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Abstrac

Abstract

The mechanism of suppression in strabismus is unclear and contribution of the
suppressing eye to the generation of eye movements has received little attention. A
series of nine experiments tested how the strabismic eye contributes to saccade
generation in the presence of suppression and also considered the effect of the
strabismic eye in the presence of abnormal retinal correspondence (ARC). These data
were compared with data from subjects with normal binocular single vision (BSV).

Chapters 2 and 3 describe the equipment, laboratory set-up and testing of the equipment
used in the thesis for measuring eye movements, Skalar IRIS 6500 infrared limbal

tracker, and presenting stimuli to each eye separately. The design of a novel method for
dissociation of the eyes using four liquid crystal polymer shutters is presented.

Chapter 4 compares the charactenistics of saccades made by subjects with normal BSV
(n=5) and strabismus (n=8). The effect of distractors on saccades is explored in Chapter
5 in subjects with normal BSV (n=5). The experiment documents the distractor effect
produced in the described laboratory set-up, and compares it with that previously
reported by Walker et al (1997). This 1s investigated further by comparing the effect of
distractor presentations to the dominant eye, non-dominant eye or both eyes. There was

no difference in the effect on saccade latency or gain with distractors presented to the
dominant or non-dominant eye. The effect of binocular distractors on saccade gain was

greater than monocular presentations.

Chapter 6 repeats the experiment of Chapter 5 in subjects with constant strabismus and
suppression (n=6) and constant strabismus with ARC (n=2) and found that distractors in
the strabismic eye did affect saccades however the response differed from normal BSV.
This was true even though it was shown that the distractor was not perceived by the
strabismic eye.

Chapter 7 investigates the influence of the central fixation target in the strabismic eye
on saccade generation by inducing disconjugate saccade adaptation in subjects with
normal BSV (n=8) and constant strabismus and suppression (n=6). The findings were
that in the presence of suppression, disconjugate adaptation similar to that in normal

BSV was possible.

The conclusion of this thesis 1s to suggest that information from the suppressed eye is
available to the saccadic system by either a sub-cortical pathway or processed cortically
without conscious awareness.
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Glossary of abbreviations

Glossary of abbreviations

abnormal retinal correspondence

binocular single vision

dioptre spheres

electroretinogram

electro-oculogram

esotropia

frontal eye fields

internal medullary lamina of the thalamus

liquid crystal polymer

lateral geniculate body

lateral intraparietal area of the posterior parietal cortex
lateral supersylvian area

medial longitudinal fasciculus

normal retinal correspondence

ocular dominance column

optokinetic response

paramedian pontine reticular formation

rostral interstitial nucleus of the medial longitudinal fasciculus
superior colliculus

supplementary eye fields

substantia nigra pars reticular

striate cortex or visual cortex

area of extrastriate cortex - secondary visual cortex

area of extrastriate cortex in magnocellular pathway

area of extrastriate cortex 1n parvocellular pathway: ‘colour centre’

area of extrastriate cortex responsible for motion detection also known as
mediotemporal cortex or MT

visually evoked potential

vestibulo-ocular reflex

exotropia
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Chapter 1 Introduction

Chapter 1

Introduction

This thesis investigates the role of binocular vision and the effects of strabismus, a
condition when binocular vision is absent or abnormal, on saccadic eye movement

characteristics and planning. This chapter reviews the literature, which motivated this
study, and begins with an outline of saccade characteristics and the neural generation of
saccades. The second part of the chapter considers binocular vision and strabismus with

emphasis on the adaptations to strabismus. Finally the aims of the thesis are formulated.

1.1 Eye movements

Eye movements enhance visual function and require both sensory and motor function to
have maximal effect. The study of eye movements allows the investigation, localisation

and treatment of neurological disease, but also allows investigation into the mechanism
of neurological processing. Eye movements can be classified into five main groups
(Dodge, 1903), all having differing functions, which are summarised in Table 1.1.

Type of Eye Movement Function

Vestibular To minimise retinal image movement during brief head

movements

To hold images steady on the retina during sustained head
movement

To hold images of a moving target on the fovea

Optokinetic

Smooth pursuit

Saccades To bring the object of interest onto the fovea

Vergence To move the eyes in opposite directions to allow 1mages
of single objects at any distance to be placed on both
foveae

Table 1.1: Classification of eye movements.

1.1.1 Saccades

Saccades are rapid eye movements used to redirect the foveae from one object to
another. They have an abrupt onset of movement due to an extremely high initial

acceleration of up to 30000°s? and have a peak velocity that increases proportionally

with saccade amplitude up to a maximum of approximately 600°s™" (Becker, 1989).
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They may be voluntary or involuntary in nature, may be evoked by visual, vestibular or
other sensory stimuli and may be directed to a specific target (goal-directed saccades) or
used to reset the eyes (re-orientating saccades).

Becker’s classification of saccades highlights the conditions under which saccades may
be initiated dividing them into two main types:

e Goal-directed saccades are used to move the fovea onto a specific point in the
visual world and are divided as follows: re-fixation saccades, which direct the
eye to selected objects within the visual environment; scanning saccades, used to
explore the visual environment attracted to salient features; tracking saccades,
which result as a reflex movement evoked by sudden changes in the extrafoveal
visual field; and catch-up saccades used to re-fixate moving targets when
smooth pursuit 1s insufficient.

¢ Re-onentating saccades are not aimed at specific targets but bring invisible parts
of the visual world into central visual field. Becker (1989) divides them as
follows: fast phase of the vestibular ocular reflex (VOR), used to reset the eyes
within the orbit following a vestibularly evoked compensatory movement in the
opposite direction; fast phase of the optokinetic response (OKR), used to reset
the eyes within the orbit following a visually evoked compensatory movement in
the opposite direction; and micro-saccades which are small randomly directed

saccades which interrupt fixation.

To generate this fast eye movement an innervational pattern, described as the ‘pulse’
and ‘step’, is sent to the extraocular muscles from the brainstem (Robinson, 1964). The
pulse is a short burst of activity, which drives the eyes at high velocity against the
viscous properties of the orbital contents. The strength and duration of the pulse
determines the amplitude of the saccade. The step is an increase in activity to hold the
eye in the desired position preventing a return to primary position. The pulse 1s
generated in pre-motor cells of the brainstem in an area referred to as the ‘pulse
generator’, The size of the step signal is derived through integration of the pulse activity
by a structure known as the neural integrator (Skavenski & Robinson, 1973; Amold &
Robinson, 1997). The neural integrator (see section 1.2.5) operates via connections
between various structures within the brainstem and cerebellum, (Leigh and Zee, 1999).
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1.1.1.1 Saccade latency

From the appearance of a peripheral target to the onset of the eye movement a period of
time elapses to enable visual processing of the target, planning and execution of a
saccade. This 1s known either as the initiation time, reaction time or saccadic latency.
Saccades typically have latencies in the order of 200ms (Leigh & Zee, 1999; Becker,
1991). The latencies of individual saccades do not have a normal distribution around a
mean of 200ms, however, the inverse of latency (promptness) is usually normally
distnibuted (Carpenter, 1981). Multi-modal distributions may occur when the stimulus
conditions are stable and controlled. Four separate modes have been identified (Boch &
Fischer, 1986; Fischer & Ramsperger, 1986; Fischer, 1987) as follows: long latency
regular saccades with latency in the region of 230ms; short latency regular saccades
with latency of 150-200ms; express saccades with latencies of 90-130ms; anticipatory
saccades with latencies of <80ms. Saccadic latency can be affected significantly by the
nature of stimulus and experimental conditions.

The effect of target eccentricity on saccade latency is inconsistently reported. A
summary of findings can be seen in Table 1.2. Wyman and Steinman (1973)
demonstrated in two subjects, that saccade latency decreases with increasing target step
size. From Table 1.2 it is apparent that most laboratories report highly increased saccade

latencies (maximum 150ms increase) for eccentricities of <0.5°, with no significant
differences for moderate eccentricities (1-15°). Large saccades, between 20° and 60°,

begin to show a small increase in latency in the region of 20ms.

The luminance of the target has been shown to affect saccade latency such that it
decreases at a negatively accelerated rate, by approximately 15ms per logarithmic unit
of luminance increment above foveal threshold (Wheeless, Cohen & Boynton, 1967).
Latency is also increased with reducing target contrast (Becker, 1991).
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_ Effect of saccade amplitude on saccade latency
Frost & P&ppel (1976) No effect
3 subjects, range of eccentricity 5°-45°

Bartz (1962)

Wyman & Steinman (1973)

Increasing latency with target eccentricity.
3 subjects, range of eccentricity 2.5°- 40°

subjects required to identify type of target verbally - time taken
to ‘see’ and make saccade not just time to make saccade

Decrease in latency with increasing target step size.
Large increase of up to 150ms for very small target steps of

0.1°
2 subjects, range of eccentricity 0.05°- 0.5°

Pirozzolo & Hansch (1981) Increase for small saccades (2°-5°) and large saccades (15°)
12 elderly subjects, range of eccentricity 2°- 15°

Findlay (1983) Not affected between 1° and 15° for horizontal saccades
Conclusions from review of several studies

Kapoula (1984) Longer latency for 10° saccades than 3° saccades

Becker (1989) Total increase of 20ms to 30ms as the target amplitude
increased from 5° to 60°
No details of paradigm, subjects or data analysis

Table 1.2: Summary of reported effects of target eccentricity on saccade latency for horizontal saccades.

Manipulation of the disappearance of the central fixation point in relation to the onset of
the target influences saccade latency. Removal of the fixation point for a period of time
prior to the onset of the target reduces saccade latency (gap paradigm), whereas if the
extinction of the fixation point is delayed with respect to the onset of the new target
then saccade latency increases (overlap paradigm) (Saslow, 1967). Saslow demonstrated
that latency decreased by a maximum of 150ms as the gap increased up to 200ms and
latency increased by a maximum of 50ms under overlap conditions up to 100ms (see

Figure 1.1). Under gap conditions the number of short latency, express saccades
increases (Fischer & Ramsperger, 1984). A neurological mechanism for the gap and
overlap effects has been attributed to the cells of the rostral superior colliculus (SC),
which are active during fixation and deactivated duning saccades (Munoz & Wurtz,

1993a).

Visual attention has been shown to play a role in the occurrence of express saccades.
Mayfrank, Mobashery, Kimmig and Fischer (1986) have shown that using identical
fixation points and targets, the instruction to ‘attentively fixate the fixation target’
reduced the number of express saccades. Whereas the instruction to ‘keep your eyes on
the fixation target, but shift your attention to a peripheral point’, gave rise to an increase
in express saccades. This suggests that presence or absence of a fixation target cannot
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account for the occurrence of express saccades. It seems that directed visual attention
prevents the oculomotor system from producing express saccades.

300

LATENCY, MSEC
O

I
Q
§§§§§

100
+400 +300 +200 +100 000 -100 =200 -300 400

(OVERLAP) (SYNCHRONOUS) (GAP)
TEMPORAL ASYNCHRONY, MSEC

Figure 1.1: Saccade latency as a function of target asynchrony. Each data point represents the mean of
100 saccades +2 standard errors. From Saslow, 1967.

A warning by any sensory stimulus prior to the saccade stimulus reduces saccade
latency. In a series of step stimuli, with fixation periods between steps of <3s, the
previous step gives warning of the next step, hence reducing latency as the pattern is
established. Evenly distnibuted step intervals between 350 and 650ms have been shown
to reduce saccade latency such that 1t decreases with decreasing step interval (Findlay,
1981). Anticipatory saccades may occur if the target is predictable, for example
repeatedly from one position to another, in which case the eye movement may precede
the stimulus. Saccades with latencies up to 80ms are also considered anticipatory, as
this time period is required for the brain to process the visual signals and plan the motor
response (Becker, 1991). This was adopted as the criteria in this thesis, saccades with
latencies less than 80ms were excluded from analysis.

The latency of saccades can be altered by the presence of a peripheral target, or
distractor. This is of particular interest in this thesis as Experiment 4 of Chapter 5 and
Experiments 5 and 8 of Chapter 6 study the effect of distractors on saccade latency and
accuracy. Lévy-Schoen (1969) showed that saccade latency was increased by 40ms
when a distractor appeared simultaneously in a mirror symmetric position of the
contralateral hemifield to the stimulus. If the distractor appeared adjacent to the saccade
stimulus 1n the same hemifield the latency was unaffected but the accuracy was
compromised. This phenomenon agrees with subsequent studies in which, when two
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targets appear, the saccade becomes directed to a point between the targets, termed the

‘global effect’, (Findlay, 1982; Deubel, Wolf & Hauske, 1984) (see the remote
distractor effect, Section 1.1.2).

1.1.1.2 Saccade peak velocity

Saccadic peak velocity increases with saccade amplitude, typically saturating for
saccades of approximately 50°. The normal values for this relationship fall within a
single smooth curve known as the main sequence (Bahill, Clark & Stark, 1975). Figure
1.2 shows a typical main sequence. The peak velocity tends to peak at around 500°%,
however variations occur in normal subjects from 350 to 700ms. The velocity profile of
large saccades is skewed such that there is an initial rapid acceleration to reach the peak
velocity, followed by a slower deceleration. Small saccades, in contrast, show a more
symmetric profile with the acceleration and deceleration periods being almost
symmetrical.

The duration and peak velocity of saccades is dependent upon the position of the eye
within the orbit due to mechanical factors. Three main positions within the orbit can be

described; centrifugal; centripetal; and symmetrical. Centrifugal saccades begin at the
midline and are directed eccentrically, centripetal saccades commence eccentrically and
end at the midline and symmetric saccades cross the midline. Saccadic velocities for

these three positions are not significantly different for saccades of <15°, however for

30° saccades, reductions of around 90°™ for centripetal saccades, compared to
centrifugal saccades, have been reported (Hyde, 1959; Becker, 1989).

Abducting and adducting saccades' also differ in duration, acceleration and peak
velocity. Conflicting results have been reported which appear to result from the method

of recording. EOG recordings have consistently shown that the adducting eye 1s faster
than the abducting eye (Boghen, Troost, Daroff, Dell’Osso & Birkett, 1974; Bird &
Leach, 1976). Whereas with infrared recordings the abducting eye have been shown to
accelerate faster and achieve a higher peak velocity than an adducting eye (Fricker &
Sanders, 1975; Hallett & Adams, 1980). Preliminary observations by Becker (1989)
showed that for the same saccades recorded with the EOG and search-coil methods the
finding of faster adducting saccades with EOG was not present with the search-coil. The
difference in peak velocity, abducting saccades faster than adducting saccades, for
moderate sized saccades has been shown to be in the region of 20ms (Becker, 1989).

' Abducting saccades are directed temporally, adducting saccades are directed nasally.
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Attentional factors, fatigue (Becker, 1989) and drugs that reduce alertness (Jiirgens,
Becker & Kornhuber, 1981) have been shown to reduce saccade peak velocity. Memory
guided saccades (Becker & Fuchs, 1969) and anti-saccades (Hallett, 1978), in which the
subject is instructed to look in an equal and opposite direction to the target, showed

reduced peak velocity compared to saccades made to a permanently visible target.

Saccade Main Sequence

700

N
-
-

N
-
-

H
-
-

)
-
-

200

Peak velocity (deg/sec)

100

0 5 10 15 20 25

Saccade amplitude (degrees)

Figure 1.2: The relationship of saccade amplitude to peak velocity. This relationship is called the main
sequence. Data collected by H. Griffiths.

1.1.1.3 Saccade accuracy

Due to the long processing time, compared to the time it takes to execute them, saccades
are said to be ballistic movements, which once started cannot be influenced. The perfect
saccade would rapidly reach the target and stop abruptly without error. This, however,
does not always occur and is known as dysmetria, leading to the necessity for corrective
movements following the initial saccade to align the fovea to the target. The corrective
movements may consist of a second corrective saccade or the eye may slowly glide onto
the target, known as a glissade. The task (Lemij & Collewijn, 1989), stimulus size

(Kowler & Blaser, 1995), stimulus brightness (Doma & Hallett, 1988) and the
background around the target all influence the amount of dysmetna. Saccades may

undershoot the target, referred to as hypometric saccades, or overshoot the target,
known as hypermetric saccades. Inaccurate saccades result from two types of error:
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1. Pulse - step mismatch
Incorrect pulse size with correct step, the eye therefore gradually creeps onto target.
2. Step size error
Correct pulse with incorrect step size, where the eye precisely reaches the target,
but cannot be maintained at this position.

Often a combination of these two errors occurs resulting in a combination of glissades
and corrective saccades (see Figure 1.3). Evidence gained from lesions in monkeys
shows that the cerebellum i1s 1involved in control of pulse and step generation to avoid
mismatches (Ritchie, 1976; Optican & Robinson, 1980). The cerebellar vermis controls
pulse size and the flocculus controls the pulse step match (Optican, 1980).

Methods of measuring accuracy are as follows:

e Frequency of occurrence, which considers the percentage of under and
overshooting saccades.

e Error amplitude, which equals the difference between the target distance and the
saccade amplitude. Negative values indicate an overshoot, positive values indicate
an undershoot of saccades and zero indicates a precise saccade reaching the target.

e Saccade gain, which 1s the saccade amplitude divided by the target distance. A
value of 1 represents a saccade that 1s on target; a value <1 equals an undershooting
saccade and a value >1 equals an overshooting saccade. This method is used in this
present study.

Figure 1.3: Pulse-step mismatch. Pulse and step
components of saccadic control signal can be
mismatched as shown. When the step is correct but
the pulse is too large (H), a glissadic overshoot is
generated. When the pulse is too small (B), the
resulting saccade stops short of its final position and
a glissade finishes the movement. When the step
component is incorrect the saccade moves the eye to
an off-target position, where it remains until visual
feedback instigates corrective saccade either
forward to the target (D) or backwards to it (F).
When both pulse and step are too large (I) or too
small (A), the primary saccade may be followed by
rightward glissade, leftward glissade, or no glissade
at all, depending of relative sizes of components.
Broken line through each trajectory marks target.
(From Bahill & Stark, 1979)

Small C‘:r::t Large

Smal

tep
Correct

Large
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Most saccades slightly undershoot the target requiring one or two corrective saccades,
the amount of undershoot 1s usually around 10% of the total target amplitude (Barmes &
Gresty, 1973). Whether undershoots occur deliberately in larger saccades, to produce
the quickest way of getting the eye on target, is debated. In the dark the main saccade 1s
often followed by a secondary saccade in the same direction and of approximately 10%
of the amplitude of the main saccade (Becker & Fuchs, 1969). This has raised the
hypothesis that the corrective saccade is part of a predetermined two-step sequence and
not elicited by visual feedback of an unforeseen error. However, the size of the
corrective saccade highly correlates to the error, even when the target position is altered
just after initiation of the main saccade, indicating visual input determining the size of
the required corrective saccade (Becker & Fuchs, 1969; Deubel, Wolf & Hauske, 1982).
Henson (1978) showed that if saccades were made to consistently overshoot by

displacing the target during the saccade, the saccadic system adapted until a 10%
undershoot was re-established.

Other studies however have not reported consistent undershooting of the target. As can

be seen in Figure 1.4 the percentage of undershooting saccades has been shown to
increase, and overshooting saccades decrease, as the stimulus amplitude increases

(Bartz, 1967; Becker, 1972). Kapoula and Robinson (1986) showed that the range of

target positions used in an expenimental session influenced the accuracy of saccades,
such that distances at the upper end of the range are underestimated and those at the
lower end of the range overestimated, regardless of the absolute amplitude.

Undershoots are more common 1n centrifugal than centripetal saccades and overshoots
are more common 1n centripetal than centrifugal saccades (Becker, 1989). Collewin,

Erkelens and Steinman (1988) have shown that the presence of constantly visible targets
reduces the error considerably (see Figure 1.4). The presence of other objects close to

the target alters the accuracy of the saccade, such that the saccade relates to a spatial
average of the target and non-target (Coren & Hoenig, 1972) termed the Global effect
(Findlay, 1982). The saccade has been shown to land nearer to the stimulus with more
salient properties (Findlay, 1982).

Saccade accuracy is reduced if, following the appearance of the target, saccade latency
is less than 80ms (Findlay, 1981). Saccades of short latency are termed anticipatory or
predictive saccades and have also been shown to have different dynamics to saccades of
longer latencies, 1.e. >80ms (Bronstein & Kennard, 1987).
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Figure 1.4: Saccade accuracy as a function of eccentricity. Positive values represent an undershoot of the
target, negative values an overshoot. Data accumulated from various authors as follows: BEC, Becker,

1975; COL, Collewijn et al, 1988; FRO, Frost & Poppel, 1976; KAP, Kapoula, 1985; KAR, Kapoula &
Robinson, 1986; SHA, Sharpe & Zackon, 1987. (From Becker, 1991.)

1.1.2 The remote distractor effect

This thesis will use the remote distractor effect in Experiment 4 of Chapter 5 and
Experiments 5 and 8 of Chapter 6.

A distractor is a stimulus presented at non-target locations within the visual field,
usually simultaneously with presentation of the target. As described in Section 1.1.1.1
simultaneous presentation of a target and distractor in mirror symmetrical locations has
been shown to increase saccade latency by approximately 40ms. Whereas, if the target
and distractor are presented in close proximity saccade latency 1s not atfected but

accuracy is compromised (Lévy-Schoen, 1969).

Weber and Fischer (1994) have examined the effects of distractors, in normal subjects,
on express saccades. They presented saccadic stimuli on the horizontal axis in which
half the trials had simultaneous distractors in the contralateral hemifield and half were
presented without distractors. There was a significant difference in the saccadic latency
when the distractor was present and express saccades were absent. This was not thought
to be an increase in latency due to the time taken to decide which was the actual target,

10
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as the subjects were told 1n advance which side the target would be presented to. They
also examined the effect of vanable sized distractors with the conclusion that smaller
distractors (0.1° x 0.1°) had less effect on latency than larger distractors (0.4° x 0.4°).
The eccentricity of the distractor was also significant with the distractor having more
effect when situated 4° from the midline compared to 12°. The effect of ipsilateral
distractors was also investigated and found to reduce the number of express saccades
when presented close to the original fixation region the so-called ‘dead zone’ (Weber,
Aiple, Fischer & Latanov, 1992). The experiments concerned with contralateral
distractors used distractors consisting of a vertical strip of three bars, whereas the
ipsilateral distractor trials used a vertical strip of 23 bars. This discrepancy therefore
does not allow a complete picture of the distractor effect.

Walker, Kentridge and Findlay (1995) have shown that the timing of the appearance of
the distractor was a significant factor. Distractors presented simultaneously with the
stimulus, but in the contralateral hemifield, increased the saccade latency by 20 to 30ms.
Latency was also increased if the distractor preceded the target by an interval of

<100ms and the reverse occurred with distractors appearing between 100ms and 250ms
before the saccadic stimulus, where the saccade latency reduced compared to the no

distractor condition. The distractor appearing >100ms in advance of the stimulus was
thought to act as a warning to the appearance of the stimulus.

Walker, Deubel, Schneider and Findlay (1997) considered the distractor effect in more
detail (this study was replicated 1n Chapter 5). A consistent distractor size was used and
the location of the distractor was presented at several locations in both the contralateral

and ipsilateral hemifields. The study reports data collected from six visually normal

subjects with stimuli presented on a 21-inch colour monitor. Eye movements were
recorded using a Dual-Purkinje eye tracker. The target used to stimulate visually

directed saccades was a diagonal cross of length 0.19° and the distractor consisted of a
0.53° circle. With the offset of the central fixation cross the target and distractor
appeared simultaneously. Target and distractor positions were varied 1n four
experiments to include honizontal and vertical meridians. The results demonstrated a
reciprocal effect on saccade latency and accuracy depending on distractor location.

Distractors presented within a window 20° around the target axis modulated amplitude,

but did not influence latency. Distractors presented >20° from the target axis increased

latency, but had no effect on amplitude (see Figure 1.5). The latency increase reached a
peak with distractors at the fixation location.

11
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The increase in saccade latency with distractors at the original fixation point has been
explained as an increase in activity of the fixation cells in the rostral pole of the superior
colliculus (see Section 1.2.3.1) (Doris & Munoz, 1995; Munoz & Wurtz, 1992, 1993a,
b, 1995 a, b). These fixation cells show a tonic discharge during fixation and represent
the central 2° of the visual field. Walker, Deubel, Schneider and Findlay (1997)
suggested that the increased latency found with contralateral distractors up to 10° from
fixation may be explained by the occurrence of fixation cells further from the fovea than
the 2° region of the rostral pole. This i1s supported by the work of Gandi and Keller
(1995) who reported neurons resembling fixation neurons in more caudal regions of the
superior colliculus. These neurons extended to areas associated with saccades of 10° or

less.

Figure 1.5: Schematic diagram of visual field
illustrating the reciprocal effects on saccade latency
and amplitude depending on distractor location.
Distractors presented within a window of 20°
around target axis modulated amplitude, but did not
influence latency. Distractors presented away from
target axis (>20°) increased latency, but had no
effect on amplitude. (Walker et al, 1997).

Amplitude Target axis

increased modified

Rafal, Smith, Krantz, Cohen and Brennan (1990) examined the latency of saccades
made by hemianopic patients to stimuli presented in their intact visual field under
conditions in which visual distractors appeared in their blind field. They found that

saccade latency increased when distractors were presented in the blind field. A similar

increase in latency could not be demonstrated in normal subjects. These findings were
taken as showing that the distractor effect was specific to the oculomotor system and
may be observed only when the cortical visual pathway 1s inoperative, suggesting that
the sub-cortical visual pathway is responsible for the distractor effect. Walker, Mannan,
Maurer, Pambakian and Kennard (2000), however, revealed no evidence of blindsight
inhibitory effects in hemianopic subjects with cortical lesions. They concluded that the
distractor effect was a normal characteristic of the saccadic system and may be related
to the process of response competition involved in saccade target selection. This may be
mediated by the deep colliculus, which depends on the corticotectal pathway for visual

Input.
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These conflicting results have not been fully explained, however as noted by Findlay
and Walker (1999) the control data of Rafel, Smith, Krantz, Cohen and Brennan (1990)
does show a small latency increase for bilateral presentations. A possible explanation
for differences in the hemianopic subjects may be variations in the extrastriate damage
which produced the hemianopia (Walker, Mannan, Maurer, Pambakian & Kennard,

2000).

Patients with unilateral neglect typically have lesions of the right parietal lobe resulting
in failure to respond to and lack of awareness of objects 1n the contralateral side to the
lesion. Walker and Findlay (1996) studied saccades in two subjects with unilateral

neglect without hemianopia. Presentation of bilateral targets at equal and opposite
eccentricities did not result in increased saccade latencies as found in normal subjects.

They concluded therefore that this could not be attributed to a lack of contralesional
sensory input.

1.1.3 Adaptive control of saccades

The experiments in Chapter 7 involve adaptation of saccades. To obtain optimal saccade
gain in changing circumstances, the saccadic system 1s under adaptive control to detect
errors and adjust gain appropriately. The duration of a saccade is typically between 60
and 80ms, which is faster than sensory processing of visual information. Direct
feedback during the saccade to improve accuracy is therefore not possible. Adaptive
control systems are self-correcting, which continually monitor their own performance.
In the event of under or overshooting the target, the system adjusts parameters to reduce
the probability of such an error occurring again. This process 1s important for making

long-term gradual changes, for example 1n ongoing growth development and ageing, but
also in response to disease or injury affecting saccade parameters and dynamics.

Kommeral, Olivier and Theopold (1976) reported that patients with unilateral ocular
motor nerve palsies could adjust the amplitude of saccades depending on which eye was

forced to view. Abel, Schmidt, Dell’Osso and Daroff (1978) described the same
response in a patient with partial third nerve palsy.

Experimental paradigms, which shift the target back towards its original location during
the saccade (intrasaccadic step) have been used to study saccade adaptation. This leads

to saccades, which initially overshoot the target, such that adaptive control is required to
reduce the amplitude of saccades to improve accuracy.

13
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1.1.3.1 Characteristics of adaptive control

Saccade adaptation is direction specific, such that modification of gain in one direction
does not affect the gain of saccades in the opposite direction (Abel, Schmidt, Dell’Osso
& Daroff, 1978; Deubel, Wolf & Hauske, 1986). This 1s desirable as it allows
adaptation in one direction due to possible changes to a particular pairing of extraocular
muscles without influencing the unaffected opposite direction.

Differences have been found in adaptive control requiring gain increases and gain
decreases although these differences are debated. Miller, Anstis and Templeton, (1981)
and Deubel, Wolf & Hauske, (1986) found that gain decreases occurred faster than gain
increases. More specifically Miller, Anstis and Templeton, (1981) reported that gain
decreases were 60% complete and gain increases only 25% complete over the same
time scale. This was 1n contrast to Abel, Schmidt, Dell’Osso and Daroff, (1978) and
Albano and King, (1989) who described faster adaptation for gain increasing adaptation.
The main difference in the study by Albano and King, (1989) was that they produced
saccade dysmetria by electronically adding or subtracting a fraction of the eye position
signal to adjust the target position. This induced visuomotor errors proportional to

saccade amplitude, therefore more closely mimicking naturally occurring saccadic
dysmetria for the primary, as well as corrective, saccades.

The effect of saccade adaptation on saccade latency has been inconsistently reported.
Straube, Fuchs, Usher and Robinson (1997) found increased latency of the primary
saccade in two out of four monkeys studied, as did Takagi, Zee and Tamargo (1998),
who reported a change in the distribution of latency in adaptive saccades due to the loss
of express saccades.

1.1.3.2 Time course of adaptation

In both monkeys (Optican & Robinson, 1980) and humans (Kommerell, Olivier &
Theopold, 1976; Abel, Schmidt, Dell’Osso & Daroff, 1978) muscle weakening has been
shown to result in adaptive changes occurring slowly over a period of days. Fast
adaptations, occurring within a few minutes (50 to 100 saccades), have been
demonstrated experimentally using intrasaccadic target steps (Miller, Anstis &
Templeton, 1981; Deubel, Wolf & Hauske, 1986) and electronic target feedback
(Albano & King, 1989). This difference in the time course of adaptation suggests that
two systems may exist; one for fast adaptation and one for slow adaptation.
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It is possible that the fast adaptation seen in response to experimental conditions may
not be a true adaptation of the oculomotor system and may therefore represent a
conscious strategy by the observer in reaction to the stimulus. This however is not
thought to be the case as the change in gain reported is gradual and follows an
exponential time course (Deubel, Wolf & Hauske, 1986; Deubel, 1987). A conscious
strategy to change the amplitude of saccades would be expected to occur abruptly.

1.1.3.3 Site of adaptive control

Patients with cerebellar degeneration have been shown to have saccade dysmetria
suggesting involvement of the cerebellum in adaptive control (Dichgans & Jung, 1974,
Zee, Yee, Cogan, Robinson & Engel, 1976). Further localisation to the vermis of the
cerebellum has been found in monkeys (Optican & Robinson, 1980). This was
concluded by unilateral surgical weakening of the lateral and medial recti, which
resulted in adaptive compensation depending on which eye was forced to view over a
period of a few days. However, following total cerebellectomies the saccadic system
could not compensate for the muscle weaknesses. Furthermore, partial cerebellectomies
of the vermis, paravermis, and fastigial nuclei eliminated adaptive control of the size of

saccades but did not affect the step component.

To investigate the site of adaptation in human subjects Hopp and Fuchs (2002) adapted
two types of saccade thought to be generated through different neuronal pathways.
These were targeting saccades, having long latencies and thought to involve higher
cortical processing, and express saccades, which have very short latencies, thought to be
processed sub-cortically (i.e. early visual areas, the SC and the brainstem, Fischer &

Weber, 1993). An experimental paradigm with an intrasaccadic target step backwards
towards the initial fixation location was used. Gain was found to be adapted for both
express and targeting saccades in similar proportions leading to the conclusion that
adaptation occurs after the pathways generating these two types of saccade converge,
i.e. at or below the SC.

It may be, therefore, that slow adaptation occurring naturally, for example due to
disease or trauma, occurs in the cerebellum whereas fast adaptive changes found 1n
response to an experimental intrasaccadic step result from a different pathway at or

below the SC.
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1.1.3.4 Disconjugate adaptation

Saccades may also be adapted disconjugately, such that saccades become unequal in the
two eyes. This has typically been investigated using anisometropic lenses to magnify
the image to one eye (Lemij & Collewiyn, 1991; Kapoula, Eggert & Bucci, 1995; Van
der Steen & Bruno, 1995). A review of literature relating to disconjugate adaptation in
normal binocular single vision (BSV) and strabismus is given in Chapter 7. A novel
method of inducing disconjugate adaptation is used in the experiments of that chapter in

subjects with bifoveal BSV, and subjects with strabismus but no clinically demonstrable
BSV.

1.2 Neurophysiology of saccadic eye movements

Experiments of Chapters 5, 6 and 7 investigate the generation of horizontal saccades in
relation to presence or absence of binocular vision. Discussion of the results of these

chapters considers cortical and sub-cortical areas involved in saccade generation. The

visual pathways and the main areas involved in saccade generation are therefore
summarised in the following sections.

Areas within both the cortex and sub-cortex are involved in the generation of saccades.
Visual information from the retina reaches these structures via two visual pathways. The
result is a pre-motor command signal to the oculomotor nuclei in the brainstem, which,
in turn, leads to innervation creating contracture of the required extraocular muscles to

execute the appropriate saccade.

1.2.1 Visual pathways

The majority of retinal ganglion cells project to the LGB. Nine other nucle1 within the
brain also receive retinal input (Hendrickson, Wilson & Toyne, 1970). Table 1.3 lists
these nuclet and summarnses the function of the fibres of each pathway. The two main
pathways involved in binocular vision and saccadic eye movements are the retino-
geniculo-cortical pathway and retino-collicular pathway (sub-cortical or tectal
pathway). These pathways are shown 1n Figure 1.6 and will be briefly outlined below.
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Lateral genicfllate body

Pregeniculate nucleus

(retino-geniculo-cortical pathway)

- - '

Visual perception

Visual perception

Superior colliculus
(retino-collicular pathway)

Pretectal nuclear complex

Control of eye movements

Control of pupillary responses

Suprachiasmatic nucleus

Control of diurnal rhythms
& hormonal changes

Paraventricular nucleus

Supré.optic nucleus

Pulvinar

Neuroendocrine regulation

e —

Neuroendocrine regulation

Acéesgory optic system

Saccadic suppression & attention

See section 1.2.2.6
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Nucleus of the optic tract

N Optokinetic reflexes

C_)p.tokinetic reflexes

Table 1.3: Nuclei receiving projections from the retinal ganglion cells and their function. Adapted from

Hendrickson, Wilson and Toyne, 1970.
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1.2.1.1 Retino-geniculo-cortical pathway

The retina 1s a thin layer of nervous tissue where vision begins with the capture of
images focused by the optical media of the eye. The landmarks of the retina are the
optic nerve, retinal blood vessels, area centralis, which includes the fovea and foveola,
and the peripheral retina, which terminates at the ora serrata (see Figure 1.7).

The fovea is the point of fixation giving the highest level of visual acuity. It is situated
in the central retina and defines the vertical division of the visual field splitting the
retina into nasal and temporal halves. Objects 1n the temporal visual field are projected
upon nasal retina and vice versa. Ganglion cells in the retina are the only cells that
project from the eye to the brain. Ganglion cells located in the nasal retina, project to the
contralateral side of the brain via the optic chiasm, whereas the temporal retina projects
to the ipsilateral side. The ganglion cell axons terminate in the thalamic relay nucleus
called the lateral geniculate body (LGB). From here the post-synaptic fibres pass in the
optic radiations to the primary visual cortex, known as visual area 1 or V1. Visual

perception occurs in V1 and in adjacent extrastriate areas. These associated visual areas
have been named V2, V3, V4, V5 and V6.

< Macular 18 >

Fovea 5
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.Foveola: Dlsc%
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Figure 1.7: Retinal landmarks. Dimensions
shown are in degrees and represent the

approximate visual angle subtended by each
structure.
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1.2.1.2 Retino-collicular pathway (sub-cortical pathway)

Specialised retinal ganglion cells project axons, which exit the eye to the optic nerve
and travel to the optic chiasm where nasal retinal fibres decussate and temporal fibres
remain on the ipsilateral side. They follow the common visual pathway in the optic tract
until they reach the thalamus. Here the fibres destined for the striate cortex pass into the

lateral geniculate body, the retino-collicular fibres leave the optic tract and enter the
brachium of the superior colliculus in the midbrain (see Figure 1.6).

1.2.2 Cortical areas involved in saccade generation
The areas involved in neurological sensory and motor processing of saccades are shown

in Figure 1.8. The cortical areas will be described in this section, sub-cortical areas will
be discussed 1n Section 1.2.3 and cerebellum will be described in Section 1.2.4.

—— ————rr——— 1
- F]

Medial Rectus

Lateral Rectus

Figure 1.8: Schematic diagram of the major structures that participate in the control of horizontal
saccades. Excitatory neurons are indicated by solid lines, inhibitory neurons by dashed lines. FEF, frontal
eye fields; SEF, supplementary eye fields; LIP, lateral intraparietal area; V1, Striate cortex; CN, caudate
nucleus; TH, thalamus; SNr, substantia nigra; SC, superior colliculus; C, cerebellum; PPRF, paramedian
pontine reticular formation; MLF, medial longitudinal fasciculus; III, oculomotor nerve nucleus; VI,

abducens nerve nucleus.
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1.2.2.1 Striate cortex (V1)

Electrical stimulation of the striate cortex evokes saccades to the contralateral field. The
amplitude and direction of the induced saccades resemble the sensory retinotopic map.

Striate neurons project to the SC. Lesions of the SC result in the loss of saccades
following electrical stimulation of the stnate cortex (Schiller, 1977). This is thought to
occur due to a lack of a direct pathway from the striate cortex to the oculomotor nuclei
in the brainstem.

1.2.2.2 Extrastriate areas V2 and VS

Neurons of V2 discharge prior to saccades. It 1s unclear, however, whether this 1s
purely related to the action of attending to a stimulus, rather than active processing
related to saccade generation (Goldberg & Segraves, 1989).

Induced lesions of V5 (area MT, which receives input from V1 related to motion,

velocity and direction) inhibit accurate saccades to moving stimuli in the field relating
to the region affected by the lesion (Newsome, Wurtz, Dursteler & Mikami, 1985).

1.2.2.3 Frontal eye fields (Brodmann area 8)

The frontal eye fields (FEF), situated in the frontal lobes of the cortex, receive
projections from extra striate areas V4, V5 (MT) and intraparietal sulcus. They also
have input from the opposite FEF via callosal projections. A large projection from the
FEF is to the intermediate and superficial layers of the SC. Other projections to the
thalamus, basal ganglia, pretectum, rostral interstitial nucleus of the medial longitudinal
fasciculus (riMLF) and the paramedian pontine reticular formation (PPRF) have also
been identified (Feldon & Burde, 1992). The riMLF i1s the centre concerned with the
generation of vertical eye movements, whilst the PPRF generates horizontal eye

movements.

Electrical stimulation using electrodes penetrating the FEF have shown a complex
topographic pattern with large amplitude saccades evoked by medial stimulation and
small saccades by lateral stimulation. As the electrode progresses deeper into the cortex,
the direction of the resulting saccade rotates. Areas of the FEF that produce large and

small saccades project to areas of the SC that produce large and small saccades
respectively (Komatsu & Suzuki, 1985).
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Mohler, Goldberg and Wurtz (1973) have shown that almost half of the neurons in the
FEF have receptive fields. They are generally large, up to a quadrant of the visual field,
not selective for direction, speed, orientation, shape or colour. Hence they identify
where the target is, but not what 1t 1s. Neurons that are active prior to saccades, active
during and after saccades and neurons active during fixation have been identified in the
FEF. Pre-saccadic neurons fire maximally prior to goal-directed saccades made to a
target in their receptive field. Awareness of a target, which stimulates the receptive
field, does not produce neuronal activity unless a saccade is made to the target

(Goldberg & Bushnell, 1981). Post-saccadic neurons discharge in association with goal-
directed and re-orientating saccades of all directions. Two types of neuron are involved

in fixation. The first type discharge during fixation and the second type discharge when
fixation is released (Suzuki & Azuma, 1977).

The characteristics of neurons that project from the FEF to the SC have been analysed
by Goldberg and Segraves (1987). The two main groups of neurons were movement
cells (majority pre-saccadic discharging neurons, very few post-saccadic neurons) and
fixation cells. This suggests that the role of the FEF in generation of saccades is to
specify the co-ordinates of the saccade (movement cells) and the maintenance and
release of fixation (fixation cells) (Goldberg & Segraves, 1989).

1.2.2.4 Supplementary eye fields

Another area of the frontal cortex, which lies dorsomedially, has been found to produce

saccadic eye movements when stimulated with electrodes and has therefore been named

the supplementary eye field (SEF) (Schlag & Schlag-Rey, 1987). The cells of this area
discharge prior to the saccade and project to the FEF, thalamus, SC and directly to the
pons. Some cells in the SEF discharge maximally for saccades made at particular
positions within the orbit. Also there 1s evidence that their response adapts with training.
This has lead to speculation that this area acts as a pre-saccadic motor processing centre,

which encodes spatial co-ordinates and motor behaviour based on training (Gaymard,
Pierrot-Deseillingy & Rivaud, 1990).

1.2.2.5 Posterior parietal cortex

The posterior parietal cortex has been proposed to be crucial to generation of reflexive

saccades (Gaymard, Ploner, Rivaud, Vermersch & Pierrot-Deseillingy, 1998). Lesions
of this area in humans result in a deficit of involuntary saccades (Heide & Kompf,
1998). Microelectrode recordings in monkeys have established that neurons in the
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parietal lobe give both sensory and motor related responses, suggesting a role in

transformation of retinotopic visual signals into motor co-ordinates. The lateral
intraparietal area (LIP) has been identified as a specific area related to amplitude and

direction of intended saccades (Anderson & Gnadt, 1989).

1.2.2.6 Thalamus

The region of the thalamus involved in eye movements is called the internal medullary
lamina (IML). Godlowski (1938) was first to recognise that electrical stimulation of this
area resulted in contralateral saccades. It appears to be involved in the generation of
saccades and co-ordination of head and eye movements and spatial representation of
targets. As the IML has connections with the SC, FEF, posterior parietal lobe, basal
ganglia, LGB, PPRF, vestibular nerve and cerebellum, it 1s hypothesised that it plays a
role as a central controller (Schlag-Rey & Schlag, 1989). Schlag-Rey and Schlag,
(1989) suggest that cells of the IML start and stop processing operations and regulate
the transfer of information between centres. They also speculate that 1t may play a role
in deciding which saccade commands should be prioritised, as several interpretations
from the various centres will be received based on their individual inputs.

The pulvinar is the largest part of the thalamus, receiving inputs from striate cortex,
extrastriate areas, parietal cortex, FEF and SC. It projects to striate cortex, extrastriate
arcas, parietal cortex and FEF. Two parts of the pulvinar have been identified having
differing functions. The inferio-lateral aspect projects to V5 and discharges in relation
to movement. This discharge reduces during saccades and has therefore been
hypothesised to be involved in saccadic suppression® (Robinson, McClurkin, Kertzman,

& Peterson, 1991). The dorsomedial region of the pulvinar is not retinotopically

organised, it projects to the parietal lobe and appears to be involved with attention
(Robinson, 1993).

1.2.2.7 Basal ganglia

The basal ganglia have a role in the generation of voluntary saccades and inhibition of
inappropriate reflex saccades. The basal ganglia consist of the caudate nucleus and the
substantia nigra pars reticular.

¢ Saccadic suppression is the ability to ignore visual input, which sweeps across the retina during saccadic
eye movements, It prevents perception of fast moving blur as the eye moves.
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e Caudate nucleus: This receives input from the FEF, SEF and IML of the thalamus.
Its main projections are to the substantia nigra pars reticular (SNpr). The discharge of
caudate neurons increases prior to saccades, particularly for memory guided
saccades. It 1s thought that the caudate nucleus has a complex role in eye movement

control, which involves predicting environmental changes (Hikosaka, Sakamoto &
Usui, 1989).

e Substantia nigra pars reticular (SNpr): This receives input from the caudate
nucleus and gives an inhibitory projection to the intermediate layers of the SC.
Neurons within the SNpr have a high tonic discharge rate that decreases prior to

saccades, particularly memory guided saccades. Stimulation of the caudate nucleus
produces inhibition of the SNpr (Hikosaka, Sakamoto & Miyashita, 1993).

1.2.3 Sub-cortical areas involved in saccade generation

1.2.3.1 Superior colliculus (SC)

The SC is essential for the generation of a response to an object of visual or auditory
interest. Descending pathways from the SC to the PPRF in the pons (an area of the
brainstem involved in the generation of horizontal saccades) and reticulospinal cell
groups, generate eye and head movements. The structure, inputs, outputs and function
of the SC are outlined below.

The SC, which is sometimes referred to as the tectum, consists of seven layers, divided

into dorsal (superficial) and ventral (deep) portions. Between these two portions are
intermediate layers. The superficial portion 1s exclusively visual in terms of functions
and connections. The deep portion has connections with multiple sensory and motor
systems and appears to translate sensory signals into motor commands. One particular
function is the initiation of rapid eye movements (saccades).

e Superficial layers of the superior colliculus: Input to the superficial layers of the
SC occurs directly from retinal ganglion cell axons and projections from layer 5 of

the striate cortex.
The visual receptive fields of the superficial layers are organised in a retinotopic

fashion (Cynader & Burman, 1972; Goldberg & Wurtz, 1972) as shown in Figure
1.9. The fovea 1s represented anteriorly with the horizontal meridian passing
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posteriorly towards representation of the periphery. The upper visual fields are on the

medial border and lower field on the lateral side. The central 10° of the visual field is
represented by more than 30% of the SC (Cynader & Burman, 1972). In the macaque
monkey, cells of the colliculus are not selective to the type, size or direction of the
stimulus (Cynader & Burman, 1972). In the cebus monkey most cells have been

found to be selective for size of stimuli and some are orientation specific (Updyke,
1974). Collicular receptive fields are larger than those of the geniculo-striate system

and the field size increases with increasing depth within the colliculus (Goldberg &
Wurtz, 1972).

e Intermediate layers of the superior colliculus: Neurons that discharge in relation
to saccades are concentrated in the intermediate layers. Stimulation of these neurons
of alert Rhesus monkeys evokes conjugate, contralateral saccades. The latency of the
evoked saccades 1s about 20-30ms. A map of the amplitude and direction of saccades
evoked by stimulation of different points of the SC was developed by Robinson
(1972) (see Figure 1.9). Robinson noted that the correspondence between the motor
map and the underlying sensory map were formed by the retinotopic projections to
the superficial layers of the SC. Stimulation of caudal SC elicits large amplitude
saccades and rostral stimulation evokes smaller saccades. Sparks and Mays (1983)
found that the current required to evoke a saccade is greater if the animal is actively
fixing a target and the amplitude of saccade is smaller. Also the direction and
amplitude of saccades may be altered if stimulation occurs before a pending visually

triggered saccade.
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Figure 1.9 Schematic motor map of the intermediate layers of monkey superior colliculi. Isodirection
lines run from the rostrolateral to caudomedial SC. Positive numbers represent upward directions and
negative numbers downward directions. The rostral pole shows the fixation cells identified by Munoz and
Wurtz, 1993a. Adapted from Robinson, 1972 by Munoz and Wurtz, 1993.

24



Chapter 1 Introduction

Cells in rostral SC of cats (Munoz & Guitton, 1991; Munoz, Guitton & Pelisson,
1991) and monkeys (Munoz & Wurtz, 1993a) have been shown to be maximally

active during fixation. Munoz and Wurtz (1993b) demonstrated that stimulation of
these ‘fixation cells’ has an inhibitory effect on saccades.

o Deep layers of the superior colliculus: Numerous ascending and descending
afferent pathways enter the deep layers. In cats the deep layers receive extensive
projections from the extrastriate visual areas. In monkeys, input from the posterior
parietal cortex, an area important for visual attention, visuomotor discrimination and
oculomotor control, has been demonstrated (Lynch, Graybiel & Lobeck, 1985).

Extensive inputs from the FEF have been documented in cats (Hartwich-Young &
Weber, 1986) and macaque monkeys (Huerta, Krubitzer & Kaas, 1986). The FEF
contains visually responsive neurons that discharge in association with saccadic eye
movements. Communications between corresponding and non-corresponding regions

of the two superior collicult of cats have been found predominantly in the deep layers
(Moschvakis, Karabelas & Highstein, 1986).

The large number of outputs from the deep layers of SC can be divided into two
main categories; an ascending pathway to the thalamus, which may involve a
complex feedback loop, and descending pathways, which convey collicular motor
commands to nucler within the brainstem and spinal cord. Ascending axons from
deep SC have also been found to project to the iMLF, which plays a vital role in the
generation of vertical saccadic eye movements (Buttner, Biittner-Ennever & Henn,

1977; Buttner-Ennever & Buttner, 1978). A large proportion of the descending fibres

have been shown to be involved 1n oculomotor control, many projecting to the PPRF
(Harting, 1977).

e Physiology of the superior colliculus: Two types of saccade-related neurons have
been identified in the monkey SC (Munoz & Wurtz, 1995a and b). These are burst
cells, which have a high frequency burst occurring just before saccades with no
build-up of activity, and build-up cells, which show activity beginning with the
signal to make the saccade that continues until the generation of the saccade. These
cells are in two functional sub-layers within the intermediate layers of the SC.
Fixation cells in the rostral SC, previously described by Munoz and Wurtz (1993a
and b) were found to be part of the build-up cell layer. Munoz and Wurtz (1995b)
proposed that during fixation, activity is confined to fixation cells in the rostral SC,
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which suppress saccades via inhibitory connections to saccade cells in the caudal SC
and excitatory connections with omnipause neurons in the PPRF (see below). Build-
up cells show early activity prior to the saccade, related to preparation to make a
saccade such as selection of target amplitude and direction. The burst cells are active
just before the saccade and provide input to the pons for amplitude and direction of

the saccade.

e Lesion Studies: Combined lesions of the FEF and SC give rise to a permanent
impairment of saccades (Schiller, True & Conway, 1980). Removal of the SC does
not prevent saccades evoked through stimulation to the FEF (Schiller, 1977;
Shibutani, Sakata & Hyvarinen, 1984). Ablation of FEF has minimal effect of
visually guided saccades, however impairment of saccades to command and
predictive saccades to regular stimuli has been demonstrated in monkeys (Bruce &
Borden, 1986). Saccades to remembered targets of contralateral field to the FEF
lesion have also been shown in monkeys (Deng, Goldberg, Segraves, Ungerleider &

Mishkin, 1986).
1.2.3.2 Paramedian pontine reticular formation (PPRF)

Bender and Shanzer (1964) and Bender (1980) defined two areas of the brainstem
involved in conjugate gaze. One responsible for horizontal gaze in the pons known as
the PPRF, the other involved in vertical gaze situated in the mesencephalon known as
the iMLF. The PPRF is situated in the pontomedullary junction at the level of the VI
nerve nucleus to the IV nerve nuclei’, occupying 2 to 3mm on either side of the midline.

Fibres carrying activity for horizontal gaze pass from the SC, FEF and the cerebellum.
They then decussate 1n the mesencephalon before passing to the PPRF. Inputs are also
received from the vestibular nuclei and nMLF. Electrnical stimulation of the PPRF
evokes horizontal eye movements to the ipsilateral side, the size and velocity of
movement being dependent on the stimulus frequency and duration. There are two main
types of cell within the PPRF; burst neurons, which increase activity during saccades
and omnipause neurons, which cease activity during saccades. Inhibitory and excitatory
burst neurons have been identified within the PPRF to allow excitatory signals to be
sent to agonist muscles and inhibitory signals to antagonist muscles. For example, to

> The VI nerve nuclei are the abducens nuclei from which the VI cranial nerves project to the ipsilateral

orbits to supply the lateral rectus muscle. The IV nerve nuclei are the trochlear nuclei from which the IV
cranial nerves leave the brain stem dorsally and decussate to pass to the contralateral orbit to supply the

superior oblique muscle.
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achieve a saccade to the right, excitatory signals would be required to the right lateral
rectus and left medial rectus muscles whilst inhibition of the right medial rectus and left

lateral rectus would be necessary to allow smooth rotation of the eye. Inhibitory burst
neurons lie in an area of the PPRF called the nucleus paragigantocellularis dorsalis, are

active prior to and during a saccade and project to the contralateral VI nerve nucleus.
Excitatory burst neurons, which lie in an area of the PPRF called the dorsomedial

nucleus reticularis pontis caudalis, receive inhibitory inputs from omnipause neurons
and project to the 1psilateral IV nerve nucleus.

Biittner-Ennever and Horn (1999) found that different regions of the motor map of the
SC give inputs to the excitatory burst neurons and omnipause cells as outlined in Figure
1.10. They suggest that this provides an anatomical basis for activation of burst cells
and omnipause cells during saccade generation and for suppression of saccades from the
rostral pole of the collicular motor map.

Superior Colliculus Saccade Generator

Figure 1.10: Connections
between the SC and two

cell groups of the

Saccade horizontal saccade
N _
trigger generator in the caudal
the '

pons: omnipause
----p gaze Dneurons (OPN) and the

excitatory burst neurons
(EBN), which lie
intermingled with reticulo-
spinal neurons (RSpN).
From Biittner-Ennever and
Horn, 1999,

-
'# i ﬁ...

Rostral

pole
Small horizontal
saccade zone

Large honzontal
saccade zone
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Horizontal eye movements are typically considered to be conjugate with both eyes
being innervated by a common command signal yoking eye movements as stated in
Herring’s law of equal innervation (Herring, 1868). Zhou and King (1998) have
provided evidence, which conflicts with this principle. Their results suggest that pre-
motor neurons in the PPRF encode monocular commands for either right or left eye
saccades. They suggest that organisation of the oculomotor system is probably
monocular and may be related an evolutionary inheritance of lateral eyes that move
independently. They also found existence of binocular motor neurons indicating that
convergence of pre-motor monocular signals may be crucial for binocular co-ordination.
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1.2.4 Cerebellum

The cerebellum has a central longitudinal structure called the vermis and two lateral
hemispheres. Each hemisphere 1s connected to the vermis by an intermediate area called
the paravermis. The hemispheres are divided into lobules; anterior, posterior and
flocculonodular lobe. The vermis 1s also divided into ten lobules.

The cerebellum does not appear to be essential for the generation of eye movements as
visually guided and memory guided saccades have normal latencies, velocities and
amplitudes following cerebellar lesions. It does however seem to be involved in
saccadic accuracy, as dysmetria i1s a common finding in humans with cerebellar lesions
and animals with induced lesions. A secondary function appears to be gradual
adaptation of saccades following dysmetria due to central or orbital lesions (Keller,
1989). Vermal lobules 6 and 7, and possibly 5§ and 8, are the area of saccadic
regulation. The flocculonodular lobe mediates inputs from the vestibular nucleus to the

oculomotor system.
1.2.5 The neural integrator

As described in section 1.1.1 the pattern of innervation from brainstem to extraocular
muscles consists of a pulse and step. The size of the pulse and step must be correctly
matched to give an accurate eye movement that is maintained at the eccentric gaze
position after it. The neural integrator integrates velocity-coded signals into position
coded signals to achieve this. If the integrator does not function perfectly the eye
position signal decays with time and the integrator is said to be leaky (Leigh & Zee,

1999). Clinically this would be evident, as following an appropriate saccade there
would be a slow dnft towards the midline, a corrective saccade would follow to

reposition the eye to the required gaze eccentricity. A leaky neural integrator therefore
results in the clinical picture of gaze evoked nystagmus.

In the presence of a leaky neural integrator restoring forces of the orbit pull the eye back
towards the midline with a time course of a negative exponential (Leigh & Zee, 1999).
The time constant of this exponential drift (i.e. 63% of drift back to midline) represents
the level of function of the neural integrator, hence the longer the time constant the
better the function.

28



Chanpter 1 Introduction

The neural integrator depends on connections between a number of structures in
brainstem and cerebellum. For horizontal conjugate eye movements the nucleus
prepositus hypoglossi and the adjacent medial vestibular nucleus are most important.
The nucleus prepositus hypoglossi 1s part of the perihypoglossal complex of nuclel
situated medially to the vestibular nuclei and just caudal to abducens nucleus in the
pons and has a strong projection to the abducens nucleus. The cerebellum, in particular
the flocculus and paraflocculus, 1s also involved.

Lesions of nucleus prepositus hypoglossi result in partial failure of ipsilateral and
contralateral gaze holding. Bilateral lesions abolish neural integration for all horizontal

conjugate eye movements (Cheron & Godaux, 1987; Cannon & Robinson, 1987;
Godaux, Mattens & Cheron, 1993).

Lesions of the flocculus and paraflocculus impair neural integration (Zee, Yamazaki,
Butler & Giicer, 1981). The role of the cerebellum is thought to be to improve
performance of an inherently leaky integrator in the brainstem.

1.3 Binocular vision

Slightly different images of the world are formed on the retina of each eye and are
conveyed to the brain. If both eyes are used simultaneously binocular vision is said to
be present. In the majority of people the two images are merged to give a single image,
this is referred to as binocular single vision (BSV). BSYV is usually achieved when the

object of interest stimulates the fovea of each eye. This is referred to as bifoveal BSV,
which occurs 1n the presence of normal retinal correspondence4 (NRC).

Normal binocular vision is not only advantageous in giving an increased field of view,
single vision and stereopsis, but also improves visual discrimination compared to
monocular viewing and this is called binocular summation. Contrast sensitivity, visual
acuity and flicker detection are all enhanced in binocular vision (Blake & Fox, 1973).
Binocular summation is only apparent when the eyes are aligned. Jenkins, Pickwell and
Add-Manan (1992) demonstrated that when fixation disparity was induced, using
horizontal prisms in front of one eye, Snellen visual acuity reduced to the level found
monocularly. In naturally occurring fixation disparity binocular visual acuity was found

4 Normal retinal correspondence is a binocular condition in which the fovea and areas on the nasal and
temporal side of one retina correspond to, and have a common visual direction with, the fovea, temporal
and nasal areas of the retina of the other eye.
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to increase when the disparity was prismatically corrected (Jenkins, Add-Manan,
Pardhan & Murgatroyd, 1994).

1.4 Strabismus

This thesis includes experiments which tested the remote distractor effect and saccade
adaptation in subjects with BSV (Chapters 5 and 7) and subjects with horizontal
strabismus (Chapters 6 and 7). This section introduces the subject of strabismus
followed by sections 1.4.1 and 1.4.2 which provide a brief summary of the actiology
and treatment of strabismus. Sections 1.4.3 to 1.4.5 then review the literature regarding
sensory adaptations that may occur in strabismus, as this is the aspect most related to
this thesis.

Strabismus is a common clinical condition in which the visual axes are misaligned such
that only one eye, the fixing eye, looks directly at the target of interest. Heterophoria is
a latent strabismus revealed only when the eyes are dissociated disrupting fusion.
Heterotropia is a manifest strabismus present spontaneously without dissociation. The
term strabismus is used to refer to heterotropia in this thesis. Heterotropia occurs in 2-
5% of the population (Graham, 1974; Lennerstrand, 1987; Stayte, Reeves & Wortham,
1993) with approximately 65% of cases developing before the age of three years, and a
mean age of onset of 30 months (Graham, 1974). The incidence of strabismus increases
where there is a family history, with the risk being four times greater in the presence of
strabismus in the family (Lennerstrand, 1987).

The direction of strabismus may be horizontal, vertical, torsional or a combination of
these misalignments. Horizontal deviations can be divided into esotropia and exotropia,
where one eye deviates nasally or temporally respectively. In unilateral strabismus one
eye is used for fixation when both eyes are open and the other eye constantly deviates.

Alternating strabismus occurs when the eye used for fixation swaps voluntarily or
involuntarily. Strabismus may be associated with reduced vision (amblyopia), double
vision (diplopia), loss of three-dimensional depth perception (stereopsis) and, in some
cases, psychosocial difficulties (Burke, Leach & Davis, 1997; Coats, Paysse, Towler &
Dipboye, 2000).

Strabismus may be concomitant, where the deviation is the same in all positions of gaze
or incomitant where the angle of deviation varies with position of gaze. Incomitant
strabismus may be caused by neurological, mechanical or myogenic conditions
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affecting the oculomotor nerves or extraocular muscles. The aetiology of concomitant
strabismus is less clear. It is concomitant strabismus with which this thesis is concerned.
Concomitant strabismus, although typically equal in angle in all gaze directions, may
change in size if the fixation distance is altered. This is often associated with
accommodative effects where accommodative convergence increases eso deviations and
reduces exo deviations for near fixation.

Strabismus may be described according to the age of onset of the deviation. Early onset
or infantile strabismus, 1s typically a constant heterotropia, usually esotropic with onset
within the first year of life (Costenbader, 1961; Lang, 1968). Evidence exists to suggest
that strabismus does not occur until three to five months of age (Friedrich & De Decker,
1987; Archer, Sondhi & Helveston, 1989) which coincides with the onset of binocular
vision, vergence and sterecopsis (Aslin, 1977; Hainline, Riddell, Grose Fifer, &
Abrahamov, 1992; Birch, Gwiazda & Held, 1983; Bradick, Wattam-Bell, Day &
Atkinson, 1983). Late onset strabismus 1s generally considered to be that occurring after
two years of age and may be constant or intermittent with potential for development of
normal binocular single vision if corrected.

1.4.1 Aetiology of concomitant strabismus

1.4.1.1 Historical considerations

The aetiology of infantile strabismus remains unclear. The question remains whether the
primary pathogenic factor 1s a sensory defect in the visual cortex that prevents motor
fusion or a motor defect that prevents the development of sensory binocularity.
Historically there were two main schools of thought. Worth (1901) proposed that
strabismus was an inborn irreversible defect of the fusion faculty. It is not totally clear
what the ‘fusion faculty’ means. It may be speculated that this implied a central cortical
defect. Chavasse (1939) presented the ‘nurture’ theory that everything necessary for
normal binocular vision was present at birth in strabismic individuals, but the
development of fusion in the postnatal period was disrupted by abnormalities of sensory
input to the eye or output to the extraocular muscles. Providing the obstacles to fusion
could be removed at an early stage Chavasse believed that strabismus was curable.

Keiner (1956) postulated a defect of cortical binocularity compounded by direct sub-
cortical ‘light tonus’ inputs. He found that the luminosity of objects in the visual field
have an optomotor effect. Keiner claimed that neonates adduct if temporal retina is
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stimulated and abduct if nasal retina is stimulated. When a balance between adduction
and abduction 1s reached in each eye the result 1s orthophoria (i.e. no manifest or latent
strabismus). Gobin (1968), based on work by Keiner, suggested that if one half of the
retina is suppressed, a new balance between adduction and abduction is reached. This
results in an eccentric part of the retina being directed towards the light, leading to a
manifest squint, (esotropia 1f nasal retina is suppressed and exotropia if temporal retina

1S suppressed).
1.4.1.2 Birth trauma

Birth trauma may result 1n strabismus either when there is a direct trauma to an
extraocular muscle or nerve or when there is resulting brain damage. Whether

strabismus occurs as a symptom of cerebral palsy, anoxia, or as a direct result of the
trauma, is difficult to determine.

McBride, Black, Brown, Dolby, Murray, and Thomas (1979) reported an increased
incidence of strabismus in breech deliveries compared to normal vertex deliveries.
Reduced stereopsis was also found post breech delivery. The theory is that pre-natal
motor deficiencies exist which give nise to the abnormal vertex position and strabismus.
McBride, Black, Brown, Dolby, Murray, and Thomas (1979) also compared normal
vaginal delivery with caesarean section and found no significant difference in the
incidence of strabismus.

1.4.1.3 Heredity

Manifest strabismus occurs in just 2-5% of the population and 60% of children with
strabismus have a close relative with the same condition (Lennerstrand, 1987). Reduced
horizontal vergence amplitudes and stereoacuity have been found in families of
strabismic individuals (Niederecker, Mash & Spivey, 1972; Smith, Grutzner,
Colenbrander, Hegmann & Spivey, 1972; Mash, Hegmann & Spivey, 1975; Cantolino
& von Noorden, 1969). Defective motion processing has also been shown to be present
in the parents of strabismics who do not themselves have strabismus (Tychsen, 1989).

There appears therefore to be a certain, but undefined, genetic component. It may be

that the factors that predispose to strabismus are hereditary rather than the strabismus
itself, for example refractive errors.

32



Chapter | Introduction

1.4.1.4 Refractive error

The presence of refractive error appears to be the main aetiological factor in certain
types of strabismus, as correction of the refractive error eliminates the strabismus. For

example, fully accommodative esotropta 1s corrected with the appropriate
hypermetropic correction and in high hypermetropia accommodation becomes totally

relaxed as there 1s no reward for accommodating, hence no accommodative
convergence occurs and exotropia may develop. However, many people have equivalent
refractive errors and do not produce strabismus, it is therefore likely that other factors
are contributing.

Anisometropia, producing an habitually defocused image in one eye and subsequent
foveal scotoma, has been considered the cause of microtropia® (Helveston & von

Noorden, 1967).

Aurell and Norsell (1990) 1n a longitudinal study reported that hypermetropic children
who developed strabismus showed less emmetropisation than non-strabismic
hypermetropes.

1.4.1.5 Relationship of accommodation and convergence

For each unit of accommodation, an individual will produce a certain amount of
convergence, known as accommodative convergence. This direct link between
accommodation and accommodative convergence is the accommodative convergence to
accommodation (AC/A) ratio. Using the gradient method® the AC/A ratio in normal
subjects has been reported as 3:1 in adults (Plenty, 1988). Abnormally high or low
amounts of accommodative convergence for each dioptre of accommodation may result
in strabismus. This 1s typically seen in the case of convergence excess esotropia where a
high AC/A ratio results in esotropia occurring only when exerting accommodation.
Elimination of accommodation for near fixation with convex lenses results in correction

of the esotropia.

° Microtropia, first described by Lang, (1968b), is a small angled strabismus ($10A) with a highly
developed degree of binocular cooperation compared to other forms of heterotropia, however stereoacuity

is reduced.
° The gradient method of measuring the AC/A ratio can be used with concave lenses at 6m or with convex

lenses at 33cm. Measured at 6m the ratio is calculated using the equation:
(prism cover test with concave lenses - prism cover test without lenses) + strength of lenses used
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1.4.1.6 Maldevelopment of visual motion processing

Tychsen and Lisberger (1986) described deficits in visual motion processing in adult
humans who had strabismus with onset in early infancy. The deficits were apparent 1n
the pursuit eye movements evoked by moving targets and in the perception of motion.
They proposed that a primary deficit in the cortical motion-processing pathway may
lead to strabismus. This theory had the following basis; in the first months of life
normal infants have an asymmetry in the optokinetic response that strongly favours
nasally directed motion detection in each eye (Atkinson, 1979; Naegele & Held, 1982).
This would provide a tonic drive that would promote crossed eyes. This nasally directed
drive is opposed by a mechanism designed to keep the visual axes aligned, however a
congenital maldevelopment of temporally directed motion processing could weaken the
mechanism. The normal nasally directed bias would then dominate, driving both eyes
nasally creating an esotropia.

If an infant develops normal binocular vision the nasally directed bias 1s replaced by a
symmetrical response by three to five months of age. The pursuit and motion
asymmetries found in early onset esotropia remain into adulthood providing a sign

which enables later diagnosis of the early onset.

Removal of the visual cortex or monocular deprivation in cats gives rise to absence of
temporally directed tracking whilst nasally directed tracking is unaffected (Hoftman,
1979). Hoffman hypothesised that this asymmetry occurred due to disruption to an
ontogenetically and phylogenetically more recent cortical pathway which would
normally produce temporal tracking. The nasal tracking would remain intact due to the
sub-cortical pathway direct from the retina to the brainstem, which is not affected by

deprivation.

There is partial agreement with this hypothesis in that temporally directed motion
processing develops later and that it 1s more susceptible to deprivation than nasally
directed motion detection pathways. However, the idea that cortical and sub-cortical
pathways are involved in different directions of motion processing is disputed for three
reasons (Tychsen, 1992). Firstly, visually evoked potentials’ (VEP’s) recorded over the
occipital lobes of infants prior to three months of age show nasally directed bias in the
responses, which would not be apparent if nasal responses were originating from the

7 A visually evoked potential is a technique of examining the cortical response to visual stimuli using
electrodes on the intact skull.
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sub-cortical pathway. Secondly, humans with nasal bias in pursuit also have a nasal bias
for velocity perception, which can only originate in the cortex. Finally, there are doubts
over cats being used as a model for human pursuit deficits due to the lack of a
developed fovea 1n the cat and the poorly developed feline pursuit system.

1.4.1.7 Evidence of cortical abnormalities

Changes within the cortex have been observed following induced strabismus in
monkeys (Lund, Mitchell & Henry, 1978; Tychsen & Lisberger, 1986). A marked
reduction 1n the binocularly driven striate cells is observed and a greater number of
striate cells are monocularly driven by the contralateral eye (Crawford & von Noorden,
1979; Crawford, von Noorden & Mecharg, 1983; Wiesel, 1982). These findings,
however, do not significantly help in determining the primary site in the development of
strabismus, as they may be the result of strabismus and not the cause. A study by
Tychsen and Burkhalter (1995) report the findings in two naturally strabismic monkeys.
Connections between ocular dominance columns revealed fewer lateral connections to
the ocular dominance columns of the opposite eye. As an innate defect this could lead to
strabismus by depriving vergence motor neurons of appropriate binocular error signals.

1.4.2 Treatment of strabismus

Subjects included in Chapter 6 and 7 had undergone various types of treatment for
strabismus during childhood and in some cases during adulthood. The treatment for
horizontal misalignment in childhood strabismus includes refractive correction,
occlusion, orthoptic exercises, prisms and surgical correction. The latter is frequently
required particularly for alignment of infantile esotropia. In the case of infantile
strabismus it 1s accepted that restoration of normal BSV with bifoveal fixation is rare
(Parks, 1984). The optimum result may be considered a residual small angle strabismus
of <10 prism dioptres (A) potentially developing abnormal BSV. Success rates for

correction of infantile esotropia appear high with many authors reporting 80-90% of
cases being aligned to within 10A (Helveston, Ellis, Schott, Mitchelson, Weber, Taube
& Miller, 1983; Kushner & Morton, 1984). The long-term results, however, are less
impressive and this appears to be the case in both those who achieve motor success and
those with initial motor and sensory success (Hiles, Watson & Biglan, 1980; Lunder,
Mazow & Jenkins, 1985). The most common occurrence is for the gradual progression
to consecutive exotropia in the post-operative months or years. Caputo, Guo, Wagner
and Picciano (1990) highlighted the incidence of consecutive exotropia following
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surgery for infantile esotropia; of those patients aligned to 10A at six weeks and
remaining so at six months, exotropia occurred in 11% by three years and 25% at six
years.

As the pathogenesis of strabismus has not been identified, treatment is directed at the

manifestations. Unless the original defect can be identified and treated, the results of
surgical alignment are, perhaps, more likely to be unstable over time.

1.4.3 Adaptations to strabismus

The aim of this thesis is to determine how binocular status impacts on the control of
saccadic eye movements, in particular, to demonstrate whether sensory adaptations to
strabismus affect generation of saccadic eye movements. The adaptations to strabismus,

suppression and abnormal retinal correspondence, and mechanisms for these are
discussed in this section.

The frontal placement of human eyes leads to an overlap of major parts of the nght and
left monocular visual fields. Most visible objects therefore stimulate both eyes
simultaneously. In the presence of normal binocular vision, i.e. undisturbed visual
orientation, retinal points that are stimulated by the same object in the plane of visual
attention must be perceived in the same visual direction. So each retinal point of one eye
has a partner in the other eye with identical localisation. For example, the foveae are
corresponding retinal points and hence have the same visual direction. Objects that
stimulate the fovea are perceived as being straight-ahead (principal visual direction).
Likewise, a point on nasal retina of the right eye corresponds to a specific point of
temporal retina of the left eye, and has the same visual direction. This retinal point-to-
point relationship between the right and left eyes is known as normal retinal
correspondence (NRC). Misalignment of an eye results in stimulation of non-
corresponding retinal points, giving rise to diplopia, as shown in Figure 1.11. To avoid
this disturbing symptom, adaptations may occur in strabismus, these being suppression
or abnormal retinal correspondence (ARC).

1.4.4 Suppression

An important foundation of Experiments 5 and 7 is suppression. The vision of the
strabismic eye may be suppressed to eliminate diplopia, particularly when the onset of
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strabismus occurs in childhood. The consequence of suppression is a loss of binocular
vision, loss of depth perception and essentially functioning as if ‘monocular’.

; Figure 1.11: Right esotropia
, withn NRC. The diagram
* represents a subject with a right
esotropia. The left eye 1s fixing

] the target (represented by a red
. dot) with the fovea (FL), the
, target stimulates nasal retina
, (NR) of the right eye. The
: central eye (cyclopean -eye)
’ depicts the cerebral projection
, of retinal points and the
subject’s perception of the

images in space. The fovea of

the left eye (FL) projects

FR straight ahead therefore the red
dot is seen straight ahead. The

PFL nasal retina of the night eye
projects temporally, hence a

Fovea right eye second image of the red dot is
Fovea left eye seen to the right hand side, this

NR Nasal retina right eye . .
PFL Projection from left fovea is known as pathologlcal

PNR = Projection from nasal retina nght eye diplopia.
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.
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® = Fixation target FR
O = Diplopic image FL

1.4.4.1 Area of suppression

Jampolsky (1955) investigated suppression areas using prisms and found nasal retinal
suppression 1n esotropia and temporal retinal suppression in exotropia, termed
hemiretinal suppression (Figure 1.12). As long as the image of fixation object fell on
temporal retina in an exotropic eye and nasal retina in an esotropic eye, then
suppression occurred. If the image was moved across the vertical foveal dividing line
then diplopia was appreciated. This dividing border coincides with the line of separation
between the crossed and uncrossed optical fibres.

_ Figure 1.12: Hemiretinal  suppression
suppression scotoma (Jampolsky, 1955)
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Gobin (1968) confirmed the existence of hemiretinal suppression in esotropia and
exotropia using the synoptophore. This theory, however, is not compatible with
patients’ symptoms, where diplopia of images falling outside the hemiretinal area does
not occur.

Pratt-Johnson and Tillson (1983) disputed the concept of hemiretinal suppression and
described suppression of the whole visual field. Using an Aimark perimeter they
demonstrated that esotropes have a narrower field of vision and exotropes have a wider
field of vision with both eyes open. Using an adapted Lees screen, suppression in all
types of strabismus (except microtropia) was shown to involve the whole visual field of
the deviating eye except the monocular temporal crescent (see Figure 1.13). No
evidence was found to support Jampolsky's hemiretinal suppression theory, however
subjects did appreciate diplopia if images were moved across the vertical foveal divide
using prisms. Pratt-Johnson and Tillson (1983) described this as the hemiretinal trigger
mechanism (Figure 1.14). When the image of fixation crosses the foveal divide, from
nasal to temporal retina or vice versa, this operates the trigger mechanism determining
whether diplopia or suppression occurs. In the presence of strabismus the image of the
fixation object falls on the same side of the retina and is suppressed. If the deviation
changes, or the image 1s moved on the retina with prisms so that it crosses from one half
of the retina to the other, diplopia 1s tnggered wherever the visual fields overlap. This
theory is consistent with clinical experience.

¢’
SUFPPRESSION S(‘J\PPHESS!O

/) (R)

Esotropia with suppression Exotopia with suppression

Figure 1.13: Suppression of the whole visual field of the strabismic eye, except the monocular temporal
crescent represented by shaded area; a) right esotropia, b) right exotropia (Pratt-Johnson & Tillson, 1983).
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Differences in the size and shape of suppression areas between studies may be a result
of the type of testing method and size of the target used. Jampolsky (1955) stressed the
need for tests determining suppression to be as representative of everyday viewing as

possible.

. SUPPRESSION
PRISMS
SURGERY
SPONTANEOUSLY

Figure 1.14: Hemiretinal trigger

CHANGED TO EXOTROPIA mechanism. In the presence of

constant esotropia (top diagrams) there

1s suppression of the whole visual field

of the strabismic eye, except the

monocular temporal crescent. This 1s

triggered by stimulation of nasal retina

W ‘ by t‘he ol?ject of fixation. If the

SURGERY strabismus 1s over corrected so that the

T +  SPONTANEOUSLY SRV | object of fixation stimulates temporal

- retina, diplopia is triggered. The
bottom diagrams represent this
mechanism 1n exotropia  (Pratt-

Johnson & Tillson, 1983)

EXOTROPIA CHANGED TO ESOTROPIA

The difficulty found when studying suppression in strabismus, as acknowledged by
Harrad (1996), 1s that in order to distinguish between the stimuli presented to the two
eyes they need to be different in some way. Schor (1977) and Jampolsky (1995) have

shown that similar stimuli are more likely to produce suppression than dissimilar

stimuli, therefore the nature of stimuli during investigation of suppression can lead to

the elimination of suppression under such testing conditions.

1.4.4.2 Density of suppression

Using red filters to measure the density of suppression at different points on the retina,
Jampolsky (1955) found that the zero measure point, 1.e. the retinal point equal to the
angle of deviation, was the area of densest suppression. Holopigian, Blake and
Greenwald (1986) measured the depth of suppression in amblyopes and found an
inverse correlation between the depth of suppression and the depth of amblyopia.
Alternating strabismics demonstrated the densest suppression, constant unilateral

strabismics showed fairly dense suppression and anisometropic amblyopes the weakest.
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Blake (1989) also found that alternating strabismus demonstrated the most powerful
suppression and suggested that it occurs as it is necessary to overcome or inhibit the
large monocular pool of cells, within the striate cortex, driven by the contralateral eye.
Harrad and Hess (1992a) demonstrated weak orientationally tuned suppression in
anisometropic amblyopes with microtropia and central suppression and more powerful
(denser) suppression in constant unilateral strabismics.

Central nervous system depressants, including alcohol, have been shown to weaken
suppression (Fukai, 1972).

1.4.5 Mechanisms of suppression

Gobin (1968) examined amblyopic patients who had never demonstrated a manifest
strabismus. Finding that they demonstrated a small central area of suppression he
concluded that suppression may occur before a horizontal deviation. He also suggested
that hemiretinal suppression was instrumental in the development of strabismus.
Gobin’s theory of the suppression mechanism was based on work by Keiner (1956),
(see Section 1.4.1.1). Gobin suggested that if one half of the retina was suppressed, a
new balance between adduction and adduction was reached with an eccentric part of the
retina directed towards the light. This resulted in a manifest squint, esotropia if nasal
retina was suppressed and exotropia if temporal retina was suppressed.

1.4.5.1 Retinal rivalry suppression

When subjects with normal binocular vision view different stimuli with each eye, they
see an unstable percept, which fluctuates from one monocular stimulus to the other, and
rarely both stimuli are seen at the same time. This competition for perceptual dominance
is called binocular or retinal nivalry. It has often been postulated that the suppression
seen in binocular nvalry has the same mechanism as pathological suppression seen in
strabismus (Fahle, 1983; Wolfe, 1983; Sengspiel, Blakemore & Harrad, 1995). Wolfe
(1983) has shown that normal retinal rivalry suppression does not occur when stimuli
are briefly presented for less than 150ms. This finding was replicated in a later study of
strabismic suppression, which found a similar cut-off point of 150ms (Wolfe, 1986).
Stimuli presented for durations of less than 150ms resulted in simultaneous perception,
whereas stimuli presented for more than 150ms resulted in pathological constant
suppression. Conclusions were drawn from the similarities in these two studies, that
both physiological suppression and pathological suppression require 150ms of
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stimulation to be made manifest. Wolfe suggests therefore that the mechanisms for
retinal rivalry suppression and pathological strabismic suppression are similar.

Clinical observations and research studies throw doubt on this theory. The characteristic

alternation of rivalry is not generally seen and strabismic suppression is generally much
more stable in nature. The strength of suppression in strabismus has been found to be
much stronger than rivalry suppression in normals (Crawford, Smith, Harwerth & von
Noorden, 1984). Binocular rivalry suppression shows wavelength dependent
characteristics that differ from those found in strabismic suppression. Rivalry
suppression in normal subjects involves selective reduction in the sensitivity of
chromatic mechanisms relative to luminance mechanisms, such that in a rivalrous
suppressing phase they show reduced sensitivity to wavelengths between 400-460nm.
This is in contrast to the suppressing eye in strabismus, which shows reduced sensitivity
that is independent of stimulus wavelength (Smith, Levi, Manny, Harwerth & White,
1985). Visual stimuli, such as gratings at different orientations, that lead to binocular
rivalry tend to stimulate a classic rivalry response rather than suppression in strabismics,
(Schor, 1977). It is a possibility that strabismic suppression 1s a modified form of

binocular nivalry.

1.4.5.2 Dichoptic masking

In individuals with normal BSV, if a stimulus of a particular contrast is presented to one
eye it prevents detection of an identical stimulus of lower contrast in the other eye. This
is known as dichoptic masking (Abadi, 1976). Harrad and Hess (1992b) suggested that
this mechanism could be operating in strabismus to create suppression in the presence
of amblyopia. They postulated that as amblyopic subjects have reduced contrast
sensitivity in the amblyopic eye compared to the normal eye, the normal eye would
always receive higher contrast images. By dichoptic masking this would reduce
perception of the image in the strabismic eye leading to suppression.

Although this theory is satisfactory to explain suppression in the presence of amblyopia
it may not explain the often dense suppression found in strabismus in the absence of
amblyopia. It could, however, suggest that different mechanisms operate depending on

the type of strabismus and level of amblyopia.
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1.4.5.3 Disparity specific or fusional suppression

Fusional suppression occurs in the presence of normal binocular stereopsis. When
viewing a stereoscopic image the half image seen by each eye may contain areas that
are not perceived 1n the stereoscopic image. This suppression in the presence of fusion
has been described as a possible mechanism in small angle strabismus in the absence of
amblyopia (McKee & Harrad, 1993).

1.4.5.4 Saccadic suppression and physiological suppression

Saccadic suppression eliminates vision during saccades to avoid a blurred image or the
appearance of motion as the visual field sweeps across the retina. A proposed
mechanism for this type of suppression is that raised sensitivity before and after a
saccade masks out the motion on the retina during the saccade (Campbell & Wurtz,
1978; Moore, Tolias & Schiller, 1998). The site of saccadic suppression is unknown
however 1t has been suggested that it selectively involves the magnocellular pathway, as
this involves information from peripheral retina and detection of motion, and may occur
in the lateral geniculate body (Ross, Burr & Morrone, 1996). It obviously has a quite

different purpose and mechanism to suppression occurring in strabismus.

Physiological suppression occurs in normal BSV to eliminate physiological diplopia.
This type of diplopia occurs as objects located in front of and behind the object of
fixation stimulate non-corresponding points. Physiological suppression is therefore a

constant requirement of normal BSV. Von Noorden and Campos (2002) suggest that we
become conditioned to binocular seeing and hence to physiological diplopia. They
propose that physiological suppression occurs at a psychological level, which depends
on the attention value of the image to be ignored, whereas, pathological suppression in
strabismus 1s an active inhibition of afferent visual information involving a

neurophysiologic process.

1.4.6 Site of suppression

Suppression is often described with reference to the retina, but the actual site and

mechanism of suppression has been the subject of debate. With the greater use of
neurophysiological techniques increasing evidence for cortical involvement in the
suppression mechanism has been established.
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1.4.6.1 Evidence for retinal or pre-cortical involvement

Differences in pupillary responses in the fixing and suppressing eye in subjects with
binocular vision, under conditions of retinal nivalry, or in strabismus may suggest that
the site of suppression i1s not cortical. The pupillomotor pathways in the light reflex
leave the optic tract before the LGB and pass to the midbrain. Hence, a common
pathway for pupil responses and suppression suggests the absence of cortical control.

Barany and Halldén (1948) noted that pupillary constriction was less marked in
suppressed eyes during retinal rivalry than in normals. This was not confirmed by Lowe
and Ogle (1966) when they repeated the experiments of Barany and Halldén, using a
more accurate objective measurement of the pupillary responses. However, in
strabismic subjects Brenner, Charles and Flynn (1969) found reduced pupillary
responses to light 1in the suppressing eye compared with the fixing eye. The pupil
response became weaker with deeper suppression and amblyopia.

1.4.6.2 Evidence for cortical involvement

Van Balen (1964) studied retinal nvalry with simultaneously recorded
electroretinogram (ERG)8 and VEP and found no reduction in the ERG even when the
VEP was reduced, thus suggesting a post-retinal site for the suppression mechanism in

normal retinal nvalry.

Franceschetti and Burian (1971) studied VEP of patients with alternating esotropia and
found responses of larger amplitude when the fixing eye was stimulated compared to
when the deviating eye was stimulated. The effect on VEP amplitudes reversed when
fixation was swapped, always giving larger amplitudes when the fixing eye was
stimulated. This suggested that cortical cells participate in the suppression mechanism.

Wright, Ary, Shors and Eriksen (1986) studied transient VEP and found reduced
responses when retina within an area of suppression was stimulated compared to non-

suppressing areas, providing evidence for a cortical origin to suppression.

Hess (1991) utilised spatial adaptation to investigate the mechanism of suppression.
Adaptation occurs in a normal subject whereby, if a high contrast grating of a certain

® An electroretinogram is the recording of alterations in electrical potential of the retina in response to a
light stimulus.
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spatial frequency is viewed, sensitivity for detection of the same or similar pattern is
subsequently reduced (Blakemore & Campbell, 1969). Adaptation is spatial frequency
dependent, orientationally selective and exhibits the property of interocular transfer.
Interocular transfer occurs when one eye is exposed to a particular spatial frequency
grating which has the effect of reducing the sensitivity of the other eye to a grating of
similar spatial frequency. The reduction in sensitivity is greater in the stimulated eye
than the interocular transfer sensitivity loss. The site of spatial adaptation is known, '
from animal experiments, to be within the striate cortex (Maffei, Fiorentini & Bisti,
1973; Movshon & Lennie, 1979; Sclar, Lennie & DePriest, 1989). Hess proposed
therefore that 1f adaptation could be shown to occur in the strabismic (suppressing) eye
when both eyes were open then suppression must take place at a site beyond the site of
adaptation (striate cortex). On the other hand if adaptation did not occur in the
suppressing eye following stimulation with both eyes open, then the site of suppression
must be at the same anatomical area as adaptation, or earlier in the visual pathway. Hess
(1991) found that no adaptation occurred from the suppressing eye indicating that the

site of suppression 1s not beyond the site of adaptation, but at the same or an earlier site.

In a second experiment Hess (1991) looked for sensitivity to targets of different
orientation presented to the two eyes at the same time. The sensitivity of the suppressing
eye was orientation specific. As areas of the visual pathway prior to the striate cortex
are not orientationally sensitive this places the site of suppression within the striate

cortex close to the site of adaptation.

Crawford, Smith, Harwerth and von Noorden (1984) found sharply defined ocular
dominance columns for right and left eyes in strabismic monkeys with a loss of
binocular neurons. Excitatory intrinsic connections between neighbouring ocular
dominance columns are selectively lost leaving only inhibitory projections in the
majority of cells. There is also indirect (psychophysical) evidence that this is also true in
humans (Blake & Cormack, 1979).

Horton, Hocking and Adams (1999) surgically induced exotropia in six normal adult
macaque monkeys by disinserting their medial recti. Four to eight weeks later the
exotropia was measured and fixation preference was determined. The ocular dominance
columns were examined to assess local metabolic activity and two distinct patterns were
found. In those monkeys with a fixation preference for one eye thin dark columns

alternated with wide pale columns. This pattern arose from reduced metabolic activity
in the monocular core zones 1n the suppressed eye and binocular zones of both eyes. In
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monkeys with alternating fixation thin pale bands were found from reduced metabolic
activity in binocular areas of both eyes. The authors concluded that this was the first
anatomical evidence for changes in cortical metabolism that could be correlated with
suppression scotomas in strabismus. It is not stated however, whether suppression was
actually demonstrated in these animals. Clinical findings in humans would suggest that

it 1s unlikely that suppression would develop in strabismus induced in adulthood as such
patients tend to be constantly aware of diplopia.

From the majority of evidence it appears that suppression in strabismus results from a
cortical loss of perception, but whether the eye continues to give a sub-cortical input is
unknown.

1.4.7 Abnormal retinal correspondence

An alternative adaptation in strabismus is abnormal retinal correspondence (ARC)
which was present in the subjects of Experiment 8, Chapter 6. ARC is a binocular
condition in which there is a change in visual projection such that the fovea of the fixing
eye (non-strabismic eye) has a common visual direction with an area other than the
fovea of the strabismic eye (pseudo-fovea). The pairing of all retinal elements is
similarly changed. The resulting abnormal binocular vision is of lower quality to that
achieved in normal binocular viewing without strabismus, however it typically gives
rise to depth perception and eliminates diplopia.

ARC can be divided into two types; harmonious and unharmonious. Harmonious ARC
occurs when the retinal point of the deviating eye, equal to the angle of deviation,
corresponds to the fovea of the fixing eye (see Figure 1.15). Hence, the difference
between the objective and subjective angle’ of deviation (angle of anomaly) is equal to
the objective angle of deviation. The subjective angle in this case will be zero. In
unharmonious ARC a point other than that equal to the angle of deviation corresponds
to the fovea of the fixing eye. Hence the angle of anomaly is less than the objective
angle of deviation as the subjective angle of deviation is greater than zero.

? The objective angle is the angle of misalignment of the visual axes as measured by the examiner. The
subjective angle is the subject’s perception of misalignment of the visual axes.
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Figure 1.15: Projection diagram
representing harmonious ARC in right
esotropia. The fovea of the left eye (FL)
corresponds to the pseudo-fovea of the
right eye (PFR). The pseudo-fovea 1s
equal to the point representing the angle
of deviation, therefore the fixation point
X stimulates the left fovea and right
pseudo-fovea. Both project straight
ahead hence the object X is seen singly.
The objective angle of deviation (angle
a) is the angle between the fovea and
pseudo-fovea of the right eye. The
subjective angle is zero, as point PFR
equals the angle of deviation. The central
R.E. eye (cyclopean eye) depicts the cerebral
projection of the images in space. CFL =
cerebral projection of left fovea, CFR =

cerebral projection of right fovea, CPRF
= cerebral projection of right pseudo-

FR left n;sal retinal point NL.
CNL/CFR

fovea, CNL = cerebral projection of the
CFL/CPFR

Moncrieff (1929) and Burian (1958) both considered unharmonious ARC to occur due
to an increase in size of deviation, changing ARC from harmonious to unharmonious.
Travers (1938) proposed that unharmonious ARC preceded harmonious ARC as a stage
in its development. Cass (1938) considered harmonious ARC to be the primary
condition with unharmonious ARC being a stage in the tr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>