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C H A P T E R 9

Neural Control of  
Eye Movements

Clifton M. Schor

Introduction

Three fundamental visual sensory-motor tasks
The neural control of eye movements is organized to opti-
mize performance of three general perceptual tasks. One task 
is to resolve the visual field while we move either by transla-
tion or rotation through space (self motion). Our body 
motion causes the image of the visual field to flow across 
the retina and reflexive eye movements reduce or stabilize 
this image motion to improve visual performance. The 
second task is to resolve objects whose position or motion 
is independent of the background field (object motion). Eye 
movements improve visual resolution of individual objects 
by maintaining alignment of the two foveas with both sta-
tionary and moving targets over a broad range of directions 
and distances of gaze. The third task is to explore space and 
shift attention from one target location to another. Rapid 
eye movements place corresponding images on the two 
foveas as we shift gaze between targets lying in different 
directions and distances of gaze.

Three components of eye rotation
All three perceptual tasks require three-dimensional control 
of eye position. These dimensions are controlled by separate 
neural systems. As described Chapter 8, three pairs of 
extraocular muscles provide control of horizontal, vertical, 
and torsional position of each eye. Eye movements are 
described as rotations about three principal axes as illus-
trated in Figure 9.1. Horizontal rotation occurs about the 
vertical Z-axis, vertical rotation about the horizontal X-axis, 
and torsion about the line of sight or Y-axis. As described in 
Chapter 8, the amount of rotation about each of the three 
principal axes that is needed to describe a certain direction 
of gaze and torsional orientation of the eye depends upon 
the order of sequential rotations (e.g. horizontal, followed 
by vertical and then torsional).135 Some oculomotor tasks, 
such as retinal image stabilization, utilize all three degrees 
of freedom whereas other tasks, such as voluntary gaze shifts, 
only require two degrees of freedom, i.e. gaze direction and 
eccentricity from primary position. As described by Donder’s 
law, torsional orientation of the eye is determined by hori-
zontal and vertical components of eye position. Ocular 
torsion is independent of the path taken by the eye to reach 

a given eye position and is constrained by the gaze direction. 
Listing’s law quantifies the amount of ocular torsion at any 
given eye position, relative to the torsion of the eye in 
primary position of gaze.

Binocular constraints on eye position control
Binocular alignment of retinal images with corresponding 
retinal points places additional constraints on the oculomo-
tor system. Because the two eyes view the world from slightly 
different vantage points, the retinal image locations of points 
subtended by near objects differ slightly in the two eyes. This 
disparity can be described with three degrees of freedom 
(horizontal, vertical, and torsional components) that are 
analogous to the angular rotations of the eye shown in 
Figure 9.1. The main task of binocular eye alignment is to 
minimize horizontal, vertical, and cyclodisparities sub-
tended by near targets on the two foveas. This requires a 
conjugate system that rotates the two eyes in the same direc-
tion and amount, and a disconjugate system that rotates the 
visual axes in opposite directions. As described by Hering,48 
a common gaze direction for the two eyes is achieved by a 
combination of conjugate and disconjugate movements that 
are controlled by separate systems. The version system con-
trols conjugate movements and the vergence system controls 
disconjugate movements.

Pure version and vergence movements are described 
respectively by the isovergence and isoversion contours 
shown in Figure 9.2. The isovergence circle describes the 
locus of points that stimulate the same vergence angle in all 
directions of gaze.92 A different isovergence circle exists at 
each viewing distance. The isoversion lines describe the 
locus of points that stimulate the same version angle over a 
range of viewing distances in a common direction of gaze 
relative to the head. Pure vergence movements occur along 
any of the isoversion lines and not just along the central or 
midsagittal plane. Fixation changes along any other contour 
result from a combination of version and vergence move-
ments. Both version and vergence movements are described 
as combinations of horizontal, vertical, and torsional rota-
tions. For example there can be horizontal and vertical 
version and vergence movements. Torsional rotations are 
usually referred to as cyclorotations (e.g. cycloversion or 
cyclovergence). Hering’s law implies that there is equal 
innervation of yoked muscle pairs: “one and the same 
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impulse of will directs both eyes simultaneously as one can 
direct a pair of horses with single reins.” The law should not 
be taken literally, because common gaze commands from 
higher levels are eventually parceled into separate innerva-
tion sources in the brainstem that control individual muscles 
in the two eyes.

Feedback and feedforward control systems
The oculomotor system requires feedback to optimize 
sensory stimuli for vision with a sufficiently high degree of 
precision. Feedback provides information about motor 
response errors based upon their sensory consequences, such 
as unwanted retinal image motion or displacement. This 
visual error information usually arrives too late to affect the 
current movement, because the time delays in the visual 
system are about 50–100 msec. Instead, it is used to adap-
tively adjust motor responses to minimize subsequent errors. 
Oculomotor systems use sensory information to guide eye 
movements in two different ways. Motor responses can be 
guided in a closed-loop mode with an ongoing feedback 
signal that indicates the difference between the desired and 
actual motor response, or they can operate without concur-
rent feedback in an open-loop mode. The closed-loop feed-
back mode is used to reduce internal system errors or external 
perturbations. A physical example of a closed-loop system is 
the thermostatic regulation of room temperature, e.g. if the 
outside temperature drops, the furnace will turn on so that 
the room temperature stays constant. Motor responses can 
also be controlled in an open-loop mode, without a concur-
rent feedback signal. A physical example of an open-loop 
system is a water faucet, e.g. if the pressure drops, the flow 
of water will also drop, because the valve does not compen-
sate for the pressure drop.
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Figure 9.1 The three principal axes of eye rotation. Horizontal rotation 
occurs about the vertical axis (Z), vertical rotation about the transverse axis 
(X), and torsion about the anterior–posterior axis (Y). (From Goldberg ME, 

Eggers HM, Gouras D: The ocular motor system. In: Kandel ER, Schwartz JH, Jessell TM 

(eds): Principles of Neural Science, 3rd ed, Appleton and Lange 1991.)
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Figure 9.2 Geometric representation of the two components of eye 
movements by locations of the intersections of the two visual axes. 
The value in degrees marked along each isovergence circle denotes 
the convergence angle and the value in degrees marked on the 
hyperbola isoversion lines denotes the visual direction when a line is 
not very close to the eyes.
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and executes motor activity. Three pairs of extraocular 
muscles that rotate each eye about its center of rotation are 
at the bottom of this hierarchy. The forces applied by these 
muscle pairs to the eye are controlled at the level above by 
the motor nuclei of cranial nerves III, IV, and VI. Motor 
neurons in these nuclei make up the final common pathway 
for all classes of eye movements. Axon projections from 
these neurons convey information to the extraocular muscles 
for executing both slow and fast eye movements. Above this 
level, premotor nuclei in the brainstem coordinate the com-
bined actions of several muscles to execute horizontal, verti-
cal, and torsional eye rotations. These gaze centers orchestrate 
the direction, amplitude, velocity, and duration of eye move-
ments. Interneurons from the premotor nuclei all converge 
on motor nuclei in the final common pathway. Premotor 
neurons receive instructions from supranuclear regions 
including the superior colliculus, the substantia nigra, the 
cerebellum, frontal cortical regions including the frontal eye 
fields (FEF) and supplementary eye fields (SEF), and extra-
striate regions including the medial temporal visual area 
(MT), the medial superior temporal visual area (MST), the 
lateral intraparietal area (LIP), and the posterior parietal area 
(PP). These higher centers plan the desired direction and 
distance of binocular gaze in 3-D space. Cortical–spatial 
maps of visual stimuli are transformed into temporal codes 
for motor commands between cerebral cortex and ocular 
motoneurons, to which the superior colliculus and cerebel-
lum contribute.63 They determine when and how fast to 
move the eyes to fixate selected targets in a natural complex 
scene or to return them to a remembered gaze location. The 
following sections will discuss the hierarchical control for 
each of three functional classes of eye movements. The next 
section describes the final common pathway that conveys 
innervation for all classes of eye movements.

Final common pathway

Cranial nerves: III, IV, & VI and motor nuclei
Cranial nerves III, IV, and VI represent the final common 
pathway as defined by Sherrington,125 for all classes of eye 
movements. All axon projections from these cranial nuclei 
carry information for voluntary and reflex fast and slow 
categories of eye movements.62 The oculomotor (III), troch-
lear (IV), and abducens (VI) nuclei innervate the six extra-
ocular muscles, iris and ciliary body. The abducens nucleus 
innervates the ipsilateral lateral rectus. Premotor interneu-
rons also project from VI to the contralateral oculomotor 
nucleus for control of the contralateral medial rectus, to 
produce yoked movements on lateral gaze that are consistent 
with Hering’s law. The trochlear nucleus innervates the con-
tralateral superior oblique. The oculomotor nucleus inner-
vates the ipsilateral medial rectus, inferior rectus, and inferior 
oblique, and the contralateral superior rectus. The anterior 
portion of the oculomotor nucleus also contains motor 
neurons that control pupil size and accommodation in a 
specialized region called the Edinger–Westphal nucleus.42 
Afferents from this nucleus synapse in the ciliary ganglion 
prior to innervating their target muscles.139 The regions of 
the oculomotor nucleus that control various eye muscles are 
illustrated in Figure 9.3.

The mode of the response depends on the latency of the 
response, its duration and velocity. In most examples, visual 
feedback in a closed-loop system is used to maintain or regu-
late a fixed position or slow movements of the eyes when 
there is adequate time to process the error signal. Errors in 
eye posture or movement are sensed from displacement of 
the object of regard from the fovea or slippage of the retinal 
image and negative feedback control mechanisms attempt 
to reduce the errors to zero during the response.

Feed-forward control systems do not utilize concurrent 
visual feedback and are described as open-loop. These 
systems can respond to non-visual (extra-retinal) stimuli, or 
they respond to advanced visual information with short 
latencies and brief durations. For example, brief rapid head 
movements stimulate vestibular signals that evoke compen-
satory eye movements to stabilize the retinal image. These 
head movements can produce retinal image velocities of 
300–400 deg/sec, yet the eyes respond with a counter rota-
tion within 14 msec of the movement.65 The oculomotor 
response to head motion must rely on vestibular signals 
since retinal image velocities produced by head rotation 
exceed the upper velocity limit for sensing motion by the 
human eye. Retinal image velocities that exceed this upper 
limit appear as blurred streaks rather than as moving images. 
Visual feedback is not available when the response to head 
rotation begins because the latency is too short to utilize 
concurrent visual feedback. A minimum of 50 msec is 
needed to activate cortical areas that initiate ocular follow-
ing,82 such that any motor response with a shorter latency 
must occur without concurrent visual feedback. Some open-
loop systems, such as brief rapid gaze shifts (saccades), 
respond to visual information sensed prior to the movement 
rather than during the movement. Their response is too brief 
to be guided by negative visual feedback. Accuracy of a feed-
forward system is evaluated after the response is completed. 
Visually sensed post-task errors are used by feedforward 
systems to improve the accuracy of subsequent open-loop 
responses in an adaptive process that calibrates motor 
responses. Calibration minimizes motor errors in systems 
that do not use visual feedback during their response. All 
feed-forward oculomotor systems are calibrated by adapta-
tion and this plasticity persists throughout life.

Hierarchy of oculomotor control 
The following sections present a functional classification of 
eye position and movement control systems used to facili-
tate three general perceptual tasks and a hierarchial descrip-
tion of their neuro-anatomical organization (Box 9.1). A 
hierarchy of neural control exists within each of the func-
tional categories of eye movements that plans, coordinates, 

Box 9.1 Hierarchy of motor control

Subcortical oculomotor disorders are classified by lesion sites in 
the hierarchy of motor control:

• Peripheral (cranial nerves and muscles)
• Nuclear (cranial motor nuclei making up the final common 

pathway)
• Premotor (coordinates combined actions of several muscles)
• Internuclear (connections between nuclear and premotor sites)
• Supranuclear (motor planning stage)
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Motor neuron response
The motor neurons control both the position and velocity 
of the eye. They receive inputs from burst and tonic cells in 
premotor nuclei. The tonic inputs are responsible for holding 
the eyes steady, and the more phasic or burst-like inputs are 
responsible for initiating all eye movements to overcome 
orbital viscosity and for controlling eye movements. All 
motor neurons have the following characteristics as illus-
trated in Figure 9.4.109

1. They have on–off directions (they increase their firing 
rate in the direction of agonist activity).

2. All cells participate in all classes of eye movements 
including steady fixation.

3. Each cell (especially tonic) has an eye position 
threshold at which it begins to fire. Motor neurons 
have thresholds that range from low to high. Cells 
with low thresholds begin firing when the eye is in the 
off field of the muscle that it innervates. Cells with 
higher thresholds can begin to fire after the eye has 
moved past the primary position by as much as 10 
degrees into the on field of the muscle. The graded 
thresholds of motor neurons are responsible for the 
recruitment of active cells as the eyes move into the 
field of action for the muscle.

4. Increasing the frequency of spike potentials for a given 
neuron increases contractile force. Once their threshold 
is exceeded all cells increase their firing rate as the eye 
moves further along in the on direction of the muscle 
until they saturate. Cells increase their firing rate 
linearly as the eye moves into their on field.
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Figure 9.3 Representation of motor neurons for right extraocular muscles 
in the oculomotor nucleus of monkey. Transverse sections at levels as 
indicated in the complex. DN, dorsal nucleus; VN ventral nucleus, CCN 
caudal central nucleus; IC, intermediate column, IV trochlear nucleus.  
Lateral and dorsal views are shown to the right. (Modified from Warwick R, 

Representation of the extra-ocular muscles in the oculomotor nuclei of the monkey:  

J Comp Neurol 1953; 98: 449.)
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Figure 9.4 Discharge rate of oculomotor 
neurons in relation to eye movement. On the left, 
the steady firing rate is shown when the eye is 
stationary; and below, the rate–position curve 
illustrates an increase of firing rate with eye 
position for four neurons. On the right, the firing 
rate is shown during a slow voluntary eye 
movement. The arrows indicate points where the 
eye passes through the same position with 
velocity of opposite signs, and the associated 
firing rate is different. Below, firing rate is plotted 
for a single unit and a particular deviation of the 
eye as a function of eye velocity.109 (From Robinson 

DA, Keller EL: Bibl Ophthalmol 82:7, 1972.)
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on each side of the head in three orthogonal planes that are 
approximately parallel to a mirror image set of planes on the 
contralateral side of the head. These canals are stimulated by 
brief angular rotations of the head and the resulting reflexive 
ocular rotation is referred to as the vestibulo-ocular reflex 
(angular VOR). In addition, two otoliths (the utricle and 
sacculus) transduce linear acceleration caused by head trans-
lation as well as head pitch (tilt about the interaural axis) 
and roll (tilt about the nasal–occipital axis) into translation 
velocity and head orientation signals (linear VOR). Angular 
acceleration signals stimulate the semicircular canals and 
result in eye rotations that are approximately equal and 
opposite to the motion of the head. This stabilization reflex 
has a short 7–15-msec latency because it is mediated by only 
three synapses65 and is accurate for head turns at velocities 
in excess of 300 deg/s.56 Hair cells in the canals can be stimu-
lated by irrigation of one ear with cold water. This produces 
a caloric-vestibular nystagmus that causes the eyes to rotate 
slowly to the side of the irrigated ear.21 These slow-phase 

Functional classification into three 
general categories

I. Stabilization of gaze relative to  
the external world
Movements of the head during locomotion tasks such as 
walking are described by a combination of angular rotations 
and linear translations. The oculomotor system keeps gaze 
fixed in space during these head movements by using extra-
retinal and retinal velocity information about head motion. 
The primary extra-retinal signal comes from accelerometers 
in the vestibular apparatus.

A. Extra-retinal signals
The vestibular system contains two types of organs that 
transduce angular and linear acceleration of the head into 
velocity signals (Fig. 9.5).80,126 Three semicircular canals lie 

Vestibular nerve (VII)

Cochlea nerve (VIII)

Scala tympani

Scala media (cochlea duct)

Round window

Perilymphatic space
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Figure 9.5 Vestibular end-organs in the human temporal bone. Three canals transduce angular head acceleration and two otoliths, the sacculus and utricle, 
transduce linear acceleration and head orientation. Right labyrinth and cochlea are viewed from horizontal aspect. (Drawings by Ernest W. Beck: courtesy Beltone 

Electronics Corp., Chicago, Ill.) The canals are in three orthogonal planes that are approximately parallel to a mirror image set of planes on the contralateral side 
of the head that lie roughly in the pulling direction of the three muscle planes. A, Lateral canals. B,C Anterior and posterior vertical canals. LC, lateral canal; 
AC anterior vertical canal: PC, posterior vertical canal. (Modified from Barber HO, Stickwell CW: Manual of electronystagmography, St Louis, CV Mosby, 1976).
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percent of the static head tilt caused by pitch and roll from 
vertical. Head pitch causes vertical eye rotations and head 
roll causes ocular torsion in the direction opposite to the 
head roll, “the ocular counterrolling reflex”.12,24 Head roll 
can also elicit skew movements. When the otolith mem-
branes are displaced on their maculae by inertial forces 
during rapid linear acceleration, such as during takeoff of an 
aircraft, a false sense of body pitch called the somatogravic 
illusion can occur. This illusion results from perceiving verti-
cal as the non-vertical combination of gravitational and 
acceleration-inertial force vectors. The non-vertical gravitoin-
ertial force causes pilots to perceive the aircraft as pitched 
upward during takeoff, and if the pilot corrects the false 
climb this can cause the aircraft nose to pitch downward 
with dangerous consequences.20

Disorders of the vestibular system can produce imbal-
anced otolith inputs that can result in large amounts of verti-
cal divergence of the eyes (skew deviation) by as much as 7 
degrees, bilateral conjugate ocular torsion by as much as 25 
degrees, and paradoxical head tilt known as the ocular tilt 
response (OTR).146 For example, if the head is tilted to the 
left, there is paradoxical torsion of both eyes in the direction 
of head roll and the left eye is rotated downward with respect 
to the right eye.15 Manifestations of the OTR will be dis-
cussed in the section on nystagmus.

B. Retinal signals
Head motion also produces whole-field retinal image motion 
of the visual field (optic flow).25 These retinal signals stimu-
late reflexive compensatory eye rotations that stabilize the 
retinal image during slow or long-lasting head movements. 
The eyes follow the moving field with a slow phase that is 
interrupted by resetting saccades (fast phase) 1 to 3 times 
per second.18 This jerk nystagmus is referred to as optokinetic 
nystagmus (OKN) and it complements the VOR by respond-
ing to low-velocity sustained head movements such as those 
that occur during walking and posture instability. Like the 
VOR, OKN also responds with horizontal, vertical and cyclo 

movements are interrupted by fast saccadic eye movements 
that reset eye position in the reverse direction (fast phase). 
A sequence of slow and fast phases is referred to as jerk 
nystagmus (Fig. 9.6). Head rotations about horizontal, verti-
cal, and nasal–occipital axes produce VOR responses with 
horizontal, vertical, and torsional counter-rotations of the 
slow phase of the nystagmus.123

To be effective, these reflex eye rotations must stabilize 
the retinal image. If the axis of angular head rotation coin-
cided with the center of eye rotation, perfect compensation 
would occur if angular eye velocity equaled angular head 
velocity. However, the axis of head rotation is the neck and 
not the center of eye rotation such that when the head 
rotates, the eyes both rotate and translate with respect to the 
visual field. This is exacerbated during near viewing condi-
tions. To stabilize the retinal image motion of a nearby target 
caused by angular head movements, the eye must rotate 
more than the head. Indeed, the gain of the VOR increases 
with convergence.127 Mismatches between eye and head 
velocity also occur with prescription spectacles that magnify 
or minify retinal image motion. Because the VOR responds 
directly to vestibular and not visual stimuli, its response is 
classified as open loop. The VOR compensates for visual 
errors by adapting its gain in response to retinal image slip 
to produce a stabilized retinal image.80 Perfect compensation 
would occur if angular eye velocity were equal and opposite 
to angular head velocity while viewing a distant scene. 
However empirical measures show that at high oscillation 
frequencies (2 Hz) compensation by the VOR is far from 
perfect and yet the world appears stable and single during 
rapid head shaking without any perceptual instability or 
oscillopsis.28 Thus, to perceive a stable world, the visual 
system must be aware of both the amount of head rotation 
and the inaccuracy of compensatory eye movements so that 
it can anticipate any residual retinal image motion during 
the head rotation.

Linear acceleration signals and gravity stimulate the oto-
liths and result in ocular rotations that are approximately 10 

5 sec

40°Eye
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L

Figure 9.6 OKN and VOR are composed of a slow phase (beta) that rotates the eye in a direction that stabilizes the retinal image and a fast phase (alpha) 
that resets the eye’s position. The figure illustrates the vestibulo-ocular response to sustained rotation. The slow phase is in the direction opposite to head 
rotation. Horizontal position is plotted against time. The reflex gradually habituates and has disappeared by about 30 seconds. (Redrawn with permission from 

Miller, NR (ed) Walsh and Hoyt’s Clinical Neuro-Ophthalmology 4th Edition. 1982. Page 611, Figure 30.02. Williams & Wilkins, Baltimore.)
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Left Right Figure 9.7 Pathways of the horizontal VOR in the 
brain stem for leftward head rotation. Inhibitory 
connections are shown as filled neurons, 
excitatory connections as unfilled neurons. 
Leftward head rotation stimulates the left 
horizontal canal and inhibits the right horizontal 
canal. This results in an increased discharge rate  
in the right lateral and left medial rectus and 
decreased discharge rate in the left lateral and 
right medial rectus.46 (From Goldberg ME, Eggers HM, 

Gouras D: The ocular motor system. In: Kandel ER, 

Schwartz JH, Jessell TM (eds): Principles of Neural Science, 

3rd ed, Appleton and Lange 1991.)

eye rotations to optic flow about vertical, horizontal, and 
nasal–occipital axes.19

The optokinetic response to large fields has two com-
ponents, including an early and delayed segment (OKNe 
and OKNd). OKNe is a short-latency ocular following 
response (<50 msec) that constitutes the rapid component 
of OKN,82 and OKNd builds up slowly after 7 seconds of 
stimulation.102 OKNe is likely to be mediated by the pursuit 
pathway.81 The delayed component is revealed by the 
continuation of OKNd in darkness (optokinetic after nystag-
mus, OKAN). OKNd results from a velocity memory or 
storage mechanism.23,102 The time constant of the develop-
ment of the OKAN matches the time constant of decay  
of the cupula in the semicircular canals.108 Thus OKAN 
builds up so that vision can compensate for loss of the ves-
tibular inputs during prolonged angular rotation that might 
occur in a circular flight path. OKN can be used clinically  
to evaluate visual acuity objectively by measuring the small-
est texture size and separation in a moving field that elicits 
the reflex.

C. Neuro-control of stabilization reflexes

1. Vestibulo-ocular reflex
The transducer that converts head rotation into a neural code 
for driving the VOR consists of a set of three semicircular 
canals paired on each side of the head.80 The horizontal 

canals are paired and the anterior canal on one side is paired 
with the posterior canal on the contralateral side (Fig. 9.5). 
These are opponent pairs so that when one canal is stimu-
lated by a given head rotation its paired member on the 
contralateral side is inhibited. For example, downward and 
forward head motion to the left causes increased firing of 
the vestibular nerve for the left anterior canal and decreased 
firing of the vestibular nerve projections from the right pos-
terior canal. The three canals lie roughly in the pulling direc-
tions of the three muscle planes.80 Thus the left anterior 
canal and right posterior canal are parallel to the muscle 
planes of the left eye vertical recti and the right eye obliques. 
Pathways for the horizontal VOR are illustrated in Figure 9.7 
for a leftward head rotation.62 Excitatory innervation projects 
from the left medial vestibular nucleus to the right abducens 
nucleus to activate the right lateral rectus, and an interneu-
ron from the right abducens nucleus projects to the left 
oculomotor nucleus to activate the left medial rectus. The 
abducens serves as a premotor nucleus to coordinate conju-
gate horizontal movements to the ipsilateral side in accord-
ance with Hering’s law.

The cerebellar flocculus is essential for adaptation of the 
VOR to optical distortions such as magnification. The floc-
culus receives excitatory inputs from retinal image motion 
(retinal slip) and head velocity information (canal signals) 
and inhibitory inputs from neural correlates of eye  
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projects signals via the inferior olive to the vestibular nuclei 
and possibly to the flocculus via the climbing fibers of the 
cerebellum.39 The NOT provides a visual signal to the ves-
tibular nucleus, and the motor response is the same as for 
velocity signals originating from the semicircular canals.

The cortical region that organizes motion signals is the 
medial superior temporal lobe (MST). This region is impor-
tant for generating motion signals for both pursuit and 
OKN.4 Binocular cortical cells receive projections from both 
eyes and code ipsilateral motion from the contralateral 
visual field at higher velocities than the subcortical system.138 
The cortical cells project to the ipsilateral NOT.

Until the age of 3–4 months, the monocular subcortical 
projections predominate because the cortical projection has 
not yet developed.112 As a result, OKN in infancy is driven 
mainly by the crossed subcortical input. The consequence  
is that monocular stimulation only evokes OKN with  
temporal-to-nasal motion but not with nasal-to-temporal 
motion. After 3–4 months of development, the infant’s corti-
cal projections predominate and horizontal OKN responds 
to both monocular temporal-ward and nasal-ward image 
motion. The cortical projections to the NOT fail to develop 
in infantile esotropia and as adults these patients exhibit the 
same asymmetric OKN pattern as observed in immature 
infants21 This anomalous projection is responsible for a dis-
order known as latent nystagmus in which a jerk nystagmus 
occurs when one eye is occluded with the slow phase directed 
toward the side of the covered eye. During monocular fixa-
tion, the stimulated retina increases the activity of neurons 
in the contralateral NOT via subcortical crossed projections, 
but it is unable to innervate the ipsilateral NOT via the inef-
fective cortical-tectal projection. The result is that both eyes’ 
positions are drawn to the side of the stimulated NOT (i.e. 
the side of the covered eye). The fixation error is corrected 
with a saccade and a repeated sequence is described as latent 
or occlusion nystagmus.30

II. Foveal gaze lock (maintenance of foveal 
alignment with stationary and slowly  
moving targets)

A. Static control of eye alignment (fixation)
The oculomotor system enhances visual resolution by main-
taining alignment of the fovea with attended stationary and 
moving targets.59,140 During fixation of stationary targets, the 
eyes sustain foveal alignment over a wide range of target 
locations in the visual field. Gaze direction is controlled by 
a combination of eye position in the orbit and head posi-
tion.61 Gaze is mainly controlled by eye position for targets 
lying at eccentricities of less than 15 degrees from primary 
position.9 Steady fixation at larger gaze eccentricities is 
accomplished with a combination of head and eye position. 
Holding eye fixation at large eccentricities (>30 degrees) 
without head movements is difficult to sustain and the eye 
drifts intermittently toward primary position in gaze evoked 
nystagmus.1 This drift is exacerbated by alcohol.10 Even 
within the 15-degree range, the fixating eye is not com-
pletely stationary. It exhibits physiological nystagmus that  
is composed of slow horizontal, vertical, and torsional  
drifts (0.1 deg/sec), micro-saccades (<0.25 deg), and a small 
amplitude (<0.01 deg) high frequency tremor (40–80 Hz).17 

movements that provide a negative feedback signal.66 Adap-
tation only occurs if retinal image motion and head turns 
occur together.53 The gain of the VOR will be adapted to 
decrease whenever retinal slip and head turns are in the same 
direction, and to increase whenever they are in opposite 
directions. Following adaptation, an error correction signal 
is projected from the flocculus by Purkinje cells to floccular 
target neurons (FTN) in the vestibular nucleus to make 
appropriate changes in VOR gain.66

2. Optokinetic nystagmus
The visual stimulus for OKN is derived from optic flow of 
the retinal image.4,39,138 The retina contains ganglion cells 
that respond exclusively to motion in certain directions or 
orientations. This information passes along the optic nerve, 
decussates at the chiasm and projects to the cortex via the 
geniculate body (LGN) or to the midbrain via the accessory 
optic tract (Fig. 9.8).49 This tract has several nuclei in the 
pretectal area.43 One pair of these nuclei, the nucleus of the 
optic tract (NOT), is tuned to horizontal target motion to 
the ipsilateral side (i.e. nasal to temporal motion). The 
lateral and medial terminal nuclei (LTN and MTN) are tuned 
for vertical target motion.96 Neurons in these nuclei only 
receive subcortical inputs from the contralateral eye. They 
have large receptive fields and respond to large textured 
stimuli moving in specific directions. Stimulation of the 
right NOT with rightward motion causes following move-
ments of both eyes to the right or ipsilateral side, and simi-
larly stimulation of the left NOT with leftward motion 
causes leftward conjugate following movements. Each NOT 
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Figure 9.8 Simplified schematic illustrating the inputs to the NOT from 
subcortical crossed retinal projections and cortical-tectal projections. Each 
NOT gets direct retinal input from the contralateral nasal retina, which is 
excited by temporal-to-nasal motion. It also receives indirect cortical input 
(CTX) from the temporal retina of the ipsilateral eye, which tends to be 
excited more by nasal-to-temporal motion as well as input via the accessory 
optic system (AOS), and input from the contralateral visual cortex via the 
corpus callosum.49 (Modified from Hoffmann KP, Distler C, Ilg U: J Comp Neurol 

321:150, 1992.)

Kaufmann_Chapter 9_main.indd   227 12/23/2010   6:03:14 PM



SECTION 3 Direction of glaze   Chapter 9 Neural Control of Eye Movements 

228

assumption produces large errors for viewing distances less 
than 20 cm because accommodation is usually measured in 
reference to the corneal apex that is 13 mm anterior to the 
center of eye rotation. The advantage to units in prism diopt-
ers is that they are easily computed from the product of MA 
and IPD. The advantage to units in degrees is that they accu-
rately quantify asymmetric convergence where targets lie at 
different distances from the two eyes.

The Maddox classification68 describes open- and closed-
loop components that make up the horizontal vergence 
response. The classification includes three open-loop com-
ponents that influence heterophoria. These include an 
adaptable intrinsic bias (tonic vergence), a horizontal ver-
gence response to monocular depth cues (proximal ver-
gence), and a horizontal vergence response that is coupled 
with accommodation by a neurological cross-link known  
as accommodative-convergence. Tonic vergence has an 
innate divergence posture (5 degrees) known as the ana-
tomical position of rest.107 Tonic vergence adapts rapidly to 
compensate for vergence errors during the first 6 weeks  
of life. At birth the eyes diverge during sleep, but after 6 
weeks the visual axes are nearly parallel during sleep.105 The 
adapted vergence, measured in an alert state, in the absence 
of binocular stimulation and accommodative effort, is 
referred to as the physiological position of rest. The physi-
ological position of rest equals the sum of tonic vergence 
and the anatomical position of rest. Tonic vergence adapta-
tion ability continues throughout life to compensate for 
trauma, disease, and optical distortions from spectacles and 
aging factors.

Proximal vergence describes the open-loop vergence 
response to distance percepts stimulated by monocular 
depth cues such as size, overlap, linear perspective, texture 
gradients, and motion parallax.79,141 This proximal response 
accounts for a large portion of the convergence response to 
changing distance.54,114 The open-loop convergence response 
is also increased by efforts of accommodation.6,84 The eyes 
maintain approximately 2/3 of a meter angle of convergence 
(4 prism diopters) for every diopter of accommodation.89 A 
target at one meter stimulates one meter angle of conver-
gence (approximately 3.4 degrees) and one diopter of 
accommodation. Thus when the eyes accommodate 1 
diopter the accommodative-convergence response increases 
by approximately 2.3 degrees or 4 prism diopters which is 
only 68 percent of the convergence stimulus. The sum of the 
three open-loop components of convergence typically lags 
behind the convergence stimulus and produces an open-
loop divergence error (exophoria) that is usually less than 2 
degrees under far viewing conditions and 4 degrees at  
near viewing distances.13 Esophoria describes open-loop 
vergence errors caused by excessive convergence that lead  
the stimulus. The distribution of heterophoria in the general 
population is not Gaussian or normally distributed. It is 
narrowly peaked about a mean close to zero,131 indicating 
that binocular errors of eye alignment are minimized by an 
adaptive calibration process. During closed-loop stimula-
tion, vergence error is reduced to less than 0.1 degree by  
the component of the Maddox classification controlled  
by visual feedback, disparity vergence, which is stimulated 
by retinal image disparity. Variation in any of the three open-
loop components of convergence will influence the magni-
tude of heterophoria and the resulting closed-loop fixation 

Some of the drifts and saccades are error producing, while 
others are error correcting when they serve to continually 
minimize motion and adjust the alignment of the target of 
regard with the fovea.58,136 The high frequency tremor reflects 
the noise possibly originating from asynchronous firing of 
individual motoneurons that is filtered by the mechanical 
properties of the eye. Gaze evoked nystagmus can be associ-
ated with impaired smooth pursuit and paramedian pontine 
lesions.2

Stereoscopic depth perception is enhanced by accurate 
binocular fixation.112,113 Precise bifoveal alignment requires 
that the eyes maintain accurate convergence at the distance 
of the attended target. Small constant errors of convergence 
during attempted binocular fixation (<15 arc min) are 
referred to as fixation disparity,89 and these can impair stereo 
performance.7 Fixation disparity is a closed-loop error 
because it occurs in the presence of retinal image feedback 
from binocular disparity. Fixation disparity results from 
incomplete nullification of an open-loop error of conver-
gence known as heterophoria. Heterophoria equals the  
difference between the convergence stimulus and the con-
vergence response measured under open-loop conditions 
(e.g. monocular occlusion). The magnitude of fixation dis-
parity increases monotonically with the disparity stimulus 
to convergence when it is varied with horizontal prisms.89 
The slope of this function is referred to as the forced-duction 
fixation disparity curve.89 Shallow slopes of these curves 
indicate that the heterophoria is reduced by adaptation 
during binocular or closed-loop conditions.112 Vergence 
adaptation is very rapid. For example, when convergence is 
stimulated for only one minute with a convergent disparity 
and then one eye is occluded, the convergence response 
persists in the open-loop state.112 Typically the convergent 
disparity is produced by prisms that deflect the perceived 
direction of both eye’s images inward, or in the nasal-ward 
direction (i.e. the base of the prism before each eye is  
temporal-ward or “base-out”). This adapted change in het-
erophoria is constant in all directions of gaze and is referred 
to as concomitant adaptation. Prism adaptation is in 
response to efforts by closed-loop disparity vergence to 
nullify the open-loop vergence error (heterophoria). Prism 
adaptation improves the accuracy of binocular alignment 
and stereo-depth performance.

Horizontal vergence equals the horizontal component of 
the angle formed by the intersection of the two visual axes 
and it is described with three different units of measurement 
or scales that include the degree, prism diopter (PD), and 
meter angle (MA). Prism diopters equal 100 times the tangent 
of the angle. Meter angles equal the reciprocal of the viewing 
distance (specified in meters) at which the visual axes inter-
sect as measured from the center of eye rotation. A target at 
one meter stimulates one meter angle of convergence 
(approximately 3.4 degrees) and one diopter of accommo-
dation. Prism diopters can be computed from meter angles 
by the product of MA and the interpupillary distance (IPD), 
measured in cm. For example, convergence at a viewing 
distance of 50 cm by two eyes with a 6 cm IPD equals either 
2 MA or 12 PD. The advantage to units in MA is that the 
magnitude of the stimulus to accommodation in diopters is 
approximately equal to the magnitude of the stimulus to 
convergence, assuming that both are measured from a 
common point such as the center of eye rotation. This 
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open-loop response is divided into an early and late com-
ponent. The early component is a feed forward phase that 
lasts for only 20 msec. During this early phase, there is a 
rapid acceleration of the eye (40–100 deg/sec/sec) that is in 
the correct direction but is independent of the stimulus 
velocity and initial retinal image position.67 During the late 
open-loop component that lasts 80 msec, the initiation of 
pursuit depends strongly on target velocity and retinal image 
position.16 Eye acceleration is highest in response to targets 
imaged near the fovea and decreases sharply with increasing 
eccentricity up to 21 degrees. These open-loop components 
are calibrated by adaptation.16

Pursuit is maintained during the closed-loop phase in 
response to negative feedback from retinal image velocity 
(retinal slip) and position, as well as an internal estimate of 
target velocity relative to the head. If the eye lags behind the 
stimulus, the retinal image velocity is not nulled leaving a 
residual retinal image slip and position error away from the 
fovea. The pursuit system accelerates to correct both retinal 
position and velocity errors.103 When pursuit is very accurate 
and there is no retinal error, the eye continues to pursue the 
target without the eye-referenced signals. Pursuit is main-
tained by an internal estimate of target velocity or a head 
referenced motion signal that is computed from a combina-
tion of retinal slip and an internal representation of eye 
velocity.98 This can be demonstrated by attempting to fixate 
an ocular floater or a retinal afterimage that is located near 
the fovea. Attempts to foveate the stabilized retinal image 
lead to smooth following eye movements even though the 
retinal image is always motionless. The eye is tracking an 
internal correlate of its own motion that causes the target to 
appear to move with respect to the head. Cognitive factors 
including attention, prediction, and learning are able to 
influence the execution of smooth pursuit.52

disparity. Fixation disparity acts as a stimulus to maintain 
activity of the disparity vergence so that it continues to 
sustain its nulling response of the underlying heterophoria 
during attempted steady binocular fixation.111 Other dimen-
sions of vergence also adapt to disparity stimuli. Vertical 
vergence adapts to vertical prism before one eye,116 and 
cyclovergence adapts to optically produced cyclodisparity 
stimuli.72,120,133

B. Dynamic control of eye alignment  
(smooth tracking responses to open- and  
closed-loop stimuli)

1. Conjugate smooth pursuit tracking
Smooth following pursuit movements allow the eyes to 
maintain foveal alignment with a moving target that is vol-
untarily selected.98 Pursuit is defined as the conjugate com-
ponent of smooth following eye movement responses to 
target motion. As described below, disconjugate following 
responses to changes in target distance are referred to as 
smooth vergence. Conjugate pursuit differs from the delay 
portion of OKN, which is a reflex response to optic flow of 
the entire visual field. A conflict occurs between the pursuit 
and optokinetic systems when the eyes pursue an object that 
is moving across a stationary background. Pursuit stabilizes 
the moving target on or near the fovea but it causes optic 
flow or retinal slip of the stationary background scene. Con-
flicts can also occur between pursuit and the VOR if gaze is 
controlled with head tracking movements. Stabilizing the 
retinal image of a moving object with head movements 
produces a vestibular signal from the canals. Consequently, 
pursuit of a small moving target against a stationary back-
ground with eye or head movements requires that OKN and 
the VOR be ignored or suppressed. This is accomplished 
most effectively when the background lies at a different dis-
tance than the pursuit target.51

Pursuit responds to target velocities ranging from several 
minutes of arc/sec to over 175 deg/sec.98 The gain or accu-
racy of pursuit is reduced as target velocity increases above 
100 deg/sec.85 The VOR has a much higher velocity range 
than pursuit. This can be demonstrated by comparing  
two views of your index finger. Either keep your finger sta-
tionary while you shake your head rapidly from side to side 
at 2–3 Hz, or shake your finger at the same frequency 
without moving your head. The eye cannot follow the 
moving finger, but it can follow the stationary finger while 
shaking your head even though the head-relative motion is 
identical in these two examples. The pursuit response is 
more accurate when the target motion is predictable such as 
with pendular motion.130 Pursuit errors are reduced by mod-
ifying pursuit velocity and with small catch-up saccades. 
The combination of pursuit and catch-up saccades that 
appear at low stimulus velocities in patients with pursuit 
deficits is referred to as cogwheel pursuit. The ratio of eye 
velocity over target velocity (gain) or accuracy of pursuit is 
normally affected by target visibility (contrast) as well as 
drugs and fatigue.91,103

The pursuit response to sudden changes in target velocity 
has a short latency (80–130 msec),67 and is composed of two 
general phases referred to as open-loop and closed-loop (Fig 
9.9).67 Pursuit is initiated during the open-loop phase 
and it is maintained during the closed-loop phase. The  
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Figure 9.9 Eye velocity during the onset of pursuit to a 15 deg/sec ramp 
target motion, the ramp of motion beginning at different eccentricities  
as indicated at the right portion of each trace. The velocity of the early 
component (indicated by arrows) was the same for all starting positions,  
but the velocity of the late component varied.67 (From Lisberger SG, Westbrook 

LE: J Neurosci 5:1662, 1985.)
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motion sensitivity; they respond to motion of large-field 
patterns and small spots but the direction preferences for  
the two stimulus types are in opposite directions. The  
anti-directional large-field responses could facilitate pursuit 
of small targets moving against a far stationary field,  
and motion parallax stimuli. Efferents from MST and FEF 
project ipsilaterally to the NOT to generate OKN and to the 
dorsal lateral pontine premotor nuclei (DLPN) for pursuit 
tracking.39

The DLPN plays a large role in maintaining steady-state 
smooth pursuit eye velocity, and the nucleus reticularis teg-
menti pontis (NRTP) contributes to both the initiation and 
maintenance of smooth pursuit. Neurons in these areas are 
primarily encoding aspects of eye motion with secondary 
contributions from retinal signals such as those coded in the 
NOT.93 Velocity signals are projected from DLPN to the floc-
cular region and to the vermis lobules VI and VII of the 
cerebellum.39 The DPN serves as a precerebellar relay for 
both pursuit and saccade-related information,32 and these 
two types of eye movements may represent different out-
comes from a shared cascade of sensory-motor functions.60 
The flocculus is thought to maintain pursuit eye movements 
during steady constant tracking while the vermis is impor-
tant when the target velocity changes or when initiating 
pursuit. The role of the cerebellum is to sort out eye and 
head rotations in the tracking process and to sort out the 
ocular pursuit signal from visual and eye–head motor 
inputs.88 From here, activity passes via parts of the vestibular 
nuclei, which perform the necessary neural integration of the 
velocity signal to a position signal that is sent to the eye 
muscle motor neurons.

2. Smooth vergence tracking system
Vergence results from the combined activity of intrinsic tonic 
activity, accommodative vergence, and responses to binocu-
lar disparity and perceived distance.62 The sensory afferent 
signals for vergence (binocular disparity and blur) are coded 
in the primary visual cortex (area V1).97 Some cells in V1 
incorporate vergence to code egocentric (head-referenced) 
distance.134 Cells in area MT and MST respond to retinal 
disparity and changing size.29,69,110 Cells in the parietal cortex 
respond to motion in depth.22 Efferent commands for ver-
gence appear in cells in the frontal eye fields.41 In the mid-
brain the premotor NRTP, located just ventral to the rostral 
portion of the paramedian pontine reticular formation 
(PPRF), receives projections from the frontal eye fields and 
the superior colliculus.40 Lesions in this region result in defi-
cits of slow-continuous and fast-step vergence control.100,101 
The NRTP projects to the cerebellum, and appears to be 
associated with vergence and accommodation.90 The dorsal 
vermis is involved in the conversion of 3D pursuit signals to 
control signals for vergence eye movements.132,87 The poste-
rior interposed nucleus (PIN) of the cerebellum projects to 
supraoculomotor regions that contain near response cells in 
the mesencephalic reticular formation (MRF).74,148 The 
supraoculomotor nucleus contains both burst and tonic 
neurons.77 The burst cells code velocity signals for smooth 
vergence, and the tonic neurons code position signals to 
maintain static vergence angle. Excitatory connections of the 
supraoculomotor nucleus project to the oculomotor nucleus, 
driving the medial recti.55,147,148 Inhibitory connections 
project to the abducens nucleus to inhibit the lateral rectus.77 

2. Disconjugate smooth vergence tracking
Foveal alignment of targets that move slowly in depth is 
maintained by smooth vergence following eye move-
ments.26,54 In addition to improving stereoscopic depth 
perception, smooth vergence provides information about 
changing target distance that affects size and depth percep-
tion.14,37,50 Slow changes in smooth vergence respond to 
body sway and posture instability. While smooth vergence 
responses can be very inaccurate during natural rapid head 
movements, when the head is stationary they are very accu-
rate at temporal frequencies up to 1 Hz.104 At higher frequen-
cies accuracy is reduced but it can improve with small 
disparity stimuli.26 It is likely that accuracy of smooth ver-
gence is task dependent. Smooth vergence accuracy is more 
demanding for spatial localization tasks that lack depth cues 
other than disparity, compared to tasks that have ample 
monocular cues for direction and distance. The accuracy  
of smooth vergence responses to changing disparity im -
proves with predictable target motion.104 Stimuli for smooth 
vergence tracking include magnitude and velocity of retinal 
image disparity104 and perceptual cues to motion in 
depth, including size looming.26,79 Smooth vergence tracking 
is very susceptible to fatigue and central nervous system 
suppressants.104

3. Adaptable interactions between smooth pursuit and 
smooth vergence
In natural scenes, motion of a target in the fronto-parallel 
plane is tracked binocularly with conjugate smooth pursuit. 
However in conditions of anisometropia corrected with 
spectacle lenses, the image motion of the two eyes is magni-
fied unequally and this produces variations of binocular 
disparity that increase with target eccentricity from the 
optical centers of the lenses. Tracking motion of targets in 
the fronto-parallel plane then requires both smooth pursuit 
and smooth vergence eye movements such that one eye 
moves more than the other does. The oculomotor system 
can adapt to the binocular disparity that changes predictably 
with eye position. Adaptation produces open-loop non- 
conjugate variations of heterophoria that compensate for  
the horizontal and vertical disparities produced by the 
unequal magnifiers during smooth vergence tracking 
responses.115 After only one hour of pursuit tracking experi-
ence with anisometropic spectacles, one eye can be occluded 
and the two eyes continue to move unequally during 
monocular tracking.115 The adapted heterophoria is coupled 
to vary with both eye position and direction of eye 
movement.44

C. Neuro-control of smooth foveal tracking

1. Smooth pursuit tracking system
Smooth following eye movements result from cortical 
motion signals in extrastriate cortex in areas MT and MST 
that lie in the superior temporal sulcus.3,57 Area MT encodes 
speed and direction of visual stimuli in three dimensions 
relative to the eye. MT receives inputs from the primary 
visual cortex and projects visual inputs to area MST and the 
frontal eye fields (FEF). Cells in MST fire in concert with 
head-centric target movement; i.e. they combine retinal and 
efference copy signals.86 Each hemisphere of the MST codes 
motion to the ipsilateral side. Cells have two types of visual 
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increases from 0.1 to 10 degrees, duration increases from 20 
to 40 msec and peak velocity increases from 10 to 400 deg/
sec. Peak velocity saturates for saccades larger than 20 
degrees, such that the amplitude of larger saccades increases 
primarily with duration. Abnormal saccade amplitudes (dys-
metria) can either be too small (hypometric) or too large 
(hypermetric). Large gaze shifts are normally accomplished 
with a sequence of hypometric saccades that are composed 
of a series of short-latency corrective saccades in the same 
direction.11 The normal latency of a saccade to an unpredict-
able stimulus is 180–200 msec.17 However, corrective sac-
cades occur with shorter latencies (100–150 msec). Saccade 
latency can be reduced by a blank or gap interval before the 

The supraoculomotor nucleus relays control of both accom-
modative and disparity vergence.55

III. Foveal gaze shifts: target selection and 
foveal acquisition

A. Rapid conjugate shifts of gaze direction 
(saccadic eye movements)
Saccades are very fast, yoked eye movements that have a 
variety of functions.11,137 They produce the quick phase of 
the VOR and OKN to avoid turning the eyes to their mechan-
ical limits. They reflexively shift gaze in response to novel 
stimuli that appear unexpectedly away from the point of 
fixation. Saccades shift gaze during reading from one group 
of words to another. Saccades search novel scenes to assist 
us in acquiring information. They also return gaze to remem-
bered spatial locations. Two primary functions in all of these 
tasks are to move the eye rapidly from one position to 
another and then maintain the new eye position. The rapid 
movement is controlled by a pulse and slide innerva-
tion pattern and the position is maintained by a step 
innervation.

The separate components of innervation for the saccade 
match the characteristics of the plant (i.e. the globe, muscles, 
fat, and suspensory tissues). The rapid changes in orbital 
position are made by the saccade at a cost of considerable 
energy. Saccade velocities can approach 1000 deg/sec.11 
In order to achieve these high velocities a phasic level of 
torque is needed to overcome the viscosity of orbital tissues, 
most of which is in the muscles.107 The phasic-torque is 
generated by a large brief force resulting from a pulse or 
burst of innervation. The torque is dissipated or absorbed  
by the muscles, so that the force developed by the pulse of 
innervation does not reach the tendon (see Chapter 8 – 
Three-Dimensional Rotations of the Eye). At the end of  
the saccade, a lower constant force resulting from a step 
innervation generates a tonic level of torque that is needed 
to hold the eye still against the elastic restoring forces of the 
orbital tissues.137 The eye positions resulting from the pulse 
and step forces must be equal to produce rapid gaze shifts. 
Pulse-step mismatches will result in rapid and slow compo-
nents of gaze shifts. For example, if the pulse is too small, 
the saccade will slide (post-saccadic drift, called a glissade) 
to the new eye position at the end of the rapid phase of the 
saccade. The slide component is adaptable as has been 
shown by long-term exposure to artificially imposed retinal 
image slip immediately after each saccade.95 The adapted 
post-saccadic drift cannot be explained by an adjustment of 
the pulse-step ratio, suggesting that the slide innervation is 
an independent third component of saccadic control (pulse-
slide-step). Slide innervation produces a phasic-torque in 
addition to the pulse component that adjusts the duration 
and velocity of the saccade so that its amplitude matches the 
position maintained by the step component.95 The pulse, 
slide and step are all under independent, cerebellar control, 
with the primary goal of protecting vision by preventing 
retinal slip, and a secondary goal of making accurate 
saccades.

The amplitude of the saccade determines its dynamic 
properties (e.g. its peak velocity and duration). The main 
sequence diagram plots these two dynamic parameters as a 
function of amplitude (Fig. 9.10).9 As saccade amplitude 
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Figure 9.10 Main sequence diagram (Box 9.2). Peak velocity and saccade 
duration are plotted against magnitude of human saccadic eye 
movements.8 (Redrawn with permission from Bahill AT, Clark MR and Stark, L: Math 

Biosci 24:191, copyright 1975 by Elsevier Science Publishing Co, Inc.)

Box 9.2 Main sequence for saccades

The main sequence (peak velocity and duration of saccades) 
illustrates abnormalities of the spike frequency and duration of 
the pulse innervation for saccades
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voluntary shifts of attention. Retinal cues from blur and 
disparity are only used as feedback to refine the responses 
once the stimuli are reduced to amplitudes that lie within 
the range of visual sensitivity, i.e. as the eyes approach align-
ment at their new destination. The three motor systems are 
synchronized or coordinated with one another by cross-
links. When they approach their new target destination, 
accommodation and convergence use visual feedback to 
refine their response.

The cross-couplings are demonstrated by opening the 
feedback loop for one motor system while stimulating a 
coupled motor system that is under closed-loop control. For 
example, accommodative convergence, measured during 
monocular occlusion, increases linearly with changes in 
accommodation stimulated by blur.6,84 Similarly, conver-
gence accommodation, measured during binocular viewing 
through pinhole pupils, increases linearly with changes in 
convergence stimulated by disparity.35 The pupil constricts 
with changes in either accommodation or convergence to 
improve the clarity of near objects.142 These interactions are 
greater during the dynamic changes in the near response 
than during the static endpoint of the response.117

The cross-couplings between accommodation and con-
vergence are illustrated with a heuristic model (Fig. 9.11).117 
Three of the Maddox components are represented in the 
model by an adaptable slow tonic component, the cross-
links between accommodation and convergence, disparity 
driven vergence and blur driven accommodation (fast phasic 
components). The enhanced gain of the cross-link interac-
tions associated with dynamic stimulation of vergence and 
accommodation results from the stimulation of the cross-
links by the phasic but not the tonic components. When 
accommodation or convergence is stimulated, the faster 
transient-phasic system responds first, but it does not sustain 
its response. The slower and more sustained adaptable tonic 
system gradually takes over the load of keeping the eyes 
aligned and focused by resetting the level of tonic activity. 
Because the cross-links are mainly stimulated by the phasic 
component, accommodative vergence and vergence accom-
modation are stimulated more during the dynamic response 
than during steady fixation when the tonic components 
control eye alignment and focus.

Traditionally, only the horizontal component of vergence 
has been considered as part of the near response. However, 
vertical and cyclovergence must also be adjusted during  
the near response to optimize the sensory stimulus for bin-
ocular vision.5,119,135,143 The primary goal of the near response 
is to minimize large changes in horizontal, vertical, and 
cyclodisparities at the fovea that normally accompany large 
shifts in viewing distance. Horizontal disparities arise from 
targets that are nearer or farther than the convergence dis-
tance, assuming that the horopter equals the Veith–Muller 
circle. The isovergence circle describes the locus of points 
that stimulates a constant vergence angle in all directions of 
gaze,92 and it is equivalent to the Veith–Muller circle 
described in Chapter 36 (see Fig. 9.2). Convergence and 
divergence stimuli lie closer or farther, respectively, from the 
isovergence circle. Vertical disparities arise from targets in 
tertiary gaze directions at finite viewing distances, because 
these targets lie closer to one eye than the other and their 
retinal images have unequal size and vertical eccentricity 
(vertical disparity) (Fig. 9.12). Torsional disparities arise 

saccade, resulting in an express saccade with latencies less 
than 100 msec.36 Saccade latencies to predictable target 
changes, such as occur when watching a tennis match, can 
be reduced to zero (Box 9.3).130

Although saccades are too brief to utilize visual feedback 
during their response, they do use fast internal feedback 
based upon an internal representation of eye position (effer-
ence copy signal) that helps control the position of the  
eye on a moment-to-moment basis.106 Thus saccadic eye 
movements are not ballistic in that they are guided by extra-
retinal information during their flight. The goal of the 
saccade is to reach a specified direction in head-centric  
space. Normally the perceived head-centric direction of a 
target does not change when the eye changes position. 
However, spectacle refractive corrections that magnify or 
minify the retinal image produce changes in perceived  
direction with eye position. Because the entrance pupil of 
the eye translates when the eye rotates, prior to the saccade 
the eye views a non-foveal eccentric target through a  
different part of the lens than after the saccade when the 
target is viewed directly along the line of sight. The prismatic 
power of the lens increases with distance from the optical 
center of the lens such that when viewing a target through  
a magnifier, the saccade amplitude needed to fixate an  
eccentric target is larger than the gaze eccentricity sensed 
prior to the saccade. Saccades are controlled by a feedfor-
ward system that does not utilize visual feedback during the 
motor response. Consequently, initial saccadic responses to 
visual distortion produced by the magnifier are hypometric. 
However, using position errors after the saccade, the system 
adapts rapidly (within 70 trials) to minimize its errors.31 In 
cases of anisometropia in which the retinal images are mag-
nified unequally by the spectacle refractive correction, the 
saccadic system adapts to produce unequal or disconjugate 
saccades that align both visual axes with common fixation 
targets.33,64,94 The same adaptive process is likely to calibrate 
the conjugate saccades and maintain that calibration 
throughout life in spite of developmental growth factors and 
injury.

B. Disconjugate shifts of gaze distance  
(the near response in symmetrical convergence)
Large abrupt shifts in viewing distance stimulate adjust-
ments of several motor systems including accommodation, 
convergence, and pupil constriction.54 Separate control 
systems initiate and complete these responses.124 Initially the 
abrupt adjustments are controlled by feedforward systems 
that do not use visual feedback until the responses are nearly 
completed. However they are guided by fast feedback from 
efference copy signals to monitor both the starting point of 
the near response and the accuracy of its end point.114,145 
Visual feedback is unavailable during the response because 
the blur and disparity cues are too large at the beginning of 
the gaze shift to be sensed accurately. The motor responses 
are initiated by high-level cues for perceived distance and by 

Box 9.3 Saccade disorders

Saccade disorders are of accuracy (dysmetria), velocity (glissades) 
and inappropriate timing (intrusions)
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cyclovergence are optimal for reducing disparity at the  
fovea to zero during the open-loop phase of the near 
response.117,119,128,143 The tuned coupling gains for all three 
vergence components of the near response are the product 
of neural plasticity that adapts each of these cross-couplings 
to optimize binocular sensory functions.78,83,120 Plasticity 
also exists for other couplings. For example, vertical vergence 
and cyclovergence can both be adapted to vary with head 
roll.71–73 The coupling of pupil constriction with accommo-
dation and convergence may also be under adaptive control. 
The pupil constriction component of the near response does 
not appear until the end of the second decade of life,142 sug-
gesting that it responds to accommodative errors resulting 
from the aging loss of accommodative amplitude. The pupil 
constriction component of the near response is an attempt 
to restore clarity of the near retinal image.

C. Interactions between conjugate and disconjugate 
eye movements (asymmetric vergence)
In natural viewing conditions it is rare for the eyes to con-
verge symmetrically from one distance to another. Usually, 
gaze is shifted between targets located at different directions 
and distances from the head. Rapid gaze shifts to these 
targets require a combination of conjugate saccades and 
disjunctive vergence. In asymmetric convergence, the veloc-
ity of disparity vergence, accommodative vergence and 
accommodation are enhanced when accompanied by gaze 
shifting saccades.27,34,118 Without the saccade, symmetrical 
vergence responses are sluggish, reaching velocities of only 
10 deg/sec.104 Symmetrical vergence has a latency of 
160 msec and response time of approximately 1 second. 
Similarly accommodation that is not accompanied by a 
saccade has a peak velocity of only 4 deg/sec, a latency of 
approximately 300–400 msec and response time of approx-
imately 1 second. However when accompanied by a saccade, 
vergence velocity approaches 50 deg/sec,34 and accommoda-
tion velocity approaches 8–9 deg/sec.118 Latency of accom-
modation accompanied by saccades is also reduced by 50 
percent so that the accommodative response is triggered in 
synchrony with the saccade that has a latency of only 
200 msec. As shown in Figure 9.13, response times for both 
accommodation and accommodative vergence are reduced 
dramatically when accompanied by saccades. Figure 9.14 

from elevated targets at finite viewing distances, because 
during convergence, Listing’s law predicts that the horizontal 
meridians of the two eyes will be extorted in upward  
gaze and intorted in downward gaze.135 These torsional eye 
postures would produce incyclodisparity in upward gaze  
and excyclodisparity in downward gaze. With large shifts of 
viewing distance, horizontal, vertical, and cyclodisparities 
can exceed the stimulus operating range for continuous  
feedback control of disparity vergence. Initially the near 
response is stimulated by perceived distance and voluntary 
changes in horizontal vergence respond without disparity 
feedback in feedforward control. Unlike horizontal ver-
gence, neither vertical vergence nor cyclovergence is nor-
mally under voluntary control. They participate in the  
near response through cross-couplings with motor responses 
that are under voluntary control. This allows potential verti-
cal and torsional eye alignment errors to be reduced during 
the near response without feedback from retinal image 
disparity.122

Empirical measures demonstrate that the gains for the 
three coupling relationships for horizontal, vertical, and 
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Figure 9.11 Model of cross-link interactions between 
vergence and accommodation. A fast phasic system 
drives the cross-links from accommodation to 
convergence (AC/A) and from convergence to 
accommodation (CA/C). The slow-tonic system adapts 
to the faster phasic system and gradually replaces it. 
Cross-link innervation is reduced when the tonic 
system reduces the load on the fast phasic system. 
(Modified from Kotulak J, Schor CM: The dissociability of 

accommodation from vergence in the dark. Invest Ophthal Vis 

Sci 1986; 27: 544. Reproduced from Association for Research in 

Vision and Ophthalmology.)

Figure 9.12 For convergence at a finite viewing distance, points in tertiary 
directions subtend unequal vertical visual angles at the two eyes, which 
produce vertical disparities.
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saccades.62 (From Leigh JR, Zee DS: The 

neurology of eye movements, 3rd edition, 

Oxford University Press 1999.)
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reduce innervation of the antagonist during a saccade. The 
riMLF projects to the ipsilateral trochlear nucleus (IV) and 
to both oculomotor nuclei (III). Four types of neurons 
including burst cells, tonic cells, burst-tonic cells, and pause 
cells control saccades in several premotor sites. The pulse 
component of the saccade is controlled by medium-lead 
burst neurons. Long-lead burst neurons discharge up to 
200 msec before the saccade and receive input from the SC 
and FEF. They drive medium-lead burst neurons (MLB) that 
begin discharging at a high frequency (300–400 spikes/sec) 
immediately at the beginning of the saccade and throughout 
its duration. Duration of MLB activity ranges from 10 to 
80 msec. They project to the motor nuclei and control pulse 
duration and firing frequency, which determine saccade 
duration and velocity. Inhibitory burst neurons inhibit 
antagonist muscles by suppressing neurons in the contralat-
eral abducens nucleus.

Initiation of the pulse is gated by the omnipause neuron 
(OPN), which is located in the nucleus of the dorsal raphe, 
below the abducens nucleus (Fig. 9.15). Normally the OPNs 
prevent saccades by constantly inhibiting burst cells. The 
OPN discharges continuously except immediately prior to 
and during saccades, when they pause. Omnipause neurons 
engage the saccade by releasing their inhibition of the burst 
cells. The same OPN inhibit saccades in all directions.

Upon completion of the saccade, the new eye position is 
held by the discharge step of the tonic cell. Integrating the 
pulse derives the discharge rate of the premotor tonic cell. 
At least two sites are known to integrate horizontal pulses; 
these are the medial vestibular nuclei and the nucleus 
prepositus hypoglossi (NPH). Pulses for vertical saccades are 
integrated in the interstitial nucleus of Cajal (INC). The floc-
culus of the cerebellum is also involved in integrating the 
velocity signals to position signals controlling eye move-
ments. Some anomalies occur that appear to result from 
lesions of the integrator. In these cases the eyes make a 
saccade and then drift back to primary position. Affected 
patients are unable to hold fixation away from primary posi-
tion and a jerk gaze nystagmus develops in which the slow-
phase drift of the eyes is toward primary position and the 
fast phase is toward the desired eccentric gaze direction. 
Combined eye position and velocity signals are carried by 
burst-tonic neurons. They are active during ipsilateral sac-
cades and inhibited during contralateral saccades.

2. Vergence gaze shifting system: the near triad and 
interactions with saccades
The supraoculomotor nucleus in the mesencephalic reticular 
formation contains near response cells. This is a heterogene-
ous population made up of cells that respond to accommo-
dative stimuli, or vergence stimuli or a combination of 
accommodation and vergence stimuli.55,75,147,148 This nucleus 
contains burst, tonic, and burst-tonic cells that are character-
istic of premotor nuclei for saccades. Velocity signals related 
to disparity stimuli activate burst cells, and a position signal 
from tonic innervation is derived by integration of the burst 
cell activity. These cells are believed to provide velocity and 
position signals to the medial rectus motoneurons in the 
control of vergence as well as commands to the Edinger–
Westphal nucleus to stimulate accommodation.42 The 
Edinger–Westphal nucleus, located at the rostral portion  
of the midbrain at the oculomotor nucleus, contains  

compares symmetric and asymmetric disparity vergence. The 
high velocity asymmetric vergence appears to result in part 
from yoked saccades of unequal amplitude. These unequal 
saccades result from an asynchronous onset of binocular 
saccades. The abducting saccade begins before the adducting 
saccade, causing a brief divergence.70,144 There also appears 
to be additional accelerated vergence and accommodation 
responses that are triggered with the saccade.75,76,144 Both the 
vergence and accommodation responses continue after the 
completion of the saccade but overall the responses are 
completed in less time than when not accompanied by a 
saccade.

D. Neuro-control of foveal gaze shifts

1. Saccadic gaze shifting system
The frontal eye fields (FEF) mediate voluntary control of 
contralateral saccades. The FEF is active whether saccades 
occur or not.45 The activity is related to visual attention, and 
when saccades occur the related activity in the FEF precedes 
them by 50 msec. The surface of the FEF has a coarse retin-
otopic organization. Stimulation of a particular area causes 
a saccade to change eye position in a specific direction and 
amplitude. These cells are active before saccades to certain 
regions of visual space. These regions are called the move-
ment field of the cell, and they are analogous to the receptive 
fields of sensory neurons in the visual cortex. Stimulation of 
FEF cells in one hemisphere causes conjugate saccades to the 
contralateral side. Vertical saccades require stimulation of 
both hemispheres of the FEF. Modalities that can stimulate 
movement fields include vision, audition, and touch. The 
FEF project two main efferent pathways for the control of 
saccades. One projection is to the superior colliculus (SC). 
The other projection is to the midbrain, to the paramedian 
reticular formation (PPRF) and the rostral interstitial medial 
longitudinal fasciculus (riMLF) for the control of horizontal 
and vertical saccades, respectively.47,129 The fibers from the 
frontal eye fields descend to the ipsilateral superior collicu-
lus and cross the midline to the contralateral PPRF. Neither 
the superior colliculus nor FEF are required exclusively to 
generate saccades. Either one of them can be ablated without 
abolishing saccades, however if both are ablated, saccades 
are no longer possible. The function of the SC is to represent 
intended gaze direction resulting from combinations of 
head and eye position. Stimulation of a specific region in 
the intermediate layers of the colliculus can result in several 
combinations of head and eye position that achieve the 
same gaze direction relative to the body.38 Cells in the supe-
rior colliculus respond to all sensory modalities including 
vision, audition, and touch. The spatial locations of all of 
these sensory stimuli are mapped in the colliculus relative 
to the fovea. Like the FEF, stimulation of one SC causes a 
conjugate saccade to the contralateral side; stimulation of 
both sides is necessary to evoke purely vertical saccades.

The output of the SC and FEF project to two premotor 
nuclei, the PPRF and the riMLF, that shape the velocity and 
amplitude of horizontal and vertical components of sac-
cades, respectively.47,57 The PPRF projects to the ipsilateral 
abducens nucleus, which contains motor neurons that 
innervate the ipsilateral lateral rectus and interneurons that 
project to the contralateral oculomotor nucleus to innervate 
the medial rectus. The PPRF also projects inhibitory connec-
tions to the contralateral PPRF and vestibular nucleus to 
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synchronize innervation for vergence and accommodation 
with saccades.

Neurological disorders of  
the oculomotor system

Neurological disorders have greater variability across indi-
viduals than is found for the normal oculomotor system. 
The sources of variability come from the location and extent 
of lesions, associated anomalies or syndromes, different 
sources or causes of the problem, history of prior treatment 
interventions, and adaptive responses that attempt to com-
pensate for the disorder. A multi-perspective classification 
can reflect this individual variation. It views the anomaly in 
different ways and highlights very different types of informa-
tion about the condition. Its versatility describes the range 
of anomalous behaviors that may develop as a function of 
various combinations of causal factors. The pattern of associ-
ated conditions or syndromes facilitates estimating the prog-
nosis for cosmetic and functional correction. Oculomotor 
disorders are classified in terms of behavioral descriptions, 

parasympathetic motor neurons that project to the ciliary 
muscle, and drive accommodation.42 Each hemisphere of the 
Edinger–Westphal nucleus projects to its ipsilateral eye. Para-
sympathetic outflow of the Edinger–Westphal nucleus also 
results in miosis (pupillary contraction). Inhibition of the 
Edinger–Westphal nucleus causes pupil dilation.

Saccades enhance the velocity of both vergence and 
accommodation. Current models of saccade–vergence inter-
actions suggest that OPNs in the midbrain gate the activity 
of both saccade bursters and vergence bursters.144 Acceler-
ated vergence caused by saccadic facilitation results from a 
release from inhibition of vergence bursters by reduced firing 
of the OPNs, which share their inhibition with saccadic and 
near response bursters. This facilitation is correlated with an 
augmentation of firing rate of a sub-set of convergence burst 
neurons of the near response cells.75,76 This model has been 
developed further to include the potential for saccadic  
facilitation of accommodation.75,76 Because near response 
cells provide innervation for both accommodation and ver-
gence, release of inhibition from OPNs augments activity of 
both accommodation and vergence when associated with 
saccades.118 This augmentation would not only enhance 
velocity of the near response, but it would also gate or  
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Figure 9.15 The relationship among omnipause cells (P), burst cells (B) and cells of the neural integrator (NI), in the generation of the saccadic pulse and 
step. Omnipause cells cease discharging just before each saccade, allowing the burst cells to generate the pulse. The pulse is integrated by the neural 
integrator (NI) to produce the step. The pulse and step combine to produce the innervational change on the ocular motoneurons (OMN) that produces  
the saccadic eye movement (E). Vertical lines represent individual discharges of neurons. Underneath the schematized neural (spike) discharge is a plot of 
discharge rate versus time.62 (From Leigh JR, Zee DS: The neurology of eye movements, 3rd edition, Oxford University Press 1999.)
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Box 9.4 Etiological classification of motor disorders

Motor anomalies are classified as congenital, developmental, and 
acquired

early onset of eye misalignment prevents sensory fusion and 
causes one eye to be suppressed. This disrupts the develop-
ment of both monocular and binocular sensory functions 
and can lead to the development of amblyopia, anomalous 
correspondence and stereoblindness that are described in 
Chapter 36. Accommodative esotropia is a developmental 
form of non-paralytic strabismus (Box 9.6) that results from 
either large uncorrected hyperopic refractive errors or abnor-
mally large interactions between the cross coupling between 
accommodation and convergence. Uncorrected hyperopia 
produces a mismatch between the stimulus between accom-
modation and convergence. Excessive convergence is caused 
by accommodative attempts to clear the retinal image and 
the cross coupling between accommodation and conver-
gence. The disparity-divergence system is unable to align the 
eyes and compensate for the accommodative esotropia.

Acquired strabismus usually results from lesions in the 
brainstem produced by trauma or disease that affect the 
integrity of the cranial nerves of the final common pathway. 
The lesions result in muscle palsies that cause deviations 
between the two visual axes that increase as gaze is directed 
into the field of action of the affected muscle (paralytic stra-
bismus). The deviation of the paretic eye when the normal 
eye fixates (primary deviation) is usually smaller than the 
deviation of the normal eye when the paretic eye fixates 
(secondary deviation). This non-concomitant variation of 
eye turn is a diagnostic feature of paralytic strabismus. 
Lesions of the third, fourth, and sixth nerve are referred to 
as oculomotor palsy, trochlear palsy, and abducens palsy, 
respectively. Paresis of the muscles innervated by the III 
nucleus, i.e. the medial rectus, vertical recti, inferior oblique, 
levator of the lid and the pupilloconstrictor muscle, result 
in a fixed-dilated pupil and ptosis, with the eye remaining 
in a downward and abducted position. Trochlear palsy is 
characterized by a hyper deviation of the affected eye that 
increases during adduction and depression of the affected 
eye and head tilt to the side of the affected eye. Abducens 
palsy is characterized by an esotropia that increases during 
abduction of the affected eye.

II. Gaze restrictions
Lesions in premotor nuclei, supranuclear and cortical sites 
restrict movements of both eyes (Box 9.7). The medial lon-
gitudinal fasciculus (MLF) is the fiber bundle that intercon-
nects premotor regions with the III, IV, and VI cranial nuclei. 
Any lesion that disconnects these fibers from the premotor 

etiology, and neuro-anatomical sites of involvement. Behav-
ioral categories can be descriptive such as the magnitude and 
direction of a strabismus (an eye turn), gaze restrictions, 
saccadic disorders, and nystagmus. They can also be described 
by an associated cluster of anomalies that collectively char-
acterize a disease (syndrome).

Categories of etiology include congenital, developmental, 
and acquired. Congenital disorders appear in early infancy 
(<18 months). Developmental anomalies can result from 
interference of normal sensory–motor interactions during 
the first 6 years of life that constitute the critical period  
for visual development. Both congenital and developmen-
tal disorders are associated with anomalies throughout  
the oculomotor pathways, including sensory or afferent 
components of the visual system and they are classified in 
terms of syndromes. Acquired disorders can result from 
trauma or disease and they are classified in terms of specific 
anatomical sites of involvement and by syndromes.62

I. Strabismus
Non-paralytic strabismus falls into both congenital and 
developmental categories (Box 9.4). A strabismus or tropia 
describes a misalignment of the two eyes that is not corrected 
by disparity vergence during binocular fixation. In congeni-
tal and developmental forms of strabismus, the eye turn is 
usually concomitant, meaning that its amplitude does not 
vary with direction of gaze with either eye fixating. Usually non- 
paralytic strabismus is a horizontal deviation, where conver-
gent and divergent eye turns are referred to as esotropia  
and exotropia respectively. Esotropia is more common than 
exotropia in childhood. Infantile or early-onset esotropia 
appears within the first 18 months of life and is associated 
with two forms of nystagmus that include latent or occlusion 
nystagmus (LN) and asymmetric optokinetic nystagmus, as 
well as cog-wheel temporal-ward pursuits (asymmetric 
pursuit) that were described earlier in this chapter. It is also 
associated with a vertical misalignment of the eyes when one 
eye is occluded, that is referred to as dissociated vertical 
deviation (DVD). When either the right or left eye is occluded, 
the covered eye rotates upward. This distinguishes DVD from 
a vertical strabismus in which one of the two eyes remains 
elevated with respect to the position of the other eye, inde-
pendent of which eye is fixating. The combination of LN, 
asymmetric OKN, asymmetric pursuit and DVD are referred 
to as the infantile strabismus syndrome (Box 9.5).121

The presence of this syndrome in an adult is a retrospec-
tive indicator of an early age of onset for a strabismus. The 

Box 9.7 Functional classification of motor disorders

• Peripheral and nuclear lesions are categorized as paresis and 
paralysis

• Premotor, internuclear, and supranuclear lesions are 
categorized as gaze restrictions or palsies

Box 9.5 Infantile strabismus syndrome

The infantile strabismus syndrome consists of asymmetric 
horizontal OKN and pursuits, dissociated vertical deviation (DVD), 
and latent nystagmus (LN)

Box 9.6 Accommodative esotropia

Accommodative esotropia results from the combination of 
uncorrected hyperopia and a high AC/A ratio
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contralateral limb paralysis, and ipsilateral facial paralysis. 
Lesions of the abducens nucleus block horizontal movement 
of both eyes to the side of the lesion because interneurons 
that project from the abducens nucleus to the contralateral 
oculomotor nucleus are also affected. Because the abducens 
is the final common pathway for all lateral conjugate eye 
movements, lesions there affect saccades, pursuit and the 
VOR. Lesions in the PPRF only limit horizontal saccades of 
both eyes to the ipsilateral side and cause drift of the eyes 
to the contralateral side. Lesions of the DLPN only affect 
horizontal pursuit toward the side of the lesion.

Lesions rostral to the III nucleus cause paralysis of vertical 
gaze (Parinaud’s syndrome) and failure of convergence, but 
retention of normal horizontal gaze ability. Parinaud’s syn-
drome occurs with lesions in the vicinity of the riMLF and 
INC and affects all vertical eye movements including sac-
cades. It often results from tumors of the pineal gland that 
compress the superior colliculus and pretectal structures. 
Unilateral lesions in this area may also cause skew deviations 

to the motor nuclei is referred to as ophthalmoplegia (Fig. 
9.16). Lesions caudal to the oculomotor nucleus cause exo-
tropia and failure of adduction, however convergence of the 
two eyes is spared. Internuclear ophthalmoplegia (INO) 
refers to an adduction failure caused by disruption of 
interneuron projections from the abducens nucleus to the 
contralateral III nerve nucleus. The affected eye is unable to 
adduct to the contralateral side and the eye drifts in the 
temporal-ward direction. Sparing of convergence distin-
guishes this lesion from oculomotor palsy. Patients with 
INO can develop a convergence nystagmus in an attempt to 
bring the exotropic eye into primary gaze. One-and-a-half 
syndrome is a combination of horizontal gaze palsy and 
INO that is caused by a lesion of the abducens (affecting 
the ipsilateral lateral rectus) and interneurons projecting 
from both abducens nuclei (affecting the ipsilateral and con-
tralateral medial recti).

Foville’s syndrome is a unilateral lesion at or near the 
abducens nucleus which causes conjugate gaze palsy,  
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Figure 9.16 Subcortical disorder: gaze palsies. Eye positions shown reflect attempted right gaze in each case, but the arrows show the full range of 
horizontal gaze for each eye. (Original drawing by Scott B Stevenson, courtesy University of Houston.)
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saccades without normal saccade latency or intersaccadic 
interval. Opsoclonus is ocular flutter in all directions. There 
are also square wave jerks that move the eye away from a 
point of fixation and then back again. These movements 
have a normal intersaccadic interval.

in which there is a vertical deviation of one eye. Unilateral 
lesions can also cause unilateral nystagmus where the 
affected eye has a slow upward drift and fast downward 
saccade (down beat nystagmus).

Cortical lesions produce gaze restrictions of both saccades 
and pursuits. Lesions of the primary visual cortex produce 
blindness in the corresponding parts of the visual field  
contralateral to the lesion (scotoma). Pursuit and saccade 
targets presented in the scotoma are invisible to the patient. 
If the entire visual cortex in one hemisphere is destroyed, the 
vision near the fovea may be intact (macular sparing), allow-
ing the patient to track targets over the full range of eye move-
ments. Like the primary visual cortex, lesions in MT produce 
contralateral scotomas of the visual field. Saccades to fixed 
targets may be accurate but pursuit responses to moving 
targets presented in the affected field will be absent or defi-
cient. Lesions in MST produce visual effects similar to MT, but 
they also produce a unidirectional pursuit deficit for targets 
in both visual hemifields moving toward the side of the 
lesion. Lesions in the posterior parietal cortex (PP) produce 
attentional deficits, which make pursuit and saccades to 
small targets more difficult than larger ones. Lesions of the 
FEF produce a deficit for horizontal pursuit and OKN toward 
the side of the lesion and saccades to the contralateral side. 
Lesions to the SEF impair memory-guided saccades.

III. Saccade disorders
Saccade disorders consist of abnormal metrics (velocity and 
amplitude), and inappropriate, spontaneous saccades that 
take the eye away from the target during attempted fixation. 
Saccades are classified as too fast or slow if their velocity does 
not fall within the main sequence plot of velocity versus 
amplitude (see Fig. 9.10). However, saccade velocity may be 
normal while its amplitude is in error. If saccades are too 
small, the eye could start to make a large saccade and would 
accelerate to an appropriate high velocity but then be 
stopped short of the goal by a physical restriction or by rapid 
fatigue, such as in ocular myasthenia. Saccades can also be 
interrupted by other saccades in the opposite direction 
(back-to-back saccades) such as is observed in voluntary 
nystagmus. These are truncated saccades. Slow saccades can 
result from muscle palsies and a variety of anomalies in 
premotor neurons.62,99

Cerebellar disorders can cause saccade dysmetria (inaccu-
racy). Saccades can be too large (hypermetric) or too small 
(hypometric) relative to the target displacement. Inaccuracy 
can lead to macrosaccadic oscillations when the eye repeat-
edly attempts to correct its fixation errors with inaccurate 
saccades. Either the pulse or the step component of the 
saccade can be inaccurate (Fig. 9.17). If the pulse is too small 
the saccade will be slow, and if the step is not constant but 
decays, eye position will drift toward primary position; 
repeated attempts to fixate eccentrically will result in gaze-
evoked nystagmus. If the pulse and step are mismatched, 
there will be post-saccadic drift or glissade to the final eye 
position.

Cerebellar disorders and progressive supranuclear palsy 
can cause saccadic intrusions. These are conditions in which 
spontaneous saccades occur at the wrong time and move the 
eye away from the target during attempted fixation. Ocular 
flutter is characterized by rapid back-and-forth horizontal 
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Figure 9.17 Disorders of the saccadic pulse and step. Innervation patterns 
are shown on the left, and eye movements on the right. Dashed lines 
indicate the normal response. (A) Normal saccade. (B) Hypometric saccade: 
pulse amplitude (width X height) is too small but pulse and step are 
matched appropriately. (C) Slow saccade: decreased pulse height with 
normal pulse amplitude and normal pulse-step match. (D) Gaze-evoked 
nystagmus: normal pulse, poorly sustained step. (E) Pulse-step mismatch 
(glissade); Step is relatively smaller than pulse. (F) Pulse-step mismatch due 
to internuclear ophthalmoplegia (INO): the step is larger than the pulse, and 
so the eye drifts onward after the initial rapid movements. (From Leigh JR, Zee 

DS: The neurology of eye movements, 3rd edition, Oxford University Press 1999.)
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vertical and torsional oscillation of eye orientation. The eyes 
bob up and down by several degrees in opposite directions 
(skew movements). As one eye elevates and intorts, the other 
eye depresses and extorts. The exact cause is unknown, but 
see-saw nystagmus is associated with visual loss in bitempo-
ral hemianopia and optic chiasm disorders. The nystagmus 
is thought to result from an inappropriate ocular counter-
roll during head tilt orchestrated by the cerebellum in asso-
ciation with the otoliths.

All of the oculomotor anomalies described above show 
some evidence of attempts by the oculomotor system to 
correct them using the same adaptive mechanisms that nor-
mally calibrate the various classes of eye movement systems. 
However, the anomalies are beyond the corrective range of 
the adaptive processes. If it were not for these adaptive pro-
cesses, these anomalies would be far more prevalent and the 
oculomotor system would be extremely susceptible to per-
manent injury resulting from disease and trauma. The con-
sequences would be very dramatic. For example, about 50 
years ago a physician named John Crawford lost function of 
his vestibular apparatus as a result of an overdose of strep-
tomycin used to treat tuberculosis located in his knee. He 
reported that every movement of his head caused vertigo and 
nausea, even when his eyes were open. If his eyes were shut, 
the symptoms intensified. He attempted to steady his head 
by lying on his back and gripping the bars at the head of the 
bed. However even in this position the pulse beat in his head 
became a perceptible motion, disturbing his equilibrium. It 
is difficult to imagine how we would survive without the 
adaptive processes that continually calibrate our oculomotor 
system and allow us to distinguish between motion of our 
head and eyes from motion of objects in the world.
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