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Preface

Eye movement disorders are commonly encountered in clinical practice. They are
often the initial manifestation of diseases affecting the central nervous system. Un-
derstanding eye movement disorders remains challenging, partly because it requires
knowledge of the underlying anatomy and physiology. Although there are a number
of excellent texts covering this subject, few present the information in a clear and
concise manner with accompanying anatomic diagrams to elucidate the intricate re-
lationships among clinical phenomena, basic neuroanatomy, and neurophysiology.
With this book, I have attempted to fill this gap: text and illustrations are combined
to provide a coherent and easy-to-assimilate description and explanation of different
eye movement disorders.

The text is divided into four parts. The first part consists of chapters for each of the
eye movement subsystems. Readers will find a description of thematic “concepts” on
the left-hand pages, with accompanying figures, a synopsis of the pertinent points,
and important clinical points (highlighted in green) on the right-hand pages. My aim
is to present the material that appears on the left-hand pages as succinct, accessible
information for easy review on the right-hand pages.

Parts II through IV describe different eye movement disorders in detail. Bulleted and
numbered lists have been used to reduce the overall volume of the text without com-
promising the clarity of the information. Each chapter contains color-coded sections
to allow ready review. The clinical features of different disorders are summarized in
yellow boxes, etiology in green boxes, and differential diagnosis in orange boxes.
Main eye movement abnormalities characteristic of different diseases are summa-
rized in blue boxes, and the anatomic and physiological basis for the observed ab-
normal eye movements are explained separately, as footnotes. Throughout the text,
readers will also find this icon », which indicates that a video clip of the correspon-
ding eye movement disorder is available in the book’s accompanying CD-ROM. In
addition, the book is amply illustrated with schematic diagrams of relevant anatomy
and brain pathways. Tables have also been used liberally to provide a readily accessi-
ble overview of information.

The book is comprehensive, though not exhaustive; I have aimed at a clear and
understandable presentation of what I think are the most important aspects of eye
movement disorders. I encourage readers to consult other excellent texts and the
references provided for more detail on particular subjects of interest, particularly
Leigh and Zee, The Neurology of Eye Movements, Fourth Edition, and Miller et al.,
Walsh and Hoyt’s Clinical Neuro-Ophthalmology, Sixth Edition. Readers who would
like to view additional videos of different eye movement disorders can visit a num-
ber of web pages that are accessible to the public, such as the resourceful NOVEL
website of the North American Neuro-Ophthalmology Society (http:/library.med
.utah.edw/NOVEL/), and the eTextbook of Eye Movements on the Canadian


http://library.med.utah.edu/NOVEL/
http://library.med.utah.edu/NOVEL/

Neuro-Ophthalmology Group website (www.neuroophthalmology.ca/textbook/
NOeyemovt.html).

It is my hope that this book will serve as a resource for residents, fellows, and clini-
cians in different specialties: ophthalmology, neurology, neuro-ophthalmology, and
neurosurgery. Neuro-otologists, orthoptists, medical students, as well as undergrad-
uate and graduate students in behavioral neurosciences, should also find useful in-
formation here.


www.neuroophthalmology.ca/textbook/NOeyemovt.html
www.neuroophthalmology.ca/textbook/NOeyemovt.html
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(ENCIAN  Eye Rotations, the Extraocular Muscles,
and Strabismus Terminology

1.1 Three Axes of Eye Rotations 4

1.2 Actions of the Extraocular Muscles 6

1.3 Laws of Ocular Motor Control and the Six Cardinal Positions of Gaze 8
1.4 Structure and Function of Extraocular Muscle Fibers 10

1.5 Strabismus Terminology 12

To understand how eye muscles move the eyeball, it is necessary to understand the
geometry of the eye and the functions of the muscles. The eyeball rotates about three
axes: horizontal, vertical, and torsional. These axes intersect at the center of the eye-
ball. Eye rotations are achieved by coordinated contraction and relaxation of six ex-
traocular muscles—four rectus and two oblique—attached to each eye. The action of
the muscles on the globe is determined by the point of rotation of the globe, as well
as the origin and insertion of each muscle. Recent evidence suggests that the muscles
also exert their effects on the globe via the extraocular muscle pulleys.

Considering that we make at least 100,000 saccades alone each day, it is not surpris-
ing that many extraocular muscles are very resistant to fatigue. Extraocular muscles
are also different from other skeletal muscles in many respects. For example, eye
muscle fibers are richly innervated, and each motoneuron innervates only 10-20
muscle fibers, the smallest motor unit known in the body. Extraocular muscles also
have more mitochondria and a higher metabolic rate than other skeletal muscles.
Thus, extraocular muscles are one of the fastest contracting muscles. This property
allows animals to shift gaze swiftly, so that they can avoid approaching predators or
detect prey in the vicinity. The unique immunologic and physiologic properties of
extraocular muscles may also explain why they are more susceptible to certain dis-
ease processes, such as Grave’s disease and chronic progressive external ophthalmo-
plegia, but more resistant to others such as Duchenne’s dystrophy, which mainly
affects skeletal muscles in the rest of the body.




1.1 Three Axes of Eye Rotations

The eyeball rotates about three axes: x-axis (naso-occipital or roll axis), y-axis (earth-
horizontal or pitch axis), and z-axis (earth-vertical or yaw axis).

Ductions refer to monocular movements of each eye. They include abduction,
adduction, elevation (sursumduction), depression (deorsumduction), incycloduc-
tion or incyclotorsion, and excycloduction or excyclotorsion (see table on opposite
page).

Versions refer to binocular conjugate movements of both eyes, such that the visual
axes of the eyes move in the same direction. They include dextroversion, levover-
sion, elevation (sursumversion), depression (deorsumversion), dextrocycloversion,
and levocycloversion (see table).

Vergences refer to binocular disjunctive movements, such that the visual axes of the
eyes move in opposite directions. They include convergence, divergence, incyclover-
gence, and excyclovergence (see table).

Eye rotations are achieved by coordinated contraction of six extraocular muscles in
each eye: the medial rectus, lateral rectus, superior rectus, inferior rectus, superior
oblique, and inferior oblique. The action of the muscles on the globe is determined
by the point of rotation of the globe, as well as by the origin and insertion of each
muscle. The tendons of the rectus muscles pass through sleevelike pulleys located
several millimeters posterior to the equator of the globe and approximately 10 mm
posterior to the insertion sites of the muscles. These pulleys, consisting of fibrous
tissue and smooth muscle, limit side-slip movement of the rectus muscles during eye
rotations and act as the functional origins of the rectus muscles.
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Three Axes of Eye Rotations

&y

z-axis (abduction and adduction)

_ y-axis (elevation and depression)

! ™ x-axis (incyclotorsion and excyclotorsion)

Term Definition

Ductions Ductions refer to monocular movements of each eye

Abduction occurs about the z-axis and is away from the median plane
Adduction occurs about the z-axis and is toward the median plane
Elevation occurs about the y-axis and is an upward rotation of the eye
Depression occurs about the y-axis and is a downward rotation of the eye
Incycloduction (incyclotorsion) occurs about the x-axis so that the upper
pole of the eye rotates toward the median plane

Excycloduction (excyclotorsion) occurs about the x-axis so that the upper
pole of the eye rotates away from the median plane

Versions Versions refer to binocular conjugate movements of both eyes, such that the
visual axes of the eyes move in the same direction

Dextroversion: both eyes rotating about their z-axes to the right
Levoversion: both eyes rotating about their z-axes to the left

Elevation: both eyes rotating about their y-axes to look upward
Depression:both eyes rotating about their y-axes to look downward
Dextrocycloversion: both eyes rotating about their x-axes so that the
upper pole of both eyes rotates to the subject’s right

Levocycloversion: both eyes rotating about their x-axes so that the upper
pole of both eyes rotates to the subject’s left

Vergences Vergences refer to binocular disjunctive movements, such that the visual
axes of the eyes move in opposite directions

Convergence: both eyes rotating about their z-axes toward the median
plane

Divergence: both eyes rotating about their z-axes away from the median
plane

Incyclovergence: rotation of both eyes about their x-axes so that the
upper pole of both eyes rotates toward the median plane
Excyclovergence: rotation of both eyes about their x-axes so that the
upper pole of both eyes rotates away from the median plane

Chapter 1 Eye Rotations, the Extraocular Muscles, and Strabismus Terminology 5



1.2 Actions of the Extraocular Muscles

The primary position of the eye is defined clinically as the position in which the eye
is directed straight ahead with the body and head erect. The primary action of a
muscle is its major rotational effect on the eye while the eye is in primary position.
The secondary and tertiary actions of a muscle are additional rotational effects on
the eye while it is in primary position.

The four rectus muscles arise from the annulus of Zinn at the apex of the orbit. The
medial rectus inserts onto the medial side of the globe at approximately 5.3 (£0.7)
mm from the corneoscleral limbus, whereas the lateral rectus inserts onto the lat-
eral side of the globe at approximately 6.9 (£0.7) mm from the limbus. Because the
origins and insertions of the horizontal rectus muscles are symmetric and lie in the
horizontal meridian of the globe, their functions are relatively simple and are antag-
onistic; contraction of the medial rectus adducts the globe, whereas contraction of
the lateral rectus abducts the globe.

The superior and inferior recti also originate from the annulus of Zinn. The superior
rectus inserts onto the globe superiorly at approximately 7.9 (£0.6) mm from the
limbus, and the inferior rectus inserts inferiorly at approximately 6.8 (+0.8) mm
from the limbus. In addition, their insertions onto the globe subtend a 23° angle with
the visual axis when the eye is in primary position, straddling the vertical meridian of
the globe. Thus, in addition to its primary action of elevation, the superior rectus has
a secondary action of incyclotorsion and a tertiary action of adduction. The primary
action of the inferior rectus is depression, its secondary action is excyclotorsion, and
its tertiary action is adduction. The relative importance of the primary and secondary
actions depends on the direction of the visual axis. When the eye is abducted 23°, the
superior rectus acts solely as an elevator, and the inferior rectus acts solely as a de-
pressor. When the eye is adducted 67°, the superior rectus acts solely to incyclotort
the globe, and the inferior rectus acts solely to excyclotort the globe.

The superior oblique also arises from the annulus of Zinn; however, its functional
origin is the trochlea in the superomedial orbit. The superior oblique is tendinous af-
ter it passes through the trochlea. This tendon then assumes a posterolateral direc-
tion and inserts onto the superior posterotemporal quadrant of the globe behind the
center of rotation. This vector plane subtends a 54° angle with the visual axis when
the eye is in primary position. Thus, in addition to its primary action of incyclotor-
sion, the superior oblique also has a secondary action of depression and tertiary ac-
tion of abduction. When the eye is adducted 54°, the superior oblique acts solely to
depress the globe, and when the eye is abducted 36°, it acts solely to incyclotort the
globe.

The inferior oblique arises from the anterior medial orbital floor, and thus it is the
only extraocular muscle that does not arise from the annulus of Zinn. It inserts onto
the inferior posterotemporal quadrant of the globe behind the center of rotation and
subtends a 51° angle with the visual axis when the eye is in primary position. Thus,
in addition to its primary action of excyclotorsion, the inferior oblique has a sec-
ondary action of elevation and a tertiary action of abduction. When the eye is ad-
ducted 51°, the inferior oblique acts solely to elevate the globe, and when the eye is
abducted 39°, it acts solely to excyclotort the globe.
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Actions of Extracoular Muscles

Eye in primary position Eye abducted

Superior rectus
(Top view)

Combined elevation & incyclotorsion when
the eye is in primary position

Elevation when the eye is in
23° abducted position

Inferior rectus
(Bottom view)

Combined depression & excyclotorsion when
the eye is in primary position

Depression when the eye is in
23° abducted position

Superior oblique
(Top view)

Combined incyclotorsion and depression when
the eye is in primary position

Incyclotorsion when the eye is
in 36° abducted position

Inferior oblique
(Bottom view)

Combined excyclotorsion and elevation when
the eye is in primary position

Excyclotorsion when the eye is
in 39° abducted position

Eye adducted

Incyclotorsion when the eye is
in 67° adducted position

Excyclotorsion when the eye is
in 67° adducted position

Depression when the eye is in
54° adducted position

Elevation when the eye is in
51° adducted position

Extraocular Muscles Primary Action Secondary Action

Tertiary Action

Lateral rectus Abduction None None
Medial rectus Adduction None None
Superior rectus Elevation Incyclotorsion Adduction
Inferior rectus Depression Excyclotorsion Adduction
Superior Oblique Incyclotorsion Depression Abduction
Inferior oblique Excyclotorsion Elevation Abduction
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1.3 Laws of Ocular Motor Control and the Six Cardinal Positions of Gaze

Agonist muscle moves the eye toward the desired direction, whereas antagonist mus-
cle moves the eye away from the desired direction. Sherrington’s law of reciprocal
innervation states that, whenever an agonist muscle (e.g., the medial rectus of the
right eye during adduction) receives an excitatory signal to contract, an equivalent
inhibitory signal is sent to the antagonist muscle (e.g., the right lateral rectus) of the
same eye. This reciprocal innervation is mainly due to central connections in the
brainstem.

A yoked muscle pair consists of one muscle from each eye and moves both eyes to-
ward the same direction. For example, the right lateral rectus and the left medial rec-
tus contract simultaneously when looking to the right. Hering’s law of equal in-
nervation (or law of motor correspondence) states that, during conjugate eye
movements, the yoked muscle pair receives equal innervation so that the eyes move
together. Vertically acting muscles are also conceptualized as being arranged as
yoked pairs (e.g., the right superior rectus and left inferior oblique form a pair, and
the right inferior rectus and the left superior oblique form another pair). However,
the way in which extraocular muscles interact is very complex, and all muscles prob-
ably contribute, even during a simple horizontal movement.

During clinical examination, the primary position refers to the position when the
eyes look straight ahead. Secondary positions are right gaze, left gaze, straight up,
and straight down. Tertiary positions are up and right, down and right, up and left,
and down and left.

The six cardinal positions include right gaze, left gaze, and the four tertiary posi-
tions. These eye positions provide the most information about the horizontal func-
tion of the horizontal rectus muscles (lateral and medial rectus) and the vertical
function of the cyclovertical muscles (superior rectus, inferior rectus, superior
oblique, and inferior oblique). For example, on right and up gaze, the prime eleva-
tors are the superior rectus in the right eye and the inferior oblique in the left eye. In
this gaze position, the right superior rectus is the prime elevator when the right eye
is abducted (by the action of the lateral rectus) because it inserts at a 23° angle to the
visual axis. Similarly, the left inferior oblique is the prime elevator when the left eye
is adducted (by the action of the medial rectus) because it inserts at a 51° angle to
the visual axis.

It is important to emphasize that the cardinal positions of gaze do not correspond to
the primary, secondary, or tertiary actions of the muscles. For example, when the
right eye looks right and up, the right superior rectus is not responsible for both ele-
vation and abduction; in fact, the tertiary action of the superior rectus is adduction,
not abduction. In other words, when the right eye looks right and up, elevation
comes mainly from contraction of the superior rectus, whereas abduction comes
mainly from contraction of the lateral rectus.

8 Partl The Six Eye Movement Systems



Laws of Ocular Motor Control and the Six Cardinal Positions of Gaze

Sherrington’s law of reciprocal innervation

Whenever an agonist muscle (e.g., the medial rectus of the right eye during adduc-
tion) receives an excitatory signal to contract, an equivalent inhibitory signal is sent
to the antagonist muscle (e.g., the right lateral rectus) of the same eye.

Hering’s law of equal innervation

During conjugate eye movements, the yoked muscle pair receives equal innervation
so that the eyes move together.

Six Cardinal Positions of Gaze

Right and up gaze Left and up gaze
Right SR Left 10 Right 10 Left SR
Right gaze Primary position Left gaze
Right LR Left MR Right eye Left eye Right MR Left LR

. Right and down gaze -~ " Left and down gaze -~

MR = medial rectus
LR = lateral rectus

e % b SR = superior rectus {"F -
@ @ >} IR = inferior rectus ‘\ @ <@)?‘
fran s ey SO = superior oblique P —

Right IR Left SO 10 = inferior oblique Right SO Left IR
f()f-:qzn}jwt

(linical Points

The six cardinal positions of gaze are the eye positions that provide the most information
about:

®  The horizontal function of the horizontal muscles (lateral and medial rectus)

= The vertical function of the cyclovertical muscles (superior rectus, inferior rectus, supe-
rior oblique, and inferior oblique).

For example, on right and upgaze:

= The right superior rectus (SR) is most responsible for elevation when the right eye is
abducted because the SR inserts at a 23° angle to the visual axis when the eye is in pri-
mary position. Note that the tertiary action of the superior rectus is adduction, not ab-
duction. Thus, the cardinal position does not correspond to the action of the muscle;
rather, it corresponds to the position of the eye that gives the most information about
the vertical function of the cyclovertical muscle.

= The left inferior oblique (I0) is most responsible for elevation when the left eye is ad-
ducted because the IO inserts at a 51° angle to the visual axis when the eye is in primary
position. Note that the tertiary action of the inferior oblique is abduction, not adduction.

Chapter 1 Eye Rotations, the Extraocular Muscles, and Strabismus Terminology 9



1.4 Structure and Function of Extraocular Muscle Fibers

The rectus and oblique muscles consist of two distinct layers: an outer orbital layer
adjacent to the periorbita and orbital bone, and an inner global layer adjacent to the
eye and the optic nerve. Whereas the global layer extends the full muscle length, in-
serting via a well-defined tendon, the orbital layer ends before the muscle becomes
tendinous. Each layer contains fibers more suited for sustained contraction or for brief,
rapid contraction. Six types of fibers have been identified in the extraocular muscles.

In the orbital layer, about 80% of the fibers are singly innervated fibers (SIF). Not
only do these fibers exhibit the fast type of myofibrillar ATPase and high oxidative ac-
tivity, but they also appear to be capable of anaerobic activity. They have twitch ca-
pacity and are the most fatigue-resistant fibers. They are the only fiber type that shows
long-term effects after injection of botulinum toxin. The remaining 20% of orbital
fibers are multiply innervated fibers (MIF). They have twitch capacity near the cen-
ter of the fiber and non-twitch activity proximal and distal to the endplate band.

In the global layer, about 33% of fibers are red SIFs, which are fast twitch and
highly fatigue resistant. Another 32% are white (pale) SIFs with fast-twitch proper-
ties but low fatigue resistance. Intermediate SIFs constitute about another 25% of
fibers. They have fast-twitch properties and an intermediate level of fatigue resis-
tance. The remaining 10% are MIFs, with synaptic endplate along their entire
length, as well as at the myotendinous junction, where there are palisade organ pro-
prioceptors. These fibers show tonic properties, with slow, graded, nonpropagated
responses to neural or pharmacological activation.

The levator palpebrae muscle contains the three singly innervated muscle types
found in the global layer of the extraocular muscles and a true slow-twitch fiber
type. The MIF type and the fatigue-resistant SIF type seen in the orbital layer of the
extraocular muscles are absent in the levator.

The functional arrangement of muscle fiber types is related to the threshold at which
motor units are recruited. During saccades and quick phases of nystagmus, all fiber
types are recruited synchronously. In contrast, during slow eye movements and fixa-
tion (gaze holding), there is a differential recruitment of fiber types that is dependent
on eye position. Orbital SIFs and global red SIFs are recruited first, when eye posi-
tion is still in the direction opposite to the muscle action. Multiply innervated fiber
types are recruited next, probably near straight-ahead position, where their fine in-
crements of force would be of value for fixation. The increasingly faster but fatigable
fibers are recruited last, at eye position well into the direction of muscle action.

The palisade tendon organs are the primary proprioceptors in human extraocular
muscles. They are found in the distal myotendinous junctions of global MIFs. Affer-
ents from these proprioceptors project, via the ophthalmic branch of the trigeminal
nerve and the Gasserian ganglion, to the spinal trigeminal nucleus. They may also
project centrally via the ocular motor nerves. From the trigeminal nucleus, proprio-
ceptive information is sent to structures involved in ocular motor control, including
the superior colliculus, vestibular nuclei, nucleus prepositus hypoglossi, cerebellum,
and frontal eye fields. Proprioceptive information is also sent to structures involved in
visual processing, including the lateral geniculate body, pulvinar, and visual cortex.
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Structure and Function of Extraocular Muscle Fibers

Orbital layer Global layer
Global Global Global

Orbital ~ Orbital Red White Intermediate  Global

SIF MIF SIF SIF SIF MIF
% of layer 80 20 33 32 25 10
Contraction mode Twitch Mixed Twitch Twitch Twitch Non-twitch
Contraction speed Fast Fast/slow Fast Fast Fast Slow
Fatigue resistance High Variable High Low Intermediate High
Recruitment order Tst 3rd 2nd 6th 5th 4th
Slow eye movements
and fixation
Saccades and quick All fiber types recruited simultaneously

phases of nystagmus

SIF, singly innervated fibers; MIF, multiply innervated fibers. (Modified from Porter et al. Extraocular muscles: Basic and clinical
aspects of structure and function. Surv Ophthelmol. 1995;39:451-84.)

The palisade tendon organs

= Primary proprioceptors in human extraocular muscles
= Found in the distal myotendinous junctions of global multiply innervated fibers

= Project to the spinal trigeminal nucleus via the ophthalmic branch of the trigeminal
nerve and the Gasserian ganglion, or via the ocular motor nerves

= From the spinal trigeminal nucleus, proprioceptive information is sent to
1. Structures involved in ocular motor control (e.g., superior colliculus, vestibular
nuclei, nucleus prepositus hypoglossi, cerebellum, frontal eye fields)

2. Structures involved in visual processing (e.g., lateral geniculate body, pulvinar,
visual cortex).
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1.5 Strabismus Terminology

The line connecting the object of fixation to the fovea is the visual axis. Strabismus
is defined as a misalignment of the visual axes between the two eyes.

Orthophoria is the ideal condition of eye alignment. In reality, it is seldom encoun-
tered because the majority of people have a latent misalignment. By definition, or-
thophoria indicates that the oculomotor apparatus is in perfect equilibrium so that
both eyes remain aligned in all positions of gaze and at all distances of fixation dur-
ing viewing with one eye (monocular viewing). Orthotropia refers to perfect align-
ment of the eyes during viewing with both eyes (binocular viewing).
Heterodeviation refers to ocular alignment that differs from orthophoria. It includes
both heterophoria and heterotropia. Heterophoria is a latent deviation controlled by
binocular fixation, such that, during viewing with both eyes, the eyes remain aligned.
In contrast, heterotropia is a deviation present during viewing with both eyes (i.e.,
manifest deviation).

There are a variety of heterophoric and heterotropic deviations. If the visual axes con-
verge, the condition is called esophoria (for latent deviation) or esotropia (for mani-
fest deviation). If the visual axes diverge, the condition is known as exophoria or ex-
otropia. Uncrossed diplopia is double vision caused by esotropia. The false image is
displaced on the same side as the deviated eye. Crossed diplopia is double vision
caused by exotropia. The false image is displaced to the side opposite the deviated eye.
Hyperphoria (for latent deviation) or hypertropia (for manifest deviation) occurs if
the visual axis of the nonfixating eye is higher than that of the fixating eye. For ex-
ample, a right hyperphoria or hypertropia is a deviation in which the visual axis of
the nonfixating right eye is higher than that of the left. Cyclodeviation is a torsional
misalignment of the eyes, causing a cyclodisparity. Incyclodeviation refers to a rela-
tive incyclotorsion of the eyes (decreased separation of upper poles of eyes),
whereas excyclodeviation refers to a relative excyclotorsion of the eyes (increased
separation of upper poles of eyes).

Strabismus may be comitant or incomitant. In concomitant or comitant strabismus,
the magnitude of deviation is the same in all directions of gaze and does not depend
on the eye used for fixation. In incomitant or noncomitant strabismus, the deviation
varies in different directions of gaze. Most incomitant strabismus is caused by a para-
lytic or a mechanical restrictive process. The deviation is largest when the eyes turn in
the direction of the paralytic or underacting muscle. The deviation in incomitant stra-
bismus also varies with the eye used for fixation. When the normal eye is fixating, the
amount of misalignment is called primary deviation. When the paretic eye is fixat-
ing, the amount of misalignment is called secondary deviation. Secondary deviation
is larger than primary deviation in incomitant strabismus because an increase in in-
nervation is needed for a paretic eye to fixate a target. By Hering’s law, the contralateral
yoked muscle also receives more innervation, resulting in a larger deviation.
Weakness of a muscle can be classified as a paralysis or paresis. If the action of a mus-
cle is completely abolished, the condition is a paralysis or palsy; if the action of a mus-
cle is weakened but not abolished, it is called a paresis. The terms palsy and paresis are
often used interchangeably in clinical settings and in neurologic practice. In this book,
the term palsy is used to denote a partial or a complete impairment of muscle action.
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Strabismus Terminology

Term Definition

Visual axis The line connecting the object of fixation to the fovea
Strabismus A misalignment or deviation of the visual axes
Orthophoria Alignment of the visual axes while viewing with one eye
Orthotropia Alignment of the visual axes while viewing with both eyes

Heterophoria

A latent misalignment of the visual axes while viewing with one eye

Heterotropia

A manifest misalignment of the visual axes while viewing with both eyes

Esophoria/esotropia

Convergence of visual axes (i.e, crossed eyes) during viewing with one
eye (esophoria) or during viewing with both eyes (esotropia)

Exophoria/exotropia

Divergence of visual axes (i.e, walled eyes) during viewing with one
eye (exophoria) or during viewing with both eyes (exotropia)

Hyperphoria/hypertropia

Vertical misalignment of the visual axes with the nonfixating eye higher
than the fixating eye during viewing with one eye (hyperphoria) or
during viewing with both eyes (hypertropia)

Hypophoria/hypotropia

Vertical misalignment of the visual axes with the nonfixating eye lower
than the fixating eye during viewing with one eye (hypophoria) or
during viewing with both eyes (hypotropia)

Cyclodeviation

Torsional misalignment of the eyes, causing a cyclodisparity

Incyclodeviation

Relative incyclotorsion of the eyes (decreased separation of upper
poles of eyes)

Excyclodeviation

Relative excyclotorsion of the eyes (increased separation of upper poles
of eyes)

Uncrossed diplopia

Double vision caused by esotropia; the false image is displaced on the
same side as the deviated eye

Crossed diplopia

Double vision caused by exotropia; the false image is displaced to the
side opposite to the deviated eye

Concomitant deviation

Misalignment of the visual axes that does not change with gaze
direction during fixation with either eye

Incomitant deviation

Misalignment of the visual axes that changes with gaze direction and
depends on which eye is fixating; causes include mechanical restriction
or muscle palsy

Primary deviation

The deviation of the paretic eye while the normal eye is fixating

Secondary deviation

The deviation of the normal eye while the paretic eye is fixating;
secondary deviation is larger than primary deviation in incomitant
strabismus
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One main reason that we make eye movements is to solve a problem of information
overload. A large field of vision allows an animal to survey the environment for food
and to avoid predators, thus increasing its survival rate. Similarly, a high visual acu-
ity also increases survival rates by allowing an animal to aim at a target more accu-
rately, leading to higher killing rates and more food. However, there are simply not
enough neurons in the brain to support a visual system that has high resolution over
the entire field of vision. Faced with the competing evolutionary demands for high
visual acuity and a large field of vision, an effective strategy is needed so that the
brain will not be overwhelmed by a large amount of visual input. Some animals,
such as rabbits, give up high resolution in favor of a larger field of vision (rabbits can
see nearly 360°), whereas others, such as hawks, restrict their field of vision in return
for a high visual acuity (hawks have vision as good as 20/2, about 10 times better
than humans). In humans, rather than using one strategy over the other, the retina
develops a very high spatial resolution in the center (i.e., the fovea), and a much
lower resolution in the periphery. Although this “foveal compromise” strategy solves
the problem of information overload, one result is that unless the image of an object
of interest happens to fall on the fovea, the image is relegated to the low-resolution
retinal periphery.

The evolution of a mechanism to move the eyes is therefore necessary to comple-
ment this foveal compromise strategy by ensuring that an object of interest is main-
tained or brought to the fovea. To maintain the image of an object on the fovea, the
vestibulo-ocular (VOR) and optokinetic systems generate eye movements to com-
pensate for head motions. Likewise, the saccadic, smooth pursuit, and vergence sys-
tems generate eye movements to bring the image of an object of interest on the
fovea. These different eye movements have different characteristics and involve dif-
ferent parts of the brain. In this chapter, the fixation system is discussed; the VOR
and optokinetic systems, saccades, smooth pursuit, and vergence systems are dis-
cussed in subsequent chapters.
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