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Abstract

In the last two decades, lesion studies and functional imaging studies have identified
the human homologues of some of the ocular pursuit areas originally described in
monkeys. However, the circuitry of pursuit is still not completely understood, and the
neural substrates for some of the functional elements identified by pursuit models are
not known. In this thesis, pursuit in normal subjects was compared with pursuit in a
wide variety of patients with focal brain lesions or neurologic disorders with the aim of
associating pursuit deficits with lesion sites.

The subjects were 72 patients with focal cerebral lesions, 12 patients with cerebellar
ataxia, 7 patients with Parkinson’s disease and 25 control subjects. Pursuit gain and
phase were studied using conventional sinusoidal pursuit paradigms, while predictive
and non-predictive pursuit were studied using intermittently illuminated constant
velocity targets. Eye movements were recorded using an infrared limbus reflection
technique.

The results showed that lesions confined to the V5 area of the occipito-temporal
cortex or region of the limbs of the internal capsule were associated with
ipsidirectional pursuit deficit. Lesions involving the cortical network for directed
attention, including the posterior parietal cortex, frontal eye fields and thalamus were
predominantly associated with symmetric bidirectional pursuit deficit. Extensive
lesions produced varying degrees of asymmetric bidirectional pursuit deficit. Right
hemispheric lesions produced more devastating deficits than similar lesions on the left.
Cerebellar or basal ganglia lesions reduced the gain of pursuit. Cerebral lesions
impaired both the velocity gain and displacement gain of pursuit whereas cerebellar
lesions impaired only the velocity gain. Cerebellar lesions, subcortical striatal-capsular
lesions and some focal cerebral lesions delayed the onset of anticipatory pursuit but did
not completely abolish prediction. Parkinson’s disease was associated with progressive
bradykinesia and hypokinesia of ocular pursuit. A putative smooth pursuit pathway
was constructed based on the results of this study and the current body of knowledge.
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The need for eye movements

Vision plays a paramount role in the acquisition of relevant information and
knowledge from an external world rich with complex data. Human learning and
development of appropriate goal directed behaviour or automatic survival instincts
depend heavily on the efficiency of the visual system. In primates with a high density
of retinal cone photoreceptors in the macula, eye movements are specifically related to
the needs of the fovea (Zee, 1994). The importance of vision in cognition and
behaviour underscores the need to understand the physiology and pathophysiology of
eye movement control mechanisms. The neural substrates known to be involved in eye
movement control are widely distributed in the cerebellum, brainstem and cerebral
hemispheres, making the system prone to many diseases of the nervous system.
Understanding of the pattern of eye movement disorders caused by lesions in focal
areas of the brain is important to the clinician in arriving at topological and
occasionally, etiological diagnosis. In addition, because eye movements are easy to
quantitate and not encumbered by changing mechanical loads, the ocular motor system
has served as a useful model for many motor physiologists investigating the

mechanism of motor control (Robinson, 1986).

Classification of eye movements

Eye movements are broadly divided into two types (Carpenter, 1988; Leigh and Zee,

1991; Buttner Ennever and Horn, 1997):

(a) Gaze holding eye movements or eye movements that stabilise the line of gaze
and so keep images steady on the retina. In this class of eye movements are smooth
pursuit eye movements, vestibular eye movements, optokinesis, and fixational eye
movements. Smooth pursuit eye movements hold the image of a moving target on
the retina. Vestibular eye movements hold the visual target steady on the retina
during brief head rotations. Optokinetic eye movements hold the visual target
steady on the retina during sustained head rotations. Fixation holds the image of a

stationary visual target on the fovea when the head is stationary.
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(b)  Gaze shifting eye movements or eye movements that direct the line of sight to
an object of interest. In this class of eye movements are saccades, quick phases of
nystagmus and vergence eye movements. Saccades are rapid conjugate eye
movements that change the line of sight to bring the image of a new object of
interest on to the fovea. Quick phases of nystagmus reset the eyes during prolonged
rotation and direct the gaze toward the oncoming visual scene. Vergence eye
movements are dysjunctive eye movements which ensure that images of a single

object are placed simultaneously on both foveas.

Definition and evolution of smooth pursuit eye movements

Smooth pursuit is one of the slow eye movements known to stabilise the image on the
retina (Pierrot-Deseilligny, 1994). It was first identified by Dodge ( 1903) who defined
ocular smooth pursuit as slow-phase tracking movements that “keep the line of regard
congruent with the line of interest”. Smooth pursuit eye movements maintain the
images of a small moving target on the fovea whether the head is stationary or moving.
When the head is moving, SPEM is present as vestibulo-ocular reflex suppression
(VORS) or Vestibulo-ocular reflex cancellation. Smooth pursuit is most highly
developed in primates and only demonstrable in animals with a fovea. In afoveate
animals like the rabbit, visual tracking is dominated by optokinesis and vestibular eye
movements (Dubois and Collewijn, 1979; Carpenter, 1988). Smooth pursuit is a higher
overriding function associated with more recent areas of the brain. Ocular pursuit falls
midway in the spectrum of reflex/automatic and voluntary/controlled movements.
Except for a few rare individuals, humans cannot make smooth pursuit eye movements
in the absence of a smoothly moving target. Also, they cannot completely inhibit
smooth pursuit when the visual field is composed exclusively of moving targets
(Barnes, 1993). They are less voluntary than saccades or vergence eye movements in
that most humans are unable to generate them voluntarily in the absence of an
appropriate stimulus. On the other hand, they are less reflexive than vestibular eye

movements and optokinesis. Smooth pursuit eye movements can be modified by an
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effort of the will and differ from other kinds of smooth ocular following in that it
allows primates to track a small object accurately even against a stationary or slowly

moving patterned background.

Characteristics of smooth pursuit

The dynamic characteristics of ocular smooth pursuit have been extensively studied by
many investigators (Barnes, 1993; Leigh and Zee, 1991, Lisberger et al. 1987; Tusa
and Zee, 1989, Morrow and Sharpe, 1993; Morrow and Sharpe, 1995):
Target/stimulus for smooth pursuit: Visual tracking is normally achieved by a
combination of smooth pursuit and saccades. The differences between the stimuli that
separately elicited each of these components of visual tracking was not clear until
Rashbass ( 1961) showed that pursuit was the response to the motion of a target’s
image across the retina. He used step-ramp target motion (Rashbass stimulus) to
generate a situation in which target position and target motion called for eye
movements in opposite directions. A saccade was evoked in the direction of target
position change (step) and pursuit in the direction of target motion (ramp). This result
confirmed the importance of retinal image slip in the control of smooth pursuit.
Subsequent experiments (Wyatt and Pola, 1987) have shown that there is some
smooth pursuit response to step target displacement and there is some evidence for
continuous positional feedback for small (< 1 deg.) displacement errors (de Bie and
van den Brink, 1984; Barnes, 1993).

Other observations have since shown that pursuit can be elicited by stimuli
other than retinal image motion. There is now abundant evidence that the brain can
generate smooth pursuit by using information about target motion from other sensory
systems, by monitoring motor commands and by using higher level perceptual
representations of target motion to drive pursuit. Subjects have been shown to be able
to smoothly pursue their own outstretched hands in darkness (von Noorden and
Mackensen, 1962). This is done probably by using knowledge of the motor command

to the limb (efference copy) and the consequent proprioceptive input. Smooth pursuit
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has also been evoked by smoothly moving auditory stimuli (Zambarbieri et al. 1981),
and by tracking of an after-image (Heywood and Churcher, 1971), or illusory target
motions (Heywood, 1973). Few individuals have been reported who are able to
generate smooth pursuit voluntarily with no perception of external target motion
(Heywood, 1972; Westheimer and Conover, 1954).

Pursuit initiation: Pursuit is initiated about 100 to 150 ms after a target begins to
move; the eyes begin to accelerate in the direction of target motion and the first 125
ms of this eye acceleration is called pursuit initiation (Tychsen and Lisberger, 1986).
The latency to onset of smooth pursuit in response to a ramp target motion is about
100 ms (Carl and Gellman, 1987). When a step-ramp stimulus (Rashbass stimulus) is
used to assess the initiation of pursuit, the latency is greater, close to 150 ms because
the pursuit system is affected by the step. But when a temporal gap is introduced
between the extinction of a central fixation target and the illumination of an eccentric
moving target (gap paradigm) is used, pursuit latency is further reduced by about 20
ms (Krauzlis and Miles, 1996; Knox, 1998; Knox, 1996). The initiation period of
pursuit is primarily open-loop because the inherent delays in the pursuit pathway do
not allow new retinal velocity error information to modify the initial eye acceleration
until about 125 ms after the eyes have started to move (Tychsen and Lisberger, 1986;
Tusa and Zee, 1989). Indeed the acceleration response of the eyes in open and closed
loop conditions are identical in the first 225 to 300 ms after target onset (Tychsen and
Lisberger, 1986; Carl and Gellman, 1987).

Pursuit maintenance: The sharp acceleration of pursuit initiation brings the eye
velocity near target velocity, after which pursuit is maintained, keeping the retinal
velocity error small. The maintenance period of pursuit is principally closed-loop.
During pursuit maintenance, retinal velocity errors are quite small compared to the eye
velocities which can be large. This suggests that unlike pursuit initiation, pursuit
maintenance does not depend on the velocity of retinal slip. Pursuit initiation is
traditionally examined with intermittent, non-predictive, constant-velocity ramp target

motion, whereas pursuit maintenance is examined with sinusoidal pursuit (Leigh and
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Zee, 1991; Morrow and Sharpe, 1993; Morrow and Sharpe, 1995). The differences in
the factors which influence pursuit initiation and pursuit maintenance has led many
researchers to wonder if the two components of pursuit are controlled by the same
neural substrates or not.

Prediction as a component of pursuit drive: Pursuit is known to be driven by a
mixture of visual feedback and predictive strategies. Although visual inputs provide
the main stimuli for pursuit, cognitive factors have been shown to exert a significant
influence. Activation of pursuit requires that a moving target be selected, but this can
easily be ignored (Kowler et al. 1984b) and pursuit does not then take place. Dallos
and Jones ( 1963) used the concept of a “predictor” to formally express the ability of
the human brain to detect periodicities or to recognise known waveforms and to
employ this knowledge to improve the pursuit eye velocity gain and phase. The
concept of a predictor mechanism has been substantiated by the following observations
(Bames, 1994; Kowler and Steinman, 1979a;, Kowler and Steinman, 1979b): (1) when
humans pursue a regular periodic target motion, the ability to match eye velocity to
target velocity is much better than when the target motion is more random; (2) during
pursuit of sinusoidal target motion, phase errors at frequencies above 0.5 Hz are much
less than would be expected from a simple retinal velocity error feedback system, and
correspond to time delays well below the established reaction time of pursuit; (3) in a
conventional velocity error feedback system, the combination of a high level of eye
velocity gain and large time delays would normally lead to an unstable system, but this
does not happen in humans during pursuit, (4) Anticipatory smooth pursuit eye
movements usually precede the onset of target motion during pursuit of predictable
intermittent target ramps.

Factors affecting smooth pursuit performance: Smooth pursuit gain is affected by
several factors operating at the same time. Eye acceleration in the first 20 ms of
pursuit initiation (early phase) is independent of the target characteristics, and typical
values range between 20 - 40 deg/s® (Carl and Gellman, 1987; Tychsen and Lisberger,

1986). Thereafter (late phase), eye acceleration depends on target characteristics like
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velocity across the retina, intensity and location in the visual field (Tychsen and
Lisberger, 1986). Other factors known to affect smooth pursuit gain include subject
related factors like attention, and use of medications. Smooth pursuit is known to be
present in infants at two months of age, and the velocity increases with increasing
infant age (Von Hofsten and Rosander, 1997). The gain of smooth pursuit is optimal
in young adults and declines in old age (Straube et al. 1997b). The nature of the target
background is also known to have a significant effect on the gain of pursuit (Lawden
et al. 1995; Worfolk et al. 1993).

Peak velocities achieved by humans: Smooth pursuit has a gain close to unity for
target motions of low frequency and amplitude. During pursuit of a periodic target
motion, pursuit performance progressively breaks down as target frequency exceeds
0.5 Hz (Lisberger et al. 1981a; Barnes, 1993). This decrease in velocity gain with
increasing target velocity has variously been argued to represent acceleration
saturation (Lisberger et al. 1981a) or velocity saturation (Barnes, 1993) of the ocular
motor system. The limits of pursuit eye velocity achievable by humans are not certain,
but peak velocities of up to 150 deg/s have been recorded by Lisberger et al ( 1981a).
Smooth pursuit models

Due to the observation that humans cannot produce substantial pursuit eye movements
without retinal slip of a moving target, many of the early workers on eye movements
viewed ocular pursuit as a negative feedback system whose function was to minimise
retinal image slip. According to this model of pursuit (fig. 1.1a), the stimulus for
target motion is the image slip across the retina. This image slip or retinal velocity
error (RVE) is obtained by subtracting eye velocity from target velocity. The RVE is
amplified by the brain to create a pursuit efferent command sufficient to reduce the
image slip across the retina and match target motion. It has since been realised that
such a simple model of pursuit would never maintain perfect tracking since it would
reduce RVE to zero. When RVE is reduced to zero, the stimulus for pursuit will
disappear and eye velocity will oscillate. This, in association with the 100 ms latency in

the pursuit system will create an inherently unstable system.
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Figs.1.14 and 1.1B Two models of the smooth pursuit system. Panel A shows an early
simple negative feedback smooth pursuit model. In this model, the sole drive for
smooth pursuit was retinal image motion. Panel B shows one of the later
modifications of the pursuit model. In this later model, a positive feedback corollary
discharge pathway has been added to account for continuing steady state pursuit in
the absence of substantial retinal velocity error.
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In order to account for the stability of eye velocity and low phase lags in the
pursuit system, modifications have been made to the negative feedback hypothesis.
Yasui and Young ( 1975) proposed a model in which pursuit is not driven by RVE but
by an internal representation of the target motion in space. Robinson ( 1971)
recognised that the brain did not receive a signal related to target velocity from any
individual sensory input. He proposed that the internal representation of the target
velocity is reconstructed by combining RVE with an internal signal (corollary
discharge or efference copy) of eye velocity at an internal summing junction (fig.
1.1b). Further modifications to this model have since been made by several authors to
account for other observed behaviours of the pursuit system. Barnes et al ( 1991;
1995) and Barnes ( 1994) introduced additional loops to the basic models to account
for (i) a negative feedback retinal velocity error loop used to drive eye acceleration (ii)
a velocity memory loop formed from internal representations of the motor drive
necessary to maintain ongoing pursuit and provide predictive estimates of future eye
movements. In this model they referred to the velocity memory loop as a re-afference
copy loop (Barnes et al. 1995) based on their observation that predictive estimates can
be produced after observing target motion, with no prior eye movements, (iii) a
mechanism for potentiating the eye movement response when a particular source has
been selected for pursuit (iv) a timing mechanism responsible for determining when to

initiate a predictive response and terminate an ongoing movement.

Anatomy and physiology of pursuit pathways

In the last three decades, substantial progress has been made in the understanding of
the neural substrates important in the generation of smooth pursuit eye movements.
The advances have mainly accrued from new techniques and experimental paradigms
applied in monkeys and from lesion analysis in man. At least 13 different cortical areas
with retinotopic maps have been identified in the monkey (Maunsell and Van Essen,

1983a). Cortical areas implicated in the control of ocular pursuit include the following:
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The middle temporal area (MT) and medial superior temporal area (MST), the
posterior parietal cortex (PPC), the frontal eye fields (FEF), and the supplementary
eye fields (SEF). Brainstem and cerebellar areas implicated include: the dorsolateral
pontine nucleus (DLPN), the rostral portions of the nucleus reticularis tegmenti pontis
(NRTP), areas VI and VII of the dorsal vermis, the flocculus, paraflocculus, nodulus,
vestibular nuclei and brainstem oculomotor nuclei.

Efforts have been made by many investigators to match functional pursuit
behaviour identified in the ocular pursuit models with neural substrates that subserve
these functions (Tusa and Ungerleider, 1988; Leigh and Zee, 1991; Sharpe and
Morrow, 1991; Barnes et al. 1995). Below are the associations which have been made

between various brain areas and ocular pursuit control.

Cortical areas associated with ocular pursuit (fig. 1.2)

The MT and MST areas : 1t is widely accepted that the extraction of retinal slip
velocity is largely accomplished within the small cortical visual area called MT located
on the posterior bank of the superior temporal sulcus (STS) (Tusa and Ungerleider,
1988). The motion pathway begins with large cell, B-retinal ganglion neurons (Tusa
and Zee, 1989). These cells receive converging inputs from all three types of cone
receptors, and are colour non-specific. They project to the magnocellular layers of the
dorsal lateral geniculate nucleus (dALGN; layers 1 and 2). These in turn project to layer
4Co in area V1 of the striate cortex. The striate cortical area V1 projects to MT area
both directly and indirectly via prestriate areas V2, V3 and V4 (Ungerleider and
Desimone, 1986; Maunsell and Van Essen, 1983b). The projections from V1 to MT
are retinotopic and entirely ipsilateral. About 80% of the neurons in MT are sensitive
to motion and selective for the direction of target motion (Dubner and Zeki, 1971,
Squatrito and Maioli, 1997). Area MT contains a complete representation of the
contralateral visual hemifield, and lesions destroying parts of this representation lead to
a motion scotoma, with inability to pursue targets in the corresponding portion of

visual space regardless of direction of target motion (Newsome et al. 1985).
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The MST area is adjacent to the MT area in the STS. Signals from MT area
are relayed to the ipsilateral MST area and through the forceps major and corpus
callosum to the MT and MST areas of the contralateral hemisphere. The visual fields
of neurons in MST are larger than those of MT and extend across the midline. In
addition to visual motion information, subgroups of cells in area MST are known to
carry extra-retinal signals related to pursuit eye movement (Newsome et al. 1988). The
extra-retinal signals are thought to represent a corollary discharge or efference copy of
eye movement, and pursuit responses in the majority of these cells occur after onset of
eye movement. Lesion of area MST in monkeys produces a contralesional retinotopic
deficit for motion perception and ipsidirectional pursuit deficit which is irrespective of
the visual hemifield in which the target was presented. Lesion of the adjacent foveal
representation of MST also produces a contradirectional pursuit deficit (Dursteler and
Wurtz, 1988; Dursteler et al. 1987). Microstimulation of the MT/MST area in
monkeys (Komatsu and Wurtz, 1989) leads to acceleration of an ongoing ipsi-
directional pursuit and deceleration of ongoing contra-directional pursuit, but has
negligible effect on an eye that is fixating.

Area MT is located in the occipitoparietal cortex in rhesus monkeys. The name
“area MT” derives from its original descriptions in the owl monkeys in which it is
located in the middle portion of the temporal lobe (Allman and Kaas, 1971). In
humans, the homologue of areas MT and MST has been identified to correspond to
the V5 area (Watson et al. 1993). This area has been described to lie along, and at the
junction of the ascending limb of the inferior temporal sulcus and the lateral occipital
sulcus (Watson et al. 1993); or around the junction of Brodmann's areas 19, 37, and
39 (Morrow and Sharpe, 1993).

Other cortical areas known to be involved in ocular pursuit have been shown
to have either direct reciprocal connections with area MT or indirect connections via
area MST. These include parts of the posterior parietal cortex (Maunsell and Van
Essen, 1983b; Ungerleider and Desimone, 1986) also called the posterior eye fields

(PEF) (Muri et al. 1996). Connections have been demonstrated with the frontal eye
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pursuit movement (Lynch et al. 1977). Lynch et al ( 1977) have postulated that the
PPC executes a matching function between the neural signals of the nature of objects
and the internal drive state of the organism and from that generates signals which

trigger eye movements to objects of interest.

Frontal eye fields (FEF): The FEF has been shown to contain neurons which
discharge during ocular pursuit (MacAvoy et al. 1991). Microstimulation of an area
just ventral to the saccade representation of the FEF elicits smooth pursuit movements
(MacAvoy et al. 1991; Gottlieb et al. 1994). All pursuit neurons showed preferred
direction, and all directions were represented with no strong bias toward ipsilateral,
contralateral, up or down (Gottlieb et al. 1994). In contrast to the effects in MST,
microstimulation of the FEF (Gottlieb et al. 1993) initiates smooth pursuit eye

movements even in a fixating eye.

Supplementary eye fields (SEF): A supplementary eye field has been shown to exist in
the dorsomedial frontal cortex rostral to the supplementary motor area (Schlag and
Schlag-Rey, 1987; Tian, R and Lynch, 1996). Single neuron recordings in the SEF
have shown cells whose timing and response waveforms suggest that they may be used
for predictive pursuit eye movements (Heinen, 1994), and for initiating smooth pursuit
(Heinen, 1995). Based on these observations, Heinen ( 1995) has postulated that the
SEF is part of a partial alternative path to the classic pursuit pathway that might be
used to facilitate the initiation or control of eye movements beyond a simple reflexive
response to retinal slip. Slow eye movements have been evoked by low threshold

microstimulation of the SEF (Tian and Lynch, 1995).

Descending ocular pursuit pathways
Two ocular smooth pursuit pathways are known to descend to the brain stem from the
cerebral hemispheres (Tusa and Ungerleider, 1988; Tusa, 1988). A posterior pursuit

pathway descends to the pons from the MT and MST areas in monkeys, or V5 area in
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humans. This pathway has been traced and found to descend through the internal
sagittal stratum, the posterior limb of the internal capsule, the retrolenticular portion of
the internal capsule, and the cerebral peduncle, to the LTN (lateral terminal nucleus),
the DLPN (dorsolateral pontine nucleus), and the LPN (lateral pontine nucleus) (Tusa
and Ungerleider, 1988). An anterior pursuit pathway is thought to originate in the
frontal eye fields (FEF) (MacAvoy et al. 1991), and descend through the anterior limb
of the internal capsule, to the nucleus reticularis tegmenti pontis (NRTP) (Stanton et
al. 1988; Tusa and Ungerleider, 1988; Yamada et al. 1996) and DLPN (Leichnetz,
1989).

Brainstem and Cerebellar pursuit pathways (fig. 1.3)

The DLPN is thought to be the major link between cortical and cerebellar structures
involved in smooth pursuit. The only known output of the DLPN is to the cerebellum
(Thier et al. 1994). The DLPN sends projections to the contralateral posterior vermis,
the ventral paraflocculus and the flocculus (Thier et al. 1994; Nagao, 1992). Purkinje
cell activity in the flocculus increases with ipsilateral smooth pursuit and decreases
with contralateral pursuit (Miles and Fuller, 1975; Buttner and Waespe, 1984). Pursuit
related activity has also been identified in the fastigial nucleus (fastigial oculomotor
region) (Kurzan et al. 1993). Unilateral caudal fastigial nucleus inactivation increases
the acceleration of ipsilateral pursuit but decreases the acceleration of contralateral
pursuit (Robinson et al. 1997).

Whether there are different functional roles for each of these cerebellar structures is
not fully understood. Single cell recordings by Nagao ( 1992) showed that smooth
pursuit eye movements or vestibulo-ocular reflex suppression (VORS) produced
quantitatively much stronger modulation of pursuit-related Purkinje cells in the ventral
paraflocculus when compared to the flocculus. In contrast, the strongest modulations
in the flocculus were produced by vestibulo-ocular reflex (VOR) eye movements. Kase
et al ( 1979) demonstrated that a subgroup of single-units in monkeys’ posterior

vermis discharged in relation to smooth pursuit eye movements. This has since been
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Fig. 1.3 Probable circuitry of ocular pursuit in the brainstem
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corroborated by Suzuki and Keller ( 1988a; 1988b). Recent reports (Ohtsuka and
Enoki, 1998) suggest that focal transcranial magnetic stimulation of the posterior
vermis can produce abrupt acceleration of pursuit. The activity of visual tracking
neurons in the posterior vermis has been shown to be modulated during saccades as
well as smooth pursuit eye movements (Suzuki and Keller, 1988a; Suzuki and Keller,
1988b; Thier et al. 1994). The final tracts of foveal pursuit are not well understood. A
hypothetical circuitry of horizontal pursuit is that the cerebellar outputs go to the
ipsilateral medial vestibular nucleus which in turn projects to the contralateral

abducens motor neurons (Pierrot-Deseilligny, 1988) (fig. 1.3).

Purpose of the study
As discussed above, animal studies have identified many areas of the brain associated
with the control of ocular pursuit. It is not certain some of these findings can be
directly extrapolated to humans. In the last two decades, lesion studies and functional
imaging studies have identified the human homologues of some of the pursuit areas
originally described in monkeys. However the circuitry of pursuit in humans is still not
completely understood. The neural substrates which execute some of the functions
identified in pursuit models are not known. The following are the main aims of this
study:

(1) To identify the neural substrate for anticipatory/predictive eye movements.
Prediction is now known to be an important component of motor control in
general. It is not known whether this function is localised in one brain structure or a
distributed function of several brain structures. Identification of such a neural
substrate will be of immense value in the understanding of motor control.

(i) To identify the neural substrates for the regulation of pursuit gain.

(i) To compare the pursuit deficits associated with focal lesions in monkeys with

effect of similar lesions in man.
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(iv) To identify any ocular pursuit abnormalities which may be useful in topological
diagnosis.

(v) To identify ocular pursuit abnormalities which may be useful in disease diagnosis.
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Chapter 2

General Methods
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Subjects

Subjects investigated in these studies consisted of 72 patients with focal cerebral
cortical or subcortical lesions, 12 cerebellar ataxia patients, 7 Parkinson’s disease
patients and 25 age matched controls. Full details of subjects will be given in the
chapters that follow. The patients described in this study were recruited from the
National Hospital for Neurology and Neurosurgery, Queen Square, London. They
were patients admitted for investigations or treatment for the conditions discussed
under the various experiments. In addition to clinical information obtained from the
case notes, each of the patients was further assessed by me to obtain relevant clinical
information. Patients with extra-ocular muscle disorders and those with lower motor
neuron extra-ocular nerve palsies were excluded from the studies. The controls were
volunteers naive to eye movement experiments. Experiments were approved by the
local ethical committee and informed consent was obtained from the subjects.
Apparatus

The subjects were seated in the centre of a darkened room, 1.5 m from a semicircular
screen which subtended +90 degrees horizontally and 127 degrees vertically.
Horizontal eye movements were recorded using an infrared limbus reflection technique
(Iris 6500 system, Skalar Medical b.v., Delft, The Netherlands) with a resolution of 5 -
10 arcmin, and a linear range of +20 degrees in most subjects. The eye movement
recorders were mounted on a helmet assembly which was attached firmly to the
subjects head. The head was fixed by padded clamps that fitted snugly on both sides of
the head. Subjects were instructed to track targets actively using only eye movements.
Before each record, the subjects fixated the target in a central stationary position and
offset was set to zero. Eye movements were calibrated using a simple sinusoidal target
waveform at 0.2 Hz or 0.4 Hz. This procedure is illustrated in figure 2.1A which
shows the calibration of the voltage generated by eye displacement against target
displacement. At the end of each calibration run, the target versus eye displacement

parameters are plotted out automatically by computer to check for linearity.
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the target waveform and data collection. Recorded data were passed through a low
pass analogue filter with a cutoff frequency of 80 Hz. Data were sampled at 62.5 Hz,
100 Hz or 125 Hz depending on the experiment as will be described later. In
experiments with intermittent target illumination, target appearance was controlled by

an electromechanical shutter that could produce pulse durations down to 8 ms.

Experimental procedures

In the experiments described in this thesis, smooth pursuit eye movements were
examined with the use of sinusoidal and/or constant velocity target stimuli (ramps or
saw tooth waveforms).

Sinusoidal pursuit stimuli

Gain of pursuit and phase errors are commonly examined with the use of sinusoidal
pursuit paradigms (fig. 2.2). When humans track a target that is moving sinusoidally at
frequencies less than 0.5 Hz, they quickly lock onto the target and track with little
latency or phase lag (Bahill and McDonald, 1983). Studies comparing responses to
pursuit of sinusoidal stimuli and random stimuli (pseudorandom sinusoids or Gaussian
noise) have shown that eye displacement gain and eye velocity gain are considerably
less for Gaussian noise at frequencies above 0.3 Hz (Stark et al. 1962; Dallos and
Jones, 1963; Barnes et al. 1987; Leigh et al. 1983). In addition, the phase lag is
significantly smaller during pursuit of sinusoidal stimuli than for Gaussian noise at all
frequencies above 0.2 Hz. The low phase lag observed during sinusoidal pursuit has
been attributed to the ability of the human brain to detect periodicities or recognise
known waveforms and to use this knowledge to predict the trajectory and timing of
future target motion (Dallos and Jones, 1963). In the experiments described in this
thesis, measurement of phase errors during sinusoidal pursuit was used as one of the

indices of predictive ability.
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Breakdown in sinusoidal pursuit is indicated by a decline in gain and increasing
phase lag. In normal subjects, ocular pursuit of sinusoidal target motions at
frequencies below 1 Hz is mainly achieved with smooth pursuit, but at higher
frequencies, eye movements break into a combination of smooth pursuit and catch-up
saccades (Barnes, 1993; Leigh and Zee, 1991). Stimulus variables associated with
breakdown of sinusoidal pursuit gain include increasing target acceleration, velocity
and amplitude (Lisberger et al. 1987, Bames, 1993; Leigh and Zee, 1991). In order to
improve the sensitivity of the sinusoidal pursuit experiments described in this thesis, a
broad range of target frequencies and amplitudes were used. Target frequency range
examined was from 0.2 Hz to 1.6 Hz. Target peak amplitude ranged from 5 - £15
deg. During each experimental run, target amplitude was kept constant across the
frequency range so as to operate within the optimum linearity range of the infrared
limbus recorders. Both controls and patients pursued at this wide range of target
parameters to expose any subtle deficits of smooth pursuit that would otherwise have
been missed.

Predictive and non-predictive ramp pursuit stimuli

In this thesis, pursuit of intermittent ramp target motion was used to compare
predictive and non-predictive pursuit, examine anticipatory eye movements and other
predictive components of pursuit, and measure timing of initiation and timing of
occurrence of peak eye velocity. Anticipatory eye movements as used in this thesis are
defined as predictive eye movements that occur in the absence of visible target motion.
The predictive drive is always active during pursuit (Boman and Hotson, 1992; van
den Berg, 1988), contributing about 70 to 85% of the total pursuit response (van den
Berg, 1988; Barnes, 1994; Barnes et al. 1995). The anticipatory component is
important to investigators because it can be teased out and studied separately from the
visually guided pursuit response, and it is probably subserved by different anatomically

circuitry.
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Although the early workers on smooth pursuit realised the existence of a
predictor mechanism during pursuit of a periodic target motion, it was difficult to
isolate the anticipatory component of pursuit and examine it. This was because most
normal subjects found it difficult to generate smooth eye movements of more that 5
deg/s in the absence of a moving target stimulus (Heywood and Churcher, 1971,
Barnes et al. 1987, Kao and Morrow, 1994). This was in distinct contrast to the
control of saccades which can be made at will in complete darkness. Over the years,
pursuit paradigms have evolved which have now made it possible to tease out the
anticipatory component of pursuit and study it in isolation. Westheimer and Conover (
1954) showed that human subjects can produce smooth eye movements between two
stationary targets when instructed to do so in the complete absence of any target
motion. Subsequently, Kowler and Steinman ( 1979a; 1979b) showed that smooth eye
movements could be made prior to the onset of step target displacements if the
movements were expected. These anticipatory smooth movements were of very low
velocity and not very distinct from background noise. Methods to increase the
velocity of anticipatory eye movements have since evolved (Becker and Fuchs, 1985;
Boman and Hotson, 1988; Barnes and Asselman, 1991; Kao and Morrow, 1994; Wells
and Barnes, 1998).

Barnes and Asselman ( 1991), showed that substantial anticipatory eye
movements can be elicited and examined by the technique of repeatedly presenting
identical transient stimuli at regular intervals. In this experimental paradigm, subjects
are instructed to follow the motion of a constant velocity target during brief periods of
presentation that are separated by periods of darkness. After a few presentations, onset
of prediction is revealed by the observation that pursuit eye movements become
progressively phase advanced, and anticipatory eye movements occur before the onset
of target motion.

Prediction can also be assessed by the technique of examining the oculomotor
response when, after following a number of cycles of similar stimuli, there is an

unexpected change in frequency, direction, or amplitude of target motion. Prediction is
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demonstrated if the eye movement following the unexpected change has velocity and
timing characteristics similar to the preceding eye movements (Keating, 1991; Barnes
and Asselman, 1991; Eckmiller and Mackeben, 1978; Whittaker and Eaholtz, 1982,
Lisberger et al. 1981b). In this thesis, prediction was additionally studied by the
technique of unexpectedly blanking the target (Barnes and Asselman, 1991; Eckmiller
and Mackeben, 1978; Whittaker and Eaholtz, 1982). The presence of prediction was
identified by the brief continuation of appropriate pursuit movements in darkness in the
absence of visible target motion.

The method described by Barnes and Asselman ( 1991) was used as the ramp
pursuit paradigm in this thesis. Subjects pursued intermittent constant velocity targets
moving either to the left or right. The periodicity of these movements differed in the
various experiments. Each subject pursued the ramp target motions in two modes:
predictive and non-predictive. In the predictive mode, the target sweeps were
alternately to the left and right with regular inter-pulse intervals (fig. 2.3a). In the non-
predictive mode, the direction of target sweeps was randomised and inter-pulse
intervals were irregular (fig. 2.3b). The target velocities were kept constant for at least
9 sweeps in each direction. Each subject pursued at various target velocities that
ranged from 10 to 40 deg/s. The order of presentation of target velocities was
randomised for each subject. Further details of the target characteristics are discussed

under each experiment.

Analysis

Records were stored in optical discs and analysed off-line with computer
procedures. The recorded eye displacement signals were differentiated and an
interactive computer graphics procedure described by Barnes ( 1982) was used to

remove the saccadic components and thus obtain the smooth eye velocity trajectories.
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to establish the relationship between the oculomotor response and the stimulus
waveform. For assessment of eye velocity gain and phase, a multiple regression
analysis was carried out with target displacement and target velocity as independent
variables and eye velocity as the dependent variable. A similar procedure allowed eye
displacement gain to be obtained as described by Barnes ( 1982).

In all measures indicated in the figures, movements to the right in the control
subjects, or to the contralesional direction in the patients, are positive. Statistical
comparisons between subjects and conditions were carried out by analysis of variance

(ANOVA) or t-tests unless otherwise stated in the different experiments.

Definitions of quantitative measures

In routine clinical practice, subjective visual inspection of electro-oculographic
recordings is often used to assess visual tracking. In order to make eye movement
recordings more objective we used common conventional quantitative measures of
ocular pursuit. Measures used to evaluate the pursuit system during sinusoidal pursuit
included:

(a) Eye velocity gain: The ratio of smooth component of eye velocity to target
velocity.

(b) Eye displacement gain: The ratio of overall eye displacement (including saccadic
components) to the target displacement.

(c) Eye velocity phase: The angular measure of temporal synchrony between target

velocity and smooth eye velocity.

Measures used to evaluate pursuit of constant velocity stimuli included.

(a) Peak eye velocity: defined in terms of a velocity ratio with respect to target
velocity.

(b) Timing of initiation: defined as the time lag from target onset to the onset of ocular

pursuit. This would have a negative value for an anticipatory response.
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(c) Timing of peak eye velocity measured as the time lag from target onset to
occurrence of peak eye velocity.
(d) Anticipatory eye velocity measured as smooth eye velocity at the time of onset of

target motion.
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Chapter 3

Relationships between focal cerebral lesion

sites and ocular pursuit deficits
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Introduction

In humans, ocular pursuit has been shown to be influenced heavily by volition (Barnes
et al. 1995), and several cerebral neocortical areas are known to be involved (Tusa and
Ungerleider, 1988). But the precise contribution of these neocortical areas to pursuit is
not fully understood. Possible smooth pursuit parameters controlled by cerebral cortex
include gain, phase, prediction, initiation and termination. Isolation of specific pursuit
deficits associated with focal lesions of the cerebral cortex is expected to give insight
into the physiological functions of these lesion sites.

Lesions in either cerebral hemisphere can produce a unidirectional pursuit
deficit to the same side (Troost et al. 1972; Sharpe et al. 1979; Thurston et al. 1988;
Leigh, 1989), but this ipsidirectional deficit may be associated with a high, normal or
low gain response towards the contralateral side (Sharpe and Morrow, 1991; Morrow
and Sharpe, 1990). The pathogenesis of unidirectional pursuit deficits is still not
completely understood (Leigh, 1989), neither is there a complete agreement on the
cerebral pathways involved in smooth pursuit eye movements (Tusa and Ungerleider,
1988). Cerebral lesions producing ipsilateral pursuit deficits have usually been
localized in the posterior parietal cortex or temporo-occipito-parietal (TOP) region
(Sharpe and Morrow, 1991; Baloh et al. 1980; Sharpe, 1982; Leigh and Tusa, 1985;
Bogousslavsky and Regli, 1986; Morrow and Sharpe, 1990; Thurston et al. 1988;
Heide et al. 1996; Barton and Sharpe, 1998). Specific lesions in the TOP cortex that
produce unidirectional deficits have been associated with damage to the human
homologue of the monkey's medial superior temporal area (MST) (Dursteler and
Waurtz, 1988; Dursteler et al. 1987; Thurston et al. 1988; Morrow and Sharpe, 1990).
Other reports (Morrow and Sharpe, 1990, MacAvoy et al. 1991; Keating, 1991;
Gottlieb et al. 1989; Heide et al. 1996) have also associated lesions in the frontal eye
fields (FEF) with unidirectional pursuit deficit. Combined lesions of the FEF and TOP
pursuit pathways are said to give more severe deficits than a lesion limited to either of

the pathways (Lynch et al. 1986).
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Discrete unilateral cerebral lesions have also been reported to give bidirectional
pursuit deficits in man (Morrow and Sharpe, 1990; Troost and Abel, 1982) and
monkeys (Tusa et al. 1986). The common explanation for this bidirectional deficit in a
unilateral lesion is that each hemisphere also contributes to contradirectional pursuit,
albeit to a lesser extent. This explanation is supported by the observation that hemi-
decortication does not completely abolish ipsidirectional pursuit (Sharpe et al. 1979,
Troost et al. 1972).

In this study, a large collection of patients with discrete cerebral lesions located
in various areas of the cerebral cortex, white matter, and subcortical nuclei, were
investigated with the aim of correlating lesion sites with patterns of pursuit deficit.
This chapter presents the results of pursuit of predictable sinusoidal target motion in
these patients. The results of ramp pursuit experiments in the same patients will be

presented in the next two chapters.

Methods
Subjects

Horizontal smooth pursuit was measured in 72 patients with discrete cerebral
lesions. The patients had an age range of 14-71 years with a mean of 45 +/- 14.75
years. The controls were 18 age matched naive patients with diseases known not to
affect the brain or oculomotor control;, and not on any medications known to impair
oculomotor control. They had an age range of 18-74 years with a mean of 41.22 +/-
15.97 years.

The clinical characteristics of the patients are shown in tables 3.1 to 3.5. The
grouping of these patients is explained later. The cerebral lesions were strictly
unilateral in 66 patients. In 5 patients the lesions straddled the corpus callosum in a
butterfly fashion, and in one other patient the lesion was an orbital groove meningioma
that compressed the 2 frontal poles. Among the 66 patients with strict unilateral
lesions, the right hemisphere was involved in 32, and the left in 34. The lesion types

were gliomas in 36 cases, meningiomas in 8, infarcts in 14, arterio-venous
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malformations with previous histories of bleeding in 8, recent intracerebral hemorrhage
in 2, intracerebral cysts in 2, Rasmussen's encephalitis in 1, and fronto-temporal hemi-
decortication in 1. Except for the 2 cases of recent intracerebral hemorrhage, lesions
were chronic with a range of 1 month to 32 years. The site and extent of the lesions
were determined with Computerised Tomographic and Magnetic Resonance Imaging
scans. Lesions were traced onto standard templates from atlases of axial brain imaging
(Damasio and Damasio, 1989; Matsui and Hirano, 1978; Haaga and Alfidi, 1985) to
map out affected Brodmann's areas. It is appreciated that even with CT and MRI
scans, the delineation of focal lesions may not be precise; tumors may impair functions
at remote sites, and infarcts may be associated with remote areas of ischaemia. One
case of Rasmusen’s encephalitis was included in this study based on the focal clinical
features and areas of cortical enhancement seen on MRI scans. All patients were alert
and cooperative, and were assessed clinically for spatial neglect. Informed consent was
obtained from each patient, and experiments were approved by the local ethical

committee.

Table 3.1 Clinical characteristics of 20 patients with normal pursuit gain

Pt Age Lesion type Lesion site/Brodmann's areas Medic @
1 44 Glioma L. frontal pole and SWM. areas 9, 10, 46, 8. yes

2 62 Butterfly glioma Genu of CC, bilateral frontal SWM yes

3 41 |Infarct L. corona radiata posteriorly no

4 44 Meningioma L. dorsomedial fronto-parietal, areas 4, 3, 1, 2. no

5 43 Glioma L. temporal pole, area 38. yes

6 43 Meningioma Bilat. subfrontal, SWM edema, areas 11, 12, 10, 47 no

7 25 AWM R. inferior parietal, areas 40, 39, (patchy lesions). no

8 43 AWM R striate cortex, areas 17, 18. yes *
9 44 Butterfly glioma Genu of CC, bilateral frontal SWM yes
10 34 AWM R. thalamus. no

1 42 AW R. temporal cortex, areas 28, 36, 37, 21 yes *
12 65 Glioma R. DLFC, areas 9, 8, 46, SWM, 32, 24 yes
13 21 ¢lioma L. TOP SWM no

14 21 glioma L. frontal SWM underlying areas 11, 44, 45 yes
15 30 Glioma R. insular, claustrum, opercular areas 6, 3, 1, 2. yes
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16 45 Glioma L. FT, areas 11, 12, 34, 28, insular, SWM yes
17 60 Infarct R. TP, areas 21, 22, 39, 40. no
18 24 Glioma R. temporal cortex, areas 21, 20. 36 no
19 29 AWM R. insular, FTP cortex, areas 4, 6, 3, 1, 2, 41, 42, 40. no
20 63 Glioma L. PPC areas 7, 5. SWM no
Table 3.2  Clinical characteristics of 12 patients with only unidirectional deficits.
Pt Age Lesion type Lesion site/Brodmann's areas Medication
21 65 AVM/embolized L. PLIC, striatum & posterior thalamus no *
22 23 Glioma R. thalamic mass, large bulge to the right yes
23 20 AVM /Bleed R. PLIC, ISS, striatum, areas 21, 22, 41, 42. no
24 50 Glioma L. dorsomedial frontal, areas 6, 4, 24, striatum yes
25 49 Meningioma L. FT, SWM, internal capsule yes
26 50 Meningioma L. dorsomedial frontal areas 6, 8, 24, 32 yes
27 50 Hemorrhage R. striatum, claustrum, intemal capsule no
28 67 Butterfly glioma Genu of CC, SWM, ALIC/st on the right no
29 50 meningioma L. dorsomedial frontal areas 6,4 yes
30 21 Glioma L. dorsomedial frontal areas 32, 24, 6, 4. yes
31 64 Infarct L. putamen and interal capsule no
32 35 Cyst R. 1SS, PLIC, thalamus yes
Table 3.3 Clinical characteristics of 19 patients with symmetrical bidirectional deficits.
Pt Age Lesion type Lesion site/Brodmann’s areas Medication
33 62 Glioma L. PPC areas 7, 19, 39, 40. yes
34 63 Butterfly glioma Splenium of CC, R. areas 26, 29, 30, 23, SWM no #
35 43 Infarcts/atrophy R.DLFC & SWM yes
36 56 Meningioma R. FT cortex, areas 44, 6, 4, 3, 1, 2, 41, 42 yes
37 46 Butterfly glioma Genu/body of CC, fronto-parietal cortex yes
38 65 Glioma L. temporal, areas 27, 28 yes
39 57  Infarct R. striatum, DLFC no
40 53 Glioma R. DLFC, areas 44, 9, 6, 4, 3, 2, 24, ALIC/St. no
41 65 Glioma R. DLFC, areas 44, 45, 46, 9, 6, 8, 32, 24, ALIC/St no
42 71 Glioma R. TP, areas 22, 21, 37, 40, 39,7, 19 no #
43 15 Glioma R.FT, areas 22, 21, 41, 42, 44, 6, 9, 46 yes
44 53 Glioma R mid thalamus no #
45 65 Glioma L. mid thalamus no
46 55 AVM +radionecrosis R. PPC, areas 5, 7. SWM yes
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47 53 AWM L. TP, area s 22, 39, 40, 19 no *
48 64 |Infarct L. TP, areas 22, 39, 40, 19 no
49 32 Infarct L. insular-fronto-temporo-parietal opercular cortex yes
50 51 Glioma R. TP opercular cortex, areas 41, 42, 40. yes
51 52 Glioma R. FTP opercular cortex, areas 6, 4, 22, 41, 42, 40 yes
Table 3.4 Clinical characteristics of 18 patients with asymmetric bidirectional deficits.
Pt Age Lesion type Lesion site/Brodmann's areas Medication
52 63 |Infarct L. temporo-occipital cortex, areas 18, 19, 37, ISS yes *
53 28 Glioma L. TOP, SWM, ISS, PLIC, posterior thalamus yes *
54 51 Glioma L. DLFC, 10, 9, 46, 44, 45, 8, 6, 32, 24, ALIC/St yes
55 56 Glioma R. dorsomedial frontal areas 32, 24, 6, ALIC/St yes
56 63 Glioma L. TOP areas 7, 5, 19, 39, 40, 18, 37, ISS no *
57 32 Infarct L. TOP areas 19, 39, 37, 21, 22 yes*
58 33 Glioma L. TOP, 7, 39, 40, 19, 18, 21, 22, SWM, ISS, PLIC yes
59 32 Glioma L. ALIC/St. and frontal SWM yes
60 14 Rasmussen's encephalitis L. fronto-parietal cortex yes
61 45 Glioma L. TP, areas 7, 40, SWM, ISS, PLIC, thalamus yes
62 35 Infarct/atrophy L. DLFC, insular, opercular region ,corona radiata yes
63 41 Glioma R. DLFC areas 9, 44, 6, 4, SWM, ALIC/St no
64 45 Glioma R.TOP, 7,19, 39, 40, 3,1, 2, 37, 22, 21, SWM yes
65 44 Infarct L. FTP areas 45, 11, 44, 6, 22, 41, 42, 40, ALIC/St no
66 70 Infarct R. TP, 22, 21, 40, 39, intemal capsule/striatum no
67 50 Glioma R. TOP areas 7, 19, 39, 40, 37, 22, SWM yes *
68 66 Infarct L. parieto-occipital areas 17, 39, 40, PLIC/stiatum no *
69 48 Infarct R. thalamus, PLIC yes
Table 3.5 Clinical characteristics of 3 patients with anomalous asymmetry**
Pt Age Lesion type Lesion site/Brodmann’s areas Medication
70 41 meningioma (sph. wing) L. FT areas 11, 45, 44, 22, SWM & striatum yes
71 37  Meningioma R. dorsomedial frontal areas 6, 4, 5 no
72 26 Decortication R. DLFC areas 9, 10, 46, & temporal pole yes

@ = Medications known to impair smooth pursuit. SWM = subcortical white matter; CC = corpus callosum; AVM
= arterio-venous malformation; * = hemianopia/quadrantinopia; TOP = Temporo-occipito-parietal. ISS = internal

sagittal stratum. PPC = posterior parietal cortex; DLFC = dorsolateral frontal cortex; FT = fronto-temporal cortex;
TP = temporo-parietal cortex; FTP = fronto-temporo-parietal cortex; # = hemineglect. ALIC/St. = anterior limb of

internal capsule and striatum. ™ = all three had focal seizures. Sph. wing = sphenoidal wing.
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Apparatus and Stimulus

The experiments were carried out using the apparatus and stimuli described under the
General Methods in Chapter 2. Data were sampled at 62.5 Hz.

Experimental procedures

The subjects sat in darkness and pursued with eyes only the sinusoidal motion (fig.
2.2) of a circle of diameter 50 arcmin with superimposed cross hairs. The waveform in
each record was composed of 5 sectors of predictable sinusoidal target motion at
frequencies of 0.2, 0.4, 0.8, 1.2, and 1.6 Hz respectively. The order of frequency
presentation was randomized. There were 5 to 12 cycles of sinusoidal target motion in
each sector. Peak target displacement was maintained constant throughout the
frequency range. Each patient was tested at 3 peak amplitudes, +5, £10, and +15

degrees, thus producing peak velocities that ranged from 6 to 147 degrees per sec.

Analysis

Records were stored and analysed off-line as described in the General Methods in
Chapter 2. The smooth eye velocity gains and phases were obtained after removal of
the saccadic components. Error bars in the figures represent standard errors of the
mean.

Three particular aspects of the pursuit performance were examined: eye
displacement gain, eye velocity gain and eye velocity asymmetry. Eye velocity gains
to the right and left were calculated independently to determine any directional
asymmetries. Smooth pursuit asymmetry was expressed as the difference between gain
to the right and gain to the left, divided by the sum of gain in both directions,
expressed as a percentage [(Gr-Gl)/(Gr+Gl)] x 100%. The mean gain of pursuit at 1.6
Hz, at the 3 peak amplitudes of +/-5, +/-10, and +/-15 degrees was used to determine
this asymmetry index since asymmetries were most pronounced at this frequency. If
this asymmetry index was above 20%, it was taken as a significant indication of

smooth pursuit asymmetry when compared with control subjects (p < 0.05).
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Comparisons between subjects and conditions were carried out by analysis of variance

(ANOVA), unless otherwise stated.

Results

(a) Control Subjects

Gains and Phases in control subjects

All control subjects had pursuit velocity gain close to unity at the lowest target
frequency of 0.2 Hz. But as the target frequency increased, there was a wide variability
in their gains (fig. 3.1a) that made it difficult to define a “normal response” with which
to compare the behaviour of the patient groups. For instance, at the target frequency
of 1.6 Hz and amplitude of +/-15 degrees, the mean gain of the controls was 0.18 +/-
0.09. The 95% confidence interval at this frequency would include subjects with zero
gain as normals.

Spooner et al ( 1980) have pointed out the wide variability of pursuit gains at
high frequency in a normal population which includes the young and the senescent.
Smooth pursuit gain decreases with age, and there is a marked individual variability in
this decrease (Spooner et al. 1980; Zackon and Sharpe, 1987; Paige, 1994, Straube et
al. 1997b). The scattergram in figure 3.2 shows the trend towards lower gains in the
older age groups of the control population at the highest target frequency (1.6 Hz). To
overcome this wide variability, part of which may be attributable to the wide range of
age in the control subjects, an acceptable cut off point for normal gain was established
by averaging the gains for all the target amplitudes and frequencies examined in this
study. Figures 3.3a and b show the distribution of mean gains and phases obtained in
this way for the controls. On this basis the criterion for below normal gain was set at
0.54 representing +/- 2SD below normal. The disadvantage with this approach was
that young patients with mild bilateral impairment of gain stood the chance of being
classified as normal. The advantage was that those classified as having low gains by

this standard were really poor performers irrespective of their ages.
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A similar wide variability existed for the phase errors with increasing target
frequency (fig. 3.1b). This problem was also overcome by averaging responses across
all frequencies. If the mean phase lag for all the target amplitudes and frequencies was
greater than 23 degrees, representing +/- 2SD below normal, this was classified as a
significantly large phase error (p < 0.05). Since the objective in this investigation was
to classify the responses in terms of gain, phase, and asymmetry characteristics, and to
associate these with lesion sites, rather than to determine a standard for clinical
diagnosis, this approach seems justified. In future, it would be useful to examine a
much larger group of controls and attempt to take age into account in defining a

standard for normal gain and phase.

(b) Patients

Smooth pursuit deficits

The patients showed a much wider range of values for gain, phase and directional
preponderance than the controls. The values appeared to form a continuum from
relatively normal to severely impaired, as shown by the distribution of gains and phases
in patients compared with controls. Although there is a wide area of overlap between
the patients and controls, figure 3.3a shows that the majority of patients had much
lower gains than controls, whereas figure 3.3b shows that the majority had phases in
the same range as the controls. The patients have first been classified into relatively
distinguishable groups on the basis of the eye velocity gain and eye velocity symmetry
with a view to defining common areas of lesion overlap:

1). The normal gain group: In this group the pursuit velocity gain was within
normal limits (within 2SD of controls’ mean) in both directions.

2). The symmetric bidirectional deficit group: These patients had significant
bidirectional pursuit velocity deficits (gain < 2SD from controls’ mean) with no

significant pursuit asymmetry (fig. 3.4a) .
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(i) The asymmetric bidirectional deficit subgroup: These patients had
bidirectional pursuit velocity deficits in association with significant pursuit asymmetry,
pursuit in the ipsilesional direction being more severely impaired (fig. 3.4c¢).

(ii)) The anomalous asymmetry subgroup: This odd group of patients had
significant eye velocity asymmetry, but the gain was higher in the ipsilesional direction.

Following the above classification, the same patients were subsequently
examined in a different way, by ignoring velocity asymmetry, and classifying them
according to the degree of eye velocity phase errors with the view to defining common
areas of lesion overlap in patients with large phase errors. Two discrete subsets of
patients were identified for further analysis based on their phase errors. Both groups
had low pursuit velocity gains at high frequencies.

1). Low gain, high phase error group (LGHP): This group consisted of patients
with low eye velocity gain (< 0.54) and mean eye velocity phase error greater than 23
degrees (phase errors more than 2 SD above normal).

2). Low gain, low phase error group (LGLP): This group consisted of patients
with low eye velocity gain (< 0.54), and normal phase errors. All the patients in this
group had mean phase errors less than 19 degrees (not more than 1 SD above normal).

Patients with mean phase errors between 19 and 23 degrees were not included
in any of the 2 groups since the aim was to identify areas of lesion overlap, if any, that
distinguished patients with large phase errors from those with normal range phase
errors.

Pursuit at high target frequencies: Pursuit deficits that were latent at low target
frequencies became manifest as the target frequency increased to 0.8 Hz and above.
Many patients in the unidirectional deficit group did not show any significant
asymmetry at low target frequencies, but as the frequency increased to 0.8 Hz and
above, the asymmetry became progressively more pronounced (fig. 3.10). Similarly,

many patients with bidirectional pursuit deficits showed only mild deficits at low target
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frequencies, but as the frequency increased to 0.8 Hz and above, there was a
progressive inability to sustain coherent pursuit eye movements, the pursuit velocity
gain dropped dramatically, and in severe cases all eye movements ceased, and the
patient made no smooth pursuit or saccadic responses that could be distinguished from
the noise level (fig. 3.5). This inability to sustain coherent pursuit at frequencies above
0.8 Hz could not simply be attributed to increased time delays in the pursuit pathways
because it occurred both in subjects with large phase errors and those without.
Normal gain group.
There were 20 patients in this group, and table 3.1 shows their clinical characteristics.
Lesions affected the prefrontal areas in 4 of these patients. Brodmann’s areas involved
included 10, 9, 11, 46, and rostral parts of area 8. Underlying white matter was also
involved in all these patients. In 2 of these patients with normal gains the lesions were
butterfly gliomas involving the genu of the corpus callosum, adjacent hemispheric
cortices (areas 32 and 24) and white matter; the primary somaesthetic sensory cortex
(areas 3, 1, 2) was involved in 1; the striate cortex (areas 17, and 18) in 1. The
temporal lobe was involved in 8 patients; the Brodmann’s areas involved included 38,
20, 21, 22, 41, and 42. Three patients had lesions underlying the white matter of the
posterior parietal cortex: 1 old infarct of the centrum semiovale, one arterio-venous
malformation (AVM) with patchy lesions in area 40, and one glioma underlying areas
5, 7, 40, 39. Although the gain in the latter patient seemed low for his age, it did not
reach the level of statistical significance. One patient with AVM of the thalamus had
normal gains and phases. On the average, patients with AVMs had normal gains and
phases unless they had bled, had radiotherapy and subsequent radionecrosis, or had
been embolized recently.
Symmetric bidirectional deficit
This group included 19 patients whose characteristics are shown in table 3.3. Two
main areas of lesion overlap were found in these patients (Figs. 3.6 & 3.7):

a). The Posterior Parietal Cortex (PPC), areas 7, 5, 40, 39. Lesions involving

these areas were associated with profound bidirectional pursuit deficits.
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b). The Dorsolateral Frontal Cortex (DLFC), which included the frontal eye
fields, mainly Brodmann’s areas 8, 9, 6, 44, 45.

In addition, 2 patients with mid-thalamic lesions (patients 44, 45), and 2
patients (patients 34, 38) with lesions involving the parahippocampal/posterior
cingulate gyri had severe bidirectional deficits.

This wide distribution of cortical areas associated with bidirectional pursuit
deficit made this a common finding associated with focal cerebral lesions. Some of the
patients with bidirectional deficits were on drugs that could have caused this deficit,
but it should be noted that a large proportion were not on drugs, and indeed a good
proportion of those with normal pursuit and those with only unidirectional deficit were

also on similar drugs.

Pursuit asymmetry group

Patients with pursuit asymmetry almost always had more severe pursuit deficits in the
ipsilesional direction. The deficit might be restricted to the ipsilesional direction, it
might also involve the contralesional direction although with less severity, or on rare
occasions, the deficit was worse contradirectional to the lesion.

Unidirectional deficit: The characteristics of the 12 patients in this group are shown in
table 3.2. The lesions were subcortical in 7 of the patients. All the subcortical lesions
involved the triangular region formed by the 2 limbs of the internal capsule and the
striatum (fig. 3.8). In 4 of the patients (patients 24, 26, 29, 30) the lesions
predominantly involved the dorsomedial frontal cortex (areas 6, 4, 32, and 24 ) (fig.
3.9) with its underlying white matter. The lesion extended from the subcortical white
matter of the left dorsolateral frontal cortex to the internal capsule/striatum region in
1 case. Figure 3.10 shows the progressive increase in pursuit asymmetry with

increasing target frequency in this group of patients.
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Asymmetric bidirectional deficit: This group (table 3.4) of 18 patients formed a
heterogeneous spectrum, patients with mainly unidirectional deficit and mild
contradirectional low gain being at one extreme. At the other extreme were patients
who showed significant ipsidirectional deficit at the lower target amplitudes and
frequencies, but as the amplitude and frequency of target motion increased,
bidirectional impairment became so pronounced as to mask any asymmetries hitherto
present (fig. 3.11). In 3 of the subjects shown in figure 3.11, the pursuit asymmetry
was progressive as the target frequency increased, whereas in the other 3 an
overwhelming bidirectional impairment masked the asymmetric effect with increasing
frequency. In this group of patients with asymmetric bidirectional deficits, the lesions
involved the DLFC, PPC and thalamus but penetrated deep into the underlying white
matter more than the lesions in patients with symmetric bidirectional deficits. Thus
lesions that penetrated from the PPC into the internal capsule/striatum region (patients
58, 61, 65, 67) caused asymmetric bidirectional deficit; lesions that extended from the
DLFC to the internal capsule/striatum region caused asymmetric bidirectional deficit
(patients 54 and 63); and similarly, extensive thalamic lesions that lateralized to
involve an adjacent internal capsule/striatum produced the same effect (patient 69). In
3 patients with lesions of the occipito-temporal V5 areas, the pursuit deficit was
bidirectional but significantly more severe in the ipsilesional direction. Pursuit deficits
restricted to the ipsilesional direction occurred in occipito-temporal areas only in

patients whose lesions did not extend to the cortex.

The anomalous asymmetry group: This was an odd group of 3 patients (table 3.5)
whose pursuit gain was better in the ipsilesional direction than towards the normal
side. Patients 70 and 71 had abnormally high gain greater than unity on the ipsilesional
side and normal gain on the unaffected side (fig. 3.4). Patient 72 had a bidirectionally
reduced gain which was worse on the unaffected side. All three patients had focal

seizures.
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Low phase errors: Eight patients were identified with low gain and low phase errors
(LGLP group, i.e. phase error not different from normal). No singular area of lesion
overlap could be demonstrated in these patients. The lesions were in the PPC in 3 of
these patients, in the DLFC in 2, frontal subcortical white matter in 2, and the
temporo-occipital cortex in 1.

Right versus left sided lesions

When lesions involved the posterior parietal cortex or the dorsolateral frontal cortex ,
the pursuit deficits were more severe with right sided than with left sided lesions.
Figures 3.15a & b compare the pursuit gains of 14 right handed patients with
anatomically and pathologically similar left and right sided lesions. Seven of the
patients had their lesions in the left cerebral hemisphere (patients 1, 54, 25, 60, 65, 33,
58) and the other 7 had their lesions on the right (patients 41, 40, 63, 43, 64, 46, 67).
Three of the 7 patients in each of the 2 groups had frontal lesions, 2 had posterior
parietal lesions and 2 had extensive fronto-parietal lesions. A finding of particular
interest was that the patients with right sided lesions had significantly lower eye
displacement gains (p < 0.005, paired t-test), as well as lower eye velocity gains (p <
0.001, paired t-test). Although volumetric analysis of the sizes of the lesions could not
be made in these cases, the differences in pursuit gain between the 2 sides were usually

very marked for lesions which radiologically appeared to be of the same dimensions.
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Discussion

Normal pursuit gain

The results show that the smooth pursuit system is very sensitive to cerebral damage.
In the 72 patients with cerebral lesions, only 20 patients had pursuit gains within the
normal range. There were only a few areas where lesions seemed not to affect the gain
of pursuit. Patients with unilateral lesions in the rostral prefrontal areas, the rostral
temporal regions, and the occipital poles with or without hemianopia, had normal
pursuit gains, phases and symmetry. Similar results have been reported by Heidi et al (
1996) who found that eight patients with selective prefrontal lesions had normal
pursuit gain. These findings suggested that these areas were not involved in the
regulation of smooth pursuit gain and phase, nor do they affect the subjects attentional
mechanisms. Previous workers (Troost and Abel, 1982) have noted that the smooth
pursuit system is quite sensitive and is "broken-up" in many patients with cerebral,
cerebellar, and brainstem disease. Omnidirectional saccadic pursuit is also a
manifestation of many sedative, anticonvulsant, or psychoactive drugs (Sharpe and
Morrow, 1991). In a series of 23 patients with focal cerebral lesions investigated by
Morrow and Sharpe ( 1990), only one patient had normal pursuit gain at all target
accelerations. They found that bidirectional pursuit deficits were common even after
eliminating the effect of drugs. The restricted number of cerebral areas where lesions
do not affect smooth pursuit explains the easy susceptibility of this system.

Symmetric bidirectional deficit and directed attention

Symmetric bidirectional pursuit deficit was seen in patients whose lesions involved the
PPC, the FEF, the mid thalamic region and the parahippocampal - cingulate cortex.
The PPC and the FEF constitute the polymodal sensory association areas (Mesulam et
al. 1977, Mesulam, 1981) which, with the reticular formation, and cingulate cortex
form the integrated network for the modulation of directed attention within
extrapersonal space (Mesulam, 1981; Heilman et al. 1985). This cortico-limbic-
reticular formation loop has been postulated to function as an attention-intention-

motivation-arousal integrated network which potentiates stimulus processing (Heilman
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et al. 1985). If an animal attends to a visual stimulus, then any response to that
stimulus is enhanced whether it be a saccade, reaching, or using the stimulus as a cue
for behaviour not requiring target movement (Robinson et al. 1978). Increasing the
amount of attention directed towards a stimulus can enhance the responsiveness and
selectivity of the neurons that process it (Spitzer et al. 1988), and directing attention
covertly to a visual location improves the speed and reduces the threshold for
processing events that occur there (Posner et al. 1984). Robinson et al ( 1978)
postulated that the PPC neurons serve to facilitate afferent signals and that these PPC
neurons provide a sensory mechanism in which the behavioural afferents act as a gain
control on the sensory message. Studies with positron emission tomography have
shown that attention to special attributes like colour, shape, and velocity enhanced the
activity of the region of extrastriate visual cortex that appears specialized for
processing information related to the selected attribute (Corbetta et al. 1990). The
intimate coupling in the four regions involved in the cortico-limbic-reticular loop
makes it such that lesions in any part of the system may disrupt the process of directed
attention (Mesulam, 1981), and lesions at more than one site in this network may
cause a more profound deficit than any one lesion.

Spatially selective visual attention functions in the interface between the
afferent pathway which processes target location and motion, and an efferent pathway
which transmits the commands for initiating eye movements to the brainstem (Tusa et
al. 1986; Tusa and Ungerleider, 1988). This spatially selective visual attention
potentiates the relevant visual feedback information from a target source and enhances
the gain of the system. Various experiments (Collewijn et al. 1982; Bamnes and Hill,
1984) have shown that the gain of the smooth pursuit system does not depend only on
the external stimulus parameters but also on the level of general and visual attention,
the state of spatially selective attention, and voluntary or cognitive decisions. Indeed,
the measurable momentary output of the pursuit system has been postulated to
constitute an indicator for the current state of attention (Collewijn et al. 1982). The

wide area of distribution of this network for directed attention makes the system easily
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susceptible to diverse insults such as degenerative disorders and drugs. Bidirectional
pursuit velocity deficit, either symmetric or asymmetric was the commonest smooth
pursuit disorder associated with focal cerebral lesions, occurring in 37 (51.4%) of the
subjects studied.

Although the lesions in the 19 patients with bidirectional deficits were
intimately linked with the cerebral network for spatially directed attention, only 3 of
these patients showed hemineglect. So the deficits in the majority of this group cannot
be attributed to hemineglect. Examination of the eye displacement traces in these
patients with bidirectional deficits did not show the type of pursuit in one hemispace
which has been attributed to visual hemineglect (Meienberg et al. 1986;
Bogousslavsky and Regli, 1986). Retinotopic deficits in motion perception could also
not account for this bidirectional deficit since retinotopic deficits do not usually affect
the gain of predictable sinusoidal target motion (Morrow and Sharpe, 1990). Review
of experimental evidence (Posner and Dehaene, 1994) explains how a unilateral lesion
in the attentional network can produce an omnidirectional deficit in selective attention:
although the attentional functions of the two hemispheres are asymmetric, in the
normal subject, the left and right parietal areas are integrated into a single mechanism
through the corpus callosum, so that covert attention has a single focus.

Localizing value of smooth pursuit asymmetry

The results showed that pursuit asymmetry was a common feature of cerebral lesions,
33 (45.8%) of the patients showing this deficit in 1 of 3 forms. In patients with
asymmetric pursuit, pursuit deficit could be restricted to the ipsilesional direction, or it
could be bidirectional with more severe impairment in the ipsilesional direction, and
on rare occasions (3 patients) it could even be more severe in the contralesional
direction.

The broad band of lesion overlap areas associated with pursuit asymmetry
markedly reduced the localizing value of this deficit. Pursuit asymmetry occurred in a
long band of lesion overlap areas that run from the V5 occipito-temporal areas

posteriorly, through the internal sagittal stratum, the posterior limb and anterior limbs
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of the internal capsule with adjacent striatum, to the dorsomedial frontal cortex

anteriorly.
Other investigators have shown the V5 area to be the human homologue of the

monkey’s areas MT and MST (Watson et al. 1993; Morrow and Sharpe, 1993). In
humans, lesions of the occipito-temporal cortex are known to cause ipsidirectional
impairment of velocity discrimination (Greenlee et al. 1995; Barton et al. 1995).
Lesions in the monkey's foveal MT and MST have been shown to produce a pursuit
deficit which could be strictly unidirectional; or retinotopic when targets stepped into
hemifields with damaged motion processing (Dursteler and Wurtz, 1988). In 3 of the
patients with lesions involving the cortex in this area, the deficit was bidirectional,
although more severe in the ipsilesional direction. The evidence from this study
suggests that deficits from lesions in this area were strictly ipsilesional only in cases
where the lesions were entirely subcortical. Damage to the internal sagittal stratum,
posterior limb of the internal capsule, and the region of the posterior thalamus has
been documented to be associated with ipsidirectional pursuit deficits (Morrow and
Sharpe, 1990; Tusa and Ungerleider, 1988; Brigell et al. 1984), presumably by
interrupting the posterior efferent pursuit pathway from the V5 areas to the DLPN.
The dorsomedial frontal cortex (DMFC) was associated predominantly with
unidirectional deficit in 5 patients (patients 24, 26, 29, 30, 55). Four of them (patients
24, 26, 29, 30) had a purely unidirectional deficit. Remarkably, these patients had a
relatively well preserved ipsidirectional pursuit gain until target frequency increased to
0.8 Hz, beyond which the ipsidirectional gain deteriorated rapidly. The DMFC
contains the supplementary motor area (SMA), which includes the supplementary eye
field (SEF) (Schlag and Schlag-Rey, 1985; Schlag and Schlag-Rey, 1987). The results
suggest that DMFC damage leads to an ipsidirectional pursuit deficit. There is growing
evidence that the timing mechanism for predictive smooth pursuit resides in the
DMEFC. Single neuron recordings in the DMFC (Heinen, 1994) have shown cells
whose timing and response waveforms raised the possibility that they are used for
predictive eye movements. In the study presented here, the DMFC, the triangular area
bounded by the posterior and anterior limbs of the internal capsule and the striatum
were associated with the most profound velocity asymmetries. Morrow and Sharpe (

1995) have documented a patient whose pursuit asymmetry probably resulted from
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damage to the DMFC; the most profound asymmetry in their study was also in a
patient (patient 1) with a deep caudal frontal lesion that involved the corona radiata
but not the cortex. Asymmetries from these subcortical areas may have resulted from
associated damage to the anterior and/or posterior limbs of the internal capsule.
Frontopontine fibres are known to descend through the anterior limb of the internal

capsule (Astruc, 1971; Fries et al. 1993).

Asymmetric pursuit in the patients with DMFC lesions contrasted with
symmetric pursuit in the patients whose lesions were limited to the area of the frontal
eye fields. The FEF occupies an area in the dorsolateral frontal cortex that includes the
confluent portions of Brodmann's areas 8, 6, 4, and 9 (Leigh and Zee, 1991). The
patients with lesions in this area rather showed a bidirectional pursuit deficit with no
significant asymmetries. In some of the FEF patients where the deficit seemed more
severe ipsidirectionally at the lower frequencies (0.2, 0.4 Hz), it soon became marked
bidirectionally with increasing target frequency so that such patients generally did not
exhibit a significant asymmetry at high frequencies. These results are in keeping with
the findings of Keating ( 1991) who noted that unilateral FEF lesions in monkeys
caused a bidirectional impairment of pursuit, and he found no significant directional
difference in the degree of impairment. There have been reports of unidirectional
deficits from lesions of the FEF (MacAvoy et al. 1991; Morrow and Sharpe, 1990,
Rivaud et al. 1994; Morrow and Sharpe, 1995). The predominant bidirectional effect
of FEF lesions described here could be explained by the finding that each FEF contains
neurons for pursuit in all directions with no strong bias toward ipsilateral,
contralateral, up or down (Gottlieb et al. 1994). That each cerebral hemisphere
contributes to contradirectional pursuit is further supported by the following evidence:
(a) hemidecortication does not completely abolish ipsidirectional pursuit (Sharpe et al.
1979; Troost et al. 1972); (b) the MST area in each hemisphere contains neurones
which code pursuit in both the ipsi and contralateral directions (Komatsu and Wurtz,
1988); (c) none of the patients in this study exhibited complete loss of ipsidirectional

pursuit even with extensive lesions.
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However, the observation in this study that subcortical lesions frequently
produce strictly ipsidirectional deficits suggests that the bidirectional pursuit
impairment often seen after a discrete unilateral cerebral cortical lesion is not simply
because each cerebral hemisphere contributes motor efferents for pursuit
bidirectionally. An alternative and more likely explanation is that the FEF, PPC and
thalamus also contain neural substrates for directed attention. Concurrent damage to
these neural substrates produces an overwhelming omnidirectional impairment.
Anomalous asymmetries
Three of the patients had asymmetric pursuit with the higher gain being on the same
side as the lesion. In two of these patients the gain was higher than normal on the
affected side but within normal range on the unaffected side. These two patients had
meningiomas with focal seizures. The third patient with wrong way asymmetry also
had intractable focal seizures. His pursuit gain was reduced bidirectionally though
significantly more in the direction contralateral to his lesion. Lawden et al ( 1995)
noted a larger proportion of patients (6 of 26) with focal cerebral lesions showing
more severe contradirectional deficits. The number of patients with more severe
contradirectional deficits would indeed have increased in these patients if the cut off
point for significant asymmetry was lowered. This can be observed in figure 3.4a
which is the mean plot for 19 patients with symmetric bidirectional deficit. The figure
shows that mean pursuit gain in these 19 subjects was marginally better in the
ipsilesional direction. In these patients with bidirectional pursuit deficits, the direction
with more severe pursuit deficit was not always consistent but varied from one
stimulus condition to another. As a rule, consistent unidirectional pursuit deficits are
ipsilesional, but it is worth noting that exceptions to the rule do occur. Further
investigation will be required to elucidate the cause of this anomalous behaviour.

High frequency effect
These results serve to emphasize the importance of testing pursuit over a range of
stimulus frequencies before pursuit is declared normal. Ipsidirectional pursuit deficits

were not often present at target frequencies of 0.2 and 0.4 Hz, but as the target
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frequency increased to 0.8 Hz and above, pursuit asymmetry became manifest. This
phenomenon is similar to previous observations that smooth pursuit gain declines with
increasing target acceleration, and gain falls proportionately more in patients with
cerebral hemispheric damage (Sharpe and Morrow, 1991). In some of these cases, this
decline was relatively more profound on the ipsilesional side accentuating the degree
of asymmetry with increasing target frequency. A notable feature in patients with
predominantly unidirectional deficit is that they could sustain coherent pursuit
movements at all frequencies tested despite the progressive ipsilesional deficit.

Experiments in normal subjects (Dallos and Jones, 1963) have shown that the
eyes can pursue smoothly up to a target frequency of 1 Hz after which the response
breaks into a mixed saccade and pursuit mode. Above target frequencies of about 2
Hz, the eyes can no longer track in any fashion, they stop moving entirely and monitor
target motion parafoveally (Leist et al. 1987). In view of the fact that the vestibulo-
ocular system is capable of driving the eyes at frequencies in excess of 4 Hz (Atkin and
Bender, 1968), the frequency limitation of the smooth pursuit system has been said not
to be due to mechanical constraints but to the temporal demands for central processing
of detailed visual information (Leist et al. 1987; Kunesch et al. 1989). |

In the patients with lesions affecting the cerebral network for directed
attention, pursuit was broken at a much lower frequency, in some cases as low as 0.2
Hz, and at 0.8 Hz the pursuit movements had become poorly sustained and noisy. The
eyes may stop moving entirely at frequencies beyond this. This type of behaviour
where patients stopped tracking entirely has been noted and called the “do nothing
level” in parkinsonian patients during eye hand tracking at frequencies of 1 Hz and
above (Flowers, 1978a). In patients with large time delays before the initiation of
pursuit, it is easy to understand how the eyes would stop pursuit when the phase lag is
approaching 180 degrees because pursuit would not be initiated before the target
changes direction. But some of the patients who stopped pursuit entirely at frequencies
as low as 0.8 Hz maintained normal pursuit velocity phases at the preceding

frequencies despite the low gains. This would suggest that time delays in the pursuit
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pathways may not account for all the cases who stopped pursuit at high frequencies.
An alternative explanation in these patients would be that they cannot sustain the effort
required for pursuit at high frequencies. Human smooth pursuit eye movement is
largely volitional and requires an effort of the will and selectively directed attention to
sustain it (Van den Berg and Collweijn, 1987; Yasui and Young, 1975; Barnes, 1994;
Barnes et al. 1995). This volitional component of pursuit has been variously referred
to as “pursuit effort” (Van den Berg and Collweijn, 1987), or “Helmholtz’s effort of
the will” (Yasui and Young, 1975). One of the common symptoms of focal cerebral
lesions in clinical practice is loss of capacity to sustain continuous mental activity or
deficiency in mental power. This in itself might account for the inability to sustain the
pursuit effort required to selectively shift attention and drive pursuit at high
frequencies.

Localization of large phase errors, and phase-gain dissociation

Cerebral cortical lesions and diseases are usually associated with normal pursuit
phases despite the low pursuit gains (Morrow and Sharpe, 1990; Morrow and Sharpe,
1995; Fletcher and Sharpe, 1988). This is demonstrated in figure 3.3. On the other
hand patients with cerebellar lesions have been well documented to have large phase
errors during pursuit (Waterston et al. 1992). The results in this study show that a
subset of patients with cerebral lesions can have large phase errors, and that gain and
phase can be impaired independently. The critical lesion overlap area for large phase
errors was the striatum. Focal lesions restricted to the PPC and DLFC were associated
with normal phases despite the low velocity gains. These results suggest that the basal
ganglia might be involved in the regulation of phases of predictable movements. In
support of this, Jaeger et al ( 1993) have demonstrated phasic neuronal discharges in
the putamen closely linked to the timing of movement initiation. The net effect of
putaminal discharge may be excitation of phasic discharge of medial pallidal neurons
(Marsden and Obeso, 1994). Brotchie et al ( 1991) have observed a population of
pallidal neurons that demonstrated a double discharge during the two phases of a

sequential movement, and this internal cue seemed appropriately timed to terminate
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sustained neuronal activity in the SMA and to allow the next movement in the
sequence to be executed. The normal phase errors seen in patients with focal cerebral
cortical lesions, and the large phase errors seen in patients with basal ganglia, or
cerebellar lesions, are in keeping with experimental evidence that timing of rapid
responses to visual stimuli does not depend on the activity of the cortico-cortical
pathway, but on cerebro-cerebellar communication loops (Stein and Glickstein, 1992).
It has been suggested that cortico-basal ganglia loops and cerebro-cerebellar
communication loops complement each other to determine an integrated activity able
to time and trigger an appropriate motor response (Goldberg, 1985; Trouche and
Beaubaton, 1980).

It is not surprising that the gain and phases of smooth pursuit eye movements
can be impaired independently. Several experiments with limb movements have
consistently demonstrated that the latencies of limb movements can be completely
dissociated from the movement time (Lecas et al. 1986; Beaubaton et al. 1980, Benita
et al. 1979; Evarts et al. 1981). Timing of movement initiations and terminations can
also be completely dissociated from their velocities and accelerations (Conrad and
Brooks, 1974).

Dominance of the right cerebral hemisphere in tracking tasks.

Right sided lesions in the cortico-limbic-reticular. formation loop for directed attention
produced a significantly more profound deficit in smooth pursuit eye movements than
equivalent lesions in the left cerebral hemisphere. This difference was demonstrated in
both lower eye displacement gains, and lower eye velocity gains. The significantly
lower eye displacement gain in right sided lesions implied that right sided lesions were
even more devastating to the saccadic system, greatly impairing the amplitude of
catch-up saccades. These patients also had more difficulty sustaining coherent pursuit
eye movements at target frequencies above 0.8 Hz. ‘Subcortical lesions that did not
affect the attention network produced similar degrees of deficit in left and right sided
lesions. The dominance of the right cerebral hemisphere in oculomotor control

mechanisms has been suggested by previous workers (Sava et al. 1988; De Renzi et al.
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1982; Bogousslavsky and Regli, 1986). Hemispheric asymmetries in programming the
timing and spatial components of saccades have also been noted by Ventre et al (
1992).

The results in this study suggest that this dominance of the right hemisphere in
oculomotor performance is closely related to its dominance in spatially selective visual
attention. Many reports (Mesulam, 1981; Heilman et al. 1985) have shown the right
cerebral hemisphere to be more effective in tasks that require spatially directed
attention. Positron emission tomograghic study (Pardo et al. 1991) of attention in
humans has shown localized increases in blood flow in the prefrontal and superior
parietal cortex, primarily in the right hemisphere regardless of the modality or
laterality of the sensory input. It has been postulated that whereas the attentional
function of the left hemisphere is confined to the contralateral hemispace, that of the
right hemisphere encompasses the two hemispaces (Mesulam, 1981; Heilman and Van
den Abell, 1980), and that the right hemisphere prepares both sides for action
(Heilman and Van den Abell, 1980).
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Chapter 4

Anticipatory eye movements and predictive
pursuit in patients who showed large phase

errors during sinusoidal pursuit.
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Introduction

Eye velocity phase is a measure of temporal synchrony between target velocity and
smooth eye velocity. During sinusoidal pursuit, reduction of phase lag below the
known latency of pursuit initiation indicates the operation of a predictor mechanism
that anticipates target trajectory (Barnes et al. 1987; Morrow and Sharpe, 1990; Bahill
and McDonald, 1983). Conversely, increased phase lag during sinusoidal pursuit has
often been used as a measure of predictive ability (Morrow and Sharpe, 1990;
Bronstein and Kennard, 1985; Waterston et al. 1996).

Anticipatory eye movements are predictive responses that can be observed to
occur prior to ramp and step target motions (Kowler and Steinman, 1979a; Barnes et
al. 1987; Barnes and Asselman, 1991; Boman and Hotson, 1988). Prediction continues
throughout the duration of pursuit, manifesting during abrupt changes in target
direction and terminations of movement (Keating, 1991; Boman and Hotson, 1992).
Prediction is always attempted even in the pursuit of non-predictable target motions
(Kowler and Steinman, 1979a). When tracking non-predictable targets, pursuit
movements may be misdirected by this inappropriate drive to predict (Becker and
Fuchs, 1985). Predictive strategies for movement have become a major area of interest
for investigators in movement control. Part of this growing interest has arisen because
patients with diseases of the basal ganglia seem unable to use preprogrammed
strategies in the initiation of movement (Marsden, 1982; Flowers, 1978b; Flowers,
1978a). It has been speculated that large time delays and increased phase lags in the
pursuit response may result from the lack of prediction in motor behaviour (Flowers,
1978b).

Anticipatory eye movements are ideal for studying prediction,
preprogramming, and generation of internal representations of the external world
because unlike other forms of voluntary movement, substantial smooth pursuit eye
movements cannot be generated without prior target motion (von Noorden and
Mackensen, 1962). When smooth eye movements are generated voluntarily, the

velocities achieved are not usually more than 5 deg/s (Heywood and Churcher, 1971;
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Barnes et al. 1987; Kao and Morrow, 1994). The direction and velocity of anticipatory
eye movements depend on prior target motions (Kowler et al. 1984a; Becker and
Fuchs, 1985; Barnes and Asselman, 1991). Prior target motion is used to build an
internal representation of target motion from which predictive eye movements are
generated (Barnes and Asselman, 1991). Therefore the ability of a subject to
consistently initiate appropriately directed anticipatory eye movements commensurate
with recent target velocity suggests that the subject is using an internal representation

of prior target motion.

In chapter 3, the result of sinusoidal pursuit in 72 patients with focal cerebral
lesions was presented. One group among these patients was identified to have low
velocity gain with high phase errors (LGHP) and another group was identified to have
low gain with low phase errors (LGLP). The group of patients with high or large
phase errors will be further examined in this chapter with the aim of assessing if their
large phase lag could be due to loss of predictive ability. In the next chapter, the
patients with significant velocity asymmetry will be further examined to assess if their

ipsilesional velocity deficit is due to ipsilesional loss of prediction.

Methods

Subjects

The subjects in experiment I (predictive and non-predictive ramp pursuit) were 53 of
the 72 patients studied in the sinusoidal experiments of chapter 3 who also participated
in this ramp pursuit experiment. The 53 patients were composed of 11 patients who
had symmetric bidirectional deficit in the sinusoidal experiment, 11 who had
asymmetric bidirectional deficit, 13 who had only unidirectional deficit, and 18 patients
who had no deficits in sinusoidal pursuit. Of the 53 patients, 9 patients were from the
subset classified as “low gain high phase (LGHP)”, and 8 from the subset classified as
“low gain low phase (LGLP)” (Figs 3.13a and 3.13b). The LGHP group consisted of

patients with low eye velocity gain (< 0.54, meaned over all target frequencies) and
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mean eye velocity phase error greater than 23 degrees (phase errors more than 2 SD
above normal) in the sinusoidal pursuit task. The LGLP group consisted of patients
with low eye velocity gain (< 0.54), and normal eye velocity phase errors. All the
patients in this group had mean phase errors less than 19 degrees (not more than 1 SD
above normal) in the sinusoidal pursuit task. The control subjects were the same as in
the sinusoidal experiment.

Experiment II (multiple frequency predictive ramp pursuit) was introduced
later in the course of the study to examine patients’ ability to initiate anticipatory
responses at progressively higher target frequencies and differing timing constraints.
The results in experiment I suggested that there might be a correlation between the
ability to time the initiation of anticipatory pursuit and the phase errors of sinusoidal
pursuit. In this experiment, the phase error of each patient at every target frequency
during sinusoidal pursuit was correlated with the patient’s own reaction times in ramp
pursuit done at the same frequency. Seventeen of the 72 patients in the sinusoidal
pursuit experiment participated in this experiment. The 17 patients in this second
experiment (experiment II) did not correspond individually with the patients in
experiment I, nor was the eye velocity gain low in all the patients.

Apparatus and Stimulus

The experiments were carried out using the apparatus and stimuli described under the
General Methods in Chapter 2. Data were sampled at 62.5 Hz.

Experimental procedure

Experiment I (predictive/non-predictive ramps)

Subjects sat in darkness and pursued sequences of predictive and non-predictive
ramps. The waveform of each stimulus record was composed of 4 consecutive
sequences of 8 or 9 constant velocity ramps moving to the left or right, with respective
sequences having differing ramp velocities of 10, 20, 30, or 40 deg/s selected on a
randomised basis. At the transition between sequences, the pulse was unexpectedly
blanked for two velocity ramps. In the predictive paradigm the target motion was

alternately to the left and right; that is, the basic target waveform was a regular
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triangular wave with a period of 3.4 s, the target alternating direction at inter-pulse
intervals of 1.7 s (fig. 2.3a). The target was not illuminated continuously, but was
exposed for a pulse duration of 640 ms in each velocity sweep, giving a target
extinction interval of 1060 ms between velocity sweeps. Target presentation was timed
so that the mid-point of the presentation period occurred as the target passed through
the central position. In the non-predictive paradigm, the direction, as well as the inter-
pulse intervals were randomised although averaged inter-pulse interval remained at 1.7
s (fig. 2.3b).

Experiment II (multiple frequency predictive ramps)

In this experiment, a purely predictive paradigm was used to test the subject’s ability
to initiate anticipatory eye movements at progressively higher target frequencies, and
differing timing constraints. A record was composed of 5 consecutive sequences of 5
to 12 cycles, with each sequence having differing target frequencies of 0.25, 0.5, 0.8,
1.2, and 1.6 Hz. The target waveform was a regular triangular wave. In all records, the
target was exposed for a pulse duration of 240 ms once every half cycle, but the
period, inter-pulse interval, and target extinction interval varied according to the
frequency. The target extinction interval was 80 ms for the target frequency of 1.6 Hz,
180 ms for 1.2 Hz, 380 ms for 0.8 Hz, 760 ms for 0.5 Hz, and 1760 ms for 0.25 Hz.
At the onset of each presentation, the target was illuminated as it passed through the
central position halfway through each presentation period, with ramp velocities of 20

or 40 deg/s.

Analysis

All records were stored and analysed off-line as described in the General Methods in
Chapter 2. The smooth eye velocity trajectories were obtained after removal of the
saccadic components. In all measures indicated in the figures, rightward movements in
the controls or contralesional movements in the patients are positive;, leftward
movements in controls or ipsilesional movements in the patients are negative. Error

bars represent standard errors of the mean.
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In experiment I, the peak eye velocity in each direction was measured in each
record for the 4 target velocities studied. Eye velocities in each direction were also
sampled at target onset, at 100, 200, and 300 ms after target onset. These 5 measures
of eye velocity represented a simplified eye velocity trajectory referred to in the text as
“serial eye velocity profile”. Eye velocities measured at target onset were referred to
as anticipatory eye velocity. In both experiments I and II, measurements were taken in
each direction for the timing of the initiation of anticipatory pursuit (predictive
paradigm), and occurrence of peak eye velocity, all with reference to target onset. The
timing of initiation of visually guided pursuit (non-predictive paradigm) with reference
to target onset was also measured. The latency was measured automatically by
computer, by finding the time at which eye velocity exceeded a threshold of 10% of
peak target velocity, fitting a linear regression to the eye velocity profile for 112 ms
beyond this point and then extrapolating back to obtain the time at which the eye
velocity passed through zero. For each subject, latency of pursuit initiation or peak
velocity in each record was the average of latencies to the left and to the right for all
the target velocity levels. Differences between the groups were calculated using
analysis of variance (ANOVA) unless indicated otherwise. Correlation and regression

analysis were carried out using Pearson’s product moment correlation coefficient.

Results

Experiment I (predictive/non-predictive ramp pursuit)

(a) Controls

Anticipatory eye movement velocities

Predictive paradigm: In this paradigm all control subjects initiated anticipatory eye
movements in the appropriate direction before target onset (fig. 4.1A). The mean
anticipatory velocities achieved in the predictive task were 3.2 deg/s for 10 deg/s
ramps, 4.8 deg/s for 20 deg/s ramps, 6.5 deg/s for 30 deg/s ramps, and 5.4 deg/s for
40 deg/s ramps. There was a wide variability among the subjects in the magnitude of

the anticipatory velocity. Overall, the mean anticipatory eye velocity at the four target
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velocity levels ranged from 10 to 30% of the peak eye velocity for each record, the
higher percentages being for the lower target velocities.

Non-predictive paradigm: In this task there were slow eye movements in the
extinction interval before target onset, but these slow eye movements were of lower
velocity than in the predictive task and not appropriately directed (fig. 4.1B). When
these inappropriately directed movements were averaged across a number of similar
stimuli, the mean velocity at target onset appeared very small. Thus the mean onset
velocities for this task were 0.27 deg/s for 10 deg/s ramps, 0.05 deg/s for 20 deg/s
ramps, 0.01 deg/s for 30 deg/s ramps, and 0.18 deg/s for 40 deg/s ramps. Individual
responses could have onset velocities as high as 6 deg/s, although these were often of
opposite polarity to the direction of target motion. The residual eye velocity present at
the time of target onset ranged between +/-3% of peak eye velocity, a negative sign
indicating that eye velocity was in the opposite direction to target velocity.

Timing of Pursuit initiation

In the predictive paradigm there was a wide variability among the subjects in the time
for initiating anticipatory eye movements. One subject in particular (see fig. 4.2a)
initiated eye movement very early (774 ms), for the remaining subjects, anticipatory
pursuit was initiated in a time continuum that ranged between 500 and 215 ms before
target onset (fig. 4.2a). The mean timing was 435 ms (SD +/- 136 ms) before target
onset (fig. 4.4a). There was no significant effect of target velocity level on the timing
of initiation.

In the non-predictive paradigm, there was a similarly wide variability among
the subjects in the timing of pursuit initiation. Timing of pursuit initiation ranged from
88 to 180 ms after target onset (fig. 4.2c), with a mean timing of 138 ms (SD +/- 30
ms) (fig. 4.4b). Individual subjects did not show any significant correlation between
their timings in anticipatory and visually guided pursuit initiation. The difference
between the timing of initiation in the predictive and non-predictive paradigms was

highly significant [F(1,36) =329.7, p < 0.001].
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Serial eye velocity profiles

Comparison of serial eye velocity samples at intervals of 100 ms from target onset
showed that in the first 300 ms of pursuit, performance in the predictive paradigm had
a distinct velocity advantage over the non-predictive paradigm (fig. 4.5a). For
rightward pursuit, the velocity differences between the predictive and non-predictive
pursuit paradigms were significant at target onset [F(1,36) = 57, p < 0.001], 100 ms
[F(1,36) = 75.5, p < 0.001], 200 ms [F(1,36) = 41.1, p < 0.001], and 300 ms [F(1,36)
=42, p <0.05]. For leftward pursuit, the differences were also significant, equivalent
values being F(1,36) = 42, p < 0.001 at 0 ms, F(1,36) = 45, p < 0.001 at 100 ms,
F(1,36) =28.8, p <0.001 at 200 ms, and F(1,36) = 6.3, p < 0.02 at 300 ms. The early
velocity advantage conferred by prediction did not persist throughout the duration of
pursuit, the peak velocities not differing significantly in the predictive and non-
predictive paradigms, in both directions of target movement. However, the presence of
a distinct velocity advantage in both directions in the first 300 ms of pursuit in the
predictive paradigm was a good indicant of the ability of subjects to carry out the

process of prediction.

(b) Patients

The two patient groups, LGHP and LGLP described in the methods section were
compared with the control subjects in the indices of predictive activity discussed
above.

Anticipatory eye movement velocities

Predictive paradigm: Both patient groups were able to initiate appropriately directed
anticipatory eye movements before target onset (figs. 4.6a-b and 4.7a-b). The LGHP
group achieved 8 to 24% of peak eye velocity before target onset. The LGLP group
achieved 16 to 30% of peak eye velocity before target onset. These percentage values

were comparable to those in the controls.
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