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ABSTRACT

Purpose: This study asks whether active horizontal angular Vestibulo-Ocular Reflex
(VOR) gain is capable of monocular adaptation after 4 hours of wearing 10 dioptres (D) of
induced anisometropia in healthy human adults. Method: The participants (average age 28
years) wore a contact lenses/spectacles combination for 4 hours. The power of the spectacle
was +5.00D (magnified images 8.65%) in front of the right eye and —5.00D (minified
images 5.48%) for the left eye, while the power of the contact lenses was equal to the
subjects’ habitual correction, summed with the opposite power of the spectacle lens. Eye and
head position data was collected in complete darkness, in one-minute trials before adaptation
and every 30 minutes for 2 hours after adaptation. Eye and head position data obtained using
a video-based eye tracking system, was analyzed offline using Fast Fourier Transform in
MATHCADTy 11.1 software to calculate VOR gain. The VOR gain was compared between
the right eye and left eyes for the trials before and after adaptation. Results: In the first post-
adaptation trial, a significant decrease in VOR gain (= 6%) occurred in the left eye in
response to the miniaturizing lens. The right eye VOR gain did not show a significant
change in the first post-adaptation trial (=2% decrease). During the remaining trials in the 2
hour follow-up time, both eyes showed a significant decrease compared to the baseline trial.
This might indicate habituation of the VOR from repeated testing, or fatigue. Conclusion:
There was monocular adaptation of VOR in response to the combined contact
lenses/spectacles, but it was not complete and it was not as we expected. However, trying
different amounts of anisometropia in one or two directions, a longer adaptation period
(more than 4 hours) or monitoring the gain for more than 2 hours after adaptation with a

longer separation between trials, might show different results.
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1 INTRODUCTION

Most animals, when they change their fixation from one target to another, they use a
combination of eye and head movements. Since visual acuity can be significantly degraded
with retinal slip of only a few degrees per second™™, both eye and head movements are used
to reflexively stabilize the line of sight as quickly as possible. Therefore, in order to see and
move at the same time, the eyes must have the ability to remain stable as the head rotates.
When the head begins to move in any direction while viewing a distant object, the vestibular
apparatus in the inner ear senses this movement and sends direction and rate information
directly to the ocular motor system. The ocular motor system then responds by moving the
eyes in an equal but opposite direction, to compensate for the head movement and to keep
the visual image stabilized on the retina. This is known as the Vestibulo-Ocular Reflex
(VOR). If the VOR fails, then vision during locomotion is damaged and performing even the
most basic of tasks, like standing, walking or reading is difficult®”. The VOR is capable of
adaptation to visual and vestibular stimuli (e.g., to wearing spectacle correction and constant
velocity rotation)>®. The focus of this research is to investigate ocular motor adaptation in
the VOR. As such, I will identify how the vestibular system and VOR function and apply

them to interpret my results to better understand this system’s adaptation.

1.1 Rotational & Linear Vestibulo-Ocular Reflex

In three-dimensional space there are three rotational and three linear degrees of

freedom of head movement. Compensatory eye movements respond to both linear and



rotational head movement””’. Rotational VOR, which depends on the semicircular canals,
responds to three possible directions of head rotation; Horizontal (around a dorsal-ventral z
axis or yaw), Vertical (around inter-aural y axis or pitch), and Torsional (around nasal-
occipital x axis or roll). Translational (linear) VOR, which depends on the otolith organs,
responds to three possible directions of head translation; Horizontal (heave, along the inter-
aural axis), Vertical (bob, along the dorsal-ventral axis), and Vergence (surge, along the

naso-occipital axis).

1.2 Anatomy of Vestibular system

The vestibular apparatus is a small structure that exists in the bony labyrinth, in the
temporal bone, of the inner ear. The vestibular organ in each inner ear consists of two
principle sets of structures, the semicircular canals and the otolith organs, which work
together to provide optimum information on head movement, posture and balance, and
perception of motion and orientation. The cristae of the semicircular canals sense head
rotation while the maculae of the utricle and the saccule in the otolith organ are used to

sense linear head motion™®.

1.2.1 Semicircular Canals (SCC)

There are three semicircular canals in each ear, which are perpendicular to each other.
One is approximately horizontal, whereas the others (anterior and posterior) are vertical.
They are filled by endolymphatic fluid. As the head rotates in one direction, the

endolymphatic fluid is displaced in the canals that are in the plane of motion, in the opposite



direction. Because of the anatomy and biophysics of the canals, the endolymphatic motion is
proportional to head velocity. This movement stimulates the hair cells’ sensory endings in
the cristae to generate the efferent signal. The signal can be either excitatory or inhibitory, as
determined by the directionally sensitive semicircular canal. The processes of each hair cell
consist of many stereocilia and one kinocilium. The cilia are aligned so that they react
properly to shear the forces applied in a specific orientation. Deflection of the stereocilia
toward the kinocilium causes depolarization or excitation of the hair cell; deflection in the
opposite direction causes hyperpolarization or inhibition. Semicircular canals work in pairs
that occupy the same plane of motion (push-pull pairs). The horizontal canals are paired; the
anterior canal on one side is paired with the posterior canal on the contralateral side.
Therefore, when one canal is stimulated by a given head rotation, its paired partner on the

contralateral side is inhibited®”.

1.2.1.1 Matching Canals and Muscles

The three canals are approximately aligned with three conjugate muscle pairs (Figure
1-1)>". Excitation of the anterior canal results in contraction of the ipsilateral superior rectus
(SR) and contralateral inferior oblique (I0) muscles, and relaxation of the ipsilateral inferior
rectus (IR) and contralateral superior oblique (SO) muscles, resulting in an upward torsional
eye movement. Excitation of the posterior canal results in contraction of the ipsilateral
superior oblique (SO) and contralateral inferior rectus (IR) muscles and relaxation of the
ipsilateral inferior oblique (IO) and contralateral superior rectus (SR) muscles. This results
in a downward torsional eye movement. Excitation of the lateral canal results in contraction

of the ipsilateral medial rectus (MR) and contralateral lateral rectus (LR) muscles and



relaxation of the contralateral medial rectus (MR) and ipsilateral lateral rectus (LR) muscles.

This results in a horizontal eye movement towards the opposite ear.

SO SO
10 10
LR MR MR LR
SR SR
IR IR
ASCC ASCC
HSCC HSCC
PSCC PSCC

Figure 1-1: Matching canals and muscles. HSCC: Horizontal semicircular canal, ASCC: Anterior
semicircular canal, PSCC: Posterior semicircular canal, SO: Superior Oblique, IO: Inferior Oblique,
SR: Superior Rectus, IR: Inferior Rectus, LR: Lateral Rectus.

Modified from http://www.med.uwo.ca/physiology/courses/listingweb/matching.htm

1.3 Neural Pathway of Horizontal VOR

There are two neural pathways for VOR, a direct path and an indirect path. During
head rotation, there is a phasic afferent response from the vestibular system, which sends a

signal to the extra ocular muscles (EOM) to rotate the eyes in an equal but opposite direction
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of the head motion. The inhibitory and excitatory signals from appropriate push-pull pairs
are sent to the ipsilateral vestibular nucleus (VN) via the VIII nerve. The VN then sends the
appropriate eye velocity signal to the oculomotor nuclei (III), trochlear nucleus (IV), and
abducens nuclei (VI). Efferent signals from these nuclei then result in contraction and
relaxation of the appropriate ocular muscles (Figure 1-2)>".

But, the direct path by itself is not enough. The VOR converts the velocity signal
provided by the semicircular canals into the position signals required by the ocular motor
neurons and the eye muscles. The ocular motor neurons require more than just an eye
velocity command to drive the eye in a certain direction and at a specific speed. They also
need an eye position command to hold the eye at the new position so the elasticity of the eye
does not cause the eye to pull back toward the primary position after the head movement
ends. This tonic command originates via the indirect path through the medial vestibular
nucleus and the nucleus prepositus hypoglossi (NPH) for horizontal eye movement
commands. A neural integrator exists in the system. This central neural integrator (NI)
transforms the vestibular afferent signal into the signal required by the ocular motor neurons
and eye muscles. The contribution of velocity-to-position conversion is most important in

the 0.1-1 Hz frequency range®’'*'2.



Head turn
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Left eye Right eye
¥ <l P
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Figure 1-2: Schema of direct and indirect horizontal VOR pathway when the head turns to the right.
Solid line and open symbol: Excitatory signal and neuron; Dashed line and filled symbol: Inhibitory
signal and neuron; Grey line: Indirect path.

5;6
Based on references™’

1.4 VOR Gain

One metric of VOR performance is its gain. The gain is given by the ratio of eye

rotation amplitude to head rotation amplitude’. It can also be calculated from peak slow-



phase eye velocity divided by peak head velocity. Ideal VOR gain is unity>®. Severe deficits
in VOR gain can result in oscillopsia, perceptually noticeable instability of vision, as well as

vertigo and imbalance'***

. Therefore, laboratory evaluation of the VOR is important in the
diagnosis of the patients with dizziness, ataxia, oscillopsia, nystagmus and vertigo.
Research has shown that the VOR acts similar to a band-pass filter. At very low
frequency head movements, approximately 0.05 Hz or lower, VOR gain is low™"’. At head
movement frequencies, between 0.5-5 Hz, the VOR is more responsive. VOR gain reaches
its maximum value of unity at about 1 Hz, remains stable until the high frequency limit (5
Hz) is reached. This is the frequency range of every day activity and it seems sensible that

618" ) 5 -
01819 However, in a recent study”” it was

the VOR would operate well at these frequencies
shown that in monkeys, VOR gain was close to unity for frequencies <20Hz and increased

as a function of frequency up to S0Hz.

1.4.1 VOR gain in Light and Dark

VOR gain measurements that take place in complete darkness allow for isolation of the
vestibular system. However, VOR gain is affected by the visual environment. If the rotation
is in the light, there is an interaction of vestibular and visual compensatory reflexes called
visual-vestibular interaction (VVI). The combined action of the VOR and VVI produces the
visual-vestibulo-ocular reflex (VVOR)?. VVOR measures the VOR in a lit environment and
includes the influence of optokinetic stimulation and fixation. Therefore, the central nervous
system computes head velocity based on vestibular and retinal inputs (in the light). The

result is that VOR gain is greater in the light than in the dark?*?.



1.4.2 VOR Gain in Active and Passive Head Movements

VOR gain is also affected by the type of head movement. Passive head movements are
externally imposed head rotations®. Walking, running, whole-body rotation (e.g., on merry-
go-round) are some examples of passive head movements in real life. Self generated or
voluntary head movements used to stabilize or redirect the visual axis of gaze are in the
category of active head movements, for example, shaking the head, as in signifying "yes" or
"no”. Basically, health, occupation and culture might determine which kind of head
movement is more relevant to each individual’s every day life.

In the vestibular system, the distinction between sensory events that are related to
active head movements and passive head movements are important for perception of spatial
orientation and for postural control. Sensory signals are processed in different ways during
active and passive head movements. Therefore, VOR function is different during these two
kinds of head movements*’. VOR gain during active head rotation is higher than VOR gain
during passive whole-body rotation in normal subjects®**%>!. Collewijn et. al. demonstrated
that during passive head movements in the dark, the VOR gain is about 13% lower than
during active head movements*.

Higher VOR gain during active head movements can be attributed to several
mechanisms. Neck and vestibular velocity signals are summed in the vestibular nuclei.
Therefore, the response of ocular motor nerve fibers to vestibular stimulation is modulated
by the stimulation of neck proprioceptors during active head movements. This is referred to

323 During passive whole-body rotation, the rotational

as the cervico-ocular reflex (COR)
axis is more head-centred. But during active head movement, the rotational axis of the head

is displaced backward toward the vertebral column. The radius of rotation is larger and the
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VOR gain increases®*®. It is also believed that an efferent copy of head motor commands

2933738 Therefore, semicircular

during active head rotation contributes to the higher gain
canal vestibular signals are modified by efferent copy and/or proprioceptive signals related

to active head movements resulting in higher VOR gain.

1.4.3 Horizontal & Vertical VOR Gain

It has been shown that the compensatory eye movements are better for horizontal than
for vertical head movements®. Several studies have demonstrated that horizontal VOR gains
during-active head rotation in darkness are close to unity, whereas vertical VOR gains in
darkness are approximately 0.9 in normal subjects. During passive whole-body rotation,
horizontal VOR gains are less than unity, with typical gains ranging from 0.7 at 0.5 Hz to

0.95 at 1Hz and vertical VOR gains are lower?*2°:27:29:39:40

1.4.4 Fixation Distance and VOR Gain

VOR gain varies as a function of the distance of the seen object. It is greater for head
movements with near viewing distances compared with far viewing distance. Several studies
have shown that for near targets, the VOR gain increase is inversely proportional to the
target distance during body translation or rotation about a vertical axis. This is because the
eye rotation axis is located in front of the head rotation axis, and therefore changes in eye
position must be larger than changes in head position for a perfect compensatory response at

: 6;35;41-43
nearer distances .



During active head movements, mental set and motor efferent copy play a large role in

3744 VOR gain can be enhanced by imagining an earth-fixed visual target.

VOR responses
Based on this logic, Clement et. al.*® showed that VOR is affected by how far away a target
is perceived to be by the subject. They found that changes in gain with viewing distance are
more closely related to perceived target distance than to actual target distance or fixation
distance (as derived from vergence measurements). Their results suggested that the VOR

gain can be modulated according to the subject’s conscious choice of intended visual goal

based on target distance estimates.

1.4.5 Difference Between the VOR Gains of the Two Eyes

Several experiments have compared the gain of the ipsilateral with the gain of the
contralateral eye in normal subjects. The eye on the side to which the head is rotating is
considered the ipsilateral eye. It is hypothesized that the differences in gain between the two
eyes could result from the difference in the distance of the two individual eyes to the target
as a function of head position46. In this regard, to interpret the inter-ocular gain difference,
the initial head position has to be known. Therefore, if the initial head position is to the left
of the middle and the head starts rotating toward the right, the ipsilateral eye, which is the
right eye, should have a higher initial VOR gain, since it is closer to the target than the left
eye. For near targets, the mean ipsilateral gain is significantly higher than the contralateral
gain. However, the difference in gain between the two eyes disappears with far targets and

in darkness>>4%46,
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1.5 VOR Phase

The temporal difference between head velocity and eye velocity is described by phase.
The phase shift is expressed in degrees. If the reflex eye movement leads the head
movement, a phase lead is present. Likewise, if the compensatory eye movement trails the
head movement, a phase lag is present. By convention, the phase that perfectly compensates
for head rotations is assigned a value of 0°, despite the fact that it is really 180°. For head
rotation frequencies between 0.5 to 5.0 cycles/sec which correspond to most natural head
rotations, the phase shift is close to zero®?. At low frequencies, there is a small phase lead,
approximately 6° to 8°, which changes to a small phase lag of about the same magnitude at

18;47

higher frequencies™"'. These findings reflect the inability of the VOR to compensate for

high and low frequency head rotations.

1.6 VOR Latency

Latency is the time required for the eyes to initiate a response to the motion of the
head. Vestibular eye movements are generated with shorter latencies than visually mediated
eye movements. Visually mediated eye movements have latencies >70 msec, compared with
~13 msec for angular VOR®. The reason for this is that the elaboration of visual motion
signals requires more processing than the VOR. The labyrinth’s sensors can detect the
motion of the head much sooner than the visual system can detect motion of images on the
retina®>>*. Collewijn & Smeets report VOR latencies of 8-9 ms*®, while Crane & Demer
find 7-10 ms*®, Johnston & Sharpe find 4-13 ms*, and Tabak & Collewijn find 8-9 ms*®. In

summary, the range of VOR latencies in humans is 3-13 ms**#%*%%,
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1.6.1 VOR Latency in Contra-lateral and Ipsilateral Eye

Statistical analysis has shown a significant difference in VOR latency between the
eyes. Relative to the direction of head rotation, the contralateral eye has a shorter delay and
is ~1 ms faster than the ipsilateral eye46. This is in agreement with the disynaptic pathway
for the abducting eye and a trisynaptic pathway for the adducting eye (Figure 1-2).
Therefore, the latency corresponds to a difference of one synaptic delay between the
pathways to the lateral rectus muscle of the contralateral eye and the medial rectus muscle of

the ipsilateral eyee.

1.7 VOR Adaptation

The VOR is a fast open-loop system. In other words, the receptors in the inner ear that
provide the input of the reflex receive no information about eye movements, the output of
the reflex. Thus, there is no direct feedback to the ears to tell them if the eyes are moving
correctly”.

In order to achieve clear, stable, single vision, VOR must be accurate. Persistent slip
of the retinal image during head movements not only signals the need for recalibration of the
VOR, but also specifies if an increase or decrease is needed in VOR gain. Therefore, the
brain constantly monitors its performance, and in response to any kind of retinal slip adjusts

6:13:31:%2 This adaptation process is called motor learning. Both visual and

accordingly
vestibular inputs are necessary for motor learning. The VOR does not recalibrate during
head turns in the dark or during retinal image motion with the head stationary’. When a

visual-vestibular mismatch occurs during head movements, the VOR is under adaptive

control to correct its performance. This mismatch could be internally generated, due to the
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effects of age, disease, or trauma on the vestibular apparatus, circuitry, and/or eye muscles.
Alternatively, the mismatch could be externally created by changing the relative movement
of the visual scene in response to head movements, such as would occur when putting on
prescription eyeglasses or image magnification. Regardless of how the mismatch occurs, the
VOR is capable of making adaptive changes to its gain and phase to correct for differences
and to re-stabilize the image. Retinal slip provides a neural signal that is used to modify the
VOR output and recalibrates the VOR performance by parametrically adjusting VOR gain
and/or phase. Once adaptation is complete, clear vision is restored, for either the short term
or the long term’ 192315355

The current belief is that adaptation can be non-conjugate (monocular) or conjugate.
Conjugate adaptation of the human VOR has been investigated using different methods. It

56-58

was demonstrated in humans by having them wear reversing prisms™ ™. VOR gains were

substantially reduced and the phase of the VOR reversed; head rotation caused eye rotations
in the same direction, so the retinal images were once again stabilized. Gonshor and Jones™
demonstrated that wearing reversing prism for many days could reduce VOR gain by 75%,
while Jones et. al.’” found that 6 hours of wearing reversing prisms decreased VOR gain by
66%.

One common clinical response of VOR to optically induced changes in vision is
adaptation to habitual wearing of corrective spectacles. In addition to their linear
magnification, spectacle lenses have a prismatic effect, which causes the VOR gain to vary
systematically with each diopter of correction. With negative spectacles, perfect fixation

requires a smaller eye rotation than head rotation. Positive spectacles have the opposite

effect. Thus, in individuals who wear high positive lenses, eye rotations will need to be
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larger to hold gaze steady during head rotation. The same applies to myopia except that eye
rotations must be smaller than without glasses. Therefore, myopes who are corrected by
spectacles tended to have lower gains and hyperopes have higher gains. Adaptive increases
in gain were demonstrated in subjects wearing telescope lenses as well. Fifteen minutes of
adaptation to telescopic spectacles, exhibited a 7-46% VOR gain increase, while wearing
them for several days, showed a 70% increase in VOR gain'*2"23%¢,

It had been presumed that, because of the conjugate neural connection and linking
between the two eyes, only conjugate adaptation was possible. It has been argued that
asymmetrical vergence do not necessarily violate Hering's law®'. If this law was interpreted
as the two eyes’ movements being equally large, then adaptive nonconjugacies would
violate Hering’s law of equal innervation. However, Hering’s observation was that eye
movements are so coordinated that the two eyes are always aimed at the same object. Thus,
nonconjugate adaptation actually contributes to this coordination, instead of violating it*°°.

Non-conjugate adaptive changes in the VOR occur in response to different visual
stimuli between two eyes. It is expressed as differences in magnitude between the
movements of the two eyes, which adequately match the differences in image-size. Retinal
slip differences in the two eyes are the stimuli that drive monocular adaptation. Non-
conjugate ocular motor adaptation is believed to be an adjustment of the relative innervation

: . . 24:64:67;68
to the two eyes to ensure optimal binocular visual-ocular motor performance """,

1.7.1 Neural Design of Adaptive Control of VOR

VOR gain is adapted until retinal stability is restored. In the light, retinal slip provides

an error signal, which recalibrates the brain. Visually driven eye movement controls have
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priority over vestibular commands, causing the eyes to fixate or follow a visual target

69:70 . . . . . .
' If a visual—vestibular mismatch continues, then learning is

accurately in the light
influenced and the VOR gain changes®’*. To evaluate this new reflex gain, the VOR is
tested in the dark.

It is still not clear which part of the brain is specifically responsible for VOR
adaptation. In this regard, the focus of the research is on three possibilities, each of which
has its advocates. Firstly, the cerebellar flocculus has been considered to play a crucial role
in VOR adaptation®®*"™. Secondly, The brainstem is considered exclusively

50;75

responsible™ . Finally, the hypothesis which is presently most accepted, suggests roles for

both the flocculus and brainstem’%"®78,

1.7.2 Non-Conjugate Adaptation

Non-conjugate adaptive changes in the VOR occur in response to different visual
stimuli between two eyes”*. There are some conditions which require asymmetrical

adaptation in order to maintain binocular fixation. Neuromuscular asymmetry, such as

63;79

paresis of some of the muscles of one eye™™ ", unilateral peripheral ocular motor palsies,

24;26;80;81 . 82; : . 84
208081 mblyopia®®®, unilateral eye patching® are some

such as III, IV, VI nerve palsies
examples of conditions in which non-conjugate adaptation has been investigated in humans
and animals. Monocular adaptation of VOR was observed after surgically weakening one or
two horizontal recti in one eye of a monkey. One day after surgery, during patching of the
affected eye, VOR gain showed a decrease in the affected eye without loss of function in the

63;79

normal eye’™"". In human subjects with unilateral peripheral sixth nerve palsy, VOR gain in

the paretic eye showed a decrease during abduction and adduction®®. In unilateral fourth
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nerve palsy, VOR gains were reduced during incyclotorsion, depression and abduction of
the paretic eye, as anticipated from paresis of the superior oblique muscle. VOR gains
during excyclotorsion, elevation and adduction of the paretic eye were also reduced®. In
third nerve palsy, VOR gains of the paretic eye decreased during abduction, adduction,
elevation, depression, excyclotorsion and incyclotorsion®. In all these studies VOR gains
were normal in the non-paretic eye. In another study®, one week of patching of one eye in
monkeys created a decrease in VOR gain in that eye, which returned to baseline within 24
hours of removing the patch. The gain remained unaffected in the other eye.

The effect of anisometropic spectacles on monocular VOR adaptation has been
evaluated less. Because of the prismatic effect of the corrective lenses away from their
optical centers, retinal disparity occurs for targets when the head moves®. Asymmetrical
saccadic adaptation in response to long-term and short-term wearing of anisometropic
corrective spectacles has been demonstrated®**%*7 As such, monocular adaptation of
VOR should also be possible with spectacles. Collewijn et. al.? magnified one eye and
minified the other eye for 24 hours, using convex and concave spectacle lenses (10 D
anisometropia by spectacle). Their method created considerable blurring of the target, which

may explain their finding that monocular VOR adaptation did not occur.
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2 RATIONALE, PURPOSE AND HYPOTHESIS

It is known that VOR adapts conjugately'***'***7>? Tt is also known that VOR adapts
non-conjugately to unilateral peripheral ocular motor palsies, such as III, IV, VI nerve

24;26;80;81

. . 63:79 4. . .
palsies , paresis of some of the muscles of one eye™”, discrepancies between visual

and vestibular stimulation, such as investigated in amblyopia®*®’. Moreover, it is known that
saccades adapt non-conjugately to anisometropic spectacles®>®*.

Review of the VOR literature shows that adequate experiments have not been done on
optically induced monocular adaptation of VOR in humans. If non-conjugate VOR
adaptation is possible in response to other stimuli, it should also be possible with spectacles.
One study®* did not find monocular adaptation to anisometropic spectacles, but their method
left the subjects without clear vision. The purpose of this study is to test whether horizontal
angular VOR is capable of monocular adaptation in normal human adults as a result of
induced anisometropia (without the confound of blur). We hypothesize that humans are
capable of monocular adaptation of the VOR to induced anisometropia. The VOR gain, after

monocular adaptation, is expected to show an increase in one eye and a decrease in the other

eye.
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2.1 Significance

Anisometropic spectacles may cause different prismatic effects, aniseikonia, suppression,
diplopia or poor stereopsis due to the dioptri