indicates the 95% CI of the

fitted function.

2 trials only used dot motion at 15 deg/s, Part 1 trials using 30 deg/s motion
were also excluded from the analysis. In this way, the only difference between
the two datasets was the absence or presence of opposing motion in the surround

region.

Table 4.10

Results of linear regression model to predict OKR gain based on three pre-

dictor variables (stimulus area, stimulus type and motion direction)

B SE I P
Intercept 0.7502 0.019 38.710 <.001%
Area 0.0007 0.0001 9.754 <.001%*
Direction 0.0389 0.015 2.513 012%
Stimulus type -0.0621 0.025 -2.472 .014%
Area*Stimulus type ~ 0.0001 0.0001 0.659 .509
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A linear regression model was calculated to predict OKR gain using stim-
ulus area, stimulus type (Centre or C/S Opposing) and motion direction (TN or
NT) as predictor variables. Motion direction was included due to noting a ten-
dency for higher gain in response to temporonasal (TN) motion during data pro-
cessing. The possibility of an interaction between stimulus area and stimulus
type was also assessed. A significant regression equation was found (F{4, 287) =

56.427, p < .001) with an adjusted R? of .436. Stimulus area (8 = 0.0007, p < .001),

stimulus type (B = -0.0621, p = .014) and direction of motion (B = 0.0389, p =

Gain
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Figure 4.18: Gain of OKR in response to the centre region of a C/S Opposing stimulus
with the counting task presented to the centre region (red) and to the surround region
(blue) in nine individual participants. Individual data points represent the mean gain ob-
tained during a single trial; the shaded area indicates the 95% CI of the fitted function.

Participant numbers are displayed in the upper left corner of each plot.
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.012) were all found to significantly predict gain, with stimulus type forming the
largest contribution ( = -0.0621). There was no significant interaction between
stimulus area and stimulus type (p = .509). The results of this analysis are shown
in Table 4.10. Increasing stimulus area was found to increase gain (3 = 0.0007).
The significance of stimulus direction indicates that gain in response to TN mo-
tion (M = 0.901, SD = 0.168) was higher than gain in response to N'T motion
(M = 0.862, SD = 0.179), as the use of TN motion increased gain ( = 0.0388).
The significance of stimulus type indicates that the presence of opposing motion
in the surround reduced gain (Figure 4.17), with a mean gain of 0.857 (SD =
0.182) during C/S Opposing stimuli with the counting task presented to the cen-
tre, compared to a mean gain of 0.906 (SD = 0.165) during comparable Centre

stimulus (Part 1) conditions.

Table 4.11

Results of linear regression model to predict OKR gain in response to the

centre based on two predictor variables (stimulus area, counting task loca-

tion)
B SE I P
Intercept 0.7013 0.021 34.013 <.001*
Area 0.0008 0.0001 11.270 <.001%
Task location -0.4272 0.022 -19.753 < .001%

During C/S Opposing stimuli that presented the counting task to the
surround, slow phases in response to the centre region often occurred (Figure
4.24). Analysis was carried out to assess gain in response to the centre region of
the C/S Opposing stimulus when the counting task was presented to the centre
and when the counting task was presented to the surround (Figure 4.18). A linear
regression model was calculated to predict OKR gain in response to the centre
region of a C/S Opposing stimulus, using stimulus area and counting task loca-
tion (centre or surround) as predictors. A significant regression equation was
found (F(2, 287) = 258.590, p < .001) with an adjusted R? of .642. The results of

this analysis are shown in Table 4.11. In this model, both stimulus area and
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counting task location were found to significantly predict the gain of OKR (p <
.001), with counting task location forming the largest contribution (3 = -0.4272).
These coefficients indicate that increasing stimulus area increased gain, and that
presenting the counting task to the surround region of the stimulus reduced gain

compared to when the counting task was presented to the central region.

4.4.2.2 Response to centre region of C/S Opposing stimulus: Frequency

These analyses were repeated using frequency instead of gain. A linear
regression model was calculated to predict the frequency of OKR in response to
the centre using stimulus area, motion direction (N'T or TN) and stimulus type
(C/S Opposing or Centre) as predictors, again examining a potential interaction
between stimulus area and type. The resulting regression model was not signif-
icant (F(8,287) = 1.292, p = .277, adjusted R? = .003). The results of this analysis
are shown in Table 4.12, with the corresponding group data fits shown in Figure

4.19.

Table 4.12

Results of linear regression model to predict OKR frequency in response to
the centre based on three predictor variables (stimulus area, stimulus type

and motion direction)

(non-sig) B SE r P
Intercept 2.4941 0.091 27.336 < .001%*
Area 0.0001 0.0003 0.203 .839
Direction 0.1233 0.118 1.232 219
Stimulus type 0.14:57 0.073 1.691 .092
Area*Stimulus type ~ -0.0005 0.0004 -1.031 .303

A regression model was calculated to predict OKR frequency in response
to the centre of a C/S stimulus using stimulus area and counting task location
(task in centre or task in surround) as predictor variables, with an interaction
term included to assess potential interaction between the two predictors. A sig-

nificant regression equation was found (F(3, 287) = 104.630, p < .001) with an
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Figure 4.19: N = 9. Frequency of OKR in the absence or presence of surround motion.
No surround motion (red) data are drawn from Part 1 trials using a centre stimulus with
the counting task. Opposing surround motion data are drawn from Part 2 trials with the
counting task presented to the centre. Data points show mean frequency obtained in a
single trial, with a horizontal jitter of 6 deg applied. The shaded area indicates the 95%
CI of the fitted function.

adjusted R? of .520. The results of this analysis are displayed in Table 4.13. In
this model, stimulus area was not a significant predictor of frequency (p = .252)
whereas task location was (p < .001), indicating that the frequency of OKR in
response to the centre is significantly lowered (f = -0.0004) by presenting the
counting task in the surround compared to in the centre. A significant interaction
between stimulus area and counting task location was also identified. Assessing
this interaction, the diftference in frequency between centre and surround count-
ing task presentation was calculated for the smallest and largest stimulus area
tested and compared via paired samples t-test. The result showed a significant
difference (#17) = 2.311, p = .034) whereby the difference in frequency between
the two task locations was significantly larger in response to a smaller stimulus.
Individual plots showing frequency across stimulus area with the counting task

presented in the centre and in the surround are shown in Figure 4.20.
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Table 4.13

Results of linear regression model to predict OKR frequency in response to

the centre based on two predictor variables (stimulus area, counting task

location)
B SE F b
Intercept 2.7014 0.091 29.5623 <.001%*
Area -0.0004 0.0003 -1.147 .252
Task location -1.6057 0.129 -12.409 <.001*
Area*Task location 0.0009 0.0005 1.9875 047*
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Figure 4.20: Frequency of OKR in response to the centre region of a C/S Opposing stim-
ulus when the counting task is presented in the centre (red) and in the surround (blue) in
nine individual participants. Individual data points represent the frequency obtained in a
single trial; the shaded area indicates the 95% CI of the fitted function. Participant num-

bers are indicated in the upper left corner of each plot.
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4.4.2.3 Response to centre region of C/S Opposing stimulus: Amplitude

These analyses were again repeated using amplitude data. A linear re-
gression model was calculated to predict the amplitude of the OKR in response
to centrally presented stimuli, using stimulus area, stimulus type (Centre or C/S
Opposing) and motion direction as predictors. The results of this analysis are
shown in Table 4.14. A significant regression equation was found (F(3, 287) =
53.815, p < .001) with an adjusted R? of .356. In this model, stimulus area and
stimulus type were both significant predictors of OKR amplitude (p < .001),
whereas direction of motion was not (p = .496). Increasing stimulus area in-
creased slow phase amplitude (§ = 0.0037) and the presence of opposing sur-
round motion (ie. use of a C/S Opposing stimulus) reduced amplitude (f = -

0.3691). The corresponding group data fits are displayed in Figure 4.21.

Amplitude (deg)

20 100 500
Stimulus area (deg?)

No surround motionmm  Opposing surround motion s

Figure 4.21: N = 9. Slow phase amplitude across stimulus area in the presence (blue) and
absence (red) of opposing surround motion. Data without surround motion is drawn
from Part 1 trials in which the counting task was presented during a Centre (C) stimulus.
Data with surround motion is drawn from Part 2 trials using a C/S Opposing stimulus
with the counting task presented to the centre. Data points indicate mean amplitude in
a single trial, with up to 6 deg horizontal jitter applied. The shaded area indicates the
95% CI of the fitted function.
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Table 4.14

Results of linear regression model to predict OKR amplitude in response
to the centre based on three predictor variables (stimulus area, stimulus

type and motion direction)

B SE F b
Intercept 2.9513 0.105 27.885 <.001%
Area 0.0037 0.0003 12.120 <.001%*
Direction 0.0670 0.098 0.682 496
Stimulus type -0.3691 0.098 -3.754 < .001%
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Figure 4.22: OKR slow phase amplitude across stimulus area in response to the centre
region of a C/S Opposing stimulus when the counting task is presented to the centre
(red) or to the surround (blue) in nine individual participants. Individual data points rep-
resent the mean amplitude obtained in a single trial. The shaded area indicates the 95%
CI of the fitted function. Participant numbers are displayed in the upper left corner of
each plot.

161



IN=9
0.8 | )
c 06 =« : i
3 \ -
al B L
02} : E .
O L L ,
350 400 450 500 550 600

Stimulus area (deg?)
No centre motion mm  Opposing centre motion

Figure 4.23: Group (N = 9) gain in response to the surround in the absence of motion in
the centre (red) and in the presence of opposing motion in the centre (blue). Data with
no motion in the centre were obtained from Part 1 Surround (S) stimulus trials using
the counting task and presenting motion at 15 deg/s. Data with opposing motion in the
centre were obtained from Part 2 C/S Opposing stimulus trials in which the counting
task was presented to the surround. The shaded area indicates the 95% CI of the fitted

function. A horizontal jitter of up to 6 deg has been applied to data points.

Looking just at C/S Opposing stimuli, another regression model was cal-
culated to predict slow phase amplitude in response to the centre using stimulus
area and counting task location (task presented to centre or surround) as predic-
tor variables. A significant regression equation was found (F{2, 287) = 119.590,
p < .001) with an adjusted R? of .452. The results of this analysis are displayed
in Table 4.15. In this model, both stimulus area and counting task location sig-
nificantly predicted OKR slow phase amplitude (p < .001), with task location
forming the largest contribution (B = -1.2158). These coefficients indicate that
increasing stimulus area increased amplitude and that presenting the counting
task to the surround rather than to the centre reduced amplitude. The corre-

sponding individual data are shown in Figure 4.22.

162



Table 4.15

Results of linear regression model to predict OKR amplitude in response

to the centre based on two predictor variables (stimulus area, counting task

location)
B SE F b
Intercept 2.562562 0.111 22.704 <.001%
Area 0.0042 0.0004 11.427 <.001%*
Task location -1.2158 0.117 -10.421 <.001*

4.4.2.4 Response to surround region of C/S Opposing stimulus: Gain

Table 4.16

Results of linear regression model to predict OKR gain in response to the
surround based on three predictor variables (stimulus area, stimulus type

and motion direction)

B SE F p
Intercept 0.7759 0.139 5.564 <.001*
Area -0.0007 0.0003 -2.397 O17*
Direction 0.0299 0.027 1.117 .265
Stimulus type -0.5352 0.196 -2.726 .007*
Area*Stimulus type 0.0006 0.0004 1.427 155

Mean gain obtained in each trial in response to surround regions of C/S
Opposing stimuli in each of the nine participants is shown in Figure 4.25, with
responses to Surround (S) stimuli (15 deg/s, with counting task) from Part 1
included for comparison. A linear regression model was calculated to predict the
gain of OKR in response to the surround in the presence or absence of opposing
motion in the centre, i.e. in response to a C/S Opposing stimulus or in response
to a Surround stimulus, respectively. As C/S Opposing stimuli used a larger
range of stimulus sizes due to employing central patches with diameters larger
than 16 deg, only the shared stimulus area range (3871.57-552.93 deg?) was used

in this model. C/S Opposing stimuli with surround areas of under 371.57 deg?
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Figure 4.24: Eye movement traces from two different participants in response to a C/S
Opposing stimulus in which the surround motion drifts towards the left, with the count-
ing task presented to the surround. The upper trace shows an OKR that consistently
follows the direction of the surround; the lower trace shows an OKR which alternates
between following centre and surround, with black arrows highlighting the locations of

slow phases consistent with the direction of the surround motion.

were excluded. As C/S Opposing stimuli only used a stimulus velocity of 15
deg/s, Surround stimuli using 30 deg/s dot motion were also excluded. Finally,
as C/S Opposing stimuli used the counting task in all trials, only Surround stim-
uli using the counting task were included in the analysis. The stimuli used to
calculate the model therefore only diftered in terms of whether there was oppos-
ing motion present in the centre (C/S Opposing) or whether there was simply a

central occluding mask (Surround).
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A linear regression model was calculated to predict the gain of the OKR
in response to the surround, using stimulus area, motion direction (NT or TN
motion) and stimulus type (C/S Opposing or Surround) as predictors, with an
interaction term included to assess for interaction between stimulus area and
stimulus type. A significant regression equation was found (F{4, 179) = 24.841,
p < .001) with an adjusted R? of .348. The results of this analysis are shown in
Table 4.16. In this model, area was found to significantly predict OKR gain in

response to the surround (p = .017) whereby increasing the area of the surround
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Figure 4.25: Gain in response to the surround region of a C/S Opposing stimulus with
the counting task presented to the surround (blue) and in response to a Surround (S)
stimulus using the counting task and dots drifting at 15 deg/s (red) in nine individual
participants, across stimulus area. Individual data points represent the mean gain ob-
tained in a single trial. Participant numbers are indicated in the upper left corner of each
plot. The shaded area indicates the 95% CI of the fitted function. Note that a larger
range of stimulus sizes was used for surround regions of C/S Opposing (Part 2) stimuli

compared to Surround (S) (Part 1) stimuli.
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resulted in a decrease in gain (B = -0.0007). Stimulus type was also found to
significantly predict gain (p = .007): presenting stimuli with opposing motion in
the centre reduced gain relative to stimuli with no motion in the centre (f = -
0.5352). Motion direction (p = .265) did not significantly predict gain, and there
was no interaction between stimulus area and type (p = .155). The group fits

corresponding to the data used in this model are shown in Figure 4.23.

4.4.2.5 Response to surround region of C/S Opposing stimulus: Frequency

Individual frequency across stimulus area in response to surround re-
gions of C/S Opposing stimuli are shown in Figure 4.27, with responses to Sur-

round (Part 1) stimuli included for comparison.
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Figure 4.26: Group (N = 9) frequency (slow phases per second) across stimulus area in
response to the surround region of a C/S Opposing stimulus with the counting task
presented to the surround (blue) and in response to a Surround (S) stimulus at 15 deg/s
while using the counting task (red). Data points indicate mean gain in a single trial, with
a horizontal jitter of up to 6 deg applied. The shaded area indicates the 95% CI of the

fitted function. Only the shared stimulus area range has been included.
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The above analysis was repeated to investigate frequency data rather
than gain. The same exclusion criteria were used as in the above analysis so that
the only difference between the two stimuli used in the analysis was the presence
or absence of motion in the centre; stimulus size range, velocity and use of the
counting task remained the same. A linear regression model was calculated to
predict the frequency of OKR using stimulus area, motion direction (N'T or TN)
and stimulus type (C/S Opposing or Surround) as predictors, with an interaction

term included to assess for interactions between stimulus area and type. A
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Figure 4.27: Frequency in response to the surround across stimulus area in nine individ-
ual participants. Frequency obtained from trials using C/S Opposing stimuli with the
counting task presented to the surround is shown in blue. Frequency obtained from tri-
als using a Surround (S) (Part 1) stimulus at 15 deg/s with the counting task is shown
in red. Individual data points represent the frequency obtained in that trial. The shaded
area indicates the 95% CI of the fitted function. Participant numbers are displayed in the
upper left corner of each plot. Note that a larger range of stimulus sizes was used for

C/S Opposing stimuli compared to Surround (S) stimuli.
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significant regression equation was found (F(4, 179) = 43.900, p < .001) with an
adjusted R? of .489. The results of this analysis are shown in Table 4.17. In this
model, the only significant predictor of OKR frequency in response to the sur-
round was stimulus type (B = -2.0861, p = .002), whereby frequency was reduced
by the presence of opposing motion in the centre. The group fits corresponding

to the data used in this model are displayed in Figure 4.26.

Table 4.17

Results of linear regression model to predict OKR frequency in response to
the surround based on three predictor variables (stimulus area, stimulus

type and motion direction)

B SE F P
Intercept 1.8585 0.465 3.999 <.001%
Area -0.0005 0.001 -0.505 614
Direction -0.0378 0.089 -0.422 673
Stimulus type -2.0861 0.654 -3.189 .002%*
Area*Stimulus type 0.0019 0.001 1.403 162

4.4.2.6 Response to surround region of C/S Opposing stimulus: Amplitude

Finally, alinear regression model was calculated to predict the amplitude of OKR
using stimulus area, direction of motion (NT or TN) and stimulus type (C/S
Opposing or Surround) as predictor variables, as well as to examine a potential
interaction between stimulus area and type. The same exclusion criteria were
tfollowed as in the gain and frequency analyses. A significant regression equation
was found (F(4, 179) = 24.865, p < .001) with an adjusted R? of .348. The results
of this analysis are displayed in Table 4.18. In this model, stimulus area (p < .001)
and stimulus type (p = .002) were both found to be significant predictors of OKR
amplitude in response to the surround, with stimulus type forming the largest
contribution (B = -8.3825). This indicates that increasing stimulus area reduced
amplitude (f = -0.0056), and that the presence of opposing motion in the centre
also reduced amplitude. There was no significant interaction between stimulus
area and stimulus type (p = .064). Group fits corresponding to data used in this

model are shown in Figure 4.28.
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Figure 4.28:N = 9. Amplitude in response to the surround, obtained during trials involv-
ing a C/S Opposing stimulus with the counting task presented to the surround (blue) or
Part 1 Surround (S) stimulus trials at 15 deg/s using the counting task. Data points
indicate mean amplitude in a single trial, with a horizontal jitter of up to 6 deg applied.

The shaded area indicates the 95% CI of the fitted function.

Mean amplitude per trial in each of the nine participants during C/S op-
posing stimuli is shown in Figure 4.29, with amplitude in response to Surround
(Part 1) stimuli at 15 deg/s in trials using the counting task included for com-

parison.

Table 4.18

Results of linear regression model to predict OKR amplitude in response
to the surround based on three predictor variables (stimulus area, stimulus

type and motion direction)

B SE F b
Intercept 4.8288 0.775 6.232 <.001*
Area -0.0056 0.001 -3.500 < .001%
Direction 0.2217 0.149 1.486 .139
Stimulus type -3.8825 1.091 -3.101 .002%
Area*Stimulus type 0.0042 0.002 1.864 .064
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Amplitude (deg)

Figure 4.29: Amplitude in response to the surround across stimulus area during trials
using C/S Opposing stimuli with the task presented to the surround (blue) and Part 1
Surround (S) stimuli at 15 deg/s with the counting task presented to the surround (red).
Individual data points represent the mean gain obtained in that trial. The shaded area

indicates the 95% CI of the fitted function. Participant numbers are indicated in the up-
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per left corner of each plot.

Part 2: Summary of key findings

| Responses to the centre and to the surround are suppressed by opposing mo-

tion in the complementary region, with responses to the surround being par-

ticularly affected

| Increasing stimulus area does not increase gain in response to the surround

| Presenting the counting task to the surround dramatically reduces OKR

measures in response to the centre

| A peripheral OKR can be generated in the presence of a competing central

optokinetic stimulus
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4.5 Part 3: Centre-surround with Brownian motion

Part 2 found that the presence of opposing motion impacted the OKR in
response to the centre and the surround, such as by reducing the gain and am-
plitude of the OKR. Part 3 used C/S stimuli with Brownian motion presented to
either the centre or the surround region in order to assess whether the effect seen
in Part 2 was unique to the presence of a competing optokinetic stimulus or
whether it was caused by the presence of incongruent motion, regardless of
whether that motion was in the form of an optokinetic stimulus. Unlike Part 2,
Part 3 involved the use of non-counting task conditions; this allowed for inves-
tigation of whether the counting task was required to produce an OKR in re-
sponse to the surround in the presence of incongruent central motion. The block

design was altered following Part 2 to reduce the duration of each block.

4.5.1 Methods

4.5.1.1 Participants

Of the nine participants used in Part 1 and Part 2, one (P2) was unavail-
able to participate in Part 3, therefore a replacement participant (P10) was used
(female, age = 22 years). The remaining eight participants were the same as those

used in Part 1 and Part 2.

4.5.1.2 Stimuli

Part 8 used the previously described C/S Brownian stimuli (Figure 4.2),
which used circular random-dot kinematograms with a centre-surround config-
uration. Coherent horizontal dot motion was presented to one region (centre or
surround) while random-walk (Brownian) motion was presented to the other.
The size of the central region was varied. All stimuli were presented with a dot
speed of 15 deg/s. During trials using the counting task, coloured task dots were

presented within the region of the stimulus displaying coherent motion.
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4.5.1.3 Design

During Part 3, half of trials used the counting task and half did not. Half
of trials presented Brownian motion in the centre and coherent motion in the
surround while the other half presented Brownian motion in the surround and
coherent motion in the centre. The same range of stimulus sizes was used as in
Part 2 and both directions of horizontal motion were presented. This resulted in

a total of 64 trials per participant.

Counting task and non-task trials were presented in separate blocks.
Throughout each block, coherent motion was presented either in the centre for
the full block or in the surround for the full block. The eight central diameter
sizes were split across blocks: central diameters of 5, 10, 16 and 22 deg were
presented with both directions of motion in one block of eight stimuli, whereas
central diameters of 7, 13, 19 and 25 deg were presented in another block of eight
stimuli. Consequently, stimuli were presented across eight blocks, each contain-
ing eight trials. The order of blocks, and of trials within each block, was random-

1sed.

Gaze monitoring was used to ensure that participants viewed the central
region of the stimulus; this followed the same restrictions used within Part 1 and

Part 2.

4.5.1.4 Procedure

The procedure followed that of Part 1 and the same set of instructions

were used.

4.5.2 Results

4.5.2.1 Response to centre region of C/S Brownian stimulus: Gain

Analyses mirrored those of Part 2: trials in which coherent motion was
presented to the centre region of a C/S Brownian stimulus, and Centre stimulus
(Part 1) trials using 15 deg/sec dot motion, using only the shared stimulus area

range, were used to calculate a regression model. The included trials therefore
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Figure 4.30: N = 9. Mean gain in response to the centre during trials without (left) and
with (right) the counting task, during Centre (C) (Part 1) trials with 15 deg/s stimuli
(red) and C/S Brownian (Part 3) trials presenting coherent motion to the centre (blue).
Data points indicate mean gain in a single trial, with a horizontal jitter of 6 deg applied.
The shaded area indicates the 95% CI of the fitted function. Note that ‘no surround mo-

tion’ data include P2, who is replaced by P10 in the ‘Brownian surround motion’ data.

only differed in terms of whether Brownian motion was present in the surround.
A linear regression model was calculated to predict the gain of OKR in response
to the centre using stimulus area, direction of motion (N'T or TN), stimulus type
(Centre (Part 1) or C/S Brownian (Part 3)) and counting task condition (with
task or without task) as predictor variables. An interaction term was included to
assess for interaction between stimulus type and task condition. The results of
this analysis are shown in Table 4.19. A significant regression equation was
tound (F(5, 575) = 101.530, p < .001) with an adjusted R? of .466. In this model,
every predictor was found to significantly predict gain, with counting task con-
dition (B = 0.1439) forming the largest contribution. The coefficients indicate
that increasing stimulus area increased gain (3 = 0.0007), presenting TN motion
rather than N'T motion increased gain (f = 0.0350), presenting central motion
without surrounding Brownian motion increased gain (8 = 0.0461) and present-
ing the counting task increased gain ( = 0.1439). However, t-tests examining

the interaction between stimulus type and task condition showed that, during

173



non-task conditions, gain was significantly higher in response to C/S Brownian
stimuli (M = 0.808, SD = 0.187) compared to Centre (C) (Part 1) stimuli (M =
0.762, SD = 0.199) ({143) = -3.593, p = .004); however, during conditions that
did use the counting task, gain was significantly higher in response to Centre
stimuli (M = 0.906, SD = 0.165) compared to C/S Brownian stimuli (M = 0.874,
SD = 0.154) ({143) = 2.637, p = .009). This interaction effect can be seen in fits

presented in Figure 4.30.

Table 4.19

Results of linear regression model to predict OKR gain in response to the
centre based on four predictor variables (stimulus area, stimulus type, mo-

tion direction and task condition)

B SE F p
Intercept 0.6007 0.015 41.302 <.001*
Area 0.0007 0.00003 19.988 <.001*
Direction 0.0350 0.011 3.102 .002%
Stimulus type 0.0461 0.016 2.886 .004%*
Task condition 0.14:39 0.016 9.018 <.001%
Stimulus type*Task  -0.0784 0.023 -3.475 <.001%

T-tests were carried out to assess whether the difference in gain caused
by the use of the counting task differed significantly between Centre (Part 1)
stimuli and C/S Brownian (Part 3) stimuli. This showed that the counting task
caused a significantly larger increase in gain in response to Centre stimuli (M =
0.144, SD = 0.185) compared to in response to the coherent centre of C/S Brown-
ian stimuli (M = 0.065, SD = 0.115) (£143) = 6.119, p < .001).

As the use of the C/S Brownian stimulus was intended to assess whether
the presence of incongruent motion in general impacted the OKR, a regression
model was calculated to examine this. Part 2 trials all involved the counting task,
therefore only Part 3 trials that used the counting task were included in the
model. A linear regression model was calculated to predict the gain of OKR in

response to the centre of a C/S stimulus presenting the counting task to the
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Figure 4.31: Mean gain obtained during C/S trials with the counting task presented to
the centre with opposing surround motion (Part 2) (red) and Brownian surround mo-
tion (Part 3) (blue). Individual data points represent the mean gain obtained in a single
trial. The shaded area indicates the 95% CI of the fitted function. Participant numbers
are shown in the upper left corner of each plot. Not shown are participants 2 and 10, as
they did not participate in the C/S Brownian and C/S Opposing trials, respectively,

though their data did contribute towards the regression model.

centre, using stimulus area, direction of motion (N'T or TN) and stimulus type
(C/S Opposing or C/S Brownian) as predictors. A significant regression equa-
tion was found ({3, 287) = 59.832, p < .001) with an adjusted R? of .381. The
results of this analysis are displayed in Table 4.20. In this model, stimulus area
(p < .001) and direction of motion (p = .021) both significantly predicted gain,
but stimulus type did not (p = .286). Increasing area increased gain (8 = 0.0006),
and presenting TN motion (M = 0.883, SD = 0.162) rather than N'T motion (M
= 0.847, SD = 0.172) increased gain (f = 0.0359). Plots showing individual re-

sponses to C/S Brownian and C/S Opposing stimuli are displayed in Figure 4.31.
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Table 4.20

Results of linear regression model to predict OKR gain in response to the
centre based on three predictor variables (stimulus area, stimulus type and

motion direction)

B SE F b
Intercept 0.7080 0.017 42.185 <.001%
Area 0.0006 0.00004: 18.154 <.001*
Direction 0.0359 0.016 2.305 .021%
Stimulus type 0.0167 0.016 1.068 .286
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Figure 4.32: Frequency in response to the centre of a C/S Brownian stimulus (blue) and
a C/S Opposing stimulus (red) in nine participants. Individual data points represent
the frequency obtained in a single trial. The shaded area indicates the 95% CI of the
fitted function. Participant numbers are displayed in the lower left corner of each plot.
Note that two participants, P2 and P10, are not shown as they did not participate in
C/S Brownian and C/S Opposing trials, respectively, though their data did contribute

towards the model.
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4.5.2.2 Response to centre region of C/S Brownian stimulus: Frequency

Frequency in response to C/S Brownian and C/S Opposing stimuli was
modelled. A linear regression model was calculated to predict the frequency of
the OKR, using stimulus area, direction of motion (N'T or TN) and stimulus type
(C/S Opposing or C/S Brownian) as predictors. For C/S Brownian data, only
responses to trials using the counting task were included. The resulting regres-
sion equation was not significant (F(3, 287) = 1.673, p = .173). The results of this
analysis are shown in Table 4.21, with the corresponding individual data shown

in Figure 4.32.

Table 4.21

Results of linear regression model to predict OKR frequency in response to
the centre (C/S Brownian or C/S Opposing stimulus) based on three pre-

dictor variables (stimulus area, stimulus type and motion direction)

(non-sig) B SE F Vi
Intercept 2.7208 0.079 34.036 <.001%
Area -0.0005 0.0002 -2.189 .029%
Direction 0.0038 0.074 0.051 959
Stimulus type 0.0351 0.074 0.472 637

4.5.2.3 Response to centre region of C/S Brownian stimulus: Amplitude

Using amplitude in response to a Centre (C) (Part 1) stimulus and the
coherent centre of a C/S Brownian (Part 3) stimulus, a linear regression model
was calculated to predict the amplitude of the OKR using stimulus area, direction
of motion (N'T or TN), stimulus type (Centre or C/S Brownian) and task condi-
tion (with counting task or without counting task) as predictors. A significant
regression equation was found (F(4, 575) = 81.378, p < .001) with an adjusted R?
of .859. This model confirmed that presenting a Centre stimulus with no sur-
round motion (M = 8.751, SD = 1.206) rather than a C/S stimulus with Brown-
ian motion in the surround (M = 8.536, SD = 1.077) increased amplitude (f = -
0.2151). The results of this analysis are shown in Table 4.22, with group fits

corresponding to the data shown in Figure 4.33.
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Figure 4.33: N = 9. Amplitude in response to a Centre (Part 1) stimulus or the coherent
centre of a C/S Brownian (Part 3) stimulus during trials without the counting task (left)
and with the counting task (right). Data points indicate the mean amplitude obtained in
a single trial, with a horizontal jitter of up to 6 deg applied. The shaded area indicates
the 95% CI of the fitted function. Note that ‘no surround motion’ data includes P2, who

was replaced by P10 in ‘Brownian surround motion’ trials.

Table 4.22

Results of linear regression model to predict OKR amplitude in response
to the centre (Centre or C/S Brownian stimulus) based on four predictor

variables (stimulus area, stimulus type, motion direction and task condi-

tion)
B SE F P
Intercept 2.7820 0.091 30.606 <.001%
Area 0.0042 0.0002 17.447 < .001*
Direction 0.2746 0.077 3.586 < .001%
Stimulus type -0.2151 0.077 -2.809 .005%
Task condition -0.0455 0.077 -0.594 .553

Analyses were then carried out to assess amplitude in response to the
centre of a C/S stimulus using a counting task with Brownian motion or oppos-

ing motion in the surround. A linear regression model was calculated to predict
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the amplitude of the OKR in response to the centre of'a C/S stimulus using stim-
ulus area, direction of motion (NT or TN) and stimulus type (C/S Brownian or
C/S Opposing) as predictors. A significant regression equation was found (F{3,
287) = 50.618, p < .001) with an adjusted R? of .341. In this model, increasing
stimulus area increased amplitude (f = 0.0036, p < .001), but direction of motion
and stimulus type were not significant predictors of amplitude. The results of

this analysis are shown in Table 4.23.

Table 4.23

Results of linear regression model to predict OKR amplitude in response
to the centre (C/S Brownian or C/S Opposing stimulus) based on three

predictor variables (stimulus area, stimulus type and motion direction)

B SE F P
Intercept 2.56809 0.100 25.792 <.001%*
Area 0.0036 0.0003 12.153 <.001%
Direction 0.1487 0.093 1.255 111
Stimulus type 0.1167 0.093 1.599 210

4.5.2.4 Response to surround region of C/S Brownian stimulus: Gain

Similar analyses were carried out to assess responses to the surround
(Figure 4.34). A regression model was calculated to predict the gain of OKR us-
ing data obtained in response to the Surround (S) stimulus (Part 1) and in re-
sponse to the coherent surround of a C/S Brownian (Part 3) stimulus. As C/S
stimuli used a wider range of surround region areas compared to surround (Part
1) stimuli, only the shared stimulus area range was included in this model. Only

Part 1 trials using a stimulus velocity of 15 deg/s were included.

A linear regression model was calculated to predict gain in response to
the surround, using stimulus area, direction of motion, stimulus type (Figure
4.85) and counting task condition (Figure 4.35) as predictors. Interactions be-
tween stimulus type and stimulus area and between stimulus type and counting

task condition were also assessed. The results of this analysis are shown in Table
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Figure 4.34: Horizontal eye movement traces obtained from the same stimulus size and
direction from the same participant during C/S Brownian trials presenting coherent dot
motion to the surround. Traces show a response to motion drifting towards the left. The
upper trace shows a trial that did not use the counting task while the lower trace shows

a trial that did use the counting task. Blink locations are indicated by vertical blue bars.

4.24. A significant regression equation was found (F{(6, 3569) = 82.17, p < .001)
with an adjusted R? of .576. In this model, all predictors with the exception of
direction of motion were found to significantly predict gain, with stimulus type
forming the largest contribution (B = -0.5376). The model confirmed that
Brownian motion in the centre reduced gain. T-tests were carried out to assess
the interactions. The impact of the counting task on gain was found to be larger
during Surround (S) stimuli (#89) = 2.447, p = .016). The analysis of Part 1

showed that the Surround (S) stimulus at a speed of 15 deg/s was associated with
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a significant decrease in gain as the area of the stimulus was increased; this anal-
ysis was repeated on C/S Brownian data, using only the shared stimulus area
range, finding that stimulus area did not significantly predict gain ( = 0.0001,

p=.213) (F(8, 179) = 82.155, p < .001, adjusted R? = .343).

Data from the two C/S conditions (C/S Opposing and C/S Brownian)
were then modelled to assess whether the type of motion in the centre impacted
the OKR. The full stimulus area range was used. As C/S Opposing stimuli used
the counting task during every trial, only C/S Brownian trials including the
counting task were used. A linear regression model was calculated to predict the
gain of OKR, using stimulus area, direction of motion (TN or N'T) and stimulus
type (C/S Opposing or C/S Brownian) as predictors. The resulting regression
equation was not significant (F{3, 287) = 1.069, p = .362). Individual data corre-

sponding to that used in this analysis are shown in Figure 4.36.
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Figure 4.35: N = 9. Gain obtained in response to a Surround (Part 1) stimulus (red) or
the coherent surround of a C/S Brownian (Part 8) stimulus in trials using the counting
task (right) and trials without the counting task (left). Individual data points represent
the mean gain obtained in a single trial, with a horizontal jitter of up to 6 deg applied.
The shaded area indicates the 95% CI of the fitted function. No centre motion” data

includes P2, who was replaced by P10 in the ‘Brownian centre motion’ data.
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Table 4..24.

Results of linear regression model to predict OKR gain in response to the
surround (Surround or C/S Brownian stimulus) based on four predictor var-

iables (stimulus area, stimulus type, motion direction and task condition)

B SE F b
Intercept 0.5255 0.068 7.755 <.001%*
Area -0.0001 0.0001 -4.310 <.001%
Direction 0.0169 0.013 1.812 .190
Stimulus type -0.5376 0.095 -5.636 <.001%*
Task condition 0.2126 0.018 11.632 <.001%*
Stimulus Type*Area  0.0007 0.0002 3.808 <.001%*
Stimulus Type*Task  -0.0597 0.026 -2.309 021%*
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Figure 4.36: Mean gain obtained in response to the surround region of a C/S stimulus
with opposing motion in the centre (red) and with Brownian motion in the centre (blue)
during trials presenting the counting task to the surround. Each individual data point
represents the mean gain obtained during a single trial; the shaded area indicates the
95% CI of the fitted function. Not shown are P2 and P10, as they did not participate in

C/S Brownian and C/S Opposing trials, respectively.
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4.5.2.5 Response to surround region of C/S Brownian stimulus: Frequency
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Figure 4.37: N = 9. Frequency in response to a surround stimulus with no motion in the
centre (Surround (S), Part 1) (red) and with Brownian motion in the centre (Part 8) (blue)
during trials that did use the counting task (right) and trials that did not use the count-
ing task (left). Data points indicate the mean frequency obtained in a single trial, with a
horizontal jitter of up to 6 deg applied. The shaded area indicates the 95% CI of the fitted
function. ‘No centre motion’ data included P2, who was replaced by P10 during ‘Brown-

lan centre motion’ trials.

These analyses were then repeated to investigate the contribution of dif-
terent parameters towards the frequency of the OKR. A linear model was calcu-
lated to predict the frequency of OKR in response to the surround region of a
stimulus with no motion in the centre (Surround (S) stimulus, Part 1) and with
Brownian motion in the centre (C/S Brownian, Part 3) (Figure 4.37) using stim-
ulus area, direction of motion (NT or TN), stimulus type (Surround or C/S
Brownian) and counting task condition (with or without task) as predictors (Ta-
ble 4.25). Interactions between stimulus type and stimulus area and between
stimulus type and counting task condition were also assessed. Again, only the

range of stimulus areas shared by both stimuli were included in the analysis. A
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significant regression equation was found (F(6, 359) = 21.967, p < .001) with an
adjusted R? of .259.

Table 4.25

Results of linear regression model to predict OKR frequency in response to
the surround (Surround or C/S Brownian stimulus) based on four predictor

variables (stimulus area, stimulus type, motion direction and task condi-

tion)
B SE F p

Intercept 1.5556 0.374 4.163 <.001*
Area -0.0009 0.001 -1.194 .233
Direction -0.0250 0.071 -0.351 7126
Stimulus type -1.6834 0.526 -3.200 001%
Task condition 0.5011 0.101 4.971 <.001%
Stimulus Type*Area 0.0022 0.001 2.041 .041%
Stimulus Type*Task 0.0011 0.142 0.008 994

Table 4.26

Results of linear regression model to predict OKR frequency in response to
the surround (C/S Brownian or C/S Opposing stimulus) based on three pre-

dictor variables (stimulus area, stimulus type and motion direction)

B SE F b
Intercept 0.8635 0.099 3.659 <.001%
Area 0.0002 0.0002 1.071 285
Direction -0.0545 0.068 -0.796 427
Stimulus type 0.5496 0.068 8.022 <.001*

In this model, stimulus type and counting task condition both signifi-
cantly predicted frequency, and there was a significant interaction between stim-
ulus type and stimulus area. Frequency was significantly increased by the use of
the counting task (f = 0.5011, p <.001). T-tests were used to assess the interac-

tion between stimulus type and area, finding that the effect of stimulus area on
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frequency was only significant during C/S Brownian stimuli (£35) = 2.669, p =

011).

Analyses then turned to assessing whether the type of motion in the cen-
tre region of a C/S stimulus significantly predicted frequency of OKR. A linear
regression model was calculated to predict the frequency of the OKR using stim-
ulus area, stimulus type (C/S Opposing or C/S Brownian) and direction of mo-
tion (N'T or TN) as predictors. The model used the full stimulus area range, and
only included trials that used the counting task. The results of this analysis are
shown in Table 4.26. A significant regression equation was found (F(3, 287) =
22.042, p < .001) with an adjusted R? of .180. In this model, only stimulus type

significantly predicted OKR frequency (B = 0.5496), indicating that frequency
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Figure 4.38: Frequency obtained in response to the surround region of C/S stimuli with
the counting task presented to the surround and opposing motion in the centre (C/S
Opposing, Part 2) (red) or Brownian motion in the centre (C/S Brownian, Part 3) (blue)
in eight participants. Individual data points represent the frequency obtained in that
trial; the shaded area indicates the 95% CI of the fitted function. Participant numbers
are displayed in the upper left corner of each plot. Not shown are P2 and P10 as they
did not participate in C/S Brownian and C/S Opposing trials, respectively.
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was higher when motion in the centre was Brownian (M = 0.971, SD = 0.581)
rather than opposing (M = 0.421, SD = 0.582). Individual data showing fre-

quency in response to C/S stimuli are displayed in Figure 4.38.

4.5.2.6 Response to surround region of C/S Brownian stimulus: Amplitude

Finally, slow phase amplitude in response to the surround region of the
stimulus was investigated (Figure 4.39). Using amplitude in response to the Sur-
round (S) (Part 1) stimulus and amplitude in response to the coherent surround
of a C/S Brownian (Part 3) stimulus, a linear regression model (F(6, 340) =
76.407, p < .001) with an adjusted R? of .571 confirmed that amplitude was de-
creased by the presence of Brownian motion in the surround ( = -2.9208, p <
.001) (Table 4.27). There was an interaction between stimulus type and area. In
the Part 1 results section, a regression model of the response to the surround
tound that during presentation of Surround (S) stimuli, increasing area was as-
sociated with a decrease in amplitude (Table 4.8). However, when examining just
C/S Brownian stimuli, stimulus area did not significantly predict the amplitude
of the OKR in response to the surround (B = -0.0001, p = .800) (F(3, 179) =
34.370, p < .001, adjusted R? = .359). An interaction between stimulus type and
task was also examined, finding a significantly larger effect of the task in re-

sponse to the Surround stimulus (#89) = 6.437, p < .001).

Table 4.27

Results of linear regression model to predict OKR amplitude in response
to the surround (Surround or C/S Brownian stimulus) based on four pre-

dictor variables (stimulus area, stimulus type, motion direction and task

condition)
B SE F b
Intercept 3.0988 0.374 8.274 <.001%
Area -0.0044 0.001 -5.802 <.001*
Direction 0.1567 0.071 2.194 .029%
Stimulus type -2.9208 0.527 -5.540 <.001%*
Task condition 1.2111 0.101 11.988 <.001%
Stimulus Type*Area 0.004:3 0.001 4.005 <.001*
Stimulus Type*Task -0.6541 0.143 -4.579 <.001%
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Investigating the effect of motion type, data from both C/S (Brownian
and Opposing) stimuli were used in a linear regression model to predict the am-
plitude of OKR using stimulus area, direction of motion and stimulus type as

predictors. The resulting model was not significant (F(3, 287) = 1.485, p = .219).
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Figure 4.39: N = 9. Amplitude obtained in response to a Surround (Part 1) stimulus (red)
or a C/S Brownian stimulus (Part 8) (blue). Data points indicate mean amplitude in a
single trial, with a horizontal jitter of 6 deg applied. The shaded area indicates the 95%
CI of the fitted function. Note that Part 1 (red) data includes P2, who is replaced by P10
in Part 3 (blue).

Part 3: Summary of key findings

|  Again, increasing surround stimulus area did not increase gain in response
to the periphery

| The impact of Brownian motion on OKR measures was comparable to that
of opposing motion

| Attention to the surround was not required to generate a peripheral OKR in
the presence of incongruent central motion

|  OKR measures were again enhanced by attending to the stimulus
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4.6 Individual analyses

To address concerns of individual differences in performance across con-
ditions, further analysis was conducted at the individual level. Regression anal-
yses were repeated on individual participants to assess the consistency of the ob-
served eftects across individuals. Such analyses only included participants who
completed all three parts of the experiment (i.e. participants P2 and P10 were

not included).

4.6.1 Gain in response to centre and surround stimulus regions

First, responses to centre and surround regions of stimuli were modelled
separately to investigate the extent to which stimulus area and counting task
condition impacted each participant in response to central or peripheral stimuli.
As gain forms the most objective variable by providing a measure of tracking
‘quality’ and is the variable of primary interest in these experiments, only gain

was considered in this analysis.

Linear regression models were calculated for participants P1, P3, P4, P5,
P6, P7, P8 and P9 using stimulus area, motion direction and counting task con-
dition as predictors of OKR gain in response to a centre stimulus (Centre (C) or
central region of C/S stimulus). Significant regression equations were found in
the prediction of gain in response to the centre for all participants (P1: (F(3, 83)
=30.051, p<.001, adjusted R? = .512); P3: (F(3, 83) = 57.011, p <.001, adjusted
R? = .669); P4: (F(8, 83) = 27.461, p < .001, adjusted R? = .489); P5: (F(3, 83) =
44.468, p < .001, adjusted R? = .611); P6: (F(3, 83) = 27.398, p < .001, adjusted
R? = .400); P7: (F(3, 83) = 87.873, p < .001, adjusted R? = .482); P8: (F(3, 83) =
83.681, p < .001, adjusted R? = .452); P9: (F(3, 83) = 23.913, p < .001, adjusted
R? = .366)). The results of these analyses are summarised in Table 4.28. Results
showed that increasing the area of a central stimulus and using the counting task
significantly increased OKR gain in every participant. Motion direction signifi-
cantly predicted gain in five participants, all of whom showed a preference for
motion in the temporonasal direction (leftward motion, right eye recorded: P3,

P4, P7, P9; rightward motion, left eye recorded: P5).
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Table 4.28

Results of linear regression models to predict OKR gain in response to cen-
tral (Centre (C) or central region of C/S) stimuli in eight individual partic-
ipants using stimulus area, motion direction and task condition as predic-

tor variables.

P1 Gain B SE F b
Intercept 0.7267 0.026 28.194 <.001*
Area 0.0006 0.0006 8.964 <.001%
Direction 0.0142 0.023 0.626 .533
Task 0.0751 0.023 3.245 .002%

P3 Gain B SE F J.
Intercept 0.5546 0.025 21.969 <.001%
Area 0.0007 0.0001 11.179 < .001%
Direction 0.1185 0.022 5.824 <.001%
Task 0.1004 0.023 4.428 <.001%

P4 Gain B SE F b
Intercept 0.6481 0.029 22.530 <.001%
Area 0.0005 0.0001 7.104 <.001%
Direction 0.0835 0.025 3.292 .001%
Task 0.1222 0.026 4.729 <.001%

P5 Gain B SE F P
Intercept 0.5223 0.032 16.079 <.001%
Area 0.0007 0.0001 8.846 <.001%
Direction -0.0806 0.029 -2.814 .006%*
Task 0.2056 0.029 7.046 <.001%

P6 Gain B SE F b
Intercept 0.6827 0.084 19.837 < .001%
Area 0.0007 0.0001 8.461 < .001%
Direction -0.0584 0.081 -1.895 .061
Task 0.0873 0.081 2.805 .006%*

P7 Gain B SE F P
Intercept 0.5329 0.029 18.177 < .001%
Area 0.0007 0.0001 9.718 <.001%
Direction 0.0993 0.026 3.778 <.001%
Task 0.0641 0.026 2.416 .017%

P8 Gain B SE F P
Intercept 0.5153 0.036 14.166 <.001%
Area 0.0008 0.0001 8.896 <.001%
Direction 0.0832 0.0383 1.019 .310
Task 0.1557 0.033 4.732 <.001%

P9 Gain B SE F P
Intercept 0.4185 0.042 10.066 <.001*
Area 0.0007 0.0001 7.190 < .001%
Direction 0.1162 0.087 3.120 .002%
Task 0.1257 0.038 3.843 .001%
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Table 4.29

Results of linear regression models to predict OKR gain in response to sur-

round (Surround (S) or surround region of C/ S) stimuli in eight individual

participants using stimulus area, motion direction and task condition as

predictor variables.

P1 Gain B SE F P
Intercept -0.0257 0.078 -0.330 748
Area 0.0005 0.0002 3.247 .002%*
Direction -0.0328 0.046 -0.713 479
Task 0.0761 0.047 1.603 113

P3 Gain B SE F p
Intercept 0.0296 0.067 0.438 .663
Area 0.0003 0.0001 1.886 .064
Direction 0.0235 0.040 0.589 557
Task 0.0912 0.041 2.224 .030%*

P4 Gain B SE F b
Intercept 0.0449 0.053 0.854 .396
Area -0.000001 0.0001 -0.007 .995
Direction 0.0441 0.031 1.420 .160
Task 0.2097 0.032 6.559 <.001%

P5 Gain B SE F P
Intercept 0.1479 0.066 2.250 .028%
Area 0.00004 0.0001 0.368 T14
Direction -0.0878 0.039 -0.974 334
Task 0.3269 0.040 8.176 < .001*

P6 Gain B SE F b
Intercept 0.0777 0.045 1.744 .085
Area 0.0001 0.0001 0.778 439
Direction -0.0654 0.024 -2.686 .009*
Task 0.0571 0.025 2.298 .024*

P7 Gain B SE F P
Intercept 0.0160 0.051 0.314 155
Area 0.0001 0.0001 1.438 154
Direction 0.0478 0.028 1.709 .091
Task 0.3052 0.029 10.706 <.001%

P8 Gain B SE F p
Intercept 0.1624 0.045 3.633 <.001*
Area -0.00003 0.0001 -0.397 .692
Direction -0.0329 0.024 -1.348 .181
Task 0.0610 0.025 2.450 .016%*

P9 Gain B SE F p
Intercept 0.1005 0.061 1.647 .103
Area 0.0001 0.0001 0.941 .350
Direction 0.0370 0.033 1.108 271
Task 0.1287 0.034 3.783 <.001%*

190



This analysis was then repeated to examine gain in response to surround
(Surround (S) or surround region of C/S) stimuli. Linear regression models were
calculated for participants P1, P3, P4, P5, P6, P7, P8 and P9 using stimulus area,
motion direction and counting task condition as predictors of OKR gain. Signif-
icant regression equations were found for all participants (P1: (F(3, 67) = 4.367,
p=.007, adjusted R? = .131); P3: (F{(3, 67) = 2.810, p = .046, adjusted R? = .075);
P4: (F(8, 67) = 15.056, p < .001, adjusted R? = .386); P5: (F(3, 67) = 22.599, p <
.001, adjusted R? = .492); P6: (F(3, 67) = 4.296, p = .007, adjusted R? = .102); P7:
(F(8,67) = 89.353, p < .001, adjusted R? = .569); P8: (I(3, 67) = 2.713, p = .050,
adjusted R? = .056); P9: (F(3, 67) = 5.338, p = .002, adjusted R? = .130)). The
results of these analyses are summarised in Table 4.29. In line with group anal-
yses presented in this chapter, stimulus area was not found to significantly pre-
dict OKR gain in response to a surround stimulus in the majority of participants:
only one participant (P1) showed a significant effect of stimulus area on gain,
with increasing stimulus area causing an increase in gain. The counting task was
found to significantly increase gain in response to a surround stimulus in all but
one (P1) participant. Stimulus motion direction did not significantly predict OKR

in response to a surround stimulus.

4.6.2 Overall models for individuals

Regression models were calculated for each participant to predict the
gain, frequency and amplitude of the OKR. Data from all three parts of the ex-
periment were entered into these models. Only participants that completed all
three parts of the experiment were thus included (i.e. participants P2 and P10
were not included). Stimulus area, stimulus region driving the response (centre
or surround), motion direction (leftward or rightward) and counting task condi-
tion were used as predictors. For participants who repeated some conditions at
30 deg/s (Part 1: P6, P7, P8 and P9), stimulus velocity was also included as a

predictor.

Significant regression equations were found in the prediction of OKR
gain (F(4, 167) = 154.530, p < .001, adjusted R? = .786), frequency (F(4, 167) =
70.011, p <.001, adjusted R? = .623) and amplitude (F(4, 167) = 95.640, p < .001,

adjusted R? = .694) for P1 (Table 4.30). These models show that increasing the
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area of the stimulus significantly increased the gain and amplitude of the OKR,
whereas responses to central stimuli compared to surround stimuli were signifi-
cantly higher for all three OKR measures. In this participant, only the gain of the
ORR was significantly impacted by the counting task, with the task increasing

gain.

Table 4.30

Results of linear regression models to predict OKR gain, frequency and
amplitude in P1 using stimulus area, region, motion direction and counting

task condition as predictors

P1 Gain B SE F p
Intercept -0.0516 0.047 -1.089 .278
Area 0.0006 0.0001 7.499 <.001%
Stim region 0.7775 0.033 23.866 <.001*
Direction -0.0092 0.027 -0.336 738
Task 0.0738 0.028 2.649 .009%*
P1 Frequency B SE F P
Intercept 0.7215 0.192 8.752 <.001*
Area 0.0003 0.0003 0.791 473
Stim region 1.8977 0.132 14,344 < .001*
Direction -0.1066 0.111 -0.960 .338
Task 0.1540 0.113 1.361 175
P1 Amplitude B SE F J
Intercept -0.7669 0.271 -2.827 .005%
Area 0.0044 0.0005 8.847 <.001*
Stim region 3.6227 0.187 19.406 <.001%*
Direction 0.0957 0.157 0.612 542
Task 0.2489 0.160 1.560 121

Significant regression equations were also found for P3 in the prediction
of OKR gain (F(4, 167) = 140.970, p < .001, adjusted R? = .770), frequency ({4,
167) = 52.647, p < .001, adjusted R? = .553) and amplitude (F(4, 167) = 93.559,
p < .001, adjusted R? = .689) (Table 4.31). Again, increasing stimulus area was
found to significantly increase both the gain and amplitude of the OKR whereas
all three measures were significantly increased by responding to a central rather
than surround stimulus region. This participant showed a preference for leftward

(TN) motion, with gain and amplitude both significantly increased by motion in
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this direction. Finally, only the gain was significantly increased by using the

counting task.

Table 4.31

Results of linear regression models to predict OKR gain, frequency and
amplitude in P3 using stimulus area, region, motion direction and counting

task condition as predictors

P3 Gain B SE F p
Intercept -0.1012 0.045 -2.252 .026%
Area 0.0006 0.0001 7.923 <.001%
Stim region 0.7045 0.031 22.783 <.001%
Direction 0.0827 0.026 3.190 .002*
Task 0.0739 0.026 2.796 .006%*
P3 Frequency B SE r P
Intercept 0.6101 0.191 3.187 .002%
Area 0.0002 0.0003 0.708 480
Stim region 1.6288 0.182 12.367 <.001%*
Direction 0.2018 0.110 1.827 .070
Task 0.1848 0.113 1.641 .103
P3 Amplitude B SE F P
Intercept -0.6624 0.238 -2.782 .006*
Area 0.0037 0.0004 8.461 <.001*
Stim region 3.1169 0.164 19.027 <.001*
Direction 0.3153 0.137 2.295 .023%
Task 0.2407 0.140 1.718 .088

Significant regression equations were also found in the prediction of gain
(F(4, 167) = 174.260, p < .001, adjusted R? = .806), frequency (F(4, 167) =
120.560, p < .001, adjusted R? = .741) and amplitude (F(4, 167) = 98.045, p <
.001, adjusted R? = .699) in P4 (Table 4.32). Again, increasing stimulus area sig-
nificantly increased both the gain and the amplitude whereas responding to a
centre region as opposed to a surround region was associated with increases in
all three OKR measures. This participant showed significantly higher gain and
amplitude in response to leftward (TN) motion. Use of the counting task signif-

icantly increased all three OKR measures.
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Table 4.32

Results of linear regression models to predict OKR gain, frequency and
amplitude in P4 using stimulus area, region, motion direction and counting

task condition as predictors

P4 Gain B SE F b
Intercept -0.0524 0.043 -1.208 .229
Area 0.0004 0.0001 5.388 <.001*
Stim region 0.7164 0.030 24.011 <.001*
Direction 0.0674 0.030 2.693 .008%*
Task 0.1436 0.025 5.629 < .001%
P4 Frequency B SE F b
Intercept 0.4030 0.115 3.500 <.001*
Area 0.0003 0.0002 1.462 .146
Stim region 1.4899 0.079 18.805 <.001%*
Direction 0.0708 0.066 1.066 .288
Task 0.2897 0.068 4.277 <.001%
P4 Amplitude B SE F p
Intercept -0.2098 0.297 -0.705 482
Area 0.0027 0.0005 4.950 <.001%*
Stim region 8.7758 0.205 18.457 <.001*
Direction 0.3863 0.172 2.252 .026%*
Task 0.5741 0.175 3.282 .001*

Table 4.33

Results of linear regression models to predict OKR gain, frequency and
amplitude in P5 using stimulus area, region, motion direction and counting

task condition as predictors

P5 Gain B SE F p
Intercept 0.0161 0.043 0.377 707
Area 0.0005 0.0001 6.396 <.001*
Stim region 0.5029 0.029 17.102 <.001%*
Direction -0.0594 0.025 -2.409 017*
Task 0.2791 0.025 11.099 < .001%
P5 Frequency B SE F P
Intercept 1.8635 0.168 8.116 <.001%
Area 0.0003 0.0003 1.020 .309
Stim region 0.9297 0.116 8.043 <.001%
Direction -0.0464 0.097 -0.479 .633
Task 0.56568 0.099 5.633 <.001*
P5 Amplitude B SE r P
Intercept -0.0906 0.252 -0.360 719
Area 0.0028 0.0005 6.218 <.001*
Stim region 2.2952 0.173 13.250 <.001%
Direction -0.2990 0.145 -2.059 041%
Task 1.0199 0.148 6.886 < .001*
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Table 4.33 presents the results of significant regression models assessing
the prediction of gain (F{4, 167) = 106.860, p < .001, adjusted R? = .717), fre-
quency (F(4, 167) = 28.065, p < .001, adjusted R? = .393) and amplitude (F(4,
167) = 56.224, p < .001, adjusted R? = .569) in P5. As in previous participants,
increasing stimulus area significantly increased the gain and amplitude of the
OKR whereas responding to a centre region instead of a surround region was
associated with significant increases in all three OKR measures. This participant
showed significant higher gain and amplitude in response to rightward (TN) mo-
tion, and the counting task caused a significant increase in all three OKR

measures.

Table 4.34

Results of linear regression models to predict OKR gain, frequency and
amplitude in P6 using stimulus area, region, motion direction, counting

task condition and motion velocity as predictors

P6 Gain B SE F »
Intercept 0.0873 0.042 0.883 .378
Area 0.0005 0.0001 9.501 <.001*
Stim region 0.8841 0.023 38.097 <.001*
Direction -0.0614 0.012 -3.125 .002%
Task 0.0658 0.020 3.293 .001%
Velocity -0.0098 0.002 -6.535 <.001*
P6 Frequency B SE F P
Intercept 0.3564% 0.133 2.678 .008%
Area -0.0001 0.0002 -0.368 713
Stim region 2.1789 0.073 29.814 <.001%*
Direction -0.2053 0.062 -3.318 .001%
Task 0.3648 0.063 5.7197 <.001*
Velocity -0.0070 0.005 -1.485 139
P6 Amplitude B SE r p
Intercept -2.9003 0.372 -7.802 <.001*
Area 0.0041 0.0005 7.597 <.001%*
Stim region 4.8409 0.204 23.707 <.001%*
Direction -0.2691 0.173 -1.557 121
Task -0.1981 0.176 -1.127 261
Velocity 0.1011 0.013 7.673 <.001*
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The remaining participants (P6, P7, P8 and P9) also completed Part 1
trials at a higher (30 deg/s) stimulus velocity, therefore velocity has been in-

cluded as a predictor in the following models.

Significant regression equations were found for P6 in the prediction of
gain (F(5, 207) = 321.610, p < .001, adjusted R? = .886), frequency (F(5, 207) =
251.840, p < .001, adjusted R? = .858) and amplitude (F(5, 207) = 141.790, p <
.001, adjusted R? = .773) of OKR (Table 4.34). In line with previous participants,
increasing the stimulus area led to a significant increase in both gain and ampli-
tude whereas responding to a centre rather than surround stimulus region in-
creased all three OKR measures. This participant showed significantly higher
gain and frequency in response to a rightward-drifting (NT) stimulus. The
counting task significantly increased both the gain and frequency of the OKR.
Increasing the stimulus velocity was associated with a significant decrease in

OKR gain and an increase in slow phase amplitude.

Table 4.35

Results of linear regression models to predict OKR gain, frequency and
amplitude in P7 using stimulus area, region, motion direction, counting

task condition and motion velocity as predictors

P7 Gain B SE F P
Intercept 0.0918 0.043 2.157 .032
Area 0.0006 0.0001 9.5637 <.001*
Stim region 0.6258 0.023 26.783 <.001%
Direction 0.0775 0.020 3.917 <.001*
Task 0.1555 0.020 7.730 < .001%
Velocity -0.0101 0.002 -6.680 < .001%
P7 Frequency B SE F b
Intercept -0.2466 0.157 -1.567 119
Area 0.0002 0.0002 1.079 282
Stim region 0.8673 0.086 10.085 <.001*
Direction 0.2904 0.073 3.968 <.001*
Task 0.3219 0.074 4.825 <.001*
Velocity 0.0365 0.006 6.535 <.001*
P7 Amplitude B SE F P
Intercept -2.2482 0.306 -7.887 <.001*
Area 0.0037 0.0004 8.449 <.001*
Stim region 3.6461 0.168 21.664 <.001*
Direction 0.3164 0.142 2.221 027%
Task 0.3900 0.145 2.691 .007*
Velocity 0.0709 0.011 6.529 < .001%
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Significant regression equations were found in the prediction of the gain
(F(5,207) = 164.860, p < .001, adjusted R? = .798), frequency (F(5, 207) = 41.607,
p < .001, adjusted R? = .495) and amplitude (F{5, 207) = 113.920, p < .001, ad-
justed R? = .732) of OKR in P7 (Table 4.35). Increasing stimulus area signifi-
cantly increased the gain and amplitude of the OKR, whereas responding to a
centre rather than surround region significantly increased all three OKR
measures. This participant showed a significant preference for leftward (TN) mo-
tion, with significantly higher gain, frequency and amplitude in this direction.
Increasing the velocity of the stimulus significantly decreased the gain and in-
creased the frequency and amplitude. Finally, the counting task significantly in-

creased all three OKR measures.

Table 4.36

Results of linear regression models to predict OKR gain, frequency and
amplitude in P8 using stimulus area, region, motion direction, counting

task condition and motion velocity as predictors

P8 Gain B SE F p
Intercept 0.0737 0.044 1.682 094
Area 0.0006 0.0001 9.799 < .001%
Stim region 0.7721 0.024 32.088 < .001%
Direction 0.0052 0.020 0.257 .798
Task 0.1047 0.021 5.056 <.001%
Velocity -0.0125 0.002 -8.060 <.001%*
P8 Frequency B SE F p
Intercept 0.3598 0.153 2.224 .027%
Area 0.0008 0.0002 3.780 < .001%*
Stim region 2.0179 0.084 24.042 <.001%*
Direction -0.3649 0.071 -5.185 < .001%*
Task 0.4643 0.072 6.424 < .001%*
Velocity 0.0041 0.005 0.764 446
P8 Amplitude B SE F P
Intercept -1.9816 0.853 -5.616 <.001*
Area 0.0042 0.001 8.238 <.001%*
Stim region 3.9517 0.194 20.388 <.001*
Direction 0.3303 0.164 2.013 .045%
Task -0.0602 0.167 -0.361 719
Velocity 0.0511 0.013 4.083 < .001%
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Table 4.36 presents the results of significant regression models predict-
ing the gain (F{(5, 207) = 226.200, p < .001, adjusted R? = .845), frequency (F{5,
207) = 148.860, p < .001, adjusted R? = .781) and amplitude (F(5, 207) = 94.352,
p < .001, adjusted R? = .693) of OKR for P8. In this participant, increasing the
stimulus area significantly increased the gain, frequency and amplitude of the
OKR. Responding the centre rather than to the surround also significantly in-
creased all three measures. The counting task significantly increased the gain
and the frequency. Increasing the stimulus velocity reduced the gain but in-
creased the amplitude and frequency of the OKR. This participant did not show
a preference for either motion direction in terms of gain, however, leftward (TN)
motion produced an OKR with a lower beat frequency and a higher slow phase

amplitude.

Table 4.37

Results of linear regression models to predict OKR gain, frequency and
amplitude in P9 using stimulus area, region, motion direction, counting

task condition and motion velocity as predictors

P9 Gain B SE F P
Intercept 0.2027 0.044 4.568 <.001*
Area 0.0006 0.0001 10.083 <.001%
Stim region 0.6208 0.024 25.478 <.001%
Direction 0.0827 0.021 4.008 <.001%
Task 0.1080 0.021 5.147 <.001%
Velocity -0.0182 0.002 -11.564 <.001%
P9 Frequency B SE F P
Intercept 0.2214 0.207 1.070 .286
Area 0.0010 0.0003 3.250 .001%
Stim region 1.4642 0.114 12.883 <.001%*
Direction 0.1543 0.096 1.604 110
Task 0.7009 0.098 7.161 <.001%*
Velocity 0.0135 0.007 1.841 .067
P9 Amplitude B SE F p
Intercept -0.9769 0.286 -3.416 <.001%
Area 0.0037 0.0004: 8.930 <.001%
Stim region 2.6796 0.157 17.058 < .001%
Direction 0.4239 0.133 3.187 .002%
Task 0.1583 0.135 1.171 243
Velocity 0.0048 0.010 0.475 635
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Finally, significant regression equations were found for P9 in the predic-
tion of OKR gain (F(5, 207) = 155.920, p < .001, adjusted R? = .789), frequency
(F(5, 207) = 47.529, p < .001, adjusted R? = .529) and amplitude (F(5, 207) =
61.723, p < .001, adjusted R? = .595) (Table 4.37). Increasing stimulus area once
again increased the gain and amplitude of the OKR, in addition to the frequency,
whereas responding to a central stimulus instead of a surround stimulus signifi-
cantly increased all three OKR measures. This participant showed a significant
effect of motion direction, with higher gain and amplitude in response to leftward
(TN) motion. Increasing stimulus velocity decreased the gain, but not the ampli-
tude or frequency, whereas the counting task significantly increased the gain and

trequency, but not the amplitude.

4.6.3 Impact of incongruent motion

To investigate the impact of incongruent (opposing or Brownian) motion
at the individual level, further regression models were calculated to test whether
the presence of incongruent motion in the surround impacted responses to the
centre, and whether the presence of incongruent centre motion impacted re-
sponses to the surround, in each participant that completed all three parts of the
experiment. This involved calculating models for the response to the centre,
which assessed whether stimulus type (Centre (C), C/S Opposing and C/S
Brownian) impacted the gain of the OKR. Similar models were then calculated

to assess effects of central motion in response to the surround.

Regression modelling carried out separately on the central OKR gain of
P1 (F(8, 47) = 16.0038, p < .001, adjusted R? = .489), P3 (F(3, 47) = 15.964, p <
.001, adjusted R? = .489), P4 (F(3, 47) = 10.204, p < .001, adjusted R? = .370),
P5 (F(8, 47) = 14.154, p < .001, adjusted R? = .456), P6 (F(3, 47) = 20.931, p <
.001, adjusted R? = .560), P7 (F(3, 47) = 12.790, p < .001, adjusted R? = .429),
P8 (F(8, 47) = 11.206, p < .001, adjusted R? = .394) and P9 (F(3, 47) = 23.994, p
<.001, adjusted R? = .595) revealed that the presence of opposing motion in the
surround significantly reduced the gain in response to the centre only in P5 (8 =
-0.105, p = .015), whereas the presence of Brownian motion in the surround sig-
nificantly reduced gain in response to the centre in P5 (f = -0.146, p = .001) and
P9 (B =-0.160, p < .001).
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Regression modelling carried out separately on the gain of OKR in re-
sponse to the surround in P1 (F(3, 29) = 35.197, p < .001, adjusted R? = .780),
P3 (F(3, 29) = 21.847, p < .001, adjusted R? = .683), P4 (F(3, 29) = 18.051, p <
001, adjusted R? = .555), P5 (F(3, 29) = 19.894, p < .001, adjusted R? = .662),
P6 (F(3, 29) = 85.076, p < .001, adjusted R? = .779), P7 (F(3, 29) = 4.413, p =.012,
adjusted R? = .261), P8 (F(3, 29) = 10.395, p < .001, adjusted R? = .493) and P9
(F(8, 29) = 79.309, p < .001, adjusted R? = .890) revealed that the presence of
opposing motion in the centre significantly reduced gain in response to the sur-
round in P1 (B = -0.222 p < .001), P3 (B =-0.358 p < .001), P4 (B = -0.208 p <
.001), P6 (B =-0.305 p<.001), P7 (B =-0.126 p = .044), P8 (B =-0.197 p < .001)
and P9 (B = -0.519 p < .001), whereas the presence of Brownian motion in the
centre significantly reduced surround gain in P1 (f = -0.402 p < .001), P3 (B =-
0.253 p<.001), P4 (B =-0.277 p <.001), P5 (f =-0.329 p < .001), P6 (B =-0.219
p<.001), P7 (B =-0.216 p=.001), P8 (B =-0.117 p = .010) and P9 (B = -0.333

P <.001).

4.6.4 Summary of consistent effects across individuals

The above models showcase the consistency of certain effects across par-
ticipants. As shown in Table 4.28, responses to central stimuli were characterised
by a consistent effect of stimulus area on gain. An increase in stimulus area
yielded an increase in gain in every participant, with B-coefficients ranging from
0.0005 to 0.0008. Increasing attention to the stimulus by using the counting task
also significantly increased gain in every participant, with B-coefficients ranging
from 0.0641 to 0.2056. Adjusted R? values showed moderate strength of the mod-
els, with values ranging from .866 to .669, suggesting that the models were able
to account for 36.6-66.9% of the variability in OKR gain in response to central
stimuli, depending on participant. This highlights that, while there are individual
differences in performance, the observed patterns show high consistency across

individuals.

Models examining gain in response to surround stimuli (Table 4.29) were
weaker and showed more variability when compared with models for central

stimuli, with adjusted R? values ranging from .056 to .569, indicating that these
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models accounted for 5.6-56.9% of the variability in gain in response to a sur-
round stimulus, depending on participant. This highlights greater individual dif-
terences in performance when compared to OKR in response to central stimuli.
Despite this, the observed patterns remain consistent: increasing stimulus area
does not significantly increase gain in response to a surround stimulus, whereas
using the counting task does increase gain. Only one participant (P1) was an

outlier in these effects.

When examining the gain, frequency and amplitude across the whole ex-
periment for each participant, consistencies in patterns once again emerged.
Models were moderate to strong, with adjusted R? values ranging from .393 to
.886, indicating that the models are able to account for 389.3-88.6% of the varia-
bility in gain, frequency or amplitude of the OKR. Models predicting gain pro-
duced the highest adjusted R? values, with a mean of .800 (range: .717 to .886);
this was followed by models predicting amplitude, with a mean adjusted R? of
701 (range: .569 to .736); models predicting OKR frequency produced the lowest
adjusted R? values, with a mean of .663 (range: .393 to .858) Every participant
showed a pattern whereby increasing stimulus area increased the gain and am-
plitude, but not the frequency, of the OKR. Stimulus region (centre vs surround)
was shown to significantly affect all three measures, with central stimuli produc-
ing significantly higher gain, frequency and amplitude. The counting task in-
creased gain in all participants, whereas its effects on frequency and amplitude
were more varied. All but two participants showed a significant increase in fre-
quency as a result of the counting task, whereas the counting task increased OKR
slow phase amplitude in three participants. In the four participants who com-
pleted Part 1 conditions at a higher (30 deg/s) velocity, this higher stimulus ve-
locity was associated with reduced OKR gain in all four participants and in-
creased slow phase amplitude in three (P6, P7, P8) participants, whereas fre-
quency was only affected by stimulus velocity in P7, with higher velocity causing
higher OKR beat frequency. Stimulus motion direction produced variable eftects,
with P1 showing no effect, P6 showing higher gain in the nasotemporal direc-
tion, and P3, P4, P5, P7 and P9 showing higher gain in the temporonasal direc-
tion. P6 and P8 had higher N'T frequency whereas P7 had higher TN frequency.
P3, P4, P5, P7, P8 and P9 all exhibited higher TN slow phase amplitude.
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The impact of incongruent motion in the complementary region of the
C/S stimulus on OKR gain was also assessed via individual regression models.
This showed that, in response to the centre, the majority of participants’ gain
was unaftected by the presence of incongruent motion in the surround, with only
P5 and P9 presenting exceptions. The impact of incongruent central motion in
response to the surround was found to be much more consistent, with gain being
significantly reduced in all participants during C/S stimuli compared to Sur-

round (S) stimuli.

4.7 General results

4.7.1 Eccentricity effects in OKR: The role of attention

One purpose of these experiments was to assess whether directing atten-
tion to the visual periphery is sufficient to raise the gain of the OKR to the level
of the centre; this would indicate that eccentricity effects seen in OKR may be a
consequence of attention. The results of Part 1 showed that the effect of the
counting task on gain was significantly larger in response to Surround (S) stimuli
than Centre (C) stimuli. However, this increase was not sufficient to raise gain in
response to the surround to the level of gain in response to the centre during any
of the presented stimulus configurations. Looking at trials in which a counting
task was used, gain in response to the centre (M = 0.855, SD = 0.198) remains
significantly higher than gain in response to the surround (M = 0.275, SD =

0.188) ({9388) = 45.614, p < .001).

4.7.2 Accuracy in the counting task

Analysis was carried out to assess whether the proportion of trials in
which a correct response was provided to the counting task differed between
centre and surround presentation of the task, and whether gain, frequency and
amplitude of the OKR were affected by accuracy. Many participants reported dif-
ficulty in discriminating between certain pairs of colours during the counting

task, namely yellow and orange. For this reason, responses to the task were
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considered ‘correct’” when they were within one of the true answer (i.e. with five

colours presented, answers ranging from 4-6 were marked as correct).

Of the 522 trials that involved presentation of the counting task to a Cen-
tre (C) stimulus or to the centre region of a C/S Opposing or C/S Brownian
stimulus, an incorrect response was provided in just seven (1.34%) trials across
arange of participants and stimulus configurations. Considering the low number
of trials in which an incorrect response was provided, it is not possible to accu-
rately assess whether this was associated with lower gain, frequency or ampli-

tude compared to trials in which a correct response was provided.

Of the 418 trials that involved presentation of the counting task to a Sur-
round (S) stimulus or to the surround region of a C/S Opposing or C/S Brownian
stimulus, an incorrect response was provided in 33 (7.89%) trials. Of these trials,
only two involved presentation of a C/S Opposing stimulus, nine involved
presentation of a Surround (S) stimulus, and the remaining 22 involved presen-
tation of a C/S Brownian stimulus. Despite an incorrect response to the counting
task, OKR in response to the surround still occurred in 31 (93.94%) of the 33
trials. To assess whether correct responses were associated with differences in
gain, frequency or amplitude, t-tests were carried out. Only C/S Brownian stim-
uli presenting coherent motion to the surround were used, as these trials pre-
sented the highest rate of incorrect responses. No significant difference was
found in the gain ({142) = -0.815, p = .417), frequency ({(142) = -1.741, p = .083)
or amplitude (£(142) = -1.787, p = .076) of correct and incorrect C/S Brownian

trials.

4.8 Discussion

4.8.1 Effect of stimulus area in the centre and periphery

Previous work has consistently reported that increasing the area of a
stimulus is associated with higher OKR gain. Across all stimuli, this effect was
confirmed in response to central motion. However, this relationship between area
and gain was not reflected in the response to peripheral stimulation. In fact, Sur-
round (S) stimuli (Part 1) were associated with a decrease in gain as the area of

the stimulus increased. It seems likely that this effect results from the proximity
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of the edge of the central mask to the fovea; larger surround stimuli were created
by using a smaller central mask diameter, meaning that larger stimuli were less
eccentric. The mask may have created a stationary luminance edge which sup-
pressed gain (Howard & Gonzalez, 1987), despite the edge being blurred. C/S
stimuli lacked this edge by having a consistent density of moving dots across the
entire stimulus. In response to C/S Brownian stimuli, there was no relationship

between stimulated area and gain in response to the surround.

While van Die and Collewijn (1982) reported that progressively masking
the periphery does not impact gain as long as the centre remains stimulated,
analyses in Part 1 (Figure 4.5) showed that significant increases in gain occur
beyond a stimulus area of 283.53 deg? (radius = 9.5 deg) indicating that gain is
not at maximum until peripheral stimulation is included, particularly in response
to higher stimulus velocity. At a dot speed of 30 deg/s, gain obtained in response
to the largest stimulus tested (radius = 13.5 deg) with the counting task was
0.919 (SD = 0.074) and without the counting task was 0.792 (SD = 0.147),
demonstrating that slow phase velocity did not reach stimulus velocity even in
response to a 572.56 deg? stimulus. The stimulated area required to produce a
gain of ~1.0 may therefore depend on both the velocity of the stimulus and the
attentional state of the observer. It appears that stimulation of the periphery
plays an important role in determining the overall gain of the response, though

area becomes less important when central stimulation is removed.

In response to central stimulation, increases in area were associated with
higher slow phase amplitude. However, the reverse was seen in the response to
the surround, with larger stimuli being associated with smaller slow phase am-
plitude. This is likely related to the stimulus configuration; larger surround re-
gions were associated with smaller central regions within which participants
were required to maintain gaze. Larger surround stimuli were therefore more
restrictive in terms of the region in which participants could move their eyes,
which may have limited slow phase amplitude. The relationship between periph-
eral stimulus area and OKR amplitude should thus be investigated using a dif-
tferent stimulus configuration. For example, rather than using a peripheral stim-
ulus with an annular shape, one could present a stimulus above or below the
central visual field (see ‘experiment 1" of Kanari and Kaneko (2017)) while vary-

ing stimulus area.
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It should be noted that the area of Surround (S) stimuli and surround
regions of C/S stimuli were linked to their eccentricity, with larger stimuli being
less eccentric. This was due to the way stimuli were configured: stimulated pe-
ripheral area was reduced by increasing the diameter of the centre/mask, thus
increasing the eccentricity of the inner edge of the annular surround region. It is
therefore possible that results regarding the eftect of area in response to sur-
round stimuli have been aftected by this variation in eccentricity. To further ex-
plore this, stimuli could be developed that vary the area of the stimulus while
maintaining a consistent eccentricity, and stimuli of the same area could be tested
across a range of eccentricities. The latter will be the focus of Experiment 3: the
effect of stimulus eccentricity on the OKR will be more precisely investigated

while stimulus area is held constant.

4.8.2 Effect of occluding the centre

Occlusion of the central visual field reduces OKR gain (Cheng & Outer-
bridge, 1975; Howard & Ohmi, 1984; Valmaggia et al., 2001; van Die and
Collewijn, 1982, 1986). The results of the present study are in agreement with
this, showing reduced gain as a result of central masking. However, while some
studies (Howard & Ohmi, 1984; Valmaggia et al., 2001) have reported that the
detrimental effects of occlusion of the centre only occur in response to stimulus
velocities exceeding 30 deg/s, the present study (Part 1) demonstrated that this
is the case for slower (15 deg/s) stimuli. This effect occurred even with very
small occlusions; while Valmaggia et al. (2001) reported that only patients with
scotomas larger than 20 deg were affected, the present study found that a central
mask just 5 deg in diameter was sufficient to disrupt the OKR and reduce gain.
[t may be the case, however, that OKR is affected difterently by simulated occlu-
sions and pathological scotoma, with simulated occlusions causing a more dra-
matic effect on gain due to patients’ ability to ‘fill in’, resulting in a milder eftect
(Valmaggia & Gottlob, 2002). The present data are in agreement with those of
van Die and Collewijn (1982) who reported that removing a central patch 5 deg
across markedly lowered gain across a broad range of stimulus velocities (6-180
deg/s). Combined with the effects of stimulus area in the centre and the periph-

ery, these findings indicate that while increasing the stimulated area from the
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centre outwards is associated with a steady increase in gain until the image is
stabilised on the retina (i.e. until a gain of ~1.0), removing stimulation from the
centre results in a fixed drop in gain that is largely invariant to the size of the
occlusion. This suggests that even a small loss of sensitivity in the central visual
field can have a dramatic effect on the ability to stabilise the retinal image, which
in turn may reduce visual clarity of patients with central vision loss in the pres-
ence of large field visual motion, such as that induced while moving through an
environment, by increasing motion smear. However, studies such as that of Val-
maggia and Gottlob (2002) suggest that in patients, these effects may be less

severe than predicted by simulated occlusion.

4.8.3 Effect of attention in the centre and periphery

Across all stimuli tested, increasing attention towards the stimulus in-
creased gain. After retinal location (centre or surround stimulation), this was
tfound to be the largest determinant of gain, frequency and amplitude. That the
counting task was able to increase the response to the centre suggests that at-
tention to the central stimulus was not fully saturated during passive viewing.
Directing attention towards the periphery facilitated OKR to be produced in re-
sponse to peripheral stimulation, even in the presence of incongruent central mo-
tion. This finding agrees with that of Kanari et al. (2017), corroborating the claim
that results of previous studies (e.g. Abadi & Pascal, 1991; Howard & Gonzalez,
1987), showing that ORR in response to the periphery is prevented by motion in
the centre, may have been a consequence of insufficient attention being directed
towards the visual periphery. However, the attended stimulus did not solely
drive OKR in some cases. For example, a direction-changing OKR that alter-
nated between responding to the centre and to the periphery was sometimes ob-
served during C/S Opposing conditions involving attention directed to the sur-
round (Figure 4.24, lower). This could reflect fluctuations in observers” attention
throughout the trial. Alternatively, it may indicate a state in which the weighting
of each region in its contribution to the OKR is approximately equal, resulting
in an alternating response as each region competes for access to oculomotor con-
trol, demonstrating a form of OKR rivalry between the centre and periphery.

Under normal viewing conditions, the centre appears to be more highly weighted
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in the response; however, attention is able to reweight the contribution of each
region to the OKR. If attention is directed towards the visual periphery, the re-
weighting can be sufficient to cause the periphery to be prioritised in driving the
response. By using a Brownian stimulus surrounded by coherent motion, the re-
sults of Part 3 confirm that directing attention towards the periphery is not a
requirement to produce a peripheral OKR in the presence of incoherent central

motion.

A key interest in this experiment was to assess whether attentional mod-
ulation was able to raise peripheral OKR measures to the level of the centre; such
an outcome would indicate that eccentricity effects in OKR (Abadi & Pascal,
1991; Cheng & Outerbridge, 1975; Howard & Ohmi, 1984; Murasugi et al., 1986;
van Die & Collewijn, 1982) are a result of attentional differences across the visual
field rather than being a consequence of structural differences. While the count-
ing task had a significantly larger impact on gain and amplitude in response to
the periphery compared to the centre, this was not sufficient to bring these pa-
rameters to the level of the central response; the gain, frequency and amplitude
of the OKR remained higher in response to central stimulation. The greater im-
pact of attention on the peripheral response indicates that part of the eccentricity
effect in OKR may be due to less attention being naturally deployed to the pe-
riphery; however, the large residual difference in gain between the centre and
periphery indicates that the eccentricity eftect seen is largely due to anatomy. It
should be noted that the error rate exhibited during the counting task was higher
when presented in the surround compared to the centre, indicating greater difti-
culty in completing the task peripherally. This may be due to the use of colour
in the task, as there is reduced colour sensitivity in more eccentric regions of the
visual field (Hansen et al., 2009; Mullen, 1991; Newton & Eskew, 2003). Alter-
natively, this effect may reflect a difficulty in directing visual attention towards

peripheral visual field regions.

While directing attention towards a region of the stimulus increased the
response to that region, taking attention away from a region of the stimulus had
the opposite effect. During C/S Opposing stimuli with the counting task pre-
sented to the surround, a response to the centre still occurred in many cases
(Figure 4.24, lower); this either represented a non-attention or divided attention

condition, depending on the observer’s ability to disengage attention from the
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centre. Analysis showed that the largest determinant of gain, frequency and am-
plitude in response to the centre was the counting task location; removing atten-
tion from the centre significantly lowered all three OKR parameters. This indi-
cates that the gain, frequency and amplitude of the central OKR are all affected
by the level of endogenous attention of the observer and are therefore at least
partially mediated by top-down processes. This result is in contrast with that of
Frattini and Wibble (2021), who found that divided attention conditions resulted
in an increase in gain; they asserted that this was indicative of gain being related
to the alertness of the observer. The present study instead found that gain was
higher when attention was focussed on the centre rather than divided between

the centre and the surround.

Regardless of task location, increasing the area of the stimulus signifi-
cantly increased both the gain and amplitude of the central OKR, indicating a
role of bottom-up processes in driving these parameters, as this pattern was seen
regardless of the direction of attention. The frequency of the OKR, on the other
hand, was found to be related only to the task use or location, suggesting that
this parameter may be more strongly linked to the level of endogenous attention
of the observer, and therefore may be driven by top-down processes. This link
between OKR frequency and attention level is in agreement with Frattini and
Wibble’s (2021) findings. It should be noted that there were individual differ-
ences in the extent to which the OKR followed the centre or the surround during
C/S Opposing conditions with the counting task in the surround. Figure 4.24
shows the response from two participants: in the upper plot, the response con-
sistently follows the surround; in the lower plot, the response alternates between
tfollowing the centre and the surround. Further, figures 4.25, 4.27 and 4.29 show
that one participant (P6) exhibited no OKR in response to the surround during
C/S Opposing conditions, despite showing a response during Surround and C/S
Brownian conditions. Such individual differences between participants may be a
consequence of differences in the ability to direct covert visual attention to pe-
ripheral regions in the presence of a central optokinetic stimulus. However, that
P6 correctly responded to the counting task on every C/S Opposing trial indi-
cates that they were able to direct sufficient attention to the surround to carry
out the task, despite their OKR consistently following the direction of the centre.

It may be the case that the task was simply too easy for this participant, causing
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them to perform at ceiling despite following the centre. It should be noted that
participant P6 does exhibit an ocular pathology in the right eye, therefore it can-
not be ruled out that this pathology has contributed to this outcome, though their

performance was comparable to other participants in all other domains.

The possibility that the use of the counting task caused a shift from ‘stare’
OKR to Took” OKR was considered, as look OKR is associated with higher OKR
gain and amplitude. The counting task may have shifted the ORR type being
exhibited by observers, and this shift may account for the observed difference in
gain, frequency and amplitude. However, while look OKR is described as involv-
ing a foveal tracking system based on position of individual stimulus features,
stare OKR is described as being based on stimulus velocity rather than position
(Pola & Wiyatt, 1985). By this account, look OKR necessitates foveation of the
stimulus features, and a peripheral stimulus should therefore not elicit look OKR.
In the present study, the counting task did increase the amplitude of the slow
phase, but this occurred in response to both central and peripheral stimuli. It is
therefore unlikely that the increase in amplitude seen in response to a peripheral
stimulus can be attributed to a shift to look OKR. In response to the centre, mean
amplitude during trials that did not use the counting task was 3.76 deg, increas-
ing to 3.97 deg when the counting task was used. This small increase is less than
would be expected from a shift from stare to look OKR; the amplitude of look
OKR is often reported as being at least double that of stare OKR (Knapp et al,,
2008, 2009; Valmaggia et al., 2005). Taken together, this indicates that it is un-
likely that the effects seen here were a result of the counting task causing a shift

towards look OKR.

The possibility that the effect of attention on gain was a consequence of
an attention-based increase in perceived velocity was also explored. Turatto et
al. (2007) showed that the perceived speed of a motion stimulus was increased by
attending to the stimulus. However, they found a modest perceived speed in-
crease of 0.50 deg/s, whereas the increase in slow phase velocity generated by
the counting task was substantially higher in the present study. For example,
during Part 1, the mean increase in slow phase velocity by the counting task in
response to the Surround (S) stimulus was 3.15 deg/s. It is therefore unlikely
that the increase in gain resulting from the counting task can be solely attributed

to an increase perceived speed of the motion stimulus.
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4.8.4 Effect of incongruent motion

Both the response to the centre and to the surround were impacted by the
presence of incongruent motion in the complementary region, with responses to
the surround being particularly aftected by central motion. This finding is in
contrast with that of Kanari et al. (2017), who reported no suppressive eftect of
incongruent motion. Looking at stimuli presented at a velocity of 15 deg/s, and
excluding the largest stimulus size which was unique to the Centre (C) stimulus,
mean gain in response to the centre during trials using the counting task was
0.906 (SD = 0.165) in the absence of surround motion, 0.874 (SD = 0.154) in the
presence of Brownian surround motion, and 0.807 (SD = 0.206) in the presence
of opposing surround motion. This indicates that the presence of incongruent
motion in the surround impacts the OKR in response to the centre, even when
the incongruent motion is not a competing optokinetic stimulus. However, it
should be noted that this effect appears to have been largely driven by a subset
of two participants (P5 and P9), as individual regression analyses indicated that
the majority of participants showed no significant eftect of incongruent motion

on gain in response to the centre (though these analyses excluded P2 and P10).

The impact of incongruent central motion on the response to the sur-
round was more than double that of the effect on the centre, and individual anal-
yses showed that this effect was present in every participant. Looking at stimuli
presented with a velocity of 15 deg/s, and only including the shared area range
across surround regions, mean gain in response to the surround region during
trials using the counting task was 0.387 (SD = 0.178) with no motion in the
centre, 0.232 (SD = 0.121) in the presence of central Brownian motion, and 0.213
(SD = 0.203) in the presence of opposing motion in the centre. This supports the
assertion that central motion is more heavily weighted in the OKR. One possi-
bility is that central motion falls within the integration zone for visual motion
estimation while viewing a central stimulus (Watamaniuk & Sekuler, 1992),
whereas motion in surround regions may sometimes fall beyond this zone. Wa-
tamaniuk and Sekuler (1992) estimated the spatial integration limit for random-
dot kinematograms to be at least 63 deg? (diameter: 9 deg); only two central
stimuli smaller than this size were used. As a result, motion in central areas of
the visual field may contribute more towards estimates of retinal slip that are

used to calculate slow phase velocity. However, in this case we would expect to
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see a larger impact of opposing motion compared to Brownian motion due to
Brownian motion containing no net directional information, thus not contrib-
uting a directional global motion signal to estimations of visual motion; the re-
sults of Part 3 showed that this was not the case, as Brownian and opposing
motion did not differ significantly in their impacts on the OKR. Possible expla-
nations of this suppressive eftect of incongruent motion will be explored in detail

the General Discussion (Chapter 6).

The results of Experiment 2 indicate that despite the reflexive nature of
the ORR, top-down factors such as endogenous visual feature and spatial atten-
tion have a powertful ability to modulate the response. Such factors should thus
be carefully considered when using OKR as a means of objective testing. The
implications of these findings for the use of OKR as a no-report measure in clin-
ical and research settings will be considered in the General Discussion (Chapter

6).
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Chapter 5

Experiment 3: The effect of eccentricity

and attention on HOKR and VORKR

5.1 Introduction

Experiment 1 presented evidence of vertical OKR asymmetry whereby
upward gain was higher than downward gain. This effect was present in look
OKR in response to all tested stimulus velocities (10-40 deg/s). Superior re-
sponse to upward motion is thought to result from a greater number of cells in
regions such as the terminal nuclei of the AOS being tuned for upward motion
compared to downward motion (in monkeys: Mustari et al., 1988) and upward-
selective cells in these regions being tuned to higher velocities than downward-
selective cells (in cats: Grasse et al., 1984). In humans, Murasugi and Howard
(1989b) showed that this vertical asymmetry in the OKR may be limited to pe-
ripheral stimulation. A central strip (10x6 deg in size) produced an OKR with no
vertical asymmetry, whereas peripheral stimulation resulted in reduced down-
ward gain. From this, they concluded that asymmetrical vertical OKR is limited
to the peripheral response, which they argued provided evidence that the asym-
metry resides within the LOKR system. In the following chapter, this assertion
will be investigated; various visual field regions will be selectively stimulated
with upward and downward motion in order to assess the role of eccentricity in
vertical ORR asymmetry, and the impact of stimulus eccentricity on the ORKR

more generally.

Asymmetry in visual performance is also reported between the upper and
lower visual hemifields with superior thresholds in response to stimuli presented
to the lower visual hemifield. Cone and ganglion cell density are higher in the
upper hemiretina (Curcio et al., 1990; Curcio & Allen, 1990) and this asymmetry
extends into extrastriate areas, including the dorsal pathway (Rossit et al., 2013).

The lower visual field is associated with shorter reaction times (Payne, 1967),
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higher visual acuity (Millodot & Lamont, 1974), higher temporal resolution (Ty-
ler, 1987), superior colour sensitivity (Levine & McAnany, 2005) and superior
motion processing (Lakha & Humphreys, 2005). In the upper hemifield, a greater
impact of attention on visual performance has been reported by Kristjansson and
Sigurdardottir (2008), who suggested that visual field regions of lower perfor-
mance benefit more from increased visual attention. Upper and lower visual hem-
ifield asymmetry has also been reported in OKR. Murasugi and Howard (1989a)
reported that all five of their observers produced higher gain OKR in response
to stimuli presented in the lower visual field. In the following chapter, upper-
lower visual hemifield asymmetry in OKR gain, frequency and amplitude will be
assessed, in addition to the way in which the upper and lower hemifields are im-

pacted by attention as manipulated by use of a counting task.

Visual performance is often reported to be better along the horizontal
meridian than the vertical meridian, an effect known as horizontal-vertical ani-
sotropy (Barbot et al., 2021). The bias towards the horizontal meridian is already
apparent in the retina, where the corresponding region contains a particularly
high density of photoreceptors (Curcio et al., 1990). Asymmetries in performance
across the visual field are known as ‘performance fields’ (Altpeter et al., 2000;
Mackeben, 1999) and are sometimes attributed to effects of attention, though
studies which have involved manipulating visual attention have shown that per-
tormance fields are similarly modulated across isoeccentric locations, leading to
a uniform boost in performance without affecting the overall shape of the perfor-
mance field (Purokayastha et al., 2021; Roberts et al., 2018). In the following
chapter, stimuli will be presented at various locations around the visual field,
including locations along the vertical and horizontal meridians. This will allow
for comparison of OKR characteristics on and off the cardinal meridians to be
assessed, and allow examination of whether OKR gain, frequency and amplitude
are enhanced in response to stimuli presented along the horizontal meridian. Ad-
ditionally, the influence of attentional manipulation on OKR parameters will be
assessed across the visual field to examine the uniformity of its impact on the
ORR. The results of Experiment 2 revealed a greater eftect of attention on OKR
in response to a peripheral stimulus. It is anticipated that, rather than seeing a

uniform boost in performance as has been reported in the performance field
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literature, a correlation between the effect of attention on OKR and eccentricity

will be observed.

In agreement with past research (e.g. Valmaggia et al., 2005 ), Experiment
1 showed that gain in response to central vertical motion was lower than that in
response to horizontal motion. In the following chapter, horizontal and vertical
motion will be presented across the visual field, allowing the difference in re-
sponse to the two axes of motion to be assessed as a function of stimulus eccen-
tricity. In this way, it will be possible to ascertain whether this difference in re-
sponse to vertical and horizontal motion is limited to any particular region of the

visual field.

Experiment 2 showed that peripheral OKR was reduced compared to cen-
tral stimulation, and although attention was able to enhance the response, it was
not sufficient to improve it to the level of the centre. From this, it was inferred
that lower gain OKR in response to peripheral stimuli is largely a result of ana-
tomical differences between the centre and the periphery. However, eccentricity
was not precisely manipulated in Experiment 2, therefore inferences about ec-
centricity beyond a centre-periphery distinction were not made. In the following
chapter, eccentricity will be manipulated by presenting stimuli to various visual
field locations while asking participants to hold fixation at the centre of the dis-
play. This will allow the impact of attention to be assessed as a function of eccen-
tricity. In this way, it will be possible to investigate whether more eccentric re-
gions are associated with a greater performance boost as a consequence of atten-

tion.

5.2 Methods

5.2.1 Participants

This experiment used nine participants (four female, five male) with an
age range of 23-55 years old (M = 32.89 years). Participants were staff and stu-

dents at the University of Nottingham. All participants had normal vision.
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5.2.2 Stimuli

Stimuli were random-dot kinematograms presented with gaussian win-
dows (Figure 5.1) presenting against a grey (94.8lm) background. Gaussians
were 10 deg in diameter and had a standard deviation of 0.5. Dots were 11 pixels
in size (diameter ~4 pixels) and had an overall density of 1.17 dots/deg?. During
counting task trials, black (0.881m) (task-irrelevant) dots had a density of 0.94
dots/deg? while coloured (task-relevant) dots had a density of 0.23 dots/deg?.
Dots drifted at a velocity of 15 deg/s and were presented for a duration of 20
seconds. Dot motion was either vertical (up/down) or horizontal (left/right).
Stimuli were presented at 27 locations across the visual field. With the centre of
the display as x = 0 deg, y = 0 deg, stimuli were presented at horizontal (x)
locations of £18.81, £14.11, £9.41, £4.70 and O deg, and at vertical (y) locations
of £8.26, £4.13 and 0 deg. Stimuli were therefore displayed at the following dis-
tances from the centre: 0.00, 4.18, 4.70, 6.26, 6.27, 8.26, 9.40, 12.52, 14.70, 18.81

and 20.54 deg. The locations at which stimuli were displayed are illustrated in

Figure 5.1: Examples of stimuli used in non-counting task (left) and counting task (right)

trials. Gaussian windows had a diameter of 10 deg of visual angle (6 = 0.5). Dots drifted
vertically or horizontally with 100% coherency and at a velocity of 15 deg/s. Dots were
11 pixels in size (diameter: ~4 pixels). Overall dot density was 1.17 dots/deg? During
trials using the counting task, coloured task dots had a density of 0.23 dots/deg? and
black dots had a density of 0.94 dots/deg?.
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Figure 5.2. A higher density of locations was used towards the centre; this was
due to a dramatic drop-off in OKR measures around the centre, necessitating a

denser sampling distribution in order to effectively quantify the drop in ORR.

5.2.3 Design

All observers participated in every condition, and each viewed a total of
216 stimuli. Counting task and non-task trials were presented in separate blocks.
Vertical and horizontal motion were also presented in separate blocks. The 27
locations at which stimuli were presented were split across separate blocks: 15
locations (x = £18.81, £9.41 and 0 deg, y = £8.26 and 0 deg) forming a 5x3 grid
(Figure 5.2, grey circles) were presented in one block, 12 locations (x = +14.11,

+4.70 and 0 deg, y = +4.13 and 0 deg) forming a 4x2 grid with additional
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Figure 5.2: Locations at which stimuli were presented, with 0,0 representing the centre
of the display. Stimuli were presented at horizontal (x) locations of +18.81, +14.11,
+9.41, £4.70 and 0 deg, and at vertical (y) locations of £8.26, 4.13 and 0 deg. A total

of 27 locations was used. Locations coloured in grey and pink were presented in separate

blocks.
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locations around the centre, resulting in a vertically distributed 5-2-5 layout ra-
ther than a uniform grid (Figure 5.2, pink circles), were presented in another
block. As each orientation of motion (vertical/horizontal) used both directions
(up/down, left/right), this meant that the blocks presented 30 (5x3 layout block)
and 24 (5-2-5 layout block) stimuli. There were eight blocks in total: horizontal
motion without counting task, 5x3 block and 5-2-5 block; horizontal motion with
counting task, 5x3 block and 5-2-5 block; vertical motion without counting task,
5x3 block and 5-2-5 block; vertical motion with counting task, 5x3 block and 5-

2-5 block. The order of blocks, and of stimuli within each block, was randomised.

Gaze monitoring was used to ensure that participants viewed the correct
region of the display. As this experiment involved presenting stimuli to different
locations on the visual field, maintaining central gaze was desirable; however,
flexibility was required due to the nature of the experiment, as the designated
viewing area should not restrict the natural OKR eye movements. The desig-
nated viewing area matched the size of the stimulus: a circle 10 deg in diameter.
Participants were therefore required to maintain gaze within 5 deg of the centre
of the display at all times. Gaze shifts away from this region for over 100ms
resulted in a warning, reading ‘LOOK AT THE MIDDLE'’, being displayed at
the centre of the display in red text for 1000ms; an additional 1000ms was added

to the stimulus duration to account for this disruption.

5.2.4 Procedure

Participants were initially shown example stimuli to familiarise them
with the stimuli and with the task. When they stated that they understood the
task, the experiment was initiated. Instructions were displayed at the centre of
the screen in black text, reading ‘Please look towards the centre of the screen. Press
the SPACE KEY to continue to the task.” Prior to the presentation of each stimulus,
a white fixation cross with a height of 1 deg was presented at the centre of the
screen for four seconds; this served to provide participants with a reference for
the centre, where they were asked to maintain gaze throughout the trial. The
stimulus was then presented for 20 seconds. During non-counting task blocks,
the next trial was immediately presented once the previous trial had ended; dur-

ing blocks using the counting task, text was then presented on screen reading
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‘How many different colours did you see? Using the number pad, provide a response be-
tween 1 and 9’. Participants had an unlimited amount of time in which to provide
their response. The next trial was initiated only once a response had been pro-
vided. At the end of each block, an on-screen message reading ‘End of block. Thank
you _for your participation’ was presented to inform the participant that the block
had ended. They were then given the opportunity to continue to the next block

or to terminate the session.

5.3 Results

It should be noted that the eccentricities reported are approximate due to
the nature of the experiment; as participants generated optokinetic eye move-
ments throughout each trial, the exact stimulus eccentricity varied throughout
the trial. Participants were required to maintain gaze within a 5 deg window,
which puts a constraint of the accuracy of reported eccentricity values. The av-
erage eye position was recorded for each trial. Across the entire experiment, the
mean eye position recorded was x = -0.119 deg (SD = 1.049 deg), y = 0.336 deg
(SD = 0.825 deg), indicating that there was no systematic bias towards a partic-
ular location over the duration of the experiment. The average vertical and hor-
izontal eye position was also examined separately for stimuli presented in the
upper, lower, left and right visual fields to assess whether gaze drifted towards
the stimulus position. During stimuli presented to the upper visual field, gaze
took a mean position 0.101 deg (SD = 1.044) above the centre; during stimuli
presented to the lower visual field, gaze took a mean position of 0.106 deg (SD =
0.998) above the centre. During stimuli presented to the right visual field, gaze
took a mean position 0.362 deg (SD = 1.006) to the left of the centre; during
stimuli presented to the left visual field, mean gaze position was 0.177 deg (SD
= 1.017) to the right of the centre. This suggests that, with the exception of
stimuli presented to the upper visual field, true eccentricities may be slightly el-
evated compared to what is reported. However, as these mean positions are less
than 1 deg from the centre of the display, participants successfully maintained
approximately central gaze. Example traces from stimulation at various eccen-
tricities can be seen in Figure 5.15, showing an approximately central average

gaze position throughout.
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Figure 5.3: N = 9. Surface plots showing gain (upper), frequency (middle) and amplitude
(lower) of OKR across vertical and horizontal eccentricity, where 0,0 represents the cen-
tre of the visual field, in conditions without (left) and with (right) the counting task. Lin-
ear interpolation was used to fill missing values that resulted from the irregular sampling
distribution. X deg’ indicates horizontal eccentricity while Y deg’ indicates vertical ec-
centricity. On the X deg axis, positive numbers indicate the right half of the display; on
the Y deg axis, positive numbers indicate the lower half of the display. Near the centre,

note the more severe drop-oftin OKR measures horizontally compared to vertically.
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Figure 5.4: N = 9. Mean gain (upper), frequency (middle) and amplitude (lower) in re-
sponse to horizontal (left) and vertical (right) motion by stimulus eccentricity. Means
obtained during trials using the counting task are shown in blue, with means from non-

counting task trials shown in red. The shaded area indicates the SEM.

Gain, frequency and amplitude of the OKR by eccentricity are shown in
Figure 5.4 and Figure 5.3. Three linear regression models were used to assess

the roles eccentricity, upper versus lower visual field stimulus presentation,
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orientation of motion (horizontal or vertical), meridian or within-quadrant stim-
ulus presentation, and counting task condition (with or without task). Analyses
were run on central stimulus locations (within 10 deg of centre) and peripheral
stimulus locations (beyond 10 deg of centre). To further assess the role of presen-
tation along the meridians, an analysis was run using all stimulus locations ex-
cept foveal (x = 0 deg, y = 0 deg) presentation to assess whether presentation of
stimuli on the vertical and horizontal midlines of the display significantly pre-
dicted the OKR when foveal presentation was excluded; this involved analysis of

all stimuli presented beyond 4 deg of the centre.

Table 5.1

Results of linear regression analysis to predict the gain, frequency and am-
plitude of OKR in the centre (<10 deg eccentricity) based on four predictor
variables (meridian or within-quadrant, eccentricity, orientation of motion

and counting task condition)

Gain B SE F p

Intercept 0.3124 0.018 17.200 <.001*
Meridian 0.0426 0.008 5.212 <.001%*
Eccentricity -0.0271 0.003 -10.328 <.001%*
Orientation of motion 0.2143 0.020 10.892 < .001%
Task condition 0.0571 0.020 2.899 .004*
Eccentricity*Orientation -0.0242 0.003 -7.975 < .001%
Eccentricity*Task cond. 0.0010 0.003 0.318 751

Frequency B SE F p
Intercept 2.4869 0.134 18.525 <.001%
Meridian 0.1816 0.060 3.009 .003%*
Eccentricity -0.1954 0.019 -10.064 < .001%
Orientation of motion 0.1685 0.145 1.159 2477
Task condition -0.1129 0.145 -0.776 438
Eccentricity*Orientation -0.0319 0.022 -1.424 155
Eccentricity*Task cond. 0.0661 0.022 2.952 .003*

Amplitude B SE F p
Intercept 1.3603 0.076 17.816 < .001%
Meridian 0.1496 0.084 4.861 < .001%*
Eccentricity -0.1438 0.011 -12.982 < .001%
Orientation of motion 0.2580 0.083 3.119 .002%
Task condition 0.3943 0.083 4.767 <.001%
Eccentricity*Orientation -0.0292 0.013 -2.293 .022%
Eccentricity*Task cond. -0.0089 0.013 -0.703 482
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Linear regression analyses were run to assess the prediction of the gain,
frequency and amplitude of the OKR in response to central (within 10 deg of
centre) stimuli, using eccentricity, orientation of motion (horizontal or vertical),
meridian or within-quadrant stimulus presentation, and counting task condition
(with or without task) as predictors. Interactions between counting task condi-
tion and eccentricity, and between orientation of motion and eccentricity, were
also assessed. Significant regression equations were found in the prediction of
OKRR gain (F(6, 935) = 152.920, p < .001), frequency (F(6, 935) = 51.013, p <
.001) and amplitude (F(6, 935) = 135.580, p < .001), with adjusted R?s of .494,

243 and 463, respectively. The results of these analyses are shown in Table 5.1.

In the prediction of gain, whether the stimulus was presented along the
vertical/horizontal meridian (f = 0.0426), stimulus eccentricity (f = -0.0271),
orientation of motion (3 = 0.21438) and task condition ( = 0.0571) were all found
to be significant predictors (Table 5.1). There was also a significant interaction
between eccentricity and orientation of motion (§ = -0.0242). Orientation of mo-
tion was found to be the largest predictor of gain in the centre, with horizontal
motion (M = 0.280, SD = 0.196) producing higher gain than vertical motion (M
= 0.211, SD = 0.108). Gain was higher when stimuli were presented along a
meridian (vertical or horizontal midline), when eccentricity was lower, and when
the counting task was presented. To examine the interaction between eccen-
tricity and orientation of motion, the difference between horizontal and vertical

gain was calculated and correlated across eccentricity. This showed a significant
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negative correlation (R? = 0.834, p < .001) whereby the difference between hor-
izontal and vertical gain diminished with increasing eccentricity. A scatterplot

illustrating this relationship is shown in Figure 5.5.
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Only stimulus eccentricity and whether the stimulus was presented along
a meridian were significant predictors of OKR frequency in response to a cen-
trally presented stimulus, and there was a significant interaction between eccen-
tricity and task condition (Table 5.1). Frequency was higher in response to stim-
uli presented on the horizontal or vertical meridian (8 = 0.1816) and reduced as
stimulus eccentricity increased (B = -0.1954). To examine the interaction be-
tween eccentricity and task condition, the difference in frequency between task
and non-task conditions was calculated and correlated across eccentricity. This
revealed a significant positive correlation whereby the difference in frequency
between task and non-task conditions increased with eccentricity (R? = 0.544, p
= .023) (Figure 5.6), with a t-test showing no significant difference between
counting task and non-task frequency in response to a stimulus presented at the
fovea (x = 0 deg, y = 0 deg) (#35) = 1.088, p = .284) whereas higher eccentricities
were assoclated with significantly higher OKR frequency during counting task
trials (#431) = -8.538, p < .001).
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Amplitude of OKR in response to centrally presented stimuli was signif-
icantly predicted by every predictor variable (Table 5.1), and there was a signif-
icant interaction between eccentricity and orientation of motion. Amplitude was
increased by presenting a stimulus on a cardinal meridian (B = 0.1496), by pre-
senting horizontal rather than vertical motion (f = 0.2580) and by presenting
the counting task (B = 0.39438). Increasing eccentricity resulted in lower slow

phase amplitude ( = -0.1433). T-tests were carried out to examine the interac-
tion between eccentricity and orientation of motion, finding that the slow phase
amplitude in response to a stimulus presented at 0,0 deg (foveal presentation)
was significantly higher in response to horizontal (M = 2.226, SD = 0.910) com-
pared to vertical (M = 1.841, SD = 0.645) motion (#70) = -2.070, p = .042), how-
ever, greater eccentricities were not associated with a significant difference be-
tween horizontal and vertical amplitude (4(862) = -1.589, p = .113). A scatterplot
showing the negative correlation between the two variables is shown in Figure

5.7.

These analyses were repeated to examine gain, frequency and amplitude
in response to peripheral stimuli (beyond 10 deg of the centre). Linear regression
models were calculated to predict the gain, frequency and amplitude of the OKR
in response to peripheral stimuli using eccentricity, orientation of motion (hori-
zontal or vertical), counting task condition (with or without task) and upper or
lower visual field presentation as predictors. Interactions between eccentricity

and orientation of motion and between eccentricity and task condition were also
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assessed. Significant regression equations were found in the prediction of gain
(F(6, 863) = 39.795, p < .001), frequency (F(6, 863) = 22.117, p < .001) and am-
plitude (F(6, 863) = 40.357, p < .001) of OKR, with adjusted R?s of .212, .128

and .215, respectively. The results of these analyses are shown in Table 5.2.

Table 5.2

Results of linear regression analysis to predict the gain, frequency and am-
plitude of OKR in the periphery (>10 deg eccentricity) based on four pre-
dictor variables (eccentricity, orientation of motion, counting task condi-

tion and upper or lower visual field)

Gain B SE F p

Intercept 0.1278 0.024 5.412 < .001%
Eccentricity -0.0085 0.001 -2.417 016%
Orientation of motion 0.0176 0.027 0.651 515
Task condition 0.0915 0.027 8.879 <.001%
Upper or lower VI -0.0087 0.006 -1.546 123
Eccentricity*Orientation -0.0001 0.002 -0.101 .920
Eccentricity*Task cond. -0.0006 0.002 -0.390 697

Frequency B SE F p
Intercept 0.8791 0.198 4.450 <.001%
Eccentricity -0.0156 0.012 -1.295 196
Orientation of motion 0.0783 0.226 0.346 730
Task condition 0.6624 0.226 2.925 .004*
Upper or lower VF -0.0690 0.047 -1.463 144
Eccentricity*Orientation -0.0104 0.014 -0.744 457
Eccentricity*Task cond. -0.0102 0.014 -0.735 463

Amplitude B SE F P
Intercept 0.2929 0.070 3.771 <.001%
Eccentricity -0.0064 0.005 -1.496 185
Orientation of motion 0.0029 0.080 0.036 971
Task condition 0.4713 0.080 5.897 <.001%*
Upper or lower VI 0.0028 0.017 0.171 .864
Eccentricity*Orientation 0.0008 0.005 0.157 .876
Eccentricity*Task cond. -0.0147 0.005 -2.997 .003*

Stimulus eccentricity and counting task condition were found to signifi-

cantly predict the gain of peripheral OKR (Table 5.2). Gain was increased by
presenting stimuli at lower eccentricities (B =-0.0035) and by using the counting
task (B = 0.0915). Only the counting task condition was found to significantly

predict frequency (Table 5.2), with the counting task being associated with
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higher frequency (B = 0.6624). OKR amplitude was predicted by task condition
(B = 0.4713) with use of the counting task associated with higher amplitude (Ta-
ble 5.2). Eccentricity and counting task condition also significantly interacted in
the prediction of peripheral OKR amplitude. To examine this interaction, t-tests
were used to compare the difference in amplitude caused by the counting task in
response to the most eccentric stimulus versus all other stimuli, finding that the
counting task had a significantly larger impact on amplitude in response to the
less eccentric stimuli ({358) = 8.315, p = .001). However, the difference between
task and non-task amplitude did not correlate significantly across eccentricity

(R? = 0.252, p = .309).
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Figure 5.8: Individual mean gain by stimulus eccentricity in response to trials without
the counting task (red) and with the counting task (blue), with all directions of motion
combined. The shaded area indicates the SEM. Participant numbers are indicated in the

upper right corner of each plot.
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Finally, a linear regression model was calculated to predict gain, fre-
quency and amplitude of OKR across the visual field excluding the fovea. This
was primarily to assess the impact of presenting stimuli to the vertical and hori-
zontal meridian when foveal stimuli have been excluded, and to highlight the
presence of interactions that may have been missed in the previous two analyses
due to the separation of central and peripheral visual field regions. Linear regres-
sion models were calculated to predict the gain, frequency and amplitude of the
OKR in response to a non-foveal stimulus using meridian or within-quadrant
presentation, stimulus eccentricity, orientation of motion, counting task condi-
tion and upper or lower visual field presentation as predictors. Interactions were
also examined between eccentricity and meridian presentation, eccentricity and
orientation of motion, and eccentricity and counting task condition. Significant
regression equations were found in the prediction of OKR gain (F(8, 1439) =
115.560, p < .001), frequency (F(8, 1439) = 64.134, p < .001) and amplitude (F(8,
1439) = 131.540, p < .001) with adjusted R?s of .389, .260 and .421, respectively.

The results of these analyses are shown in Table 5.3.

Gain of non-foveal OKR was significantly predicted by all predictor var-
iables except upper or lower visual field presentation (Table 5.3). Gain was sig-
nificantly increased by presenting stimuli along the vertical or horizontal merid-
ian (B = 0.2096), by presenting stimuli at less eccentric locations (f = -0.0061),
by presenting horizontal motion instead of vertical motion (B = 0.0884) and by
using the counting task (f = 0.0536). There were also significant interactions
between the effects of eccentricity and meridian presentation and between eccen-
tricity and orientation of motion. The interaction between eccentricity and ori-
entation of motion is likely that described in the analysis of centrally presented
stimuli, where the difference in gain between horizontal and vertical OKR drops
with increasing eccentricity. As the results of the peripheral analysis showed no
such interaction, this effect is probably limited to central (<10 deg eccentricity)
visual field regions. Examining the interaction between meridian and eccen-
tricity, this effect appears to be a result of meridian presentation including stimuli
with lower eccentricities than those in the within-quadrant presentation group;

meridian group included three eccentricities of ~4-5 deg, whereas the lowest

227



Difference in frequency (SP/s)

eccentricity available in the within-quadrant stimulus group was 6.26 deg. Once
eccentricities of <5 deg were excluded from the analysis, leaving only the more
comparable eccentricities, a t-test found that there was no significant difference
in gain between meridian and within-quadrant presentation (41582) = 1.290, p
= .197). This indicates that the significant effects of meridian presentation in the
centre may instead simply be effects of low stimulus eccentricity. However, it
should be noted that direct comparison between meridian and within-quadrant

presentation is not possible due to the different range of eccentricities used in
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each group. Individual gain by stimulus eccentricity is shown in Figure 5.8.
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Meridian, stimulus eccentricity, counting task condition and upper or
lower visual field presentation were all found to significantly predict the fre-
quency of non-foveal OKR (Table 5.3). There was also a significant interaction
between eccentricity and meridian presentation, and between eccentricity and
task condition. As stated in the analysis of the gain model for non-foveal ORR,
effects of meridian may in fact be eftects of low stimulus eccentricity due to the
different ranges of eccentricities used in either group, therefore eftects of merid-
ian stimulus presentation are assumed to be a result of this lower eccentricity
presentation. As with gain, once eccentricities of <5 deg were excluded, a t-test
found no significant difference in frequency between meridian and within-quad-

rant stimulus presentation ({1582) = 1.145, p = .252). The frequency of non-
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Figure 5.11: Mean frequency of OKR across stimulus eccentricity in trials using the
counting task (blue) and trials without the counting task (red) in nine participants, with

all directions of stimulus motion combined. The shaded area indicates the SEM.
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foveal OKR was increased by presenting stimuli at lower eccentricities (B = -
0.0509, p < .001), by presenting the counting task (f = 0.2511, p = .010) and by
presenting stimuli to the lower visual field (B = -0.0887, p = .028). To examine
the interaction between eccentricity and task condition, the difference in mean
frequency between task and non-task trials was calculated and correlated across
eccentricity, revealing a significant positive correlation (R? = 0.289, p = .048)
whereby the difference in frequency between counting task and non-task condi-
tions increased with eccentricity (Figure 5.9). Individual frequency across stim-

ulus eccentricity is shown in Figure 5.11.
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Figure 5.12: Mean amplitude of OKR across stimulus eccentricity in trials using the
counting task (blue) and trials without the counting task (red) in nine participants, with

all directions of stimulus motion combined. The shaded area indicates the SEM.
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Table 5.3

Results of linear regression analysis to predict the gain, frequency and am-
plitude of non-foveal OKR (>4 deg eccentricity) based on five predictor
variables (meridian or within-quadrant presentation, eccentricity, orienta-

tion of motion, counting task condition and upper or lower visual field)

Gain B SE F J

Intercept 0.1712 0.012 14.340 <.001*
Meridian 0.2096 0.019 10.769 <.001%
Eccentricity -0.0061 0.001 -7.155 <.001*
Orientation of motion 0.0884 0.012 7.811 <.001*
Task condition 0.0536 0.012 4.436 <.001*
Upper or lower VF -0.0047 0.005 -0.942 347
Eccentricity*Meridian -0.0248 0.003 -8.940 <.001%*
Eccentricity*Orientation -0.0045 0.001 -4.919 <.001%*
Eccentricity*Task cond. 0.0016 0.001 1.781 075

Frequency B SE F p
Intercept 1.4897 0.095 15.607 <.001*
Meridian 1.2277 0.156 7.887 <.001*
Eccentricity -0.0509 0.007 -7.504 <.001*
Orientation of motion 0.1104 0.097 1.142 .254
Task condition 0.2511 0.097 2.597 010%*
Upper or lower VF -0.0887 0.040 -2.206 .028%
Eccentricity*Meridian -0.1501 0.022 -6.759 <.001*
Eccentricity*Orientation -0.0127 0.007 -1.733 .083
Eccentricity*Task cond. 0.0145 0.007 1.995 046*

Amplitude B SE F P
Intercept 0.5353 0.045 12.024 < .001*
Meridian 0.9702 0.073 13.363 <.001%
Eccentricity -0.0228 0.003 -7.194 <.001%*
Orientation of motion 0.0972 0.045 2.156 .031%
Task condition 0.4122 0.04:5 9.139 <.001*
Upper or lower VF 0.0212 0.019 1.182 .258
Eccentricity*Meridian -0.1207 0.010 -11.652 < .001*
Eccentricity*Orientation -0.0051 0.003 -1.473 141
Eccentricity*Task cond. -0.0111 0.003 -3.261 .001%

The amplitude of non-foveal OKR was significantly predicted by merid-
ian or within-quadrant presentation, stimulus eccentricity, orientation of stimu-
lus motion and counting task condition (Table 5.3). There were significant inter-
actions between eccentricity and meridian presentation and between eccentricity
and counting task condition. Again, the effect of meridian or within-quadrant
presentation, and its interaction with eccentricity, were assumed to result from

meridian locations including lower eccentricities; confirming this, a t-test
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excluding eccentricities below 5 deg found no difference in amplitude between
meridian and within-quadrant presentation (#1582) = 0.279, p = .781). The am-
plitude of non-foveal OKR was increased by presenting stimuli at lower eccen-

tricities (f = -0.0228, p < .001), by presenting horizontal motion instead of
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Figure 5.13:N = 9. Mean gain (upper), frequency (middle) and amplitude (lower) in re-
sponse to vertical motion drifting in an upward (blue) or downward (red) direction dur-
ing trials using the counting task (right) and not using the counting task (left). The
shaded area indicates the SEM.
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vertical motion (f = 0.0972, p = .031) and by presenting the counting task (B =
0.4122, p < .001). To investigate the interaction between eccentricity and count-
ing task condition (f =-0.0111, p = .001), the difference between task and non-
task amplitude was calculated and correlated across stimulus eccentricity, reveal-
ing a significant negative correlation (R? = 0.491, p = .005) whereby the differ-
ence between task and non-task amplitude declines with increasing eccentricity

(Figure 5.10). Individual amplitude across eccentricity is shown in Figure 5.12.

Finally, t-tests were carried out to assess whether the counting task had
a significantly larger eftect in the upper or lower visual field. Results showed that
the impact of the counting task on gain (#359) = -0.829, p = .408) and frequency
(#359) = -0.372, p=.711)did not difter between the upper and lower hemifields,
but the effect on amplitude was significantly larger in the upper visual field (M
= +0.307 deg, SD = 0.426) compared to the lower visual field (M = +0.250 deg,
SD = 0.345) (#359) = -2.297, p = .022).

5.3.1 Individual analyses

To address concerns of individual differences in performance, regression
models were calculated for each participant in response to stimuli presented
within 10 deg of the centre, beyond 10 deg of the centre, and beyond the fovea
(> 4 deg). These analyses focused on gain as the variable of primary interest in
this experiment. As group-level analyses highlighted that effects of meridian
presentation were caused solely by the inclusion of foveal stimuli, meridian

presentation was removed as a variable for individual analyses.

Regression models were calculated for all participants to investigate the
impact of stimulus eccentricity, orientation of motion (vertical or horizontal),
counting task condition and the interaction between eccentricity and task condi-
tion on the gain of OKR in response to stimuli presented within the central (<
10 deg eccentricity) visual field. Significant regression equations were found for
all participants (P1: (F(4, 103) = 47.922, p < .001, adjusted R? = .646); P2: (F(4,
103) = 11.874, p < .001, adjusted R? = .287); P3: (F(4, 103) = 30.290, p < .001,
adjusted R? = .532); P4: (F(4, 103) = 40.637, p < .001, adjusted R? = .606); P5:

(F(4, 108) = 40.399, p < .001, adjusted R? = .605); P6: (F(4, 103) = 31.723, p <
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.001, adjusted R? = .544); P7: (F(4, 103) = 47.015, p < .001, adjusted R? = .641);
P8: (F(4, 103) = 28.717, p < .001, adjusted R? = .518); P9: (F(4, 103) = 43.207, p
<.001, adjusted R? = .621)). The results of these analyses are presented in Table
AC.1 (Appendix C). Stimulus eccentricity was found to significantly predict cen-
tral OKR gain in every participant, with more eccentric stimuli being associated
with significantly lower gain. B-coefficients for this variable ranged from -0.0077
to -0.0650. Orientation of motion significantly predicted gain in six participants,
tive of whom showed significantly higher gain in response to horizontal motion.
Counting task condition predicted gain in just three participants (P2, P3, P7),
with the task being associated with significantly higher gain. There were no sig-

nificant interactions between eccentricity and task condition.

Regression analyses were then conducted to assess gain in response to
peripheral (>10 deg eccentricity) stimuli. Stimulus eccentricity, orientation of
motion, counting task condition and lower versus upper visual field presentation
were used as predictors. The interaction between eccentricity and task condition
was also assessed. Significant regression equations were found for all but one
(P2: (F(5,95) = 1.905, p = .101, adjusted R? = .046)) participant: P1 (F(5, 95) =
6.609, p < .001, adjusted R? = .228), P3 (F(5, 95) = 15.036, p < .001, adjusted R?
= 425), P4 (F(5, 95) = 81.217, p < .001, adjusted R? = .614), P5 (F(5, 95) =
15.401, p < .001, adjusted R? = .4381), P6 (F(5, 95) = 7.666, p < .001, adjusted R?
= .260), P7 (F(5, 95) = 8.623, p < .001, adjusted R? = .286), P8 (F(5, 95) = 6.835,
p <.001, adjusted R? = .235) and P9 (F(5, 95) = 29.512, p < .001, adjusted R? =
.600). The results of these analyses are presented in Table AC.2 (Appendix C).
Stimulus eccentricity predicted peripheral OKR gain in just one participant (P1:
B =-0.0137, p < .001). Orientation of motion significantly predicted gain in five
participants (P1, P4, P6, P7, P9); of these five, three showed higher gain in re-
sponse to horizontal motion (P1, P6, P9) whereas two showed higher gain in
response to vertical motion (P4, P7). Counting task condition also significantly
predicted gain in five participants (P1, P4, P7, P8, P9), with the counting task
being associated with higher gain in all but one (P1) of these five participants.
Whether the stimulus was presented to the upper or lower visual field did not
significantly predict gain in any participant. There was an interaction between
stimulus eccentricity and counting task condition in P1 only. T-testing was used

to examine this interaction, finding that, at the lowest eccentricity tested, there

234



was no significant difference in gain between task and non-task conditions (#15)
= -0.838, p = .744), whereas at the highest eccentricity tested, gain was signifi-
cantly higher during the counting task (#15) = 3.056, p = .008). The eftect of the
counting task therefore increased with eccentricity during peripheral stimulation

in this participant only.

Finally, regression analyses were conducted to assess the effect of stimu-
lus eccentricity, orientation of motion, counting task condition, upper versus
lower visual field presentation, and the interaction between eccentricity and task
condition, on the gain of OKR in each participant in response to non-foveal OKR
(> 4 deg eccentricity). Significant regression equations were found for each par-
ticipant (P1: (F(5, 159) = 27.717, p < .001, adjusted R? = .457); P2: (F{(5, 159) =
8.479, p < .001, adjusted R? = .190); P3: (F(5, 159) = 88.397, p < .001, adjusted
R? = .540); P4: (F(5, 159) = 45.066, p < .001, adjusted R? = .581); P5: (F(5, 159)
=19.785, p < .001, adjusted R? = .371); P6: (F(5, 159) = 17.971, p <.001, adjusted
R? = .848); P7: (F(5, 159) = 86.319, p < .001, adjusted R? = .526); P8: (F(5, 159)
= 34.762, p < .001, adjusted R? = .515); P9: (F{(5, 159) = 34.469, p <.001, adjusted
R? = .457)). The results of these analyses can be viewed in Table AC.3 (Appendix
C). Stimulus eccentricity significantly predicted gain in every participant, with
an increase in eccentricity causing a decrease in gain (-coefficient range: -0.0053
to -0.2120). Orientation of motion significantly predicted gain in five participants
(P1, P2, P3, P6, P8), with horizontal motion producing higher gain. Counting
task condition also predicted gain in five participants (P3, P4, P7, P8, P9), with
trials using the counting task producing higher gain. In four participants (P4,
P5, P7, P9) there was a significant interaction between stimulus eccentricity and
counting task condition, despite there being no effect at the group level. T-test-
ing was used to compare the difference in gain between task and non-task condi-
tions at the lowest and highest non-foveal eccentricity tested, finding that the
counting task caused a significantly larger increase in gain at a higher stimulus
eccentricity in P4 (#15) = -2.451, p = .027) and P9 ({15) = -3.242, p = .006) and
at a lower stimulus eccentricity in P7 (4(15) = -2.451, p = .027). In P5, there was
no significant difference in the impact of counting task on eccentricity between
the lowest and highest eccentricities, however, t-testing showed that the differ-

ence between task and non-task conditions was significant at the highest

285



eccentricity (4(15) = 4.449, p < .001) but not at the lowest eccentricity (#15) =

0.392, p = .701).

Summary of key findings

| Gain, frequency and amplitude of the OKR drop oft dramatically within 5-10
deg of the centre of vision

| Attention increases the gain, frequency and amplitude of the OKR across the
visual field

| The difference in gain between responses to horizontal and vertical motion
declines with increasing eccentricity

| After controlling for stimulus eccentricity, OKR measures were not higher
in response to stimuli presented on the cardinal meridians

| ORR gain did not show a lower hemifield advantage

| Analyses of individual participants highlighted between-subject variation in

these effects

5.3.2 Vertical OKR symmetry across the visual field

The up-down symmetry of vertical OKR across the visual field was ex-
amined (Figure 5.13). T-tests were carried out to assess for significant difference
in OKR gain. Results showed that within 5 deg of the centre (parafoveal region),
a significant difference between upward and downward gain can be observed
(#(89) = -2.471, p = .015) whereby upward motion elicited higher OKR gain (M
= 0.291, SD = 0.126) than downward motion (M = 0.267, SD = 0.097). Beyond
5 deg eccentricity, no significant difference was seen between upward and down-
ward gain (#395) = 1.050, p = .294). However, t-tests conducted to assess up-
down symmetry of OKR within 5 deg of the centre in each participant showed
that this significant effect of asymmetry at the centre was only present in three
participants (P1: (t(9) = 2.989, p = .015); P4: (t(9) = 8.287, p = .009); P7: (t(9) =

-8.423, p < .001)), with others showing no significant up-down gain asymmetry.
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The symmetry of frequency was also examined (Figure 5.13), with t-tests
showing no significant difference in upward and downward frequency in re-
sponse to a stimulus within 5 deg of the centre (#89) = -1.139, p = .258). How-
ever, there was a significant difference in the upward and downward frequency
of OKR beyond 5 deg eccentricity (4395) = 2.198, p = .027), indicating that OKR
frequency in response to upward drifting stimuli (M = 0.953, SD = 0.786) was
significantly lower than to downward drifting stimuli (M = 1.068, SD = 0.878).
T-tests were used to examine these effects in individual participants, finding that
both within and beyond 5 deg eccentricity, the majority of participants showed
no significant up-down asymmetry of frequency. Within 5 deg eccentricity, P4
(t(9) = 2.312, p = .046) and P9 (t(9) = 2.495, p = .034) had significantly higher
upward frequency whereas P5 (t(9) = -5.699, p < .001) had higher downward
frequency. Beyond 5 deg, P3 (t(43) = 6.914, p < .001) had higher upward fre-
quency and P6 (t(43) = -21.852, p < .001) had higher downward frequency.

Finally, slow phase amplitude was examined for its up-down symmetry
(Figure 5.13), finding no significant difference between upward and downward
amplitude in response to stimuli within 5 deg of the centre (489) = 0.989, p =
.325) nor in response to stimuli presented at an eccentricity beyond 5 deg (#89)
= 0.309, p = .758). T-tests carried out to test for up-down asymmetry in individ-
ual participants showed that, within 5 deg of the centre, one participant produced
higher upward amplitude (P1 (t(9) = 2.974, p = .016)), three participants pro-
duced higher downward amplitude (P5 (t(9) = -3.209, p = .011), P6 (t(9) = -3.284,
p =.010), P8 (t(9) = -2.831, p = .020)) and the remaining five participants showed
no significant up-down asymmetry. Beyond 5 deg of the centre, higher upward
amplitude was observed in four participants (P38 (t(43) = 3.743, p < .001), P4
(t(48) = 4.851, p < .001), P7 (t(48) = 2.785, p = .008), P9 (#(43) = 8.439, p = .001))
whereas higher downward amplitude was observed in two participants (P5 (t(43)
=-8.536, p <.001), P6 (t(43) = -20.194, p < .001)). The remaining three partici-

pants showed no significant eftect.
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Summary of key findings

| Vertical OKR gain is significantly asymmetrical in response to central, but
not peripheral, motion

|  ORR frequency is higher in response to downward motion presented beyond
5 deg of the centre

| OKR amplitude is vertically symmetrical across the visual field

| Individual analyses show that these effects are not fully consistent across

participants

5.3.3 Effect of eccentricity along the meridians

Linear modelling was used to assess whether the decline in gain, fre-
quency and amplitude with increasing eccentricity was different for vertical and
horizontal distance from the centre (Figure 5.14). This analysis used stimuli pre-
sented on the vertical and horizontal midlines of the display. As the vertical ex-
tent of the display was less than the horizontal extent of the display, only stimuli
presented at less than 10 deg eccentricity were included. Stimuli presented to the
centre of the display (x = 0 deg, y = 0 deg) were also excluded, as the fovea exists
at the intersection of both cardinal meridians. It should be noted that direct com-
parison between stimuli along the horizontal and vertical meridians is not possi-
ble due to using slightly different stimulus eccentricities; the analysis includes
stimuli presented along the horizontal meridian at positions 4.70 and 9.41 deg
from the centre and stimuli presented along the vertical meridian at positions
4.13 and 8.26 deg from the centre. This slight discrepancy in vertical and hori-
zontal eccentricities should be considered while interpreting the results of these

models.

Linear regression models were calculated to predict the gain, frequency
and amplitude of the OKR in response to stimuli with eccentricities 4-10 deg
presented along the vertical and horizontal midline of the display (i.e. vertical
and horizontal meridian) using stimulus eccentricity, orientation of motion (ver-

tical or horizontal), task condition (with or without counting task) and vertical
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or horizontal meridian stimulus presentation as predictors. Interactions between
vertical or horizontal meridian and stimulus eccentricity, between vertical or
horizontal meridian and orientation of motion, and between vertical or horizon-
tal meridian and counting task condition were also assessed. Significant regres-
sion equations were found in the prediction of the gain (F(7, 575) = 41.119, p <
.001), frequency (F(7, 575) = 21.151, p < .001) and amplitude (F(7, 575) = 51.337,
p <.001) of the OKR with adjusted R?s of .328, .197 and .380, respectively. The
results of these analyses are shown in Table 5.4, with corresponding data dis-

played in Figure 5.14.

Table 5.4

Results of linear regression analysis to predict the gain, frequency and am-
plitude of OKR along the vertical and horizontal meridians based on four
predictor variables (eccentricity, orientation of motion, task condition and

vertical or horizontal meridian)

Gain B SE I P

Intercept 0.3301 0.023 14.530 < .001*
Eccentricity -0.0247 0.003 -8.856 <.001%*
Orientation of motion 0.0346 0.013 2.638 .009%
Task condition 0.0618 0.013 4.7 14 < .001%
Ver/Hor meridian 0.0523 0.032 1.628 .104
Eccentricity*Ver/Hor m. -0.0076 0.004 -1.806 071
Orientation*Ver/Hor m. 0.0891 0.018 2.107 .086%
Task* Ver/Hor m. -0.0013 0.018 -0.069 945

Frequency B SE F p
Intercept 2.4521 0.177 13.883 <.001*
Eccentricity -0.1561 0.022 -7.198 <.001*
Orientation of motion -0.1847 0.102 -1.811 .071
Task condition 0.3132 0.102 3.071 .002%
Ver/Hor meridian 0.1909 0.250 0.764% 445
Eccentricity*Ver/Hor m. -0.0440 0.033 -1.838 .181
Orientation*Ver/Hor m. 0.3010 0.144 2.087 .087*
Task* Ver/Hor m. -0.0080 0.144 -0.055 .956

Amplitude B SE F p
Intercept 1.2175 0.089 13.681 <.001%*
Eccentricity -0.1075 0.012 -9.838 <.001%*
Orientation of motion 0.0342 0.051 0.666 .506
Task condition 0.3254 0.051 6.333 < .001%
Ver/Hor meridian 0.3588 0.126 2.851 .005%
Eccentricity*Ver/Hor m. -0.0440 0.017 -2.660 .008*
Orientation*Ver/Hor m. 0.0118 0.078 0.168 871
Task* Ver/Hor m. 0.0177 0.073 0.244 .808
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Figure 5.14: N = 9. Mean gain (upper), frequency (middle) and amplitude (lower) by
stimulus eccentricity along the vertical (blue) and horizontal (red) meridian, during trials
without (left) and with (right) the counting task. Data points show the mean obtained in
that trial, with the shaded area indicating the SEM. A horizontal jitter of up to 0.5 deg
has been applied to improve the visibility of data points.

The gain of ORR in response to stimuli presented 4-10 deg from the cen-

tre along the vertical and horizontal meridian was significantly predicted by the
stimulus eccentricity ( = -0.0247, p < .001), orientation of motion ( = 0.0346,
p = .009) and counting task condition (f = 0.0618, p < .001). OKR gain was

increased by presenting stimuli at lower eccentricities, by presenting horizontal
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motion rather than vertical motion and by presenting the counting task.
Whether a stimulus was presented along the vertical or horizontal meridian did
not significantly predict gain (p = .104), however, there was a significant inter-
action between orientation of motion and vertical/horizontal meridian presenta-
tion. T-tests were used to examine this interaction. Horizontal motion was found
to produce significantly higher gain than vertical motion on both the horizontal
((143) = -3.175, p = .002) and vertical ({143) = -5.764, p < .001) meridians, and
both vertical motion (£143) = 3.553, p < .001) and horizontal motion (#(143) =
5.503, p < .001) produced significantly higher gain on the vertical meridian than
the horizontal meridian. However, the difference between vertical and horizontal
gain was found to be significantly larger in response to stimuli presented on the
vertical meridian (M = 0.074, SD = 0.153) compared to the horizontal meridian
(M =0.085,SD = 0.131) ({143) = 2.918, p = .004).

These regression models were then calculated at the individual level for
each participant to assess the consistency of the identified effects across partici-
pants. Models to predict OKR gain were significant in eight out of nine partici-
pants (P1 (F(7, 63) = 15.408, p < .001, adjusted R? = .616), P3 (F{(7, 63) = 5.361,
p = <.001, adjusted R? = .326), P4 (F(7, 63) = 10.785, p = < .001, adjusted R? =
.521), P5 (F(7, 63) = 7.214, p = < .001, adjusted R? = .408), P6 (F(7, 63) = 9.038,
p<.001, adjusted R? = .472), P7 (F(7, 63) = 16.001, p < .001, adjusted R? = .625),
P8 (F(7, 63) = 8.622, p < .001, adjusted R? = .459), P9 (F(7, 63) = 10.477, p <
.001, adjusted R? = .513)). The results of these analyses are presented in Tables
AC.4 through to AC.12 (Appendix C). Gain was significantly reduced by increas-
ing stimulus eccentricity in each of these eight participants. Though the group
level analysis showed a significant effect of orientation of stimulus motion, this
was only found to significantly predict gain in two participants (P1 and P6). The
use of the counting task significantly increased gain in each of these eight partic-
ipants, whereas whether stimuli were presented on the vertical or horizontal me-
ridian did not predict gain in any participant. At the individual level, the inter-
action between orientation of motion and vertical/horizontal meridian presenta-
tion was not found to be significant in any participant. However, there was a
significant interaction between stimulus eccentricity and vertical/horizontal me-
ridian presentation in P1 only. T-tests were used to examine this interaction,

finding that the difference in gain between vertical and horizontal meridian
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presentation was significant only at a lower eccentricity (#15) = 2.830, p = .013)

but not at a higher eccentricity (#15) = 2.074, p = .056).

The frequency of the OKR was significantly predicted by stimulus eccen-
tricity (B = -0.1561, p < .001) and counting task condition (f = .3132, p = .002),
but not by vertical or horizontal meridian presentation (p = .445). This indicates
that frequency was higher when stimuli were less eccentric and when the count-
ing task was used. There was a significant interaction between orientation of
motion and vertical/horizontal meridian presentation; on the vertical meridian,
there was no significant difference between frequency in response to vertical or
horizontal motion ({148) = -1.620, p = .107), but on the horizontal meridian,
frequency in response to vertical motion (M = 1.508, SD = 0.987) was signifi-
cantly higher than frequency in response to horizontal motion (M = 1.323, SD =

0.911) ({(143) = 2.318, p = .022).

Analyses were again repeated at the individual level to investigate the
consistency of the effects of these variables on the frequency of OKR across par-
ticipants. Significant regression models were calculated for every participant (P1
(F(7, 63) = 17.276, p < .001, adjusted R? = .644), P2 (F(7, 63) = 2.494, p = .027,
adjusted R? = .142), P3 (F(7, 63) = 2.626, p = .020, adjusted R? = .153), P4 (F{7,
63) = 8.438, p = .020, adjusted R? = .452), P5 (F(7, 63) = 9.640, p < .001, adjusted
R? = .490), P6 (F(7, 63) = 8.573, p = .003, adjusted R? = .222), P7 (F(7, 63) =
11.802, p < .001, adjusted R? = .534), P8 (F(7, 63) = 6.512, p < .001, adjusted R?
=.380), P9 (F(7, 63) = 19.309, p < .001, adjusted R? = .670)). The results of these
analyses can be viewed in Tables AC.4: through to AC.12 (Appendix C). Increas-
ing stimulus eccentricity significantly lowered OKR frequency in all but one par-
ticipant (P6). Using the counting task significantly increased frequency in five
participants (P4, P5, P6, P8 and P9) and had no effect on the remaining four
participants (P1, P2, P3 and P7). Whether the stimulus was presented on the
vertical or horizontal meridian significantly predicted frequency in P5 only, who
produced a higher OKR frequency in response to stimuli on the vertical meridian.
Orientation of motion significantly predicted gain in five participants: P4, P7, P8
and P9 produced higher frequency in response to vertical motion, whereas P6
produced higher frequency in response to horizontal motion. The significant in-

teraction between orientation of motion and vertical/horizontal meridian
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presentation shown at the group level was found to be driven by just two partic-

ipants (P4 and P9).

Finally, the amplitude of the OKR was significantly predicted by stimulus
eccentricity (B = -0.1705, p < .001), counting task condition ( = 0.3254, p <
.001), and vertical/horizontal meridian presentation ( = 0.3588, p = .005), and
there was a significant interaction between eccentricity and vertical/horizontal
meridian presentation (8 = -0.0440, p = .008). Amplitude was higher when stim-
uli were less eccentric, when the counting task was used, and when stimuli were
presented along the vertical meridian. T-tests were used to examine the interac-
tion between eccentricity and vertical/horizontal meridian presentation, finding
that although vertical meridian presentation produced higher amplitude across
the visual field, the difference in amplitude between horizontal and vertical me-
ridian presentation was significantly larger in response to stimuli closer to the
centre (<5 deg eccentricity, parafoveal region) compared to stimuli further from

the centre (>5 deg eccentricity) ({143) = -2.075, p = .040).

These analyses were repeated at the individual level to assess the con-
sistency of the effects across participants. Significant regression equations were
calculated for prediction of slow phase amplitude in all participants (P1 (F{(7, 63)
= 26.764, p < .001, adjusted R? =.741), P2 (F{7, 63) = 8.965, p < .001, adjusted
R? = .470), P3 (F(7, 63) = 6.052, p < .001, adjusted R? = .360), P4 (F(7, 63) =
28.627, p <.001, adjusted R? = .754), P5 (F(7, 63) = 11.923, p < .001, adjusted
R? = .548), P6 (F(7, 63) = 7.293, p < .001, adjusted R? = .411), P7 (F{(7, 63) =
13.043, p <.001, adjusted R? = .572), P8 (F(7, 63) = 20.357, p < .001, adjusted
R? = .683), P9 (F(7, 63) = 15.601, p < .001, adjusted R? = .619)). The results of
these analyses are shown in Tables AC.4 through to AC.12 (Appendix C). The
effect of stimulus eccentricity was found to be significant in all but one (P2) par-
ticipant, with higher stimulus eccentricity being associated with lower ampli-
tude. Orientation of motion predicted amplitude in just one participant (P2), who
produced higher horizontal amplitude. The effect of the counting task was sig-
nificant in seven participants, with only P6 and P1 showing no effect. The sig-
nificant effect of vertical/horizontal meridian stimulus presentation identified at
the group level was found to be driven by three participants (P4, P5 and P6), all

of whom produced higher amplitude in response to stimuli on the vertical
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meridian. The significant interaction between stimulus eccentricity and verti-
cal/horizontal meridian presentation seen at the group level was also reflected
in four individual participants (P1, P4, P5 and P8) with the remaining five par-
ticipants showing no significant interaction. Finally, a significant interaction be-
tween orientation of motion and vertical/horizontal meridian presentation was
identified in P1 only. A t-test showed that this interaction was due to the differ-
ence in amplitude between responses to horizontal and vertical motion being sig-
nificantly higher in response to stimuli presented along the vertical meridian

({15) = 2.814, p = .013) compared to the horizontal meridian.
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Figure 5.15: Horizontal gaze displacement traces obtained from a single participant (P1)
in response to leftward drifting (temporonasal) stimuli during conditions using the
counting task, across eccentricity of stimulus presentation. Traces are obtained in re-
sponse to stimuli presented at eccentricities of 0.00, 4.70, 6.26, 8.26, 9.41, 12.52, 14.70,
18.81 and 20.54 deg to demonstrate the variation in the OKR waveform by stimulus
eccentricity. On the Y axis, 0 indicates the vertical midline of the display: positive num-
bers indicate the right side of the display and negative numbers indicate the left. To
create this plot, individual traces are first plotted as horizontal gaze displacement over

time; on the X axis, 1 deg corresponds to 1 second.
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Summary of key findings

| Gain and frequency of the OKR did not difter between the vertical and hori-

zontal meridians

|  ORR amplitude was higher in response to stimuli on the vertical meridian

overall, with individual analyses finding this effect in three participants

| This horizontal-vertical meridian anisotropy of slow phase amplitude was

more pronounced <5 deg from the centre; this interaction eftect was shown

in four participants

5.3.4 Accuracy during the counting task

The percentage of incorrect counting task responses was calculated for

each stimulus eccentricity and correlated across eccentricity, revealing a signifi-

cant positive correlation (R? = 0.859, p < .001): the proportion of incorrect re-

sponses increased with stimulus eccentricity (Figure 5.16).
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Figure 5.16: Proportion of
incorrect responses during
counting task trials across

stimulus eccentricity
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Figure 5.17: Proportion of incorrect responses during counting task trials across stim-
ulus eccentricity in each individual participant. Participant numbers are indicated in
the upper left corner of each plot; correlation coeflicients and p-values are shown at the

upper right of each plot.

Correlations were also carried out at the individual level; corresponding
scatterplots are shown in Figure 5.17. All except P1 and P4 had a significant
positive correlation between stimulus eccentricity and error rate, with R? rang-
ing from 0.670 to 0.885. While P1 did make some errors that did not significantly

correlate across eccentricity, P4 made no errors at all, resulting in no correlation.

Trials in which OKR was produced, but an incorrect response was pro-
vided for the counting task, were compared to those in which a correct response
was provided to assess whether incorrect responses were associated with lower

OKR measures. Only gain in response to stimuli beyond 10 deg eccentricity was
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found to differ significantly based on response accuracy (43871) = 2.121, p = .035):
mean gain increased from 0.173 (SD = 0.068) when the task response was incor-

rect to 0.187 (SD = 0.051) when the task response was correct.

5.4 Discussion

It was expected that a slight drift of gaze position towards the location of
the stimulus would be observed as participants attempted to best complete the
counting task; the use of colour in this task makes it inherently difficult to per-
form in peripheral regions due to inferior colour sensitivity in the visual periph-
ery (Hansen et al., 2009; Mullen, 1991; Newton & Eskew, 2003). However, this
does not appear to have been the case. With the exception of stimuli presented
to the upper visual field, average gaze position tended to be pushed away from
the stimulus location. Participants were told to maintain central gaze and not to
look directly at a non-central stimulus. This effect of mean gaze position drifting
away from the stimulus location may have been caused by participants over-com-
pensating due to this request. During a trial, the only available cue for the display
centre was the edges of the display; the precise location of the centre was thus
uncertain for the participant. This may have caused a repulsion eftect which
pushed fixation away from the stimulus location. However, these drifts away
from the stimulus location were only slight, amounting to less than 1 deg away

from the true centre.

As shown in Figure 5.4 and Figure 5.3, the mean gain, frequency and
amplitude of the OKR fell sharply between 0 and 5 deg eccentricity, then declined
less sharply beyond this point. This finding of a dramatic drop-off in OKR
measures towards the centre and a less dramatic drop-oft in the periphery is in
keeping with photoreceptor and ganglion cell topography in the human retina
(Curcio et al., 1990; Curcio & Allen, 1990), with a high density of photoreceptors
and ganglion cells at the fovea which dramatically drops oft between the fovea
and the edge of the perifoveal area. This high density of photoreceptors (cones)
at the fovea is mirrored in the retinotopic maps in visual cortex including the
motion-sensitive MT+ complex (Amano et al., 2009). Therefore, OKR properties
appear to reflect this superior central sensitivity caused by increased retinal cell

density and cortical magnification in visual cortex.
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Horizontal motion was found to produce an ORKR with significantly
higher gain and amplitude than vertical motion during stimulation of the central
visual field (<10 deg eccentricity). This difference in gain and amplitude between
responses to horizontal and vertical motion declined with eccentricity. Orienta-
tion of motion (horizontal versus vertical) was the largest predictor of gain in
the centre (<10 deg eccentricity). In the periphery (>10 deg eccentricity), atten-
tional modulation via the colour counting task became the largest predictor of
gain, though it should be noted that this variable was not a significant predictor
of gain in periphery in three of the nine participants. The finding of higher hori-
zontal gain is consistent with previous OKR research (Valmaggia et al., 2005)
and suggests an advantage in the processing of horizontal compared to vertical
motion which, like the oblique eftfect (where orientation discrimination is supe-
rior for the cardinal axes) (Cohen & Zaidi, 2007; Furmanski & Engel, 2000; Li &
Westheimer, 1997), is often attributed to the prevalence of certain orientations
within the natural environment (Pilz & Papadaki, 2019). For example, horizontal
motion is frequently perceived due to horizontal scanning of the environment via
both eye movements and yaw rotation of the head. Group level analysis found no
significant effect of orientation of motion on OKR frequency; however, individual
analyses of frequency in response to stimuli between 4-10 deg eccentricity
showed that four participants produced higher vertical frequency whereas one
participant produced higher horizontal frequency. At the group level, the only
orientation effect of frequency was observed in response to stimuli presented

along the horizontal meridian.

The impact of increasing attention towards the stimulus caused a boost
of OKR gain that was invariant to stimulus eccentricity; rather than seeing an
increasing effect of attention towards the periphery, a uniform increase in per-
formance was observed across the visual field. This is reminiscent of studies
which have reported that attention causes a uniform boost in performance with-
out distorting the shape of the performance tield (Purokayastha et al., 2021); this
is argued to indicate that such performance fields are not attentional in origin.
However, a difterent effect was seen in the frequency of the OKR; within the
centre (<10 deg eccentricity), the counting task had a greater effect on ORR fre-
quency with increasing eccentricity, but beyond 10 deg eccentricity the effect of

the counting task no longer continued to increase. It may be the case that the
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eftect of eccentricity on the frequency of OKR is partially caused by reduced vis-
ual attention in more eccentric visual field regions, however, attention is limited
in its ability to compensate for low frequency due to other limiting factors, such
as anatomy. For example, due to anatomical differences across the visual field,
peripheral vision suffers particularly from visual crowding, which some have ar-
gued to be the main cause of reduced visual quality in the periphery (Rosenholtz,
2016). These factors may have simply posed a greater issue to OKR beyond 10
deg eccentricity, limiting the impact of increased attention on the response. Such
effects have been previously reported, with attentional cueing reducing, but not
eliminating, eccentricity effects seen in other visual domains such as visual search
(Carrasco & Yeshurun, 1998). Wolfe et al. (1998) proposed that eccentricity ef-
fects in vision are caused by attentional biases in favour of the centre, as evi-
denced by the reduction of some eccentricity effects following attentional manip-
ulation. That the counting task was not sufficient to bring OKR measures to the
level of the centre is indicative of anatomical contributions to such eccentricity
effects. The frequency of the OKR has been reported to be related to the level of
attention of the observer (Frattini & Wibble, 2021), with the results of Experi-
ment 2 (Chapter 3) providing evidence for attentional influence on OKR fre-
quency. The coefticients produced by the regression analyses in Experiment 3
show that the counting task condition was more predictive of frequency than
gain, however, in response to central visual field stimulus presentation, slow
phase amplitude, not frequency, was best predicted by whether the counting task
was used. This indicates that amplitude may be more strongly related to atten-
tion during central viewing, despite attention best predicting frequency during

peripheral stimulation.

A lower visual hemifield advantage has been reported across a range of
vision parameters, including a report of higher OKR gain in response to stimuli
presented in the lower visual hemifield (Murasugi & Howard, 1989a). This eftect
was not replicated in the present study. Gain and amplitude did not difter be-
tween upper and lower visual field presentation, though the frequency of OKR
was found to be higher in the lower visual hemifield. Despite reports of a higher
attentional increase in performance in response to stimuli presented in the upper
visual hemifield (Kristjansson & Sigurdardottir, 2008), there was no difference in

the effect of the counting task in either the upper or lower hemifield in terms of
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gain or frequency, however, the impact of attention on amplitude was found to
be higher in the upper visual hemifield. Thus, while the result of Murasugi and
Howard (1989a) was not replicated, these results do offer some support for the
notion of differences in OKR responses in the upper and lower visual hemifields
and a greater impact of attention in the upper visual hemifield. This is partially
in keeping with reports of superior visual performance in the lower hemifield
such as motion discrimination (Levine & McAnany, 2005) and a corresponding
asymmetry in cortical representations of the upper and lower visual hemifields
at multiple levels of visual processing (Maunsell & van Essen, 1987; Tootell et
al., 1998). However, whereas OKR gain provides an objective measure of the
quality of the response due to describing how well slow phase velocity matched
stimulus velocity, the meaning of frequency in this regard is less clear and does
not necessarily indicate ‘superior’ performance. Further, while past research has
shown that the lower visual field offers superior visual performance in many do-
mains (Lakha & Humphreys, 2005; Levine & McAnany, 2005; Millodot & La-
mont, 1974; Payne, 1967; Rossit et al., 2013; Tyler, 1987), there is evidence that
this may not apply in the same way to pursuit eye movements. In monkeys, Lis-
berger and Pavelko (1989) found that target motion in the upper and lower visual
hemifields was equally effective in initiating pursuit; they suggested that the to-
pography of cortical maps is smoothed when the visual signals are transterred to
the pursuit system, reducing the lower hemifield advantage. Given the proximity
of SPEM and OKR in humans, it is entirely possible that the lower hemifield
advantage is diminished in OKR.

In agreement with many past studies (e.g. Howard & Simpson, 1989; Mu-
rasugi & Howard, 1989b), a vertical asymmetry was observed whereby upward
motion elicited an OKR with higher gain compared to downward motion. How-
ever, at the group level, this effect only applied to stimuli presented at less than
5 deg eccentricity; beyond 5 deg, no up-down asymmetry was observed. This
finding contradicts Murasugi and Howard (1989b), who found that occlusion of
the central visual field produced a vertically asymmetrical OKR. They argued
that this provided evidence that the asymmetry only applies to peripheral visual
field regions. In contrast, the present experiment found that only stimuli pre-
sented within the fovea and parafoveal area produced a vertical OKR asymmetry,

indicating that the asymmetry exists within central vision. However, there
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appears to be substantial individual differences in vertical OKR symmetry: up-
down gain asymmetry was only present in three participants, whereas six par-
ticipants showed no eftect of the direction of vertical motion in the centre on
gain. Further research is thus required to clarity the roles of the central and pe-
ripheral visual fields in vertical OKR asymmetry. This will be addressed in fur-
ther detail in the General Discussion (Chapter 6). Methodological differences be-
tween the present study and that of Murasugi and Howard (1989b) must be taken
into account. For example, while they used a scleral search coil to record eye
movements, the present study used a video-based eye tracker (EyeLink 1000),
which is less invasive and more comfortable for the participant, potentially facil-
itating the emergence of more natural eye movement patterns. The present study
also used more participants than Murasugi and Howard (1989b), employing nine
individuals compared to their seven. This is particularly relevant when consid-
ering the individual difterences observed in OKR symmetry in the present study;
larger samples may be required to accurately capture vertical asymmetry effects.
Murasugi and Howard (1989b) used monocular stimulus viewing, whereas in the
present study, stimuli were viewed binocularly. It is therefore possible that the
discrepancy in results also reflects monocular versus binocular processing. Fi-
nally, the stimuli used in the two studies were different. While Murasugi and
Howard (1989b) created peripheral stimuli by obstructing the centre of a full-
field dot stimulus with a black occluding band, which may have acted as a sta-
tionary object within the moving field, the present study used dot stimuli pre-
sented with a circular Gaussian aperture at a variety of eccentricities, without

stationary objects placed within the moving field.

Due to the arrangement of stimulus locations chosen for this experiment,
there were slight discrepancies in the eccentricities along the vertical and hori-
zontal meridians. Additionally, the aspect ratio of the display meant that more
horizontal locations were included than vertical locations. To assess horizontal-
vertical meridian anisotropy (HVA), stimuli between 4-10 deg eccentricity were
selected from the horizontal and vertical meridians that had the closest, and thus
most comparable, eccentricities (horizontal: 4.70 and 9.41 deg; vertical: 4.13 and
8.26 deg). Whether a stimulus was presented on the vertical or horizontal me-
ridian did not significantly predict the gain or frequency of the OKR, and this

was found to be highly consistent across participants. However, gain and
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trequency did show a significant interaction between orientation of motion and
vertical/horizontal meridian presentation. Though horizontal motion produced
significantly higher gain than vertical motion regardless of whether the stimulus
was presented on the vertical or horizontal meridian, the difference in gain be-
tween the response to vertical and horizontal motion was found to be signifi-
cantly larger when stimuli were presented on the vertical meridian. Upon exam-
ining the mean gain in response to both orientations of motion on each cardinal
meridian, t-tests indicated that the gain was slightly higher in response to stimuli
presented on the vertical meridian. The difference in gain between horizontal
and vertical meridian presentation was larger for horizontal motion, demonstrat-
ing that the response to horizontal motion particularly benefitted from vertical
meridian presentation. Amplitude was found to be higher in response to stimuli
presented on the vertical meridian, and this effect interacted with stimulus ec-
centricity: the extent of horizontal-vertical anisotropy (HVA) decreased with ec-
centricity. Similarly, some other aspects of HVA have been reported to decline
with eccentricity; for example, Barbot et al. (2021) showed that the HVA effect
on visual acuity (measured as orientation discrimination performance as a func-
tion of SF) reduced with distance from the vertical meridian. However, in the
case of the present study, there was a benefit of vertical meridian presentation
over horizontal meridian presentation, which is in conflict with the consistent
evidence of superior performance along the horizontal meridian (e.g. Barbot et
al., 2021) and higher photoreceptor density along the horizontal meridian (Cur-
cio et al., 1990). It is possible that the slightly reduced eccentricity of vertical
meridian stimuli has contributed to this unexpected effect. For example, Essig et
al. (2022) showed that, while OKR amplitude was not significantly aftected by
stimulus SF or grating type, it was significantly affected by stimulus contrast,
with higher contrast stimuli yielding a larger slow phase amplitude. As contrast
sensitivity is known to decline with eccentricity (e.g. Thibos et al., 1996), this
may contribute towards sensitivity of OKR amplitude to stimulus eccentricity.
The contribution of eccentricity to this finding of superior vertical meridian per-
formance can be investigated simply by presenting cardinal meridian stimuli

with identical eccentricities.

Compared to Experiment 2, the error rate seen during the counting task

in response to peripheral stimuli was higher in the present experiment. Error

252



rate and eccentricity showed a strong positive correlation with an R? ot 0.859,
and this relationship was found to be significant in seven participants. This eftect
indicates that the counting task became more difficult to carry out accurately as
eccentricity increased. This is likely due to a combination of reduced colour sen-
sitivity in more peripheral visual field regions (Hansen et al., 2009; Mullen, 1991;
Newton & Eskew, 2003) and greater difficulty in allocating visual attention to
more eccentric stimuli. Compared to Experiment 2, the stimuli used in the pre-
sent experiment had a smaller area and were each limited to one 78.54 deg? patch
rather than using an annular ring. This smaller stimulated area and restriction
to a single region may have contributed to the higher error rate compared to
Experiment 2. Beyond 10 deg eccentricity, the frequency and amplitude of the
OKR were not found to differ depending on whether the counting task response
was correct. The gain, however, was found to be higher during trials in which
the counting task response was correct, though this only accounted for a modest
increase in gain of 0.014. Overall, the difference in the OKR between correct and
incorrect response trials appears to be negligible, indicating that reduced gain,
trequency and amplitude with increasing eccentricity was not a consequence of
an inability to engage with the task. The success of the counting task in increas-
ing OKR measures across the visual field regardless of whether or not the re-
sponse was correct suggests that participants did actively attempt to engage with

the task despite occasional difficulty in providing an accurate response.

In sum, the present study provides evidence for a decline in gain, fre-
quency and amplitude of the OKR across stimulus eccentricity and interactions
between eccentricity and orientation of motion. The difference in response to
horizontal and vertical motion declines with eccentricity. A vertical asymmetry
was observed: gain in response to upward motion was higher than that in re-
sponse to downward motion. Two different patterns of OKR enhancement were
seen as a consequence of increased attention towards the stimulus: a uniform
boost in gain across the visual field and a frequency boost that increased with
eccentricity up to 10 deg. Overall, the evidence suggests that while attention is
able to reduce some eccentricity effects and improve performance of the OKR,
performance does decline with eccentricity, an eftect that is likely caused by an-

atomical differences between the central and peripheral visual fields.
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Chapter 6

General Discussion

6.1 Summary of key findings

Experiment 1 investigated look and stare OKR and OKAN in response
to a drifting sinusoidal luminance grating with three stimulus velocities (10, 20
and 40 deg/s) and eight directions of motion, evenly spaced in polar coordinates.
Results showed that increasing stimulus velocity resulted in reduced OKR gain.
The highest gains were obtained in response to horizontal motion. The further
the orientation of motion from this axis, the lower the gain. Vertical look, but
not stare, OKR was found to be asymmetric with higher upward gain. Horizontal
motion produced an OKR with higher gain than that of vertical motion; oblique
motion produced an OKR that more closely resembled horizontal OKR than ver-
tical OKR. Neither look nor stare OKR were more associated with occurrence of
OKAN. OKAN reversal was more likely to follow an OKR with low accuracy in
terms of slow phase velocity and direction; this was interpreted as offering sup-

port for the hypothesis that OKAN reversal is caused by adaptation to motion.

Experiment 2 investigated OKR in response to central and peripheral
motion presented in isolation, or together with different directions of stimulus
motion. A counting task was used to increase attention towards the stimulus.
The results showed that increasing attention to the stimulus increased the gain,
frequency and amplitude of the OKR, with responses to peripheral motion seeing
a particular benefit. Increasing the area of a stimulus that included central stim-
ulation increased the gain in response to the stimulus. Interestingly, in the ab-
sence of central stimulation, increasing peripheral stimulus area did not increase
gain. During centre-surround stimuli presenting difterent directions of motion,
the presence of this incongruent motion suppressed gain in response to both re-
gions. Importantly, during centre-surround motion with opposite directions of

motion, directing attention to the surround stimulus was sufficient to cause the
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surround stimulus to drive the OKR, demonstrating that central motion is not

necessarily prioritised in the ORR.

Experiment 3 aimed to more precisely manipulate stimulus eccentricity
in order to elaborate on the findings of Experiment 2, using both horizontal and
vertical stimulus motion. This involved selectively stimulating 27 locations
across the visual field while manipulating attention using a counting task. Re-
sults showed that, across the visual field, directing attention towards the stimu-
lus increased the gain, frequency and amplitude of the OKR. The increase in gain
was uniform across eccentricity. Increasing stimulus eccentricity decreased each
of these measures, with the most dramatic decrease in gain, frequency and am-
plitude observed within 5 deg of the centre. Interestingly, vertical asymmetry
with higher upward gain was observed only in response to central (<5 deg ec-

centricity) motion, though this effect was only present in some participants.

In this final chapter, these findings will be discussed in terms of the wider
research context, unresolved issues will be highlighted, and future directions for

research will be proposed.

6.2 Vertical OKR asymmetry

Past literature has produced mixed reports regarding the vertical sym-
metry of the OKR in normal human adults. Some studies have reported no asym-
metry (Kanari et al., 2017; Knapp et al., 2008), some have reported higher upward
gain (Garbutt, Han, Kumar, Harwood, Rahman, et al., 2003; Koerner & Schiller,
1972; Murasugi & Howard, 1989b; van den Berg & Collewijn, 1988) and some
have reported higher downward gain (Schor & Narayan, 1981). To further com-
plicate matters, some authors have argued that this asymmetry is velocity de-
pendent, reporting that it emerges at a stimulus speed of ~15-20 deg/s (Mura-
sugi & Howard, 1989b). In contrast, others have reported asymmetry across a
range of stimulus speeds, including those as low as 10 deg/s (Garbutt, Han, Ku-
mar, Harwood, Harris, et al., 2003). Additionally, it has been suggested that this
asymmetry is not uniform across the visual field: Murasugi and Howard (1989b)
showed that stimulation of the central retina with a small (6x10 deg) stimulus

produced a vertically symmetrical OKR whereas stimulation of the periphery
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with the centre occluded produced an asymmetrical response. From this, they
argued that the asymmetry of vertical OKR is caused by peripheral stimulation
and resides within the LOKR system.

In Experiment 1, an asymmetrical OKR with higher upward gain was
observed in response to look, but not stare, OKR conditions. This effect was not
tied to velocity within the range tested (10-40 deg/s) and did not apply to oblique
ORR. It is acknowledged that individual analyses showed vertical stare OKR
asymmetry in some participants, however, these participants had a higher gain
and amplitude stare OKR and many were unaftected by instruction type, indicat-
ing that they may have produced a more ‘look-like’ OKR during stare conditions.
Experiment 3 also showed asymmetric vertical OKR with higher upward gain in
response to stimuli presented less than 5 deg from the centre; beyond this eccen-
tricity, vertical OKR was largely symmetrical. Taken together, these findings
appear to point towards an asymmetry of pursuit. Many researchers have sug-
gested that OKR, particularly look OKR, involves smooth pursuit due to simi-
larities both in behaviour (Pola & Wyatt, 1985) and in activation regions shown
in fMRI research (Kashou et al., 2010), with Kashou et al. (2010) arguing based
on fMRI evidence that look OKR represents an alternating series of smooth pur-
suit eye movements (SPEM) and saccades rather than being a ‘true’ optokinesis.
Given the evidence of SPEM involvement in look OKR, it is possible that the
asymmetry observed here in responses to central stimuli and look OKR condi-
tions reflect an asymmetry of OKR when the smooth pursuit system is more in-
volved in the response. In assessing this possibility, it is important to consider
the characteristics of SPEM. Similar to the findings regarding up-down sym-
metry of OKR, reports on the vertical symmetry of adult SPEM are mixed.
Asymmetry has been reported in some studies, though this has been shown with
both upward (Baloh et al., 1983, 1988; Rottach et al., 1996) and downward (in
monkeys: Akao et al., 2007; in humans: Ke et al., 2013) preference. This mixed
evidence leaves open the possibility that vertical OKR asymmetry is associated

with involvement of SPEM, but firm conclusions cannot be drawn based on this.

To further consider the role of SPEM in OKR asymmetry, the symmetry
of OKR should be considered in the absence of SPEM. In afoveate mammals such
as mice that do not exhibit SPEM, OKR has been reported to be asymmetrical

with a superior response to upward motion (Harris & Dunn, 2023). This indicates
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that there is an asymmetry in the optokinetic system of such mammals, as they
lack a smooth pursuit system. However, OKR is known to differ between species.
For example, in non-primate mammals, retinal slip is encoded by on-direction
selective ganglion cells (0DSGCs) in the retina (Dhande et al.,, 2013, 2015). In
mice and rabbits, different types of oDSGC have been shown to respond to dif-
terent directions of motion (Oyster, 1968; Oyster & Barlow, 1967; Sabbah et al,,
2017). oDSGCs responding to upward and downward motion show difterences
in their response properties; oDCGCs responding to upward motion have
broader tuning curves and higher spike rates (Harris & Dunn, 2023). This asym-
metry in oDSGC response is thought to contribute to the upward asymmetry
seen in the OKR of such mammals (Harris & Dunn, 2023, mouse). The primate
retina is not thought to contain oDSGCs, though recent studies have identified
candidate cells in the macaque retina. For example, Wang et al. (2023) identified
pRGC10 cells, which show speed and direction tuning consistent with properties
of oDSGCs, and Kim et al. (2022) identified potential on-off DSGCs in macaque
retina. However, this research is very recent and the presence of oDSGCs in pri-
mate retina has not been established. The OKR of primates is known to be dif-
terent to that of lower mammals: it shows a rapid build-up of slow phase velocity
and horizontal symmetry which are thought to be due to involvement of a corti-
cal OKR pathway and smooth pursuit (Garbutt & Harris, 1999; Leigh & Zee,
2015). It therefore seems likely that vertical asymmetry in primate OKR could
arise from a different source than that of afoveate mammals such as mice and
rabbits. For example, there is evidence from monkeys of reduced responses in
MT to stimuli with a downward direction (Maunsell & Van Essen, 1983). It may
be the case that asymmetries in directional responses in visual cortex regions

contribute towards vertical OKR asymmetry in primates.

Vertical SPEM and OKR asymmetries have been reported in patients
with ocular abnormalities such as strabismus. Individuals with early onset stra-
bismus have asymmetrical vertical OKR and SPEM with reduced response to
downward motion (Garbutt, Han, Kumar, Harwood, Rahman, et al., 2003;
Tychsen et al,, 1984; Tychsen & Lisberger, 1986). Garbutt, Han, Kumar, Har-
wood, Rahman, et al. (2003) demonstrated that participants with normal vision
and with strabismus both showed asymmetrical vertical OKR that usually in-

volved superior response to upward motion, though participants with strabismus
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tracked vertical motion diagonally. Across these studies, the authors have sug-
gested that the asymmetries present in individuals with strabismus may be
caused by abnormal visual motion processing. As these disruptions to early vis-
ual development are associated with asymmetries in both OKR and SPEM, it is
possible that these asymmetries have the same origin. Like the reports of vertical
OKR and SPEM in adults with normal vision, reports in those with abnormal
vision also vary in whether upward or downward motion is found to produce
superior tracking. For example, while Tychsen and Lisberger (1986) found that
individuals with normal vision had symmetrical vertical SPEM and those with
strabismus showed an upward preference, Gonzalez et al. (2018) found that indi-
viduals with central vision loss caused by macular degeneration exhibited a pref-
erence for downward motion. Given that these studies look at different patient
populations, it is possible that there are multiple causes of asymmetry that vary

between conditions.

The suggestion that these asymmetries are associated with abnormalities
in visual motion processing (Garbutt, Han, Kumar, Harwood, Rahman, et al.,
2003; Tychsen & Lisberger, 1986) is supported by evidence showing asymme-
tries in motion perception. In individuals with normal vision, Ono et al. (2019)
showed that directional asymmetries in initial horizontal SPEM acceleration
were consistent with an asymmetric bias in visual motion reaction time to difter-
ent directions of motion; they argued that these asymmetries may underpin per-
ceptual biases. In adults with early onset strabismus, Tychsen et al. (1996)
showed evidence of asymmetries in the perception of visual motion direction
which were not present in those with normal vision or later strabismus onset.
That conditions such as strabismus are associated with asymmetry in vertical
OKR and SPEM indicates that these asymmetries may be related. Unfortunately,
there has been a focus on horizontal OKR and SPEM in the study of asymme-
tries, the result of which is that the causes of horizontal asymmetry are better
understood. Additionally, the study of vertical OKR and SPEM asymmetries is
complicated by the mixed reports regarding the existence and direction of the
asymmetry. [t may be the case that this inconsistency of reports reflects individ-
ual differences in vertical asymmetry, potentially arising from multiple sources,

particularly in the case of different patient populations.
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Given the evidence of asymmetry in the pursuit system of primates, and
the proposed involvement of SPEM in primate OKR, it is possible that the OKR
asymmetry observed here in response to central stimuli (Experiment 3) and look
ORR (Experiment 1) reflects an asymmetry in the pursuit system. This pursuit
asymmetry may arise from asymmetry in directional responses of neurons in vis-
ual cortex (Maunsell & Van Essen, 1983) and directional biases in the perception
of motion (Ono et al., 2019; Tychsen et al., 1996). A role of SPEM and cortical
responses to visual motion in asymmetry of look ORR is in keeping with fMRI
data reported by Kashou et al. (2010), who found greater cortical activation dur-
ing look compared to stare OKR which overlapped with activation during SPEM,
with significant activation of several occipital areas including MT/V5 during
look, but not stare, OKR. This indicates that these visual cortical areas are more
involved in SPEM and look OKR compared to stare OKR. However, due to evi-
dence of asymmetry of OKR in non-foveate mammals that lack a smooth pursuit
system, the possibility of asymmetry within the optokinetic system cannot be

ruled out.

6.3 The effect of attention on the OKR

Directing attention towards an optokinetic stimulus increases the gain,
frequency and amplitude in response to the stimulus, regardless of its eccen-
tricity. Peripheral stimuli saw a greater benefit of attention compared to central
stimuli, indicating an attentional contribution to the eccentricity effect seen in
the OKR. When two stimuli with opposite directions of motion were simultane-
ously presented in a centre-surround configuration (Experiment 2), directing at-
tention to the peripheral (surround) stimulus was sufficient to override the cen-
tral motion and produce an OKR consistent with the peripheral motion. How-
ever, attention was not sufficient to raise the peripheral response to the level of
the centre. This inability to fully compensate for eccentricity indicates that ana-
tomical factors, such as cortical magnification, play a role in eccentricity eftects
in OKR. Even with attention actively guided towards the periphery, slow phase

velocity remained less than half the stimulus velocity.

Attention may affect responses to visual stimuli by modulating activity

in neural populations responding to the available stimuli. This has been shown
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to occur in area M'T in response to visual motion. In monkeys, Treue and Mar-
tinez Trujillo (1999) showed that during feature-based attention the gain of di-
rection-selective cells in MT increased without narrowing their tuning curves.
The response amplitude of a neuron increased by 10% when attention was di-
rected to a stimulus within its receptive field (RF). Attending to a motion stim-
ulus enhanced the responses of neurons selective for that direction of motion and
attenuated the responses of neurons selective for the opposite direction of mo-
tion. This was a spatially extensive eftect, applying to stimuli presented 20 deg
apart and in opposite visual hemifields. It therefore seems likely that such effects
could apply over the stimulus area used in Experiment 2 and the eccentricities
used in Experiment 3. In a similar monkey study, Treue and Maunsell (1996)
showed that the response of an M'T neuron decreased when attention was di-
rected to a stimulus outside of its RF. When two stimuli were presented within
the RF, the influence of the distractor stimulus was reduced, even when it was a
powerful sensory stimulus. This demonstrates that responses to attended stimuli
can be enhanced relative to competing stimuli within the same RF. The size and
shape of a cell’s RIF may also be affected by attention: in monkeys, Anton-Erx-
leben et al. (2009) showed that attention directed toward an MT neuron’s RF
caused the RF to shrink, whereas directing attention outside of the RF caused
the RF to expand. Attentional effects on cortical activity have also been shown
in humans using fMRI; activity in the human homologue of the MT-MST com-
plex was found to be higher when participants attended to a moving dot stimulus

(O’Craven et al., 1997).

The available evidence indicates that visual attention allows neural re-
sponses to attended stimuli to be enhanced while responses to distractors are
suppressed. [t may be through this process that attention enhanced responses to
optokinetic stimuli and allowed a peripheral stimulus to override a central stim-
ulus and drive the response in Experiment 2. Responses of neurons selective for
the direction of motion at the centre may have been suppressed while responses
of neurons selective for the direction of peripheral motion were enhanced, caus-
ing a sufficient reweighting of neural responses to allow the peripheral stimulus
to take precedence in driving the OKR. The fluctuating OKR that was sometimes
observed in response to centre-surround stimuli during Experiment 2 either rep-

resented a state in which the responses to the two regions had become
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approximately equally weighted, potentially producing rivalry between the stim-
uli, or a situation in which the participant’s locus of attention fluctuated between

the two stimuli.

The way in which attentional modulation is exerted over visual regions
has been studied, and the FEF has been identified as a source of these modulating
signals. The FEF, which has been shown to be active during look OKR in hu-
mans (Ruehl et al,, 2019), has direct axonal projections to areas V4 and MT,
shown in macaque monkeys (Anderson et al., 2011; Ninomiya et al., 2012; Stan-
ton et al., 1995). During allocation of voluntary attention to visual stimuli in
monkeys, the FEF causes activation changes in downstream visual areas (Busch-
man & Miller, 2007; Gregoriou et al., 2009, 2012). In a more recent study using
monkeys, Hiier et al. (2024) showed evidence that the FEF is involved in exert-
ing attentional influence over visual cortex regions. Optogenetic inhibition of the
FEF input reduced attentional modulation in M'T neurons by approximately one
third, without impacting the sensory response component of the neuron. During
attention, input from the FEF increased neuronal firing rates when attention was
directed inside the neuron’s RF and decreased their firing rates when attention
was directed outside of the RF, demonstrating target enhancement and distrac-
tor suppression. This thus describes an eftect similar to that observed by Treue
and Maunsell (1996) in MT, indicating that signals from the FEF may have been
responsible for the reported attentional modulation of MT neuron activity. Stud-
ies of V4 in monkeys and humans have also shown modulation of neuronal re-
sponses to attended and unattended stimuli resulting from an FEF signal (Arm-
strong & Moore, 2007; Gregoriou et al., 2009, 2012, 2014; Marshall et al., 2015;
Moore & Armstrong, 2003; Veniero et al., 2021), indicating that attentional sig-
nals from the FEF modulate activity in several visual areas. It may be possible
to study this in the context of the OKR using methods similar to those used in
the above studies; for example, in monkeys, Hiier et al. (2024) inhibited the FEF
and measured the way in which this impacted attentional modulation of M'T neu-
rons, and Treue and Martinez Trujillo (1999) recorded from MT neurons to in-
vestigate the effects of allocating attention to different motion stimuli on the
cell’s response. By employing such methods and applying a stimulus similar to
those used in Experiment 2 and eye tracking methods, one can investigate how

inhibition of the FEF impacts both activity in visual neurons responding to
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optokinetic stimuli and the driving stimulus for the OKR, as well as the way in
which allocating attention to different stimulus regions impacts the response of

visual neurons during OKR.

Attention may thus exert its effects on the OKR by modulating responses
in visual areas responsible for processing visual motion under the direction of
mediating signals generated in the FEF. The extent to which neuronal responses
to the available stimuli are enhanced or suppressed may determine whether the
activity in response to the peripheral stimulus is sufficient to override the OKR
in response to the central stimulus. The manner in which neural responses to
attended and unattended stimuli are modulated by attention can be described by
divisive normalisation models; this will be discussed in further detail in the fol-

lowing section.

6.4 Centre-surround interactions

The use of stimuli with a centre-surround (C/S) configuration presenting
different directions of motion to the centre and to the surround showed that gain
in response to the centre was slightly reduced by the presence of incongruent
motion in the surround in some participants. More so, gain in response to the
surround was reduced by the presence of incongruent motion in the centre in all
participants. The presence of motion with a different direction in the centre or in
the surround thus had a suppressive eftect on the gain of the OKR, with responses
to the surround being particularly aftected by central motion. This effect oc-
curred regardless of whether the incongruent motion was coherent or Brownian.
These results indicate a suppressive interaction between the centre and surround
stimulus regions, which may be accounted for by effects such as surround sup-

pression.

Area M'T/V5 contains neurons with large RF's. For example, in owl mon-
keys, Felleman and Kaas (1984) reported that MT RF size ranged from 4 to 25
deg in width. As in other visual areas, these RF sizes become larger and more
elongated with eccentricity, as demonstrated by Hangen et al. (2022) in marmo-
sets. Stimuli outside of the RF of an MT neuron do not trigger a response in the

neuron; however, they are able to normalise the responses to stimuli within the
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cell’s RF (Britten & Heuer, 1999). This normalisation occurs over large regions
that extend beyond the RF of the cell. In monkeys, Britten and Heuer’s (1999)
reported that the largest RF was ~9 deg, while stimuli divisively interacted over
a distance of at least 20 deg. When more than one moving stimulus is available,
researchers have suggested that M'T neurons average inputs via divisive opera-
tions (Recanzone et al., 1997). The suppressive effects seen as a result of C/S
stimuli during Experiment 2 may be partly caused by divisive normalisation be-

ing performed by cells in visual cortex responding to the stimulus motion.

Surround suppression is usually discussed in the context of a centre and
a surround that contain motion drifting in the same direction. It explains why
increasing the area of a stimulus beyond a certain size can sometimes reduce re-
sponses to that stimulus, as responses are suppressed when a stimulus exceeds
the classical RF (Jones et al., 2001). These centre-surround interactions have
been reported in macaque monkeys in MT (Anton-Erxleben et al., 2009) and
MST (Eifuku & Wurtz, 1998). Using rabbits, some visual neurons have been
found to possess an extra-classical RF that surrounds the classical RF, where
stimuli presented in the extra-classical RF do not trigger a response in the cell
but can have a modulating eftect, either excitatory or inhibitory, on the activity
of the neuron (Barlow & Levick, 1965). In monkey MT, stimuli presented outside
of the classical RF have been shown to modulate responses to stimuli within the
RF (Albright & Stoner, 2002; Allman et al., 1985b; Xiao et al., 1997). In this way,
motion presented to the centre or surround of the C/S stimulus may have a mod-
ulating influence on visual neurons responding to motion in each direction, re-
sulting in a suppressed response. In the context of directionally selective cells
responding to visual motion, these centre-surround interactions are usually re-
ported to be antagonistic (e.g. Allman et al., 1985a), often with surround motion
in the centre’s preferred direction inhibiting the response; however, a facilitatory
effect is seen in some neurons whereby the preferred motion in the surround
reinforces the activity of the neuron (Barlow & Levick, 1965; Zarei Eskikand et
al., 2020). Using monkeys, Huang et al. (2007) showed that the dominance of
antagonistic surrounds in the literature is related to the stimulus characteristics
used in these studies: there is evidence that the centre-surround interaction var-

ies with stimulus factors such as contrast (Huang et al., 2007; Zarei Eskikand et
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al., 2020). Such facilitatory effects may contribute to the increases in OKR gain

observed as the size of a central stimulus is increased.

The responses of some visual neurons are affected by the presence of more
than one stimulus in the RF. In macaque monkeys, Recanzone et al. (1997)
showed that two stimuli within an MT or MST RF interact, producing either an
increase or a decrease in the neural response. They found that when one of the
two present stimuli drifted in the null (opposite, non-preferred) direction, the
response in the cell was smaller than when only the preferred stimulus was pre-
sent. The response to the preferred stimulus is thus normalised with respect to
the non-preferred stimulus. They argued that their results show that the re-
sponses of M'T and MST neurons are predicted by a vector average of the re-
sponses to the component stimuli. Similarly, in macaque monkeys, Rust et al.
(2002) showed that when grating stimuli drifting in the cell’s preferred direction
were paired with stimuli drifting in the non-preferred direction, the presence of
the non-preferred grating had a suppressive effect on the response. This effect
was stronger when stimuli were presented at the same location and weaker when
they were separated in space. From this, they concluded that non-preferred stim-
uli inhibit responses when they are proximal to the preferred stimulus. The effect
of the presence of multiple moving stimuli has also been assessed in the context
of oculomotor control. Groh et al. (1997) used microstimulation of M'T neurons
in monkeys, finding that the pursuit and saccadic systems use a vector average

of the available stimuli to calculate planned eye movement velocity.

Suppressive eftects of motion within and beyond the classical RF may
partly account for the results obtained in Experiment 2. MT has a retinotopic
organisation with an expanded foveal representation: in macaque monkeys, Van
Essen et al. (1981) reported that the central 15 deg of vision occupies more than
half of its surface area. More eccentric RF's are also larger in size (in marmosets:
Hangen et al., 2022). Centre stimuli thus likely occupy more RFs and RF centres
compared to more eccentric regions of surround stimuli, while having smaller
RF's that may be less likely to extend into the surround motion. The presence of
incongruent motion in one region of the stimulus may have a suppressive eftect
through modulating responses of neurons responding to the motion in areas such
as MT; the incongruent motion appears to have a normalising effect on the re-

sponse. That central motion has a larger suppressive effect on surround motion
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than the reverse may be a consequence of central stimuli occupying more RF's
and RF centres, and neurons responding to more eccentric motion having larger
RFs that may be more likely to overlap with a region of incongruent motion.
Cells with RF's located at regions of the visual field where the centre and sur-
round stimuli meet will have more than one direction of motion present within
the RF. Through vector averaging, this may result in a reduced response to the
stimulus (Recanzone et al,, 1997) and a lower velocity estimate being used in

oculomotor planning (Groh et al.,, 1997).

Centre-surround interactions between stimuli may also be modulated by
attention. There is evidence that attention can impact the shape and size of M'T
neuron RFs. In the context of C/S Opposing stimuli in Experiment 2, this indi-
cates that directing attention to the central stimulus shrinks the RF size of cells
responding to that central stimulus; this may reduce the suppressive impact of
the surround motion. Attention also influences the extent of surround suppres-
sion: in macaque monkeys, surround suppression has been shown to be stronger
when attention is directed to a surround rather than a centre stimulus (Sundberg
et al., 2009). This may also account for why directing attention to the surround
region of'a C/S Opposing stimulus had such a dramatic effect on gain in response
to the centre: by directing attention to the surround, the suppression of responses
to the central motion may have increased. Similarly, while applying a divisive
normalisation model of attention (Reynolds & Heeger, 2009) to such effects,
Kiniklioglu and Boyaci (2022) reported that the suppression was stronger during
a ‘wide attention’ condition (humans observers asked to attend to the surround)
compared to a ‘narrow attention’ condition (observers asked to attend to the cen-
tre). An effect such as this may contribute towards central motion having a
greater effect on responses to the surround compared to the effect of surround
motion on the centre: the widening of the attention field that occurs when atten-
tion is directed to the annular stimulus in the surround may have selectively

strengthened the effects of suppression.

In the normalisation model of attention, both the stimulus drive and the
suppressive drive contribute to the response of a neuron (Reynolds & Heeger,
2009). This model describes a ‘stimulus drive” which represents a neuron’s re-
sponse to the stimulation field in the absence of attention or normalisation

(Reynolds & Heeger, 2009). In the context of C/S stimuli, this may represent a
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neuron’s response to a given direction of stimulus motion, for example motion in
the centre. In contrast, the suppression field includes the features and locations
that contribute to suppression. The ‘suppressive drive’ describes the amount of
suppression contributing to a neuron’s response; this suppression divisively nor-
malises the stimulus drive and is pooled over a broader range of locations and
features compared to the stimulus drive. Importantly, this model includes an ‘at-
tention field” which is multiplied by the stimulus drive prior to normalisation by
the suppressive drive. This calculation determines the output firing rate of a neu-
ron. This model is thus able to account for eftects described earlier in this chap-
ter, such as the findings of Treue and Martinez Trujillo (1999) showing that
responses of monkey MT neurons are affected by the allocation of visual atten-
tion, while also incorporating eftects such as surround suppression. In the con-
text of Experiment 2, central motion may be particularly detrimental to re-
sponses to the surround stimulus due to providing a stronger suppressive drive
to cells responding to the surround motion, or due to more eccentric motion
providing a weaker stimulus drive than central motion. In this way, the extent
to which motion in the centre of the C/S stimulus normalises responses to the
surround region may be greater. These difterences between the excitatory and
inhibitory drives provided by each region may be exacerbated by differences in
the attention field between the two conditions, such as the effect reported by
Kimiklioglu and Boyaci (2022), where a wider attention field resulting from di-
recting attention to the surround of a C/S stimulus resulted in a greater suppres-
sive effect. However, that attention provided a greater boost to OKR gain in the
peripheral response could be interpreted as an indication that the multiplication
of the stimulus drive by the attention field was larger during conditions of sur-

round attention compared to conditions of centre attention.

6.5 Stimulus area and eccentricity

Experiments 2 and 3 confirmed that peripheral motion can drive the
OKR. In contrast with the report of Dubois and Collewijn (1979), directing at-
tention to the peripheral stimulus was not required to induce a peripheral OKR.
However, directing attention to the peripheral stimulus enhanced the OKR by

increasing its gain, frequency and amplitude. In Experiment 2, increasing

266



stimulus area significantly increased OKR gain when the fovea was stimulated.
When foveal stimulation was removed, increasing the area of the stimulus did
not increase OKR gain. Though gain in response to a non-foveal stimulus was
largely invariant to stimulus area, achieving a gain of ~1.0 appeared to depend
on the inclusion of peripheral stimulation. Therefore, in normal adult observers,
stimulation of the fovea is crucial for producing high-gain OKR. Removing even
the central 19.63 deg? (i.e. a central patch 5 deg in diameter) markedly lowered
gain; this gain reduction was largely invariant to the size of the central occlusion.
In other words, increasing stimulus area only increased gain when foveal stimu-
lation was included, and during foveal stimulation, extending stimulation into
the peripheral retina was necessary for the slow phase to match the stimulus
velocity at the velocities tested (15 and 30 deg/s). Further demonstrating the
importance of foveal stimulation, the results of Experiment 3 showed that mov-
ing the stimulus away from the central field dramatically reduced OKR gain. Be-
yond 5 deg eccentricity, further increases in stimulus eccentricity had a smaller
effect on the OKR, indicating that each deg of eccentricity is more impactful to-

wards the centre.

The importance of central stimulation in driving the OKR has been dis-
puted in the literature. Previous studies have reported that central stimulation is
a more eftective driver of the OKR (Abadi et al., 2005; Cheng & Outerbridge,
1975),in agreement with the results presented here. However, in contrast, Cheng
and Outerbridge (1975) reported that deletion of the central 5 deg had little effect
on the OKR. Similarly, in a study using patients with central scotoma, Valmaggia
et al. (2001) reported that OKR was only affected when a scotoma was larger
than 20 deg and the stimulus velocity was above 30 deg/s. Conversely, van Die
and Collewijn (1982) found that deletion of the central 5 deg dramatically re-
duced the gain of the OKR in a manner similar to that seen in Experiment 2.
These differences across studies may result from variations in methods to remove
central stimulation. For example, artificial occlusions and real scotoma may im-
pact the ORR in different ways, with artificial occlusions having a more detri-
mental effect, though van Die and Collewijn (1982) reported that the impact of
removal of the centre on the OKR was comparable across real and artificial sco-
toma. Experiments using artificial occlusions vary in the types of masks used to

occlude the centre. Cheng and Outerbridge (1975) removed the centre using a
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square mask with hard edges, whereas Experiment 2 used a circular mask with
blurred edges. The mask used by Cheng and Outerbridge (1975) therefore did
not simulate the appearance of a scotoma; to the observer, the square mask may
have appeared as a stationary object within the moving field. Differences such as
this may contribute to the dramatic differences in outcomes between studies of

the effects of removal of central stimulation on the OKR.

The processing and perception of motion may differ between central and
peripheral visual field regions, contributing to eccentricity effects in the OKR.
For example, drifting gratings in the visual periphery are perceived to move
more slowly (Johnston & Wright, 1986), indicating that stimulus velocity may
be underestimated with increasing eccentricity. Temporal summation times have
also been shown to differ between central and peripheral regions: Melcher et al.
(2004) demonstrated longer temporal summation in response to central stimuli
and showed that attention was able to reduce the difterence in temporal summa-
tion time between central and peripheral visual field regions. This evidences a
difference in motion processing between the central and peripheral visual fields
and demonstrates that attention may improve perception of motion in eccentric
visual field regions by extending the duration of temporal summation. De Bruyn
(1997) showed that while transparent moving textures are segregated in central
vision, they are blended in the periphery, creating the perception of motion cor-
responding to the average of the composite stimuli. They argued that this pro-
vides evidence of distinct motion processing mechanisms in the periphery.
Mareschal et al. (2008) reported higher motion discrimination thresholds in the
peripheral visual field which were not caused by reduced visibility in the periph-
ery. This eccentric deterioration of motion discrimination was instead attributed
to an increase in local directional uncertainty caused by internal noise. They ar-
gued that this result was a reflection of the properties of motion detectors in the
visual periphery. For example, in monkeys, direction selectivity in V1 has been
shown to decrease with eccentricity (Orban et al.,, 1986). The outcomes of these
studies indicate that peripheral motion may be perceived less accurately in terms
of its speed and direction, and may be associated with different processing mech-
anisms compared to central vision. Upon finding higher OKR gain in response
to centrally presented stimuli in humans, Abadi et al. (2005) suggested that cen-

tral gain was higher due to RFs for detection of motion being smaller at less
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eccentric regions, resulting in superior sensitivity to low velocity retinal motion
that occurs during relatively high-gain OKR (Barnes, 1993; Smith & Snowden,
1994). In this way, the slow phase velocity may be better ‘fine-tuned’ in response
to central stimulation due to enhanced sensitivity to small amounts of residual
motion. Differences in the perception of motion across the visual field may con-
tribute towards differences in gain across the visual field. This can be assessed
by testing whether thresholds for visual motion perception are correlated with
the gain of the OKR, or by having participants perceptually match the perceived
speed of stimuli at different eccentricities and assessing whether OKR gain fol-

lows the actual or perceived velocity.

In addition to eccentricity, the size of a stimulus is known to impact the
perception of that stimulus. For example, thresholds for determining the direc-
tion of motion reduce as stimulus size increases (Hutchinson & Ledgeway, 2010;
Watamaniuk & Sekuler, 1992). As mentioned previously, studies involving non-
human animals have shown that some visual neuron RFs have facilitatory sur-
rounds where surround motion in the preferred direction increases the response
of the neuron (Barlow & Levick, 1965; Zarei Eskikand et al., 2020). Increasing
the size of a stimulus beyond the RF centre thus increases the activity of such
neurons. The enhanced OKR gain associated with increased stimulus size may
partly result from increased activity in visual neurons with facilitatory sur-

rounds.

Eye movements are also known to affect the perception of motion in hu-
mans, and this too may vary with stimulus size and location. Using a pursue and
fixate method with drifting grating stimuli, Turano and Heidenreich (1999)
showed that eye movements affect the perceived speed of distal stimuli. When
eye movements moved in the opposite direction to the stimulus motion, small
stimuli (8 deg) were associated with increased perceived speed whereas larger
(18 deg) stimuli were associated with decreased perceived speed. They argued
that the way in which eye movement velocity is represented is influenced by
stimulus size, causing eye velocity to be either under- or over-represented when
the speed of the stimulus is estimated. In a similar study, Brenner and van den
Berg (1994 reported that estimates of target velocity during pursuit are affected
by an underestimation of eye velocity when the eyes move in the same direction

as background motion; when moving in the opposite direction to the background
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motion, perceived target speed was based on retinal slip. In reference to C/S
Opposing stimuli used in Experiment 2, results such as these indicate that errors
in estimates of eye movement velocity impact perceived speed in a way that may
be modulated both by the size of the stimulus and by whether the direction of
stimulus motion matches the slow phase direction. This may aftect the gain of

the OKR by causing motion speed in each region to be perceived difterently.

‘Pursuit cells’ of the superior temporal sulcus (STS) of MT have been
shown to have preferences for different stimulus sizes and to change their re-
sponse level based on stimulus size. Komatsu and Wurtz (1988) recorded from
pursuit cells in monkeys in response to dot field stimuli. Cells that preferred large
field stimulation showed changes in their responses as stimulus size was in-
creased. For example, one cell with a very large (80x80 deg) RF was shown to
increase its spike rate as stimulus size was increased from 10x10 deg to 73x73
deg, with the most dramatic increase seen between 10x10 deg and 40x40 deg.
Interestingly, the increase in stimulus area also caused the preferred direction of
motion of the cell to reverse; at below 30x30 deg stimulus size, the cell showed
a preference for downward motion, however, above this size, a preference for
upward motion was demonstrated. This result demonstrates that the activity of
pursuit cells preferentially responding to large field motion, such as that typically
used to induce OKR, is affected by stimulus size. The reversal of the cell’s pre-
terred motion direction with an increase in stimulus size highlights that the re-
lationship between stimulus area and neural responses to visual motion is highly

complex and impacted by a number of different factors.

The available evidence indicates that motion perception thresholds are
affected by stimulus area (Hutchinson & Ledgeway, 2010; Watamaniuk & Seku-
ler, 1992) and eccentricity (Mareschal et al., 2008; Melcher et al., 2004); these
eftects of stimulus factors on perception thresholds may contribute to changes in
ORR gain. Though Experiment 2 found that, in the absence of foveal stimulation,
increasing peripheral stimulus area did not increase the gain of the OKR, it is
possible that this was due to the range of stimulus sizes used; it cannot be ruled
out that a more dramatic increase of peripheral stimulation, for example by full-
field stimulation, might produce an eftect. Approaching the fovea, each deg of
eccentricity appears to become more impactful on the OKR; this may be due to

tactors such as smaller RF sizes towards the centre (Hangen et al., 2022), over-
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representation of the fovea in visual areas such as MT (Van Essen et al.,, 1981)
and differences in the perception of motion at the centre compared to the periph-
ery (Johnston & Wright, 1986; Melcher et al., 2004; De Bruyn, 1997; Mareschal
et al., 2008). If estimates of visual motion features obtained from the centre are
more accurate than those of the periphery, this information may simply be more

heavily weighted when determining the required slow phase velocity.

6.6 OKAN reversal as an adaptation effect

Reversed OKAN (OKAN-II) is difficult to study in human observers: hu-
man OKAN data are noisy, and OKAN-II is not observed in every individual
(Gygli et al., 2021). For this reason, the cause of OKAN reversal is not well un-
derstood. Stimulus velocity has been proposed to contribute, with slower stimuli
producing OKAN-I and faster stimuli causing OKAN to reverse (Clément et al.,
1981; Collewijn, 1985). Experiment 1 showed that reversal of OKAN was indeed
predicted by stimulus velocity; however, stimulus velocity and ORR gain were
collinear, as increasing stimulus velocity significantly reduced gain. With veloc-
ity controlled for, OKR gain was found to significantly predict OKAN reversal.
This confirms that lower OKR gain is associated with OKAN-II, leaving a ques-

tion mark over the role of stimulus velocity in reversal of OKAN.

Adaptation to motion has been hypothesised to be a cause of OKAN re-
versal. Some researchers have proposed that OKAN-I and OKAN-II should be
considered to result from separate mechanisms. For example, Gygli et al. (2021)
argued that they are independent exponential functions with opposite sign:
OKAN-II opposes OKAN-I. They showed that participants who produced
OKAN-II had reduced OKAN-I velocity compared to individuals who only pro-
duced OKAN-I, and that OKAN-II was associated with longer exposure times
up to three minutes. They interpreted the reduced OKAN-I velocity as being
caused by the opposing impact of the OKAN-II component. Their results agree
with the proposal of Brandt et al. (1974) that reversal of OKAN is caused by
adaptation to motion during the preceding optokinetic stimulus. This adaptation
was described as being a negative velocity command which summates with
OKAN-I activity but decays over a longer time period (Gygli et al., 2021). In this
way, different patterns of OKAN can be observed depending on the intensity of
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each component. Chen et al. (2014) also produced evidence of a link between mo-
tion adaptation and OKAN reversal. Following suppression of OKR using a fix-
ation point, reversed OKAN occurred when an observer experienced motion af-
ter-effect induced eye movements and retinal afterimages. The finding of a rela-
tionship between low OKR gain and OKAN reversal in Experiment 1 can be
interpreted as offering support for a link between motion adaptation and OKAN-
II, as it indicates that the greater relative retinal motion resulting from lower

OKR gain was associated with reversal of the OKAN direction.

Oblique motion was exploited to investigate this hypothesis. In response
to oblique motion, an OKAN which was reversed only in the vertical component
was sometimes observed. For example, following stimulation with a stimulus
drifting in the down-right 45° direction, an OKAN with a slow phase in the up-
right 45° direction was seen. The properties of the preceding OKR were investi-
gated, showing that this vertical reversal was predicted by a shift of the OKR
slow phase direction towards the horizontal axis. During such an OKR, the gain
of the horizontal component would be greater than the gain of the vertical com-
ponent, resulting in net vertical motion across the retina as an oblique stimulus
is tracked horizontally. That this resulted in vertical, but not horizontal, OKAN
reversal thus provides support for the motion adaptation hypothesis. In the two-
component model that views OKAN-I and OKAN-II as separate, opposing
forces, this vertical reversal might be explained by the horizontal OKAN com-
ponent being a result of discharge of VSM activity stored during the preceding
OKR (OKAN-I component) being greater than any adaptation to horizontal mo-
tion during stimulation (OKAN-II component), and the vertical OKAN compo-
nent being reversed due to the discharge of VSM activity (OKAN-I component)
being opposed and overpowered by the greater adaptation eftect (OKAN-II com-
ponent) caused by reduced vertical gain. By extension, this indicates a separation
between vertical and horizontal OKAN components, possibly associated with

separate VSMs.

6.7 Considerations for OKR as a no-report measure

The findings of this project have highlighted a number of variables that

impact the OKR and should be considered when endeavouring to use OKR as an
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objective no-report measure in clinical and research settings. For no-report
measures such as the induction method used in OKR-based acuity testing (Aleci
et al,, 2018; Shin et al., 2006) which use the absence or presence of an OKR to
make assumptions about the visibility of a stimulus or stimulus feature, the main
consideration is use of a stimulus that will definitely invoke and OKR when vis-
ible. In Experiment 1, one participant produced no downward stare OKR in re-
sponse to a grating drifting at 40 deg/s despite producing a rigorous response
under different conditions. This absence of a response was not a consequence of
an inability to perceive the stimulus. This indicates that visibility of the stimulus
is not the only factor determining whether an OKR will be induced; there may
be individual differences in the velocity at which OKR, particularly vertical stare
OKR, breaks down. Such limitations must be considered in methods associating

the presence or absence of an OKR with visual function.

No-report measures that attempt to make assumptions about visual func-
tion based on the characteristics of the induced OKR, such as its gain, may sufter
trom a lack of consideration for other factors affecting the OKR. For example, it
has been proposed that OKR may serve to provide an estimation of the extent of
visual field loss (VFL) due to a correlation between the extent of simulated visual
field loss (SVFL) and the gain of the OKR (Doustkouhi et al., 2020b). Doustkouhi
et al. (2020b) used observers with normal vision and varied the extent of SVFL,
reporting that as the percentage of the stimulus that was masked increased, the
gain of the OKR in response to the stimulus decreased. The stimulus used in their
study (see Chapter 1: General Introduction, Figure 1.13) included a spared cir-
cular patch of stimulation over the fovea (5 deg); beyond this central patch, the
extent of peripheral stimulation was varied using a mask. However, the findings
of the present project indicate that this central 5 deg of stimulation is the most
critical region for producing high-gain OKR, and that the effect of stimulus area
on gain may be reliant on the presence of this foveal stimulation. Upon removal
of this region in Experiment 2, increasing peripheral stimulus area did not sig-
nificantly increase gain. The correlations reported by Doustkouhi et al. (2020b)
between the gain of the OKR and the extent of SVFL may therefore be dependent
on the presence of a spared circular 5 deg patch of stimulation centred over the
tovea; if a different pattern of central visual sparing was tested, or SVFL with the

centre masked, the outcome may not be the same. The results of Experiment 2
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indicate that removal of this central stimulation may result in no correlation be-
tween stimulated area and gain. Such outcomes would limit the clinical useful-
ness of this measure, as attempts to measure the extent of VFL should not be

reliant on the presence of a specific VFL topography.

Results obtained in studies using artificial occlusions and pathological
scotoma are often very different; this poses a threat to the generalisability of
findings obtained using SVFL. In Experiment 2, removal of the central 5 deg by
masking dramatically reduced the gain of the OKR; this effect was also reported
by van Die and Collewijn (1982), whereas Valmaggia et al. (2001) reported that
central scotoma patients’ OKR gain was unaffected if the scotoma was less than
20 deg in size. Similarly, Abadi and Pantazidou (1997) examined OKR in indi-
viduals with age-related macular degeneration (AMD) and age-matched controls
in response to stimuli drifting at 30, 50 and 70 deg/s, finding no difference in
gain between participants with AMD and controls. This surprising preservation
of the OKR in the presence of maculopathy may be related to the ability to ‘fill
in’ the stimulus at the location of the scotoma, in addition to a preference for
central vision (Gloriani & Schiitz, 2019). Cohen et al. (2003) reported that bilat-
eral scotoma was associated with filling in whereas unilateral scotoma was not,
and Valmaggia and Gottlob (2002) found that OKR was elicited by filling in of
the scotoma in individuals with AMD, resulting in an OKR of similar gain to
that of age-matched controls. These findings indicate that scotoma may be less
detrimental to the OKR than artificial occlusions, that the OKR may be unaf-
tfected by central scotoma below a certain size, and that ‘filling in” of bilateral
scotoma may facilitate the OKR. Attempts to develop methods of quantitying
visual field loss based on OKR gain should thus focus on using participants with
real visual field loss, as results obtained using SVFL may exaggerate the effects

of central field loss on the OKR.

The impact of attention on the OKR should also be considered in the de-
velopment of methods to quantify VFL using OKR gain. In the absence of central
stimulation, gain in response to the periphery was approximately doubled by di-
recting attention to the peripheral motion. A measure that relies on an associa-
tion between VFL and gain, such as the correlation reported by Doustkouhi et
al. (2020b), may therefore be unduly aftected by the attention of the observer.

Inconsistencies in the allocation of attention throughout testing may disrupt the
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correlation between extent of VFL and OKR gain, particularly in the absence of

central stimulation.

The location of a scotoma in relation to the slow phase direction may also
affect the ORR. Studies of SPEM indicate that eye movements are affected de-
pending on whether they are made towards or away from the location of the
scotoma. Shanidze et al. (2016) reported that the gain of pursuit was significantly
lower in response to targets moving towards the scotoma compared to those
moving away from it. Given the similarities between OKR slow phases and
SPEM, it is possible that such an effect will also apply to the OKR. In this way,
the direction of motion of'an OKR stimulus being used to assess VFL may impact
the gain obtained in response to the stimulus. However, further research is re-
quired to assess the way in which scotoma location affects the symmetry of the
OKR. It may be possible to incorporate this information into methods of OKR-
based VFL assessment in order to obtain some topographical information about

VFL.

Gain is not the only aspect of the OKR that is affected by stimulus eccen-
tricity. Including frequency and amplitude in addition to gain may provide a
more robust measure in the context of VFL assessment. The coefficients obtained
in regression analyses during Experiment 3 indicate that, compared to the gain,
the frequency and amplitude of the OKR can be even more sensitive to stimulus
eccentricity. Figure 5.16 (Chapter 5: Experiment 3) shows how the OKR wave-
form varies dramatically with eccentricity; this effect is not well captured by re-
lying only OKR gain. There is often a focus on gain in the OKR literature, but
incorporating other characteristics of the OKR may improve the diagnostic po-
tential of OKR-based measures of visual function. However, due to the focus on
gain, may studies of OKR do not report frequency or amplitude measures (e.g.
Doustkoubhi et al., 2020b; Knapp et al., 2008; Rubinstein & Abel, 2011; Williams
et al., 2016), the result of which is that the effect of many variables, such as stim-
ulus appearance or ocular disease, on the frequency and amplitude of the OKR is

less well understood.

Beyond the clinical applications of the OKR, it has been proposed that the
ORR could be used as a measure of attention (Frattini & Wibble, 2021; Rubin-
stein & Abel, 2011; Williams et al., 2006). The results of Experiment 2 indicate

that attention can be used to change which available motion stimulus drives the
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ORR. However, attention is not the only determining factor. Even with the sur-
round attended, the centre region of the C/S Opposing stimulus sometimes elic-
ited an OKR, though it is noted that this may be related to difficulty in maintain-
ing visual attention on the peripheral stimulus. There were individual differences
in the extent to which an attended peripheral stimulus drove the OKR in the
presence of a competing central stimulus. For example, in Experiment 2, one
participant (P6) did not produce any OKR consistent with the direction of motion
in the surround during this condition, despite accurately responding to the
counting task presented to the surround. This shows that despite actively en-
gaging in the peripheral attention task, the central, ‘unattended” stimulus drove
the response. An alternative explanation for this finding is that this participant
divided their attention between the central and peripheral stimuli, with sufticient
attention being reserved in the centre for that stimulus to drive the response
while the task was carried out in the surround. In this participant, the gain and
tfrequency of the response to the centre was reduced as a result of attending to
the surround; this indicates that attending to the surround motion did affect the
OKR despite the surround not driving the direction of the response. If it is the
case that this outcome was an effect of divided attention, this result could be
interpreted as offering further support for the use of OKR as a measure of atten-

tion as it may demonstrate the eftect of multiple levels of attention on the OKR.

Further investigation of the impact of attention on the OKR with a focus
on more naturalistic stimuli and stimuli including depth cues would be of benefit
to the application of OKR as a measure of attention; this information could im-
prove the versatility of such a measure. For example, OKR could be used to pro-
vide an indication of the locus of visual attention in a context such as driving
research in order to better understand the way in which drivers direct their visual
attention while navigating different environments. In the present project, artifi-
cial stimuli such as random-dot kinematograms have been used; these stimuli
present first-order motion, with different directions of motion in different re-
gions being presented to the same depth plane in the form of C/S stimuli. It may
be the case that the results obtained here do not fully transter to more complex,
naturalistic stimuli that include depth information. The availability of stimuli at
different depths may complicate the way in which attention and retinal location

affect the OKR. Kanari and Kaneko (2019) showed that when attention is directed
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to a central stimulus while vergence is maintained on a peripheral stimulus, the
central stimulus drives the OKR. However, when vergence is on the central stim-
ulus and attention on the peripheral stimulus, the OKR is driven equally by both
stimuli, producing an alternating response similar to that seen in response to
some C/S Opposing stimuli during Experiment 2. This indicates that the at-
tended stimulus does not necessarily drive the OKR when attention and vergence
are at different loci, and that the relationship between these factors depends on
which stimulus is central or peripheral. Though it seems unlikely that vergence
and attention would be directed towards different stimuli under normal viewing
conditions, these results nonetheless highlight that in a natural environment
with stimuli available at different depth planes, other factors outside of attention
and retinal location impact the driving stimulus of the OKR. Applying OKR-
based measures in such contexts will thus rely on further research being carried

out using more complex stimuli.

OKR offers the potential of a promising no-report measure that may
widen the participant pool in research and increase accessibility to testing of vis-
ual function for disabled individuals and very young children. It ofters the possi-
bility of accommodating the inclusion of individuals, such as those who are non-
speaking or non-compliant due to disability, to be tested in clinical settings and
to be involved in research as participants. The inclusion of such individuals in
research will ultimately aid in better understanding these populations. However,
tactors highlighted here indicate that successful application of OKR-based meth-
ods relies on consideration of a wide range of exogenous and endogenous varia-
bles, such as the attention of the observers and the velocity and direction of stim-

ulus motion, in the development of such measures.

6.8 Unresolved issues and future directions

6.8.1 The role of smooth pursuit in OKR asymmetry

Due to the finding of vertically asymmetric OKR mainly in response to
look OKR (Experiment 1) and central stimuli (Experiment 3), it was argued that
this asymmetry may be related to smooth pursuit asymmetry. However, as with

the OKR literature, the smooth pursuit literature reports outcomes in adults with

277



normal vision varying from no asymmetry (Tychsen et al., 1984; Tychsen & Lis-
berger, 1986) to upward preference (Baloh et al., 1983, 1988; Rottach et al., 1996)
to downward preference (in monkeys: Akao et al.,, 2007; in humans: Ke et al.,
2013). Many studies report that vertical SPEM asymmetry does vary between
individuals (Baloh et al., 1988; Tychsen & Lisberger, 1986), an eftect that has also
been reported in vertical OKR asymmetry (Knapp et al., 2008) and that has been
observed in the present study, leaving open the possibility that vertical asym-
metry in OKR and SPEM is idiosyncratic. This may explain the varied results
reported across the literature. In order to assess whether these vertical asymme-
tries are related, they could be investigated within individuals to test for con-
sistency. The vertical symmetry of both OKR and SPEM could be assessed
across a range of individuals to determine whether asymmetries in both eye
movement types are internally consistent: this would indicate that they arise
from a common source that varies between individuals. Additionally, as it has
been suggested that such asymmetries are associated with asymmetry in visual
motion perception (Ono et al,, 2019), it would be useful to also assess whether
these OKR and SPEM asymmetries, when present, are associated with biases in
motion perception thresholds for different directions of motion. Such an outcome
would provide support for the assertion that vertical tracking asymmetries are a
consequence of anisotropies in visual motion processing that vary between indi-

viduals.

6.8.2 The effect of attention on the OKR

Difficulty in directing attention to the visual periphery, particularly in
the context of a colour-based task, may have caused the role of attention in re-
sponse to more eccentric stimuli to be underestimated. During Experiment 2,
error rate in response to surround stimuli was higher than that of centre stimuli,
and analysis in Experiment 3 showed a strong positive correlation (R? = 0.859)
between eccentricity and error rate in the counting task. This finding indicates
that participants experienced greater difficulty in completing the task at more
eccentric locations; this is likely a consequence of reduced colour sensitivity in
the peripheral retina causing difficulty in detecting or discriminating the col-

oured task dots (Hansen et al., 2009; Mullen, 1991; Newton & Eskew, 2003).
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However, difficulty in allocating attention to these more eccentric stimuli may
have also contributed. To disentangle these factors, a task that does not involve
colour could be used to assess whether this impacts the effect of the task on the
ORR, or peripheral stimuli could be scaled to improve visibility. In this way, it
will be possible to delineate whether the difficulty experienced here reflects a
visual or an attentional effect, and to better quantity the role of attention in the

OKR.

C/S Opposing stimuli sometimes produced a direction-changing OKR.
This result led to two alternative interpretations: equal weighting of neural re-
sponses being achieved between central and peripheral stimuli due to the alloca-
tion of attention to the periphery and the natural prioritisation of the centre; a
difficulty in fully directing and maintaining peripheral attention in the presence
of a compelling central stimulus, resulting in attention fluctuating between the
two stimuli. The first interpretation implies that the centre is more heavily
weighted in driving the OKR, and that sufficient attention has been allocated to
the periphery to match that weighting. In this case, neither the central stimulus
nor the attended stimulus necessarily drive the OKR, though the central stimulus
carries a higher weighting under neutral attention conditions. The second inter-
pretation implies that the driving stimulus for the OKR is determined by atten-
tion. A more precise manipulation of attention is required to delineate this. A
similar task could be carried out before and after training observers to better
direct their spatial attention; if the training results in greater dominance of the
peripheral stimulus in driving the OKR, this would suggest that changes in OKR
slow phase direction were caused by attention. Alternatively, tasks in each region
(centre and surround) could be used to divide attention between the two stimuli
at varying ratios to assess the way in which this modulates the driving region of
the OKR. By varying the difficulty or demands of tasks in each region, it may be
possible to more precisely manipulate the allocation of attentional resources in
order to better understand the role played by attention in determining the driv-

ing stimulus for the OKR.
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6.8.3 Reversal of OKAN

Experiment 1 showed an association between low OKR accuracy (low
gain and directional inaccuracy) and OKAN with a reversed direction. This was
interpreted as providing support for the hypothesis that reversal of OKAN re-
sults from an adaptation to motion during optokinetic stimulation (Brandt et al.,
19745 Chen et al.,, 2014; Gygli et al.,, 2021). To further investigate the link be-
tween motion adaptation and OKAN reversal, stimuli producing different
strengths of motion after-effects (MAEs) could be used to induce OKR/OKAN
in order to assess whether the propensity to induce MAEs is related to the oc-
currence of reversed OKAN and whether the strength or duration of the MAE
is correlated with OKAN reversal. Another possibility is assessing whether
methods of influencing motion adaptation affect the reversal of OKAN in tandem.
For example, studies have shown that applying TMS over sites at which adapta-
tion to visual motion occurs, such as MT/V5, affects the duration of the MAE
(Stewart et al., 1999; Théoret et al., 2002). By applying methods to impact the
adaptation to visual motion during optokinetic stimulation, it should be possible

to assess whether manipulating the extent of motion adaptation has an influence

on OKAN-II.

Stimulus velocity was also found to predict OKAN reversal, however, due
to collinearity with gain it is unclear whether this is an effect of stimulus velocity
or simply a consequence of the association between high stimulus velocity and
low OKR gain. Low gain was confirmed as a predictor of OKAN reversal when
velocity was controlled for, however, vast differences in gain between the tested
stimulus velocities made controlling for gain while testing velocity very ditticult.
[t may be possible to overcome this issue. For example, one could train observers
to increase their gain (Boman & Hotson, 1987) so that similar gains can be
achieved across a range of stimulus velocities. The role of velocity could then be
assessed while gain is held relatively constant. Alternatively, as there are indi-
vidual differences in OKR gain, it may be possible to group participants based on
their gains in response to different stimulus velocities and assess the way in
which velocity impacts OKAN in each group. For example, participants could be
split into Tow’, ‘medium’ and ‘high’ gain groups before viewing a range of stim-
ulus velocities. If the low gain group experiences more OKAN-II than the high

gain group, independent of stimulus velocity, this would indicate that the effect
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is of gain; if increasing the stimulus velocity causes a comparable increase in

OKAN-II across every group, this would indicate that velocity also plays a role.

6.9 Concluding statement

The goal of this project has been to better understand the human OKR
and the way in which it is impacted by numerous bottom-up and top-down fac-
tors including attention, stimulus characteristics and retinal location. A greater
understanding of the OKR is critical to the successful implementation of the OKR
as a no-report measure in clinical and research settings. This has the potential to
allow inclusion of patient populations in research who would often be excluded
from traditional experiments; it is the opinion of this researcher that inclusion of
such individuals in research is of paramount importance. This project has suc-
cessfully furthered the knowledge of the effects of stimulus area, stimulus eccen-
tricity, stimulus velocity, multiple directions of motion, and the attention of the
observer on the OKR. However, as is common in research, for each answer pro-
vided new questions have arisen. The quest to understand the optokinetic re-

sponses is thus far from over.
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Appendix A

Professional Internship for PhD
Students (PIPS) Reflective Statement:
Open Science Tools Ltd.

Note to examiners:

This statement is included as an appendix to the thesis in order that the
thesis accurately captures the PhD training experienced by the candidate as a
BBSRC Doctoral Training Partnership student.

The Professional Internship for PhD Students is a compulsory 3-month
placement which must be undertaken by DTP students. It is usually centred on
a specific project and must not be related to the PhD project. This reflective
statement is designed to capture the skills development which has taken place
during the student’s placement and the impact on their career plans it has had.

Reflective statement:

During my PIPS, I worked for Open Science Tools Ltd., a company that
makes open-source software for researchers including the software PsychoPy. 1
was already somewhat familiar with PsychoPy, having learned it as an undergrad
betore teaching it as a postgrad. Working with PsychoPy during my PIPS thus
seemed ideal, as it wasn’t completely new ground, but there was still plenty left
to learn.

PsychoPy is written in Python, whereas I am a MATLAB user with very
little experience of Python. For this reason, it was initially decided that I would
work on improving documentation; as a fairly naive observer, since I don’t rou-
tinely use PsychoPy, I am in an ideal position to identify issues with their current
documentation. We decided that I would set up an experiment in PsychoPy
‘Builder’ (PsychoPy’s GUI for building experiments using pre-programmed
modules) and attempt to integrate the experiment with eye tracking hardware
(EyeLink 1000). We also decided that I would do this without input from the
PsychoPy team, as we wanted to see how easy it would be for me to do using
only the available documentation. Through this process, we identified issues with
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the existing documentation. I eventually wrote new documentation to more ac-
curately reflect the current status of PsychoPy hardware integration.

Two weeks into my PIPS with Open Science Tools, they held an event
that they call the ‘code sprint’. This is an annual event in which people — re-
searchers, software developers, students, etc. — travel to Nottingham to work on
PsychoPy-related problems together. IFor example, one person was a researcher
from Indiana, USA, who wanted to develop her own plugin; another was a man
from Germany who had created his own eye tracker and wanted to integrate it
with PsychoPy. There was even a Welsh BBSRC DTP student who, like me, was
doing his PIPS. I appreciated the opportunity to talk to individuals from a range
of diftferent backgrounds about their work.

During the code sprint, I continued with my project of setting up a suc-
cesstul eye tracking experiment in PsychoPy. I found that running an unencum-
bered experiment with the available hardware was near impossible; there was a
bug in our midst preventing the calibration process from functioning. Despite
having very little Python experience, I combed through some very dense codes,
and with the patient assistance of the PsychoPy team, the issue was found. We
could see another problem, but we unfortunately declared that particular bug to
be an ‘easy fix". Fate clearly punished us for our arrogance, as that bug remained
a frustrating mystery for over two weeks.

Once we had fixed the bugs identified during the code sprint, more came
up, of course. So, those were also addressed. I was then pointed towards some
issues that users were reporting in the forum, to have a look into those as well.
Many of the issues we found were around the same theme, such as the wrong
units being inherited somewhere so that stimuli are drawn too small. This meant
that they were easy to resolve, thankfully.

Once I had run out of bugs to fix, I turned my attention back to improving
documentation and improving navigation between docs. The documentation was
written in RST (restructured text) which meant that once again, there was some-
thing new to learn. For the most part it was easy to simply follow guides online
and look at the formatting of existing docs. This wasn’t without hiccups, though.
For example, I wanted to add a hyperlink to the documentation so that people
could easily navigate to the correct place. Unfortunately, it took several itera-
tions to get this right, as every time the updated documentation went live, the
hyperlink was broken. My Github account has become a monument to this mis-
take, as a list of pull requests labelled ‘attempt to fix hyperlink” document my
many failed attempts.

Overall, I have found working with Open Science Tools Ltd. to be a pleas-
ant experience. The team are very supportive and create a fun working environ-
ment, facilitated by a never-ending stream of coftee. I have picked up skills in
Python, RST and Github. I feel that I have gained an insight into the world of
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software development, which in some ways feels like endlessly falling up an infi-
nite flight of stairs as things are serially improved, but somehow there is never a
single unifying moment in which everything just works’. Though any contribu-
tions that I have made in the form of bug fixes or docs written were contingent
on the support of the rest of the team, I still feel a sense of pride in knowing that
I have played a small role in helping to improve the user experience, ultimately
making carrying out research more accessible, which is something I value

greatly.
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Appendix B

Individual analyses: Experiment 1

Table AB.1

Results of linear regression analysis to predict the gain of OKR using three

predictor variables (velocity, orientation of motion, instruction type)

P1 Gain B SE F J
Intercept 1.2840 0.085 35.631 <.001%*
Velocity -0.0130 0.001 -18.637 <.001%*
Orientation (vertical) -0.2385 0.084 -7.098 <.001%*
Orientation (oblique) 0.0131 0.029 0.452 654
Instruction type -0.0405 0.024 -1.706 .095

P2 Gain B SE F p
Intercept 0.9666 0.043 22.588 <.001%
Velocity -0.0154 0.001 -13.061 <.001%
Orientation (vertical) -0.0975 0.042 -2.848 .024%
Orientation (oblique) -0.0138 0.036 -0.385 702
Instruction type -0.3443 0.029 -11.728 <.001%*

P3 Gain B SE F P
Intercept 1.1934 0.043 27.59 <.001%*
Velocity -0.0228 0.001 -19.134 <.001*
Orientation (vertical) -0.2341 0.042 -5.577 <.001%*
Orientation (oblique) -0.0524 0.036 -1.442 .156
Instruction type -0.1339 0.030 -4.512 <.001%*

P4 Gain B SE F J
Intercept 1.2152 0.044 27.814 <.001%*
Velocity -0.0229 0.001 -19.085 <.001%*
Orientation (vertical) -0.1588 0.042 -3.746 <.001%*
Orientation (oblique) -0.0492 0.087 -1.841 187
Instruction type -0.0520 0.030 -1.735 .090

P5 Gain B SE F p
Intercept 1.7463 0.067 26.144 <.001%
Velocity -0.0324 0.002 -17.654 <.001%
Orientation (vertical) -0.2496 0.065 -3.852 <.001%
Orientation (oblique) -0.0779 0.056 -1.388 172
Instruction type -0.1194 0.046 -2.605 .018%

P6 Gain B SE F p
Intercept 1.4664 0.047 30.972 <.001%*
Velocity -0.0276 0.001 -21.224 <.001*
Orientation (vertical) -0.2058 0.046 -4.481 <.001%*
Orientation (oblique) -0.0773 0.040 -1.943 .059
Instruction type -0.0525 0.032 -1.617 113

P7 Gain B SE F J
Intercept 1.8930 0.047 29.599 <.001%*
Velocity -0.0206 0.001 -15.903 <.001%*
Orientation (vertical) -0.8120 0.046 -6.833 <.001%*
Orientation (oblique) -0.0757 0.040 -1.914 .062
Instruction type -0.0688 0.032 -2.133 .039%

P8 Gain B SE F p
Intercept 1.4046 0.062 22.678 <.001%
Velocity -0.0246 0.002 -14.469 <.001%
Orientation (vertical) -0.2523 0.060 -4.199 <.001%
Orientation (oblique) -0.0334 0.052 -0.641 525
Instruction type -0.0999 0.042 -2.351 .028%

Note: ‘Orientation’ uses horizontal motion as a reference variable
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Table AB.2

Results of linear regression analysis to predict the frequency of OKR using
three predictor variables (velocity, orientation of motion, instruction type)

P1 Frequency B SE F P
Intercept 1.9290 0.216 8.950 <.001%
Velocity -0.0131 0.006 -2.204 .033%
Orientation (vertical) -0.4583 0.209 -2.192 .033%
Orientation (oblique) 0.1442 0.181 0.796 430
Instruction type 0.2883 0.148 1.950 .058

P2 Frequency B SE F P
Intercept 2.0381 0.167 12.183 <.001%
Velocity -0.0117 0.005 -2.552 .014%
Orientation (vertical) -0.5512 0.162 -3.399 .001%*
Orientation (oblique) 0.0175 0.141 0.125 .901
Instruction type -0.4417 0.115 -3.849 <.001%*

P3 Frequency B SE F P
Intercept 1.5235 0.199 7.66% <.001%*
Velocity -0.0120 0.005 -2.190 .084%
Orientation (vertical) -0.3783 0.193 -1.962 .056
Orientation (oblique) 0.1175 0.167 0.704% 486
Instruction type 0.1583 0.136 1.161 .252

P4 Frequency B SE F P
Intercept 1.4023 0.136 10.285 <.001%*
Velocity -0.0189 0.004 -8.717 < .001%
Orientation (vertical) -0.0800 0.132 -0.605 .548
Orientation (oblique) -0.0125 0.115 -0.109 914
Instruction type -0.0008 0.094 -0.009 .993

P5 Frequency B SE F p
Intercept 1.3837 0.160 8.643 <.001%
Velocity 0.0029 0.004 0.661 512
Orientation (vertical) -0.3033 0.155 -1.953 .057
Orientation (oblique) 0.0117 0.185 0.087 .931
Instruction type -0.7700 0.110 -7.011 <.001%

P6 Frequency (non-sig) B SE F J
Intercept 1.6712 0.132 12.620 <.001%
Velocity -0.0027 0.004 -0.740 463
Orientation (vertical) -0.0467 0.128 -0.363 718
Orientation (oblique) -0.0033 0.111 -0.030 .976
Instruction type 0.2467 0.091 2.715 .009%*

P7 Frequency (non-sig) B SE F J
Intercept 1.5981 0.208 7.687 <.001%*
Velocity 0.00002 0.006 0.005 .996
Orientation (vertical) -0.2467 0.202 -1.223 .228
Orientation (oblique) 0.0592 0.175 0.339 186
Instruction type -0.0908 0.143 -0.637 .528

P8 Frequency B SE F p
Intercept 1.7042 0.199 8.560 <.001%*
Velocity -0.0081 0.005 -1.478 147
Orientation (vertical) -0.1200 0.193 -0.621 538
Orientation (oblique) 0.1058 0.167 0.633 .530
Instruction type -0.3842 0.187 -2.8138 .007*

Note: ‘Orientation’ uses horizontal motion as a reference variable
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Table AB.3

Results of linear regression analysis to predict the amplitude of OKR using
three predictor variables (velocity, orientation of motion, instruction type)

P1 Amplitude § SE F p
Intercept 3.5443 0.605 5.858 <.001%
Velocity 0.1758 0.017 10.534 <.001%
Orientation (vertical) -0.5989 0.587 -1.020 .313
Orientation (oblique) 0.1041 0.508 0.205 .839
Instruction type -2.1493 0.415 -5.178 <.001%

P2 Amplitude B SE F p
Intercept 4.4436 0.480 9.255 <.001%*
Velocity 0.0042 0.013 0.317 753
Orientation (vertical) -0.1052 0.466 -0.226 .822
Orientation (oblique) -0.1888 0.408 -0.468 .642
Instruction type -3.4731 0.329 -10.545 <.001%*

P3 Amplitude B SE F J
Intercept 9.4428 0.891 10.593 <.001%
Velocity -0.0891 0.025 -3.634 <.001%
Orientation (vertical) -2.5349 0.865 -2.931 .005%
Orientation (oblique) -1.8033 0.749 -2.408 .020%
Instruction type -3.8943 0.611 -6.368 <.001*

P4 Amplitude B SE F p
Intercept 5.9687 0.562 10.615 <.001%
Velocity -0.0179 0.015 -1.157 254
Orientation (vertical) -1.9677 0.545 -3.607 <.001%*
Orientation (oblique) -1.1931 0.472 -2.526 .015%*
Instruction type -0.7862 0.386 -2.038 .048%

P5 Amplitude B SE F P
Intercept 6.0318 0.556 10.847 <.001%*
Velocity -0.0197 0.015 -1.289 204
Orientation (vertical) -0.4766 0.539 -0.884: .382
Orientation (oblique) -0.6731 0.467 -1.440 157
Instruction type -2.0080 0.381 -5.264 <.001%*

P6 Amplitude B SE F J
Intercept 7.4858 0.774 9.676 <.001%
Velocity -0.0427 0.021 -2.005 051
Orientation (vertical) -1.5676 0.751 -2.089 .043%
Orientation (oblique) -1.1816 0.650 -1.741 .089
Instruction type -0.9227 0.531 -1.739 .089

P7 Amplitude B SE F P
Intercept 6.7228 0.722 9.312 <.001%
Velocity 0.0546 0.020 2.747 .009%
Orientation (vertical) -3.8732 0.700 -4.816 <.001%
Orientation (oblique) -1.5732 0.607 -2.594 .013%
Instruction type -1.1550 0.495 -2.332 .024%

P8 Amplitude B SE F P
Intercept 4.8054 0.446 10.776 <.001%
Velocity -0.0196 0.012 -1.600 117
Orientation (vertical) -0.3809 0.483 -0.880 .384
Orientation (oblique) -0.1991 0.375 -0.531 .598
Instruction type -1.1916 0.306 -3.895 <.001%*

Note: ‘Orientation’ uses horizontal motion as a reference variable
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Table AB.4

Results of linear regression analysis to predict the occurrence of OKAN
using five predictors (preceding stimulus velocity, motion orientation, in-
struction type, preceding OKR angular SP deviation and gain)

P1 B SE F ?
Intercept 38.8440 18.246 2.129 .033%
Velocity -0.4074 0.194 -2.100 .086%
Orientation (vertical) -1.8938 1.944 -0.717 4738
Orientation (up oblique) 3.5293 1.709 2.065 .039%
Orientation (down oblique) 0.1621 3.100 0.052 .958
Instruction type -8.6752 1.630 -2.255 .024*
Angular SP deviation 0.3117 0.203 1.532 126
Gain -38.5010 16.033 -2.089 .037*
P2 (non-sig) B SE F p
Intercept -5.6960 4.845 -1.311 .190
Velocity 0.1001 0.074 1.855 175
Orientation (vertical) 1.9945 1.197 1.667 .096
Orientation (up oblique) 1.0261 0.983 1.044 .296
Orientation (down oblique) -2.4870 1.635 -1.521 128
Instruction type 2.6149 1.765 1.482 .138
Angular SP deviation 0.1285 0.078 1.646 .100
Gain 3.1134 3.975 0.783 433
P4 (non-sig) B SE F J
Intercept -0.1192 5.585 -0.021 .983
Velocity -0.0161 0.109 -0.148 .883
Orientation (vertical) 0.9796 1.353 0.724 469
Orientation (up oblique) 0.0984 1.063 0.093 .926
Orientation (down oblique) 1.5129 1.546 0.979 .328
Instruction type 0.4164 0.830 0.502 616
Angular SP deviation 0.0148 0.090 0.165 .869
Gain 2.1654 4.679 0.463 644
P6 (non-sig) B SE F J
Intercept -2.9556 4.816 -0.614 .539
Velocity 0.0754 0.095 0.792 429
Orientation (vertical) 1.44:88 1.295 1.119 .263
Orientation (up oblique) 0.3212 0.921 0.349 127
Orientation (down oblique) 0.0127 1.215 0.010 .992
Instruction type -0.5187 0.681 -0.762 446
Angular SP deviation 0.0402 0.052 0.779 436
Gain 2.0333 3.243 0.627 531
P7 § SE F ?
Intercept 18.154 6.653 2.729 .006%*
Velocity -0.2451 0.100 -2.44:8 .014%
Orientation (vertical) -5.4408 1.899 -2.866 .004*
Orientation (up oblique) -4.4299 2.416 -1.833 .067
Orientation (down oblique) -2.5195 1.502 -1.678 .093
Instruction type -1.1953 0.796 -1.502 .133
Angular SP deviation 0.1255 0.111 1.133 257
Gain -13.2890 4.788 -2.776 .006*
P8 (non-sig) B SE F J
Intercept 2.6523 3.624 0.732 464
Velocity -0.0242 0.059 -0.410 .682
Orientation (vertical) -0.1196 1.114 -0.107 915
Orientation (up oblique) -0.1841 0.992 -0.185 .892
Orientation (down oblique) 2.1668 1.472 1.472 141
Instruction type 0.4024 0.643 0.626 531
Angular SP deviation -0.1219 0.079 -1.545 122
Gain -1.7826 2.380 -0.765 444

Note: ‘Orientation’ uses horizontal motion as a reference variable
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Table AB.5

Results of linear regression analysis to predict the occurrence of OKAN
using five predictors (preceding stimulus velocity, motion orientation, in-
struction type, preceding OKR angular SP deviation and frequency)

B SE F p
Intercept -1.5648 0.465 -3.365 <.001%
Velocity 0.0094 0.009 1.099 272
Orientation (vertical) 0.6944 0.303 2.292 .022%
Orientation (up oblique) 0.8535 0.306 1.155 .248
Orientation (down oblique) 0.0343 0.379 0.091 .928
Instruction type 0.0974 0.210 0.463 .643
Angular SP deviation 0.0148 0.017 0.871 .38%
Frequency 0.6069 0.207 2.934 .008*

Note: Analysis of orientation uses horizontal motion as a reference variable

Table AB.6

Results of linear regression analysis to predict the reversal of OKAN using
four predictors (preceding stimulus velocity, instruction type, preceding
OKR angular slow phase (SP) deviation and gain)

P1 B SE F P
Intercept 26.3110 10.483 2.510 .012%
Velocity -0.4738 0.184 -2.576 .010*
Instruction type -0.6543 1.393 -0.470 .638
Angular SP deviation 0.6073 0.222 2.736 .006*
Gain -27.6250 10451 -2.643 .008%
P2 B SE F P
Intercept 9.3433 9.438 0.990 .322
Velocity -0.1255 0.166 -0.754 451
Instruction type -1.4266 3.542 -0.403 .687
Angular SP deviation 0.1616 0.153 1.055 .292
Gain -14.4:83 10.474 -1.383 .167
P4 B SE F ?
Intercept 19.8330 6.859 2.819 .005%
Velocity -0.3565 0.139 -2.560 010%
Instruction type -1.0880 1.043 -1.043 .297
Angular SP deviation 0.1514 0.077 1.956 .050%
Gain -19.6480 6.262 -3.138 .002%*
Pe B SE F P
Intercept 12.2350 6.703 1.826 .068
Velocity -0.2573 0.144 -1.786 074
Instruction type -0.8296 1.036 -0.801 423
Angular SP deviation 0.0429 0.051 0.846 .897
Gain -11.1680 5.160 -2.16% .030%
P7 (non-sig) B SE F P
Intercept 1.4393 3.951 0.364 715
Velocity -0.0323 0.070 -0.461 644
Instruction type 1.4408 1.052 1.870 171
Angular SP deviation 0.0827 0.062 1.326 .185
Gain -1.9395 3.125 -0.621 535
Ps B SE F J
Intercept 18.2650 9.959 1.834 .067
Velocity -0.485% 0.232 -2.091 .037*
Instruction type -3.9395 2.114 -1.864 .062
Angular SP deviation 0.2821 0.131 2.148 .032%
Gain -14.4070 7.820 -1.842 .065
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Appendix C

Individual analyses: Experiment 3

Table AC.1

Results of linear regression analysis to predict the gain of OKR in the cen-
tre (<10 deg eccentricity) based on three predictor variables (eccentricity,

task condition, orientation of motion)

P1 Gain B SE F »
Intercept 0.6530 0.054 12.079 <.001%
Eccentricity -0.0650 0.008 -8.091 <.001%*
Orientation -0.2274 0.028 8.063 <.001*
Task 0.0018 0.074 0.024 .981
Eccentricity*Task 0.0023 0.011 0.203 .840
P2 Gain B SE F p
Intercept 0.2159 0.232 9.319 <.001%
Eccentricity -0.0077 0.003 -2.238 .027*
Orientation 0.0531 0.012 4.393 <.001*
Task 0.0640 0.032 2.022 .046%*
Eccentricity*Task -0.0060 0.005 -1.238 219
P3 Gain B SE F P
Intercept 0.3883 0.039 9.988 <.001%*
Eccentricity -0.0354 0.006 -6.118 <.001*
Orientation 0.0339 0.020 1.672 .098
Task 0.1491 0.053 2.810 .006%*
Eccentricity*Task -0.0090 0.008 -1.100 274
P4 Gain B SE F »
Intercept 0.4756 0.037 18.004 <.001%*
Eccentricity -0.0465 0.005 -8.548 <.001%*
Orientation 0.0433 0.019 2.270 .025%
Task 0.0662 0.050 1.825 .188
Eccentricity*Task 0.0009 0.008 0.118 .906
P5 Gain B SE F »
Intercept 0.4868 0.038 12.880 <.001*
Eccentricity -0.0531 0.006 -9.449 <.001%
Orientation 0.0479 0.020 2.432 .017*
Task -0.0051 0.052 -0.099 921
Eccentricity*Task 0.0102 0.008 1.280 .208
P6 Gain B SE F ?
Intercept 0.3629 0.039 9.424 <.001%*
Eccentricity -0.0368 0.006 -6.426 <.001%*
Orientation 0.1203 0.020 5.989 <.001*
Task 0.0562 0.053 1.068 .288
Eccentricity*Task -0.0009 0.008 -0.111 912
P7 Gain B SE F ?
Intercept 0.4078 0.031 18.105 <.001%*
Eccentricity -0.0412 0.005 -8.913 <.001%*
Orientation 0.0176 0.016 1.082 282
Task 0.0857 0.042 2.017 .046%*
Eccentricity*Task 0.0007 0.007 0.108 918
P8 Gain B SE F )
Intercept 0.3887 0.033 11.684 <.001%*
Eccentricity -0.0320 0.005 -6.468 <.001*
Orientation 0.0685 0.017 3.947 <.001*
Task 0.0662 0.045 1.457 148
Eccentricity*Task 0.0025 0.007 0.360 720
P9 Gain B SE F ?
Intercept 0.3799 0.0287 18.243 <.001%*
Eccentricity -0.0401 0.004:3 -9.412 <.001%*
Orientation 0.0118 0.0150 0.792 431
Task 0.0295 0.0391 0.753 453
Eccentricity*Task 0.0080 0.0060 1.327 .188

Note: ‘Orientation’ used horizontal motion as a reference level.
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Table AC.2

Results of linear regression analysis to predict the gain of OKR in the pe-
riphery (>10 deg eccentricity) based on four predictor variables (eccen-

tricity, task condition, orientation of motion, upper versus lower visual

field)

P1 Gain B SE F p
Intercept 0.3459 0.052 6.681 <.001%
Eccentricity -0.01387 0.003 -4.383 <.001%
Orientation 0.0485 0.015 3.246 .002%
Task -0.1827 0.072 -2.548 .018%
Lower vis field 0.0050 0.015 0.334 739
Eccentricity*Task 0.0131 0.004 2.984 .004*
P2 Gain (non-sig) B SE F P
Intercept 0.15699 0.072 2.228 .028%
Eccentricity -0.0047 0.004 -1.090 279
Orientation 0.0177 0.021 0.857 394
Task 0.0121 0.099 0.121 904
Lower vis field 0.0287 0.021 1.388 .169
Eccentricity*Task 0.0022 0.006 0.368 713
P3 Gain B SE F p
Intercept 0.1055 0.044 2.407 .018*
Eccentricity -0.0032 0.003 -1.197 234
Orientation 0.0237 0.013 1.878 .064
Task 0.1018 0.061 1.670 .098
Lower vis field -0.0002 0.013 -0.014 .989
Eccentricity*Task 0.0002 0.004 0.061 .952
P4 Gain B SE F ?
Intercept 0.1184 0.037 3.206 .002*
Eccentricity -0.0032 0.002 -1.460 .148
Orientation -0.0214 0.011 -2.007 .048%
Task 0.1719 0.051 3.362 .001%*
Lower vis field 0.0025 0.011 0.233 817
Eccentricity*Task -0.0028 0.003 -0.897 .872
P35 Gain B SE F ?
Intercept 0.0643 0.045 1.443 1538
Eccentricity -0.0004 0.003 -0.137 .891
Orientation -0.0208 0.013 -1.618 .109
Task 0.1101 0.062 1.784 .078
Lower vis field 0.0205 0.018 1.599 118
Eccentricity*Task -0.0001 0.004 -0.020 .984
P6 Gain B SE F p
Intercept 0.1019 0.052 1.962 .058
Eccentricity -0.0013 0.003 -0.409 .684
Orientation 0.0880 0.015 5.875 <.001%
Task 0.0325 0.072 0.452 .653
Lower vis field 0.0089 0.015 0.262 794
Eccentricity*Task -0.0003 0.004 -0.074 941
P7 Gain B SE F )
Intercept 0.0651 0.040 1.638 105
Eccentricity -0.0007 0.002 -0.310 158
Orientation -0.0365 0.011 -3.189 .002%
Task 0.1782 0.055 3.287 .002*
Lower vis field 0.0012 0.011 0.109 913
Eccentricity*Task -0.0080 0.003 -2.872 .020%
P8 Gain B SE F p
Intercept 0.1140 0.078 1.571 120
Eccentricity -0.0050 0.004 -1.156 .251
Orientation 0.0022 0.021 0.106 916
Task 0.2110 0.101 2.099 .039%*
Lower vis field 0.0104 0.021 0.498 .620
Eccentricity*Task -0.0066 0.006 -1.072 .286
P9 Gain B SE F 3
Intercept 0.0090 0.039 0.230 .818
Eccentricity 0.0001 0.002 0.036 971
Orientation 0.0332 0.011 2.932 .004*
Task 0.1892 0.054 3.485 <.001%
Lower vis field 0.0063 0.011 0.557 579
Eccentricity*Task -0.0036 0.003 -1.076 .284

Note: ‘Orientation’ used horizontal motion as a reference level.
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Table AC.3

Results of linear regression analysis to predict the gain of non-foveal OKR
(>4 deg eccentricity) based on four predictor variables (eccentricity, task

condition, orientation of motion, upper versus lower visual field)

P1 Gain B SE F p
Intercept 0.4227 0.040 10.526 <.001*
Eccentricity -0.0212 0.003 -7.558 <.001%*
Orientation 0.1299 0.022 5.957 <.001%
Task -0.0038 0.052 -0.072 .943
Lower vis field 0.0107 0.022 0.492 623
Eccentricity*Task 0.0025 0.004 0.641 522
P2 Gain B SE F p
Intercept 0.1993 0.025 7.958 <.001%
Eccentricity -0.0070 0.002 -4.009 < .001%*
Orientation 0.0304 0.014 2.236 027*
Task 0.2405 0.033 0.736 463
Lower vis field 0.0187 0.014 1.379 .170
Eccentricity*Task 0.0014 0.002 0.585 .559
P3 Gain B SE F P
Intercept 0.2256 0.018 12.614 < .001%*
Eccentricity -0.0098 0.001 -7.831 <.001%
Orientation 0.0210 0.010 2.164 .032%
Task 0.0584 0.023 2.500 018%
Lower vis field -0.0160 0.010 -1.648 .101
Eccentricity*Task 0.0029 0.002 1.667 .098
P4 Gain B SE F p
Intercept 0.2536 0.019 18.445 < .001%*
Eccentricity -0.0123 0.001 -9.380 < .001%*
Orientation 0.0006 0.010 0.056 956
Task 0.0487 0.025 1.979 .049%
Lower vis field 0.0156 0.010 1.523 .130
Eccentricity*Task 0.004:4 0.002 2.362 019%
P5 Gain B SE F P
Intercept 0.2010 0.022 8.945 < .001%*
Eccentricity -0.0092 0.002 -5.888 < .001%*
Orientation -0.0011 0.012 -0.090 .928
Task 0.0335 0.029 1.141 256
Lower vis field 0.0186 0.012 1.525 129
Eccentricity*Task 0.0046 0.002 2.070 .040%
P6 Gain B SE F P
Intercept 0.1575 0.024 6.659 <.001%
Eccentricity -0.0053 0.002 -3.229 .002%
Orientation 0.0927 0.013 7.220 <.001%
Task 0.0540 0.031 1.749 082
Lower vis field 0.0197 0.013 1.534 127
Eccentricity*Task -0.0017 0.002 -0.709 479
P7 Gain B SE F P
Intercept 0.2191 0.022 10.140 < .001%*
Eccentricity -0.0101 0.002 -6.717 <.001%*
Orientation -0.0161 0.012 -1.374 171
Task 0.1266 0.028 4.488 <.001%
Lower vis field -0.0165 0.012 -1.405 .162
Eccentricity*Task -0.0049 0.002 -2.302 .023*
P8 Gain B SE F »
Intercept 0.3096 0.029 10.607 < .001%*
Eccentricity -0.0171 0.002 -8.4 14 < .001%*
Orientation 0.0340 0.016 2.147 .083%
Task 0.0818 0.038 2.147 .033%
Lower vis field -0.0081 0.016 -0.511 .610
Eccentricity*Task 0.0012 0.003 0.411 .682
P9 Gain B SE F P
Intercept 0.1630 0.019 8.744 < .001%
Eccentricity -0.0085 0.001 -6.510 < .001%*
Orientation 0.0174 0.010 1.721 .087
Task 0.0594 0.024 2.441 016%*
Lower vis field -0.0002 0.010 -0.020 984
Eccentricity*Task 0.0041 0.002 2.235 027*

Note: ‘Orientation’ used horizontal motion as a reference level.
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Table AC.4

Results of linear regression analysis to predict the gain, frequency and am-

plitude of non-foveal OKR up to 10 deg eccentricity in P1

P1 Gain B SE F P

Intercept 0.5633 0.088 6.367 <.001%*
Eccentricity -0.0472 0.012 -4.343 <.001%*
Orientation 0.1433 0.051 2.805 .007*
Task 0.0070 0.051 0.138 .891
Ver/Hor Meridian 0.2141 0.018 1.711 .098
Eccentricity*Ver/Hor m. -0.0365 0.016 -2.216 081%
Orientation*Ver/Hor m. 0.1216 0.072 1.683 .098
Task* Ver/Hor m. 0.0260 0.072 0.361 720

P1 Frequency B SE ¥ P
Intercept 4.5783 0.384 18.728 <.001%
Eccentricity -0.3408 0.041 -8.307 < .001%*
Orientation 0.8375 0.193 1.752 .085
Task 0.0125 0.198 0.065 948
Ver/Hor Meridian -0.1783 0.472 -0.378 707
Eccentricity*Ver/Hor m. 0.0375 0.062 0.604 .548
Orientation*Ver/Hor m. -0.0818 0.272 -0.298 767
Task* Ver/Hor m. -0.0063 0.272 -0.028 982

P1 Amplitude B SE F P
Intercept 2.2748 0.245 9.281 < .001%
Eccentricity -0.2194 0.030 -7.293 < .001%*
Orientation 0.1727 0.142 1.221 227
Task 0.0141 0.142 0.099 921
Ver/Hor Meridian 0.6304 0.847 1.812 074
Eccentricity*Ver/Hor m. -0.1301 0.046 -2.853 .006*
Orientation*Ver/Hor m. 0.4281 0.200 2.189 .087*
Task* Ver/Hor m. 0.1527 0.200 0.763 448

Table AC.5

Results of linear regression analysis to predict the gain, frequency and am-

plitude of non-foveal OKR up to 10 deg eccentricity in P2

P2 Gain (non-sig) B SE F P
Intercept 0.2032 0.039 5.266 < .001%*
Eccentricity -0.0052 0.005 -1.098 277
Orientation 0.0518 0.022 2.825 .024%*
Task 0.0125 0.022 0.562 576
Ver/Hor Meridian 0.0028 0.055 0.043 .966
Eccentricity*Ver/Hor m. 0.0032 0.007 0.449 655
Orientation*Ver/Hor m. -0.0145 0.082 -0.461 646
Task* Ver/Hor m. -0.0011 0.032 -0.036 971

P2 Frequency B SE F P
Intercept 2.8032 0.455 6.155 < .001%*
Eccentricity -0.1515 0.056 -2.710 .009%
Orientation -0.1625 0.263 -0.618 .539
Task -04125 0.263 -1.569 122
Ver/Hor Meridian -0.4220 0.644 -0.655 515
Eccentricity*Ver/Hor m. -0.0082 0.085 -0.096 923
Orientation* Ver/Hor m. 0.3344 0.372 0.899 872
Task* Ver/Hor m. 0.2844 0.372 0.630 531

P2 Amplitude B SE F P
Intercept 0.3682 0.126 2.921 .005%
Eccentricity -0.0269 0.015 -1.737 .088
Orientation 0.2433 0.078 3.848 L001*
Task 0.8405 0.073 4.679 < .001%
Ver/Hor Meridian 0.2004 0.178 1.124 266
Eccentricity*Ver/Hor m. -0.0060 0.023 -0.257 798
Orientation*Ver/Hor m. -0.1218 0.103 -1.179 248
Task* Ver/Hor m. -0.0458 0.103 -0.445 .658
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Table AC.6

Results of linear regression analysis to predict the gain, frequency and am-

plitude of non-foveal OKR up to 10 deg eccentricity in P3

P3 Gain B SE F P
Intercept 0.2594 0.043 6.082 < .001%*
Eccentricity -0.0157 0.005 -3.005 .004%*
Orientation 0.0134 0.025 0.545 .588
Task 0.0772 0.025 3.136 .003%*
Ver/Hor Meridian -0.0141 0.060 -0.2338 817
Eccentricity*Ver/Hor m. 0.0041 0.008 0.522 604
Orientation*Ver/Hor m. 0.0224 0.035 0.644 522
Task* Ver/Hor m. -0.0048 0.085 -0.137 .892
P3 Frequency B SE F P
Intercept 1.9031 0.290 6.559 < .001%*
Eccentricity -0.1077 0.086 -3.022 .004%*
Orientation -0.0563 0.168 -0.336 738
Task 0.1438 0.168 0.858 .394
Ver/Hor Meridian -0.4625 0.410 -1.127 264
Eccentricity*Ver/Hor m. 0.0638 0.054 1.181 2438
Orientation*Ver/Hor m. 0.2875 0.237 1.214¢ .230
Task* Ver/Hor m. 0.0938 0.237 0.396 .694
P3 Amplitude B SE F P
Intercept 1.2406 0.314 8.955 < .001%*
Eccentricity -0.0914 0.039 -2.373 021%
Orientation 0.0018 0.181 0.010 .992
Task 0.7578 0.181 4.184 <.001%
Ver/Hor Meridian 0.0760 0.444 0.171 864
Eccentricity*Ver/Hor m. 0.0074 0.058 0.127 .899
Orientation*Ver/Hor m. -0.0709 0.256 -0.277 783
Task* Ver/Hor m. -0.0706 0.256 -0.276 784

Table AC.7

Results of linear regression analysis to predict the gain, frequency and am-

plitude of non-foveal OKR up to 10 deg eccentricity in P4

P4 Gain B SE F P

Intercept 0.2912 0.041 7.084¢ < .001%*
Eccentricity -0.0179 0.005 -8.547 <.001*
Orientation -0.0086 0.024¢ -0.364 117
Task 0.0796 0.024 3.354 .001%*
Ver/Hor Meridian 0.0774 0.058 1.332 .188
Eccentricity*Ver/Hor m. -0.0105 0.008 -1.379 178
Orientation*Ver/Hor m. 0.0637 0.034 1.897 L0638
Task* Ver/Hor m. -0.0044 0.084 -0.131 .896

P4 Frequency B SE F ?
Intercept 8.4657 0.538 6.447 < .001%*
Eccentricity -0.1728 0.066 -2.618 011%
Orientation -0.9000 0.310 -2.900 .005%
Task 0.8250 0.310 2.658 .010%
Ver/Hor Meridian 0.7531 0.760 0.991 .326
Eccentricity*Ver/Hor m. -0.1845 0.100 -1.844 .070
Orientation*Ver/Hor m. 1.3063 0.439 2.976 .004%*
Task* Ver/Hor m. 0.0688 0.439 0.157 .876

P4 Amplitude B SE F p
Intercept 0.7010 0.084 8.321 < .001%*
Eccentricity -0.0562 0.010 -5431 < .001%
Orientation -0.0153 0.049 -0.314 154
Task 0.2592 0.049 5.329 < .001%
Ver/Hor Meridian 0.3096 0.119 2.599 012%
Eccentricity*Ver/Hor m. -0.0466 0.016 -2.971 004%
Orientation*Ver/Hor m. 0.1074 0.069 1.561 124
Task* Ver/Hor m. 0.0596 0.069 0.866 .390
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Table AC.8

Results of linear regression analysis to predict the gain, frequency and am-

plitude of non-foveal OKR up to 10 deg eccentricity in P5

P5 Gain B SE F P

Intercept 0.3133 0.052 5.995 < .001%*
Eccentricity -0.0245 0.006 -3.818 <.001%*
Orientation 0.0205 0.030 0.678 .500
Task 0.0625 0.030 2.071 .048%*
Ver/Hor Meridian 0.1108 0.074¢ 1.492 141
Eccentricity*Ver/Hor m. -0.0122 0.010 -1255 215
Orientation*Ver/Hor m. 0.0154 0.043 0.362 719
Task* Ver/Hor m. -0.0413 0.043 -0.967 .838

P5 Frequency B SE F P
Intercept 1.5000 0.256 5.871 < .001%*
Eccentricity -0.1176 0.031 -3.749 < .001%
Orientation -0.2345 0.148 -1.589 118
Task 0.4094 0.148 2.775 .007*
Ver/Hor Meridian 0.8875 0.361 2.456 017*
Eccentricity*Ver/Hor m. -0.0898 0.048 -1.888 064
Orientation*Ver/Hor m. 0.0094 0.209 0.045 964
Task* Ver/Hor m. -0.3281 0.209 -1.578 121

P5 Amplitude B SE F P
Intercept 1.0157 0.182 5.567 < .001%*
Eccentricity -0.0845 0.022 -3.771 < .001%*
Orientation 0.0193 0.105 0.184 .855
Task 0.2572 0.105 2.442 017*
Ver/Hor Meridian 0.8666 0.258 3.358 .001%*
Eccentricity*Ver/Hor m. -0.0930 0.034 -2.739 .008%*
Orientation*Ver/Hor m. -0.0874 0.149 -0.587 .560
Task* Ver/Hor m. -0.1118 0.149 -0.750 456

Table AC.9

Results of linear regression analysis to predict the gain, frequency and am-

plitude of non-foveal OKR up to 10 deg eccentricity in Pé6

P6 Gain B SE F P

Intercept 0.2459 0.055 4.493 < .001%*
Eccentricity -0.0174 0.007 -2.586 .012%
Orientation 0.0798 0.032 2.526 .014%*
Task 0.0657 0.032 2.079 .042%
Ver/Hor Meridian 0.0795 0.077 1.027 .309
Eccentricity*Ver/Hor m. -0.0156 0.010 -1.532 181
Orientation*Ver/Hor m. 0.0627 0.045 1.403 .166
Task* Ver/Hor m. 0.004:8 0.045 0.106 916

P6 Frequency B SE F P
Intercept 1.0188 0.491 2.076 048%
Eccentricity -0.0153 0.060 -0.254 .801
Orientation 0.7156 0.283 2.525 .014%
Task 0.6531 0.283 2.305 025%
Ver/Hor Meridian 0.6562 0.694 0.945 .849
Eccentricity*Ver/Hor m. -0.0801 0.091 -0.877 .384
Orientation* Ver/Hor m. 0.0906 0.401 0.226 .822
Task* Ver/Hor m. -0.1781 0.401 -0.444 .658

P6 Amplitude B SE F P
Intercept 1.4921 0.250 5.960 < .001%
Eccentricity -0.1215 0.031 -3.953 < .001%*
Orientation 0.0724 0.145 0.501 618
Task 0.1765 0.145 1.221 227
Ver/Hor Meridian 0.2429 0.854 0.686 496
Eccentricity*Ver/Hor m. -0.0576 0.047 -1.237 221
Orientation*Ver/Hor m. 0.2441 0.204 1.194 237
Task* Ver/Hor m. -0.0003 0.204 -0.002 .999
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Table AC.10

Results of linear regression analysis to predict the gain, frequency and am-

plitude of non-foveal OKR up to 10 deg eccentricity in P7

P7 Gain B SE F P

Intercept 0.44:54 0.050 8.962 < .001%*
Eccentricity -0.0434 0.006 -7.113 <.001%
Orientation 0.004:2 0.029 0.145 .885
Task 0.0977 0.029 3.404 .001%*
Ver/Hor Meridian -0.0095 0.070 -0.136 .892
Eccentricity*Ver/Hor m. 0.0021 0.009 0.228 821
Orientation*Ver/Hor m. -0.0217 0.041 -0.534 595
Task* Ver/Hor m. 0.0011 0.041 0.028 978

P7 Frequency B SE F P
Intercept 2.0969 0.281 7.455 < .001%*
Eccentricity -0.1608 0.035 -4.657 < .001%
Orientation -0.5625 0.162 -3 464 .001%*
Task 0.3187 0.162 1.963 055
Ver/Hor Meridian 0.3281 0.398 0.825 418
Eccentricity*Ver/Hor m. -0.0549 0.052 -1.049 299
Orientation*Ver/Hor m. 0.2406 0.230 1.048 .299
Task* Ver/Hor m. -0.02188 0.230 -0.095 924

P7 Amplitude B SE F P
Intercept 1.7892 0.250 7.152 < .001%*
Eccentricity -0.1693 0.031 -5.518 < .001%*
Orientation -0.1183 0.144 -0.819 416
Task 0.3258 0.144 2.256 .028%
Ver/Hor Meridian 0.2456 0.854 0.694 490
Eccentricity*Ver/Hor m. 0.0051 0.047 0.110 913
Orientation*Ver/Hor m. -0.3811 0.204 -1.866 .067
Task* Ver/Hor m. 0.1663 0.204 0.184 419

Table AC.11

Results of linear regression analysis to predict the gain, frequency and am-

plitude of non-foveal OKR up to 10 deg eccentricity in P8

P8 Gain B SE F p

Intercept 0.3644 0.055 6.587 < .001%*
Eccentricity -0.0266 0.007 -3919 < .001%*
Orientation 0.0219 0.082 0.687 495
Task 0.0787 0.032 2.308 025%
Ver/Hor Meridian 0.0802 0.078 0.386 701
Eccentricity*Ver/Hor m. -0.0050 0.010 -0.4:84 .630
Orientation*Ver/Hor m. 0.0757 0.045 1.677 .099
Task* Ver/Hor m. 0.0028 0.045 0.061 951

P8 Frequency B SE F p
Intercept 2.0095 0.294 6.826 < .001%
Eccentricity -0.1024 0.036 -2.832 .006*
Orientation -0.4688 0.170 -2.760 .008*
Task 0.3813 0.170 2.243 .029%
Ver/Hor Meridian 0.2749 0.416 0.660 512
Eccentricity*Ver/Hor m. -0.0604 0.055 -1.102 275
Orientation*Ver/Hor m. 0.0781 0.240 0.325 146
Task* Ver/Hor m. -0.0406 0.240 -0.169 .866

P8 Amplitude B SE F P
Intercept 1.1153 0.178 6.258 < .001%*
Eccentricity -0.1055 0.022 -4.823 < .001%
Orientation 0.0756 0.108 0.785 465
Task 0.4041 0.103 3.927 < .001%
Ver/Hor Meridian 0.8908 0.252 3.534 < .001%*
Eccentricity*Ver/Hor m. -0.1031 0.033 -3.110 .003*
Orientation*Ver/Hor m. -0.0661 0.146 -0.454 651
Task* Ver/Hor m. -0.0029 0.146 -0.020 984
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Table AC.12

Results of linear regression analysis to predict the gain, frequency and am-

plitude of non-foveal OKR up to 10 deg eccentricity in P9

P9 Gain B SE F P

Intercept 0.2845 0.039 7.247 < .001%*
Eccentricity -0.0244 0.005 -5.061 <.001%
Orientation -0.0148 0.023 -0.654 516
Task 0.0805 0.023 3.550 <.001%
Ver/Hor Meridian -0.0196 0.056 -0.353 125
Eccentricity*Ver/Hor m. 0.0016 0.007 0.222 825
Orientation*Ver/Hor m. 0.0264 0.032 0.824 418
Task* Ver/Hor m. 0.0053 0.032 0.166 .869

P9 Frequency B SE F P
Intercept 2.6938 0.266 10.187 <.001%
Eccentricity -0.2366 0.033 -7.251 < .001%
Orientation -0.3313 0.153 -2.159 .035%
Task 0.4875 0.158 $.177 .002%
Ver/Hor Meridian -0.1188 0.376 -0.316 158
Eccentricity*Ver/Hor m. -0.0192 0.049 -0.389 .699
Orientation*Ver/Hor m. 0.4438 0.217 2.045 .046*
Task* Ver/Hor m. 0.1063 0.217 0.490 .626

P9 Amplitude B SE F P
Intercept 0.9602 0.130 7.385 < .001%*
Eccentricity -0.0927 0.016 -5.809 < .001%*
Orientation -0.1436 0.075 -1.913 .061
Task 0.3932 0.075 5.238 <.001%
Ver/Hor Meridian -0.2329 0.184 -1.266 211
Eccentricity*Ver/Hor m. 0.0275 0.024 1.136 261
Orientation*Ver/Hor m. 0.0537 0.106 0.506 615
Task* Ver/Hor m. 0.0122 0.106 0.115 .909
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