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ABSTRACT

The human visual system relies on coordinated ocular motor mechanisms to maintain stable, accurate,
and efficient vision. Among these mechanisms, saccades, smooth pursuit, and vergence eye movements
represent the three principal modes of ocular motor control, enabling rapid shifts in gaze, continuous
tracking of moving targets, and binocular alignment for depth perception, respectively. These eye
movements are regulated by highly specialized and interconnected neural networks involving the
cerebral cortex, cerebellum, brainstem, and subcortical structures. Understanding the
neurophysiological basis of these ocular motor systems is essential for interpreting normal visual
function as well as diagnosing neurological and neuro-ophthalmic disorders. This chapter provides a
comprehensive review of the neurophysiological mechanisms underlying saccadic, smooth pursuit, and
vergence eye movements, emphasizing their distinct functional characteristics, shared neural pathways,
and regulatory mechanisms. Furthermore, it discusses their clinical relevance, associated neurological
disorders, and implications for neuro-optometric assessment and rehabilitation, highlighting their
significance in both clinical practice and vision science.
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3.1 INTRODUCTION

Precise control of eye movements is fundamental to
maintaining clear, stable, and single binocular
vision. The human visual system is highly dynamic,
requiring the eyes to continuously adjust their
position to accurately detect, track, and fixate on
objects within a constantly changing environment.
These adjustments are achieved through three
principal types of eye movements: saccades, which
rapidly redirect the line of sight between fixation
points; smooth pursuit movements, which enable
continuous tracking of moving objects; and vergence
movements, which coordinate the alignment of both
eyes when viewing objects at different distances
(Leigh & Zee, 2015; Carpenter, 1988). Together,
these ocular motor systems ensure optimal visual
acuity, depth perception, and spatial orientation
during everyday activities such as reading, driving,
and object manipulation. The neurophysiology
underlying these eye movements involves a
sophisticated network of cortical, subcortical,

brainstem, and cerebellar structures that integrate
visual, vestibular, proprioceptive, and cognitive
information to produce precise motor commands.
Regions such as the frontal and parietal eye fields,
superior colliculus, brainstem gaze centres, basal
ganglia, and cerebellum work in close coordination
to initiate, execute, and continuously refine ocular
movements (Kandel et al., 2021). This integrated
control allows the visual system to maintain stable
fixation, accurately follow moving targets, and
preserve binocular alignment despite constant head
and body movements. Understanding the
neurophysiology of saccades, smooth pursuits, and
vergence is essential not only for appreciating
normal visual function but also for recognizing the
mechanisms underlying numerous neuro-ophthalmic
and neurological disorders. Dysfunction of these
ocular motor pathways may result in abnormalities
such as gaze palsies, impaired smooth pursuit,
convergence insufficiency, nystagmus, and other eye
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movement disorders that significantly affect visual
performance and quality of life. Advances in
neuroimaging, electrophysiology, eye-tracking
technology, and neurorehabilitation have
considerably enhanced our understanding of these
complex neural systems, facilitating improved
diagnosis, targeted therapy, and patient care (Leigh
& Zee, 2015).

3.2 NEUROPHYSIOLOGY OF SACCADES

Saccades are among the most extensively studied eye
movements in neuroscience due to their remarkable
speed, precision, and dependence on complex neural
circuits. They are rapid, conjugate, ballistic eye
movements that redirect the line of sight so that the
image of an object of interest falls on the fovea, the
retinal region responsible for maximum visual
acuity. Saccades occur voluntarily during visual
exploration and reading, as well as reflexively in
response to sudden peripheral stimuli. The
neurophysiology of saccades involves coordinated
activity within cortical, subcortical, cerebellar, and
brainstem  structures that integrate sensory
information, motor planning, and execution to
generate highly accurate eye movements.

A. Characteristics of Saccades: Saccades are rapid,
ballistic eye movements that shift the eyes from one
point of fixation to another, enabling efficient visual
exploration of the environment. Unlike smooth
pursuit movements, saccades are preprogrammed
before initiation, meaning their direction and
velocity cannot be altered once the movement
begins. Humans typically generate 2-5 saccades per
second, allowing continuous scanning of the
surroundings, reading, and rapid acquisition of new
visual information. The speed of a saccade increases
with its amplitude, with peak velocities ranging from
100°/s for small saccades to over 700°/s for larger
movements, making them among the fastest
voluntary movements of the human body (Carpenter,
1988; Leigh & Zee, 2015).

During saccadic eye movements, visual sensitivity is
briefly reduced through a process known as saccadic
suppression, which prevents the perception of
motion blur and ensures stable vision. Saccades play
an essential role in redirecting gaze toward objects of
interest, exploring complex visual scenes, reading,
shifting visual attention, acquiring peripheral targets,
and maintaining binocular alignment. Based on their
mode of initiation, saccades are classified as
reflexive, voluntary, memory-guided, predictive,
and express saccades, each involving specialized
neural pathways responsible for visual processing,
motor planning, and cognitive control.

B. Cortical and Subcortical Control of
Saccades: The generation of saccadic eye
movements requires precise coordination among
multiple cortical and subcortical structures. Rather
than originating from a single anatomical center,
saccades emerge through interactions between
sensory, cognitive, and motor networks that
collectively determine when, where, and how rapidly
the eyes should move.

Frontal Eye Fields (FEF): The frontal eye fields,
located within the posterior portion of the frontal
cortex (Brodmann area 8), are the primary cortical
centers responsible for voluntary saccade initiation.
Neurons within the FEF encode movement direction,
amplitude, and target location before movement
begins. Electrical stimulation of the frontal eye fields
produces contralateral saccades, whereas lesions
result in impaired voluntary gaze shifts, prolonged
reaction times, and difficulty initiating intentional
eye movements. Beyond motor execution, the FEF
also contributes to selective visual attention and
predictive eye movement planning, allowing
individuals to anticipate target motion before
movement occurs (Leigh & Zee, 2015).
Supplementary Eye Fields (SEF): Located on the
medial frontal cortex, the supplementary eye fields
coordinate internally generated and sequential eye
movements. Unlike the frontal eye fields, which
primarily respond to external visual stimuli, the SEF
contributes to  movement planning, motor
sequencing, learning, and memory-guided saccades.
The supplementary eye fields are particularly
important during complex visual tasks requiring
multiple sequential gaze shifts, such as reading,
visual search, and navigation through unfamiliar
environments.

Posterior Parietal Cortex (PPC): The posterior
parietal cortex integrates visual, proprioceptive, and
spatial information to determine the location of
potential targets within the external environment. It
plays a central role in visuospatial attention by
selecting the most behaviorally relevant stimulus
among multiple competing visual inputs. Damage to
the posterior parietal cortex may result in impaired
target selection, delayed saccade initiation, and
hemispatial neglect, in which patients fail to attend
to objects located within one side of visual space.
Superior Colliculus: The superior colliculus,
situated within the dorsal midbrain, represents one of
the most important subcortical centers controlling
saccadic eye movements. It integrates visual,
auditory, and somatosensory information into motor
commands that guide eye movements toward
behaviorally significant targets. The superior
colliculus contains a topographically organized map
of visual space, allowing precise encoding of
movement direction and amplitude. It receives input
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from the retina, visual cortex, frontal eye fields, and
basal ganglia while projecting to brainstem premotor
nuclei responsible for executing saccades. Besides
initiating reflexive saccades, the superior colliculus
also participates in visual attention, multisensory
integration, and orienting behaviors (Sparks, 2002).

C. Brainstem Mechanisms of Saccadic Eye
Movements: The final motor commands responsible
for saccadic eye movements are generated within
specialized brainstem premotor centers that activate
extraocular muscles through cranial nerve nuclei.
Horizontal Saccades: Horizontal saccades are
controlled primarily by the paramedian pontine
reticular formation (PPRF) located within the pons.
The PPRF contains excitatory burst neurons that
generate  high-frequency  neural  discharges
immediately before horizontal eye movements.
These neurons activate the ipsilateral abducens
nucleus, whose motor neurons innervate the lateral
rectus muscle. Simultaneously, internuclear neurons
within the abducens nucleus project through the
medial longitudinal fasciculus (MLF) to the
contralateral oculomotor nucleus, activating the
medial rectus muscle and producing coordinated
conjugate gaze.

Vertical Saccades: Vertical saccades originate from

the rostral interstitial nucleus of the medial

longitudinal fasciculus (riMLF) located within the
upper midbrain. Neurons within the riMLF project
bilaterally to the oculomotor and trochlear nuclei,
coordinating elevation and depression of both eyes.

Adjacent structures, including the interstitial nucleus

of Cajal, contribute to vertical gaze holding and

stabilization following movement completion.

Burst Neurons and Omnipause Neurons: Precise

control of saccadic timing depends upon interactions

between burst neurons and omnipause neurons.

e Excitatory burst neurons generate the high-
frequency motor commands required for rapid
eye acceleration.

e Inhibitory burst neurons suppress antagonist
extraocular  muscles, ensuring  smooth
execution.

e Omnipause neurons, located within the pontine
raphe nuclei, remain continuously active during
fixation, preventing unwanted saccades.
Immediately  before  saccade initiation,
omnipause neurons cease firing, allowing burst
neurons to activate ocular motor nuclei. Once
the movement is completed, omnipause neuron
activity resumes, terminating the saccade and
restoring stable fixation.

This highly coordinated neuronal interaction ensures

accurate initiation, execution, and termination of

every saccadic eye movement.

D. Cerebellar Modulation of Saccades: Although
cortical and brainstem structures generate the
primary motor commands for saccades, the
cerebellum ensures their accuracy, timing, and
coordination through continuous error correction and
motor adaptation. The oculomotor vermis regulates
saccadic amplitude and timing, while the fastigial
nucleus  controls movement  acceleration,
deceleration, and endpoint precision. By comparing
intended and actual eye movements, the cerebellum
continuously adjusts future saccades to maintain
accurate gaze despite fatigue, aging, or neurological
changes. Damage to cerebellar pathways results in
saccadic dysmetria, causing hypometric
(undershooting) or hypermetric (overshooting)
saccades and impaired visual stability (Robinson,
1981).

'3.3. NEUROPHYSIOLOGY OF SMOOTH
PURSUIT

A. Characteristics of Smooth  Pursuit
Movements: Smooth pursuit eye movements are
specialized, slow, conjugate eye movements that
enable continuous tracking of moving objects while
maintaining their image on the fovea, the region of
the retina responsible for the highest visual acuity.
Unlike saccades, which rapidly redirect the line of
sight between stationary targets, smooth pursuit
movements continuously match the velocity and
direction of a moving object, thereby minimizing
retinal image slip and preserving clear vision during
motion. These movements are essential for many
everyday visual tasks, including driving, reading
moving text, playing sports, observing moving
vehicles, and following people or animals in motion.
Smooth pursuit movements typically occur at
velocities below 100°/s, although they may
occasionally reach higher velocities depending on
the speed of the moving target. When target velocity
exceeds the tracking capability of the pursuit system,
corrective "catch-up" saccades are generated to
reposition the fovea accurately on the target
(Carpenter, 1988; Leigh & Zee, 2015).

Unlike saccadic eye movements, smooth pursuit is
entirely dependent on the presence of a moving
visual stimulus and cannot normally be initiated
voluntarily in the absence of retinal image motion.
This dependence on continuous visual feedback
distinguishes pursuit movements from other ocular
motor systems and highlights their reliance on
specialized neural mechanisms dedicated to motion
detection and processing (Krauzlis, 2004). The
effectiveness of smooth pursuit is commonly
assessed by measuring pursuit gain, defined as the
ratio of eye velocity to target velocity. An ideal
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pursuit system exhibits a gain close to one, indicating
accurate matching between eye and target
movements, whereas reduced gain results in retinal
slip and frequent corrective saccades.

B. Cortical Mechanisms: The initiation and
maintenance of smooth pursuit eye movements
depend on a distributed network of cortical regions
that process visual motion and transform sensory
information into coordinated motor commands. The
primary cortical center responsible for motion
perception is the middle temporal visual area (MT or
V5), which contains highly specialized neurons that
detect the direction and speed of moving objects.
Visual information originating from the retina is
transmitted through the lateral geniculate nucleus to
the primary visual cortex before reaching area MT,
where motion-sensitive neurons analyze the
velocity, direction, and characteristics of target
movement. Adjacent to MT is the medial superior
temporal area (MST), which further processes
complex motion patterns, including optic flow
generated during self-motion and large-field visual
movement. The MST integrates information
regarding target trajectory, acceleration, and
anticipated motion, enabling predictive tracking
even when the moving object is temporarily
obscured from view. Together, MT and MST
provide continuous sensory information that forms
the basis for smooth pursuit initiation and
maintenance (llg, 2008; Thier & Ilg, 2005). In
addition to these visual motion areas, the frontal eye
fields (FEF) play a significant role in voluntary
pursuit initiation, predictive tracking, and adjustment
of pursuit velocity. The FEF contributes particularly
when target movement is predictable, allowing the
ocular motor system to initiate pursuit before visual
feedback alone would be sufficient. This predictive
capability minimizes retinal image slip and enhances
tracking accuracy during repetitive or anticipated
target motion (Leigh & Zee, 2015). Collectively,
these cortical regions integrate visual perception,
attention, and motor planning to generate smooth and
coordinated pursuit eye movements.

C. Brainstem and Cerebellar Circuits: The
smooth pursuit pathway involves close coordination
between the brainstem and cerebellum to ensure
accurate and stable eye tracking. Visual motion
signals from the middle temporal (MT) and medial
superior temporal (MST) areas are transmitted
through the dorsolateral pontine nuclei (DLPN) and
the nucleus reticularis tegmenti pontis (NRTP) to the
flocculus and paraflocculus of the cerebellum. These
cerebellar regions regulate pursuit gain, movement
accuracy, and adaptive control by continuously
adjusting eye velocity to match target motion.

Processed signals are then relayed to brainstem
premotor neurons, which activate the ocular motor
nuclei to generate smooth and coordinated pursuit
eye movements (Krauzlis, 2004; Leigh & Zee,
2015).

3.4 NEUROPHYSIOLOGY OF VERGENCE

Characteristics of Vergence: VVergence movements
are disconjugate eye movements that adjust the angle
between the eyes to maintain binocular fixation on
objects at varying distances. During convergence,
both eyes move inward to focus on near objects,
whereas during divergence, they move outward to
focus on distant objects. These movements are
essential for binocular vision, stereopsis, and
accurate depth perception (Leigh & Zee, 2015;
Kandel et al., 2021).

Neural Pathways: Vergence is controlled by a
network involving the visual cortex, frontal eye
fields, and mesencephalic reticular formation, which
process retinal disparity and generate vergence
commands. Premotor neurons in the
supraoculomotor area project to the oculomotor
nucleus to coordinate eye movements. The posterior
cerebellar vermis and fastigial nucleus refine
vergence accuracy and facilitate its coordination
with saccadic eye movements. Vergence is closely
linked with accommodation and pupillary
constriction as part of the near triad reflex (Gamlin,
2002; Leigh & Zee, 2015).

Integration of Saccades, Pursuits, and Vergence:
Although saccades, smooth pursuits, and vergence
are distinct eye movement systems, they share
common cortical, brainstem, and cerebellar
pathways. Their coordinated activity allows smooth
transitions between gaze shifts and continuous
tracking of objects at different distances, ensuring
stable binocular vision during everyday visual tasks
(Leigh & Zee, 2015; Robinson, 1981).

Clinical Manifestations of Dysfunction: Disorders
affecting ocular motor pathways produce
characteristic abnormalities. Lesions of the frontal
eye fields or superior colliculus impair saccade
initiation, while brainstem lesions involving the
paramedian pontine reticular formation (PPRF) or
rostral interstitial nucleus of the medial longitudinal
fasciculus (riMLF) cause horizontal or vertical gaze
palsies. Cerebellar disease results in saccadic
dysmetria and impaired smooth pursuit, whereas
vergence  disorders, such as convergence
insufficiency and internuclear ophthalmoplegia,
commonly present with diplopia, reading
difficulties, and reduced depth perception (Leigh &
Zee, 2015).

Diagnostic Approaches: Evaluation of ocular motor
function includes assessment of saccadic accuracy,
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smooth pursuit, and the near point of convergence.
Objective investigations such as infrared eye
tracking, electrooculography (EOG), and functional
MRI (fMRI) provide quantitative analysis of eye
movements and help differentiate central from
peripheral ocular motor disorders (Carpenter, 1988;
Kandel et al., 2021).

Rehabilitation and Therapeutic Strategies:
Management focuses on restoring ocular motor
function through prism correction, orthoptic
exercises, and vision therapy to improve vergence,
pursuit, and binocular coordination. Neuroplasticity-
based rehabilitation, including repetitive eye
movement training, perceptual learning, and virtual
reality-based therapy, has shown promising results in
enhancing ocular motor performance and functional
visual outcomes (Ciuffreda et al., 2009; Leigh &
Zee, 2015).

3.5 FUTURE DIRECTIONS

Future research is focused on enhancing ocular
motor rehabilitation through non-invasive brain
stimulation, including transcranial —magnetic
stimulation (TMS) and transcranial direct current
stimulation (tDCS), to improve neural control of eye
movements. Advances in artificial intelligence (Al)-
based eye tracking, virtual reality, and personalized
rehabilitation programs are expected to provide more
effective and individualized treatment for ocular
motor disorders. Further research into the interaction
between cognitive processes and ocular motor
control will improve the understanding and
management of neuro-ophthalmic diseases (Kandel
etal., 2021; Leigh & Zee, 2015).

3.6 CONCLUSION

The neurophysiology of saccades, smooth pursuits,
and vergence demonstrates the coordinated
interaction of sensory processing, motor control, and
cerebellar adaptation required for stable binocular
vision. These eye movements rely on integrated
cortical, brainstem, and cerebellar networks to
maintain accurate gaze and visual stability.
Advances in neuroimaging, eye-tracking
technology, and neurorehabilitation continue to
improve the diagnosis and treatment of ocular motor
disorders, enhancing visual function and patient
outcomes.
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