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Breface to the Sixth Edition

major change with this edition is the addition

of co-author Dr. Emilio Campos, who is one
of the leaders of European strabismology and
widely respected for his scientific contributions.
Dr. Campos has written a new chapter on Chemo-
denervation and assisted me with the review and
revision of this sixth edition. | selected Dr.
Campos as a co-author because his scientific back-
ground is similar to mine. His mentor Bruno Bag-
olini was trained, as | was, by the late Hermann
Burian, with whom | co-authored the first edition.
Because of this common heritage we agree on all
major issues discussed in this text. Whenever an
occasional difference in opinions existed on minor
subject matters both of our views were stated.

Asin previous editions, new material was added
and older text that had lost its relevance was
deleted, except when it was of historical interest.
Binocular Vision and Ocular Motility has become
a major source of references to the older strabis-
mus literature that is not retrievable through elec-
tronic search techniques. With this in mind, we
have used a conservative approach in deleting
older references so that they would remain avail-
able to the researcher and interested clinician.

We have endeavored to improve clarity in the
text and tables, replaced several old figures with
better examples, and added illustration of surgical
techniques not covered in previous editions.

feel deeply honored for having been asked by

Dr. Gunter von Noorden to collaborate with
him on the sixth edition of Binocular Vision and
Ocular Motility, and | consider this recognition as
one of the highlights of my career.

| hope that my input to this edition has not
interfered with the homogeneity of this book and
its original message.

Both Dr. von Noorden and | would appreciate
any input from our readers that may help us to
make future editions even more useful.

| would like to express my gratitude to my
collaborators Drs. Costantino Schiavi and Costan-

The formerly voluminous chapter on sensory
adaptation and stereopsis has been divided into
three smaller chapters for easier access. Because
sensorial anomalies in strabismus are only briefly
dealt with in current texts, or receive at best spuri-
ous coverage in most teaching curricula for resi-
dents, the comprehensive discussion of this sub-
ject in this book appears to be fully justified.

The contributions and teaching of Hermann Bu-
rian remain apparent throughout this text but espe-
cialy in Part One. We submit this volume not
only as his legacy but aso that of his teacher,
Alfred Bielschowsky, who has influenced strabis-
mology during the first half of the 20th century
like no one else.

My thanks are due to Mrs. Louise Thomas, my
faithful former secretary, for obtaining copies of
articles from the local medical libraries and illus-
trations through the Baylor Department of Medical
Illustrations, and to Mr. Mike Piorunski, librarian
of the Friedenwald Library of the Wilmer Institute,
for locating and verifying older references. Ladt,
but not least, | thank my dear wife for her contin-
ued support and patience during the work on this
edition.

The authors have no proprietary interest in any
of the commercial products, drugs, or instruments
mentioned in this book.

Gunter K. von Noorden

tino Bellusci, who have helped me in the prepara-
tion of clinical illustrations and surgical drawings.
Many thanks also to Stefania Piaggi, C.O., for
having located obscure references and for her help
with the computer search of the literature.

| am grateful to al my collaborators and to
those close to me for their patience during the
preparation of the manuscript and ask their for-
giveness for any lack of attention during this most
stimulating but time-consuming venture.

Emilio C. Campos



Preface to the First Edition

He who is theoretic as well as practical is
therefore doubly armed: able not only to prove
the propriety of his design but equally so to
carry it into execution.

VITRUVIUS

his volume is the product of the cooperative

efforts of the two authors. Parts | and Il were
written by Burian, and Parts Il and IV by von
Noorden; however, both authors take full responsi-
bility for the complete text.

In this work, our aim is to provide the practic-
ing ophthalmologist as well as the budding one
with the theoretic knowledge and practical know-
how that will enable him to pursue the field of
neuromuscular anomalies of the eyes in the man-
ner set forth in the precept of Vitruvius.

The sound physiologic tradition of Hering,
Helmholtz, Donders, Tschermak, Hofmann, and
their schools forms the solid ground upon which
was built the clinical work of Javal, Worth,
Bielschowsky, Duane, Lancaster, and, more re-
cently, Harms, Cuppers, Lyle, Bagolini, ourselves,
and many others. Our purpose has been to convey
this physiologic basis as concisely and simply as

possible, always with the practicing ophthalmolo-
gist in mind and wherever possible emphasizing
its immediate clinical application. But much has
happened in our field since the days of the old
masters, and due consideration is given to the
exciting and significant modern studies in the psy-
chophysical and neurophysiologic areas as well as
in the field of clinical management of strabismus.
This volume is not a handbook or a system, how-
ever, and is not intended to be systematically or
historically complete. We, therefore, have omitted
many points that are to be found in reference
works. Neither does this book supplant the Atlas
of Strabismus by von Noorden and Maumenee,
which continues to be a useful guide to the diag-
nostic aspects of strabismus.

The theoretic foundation has served us as a
means to make the strictly clinical chapters both
“theoretic and practical,” telling the ophthalmolo-
gist not only the “what and how’ but also the
“why.” We hope that the long hours of labor
expended on this volume may be of real use-
fulness in the study of strabismus, particularly to
the younger generation of ophthalmologists.

Hermann M. Burian
Gunter K. von Noorden
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CHAPTER

General Introduction

The Eyes as a Sensorimotor
Unit

The two human eyes with their adnexa and
nervous system connections form an indivisible
entity. This fact must always be kept in mind,
but for the purpose of study a distinction be-
tween the sensory and the motor systems is nec-
essary.

Light stimuli, having gone through the changes
imposed on them by the refractive media, reach
the peripheral organ of vision, the retina, and
produce physical and chemical alterations in the
retina receptors. In turn, these alterations provoke
in the retinal neurons physicochemical and el ectri-
cal changes that are transmitted as impulses to the
central nervous system. Eventually, visual sensa
tions of form, spatial relationships, and color ap-
pear in our consciousness. This sequence of events
may be caled the sensory aspect of the visual
process. The events in the sensory part of the
visual system also precipitate a chain of responses
in the motor system of the eyes, in the central and
peripheral nervous arrangements, and in the inner
and outer muscles of the eyes.

In this unitary sensorimotor system, the sensory
system transmits and elaborates the information
received about the outside world. The motor sys-
tem has no independent significance and is en-
tirely in the service of the sensory system, by
which it is largely governed. Understanding of
this system is essential for the interpretation of
the neuromuscular anomalies of the eyes.

The Tasks of the Motor
System

The tasks of the motor system are (1) to enlarge
the field of view by transforming the field of
vision into the field of fixation, (2) to bring the
image of the object of attention onto the fovea
and keep it there, and (3) to position the two eyes
in such a way that they are properly aligned at all
times, thereby ensuring the maintenance of single
binocular vision.

Nature and Control of Ocular
Movements

Voluntary and Involuntary Eye
Movements

In agreement with a time-honored classification, a
distinction is made between voluntary and invol-
untary eye movements. Voluntary simply implies
that the movements are “willed” by the individ-
ual, presumably as a result of a chain of impulses
that originate in the cortex. Involuntary eye move-
ments are not willed by the individual and, indeed,
occur without awareness. They are elicited mainly
by stimuli arising from outside the body, for exam-
ple, visua or auditory, or those arising from within
the body, for example, vestibular. The former are
referred to as exteroceptive, the latter as interocep-
tive stimuli.

When the illuminance of the retina changes,
the pupil of the eye constricts or dilates. When we

3



4 Physiology of the Sensorimotor Cooperation of the Eyes

tilt our head to one shoulder, the eyes make a
parallel movement around their anteroposterior
axes, so the vertical meridians of the retinas turn
in the direction opposite that of the head. The
eyes attempt to right themselves. Both these motor
reactions are highly useful unconditioned reflexes.
The central nervous system structures that mediate
these reflexes are subcortical. The individua is
not aware they are taking place.

When a light stimulus reaches the retinal pe-
riphery, the eye turns and causes the stimulus to
impinge on the area of highest resolving power,
the fovea. If a binocularly fixated object ap-
proaches the eyes, the visual axes converge to
maintain fixation. If for some reason the proper
alignment of the visual axes has been lost, correc-
tive fusional movements occur and restore binocu-
lar fixation. All these movements are highly use-
ful, and most of them are also reflexive, but there
is a significant difference between them and reflex
movements.

If a person is lost in thought or concentrating
on an object of regard, another object approaching
from one side may not be noticed—at times with
regrettable results. One can voluntarily stop con-
vergence or voluntarily overconverge. In inatten-
tive states, one may fail to make fusiona move-
ments. All these movements, then, though
basicaly reflexive, require the cooperation of the
cerebral cortex, in particular a state of visua atten-
tion. Hofmann and Bielschowsky,® who published
their classic study on fusional movementsin 1900,
clearly noted the reflex nature of these move-
ments, but were also aware that they did not come
about without the concurrence of attention. They
designated the fusional movements as psycho-op-
tical reflexes. At the time Hofmann and
Bielschowsky published their paper, Pavlov had
just begun his work on conditioned reflexes, and
his findings were not yet published. Today, reflex
movements that require cooperation of the cere-
bral cortex are designated as conditioned reflexes.

In summary, all eye movements, insofar as they
are not voluntary, are unconditioned or condi-
tioned reflexes performed in the service of the
sensory system of the eyes, specifically in the
interest of clear, distinct vision and of binocular
fixation.

Cybernetic Control of the Eye
Movements

The concept of reflex activity, with the neuron as
the unit of the anatomical and physiologic organi-

zation of the nervous system, for a long time
has been the cornerstone of neurophysiology and
neurology and, consequently, also that of the sen-
sorimotor system of vision. Chavasse! introduced
an extreme reflexologic view into the analysis of
neuromuscular anomalies of the eyes. He extended
the concept of unconditioned reflexes, in the man-
ner of Pavlov’'s teaching on the higher nervous
activity, to include the sensory visual responses.
Chavasse's views are discussed in detail in later
chapters.

Control of the eye movements thus was inter-
preted as resulting from exteroceptive and proprio-
ceptive stimulations. More recently, a new way of
thinking and a new vocabulary have been devel-
oping. Cybernetics and information theory, to-
gether with spectacular advances in electronic
technology, have brought about a revolution that
could not help have an influence on the interpreta-
tion of biological phenomena. The terminology of
the engineer has taken on a strangely biological
cast, and the terminology of the biologist is in-
creasingly borrowing terms from the engineer.
“Closed loops,” ““open loops,” *‘feedback,” and
“*servomechanisms’” are words heard today as
commonly from biologists as from engineers.

The information received from the retina may
be designated as retinal error signal (the difference
between the desired and received placement of the
image) or as outflow feedback. Signals sent out
from tension sensors in the extraocular muscles
would then represent an inflow (proprioceptive)
feedback. Inflow feedback is the common mecha-
nism provided for in skeletal muscles, for exam-
ple, the muscles of the limbs. Whether inflow from
the extraocular muscles plays a role in oculomotor
control or space perception is discussed in Chap-
ter 2.

Ludvigh,*? one of the first to propose a cyber-
netic model for eye movements, stated that it is
tempting to hypothesize that the retina provides
the necessary feedback, since the visual environ-
ment is ordinarily heterogeneous; therefore, move-
ments of the eyes bring about changes in the
retina and neural pattern even in the absence
of any interoceptive sense. Ludvigh pointed out,
however, that control of the eye movements can-
not be based on retinal feedback aone.!? The
temporal relations are such that entire large excur-
sions of several degrees, so-called saccadic move-
ments, may be initiated and completed by the eyes
before there is time for any inflow or outflow



feedback to become effective. This reasoning may
not apply to the much slower fusional movements.

According to Ludvigh's hypothesis®? a definite
innervation sequence always follows when the
stimulus has a specific extrafoveal position. Thisis
an important concept well described by Hofmann,”
who spoke of amotor value of the retinal elements
proportional to the distance of the stimulated ele-
ment from the fovea, whose retinomotor value is
equa to zero (see Retinomotor Values in Chap-
ter 2).

The cybernetic scheme proposed by Ludvigh*2
is a qualitative one. Later authors> > *>7 have
worked out quantitative models for oculomotor
control. It is not useful to discuss them in this
book; interested readers are referred to the original
publications.

Apparent Movement of the
Environment

When the eyes make a saccadic movement, the
image of the environment sweeps across the ret-
ina, yet no movement is perceived. This phenome-
non has been explained by von Holst and Mittel-
staedt,® Ludvigh,** and others as follows.

The control system (the ** space representation
center” of Ludvigh'?) isinformed of the conjugate
innervation sent to the extraocular muscles. If the
movement is accurately performed, the informa-
tion from retina feedback coincides with the in-
formation about the conjugate innervation, and no
movement is perceived; but if the two disagree,
an apparent movement of the visual environment
results.

This can be shown by a simple experiment:
close the left eye and push your right eye na-
salward with your finger. Images will now sweep
across the retina, but since the control center
knows of no active innervation to the right medial
rectus muscle, the environment appears to make a
jump to the right. Likewise, if an extraocular mus-
cle (e.g., the right lateral rectus muscle) is para-
lyzed, an innervation impulse to abduct that eye
will not be executed at all or, if any abduction
occurs, the eye will not abduct fully. The control
center is informed of the innervation, but the ab-
sence of the proper retinal feedback again causes
an apparent movement of the environment to the
right. This phenomenon is the basis of past-point-
ing in paralytic strabismus, which is discussed
further in Chapter 20.

General Introduction 5

Empiricism and Nativism

Historicaly, there were two opposing schools of
thought with regard to the origin and development
of normal binocular vision and spatial orientation.
One maintained that humans are born without
binocularity or spatial orientation and that binocu-
larity and spatial orientation are learned functions
acquired by trial and error through experience and
assisted by al the other senses, especialy the
kinesthetic sense. Thisis the theory of empiricism:
that binocular vision depends on ontogenetic de-
velopment. The other school held that binocular
vision and spatial orientation are not learned func-
tions but are given to humans with the anatomico-
physiologic organization of his visual system,
which is innate. This is the nativistic teaching:
that binocular vision is acquired phylogenetically
rather than ontogenetically.

The principal proponents of these two schools
were Hering and Helmholtz who—with very little
experimental evidence on either side—battled
each other fiercely during the second half of the
nineteenth century. The intensity of this battle is
understandable, because it is not restricted to the
question of the development of binocular vision;
indeed it is a battle between two attitudes toward
life and existence.

One may ask why philosophic ponderings on
empiricism and nativism should be found in a
book on strabismus. Surprising as it may seem,
they are of basic importance in the management
of strabismus since the prognosis and the attitude
toward timing of treatment depend on this view.
If one believes that binocular vision is a learned
skill and if a functiona cure is sought, one will
have to operate very early in achild's life. Another
ophthalmologist, more nativistically inclined, may
believe that, given a normal sensorimotor anlage,
early surgery is not absolutely essential, just as it
is of no functional use if the anlage is not there.

There is no doubt that the anlage for normal
binocular vision is present at birth. No evidence
exists, for instance, that sensory fusion or stereop-
sis are “learned”’ processes any more than the
perception of color—as distinct from color
naming—is alearned process. Certain motor skills
of the eyes are learned and improvable, as are al
motor skills. The situation may be compared with
that of a musician. *‘Innate’ musical talent is
necessary, but to be a pianist or violinist the motor
skills of fingers and arms must be learned and
continually reinforced through practice.
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Anima research during the past three decades
has actually provided support for both the nativis-
tic and the empiricist schools of thought. The most
direct evidence for the nativistic view came from
the epochal work of Hubel and Wiesdl,*® who
showed with microelectrode recordings that visu-
ally inexperienced kittens have striate neurons
with normal orientation sensitivity and a consider-
able number of neurons that are responsive to
stimulation from either eye. In fact, electrophysio-
logic data from these kittens were strikingly simi-
lar to those obtained from adult cats. The same
degree of complex functional differentiation of the
visual cortex is present in visually immature baby
monkeys.*® These findings support a nativistic
view, according to which many connections re-
sponsible for the highly organized behavior of the
striate cortex must be present at birth or within a
few days of it. On the other hand, we have also
learned from animal experiments that the normal
postnatal development of the visual system de-
pends on normal visual experience and that this
development can be adversely modified by abnor-
mal visual input. For instance, environmental fac-
tors are highly effective in tuning the spatial orien-
tation of cortical neurons.® Only brief disruptions
of binocularity, produced by suturing the lid of
one eye in a monkey' or by creating artificial
strabismus,® suffice to decimate or even abolish
binocular neurons in the striate cortex and thus
the ability to see stereoscopically.* Thus, normal
visual experience is essential to preserve visua
functions already present at birth and to promote
their further development. The contradiction be-
tween empiricism and nativism, with all its philo-
sophical and social implications, may well be only
an apparent one as far as the visua system is
concerned.:
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CHAPTER

Binocular Vision and
Space Perception

Without an understanding of the physiology
of binocular vision it becomes difficult, if
not impossible, to appreciate its anomalies. The
reader is well advised to study this chapter thor-
oughly since important basic concepts and termi-
nology used throughout the remainder of this book
are introduced and defined. It is of historical inter-
est that most of these concepts and terms have
only been with us since the nineteenth century
when they were introduced by three men who may
be considered among the fathers of modern visual
physiology: Johannes Muller, Hermann von Helm-
holtz, and Ewald Hering. The basic laws of binoc-
ular vision and spatial localization that were laid
down by these giants of the past form the very
foundation on which our current understanding of
strabismus and its symptoms and sensory conse-
guences is based.

Fusion, Diplopia, and the Law
of Sensory Correspondence

Let us position an object at a convenient distance
in front of an observer at eye level and in the
midplane of the head. If the eyes are properly
aligned and if the object is fixated binocularly, an
image will be received on matching areas of the
two retinas. If the eyes are functioning normally
and equally, the two images will be the same in
size, illuminance, and color. In spite of the pres-
ence of the two separate physical (retinal) images,

only one visual object is perceived by the ob-
server. This phenomenon is so natural to us that
the naive observer is not surprised by it; he is
surprised only if he sees double. Yet the
opposite—single binocular vision from two dis-
tinct retinal images—is the truly remarkable phe-
nomenon that requires an explanation.

Relative Subjective Visual
Directions

Whenever a retinal area is stimulated by light
entering the eye, the stimulus is perceived not
only as being of a certain brightness and color
and of a certain form but also as aways being
localized in a certain direction in visua space.
One cannot have a visual impression without
seeing it somewhere. If the stimulated retinal area
is located to the left of the fovea, it is seen in the
right half of the field; if it is located to the right
of the foves, it is seen in the left half of the field.

The direction in which a visual object is local-
ized is determined by the directional, or spatial,
values of the stimulated retinal elements. These
directional values (the local signs of Lotze) are an
intrinsic property inherent to the retinal elements,
as are al the properties that lead to sensations of
brightness, color, and form of a percept.

That the directional values are intrinsic proper-
ties of the retinal elements and are not caused by
the location of the light stimulus in external space
or by some other properties of the light stimulus

7
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can be shown by using inadequate stimuli. If the
retina is stimulated mechanically (pressure) or
electrically, the resulting sensation is localized in
the same specific direction in which it would be
localized if the retinal elements had been stimu-
lated by light. For instance, if we apply finger
pressure near the tempora canthus through the
lids of one eye, we will become aware of a posi-
tive scotoma in the nasal periphery of that eye.

It must be made clear at this point that when-
ever retinal elements, retinal points, or retinal
areas are spoken of in this book, they are to be
understood in the sense in which Sherrington®
used them. He defined these terms to mean “‘the
retinocerebral apparatus engaged in elaborating a
sensation in response to excitation of a unit area
of retinal surface.” None of the ““properties’ spo-
ken of “belong” to the retina elements per se.
Anatomical, physiological, biophysical, and bio-
chemical arrangements and mechanisms within
the retina give rise to excitations that ultimately
result in what we know as “‘vision.” We *‘see”
with our brain, not with our retina, but the first
step in elaboration of information received by the
eye takes place in the retina. Without the retina,
there is no vision. Since it is vastly easier for us
to visualize the retina than the totality of the
retinocerebral apparatus, retinal terminology is ad-
hered to throughout this book.

Each retinal element, then, localizes the stimu-
lus as a visual percept in a specific direction, a
visual direction, but this direction is not absolute.
It is relative to the visual direction of the fovea
The fovea, the area of highest visual acuity, is
also the carrier of the principal visual direction
and the center to which the secondary visual direc-
tions of al other retinal elements relate. Thisrela
tionship is stable, and this stability is what makes
an orderly visual field possible. Since the localiza-
tion of the secondary visua direction is not abso-
lutely fixed in visual space but is fixed only as
related to the visual direction of the fovea, its
direction shifts together with the principal visual
direction with changes in the position of the eye.
Strictly speaking, visual directions are subjective
sensations and cannot be drawn in a geometric
construct. The objective correlates to visual direc-
tions for the use in such drawings are the principal
and secondary lines of directions. A line of direc-
tion is defined as a line that connects an object
point with its image on the retina. Helmholtz** v
Lp- 97 defined it (the direction ray) also as a line
from the posterior nodal point to the retina. All
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FIGURE 2-1. Relative lines of direction. A, Eye in
straight-ahead position. F, principal line of direction; N and
P, secondary lines of direction. B, Eye turned to right.
The sheath of lines of directions shifts with the position
of the eyes, but F’ remains the principal line of direction
and N" and P’ remain the secondary lines of direction.

lines of direction therefore should meet in the
anterior nodal point. For simplicity, the lines of
direction are represented as straight lines in sche-
matic drawings (Fig. 2-1).

Retinomotor Values

There is a further important result of this stable
and orderly arrangement of the relative visual di-
rections. The appearance of an object in the pe-
riphery of the visual field attracts attention, and
the eye is turned toward the object so that it
may be imaged on the fovea. The resulting eye
movement, also called a saccade, is extraordi-
narily precise. It is initiated by a signal from the
retinal periphery that transmits to the brain the
visual direction, relative to the foveal visual direc-
tion, where the peripherally seen object has ap-
peared. Corresponding impulses are then sent to
the extraocular muscles to perform the necessary
ocular rotation, mediated and controlled in a man-
ner discussed in Chapter 4. This function of the
retinal elements may be characterized by saying
that they have a retinomotor value. This retinomo-
tor value of the retina elements increases from
the center toward the periphery. The retinomotor
value of the fovea itself is zero. Once an image is
on the fovea, there is no incentive for ocular
rotation. The fovea, then, in addition to its other
functions, is aso the retinomotor center or retino-
motor zero point. The retinal organization de-
scribed here has an important clinical application:
it makes it possible to measure ocular deviations
by means of the prism and cover test (see prism
and cover test in Chapter 12).
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FIGURE 2-2. A, The fixation point, F, and the objects L and R all lie on the geometric lines of
direction Ff, and Ff, of the two foveae. F, L, and R therefore are seen behind each other in subjective
space in the common relative subjective visual direction of the two foveae, f, as shown in B. The
imaginary “third” eye, the cyclopean eye, is indicated by dashed lines in A.

Common Relative Subjective Visual
Directions

Thus far, only the single eye has been discussed.
How do the relative subjective visua directions of
the two eyes relate to each other?

Let a person with head erect fixate an object,
F (Fig. 2-2), cdled the fixation point. Ff, and Ff,
are the lines of direction of the two foveae and as
such are of special importance. They are also
called principa lines of direction or visual axes.
Other synonyms are line of gaze, line of vision,
and line of regard. If the two principa lines of
direction intersect at the fixation point, it is said
that there is binocular fixation. If only one princi-
pal line of direction goes through the fixation
point, fixation is monocular.

As we have seen, F, fixated binocularly (see
Fig. 2-2), is seen not in the direction of the
principal line of direction of either eye but in a
direction that more or less coincides with the
median plane of the head. This holds true not only
for the fixation point but also for any object point
in the principal line of direction. L and R in Figure
2-2, which lie on the principa lines of direction
of the left and right eyes, therefore will appear to
be behind each other and in front of F, although
all three are widely separated in physical space.
All object points that simultaneously stimulate the
two foveae appear in one and the same subjective
visual direction. This direction belongs to both the

right and left foveae and therefore is caled the
common subjective visual direction of the foveae.

The two foveae have more than just a common
visual direction; if an observer fixates F binocu-
larly (Fig. 2-3), the object points, N and N’, if
properly positioned, will be seen behind each
other, since the periphera retinal points n, and n
have a common visual direction represented by b.
What applied to n, and n applies to al other retinal
elements. Every retinal point or area has a partner

A ™ L":::‘U fr B

FIGURE 2-3. A, Stimulating corresponding retinal ele-
ments, objects N and N’, are localized in visual space in
the common relative subjective visual direction of n, and
n’, and despite their horizontal separation are seen behind
each other in B, subjective visual space. F, fixation point.



10 Physiology of the Sensorimotor Cooperation of the Eyes

in the fellow retina with which it shares acommon
relative subjective visual direction.

Retinal Correspondence

Retinal elements of the two eyes that share a
common subjective visual direction are called cor-
responding retinal points. All other retina ele-
ments are noncorresponding or disparate with re-
spect to a given retinal element in the fellow eye.
This definition also may be stated in the following
way: corresponding retinal elements are those ele-
ments of the two retinas that give rise in binocular
vision to the localization of sensations in one and
the same subjective visual direction. It does not
matter whether a stimulus reaches the retina ele-
ment in one eye alone or its corresponding partner
in the other eye aone or whether it reaches both
simultaneously (see Figs. 2-2 and 2-3).

The common visual direction of the foveae is
again of specia importance. All visual directions,
as has been seen, have a relative value in subjec-
tive space. The common subjective visual direc-
tions, too, have a fixed position relative only to
the principal common visual direction. They deter-
mine the orientation of visual objects relative to
each other with the principal visua direction as
the direction of reference.

All common subjective visua directions can be
represented in a drawing as intersecting at one
point with the principal visual direction. Thus,
they form a sheaf that is the subjective equivalent
of the two physical eyes and may be thought of
as the third central imaginary eye's P 3% or the
binoculus, or cyclopean eye* vo- 3 P 2% (see Fig.
2-2). If the principal subjective visual direction
lies in the median plane of the head, the physical
correlate of the point of intersection of the visual
directions, their origin, would be approximately in
the area of the root of the nose (whence ‘“cyclo-
pean’ eye).

Corresponding retinal elements arranged in ho-
rizontal and vertical rows provide the subjective
vertical and horizontal meridians. Meridians that
include the visual direction of the fovea are the
principal corresponding horizontal and vertical
meridians.

The existence of corresponding retinal elements
with their common relative subjective visual direc-
tions is the essence of binocular vision. It may be
called the law of sensory correspondence in anal-
ogy with the law of motor correspondence, which
is discussed in Chapter 4.

The oneness of the directional sensory re-
sponses originating in each eye is impressively
demonstrated by means of afterimages. If one cre-
ates an afterimage on the retina of one eye, it will
appear in the binocular field of view in the com-
mon visua direction of the stimulated retinal area
and in its nonstimulated partner in the other eye.
It is difficult, indeed almost impossible, for the
observer to judge which eye carries the afterim-
ages. It will continue to be seen and localized in
the same direction, whether the eyes are open or
closed or whether the stimulated eye is closed and
the other eye held open. In this latter situation
some authors'® % have spoken of an afterimage
transfer. This term is a misnomer as nothing is
being transferred.*

If a horizontal afterimage is formed in one eye
by a strong horizontal light stimulus, leaving the
fovea unstimulated, and if a similar vertical
afterimage is created in the other eye, the resulting
visual percept is an afterimage in the form of a
cross with a gap in its center.1® 4.7 1% The gap is
seen because of the lack of stimulation in the
foveae. The center of the horizontal and vertical
afterimages is consequently a single spot localized
in the principa common visual direction. The
horizontal and vertical legs of the afterimages
are oriented accordingly (Fig. 2-4). It is of great
importance to understand clearly that the appear-
ance of the afterimage cross is independent of the
position of the eyes. Once a lasting stimulus, such
as an afterimage, has been imparted, its localiza-
tion in subjective space depends solely on the
visual direction of the retinal elements involved.
One may topically anesthetize one eye and move
it passively with a forceps or push it in any direc-
tion with on€e’s finger—the cross remains a cross.
No change in the relative localization of the verti-
cal and horizontal afterimage will occur. The use
of afterimages has an important place in the diag-
nosis of anomalous retinal correspondence (see
Chapter 13). The principles underlying afterimage
testing must be fully understood to guard against
gross errors in interpretation.

Sensory Fusion

Sensory correspondence explains binocular single
vision or sensory fusion. The term is defined as
the unification of visual excitations from corres-
ponding retinal images into a single visual per-
cept, a single visual image. An object localized in
one and the same visua direction by stimulation
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FIGURE 2-4. A, Afterimages produced in the right and left eye, respectively. The fovea is repre-
sented by the break in the afterimage. B, The combined binocular afterimage forms a cross. The

two gaps appear single.

of the two retinas can only appear as one. An
individual cannot see double with corresponding
retina elements. Single vision is the hallmark of
retinal correspondence. Put otherwise, the stimu-
lus to sensory fusion is the excitation of corre-
sponding retinal elements.

Since both the central and periphera parts of
the retina contribute fusible material, it is mis-
leading to equate sensory fusion with *‘central”
fusion (as opposed to ‘““periphera’ or motor fu-
sion). Fusion, whether sensory or motor, is always
a central process (i.e., it takes place in the visua
centers of the brain).

For sensory fusion to occur, the images not
only must be located on corresponding retinal
areas but also must be sufficiently similar in size,
brightness, and sharpness. Unequal images are a
severe sensory obstacle to fusion. Obstacles to
fusion may become important factors in the etiol-
ogy of strabismus (see Chapter 9). Differences in
color and contours may lead to retinal rivalry.

The simultaneous stimulation of noncorres-
ponding or disparate retinal elements by an object
point causes this point to be localized in two
different subjective visual directions. An object
point seen simultaneously in two directions ap-
pears double or in diplopia. Double vision is the
hallmark of retinal disparity. Anyone with two
normal eyes can readily be convinced of this fact
by fixating binocularly an object point and then
displacing one eye dlightly by pressure from a
finger. The object point, which appeared single
before pressure was applied to the globe, is now
seen in diplopia because it is no longer imaged
on corresponding retinal areas. Qualifications that
must be made about equating disparate retina
elements and diplopia are discussed on page 20.
Paradoxical diplopia with ordinarily correspond-

ing elements in cases of strabismus is discussed
in Chapter 13.

Motor Fusion

The term motor fusion refers to the ability to align
the eyes in such a manner that sensory fusion can
be maintained. The stimulus for these fusional eye
movements is retinal disparity outside Panum’s
area and the two eyes are moving in opposite
directions (vergences,; see Chapter 4). Unlike sen-
sory fusion, which occurs between corresponding
retinal elements in the fovea and the retinal pe-
riphery, motor fusion is the exclusive function of
the extrafoveal retinal periphery. No stimulus for
motor fusion exists when the images of a fixated
visual object fall on the fovea of each eye.

Retinal Rivalry

When dissimilar contours are presented to corres-
ponding retinal areas, fusion becomes impossible.
Instead, retinal rivalry may be observed. This phe-
nomenon, also termed binocular rivalry, must be
clearly distinguished from local adaptation, or
Troxler’'s phenomenon.®

If a person looks into a stereoscope at two
dissimilar targets with overlapping nonfusible con-
tours, first one contour, then the other will be
seen, or mosaics of one and the other, but not
both contours simultaneously. In Figure 2-5, taken
from Panum,”® each eye sees a set of oblique lines,
one going from above left to below right, seen by
the left eye, and another set going from above
right to below left, seen by the right eye. When
observed in a stereoscope, these lines are not seen
as crossing lines but as a changing pattern of
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FIGURE 2-5. Rivalry pattern. A, Pattern seen by the
left eye. B, Pattern seen by the right eye. C, Binocular
impression. (From Panum PL. Physiologische Untersu-
chungen Uber das Sehen mit zwei Augen. Kiels. Ger-
many, Schwerssche Buchhandlung, 1858, pp. 52 ff.)

patches of oblique lines going in one or the other
direction.

Binocular rivalry may also be produced by
uniform surfaces of different color (color rivalry)
and unequal luminances of the two targets. Many
combinations of contours, colors, and luminances
have been studied exhaustively since the days
of Panum,” Fechner,** Helmholtz,* and Hering.*®
Review of the literature may be found in the
reports of Hofmann,*® Ogle, P-4 and Levelt.5

It is of interest that it takes a certain buildup
of time (150 ms) before dissimilar visual input to
the eyes causes binocular rivalry. Dichoptic stim-
uli were perceived as ““‘fused’” when presented for
shorter periods.

The phenomenon of retinal rivary is basic to
binocular vision and may be explained as follows.
Simultaneous excitation of corresponding retinal
areas by dissimilar stimuli does not permit fusion;
but since such excitations are localized in the same
visual direction and since two objects localized in
the same place give rise to conflict and confusion,
one or the other is temporarily suppressed. Which
of the two is suppressed more depends on the
greater or lesser dominance of one eye rather than
on the attention value of the visual object seen by
each eyel” In other words, it is the eye and not
the stimulus that competes for dominance under a
wide range of conditions. Stimulus rivalry occurs

only within alimited range of spatial and temporal
parameters.®

The extent to which true fusion or monocular
aternation in the binocular field governs normal
visual activity—in other words, the significance of
the rivalry phenomena for the theory of binocular
vision—is considered on page 31.

It is at once clear that rivalry phenomena, or
rather their absence, must in some fashion be
related to what is known as suppression in strabis-
mic patients. Suppression is discussed in detail in
Chapter 13. Here we state only that constant fo-
vea suppression of one eye with cessation of
rivary leads to complete sensory dominance of
the other eye, which isamajor obstacle to binocu-
lar vision. Return of retina rivalry is a requisite
for reestablishment of binocular vision.

The retinal rivalry phenomenon has been ex-
plained in neurophysiologic terms by the presence
of separate channels for the right and left eyes
that compete for access to the visual cortex. A
third binocular channel is activated only by fusible
input.?”- 12 Because of this competition and the
inhibition elicited, only fragments of the image
seen by each eye are transmitted to the striate
cortex in the case of nonfusible binocular input.
Competitive interaction occurs not only in the
primary visual cortex** but continues at several
afferent levels of the visua pathway, well after
the inputs to the two eyes have converged.®

Objective (Physical) and
Subjective (Visual) Space

Certain terminological differentiations made ear-
lier in this chapter will not have escaped the notice
of the attentive reader. For example, location of
an object point in physical (objective) space was
separated from its localization in visua (subjec-
tive) space. The (objective) lines of direction de-
termine which retinal areawill be stimulated; their
(subjective) counterpart, the visual directions, de-
termine the direction in which the object will be
seen in visual space.

Clear distinctions between physical space and
its subjective counterpart are essential both in
thinking about spatial orientation and in the ex-
pression of that thinking. Failure to do so has been
the source of much confusion and error in the
description of normal and abnormal binocular vi-
sion. The naive observer gives little thought to
vision. His thoughts are for the things he sees. He
takes it for granted that he sees things as they are



and where they are. This instinctive approach is
deeply ingrained in al of us, and we act in accor-
dance with it in practical life. In fact, however,
we do not see physical objects. What takes place
is that energy in the form of light waves is ab-
sorbed by photosensitive receptors in the retina
and is transformed into other forms of energy.
Eventually this process leads in some manner to
events occurring in our consciousness, we call
this seeing. Thus, vision results from the active
transformation of the excitations produced initially
in our retinas by energy emanating from a narrow
band within the electromagnetic spectrum. In con-
sciousness this builds up our world of light, color,
and spatial orientation.

This view of vision is not shared by everyone.
Some maintain that events in certain parts of the
brain are synonymous with vision and that what
we experience in consciousness is an epiphenome-
non. Others state that vision is nothing more than
an overt response of the organism to stimulation,
aform of behavior, but all concede that we do not
see physical objects. What occurs in our brain are
physicochemical and electrical events. What we
experience in our consciousness are sense data. In
joining one sense datum to other sense data de-
rived from the same or from different receptor
organs, we proceed from sensation to perception.
Relating these sense data to past experience is
enormously complex, and each new sense datum
becomes either meaningful or not meaningful.

The sense datum is quaitatively different from
and is not commensurate with the physical process
to which it is correlated. Thisisimmediately clear
when speaking of colors. Neither radiant energy
of 640 mm nor the processes evoked by this
radiant energy in the retina, the optic nerve, or the
brain cells is “red.”” Red is a sensation. It is
not immediately clear that similar considerations
apply to the perception of space. That they indeed
do apply will be evident throughout this book.

The scientific or philosophical validity of the
various concepts of the nature of sensation and
perception and of “‘reality” will not be argued
here. The question under consideration is not
which view is ““true’’ or ‘‘correct’” —that is,
verifiable—but which one gives the best descrip-
tion of the phenomena and is most likely to help
in furthering the understanding and the advance-
ment of clinical work. In this respect, the most
useful view is that incorporated into the methodol-
ogy termed exact subjectivism by Tschermak-
Seysenegg.®* This view recognizes objective and
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subjective factors in vision, that physical space,
of which we and our visua system are a part, and
subjective space are built up from sense data.

The subjective space is private to each one of
us. A color-normal person can understand but
never experience how a color-blind person sees
the world, nor can a color-blind person ever expe-
rience colors as a color-normal person does. Simi-
larly, a person with a normal sensorimotor system
of the eyes may be able to understand but can
never experience certain phenomena that people
with abnormal sensorimotor systems may experi-
ence in their subjective space (see Chapter 13).

The sensations of color and spatial localization
are not anarchic, however. Certain physical pro-
cesses are aways correlated with certain sensa-
tions and perceptions. Known changes introduced
into the environment produce regular changes in
sensations and perceptions. These lawful relations
allow us to make quantitative determinations. We
have no yardstick for the sensation “‘red,” and we
have no yardstick for subjective space; but we can
characterize them quantitatively by changes in the
environment with which they are correlated.

Each stimulus has certain characteristics: lumi-
nance, wavelength, extent, and location in physical
space. All these parameters, singly and combined,
have an effect on the visual system; but how a
colored object appears does not depend solely on
the wavelength it emits or reflects but also on the
state of the eye, particularly on the color to which
it has been previously adapted. The brightness of
a percept depends not only on the luminance of
the stimulus but also on the state of the eye and
its responsiveness. For instance, a stimulus that is
below threshold for an eye adapted to bright light
may appear very bright if the eye is adapted to
darkness.

The ability of the eye to adapt to varying levels
of illumination is involved also in one of the
constancy phenomena. A white sheet of paper
appears to be white not only at noon but also at
twilight, although it reflects much more light into
the eye at noon. The smaller amount of light is as
effective in the dark-adapted eye as is the greater
amount of light in the light-adapted eye. Up to a
certain distance the size of a man remains constant
as he waks away from us, although the retinal
image grows smaller (size constancy). Eventually,
however, he will appear smaller, and as he recedes
farther he shrinks to a point and finally disappears
altogether.

Most important, no stimulus is ever isolated. It
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Retinonasal

has a surround, and this surround also has stimulus
qualities. The effects of the surround, especialy
at the borders, lead to the phenomena of induction
and physiologic contrast, which play a great role
in visual discrimination and color vision.

Where a visual object is localized in subjective
space relative to other objects does not depend on
the position of that object in physical space. It
depends on the visua direction of the retinal area

Retinotemporal

FIGURE 2-6. Retinal discrepancies.
Subjective appearance of circles (bro-
ken lines) contrasts with objective
circle (solid lines). (From Tschermak-
Seysenegg A Von: Der exacte Sub-
jectivismus in der neueren Sinnes-
physiologie, ed 2, Vienna, Emil, Haim,
1932.)

that it stimulates. An object may be located in
physical space at any place. So long as it stimu-
lates the foveae it is seen in their common subjec-
tive visual direction.

Discrepancies of Objective and
Subjective Metrics

The difference between the metric of physical
space and the metric of the eye is emphasized by
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FIGURE 2-7. Discrepancies between subjective vertical meridian, SVM, and plumb line in the two
eyes. No discrepancy exists between the subjective horizontal, SHM, and the objective horizontal
meridians. (From Tschermak-Seysenegg A Von: Der exacte Subjectivismus in der neueren Sinnesphy-

siologie, ed. 2, Vienna, Emil Haim, 1932.)



the existence of so-called visua discrepancies. If
one attempts to bisect a monocularly fixated line
in an arrangement that excludes other visual clues
from the field, a constant error is detected. The
line is not divided into two objectively equal line
segments. If placed horizontally, the line segment
imaged on the nasal side of the reting, that is, the
one appearing in the temporal half of the field, is
larger than the temporally imaged retinonasal line
segment. This is the famous partition experiment
of Kundt, a German physicist of the mid nine-
teenth century.® P 3" The opposite phenomenon,
described by Munsterberg,” occurs only rarely.
Similarly, the lower line segment (imaged retino-
superiorly) is shorter than the upper (retinoinfer-
ior) segment. In subjective space, therefore, the
equivalent of a true circle fixated centrally is a
somewhat irregular round figure, the smallest ra-
dius of which points outward. Accordingly, a sub-
jectively true circle does not correspond to a true
circlein physica space (Fig. 2-6). In general, the
discrepancies in the two eyes are symmetrical.
They compensate each other, and the partition of
a line into two equal segments is more nearly
correct in binocular fixation.

There are also directional discrepancies that
result in a deviation of the subjective vertical
from the objective vertical. A monocularly fixated
plumb line shows a definite disclination with the
top tilted templeward. This disclination is, as a
rule, approximately symmetrical in the two eyes
(Fig. 2-7). In general, the angle of disclination is
not greater than 4° to 5°, but it has been reported
in isolated cases to be as high as 14°.

The discrepancies described are evidence that
the retinal elements that physically have the same
eccentricity in the two eyes are not equivalent
functionally. This is the basis of the Hering-Hille-
brand horopter deviation (see p. 18).

Distribution of Corresponding
Retinal Elements

The Foveae as Corresponding
Elements

That the foveae have a common subjective visual
direction is demonstrated by Hering's fundamental
experiment,* P- 34 which in its classic smplicity
is reminiscent of a bygone day when basic discov-
eries in physiologic optics could be made with a
candle, some cardboard, and a few strings and pul-

leys.
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Place yourself in front of a closed window with
an open view. Close the right eye and look for an
outstanding, somewhat isolated object, say, a tree.
Make an ink mark on the window pane at about
the midline of your head that will cover a spot on
the tree. Now close your left eye, open the right
eye without moving your head, and fixate the ink
spot. Observe what object it covers in the land-
scape, say, a chimney on a house. Open both eyes
and fixate the ink spot binocularly. You will note
that the chimney, the tree, and the ink spot appear
in a line behind each other, approximately in the
midline of your head. All those objects are seen
in the common visua direction of the two foveae,
even though they may actualy be widely sepa
rated in physical space (Fig. 2-8). If you now
place the point of a fine object (e.g., the tip of a
pencil) between one eye and the ink spot, it will
also appear in line with the objects seen outside

F 3

Objective
location

Windowpane

-

localization

Subjective

FIGURE 2-8. Hering's fundamental experiment. (Modi-
fied from Ogle KN: Researches in Binocular Vision. Phila-
delphia, WB Saunders, 1950.)
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FIGURE 2-9. A, Title page of the volume by Francis Aguilonius, S.J., Six Books on Optics Useful to
Philosophers and Mathematicians, published in Antwerp, 1613. B, First page of book Il of Aguilonius’

volume, which deals with the horopter X 30.

the window. This simple experiment shows con-
vincingly the discrepancies that may exist between
subjective and objective physical space.

The Horopter

Determining the distribution of the corresponding
retinal elements throughout the retina is less
readily achieved. For a long time the idea pre-
vailed that the distribution of the corresponding
retina elements was strictly geometric. If this
were indeed true, then corresponding points would
be retinal elements having the same horizontal
and vertical distance from the fovea in the right
and left halves of the retinas. The following men-
tal experiment clarifies the concept. Place the two
retinas one on the other so that the two foveae and
the geometric horizontal and vertical meridians
coincide. Imagine a needle placed through the two
retinas anywhere within the area subserving the
field of binocular vision. The needle should strike

corresponding points in the two retinas. On the
assumption that this is in fact the case, the horo-
pter was determined theoretically.

Horopter is avery old term, introduced in 1613
by Aguiloniust in his book on optics (Fig. 2-9)
even though the basic concept of the horopter had
been known since the times of Ptolemy.* In mod-
ern usage it is defined as the locus of all object
points that are imaged on corresponding retinal
elements at a given fixation distance.

The determination of the total horopter surface
was approached mathematically by Helmholtz*
vol- 3. pp- 460 ff - on the basis of assumptions about the
geometric distribution of the corresponding retinal
elements and about the position of the subjective
vertical meridians. For our purpose, we need be
concerned only with the horizontal distribution of
corresponding retinal elements and to consider the
longitudinal horopter curve. This is the line
formed by the intersection of the visua plane
(with head erect and eyes fixating a point straight
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FIGURE 2-9 Continued. C, Pages 110 and 111 of the volume of Aguilonius in which he introduces
the term horopter and defines it as the line that delimits and bounds binocular vision. The pertinent
paragraph is indicated by a box. (From the copy of the book of Aguilonius at Dartmouth College’s
Baker Library. Courtesy Dartmouth College Photographic Service, Hanover, NH.)

ahead in symmetrical convergence) with the ho-
ropter surface.

Theterm longitudinal horopter is an inadequate
trandation of the German term Langshoropter.
Boeder, in his 1952 translation of Tschermak-
Seysenegg’'s Einfuhrung zur physiologischen Op-
tik (Introduction to Physiological Optics), sug-
gested the term horopter of horizontal correspon-
dence.®> P 3% This much better but somewhat
cumbersome term has not found genera accep-
tance. The term longitudina horopter refers to
the locus in space of object points imaged on
‘“subjective longitudes’ of the retina.

VIETH-MULLER CIRCLE. If corresponding points
have a geometrically regular horizontal distance
from the two retinas, the longitudinal horopter
curve would be a circle passing through the center
of rotation of the two eyes and the fixation point
(Fig. 2-10). This would be true because by the
theorem of inscribed circles any lines drawn from

two points on a circle to any other pair of points
on its circumference include equal angles, as
shown in the insert (see Fig. 2-10). This was
first pointed out by Vieth*® and later taken up by
Muller,”? and this circle, which is the theoretical
or mathematical horopter curve, is aso known as
the Vieth-MUller circle (see Fig. 2-10).

EMPIRICAL HOROPTER CURVE. By actual exper-
imental determinations of the horopter curve, He-
ring® “¢ and his pupil Hillebrand* could show
that the Vieth-Mller circle does not describe the
longitudinal horopter. The empirical horopter
curve is flatter than the Vieth-Muller circle (see
Fig. 2-10). This means that the distribution of the
elements that correspond to each other is not the
same in the nasal and tempora parts of the two
retinas (e.g., the right haf of each retina). The
characteristics of the horopter for each individual
vary within certain limits; each person has his
persona horopter.



18 Physiology of the Sensorimotor Cooperation of the Eyes

FIGURE 2-10. Vieth-Mdiller circle. VMC, empirical horopter; EH, objective frontoparallel plane; OFPP,
fixation point; F, inset, law of inscribed circles. Object P on EH is seen singly, but object PO on
VMC elicits double vision because of discrepancies between the empirical and theoretical horopter

(see text).

The discrepancy between the theoretical ho-
ropter (the Vieth-Miller circle) and the empirically
established horopter curve (the so-called Hering-
Hillebrand horopter deviation) might be attributed
to disturbing optical properties of the ocular media.
However, Tschermak-Seysenegg® has shown con-
clusively that this is not the case.

A great deal of work has been expended on
experimental studies of the horopter. Interested
readers are referred to the books by Tschermak-
Seysenegg® and Ogle.”® Only the broad outlines
of the information resulting from this work and
the experimental techniques are discussed on page
28, but first other phenomena of binocular vision
must be presented.

Physiologic Diplopia

All object points lying on the horopter curve stim-
ulate corresponding retinal elements. By defini-
tion, al points on the horopter curve are seen
singly. Also by definition, al points not lying on
the horopter curve are imaged disparately and,
with certain qualifications, are seen double. The
diplopia elicited by object points off the horopter
is called physiologic diplopia

Physiologic diplopia can be readily demon-
strated to anyone with normal binocular vision.

Hold a pencil at reading distance in front of your
head in its midplane and select a conspicuous,
somewhat isolated object on the wall in line with
the pencil. Fixate the more distant object, and the
pencil will be seen double. Shut alternately one
eye and then the other. The contralateral double
image of the pencil will disappear; that is, the
image on the left will disappear if the right eye is
shut, and the one on the right will disappear if the
left eye is shut. In other words, when fixating a
distant object, a nearer object is seen in crossed
(heteronymous) diplopia. Crossed diplopia is ex-
plained by the fact that the nearer object is seen
in temporal (crossed) disparity with reference to
its fovea (or to a corresponding element in periph-
era vision if the nearer object is located in the
periphery of the visua field). This is shown in
Figure 2-11, A.

If one now fixates the pencil binocularly it will
be seen singly, but the more distant object doubles
up. By again aternately closing each eye, one
finds that the ipsilateral double image vanishes.
There is uncrossed (homonymous) diplopia be-
cause the more distant object is imaged in nasal
(uncrossed) disparity (Fig. 2-11, B).

Clinical Significance
Physiologic diplopia, a fundamental property of
binocular vision, has atwofold clinical significance.



FIGURE 2-11. Physiologic diplo-
pia. A, Crossed (heteronymous)
diplopia of the object p’, closer
than the fixation point F, imaged
in temporal disparity. B, Un-
crossed (homonymous) diplopia
of the object P, more distant than
the fixation point F and imaged in
nasal disparity. A

Occasionally a person accidentally will become
aware of physiologic diplopia. Since double vision
must appear as an abnormal situation, the individ-
ual likely will seek the help of an ophthalmologist.
If the ophthalmologist cannot establish the pres-
ence of an acute paresis of an extraocular muscle
or any of the other causes of diplopia mentioned
in this book, one must conclude that al the patient
has experienced is physiologic double vision. The
ophthalmologist must attempt to explain to the
patient that physiologic diplopiais a characteristic
of normal binocular vision and evidence that the
patient enjoys normal cooperation of the two eyes.
This is not aways easy. Apprehensive, neurotic
patients may not accept the explanation and will
reinforce the annoyance by constantly looking for
a second image ‘‘that should not be there.” Many
patients have spent considerable amounts of
money looking for an ophthalmologist who will
finally rid them of their diplopia.

This is the undesirable clinical aspect of physi-
ologic diplopia. The desirable use that can be
made of physiologic diplopia is both diagnostic
and therapeutic. In diagnosing binocular coopera-
tion, the presence of physiologic diplopiaindicates
that the patient is capable of using both eyes in
casual seeing and presumably does so. In orthoptic
treatment of comitant strabismus, physiologic di-
plopia is an important tool (see Chapter 24).

Suppression

Physiologic diplopia is not just a trick produced
in vision laboratories. It is a phenomenon inherent
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to normal binocular vision. The question arises,
why are we not always aware of diplopia?

From the first moment in which binocular vi-
sion is established, we become accustomed or
conditioned to the arrangements provided for bin-
ocular seeing and hence to physiologic diplopia.
We learn how to disregard it, and unless some
abnormal process interferes we are never aware
of diplopia

If a patient acquires an acute lateral rectus
paresis in one eye, the eye turns in. An object
point fixated by the other eye is now imaged on a
nasally disparate area in the deviated eye. Conse-
quently, the patient experiences uncrossed diplo-
pia If he or she has acquired a media rectus
paralysis, the eye turns out and the fixation point
is imaged in tempora disparity. The patient has
crossed diplopia. These forms of diplopia in pa
tients with acute paralytic strabismus are to be
expected from what is known about physiologic
diplopia and are a normal response of the sensory
system to an abnormal motor situation.

As arule, patients with comitant strabismus of
early onset do not see double in spite of the
relative deviation of the visual lines. Visua im-
pressions that should be transmitted to the brain
by one eye may be suppressed. The ability to
disregard physiologic diplopia must be distin-
guished from suppression, an active, inhibitory
mechanism. The former is a psychological, the
latter a neurophysiologic process. The ability to
selectively exclude certain unwanted visua im-
pulses from entering consciousness (the ability to
disregard or suppress them) is important in normal
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FIGURE 2-12. Panum’s area as determined on the horopter instrument. F, fixation point; OFPP,
objective frontoparallel plane; SFPP, subjective frontoparallel plane (horopter).

and abnormal vision and is given a good deal of
attention in the clinical parts of this book.

Panum’s Area of Single
Binocular Vision

The statement has been made that object points
lying on the horopter are seen singly, whereas
points off the horopter are seen double. The first
part of this statement always holds true; the sec-
ond part needs qualification.

If under appropriate experimental conditions,
one fixates a fixed vertical wire with a number of
movable vertical wires arranged to each side of
the fixation wire (p. 28), all wires are seen singly
if they are placed on the horopter. If one of the
wires seen in peripheral vision is moved, one will
notice that this wire can be displaced a certain
short distance, forward or backward, away from
the horopter position without being seen double.
Since the wires must be imaged on disparate reti-
nal meridians as soon as they are displaced from
the horopter, it follows that within a narrow band
around the horopter stimulation of disparate retinal
elements transmits the impression of single vision.
Panum,” the Danish physiologist, first reported
this phenomenon, and the region in front and back
of the horopter in which single vision is present
is known as Panum’s area of single binocular

vision or Panum’s fusional area (Fig. 2-12). Not
only is single vision possible in Panum'’s area but
visual objects are seen stereoscopically, that is,
in depth.

According to classic views the horizontal ex-
tent of these areas is small at the center (6 to 10
minutes near the fovea) and increases toward the
periphery (around 30 to 40 minutes at 12° from
the fovea). The vertical extent has been variously
assessed by different observers.”™ P % However,
more recent research suggests that Panum’s area
is considerably larger. Moving random-dot stereo-
grams, which are most effective in retaining fu-
sion while the disparity is increased, have shown
that disparities of as much as 2° to 3° can be
fu$d_40, 54,79

The increase of Panum’s area toward the pe-
riphery may be related to anatomical and physio-
logic differences known to exist between the
monosynaptic foveal cone system and the rod and
cone system of the periphery. It paralels the in-
crease in size of the retinal receptive fields. Note
also the ability of summation of the retinal periph-
ery, an ability that is virtually absent in the fovea
in the photopic state (see Chapter 13). The hori-
zontal extent of Panum’s area can be reduced to
some degree by training.

The question is sometimes asked whether Pe-
num's area is in (physical) space outside the eye
or in the retina. This question is obviously mean-



ingless. This “ared’ represents the subjective re-
sponse to a specific stimulus situation eliciting
single visual impressions. The areas in physical
space (location of object points and their images
on the retinas) simply define operationally the
regions within which binocular single vision may
be obtained with stimulation of disparate retina
areas.

Fixation Disparity

A physiologic variant of normal binocular vision
exists when a minute image displacement, rarely
exceeding several minutes of arc of angle, occurs
within Panum’s area while fusion is maintained.
Although this phenomenon was demonstrated in
earlier experiments,* * Ogle and coworkers’” were
the ones who clarified the nature of this condition
and coined the term fixation disparity.

Fixation disparity can be elicited experimen-
tally by presenting in a haploscopic device visual
targets that appear as mostly similar and some
disssmilar markings to the eyes. Such an experi-
mental arrangement, from a paper by Martens and
Ogle, is shown in Figure 2-13. The periphery of
the screen, seen by each eye, containing identical
visual information is fused. At the center of the
screen two vertical test lines are arranged so that
the lower one is seen only by the right eye and
the upper one only by the left eye. The position
of one of these lines can be varied so that during
the test the lines can be adjusted until they appear
aligned to the observer. The actual separation of
the lines, expressed in minutes of arc of subtended

FIGURE 2-13. Testing arrange-
ment to determine fixation dispar-
ity. (From Martens TG, Ogle KN:
Observations on accommodative
convergence, especially its non-
linear relationships. Am J Oph-
thalmol. 47:455, 1959.)
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angle, is the fixation disparity. Whether fixation
disparity is an interesting but clinically irrelevant
laboratory finding or whether it represents the first
step between orthophoria and microtropia is a
meatter of debate.®

The use of the fixation disparity method to
measure the accommodative convergence—ac-
commodation (AC/A) ratio is described in Chapter
5, and its possible relationship to the etiology and
pathophysiology of heterophoria is discussed in
Chapter 9.

Stereopsis

When the experiment using fixation wires is per-
formed to determine Panum’s area and the wires
seen peripherally are moved backward and for-
ward, they do not double up so long as they
remain within Panum’'s area of single binocular
vision. As soon as they are moved out of the
horopter position, however, they appear in front
or in back of the fixation wire and are then seen
stereoscopically. Stereopsis is defined as the rela-
tive ordering of visual objects in depth, that is, in
the third dimension. This extraordinarily intri-
guing quality of the visual system requires arather
detailed analysis.

Relative localization in the third dimension in
depth parallels that of visual objects in the hori-
zontal and vertical dimensions. The ability to per-
ceive relative depth alows one to locaize the
peripherally seen wires just aluded to in front or
in back of the fixation wire, and it is this ability
that permits one to perceive a cube as a solid.

Target with details to stimulate fusion
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Physiologic Basis of Stereopsis

Wheatstone,’* by his invention of the stereoscope
in 1838, was the first to recognize that stereopsis
occurs when horizontally disparate retinal ele-
ments are stimulated simultaneously. The fusion
of such disparate images results in a single visua
impression perceived in depth, provided the fused
image lies within Panum’s area of single binocular
vision, which provides the physiologic basis of
binocular depth perception. Vertical displacement
produces no stereoscopic effect.

A solid object placed in the median plane of
the head produces unequal images in the two eyes.
Owing to the horizontal separation of the two eyes
(the interpupillary distance), for geometric reasons
each eye receives a dightly different image (Fig.
2-14), referred to as a paralactic angle by physi-
cists. The sensory fusion of the two unequal reti-
nal images results in a three-dimensional percept.

The object producing dlightly unequal images
in the two eyes need not be a solid one. A stereo-
scopic effect can also be produced by two-dimen-
sional pictures, some elements of which are im-
aged on corresponding retinal elements to give
the frame of reference for the relative in-depth
localization of other elements of figures con-
structed to provide horizontally disparate imagery.
Such figures must be viewed separately but binoc-
ularly in a stereoscope or some haploscopic device
(see Chapter 4). This is another example of a
difference between physical and subjective space.
Neither figure seen by each eye has depth; each

FIGURE 2-14. A solid object placed
in the midline of the head creates
slightly different or disparate retinal
images, the fusion of which results
in a three-dimensional sensation. The
lowercase letters of the retinal image
correspond to the uppercase letters
of the object.

Right eye

provides only the appropriate stimulus situation
that, when elaborated by the visual system, pro-
duces a three-dimensional percept in visual space.

A simple example will make this clear. If one
presents to each eye in a stereoscope or haplo-
scope a set of three concentric circles, they will
be fused into a single set of three flat concentric
circles. Each circle is imaged on corresponding
retinal elements. To ensure that each eye has in-
deed viewed the circles, a black dot, a so-called
check mark, is placed to the left of the circles
seen by the left eye and to the right of the circles
seen by the right eye. In the fused image a dot
will be seen on each side of the three circles

(Fig. 2-15A).
.0 ©-
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FIGURE 2-15. A, Two sets of concentric circles to be
viewed in a stereoscope. B, Two sets of eccentric circles
to be similarly viewed.



The circles may be drawn so that they are not
concentric, but eccentric, by shifting the center of
the two inner circles on the horizontal diameter
of the outer circle (Fig. 2-15B). If viewed in a
stereoscope, the outer circles imaged on corres-
ponding retinal elements will be fused and serve
the viewer as a frame of reference for the other
two circles, which are also fused. However, they
will appear in front or in back of the outer circle,
depending on the direction in which their centers
have been shifted. If they are displaced toward
each other (i.e., toward the inner side of the cir-
cumference of the outer circles), they create a
temporal disparity and therefore are seen in front
of the outer circle. If they are displaced away
from each other (toward the outer side of the large
circles), they are imaged in nasal disparity and
therefore are seen in back of the outer circle. The
greater the displacement of the inner circles, the
farther away from the outer circle they are local-
ized. The greater the depth effect, the greater the
horizontal disparity.

The inner circles are seen not only in depth
relative to the outer circle in the fused image but
they also appear concentric with it, although the
image in each eye appears as eccentric circles.
This most startling phenomenon of a shift in visual
direction of the fused image is the very essence
of stereopsis, and without it there is no stereopsis.
It has implications for the clinical use of stereo-
scopic targets (see Chapter 15).

Stereopsis is a response to disparate stimulation
of the retinal elements. It is this highest form of
binocular cooperation that adds a new quality to
vision, but it is not a ““higher” form of fusion as
isimplied in the term third degree of fusion, used
in the older literature to denote stereopsis.
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The question arose whether the brain must
compare the images formed on each retina before
it can use the disparity of the visua input to
convey the sense of depth. The answer to this
guestion was provided by Julesz's invention> of
random-dot stereograms. Random-dot stereo-
grams, when monocularly inspected, convey no
visual information other than random noise (Fig.
2-16); however, when binocularly fused by con-
vergence or prisms, a square pattern appears in
vivid depth above or below the level of the page.
It follows that stereopsis does not depend on mon-
ocular clues to spatial orientation or shape recog-
nition, since each monocularly viewed figure con-
tains no information about the contour of the
stereoscopic image. Binocularly imaged informa-
tion is independent of the monocular information.
Moreover, since the square is seen only because it
is perceived in depth, monocular pattern recogni-
tion is not necessary for stereopsis. Julesz® con-
cluded from a series of elegantly designed experi-
ments that form perception must occur after
stereopsis in the functional hierarchy of visual
processing and not before, as was once assumed.

The principle on which random-dot stereo-
grams is based is shown in Figure 2-17. The dot
distributions seen by the right and left eyes are
identical (0 and 1 squares) except for the central
squares of each figure, which are shifted in a
horizontal direction relative to each other (A and
B squares). The retina disparity of the central
sguares when both images are fused elicits stere-
opsis.

Local vs. Global Stereopsis

The rather startling finding that random-dot stere-
opsisis not preceded by form recognition directed

FIGURE 2-16. Random-dot stereogram. The central square will appear behind the plane of the page
when the eyes overconverge and in front of the paper when they underconverge. (From Julesz B:
The Foundations of Cyclopean Perception. Chicago, University of Chicago Press, 1971.)
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attention to the dot-by-dot or sguare-by-square
matching process that must occur between the
right and left stereogram to elicit stereopsis.
Julesz® applied the term local stereopsis to this
correlation and pointed out that the elements of a
random-dot stereogram (i.e., black and white dots)
may give rise to many false matches within Pe-
num's area since ambiguity exists about which
elements in the two monocular fields are corres-
ponding. There is less uncertainty about which
parts of the drawing are seen by corresponding
retinal elements in a classic stereogram (see Fig.
2-15). For random-dot stereopsis to occur the
global neighborhood of each matching pair of dots
or lines that provide the stimulus for stereopsis
and, ultimately, for form recognition must be taken
into account. This mechanism was termed global
stereopsis by Julesz.®

The clinician must ask how the recognition of
stereopsis in a random-dot stereogram relates to
stereopsis under casual conditions of seeing. It is
disconcerting to learn, for instance, that 40% of
162 normal children aged 4 1/2 to 5 1/2 years
were found to have random-dot stereopsis of less
than 40 seconds of arc.%® This finding casts doubt
upon the value of random-dot testing in differenti-
ating visually normal from abnormal subjects’ and
draws attention to the fact that testing for random-
dot stereopsis is not the same as testing for stere-
opsis under casual conditions of seeing. For in-
stance, under ordinary visual conditions the recog-
nition of form does not depend on intact stereopsis
and the visual system is not challenged by the task
of having to unscramble a seemingly meaningless
pattern of black and white dots without the avail-
ability of nonstereoscopic clues to depth percep-
tion.

This should not distract from advantages of
using tests that exclude contamination of testing

results by monocular clues and permit the objec-
tive testing of infants® or experimental animals®
for stereopsis Other clinical features of stereopsis
testing are discussed in Chapter 15.

Stereopsis and Fusion

Although it is true that sensory fusion is essential
for the highest degree of stereopsis, lower degrees
of stereopsis may occur in the absence of sensory
fusion and even in the presence of heterotropia.
Examples are microtropia and small angle esotro-
pia. Moreover, it has been shown experimentally
that binocular depth discrimination may occur
with diplopia.® For instance, if a peripherally seen
wire is located to the left and at some distance in
front of a binocularly fixated wire, as in a horopter
apparatus (see p. 28), the peripheral wire appears
in (physiologic) diplopia. One can now attempt to
place a second peripheral wire, located in the right
half of the field, in line with the left peripheral
wire. The closer the left peripheral wire is to the
centrally fixated wire, the more accurate is the
setting of the wire on the right. The accuracy
decreases with increasing distance from the central
wire, and eventualy the settings are made by pure
chance, indicating that the wire on the right is
no longer placed by the criterion of stereopsis;
stereopsis has broken down. These observations
are important for the theory of stereopsis. Whereas
this experiment shows that sensory fusion of dis-
parate retinal images is not absolutely essential
for binocular depth discrimination, it must be em-
phasized that to obtain higher degrees of stereop-
sis the similar parts of a stereogram must be fused
to obtain a frame of reference (see Fig. 2-17).
On the other hand, sensory fusion (i.e., the
ability to unify images falling on corresponding
retinal areas) in itself does not guarantee the pres-



ence of stereopsis. There are patients who readily
fuse similar targets and who may have normal
fusional amplitudes but who have no stereopsis.
Such patients suppress selectively the disparately
imaged elements of a stereogram seen by one eye.
This behavior is of clinical importance and is
discussed in Chapter 15.

Stereoscopic Acuity

The responsiveness to disparate stimulations has
its limits. There is a minimal disparity beyond
which no stereoscopic effect is produced. This
limiting disparity characterizes a person’s stereo-
scopic acuity.

Stereoscopic acuity depends on many factors
and is influenced greatly by the method used in
determining it. In refined laboratory examinations
and with highly trained subjects, stereoscopic acu-
ities as low as 2 to 7 seconds of arc have been
found. There are no standardized clinical stereo-
scopic acuity tests comparable to visual acuity
tests, and no results of mass examinations. Gener-
aly speaking, a threshold of 15 to 30 seconds
obtained in clinical tests may be regarded as excel-
lent.

It is clear that visual acuity has some relation
to stereoscopic acuity. Stereoscopic acuity cannot
be greater than the Vernier acuity of the stimulated
retinal area. Stereoscopic acuity decreases, as does
visual acuity, from the center to the periphery of
the retina.®* However, despite this relationship,
stereopsisis afunction not linearly correlated with
visual acuity. It has been shown, for instance, that
reduction of visual acuity with neutral filters over
one eye does not raise the stereoscopic threshold,
even if the acuity was lowered to as low as 0.3.
A further decrease in vision to 0.2 greatly in-
creased the threshold and with a decrease in acuity
of the covered eye to 0.1, stereopsis was absent.™
Colenbrander?® quotes Holthuis as stating that in
examining aviators he found that poor visua acu-
ity was generally accompanied by reduced stereo-
scopic acuity but that there was no correlation
between the two functions. On the other hand,
spectacle blur decreases stereoacuity more than
ordinary visua acuity.’® Of special clinical inter-
est is the fact that stereoacuity in patients with
amblyopia may be better than what one would
expect from their visua acuity.” 2 This observa-
tion raises doubts about the value of stereoacuity
testing being advocated by many as a fool proof
visual screening method for preschool children.
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Since there is a stereoscopic threshold, it fol-
lows that stereopsis cannot work beyond a certain
critical distance. This distance has been computed
somewhere between 125 and 200 m by various
authors, depending on the threshold used for com-
putation.

Monocular (Nonstereoscopic)
Clues to Spatial Orientation

Stereopsis—the relative localization of visua ob-
jects in depth—can occur only in binocular vision
and is based on a physiologic process derived
from the organization of the sensory visual sys-
tem. It is not acquired through experience and is
unequivocal and inescapable.

Stereopsis is restricted to relatively short visual
distances and is not the only means we have
for spatial orientation. A second set of clues, the
monocular or experiential clues, are important in
our estimation of the relative distance of visua
objects and are active in monocular as well as
binocular vision. The importance of monocular
clues in judging the relative distance between re-
mote objects is perhaps best exemplified by an
optical illusion known to every sailor and brought
about by the paucity of such clues on the open sea:
two ships approaching each other from opposite
directions may appear to be dead set on a collision
course when, in fact, they are separated by many
hundreds of yards of water as they pass each other.

Monocular clues are the result of experience
and are equivocal. Such clues are numerous, and
descriptions of the most important ones follow.

MOTION PARALLAX. When one looks at two ob-
jects, one of which is closer than the other, and
moves either the eyes or the head in a plane
parallel to the plane of one of these objects, move-
ment of the objects becomes apparent. The farther
object appears to make a larger excursion than the
near object. This behavior is learned by experi-
ence, and one makes much use of it in daily life,
for instance, in sighting monocularly. If there are
depressions or elevations in the fundus, one can
observe the apparent movement of the retinal ves-
sels by moving the head from side to side. The
parallactic movement of the more distant vessels
gives a compelling picture of the different levels
of the retina.

LINEAR PERSPECTIVE. Object points having a
constant size appear to subtend smaller and
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smaller angles as they recede from the subject.
Railroad tracks, which are in fact paralel, seem
to approach each other in the distance. Foreshort-
ening of horizontal and vertical lines is one of
the most powerful tools for creation of three-
dimensional impressions on a two-dimensional
surface (Fig. 2-18). Renaissance artists made ex-
aggerated use of this “‘trick” to create depth in
their paintings.

OVERLAY OF CONTOURS. Configurationsin
which contours are interposed on the contours
of other configurations provide impelling distance
clues. An object that interrupts the contours of
another object is generaly seen as being in front
of the object with incomplete contours (Fig. 2—
19); the second, farther object is also higher than
the first one. This, too, is a clue made use of by
early painters to indicate relative distances.

DISTRIBUTION OF HIGHLIGHTS AND SHAD-
OWS. Highlights and shadows are among the most
potent monocular clues. Since sunlight comes
from above, we have learned that the position of
shadows is helpful in determining elevations and

FIGURE 2-18. This photograph of an airport corridor
shows the strong depth effect created by the apparently
decreasing width of the ceiling lights and the decreasing
height of the columns.

FIGURE 2-19. Effect of overlay of contours. The rectan-
gle in incomplete outline generally seems farther back
than the one that is complete. The incomplete rectangle
is also higher, which adds to this impression.

depressions, that is, the relative depth, of objects.
This phenomenon is impressively shown in Figure
2-20, taken from a paper by Burian??; a piece of
cloth, (Fig. 2-20C) is photographed by throwing
light on it in such away that horizontal threads in
the tissue appear as ridges. In Figure 2-20D, the
identical photograph has been turned 180° and the
ridges appear as troughs.

The inversion can occur because nothing in our
experience prevents it from happening. In Figure
2-20A and B, a photograph of a sculptured head
is shown. Here the inversion of the print does not
have the same effect. Some observers may note a
genera flattening in the inverted face, but a nose
is a nose and can never be seen as a trough.

SIZE OF KNOWN OBJECTS. If the size of two
objects is known, one can judge the relative dis-
tance of these objects by their apparent size. If an
object known to be smaller appears to be larger
than the other, we judge it to be nearer.

AERIAL PERSPECTIVE. Aeria perspective is the
term used for the influence of the atmosphere
on contrast conditions and colors of more distant
objects. The bluish haze of more distant mountains
is an example. Chinese painters are masters at



FIGURE 2-20. Effect of highlights and shadows. A,
Sculpture of human head illuminated from above. B, Pho-
tograph A inverted. C, Piece of cloth illuminated from
above. D, Photograph C inverted. (From Burian HM: The
objective and subjective factors in visual perception. J
Assoc Med lllustrators 9:4, 1957.)

creating extraordinary depth in landscapes by us-
ing subtle variations of shading.

NATURE OF MONOCULAR CLUES. The impres-
sion of three-dimensionality imparted by all these
clues is a judgment, an interpretation, and implies
that false judgments are possible; indeed, such is
the case. It also implies that this impression de-
pends on past experience, as does every judgment.
The nature of the nonstereoscopic clues is that
they are experiential and can be meaningful only
when they are capable of being related to past
experience.

Interaction of Stereoscopic and
Monocular Clues

All this does not mean that nonstereoscopic mon-
ocular clues are less important in everyday life
than stereoscopic clues. Normally the two function
together, one enhancing the effect of the other, but
this is not always the case. If one introduces into
stereograms monocular clues that conflict with
stereoscopic clues, fascinating observations can
be made.

Not everyone reacts in the same fashion to such
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stereograms. Some people are more responsive to
disparate stimulation, that is, stereoscopic clues,
whereas others respond more readily to monocular
clues. These differences are caused both by physi-
ologic peculiarities or actual abnormalities of the
visual system and by past experience. A person
stereoblind since infancy must rely exclusively on
monocular clues and will flawlessly perform most
ordinary tasks requiring depth discrimination, such
as pouring milk into a glass or parallel parking.
He or she will fail abysmally, however, when a
higher degree of stereopsis becomes essential and
monocular clues are no longer available, for in-
stance, as occurs in the limited field of vision
provided by an operating microscope.

Humans, then, have at their disposal two sets
of clues for their orientation in space. By means
of the monocular clues to spatia localization, in-
terpretation of the depth relation of visual objects
is achieved on the basis of experience. The clues
provided by fusion of disparate retina images
afford the direct perception of this relation on the
basis of intrinsic physiologic arrangements.

Clinical Significance of Monocular
Clues

All this is of considerable clinical importance in
patients with strabismus. For example, if there is
doubt about whether a patient actually does see
stereoscopically, misleading monocular clues in-
troduced purposely into stereograms may provide
the answer. Heavy black figures (as in the circles
of Fig. 2-15) appear closer than lighter figures do
to a person without stereopsis, even if the stereo-
gram is so drawn that the black figures should
appear in back of the lighter ones. Furthermore, if
it is not known if a patient can see stereoscopi-
cally, again use the eccentric circles and ask the
patient to state whether the inner circle seems to
be closer to the right or left side of the outer
circle. If the patient answers that it is closer to
one side or the other, one can be sure that he or
she does not see stereoscopically, since the circles
would otherwise have to appear concentric. In
addition, the patient’s answer allows one to deter-
mine which eye the patient is suppressing. For
example, if the two inner circles are displaced
away from each other and the patient reports that
the heavier circle is to the left in the outer circle,
he or she is suppressing the right eye (see Fig. 2—
15).

A patient with binocular vision but who has
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recently lost one eye and is looking across a
sguare will have no question that a lamppost isin
front of a house. The continuous lines of the
lamppost are interposed over the interrupted hori-
zontal contours of the house. However, the patient
may have considerable difficulty in pouring cream
into a coffee cup and performing other tasks of
visuomanual coordination. In time the patient may
overcome these difficulties and become as skillful
or almost as skillful as before the eye was lost.
Fast-moving objects (such as a flying ball) may
continue to give trouble, but as time passes mon-
ocular clues to depth perception may be used,
even in near vision where formerly stereoscopic
clues were relied on entirely.

Experimental Determination
of the Longitudinal Horopter
and the Criteria of Retinal
Correspondence

In preceding discussions in this chapter, reference
has been made repeatedly to wires placed in vari-
ous positions relative to a binocularly and cen-
trally fixated wire. Such an arrangement of wires
is used in the determination of the empirical horo-
pter.

The horopter apparatus (Fig. 2-21) is operated
in the following manner. The observer’'s head is
fixed in a headrest, and a suitable aperture ex-
cludes al extraneous elements from the observer’s
visual field. Tracks are provided that converge at
a point below the middle of the observer’s basal
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ling, that is, the line segment connecting the cen-
ters of rotation of the two eyes. In these tracks
run carriers to which vertical wires are fastened.
The observer fixates a vertical wire placed at a
chosen near vision distance in the median plane.
The position of the central wire remains un-
changed. To each side of the fixation wire are
situated movable wires that the observer sees at
1°,2°,3°, 4° 6° 8° 12°, and so on in periphera vi-
sion.

The purpose of the horopter apparatus is to
determine the distribution of corresponding retinal
elements. Therefore the patient must be assigned
a task in which the peripherally seen wires are
arranged so that they stimulate corresponding reti-
nal elements. The patient must strictly fixate the
central wire, which may be equipped for this pur-
pose with a small bead. A number of possible
criteria of correspondence can now be evaluated.

Criterion of Single Vision

Double vision with corresponding retinal points is
impossible. One could instruct an observer to set
the peripheral wires in the horopter apparatus so
that they would al appear singly. This is not a
reliable criterion for correspondence because of
Panum'’s area of single binocular vision.

Apparent Frontal Plane Criterion

As we have also seen, stereopsis depends on dis-
parate stimulation. Simultaneous stimulation of
corresponding retinal elements does not produce a
three-dimensional effect. The stereoscopic value
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FIGURE 2-21. Horopter apparatus. (From Ogle KN: Researches in Binocular Vision. Philadelphia,

WB Saunders, 1950.)



of corresponding retinal elements is zero. There-
fore, if an observer is asked to place al periphera
wires in such a manner that they appear in a plane
parallel with his or her forehead, the subjective
frontoparallel plane, all wires presumably stimu-
late corresponding retinal elements and their posi-
tion determines the observer’s horopter.

For near vision distances, this horopter curve
does not coincide with the objective frontoparallel
plane. It is a curve that is dlightly convex to the
observer but has less of a curvature than the Vieth-
Miller circle (see Fig. 2-10). At times it is amus-
ing to see a naive observer’s astonishment when
it is shown that he or she has set the horopter
wires in a curve. The observer is so sure they are
in a plane!

Criterion of Common Visual
Directions

The criterion of frontoparallel appearance is con-
venient and easy to use. This method is suffi-
ciently reliable so that it has been used in almost
al horopter studies, but it isindirect. In principle,
the most reliable criterion would be direct determi-
nation of the common visual directions, which
can be done with a special arrangement of the
horopter wires.

If one of the peripheral wires is partialy oc-
cluded so that, for example, its upper part is seen
by one eye and its lower part by the other, the
line will be seen as continuous only when it comes
to lie on corresponding meridians in the two reti-
nas. This method presents considerable practical
difficulty, mainly because the reduction in fusible
material in the field makes it difficult to maintain
the proper positioning of the eyes.

Criterion of Highest Stereoscopic
Sensitivity

Although the stereoscopic value of corresponding
retinal elements is zero, stereoscopic sensitivity is
highest in the immediate vicinity of corresponding
retinal elements. This means that the smallest
changes in the position in front of or behind the
peripherally seen wires are detected near the ho-
ropter curve. By determining this position, an ap-
proximation of the observer’s horopter curve can
be obtained. This procedure is tedious and does
not approximate the horopter curve as well as
the much simpler determination of the subjective
frontoparallel plane.
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Egocentric (Absolute)
Localization

Thus far this chapter has dealt with localization of
visual objects relative to each other in the three
dimensions. We must now turn to the absolute and
egocentric localization of visual objects, that is, to
their orientation with respect to a coordinate sys-
tem that has its origin in physical space (absolute
localization), especially that part of physical space
occupied by a person’s body (egocentric localiza-
tion).

The physical coordinates for egocentric local-
ization are the median plane of the body (vertical
in an upright position of the body, perpendicular
to the baseline at its center), the horizontal plane
of the body (containing the baseline and the two
principal lines of direction), and the frontal plane
of the body (containing the baseline, which is
perpendicular to the median and the horizontal
plane). Subjective planes correspond to these
physical planes: the subjective median plane trans-
mits the impression *‘ straight-ahead’’; the subjec-
tive horizontal (visual) plane transmits the impres-
sion “at eye level”; and the subjective frontal
plane transmits the impression ‘“ at a distance from
me.” In general, these subjective equivalents do
not coincide with their physical counterparts.

Hering® P 47 made the assumption that they
did coincide since it happened to be true for him,
and accordingly he placed the origin of the ego-
centric coordinate system at the root of the nose.
It need not be there. If a person has a markedly
dominant eye, the absolute position of the com-
mon visual direction of the foveae (and therefore
of the subjective median plane and the * straight-
ahead” position) may not be in the objective me-
dian plane but may be shifted toward the side of
the dominant eye. Recent data suggest that the
reference point for visual localization lies between
the midpoint of the interocular axis and the line
of sight of the dominant eye.®*

Egocentric Localization and
Convergence

Of special interest is in-depth egocentric localiza-
tion. How do we judge the distance of an object
from us? Many factors cooperate in this function.
The size of the retinal image could be one, since
the retinal image of an object is smaller the farther
it is from the eye. For objects of known size (e.g.,
a man) and relatively short distances, this clue is
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of limited value because of the size-constancy
phenomenon. Accommodation may provide an-
other clue. Convergence is generaly assumed to
be the most potent clue.

A simple experiment will demonstrate this
point convincingly. Hold up one thumb in front of
you at arm’'s length and look at a window or door
at the end of the room. Then converge your eyes
on your thumb and the distant objects will seem
to shrink and to move closer. Thisis a compelling
phenomenon that is not only of theoretical but
also of practical clinical significance in patients
with intermittent exotropia (see Chapter 17).

It was postulated in the older literature that an
awareness of the impulses required to bring or
keep the eyes in a particular position was at the
origin of our perception of absolute distance. This
theory is not satisfactory, and Tschermak-Seyse-
negg® P 21° replaced it with the theory of an indi-
rect sensory function of the ocular muscles. It
makes the following assumption: Afferent nerve
fibers respond to the active tonus of ocular mus-
cles, but not to passive relaxation. However, there
is no consciousness of the tension of single mus-
cles or of the eye posture as such. The simple,
preexisting sensation of the straight-ahead position
or the equally high position is related to a certain
complicated tonus distribution of the oculomotor
apparatus and, therefore, to a complex of afferent
excitation.

This somewhat awkwardly put explanation is,
in fact, an anticipation of the way in which mod-
ern models describe control of eye movements
and awareness of absolute depth. It contains the
concept of *“ space representation” and of negative
and, indeed, parametric feedback.

Egocentric Localization and
Proprioception

As mentioned earlier in this chapter, there are two
sources of information from which the brain may
determine eye position and receive spatial orienta-
tion clues: visual input from the retina, (outflow)
and proprioceptive information from the extraocu-
lar muscles (inflow). While there can be little
doubt that efferent outflow is the dominant mecha-
nism in supplying the most necessary spatial infor-
mation to the brain, there is mounting evidence
that proprioceptive inflow may aso play a role.
The human extraocular muscle is certainly ade-
quately equipped to provide proprioceptive input:
there are abundant muscle spindles, Golgi tendon,

and palisade endings located at the muscul otendi-
nous junction (see Chapter 6). Skavenski®® was
first to show in a carefully designed experiment
that the human oculomotor system is capable of
processing nonvisual inflow information. His sub-
jects were able to correct for passively applied
loads to the eyes with appropriate eye movements
in the dark. Experiments in cats* % strongly
suggested that the ophthalmic branch of the tri-
geminal nerve carries proprioceptive afferents.
That the same may hold true for humans was
suggested by Campos and coworkers®® who de-
scribed faulty egocentric localization in patients
with herpes zoster ophthalmicus. Gauthier and co-
workers*? (see also Bridgeman and Stark'®)
showed that passive deviation of one eye caused
faulty localization of objects seen by the other
eye in the direction of the passive movement,
suggesting the utilization of inflow information
for egocentric localization.

Lewis and Zee® reported that proprioceptive
afference may influence egocentric localization in
the absence of normal oculomotor innervation in
a patient with trigeminal-oculomotor synkinesis.
Lewis and coworkers® showed also that proprio-
ceptive deafferentation of the extraocular muscles
did not influence the accuracy of pointing and
concluded that inflow provides sufficient informa-
tion about orbital eye position for correct egocen-
tric localization.

Mechanical vibration of the inferior rectus
muscle to each eye simultaneously and under
monocular and binocular conditions caused an il-
lusionary movement of a red light presented in
total darkness and induced past-pointing.®” This
visual illusion could aso be elicited by vibration
of the horizontal rectus muscles and cannot be
attributed to retinal motion of the image of the
fixated target.®® Lennerstrand and coworkers®?
showed that vibratory activation of the muscle
spindles in extraocular muscle affects eye position
and these signals are processed differently in nor-
mals and in exotropic patients.

Steinbach and Smith®* found surprisingly accu-
rate egocentric localization in patients after stra-
bismus surgery who had been deprived of visual
input until the time of the experiment. According
to these authors, this information can only be
derived from inflow (see aso Dengis and cowork-
ers®34). Myotomy of a muscle had a greater effect
in deafferenting proprioception than a recession,
presumably because of greater destruction of the
palisade endings by the former procedure.®> How-



ever, Bock and Kommerell*® could not duplicate
Steinbach’s finding and Campos and coworkers?
were unable to correlate pointing errors after stra-
bismus surgery with a particular surgical proce-
dure. They did, however, show changes in egocen-
tric localization after exerting stretch on an
extraocular muscle.?®

While some of these data are contradictory
there is little doubt that inflow signals are avail-
able to the visual system. However, it is not clear
how they are used by the brain and correlated
with outflow information under casual conditions
of seeing when visual input is abundantly avail-
able. Skavenski and coworkers®” showed that
when inflow and outflow signals conflict, the out-
flow signal is, as one may expect, the stronger
one. It has been proposed that inflow acts as a
long-term calibrator and is involved in main-
taining the stability and conjugacy of gaze®® and
of smooth pursuit movement.®> For reviews, see
Steinbach®® *° and Lennerstrand.® &

Clinical Significance of Relative and
Egocentric Localization

One need not go into experimental evaluations
of egocentric localization, but emphasis must be
placed on making a clear distinction between rela-
tive and absolute (egocentric) localization because
relative and egocentric localization may be inde-
pendently affected in certain forms of strabismus.
Confusion between the two forms of subjective
localization leads to misinterpretations of the ob-
served phenomena. For instance, a patient with an
acute paralysis of an extraocular muscle will past-
point (see Chapter 20), which is evidence of ab-
normal egocentric localization, but will have nor-
mal relative localization (the double images are
localized according to the laws of physiologic
diplopia). A patient with comitant strabismus does
not, as a rule, past-point, although exceptions do
occur,® % % but rather may experience abnormal
relative localization; that is, the patient does not
localize the double images according to the law
of physiologic diplopia (anomalous retinal corre-
spondence; see Chapter 13).

Theories of Binocular Vision

Correspondence and Disparity

According to the theory of binocular vision pre-
sented in this chapter, sensory binocular coopera-
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tion is based on a system of correspondence and
disparity.

A given retinal element in one retina shares a
common subjective visual direction with an ele-
ment in the other retina. These corresponding ele-
ments form the framework or zero system of bin-
ocular vision. When stimulated simultaneously by
one object point, they transmit single visual im-
pressions that have no depth quality. When stimu-
lated simultaneously by two object points that
differ in character, binocular rivalry results. When
disparate elements are stimulated by one object
point, diplopia is experienced. However, if the
horizontal disparity remains within the limits of
Panum’s area, asingle visual impression is elicited
that has the quality of relative depth or stereopsis.
The fused component, that is, the singly ap-
pearing, disparately imaged component of the
stimulus or target, is seen not only in depth but
also in the subjective visua direction of the rela-
tive retinal element to which the stimulus is dispa-
rate.

The perceived depth increases with increasing
disparity. With further increase in disparity, diplo-
pia eventually occurs. Although stereopsis gener-
ally occurs with fusion, it is still possible up to a
point to experience a true stereoscopic effect from
double images.?> 76 P 281 However, increasing dis-
parity causes the quality of stereopsis to decrease
until finally there is no longer any binocular ste-
reoscopic effect. There is, then, no sharp delinea
tion between fusion with full stereopsis and diplo-
pia without stereopsis, but only a gradual
transition. This is consistent with many other bio-
logical processes, especially visual ones, none of
which change abruptly from function to nonfunc-
tion.

One can think of each retinal element as being
the center of attraction of a retina unit, the at-
traction diminishing as the distance from the ele-
ment increases. In considering this simile, keep in
mind that (1) the retinal units are overlapping, and
(2) the stimulation of neighboring units may result
in inhibitory stimulation of surrounding units.

Neurophysiologic Theory of
Binocular Vision and Stereopsis

The correspondence theory has been built on the
basis of overwhelming evidence from psycho-
physical data. Direct physiologic evidence for it
has emerged from the work of Hubel and Wie-
sel 558 These authors have given us insight into
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how visual stimuli from the retina to the visual
cortex are modified and coded. In their microelec-
trode studies of single-cell responses in the striate
cortex of the cat, they have found that roughly
80% of the neurons could be driven from either
eye. However, only 25% of these binocularly
driven cells are stimulated equally well from each
eye; the remaining 75% represent graded degrees
of influence from the right or left eye. Ten percent
of the cells are driven exclusively from the right
or |eft eye. Cells that can be driven by stimulation
of either eye have receptive fields of nearly equal
size and in approximately corresponding positions
in the visua field. The receptive field of a visual
neuron is defined as that part of the visua field
that can influence the firing of that cell.®? The
activity of most striate neurons is maximal to
movement of a linear dlit of light in front of the
eye when the dlit has a particular orientation and
preferred direction of movement (Fig. 2-22).

Similar experiments in monkeys yielded com-
parable dataf % (Fig. 2-23). That this dominance
in distribution of cortical neurons is easily upset
when animals are reared with experimental stra-
bismus, anisometropia, or form vision deprivation
by lid suture is discussed in Chapter 14.

A reasonable assumption is that neurons in the
striate cortex responding equally well to succes-
sive stimulation, and especialy those in which
the response can be maximized with simultaneous
stimulation, are somehow involved with binocular
visual processing. Indeed, Hubel and Wiesel52
showed response summation or inhibition, de-
pending on the alignment or misalignment of the
stimulus on the receptive field, concluding that

90° FIGURE 2-22. Receptive fields de-

pendency on preferred direction
and orientation of the stimulus.
(Modified from Bishop P: Vertical
disparity, egocentric distance and
stereoscopic depth consistency: A
new interpretation. Proc R Soc
Lond B Biol Sci 237:1289, 1989.)

summation occurs whenever corresponding parts
of the receptive field are stimulated.

The discovery of disparity-sensitive binocular
cells in the striate cortex had to await the arrival
of precise receptive field mapping techniques that
excluded all eye movements during the experi-
ment. The chronological sequence of a series of
classic experiments that led to the discovery of the
neurophysiologic mechanisms of stereopsis was
reviewed by Bishop and Pettigrew.** Barlow, Bla-
kemore, and Pettigrew® were the first to describe
horizontal disparity sensitivity of binocular striate
neurons in the cat and proposed that these cells
may be responsible for stereopsis. Hubel and Wie-
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FIGURE 2-23. Dominance distribution of striate neurons
from two normally reared monkeys. Categories 1 and 7
contain neurons driven only through the left or right eye.
The remaining categories represent greater degrees of
binocular influence with neurons in 4 being equally influ-
enced by both eyes. (From Crawford MLJ, Blake R, Cool
SJ, Noorden GK von: Physiological consequences of uni-
lateral and bilateral eye closure in macaque monkeys:
Some further observations. Brain Res 84:150, 1975.)



sel® identified cells described as being sensitive
to binocular depth in area 18 of the macague
cortex. Poggio and coworkers®-®® discovered in
rhesus monkeys neurons in cortical areas 17 and
18 that responded to dynamic random-dot stereo-
grams containing no depth clues other than dispar-
ity. They identified two functional sets of stereo-
scopic neurons, one tuned excitatory and the other
inhibitory. These cells responded differently, de-
pending on whether visual objects were on, in
front of, or behind the horopter.2® Bishop™ 2 pro-
posed that binocularly activated cortical cells may
not only be selective for horizontal but for vertical
stimulus disparities as well. However, in monkeys
the horizontal disparities are appreciably greater
than the vertical disparities and in humans vertical
disparity produces no measurable stereoscopic ef-
fect.

Crawford and coworkers® * showed in behav-
ioral and electrophysiologic experiments that in-
fant monkeys with a severely reduced binocular
striate neuron population after a period of experi-
mental strabismus become stereoblind (Fig. 2-24).
Once binocular neurons are lost they do not re-
cover, even with extensive binocular visual experi-
ence.®*® This may explain the markedly reduced
stereoacuity in spite of early surgery in children
with essential infantile esotropia (see Chapter 16)
and emphasizes the extraordinary vulnerability of
the primate binocular system to abnormal visual
experience. Thus, stereopsis has been unequivo-
cally linked with the so-called binocular cells in
the striate cortex, and there has been good
agreement between psychophysical data collected
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from humans and neurophysiologic research in
cats and primates.® 3

Whether binocular striate cells subserve func-
tions other than stereopsis is not known. The re-
sponse summation depending on stimulus align-
ment observed in animal experiments suggests that
binocular cells may also be involved in the fusion
process. On the other hand, the clinician knows
that sensory fusion may occur in the absence of
stereopsis. The cortical centers for sensory and
motor fusion are yet to be identified.

Older Theories of Binocular Vision

Older theories of binocular vision still espoused
in the second half of this century are mostly of
historical interest now. However, familiarity with
these concepts is indispensable for understanding
the older literature.

ALTERNATION THEORY OF BINOCULAR VI-
SION. Sensory fusion has been defined as the
perceptua unification of the images received in
corresponding locations in the two retinas. This
definition is supported by the experience of single
vision, which is quite compelling, but it is not
necessarily the correct description of the process.
Since 1760, when Du Tour® claimed that rivary
phenomena gave evidence that the binocular vi-
sual field is composed of a mosaic of monocularly
perceived patches, this theory has had many ad-
herents. Verhoeff,® in his replacement theory of
binocular vision, assumed that corresponding reti-
nal units were represented separately in the brain
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FIGURE 2-24. Stereoblind monkeys (N = 3) had most cortical cells controlled exclusively by one
eye or the other (categories 1 and 7) with only 13% (N = 276) binocular innervation in cortex layers
V, and 30% (N = 108) in V,. The black bars represent the missing binocularly innervated neurons
ordinarily found in control monkeys. (From Crawford MLJ, Smith EL, Harwerth RS, Noorden GK von:
Stereoblind monkeys have few binocular neurons. Invest Ophthalmol Vis Sci 25:779, 1984.)
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but that each one of every pair was represented
in consciousness by the same single unit. This
conscious unit would receive the stimulus from
only one retinal unit at a time; the other was
excluded. Asher® attempted to show that in binoc-
ular stimulation one pair of corresponding ele-
ments always suppressed the other. Hochberg®
presented a similar view. Levelt,®” athough in-
clined toward the same view, did not share this al-
or-none assumption. He believed that it is better to
think of different levels of dominance of the eyes
for each point of the visua field.

The ““mosaicist” concept of the binocular vi-
sual field is supported by all its adherents with
essentially the same evidence, largely based on
the phenomena of rivalry. They fail, however, to
explain many phenomena of binocular vision, par-
ticularly stereopsis. Also, as Linksz® P86 argued,
the motor responses to the relative displacement
of similar and dissimilar targets in a haploscope
could not be as different as they are if aternate
suppression were the basis of single binocular
vision. Experiments in cats and monkeys have
shown that when receptive fields from correspond-
ing points of the retina are superimposed in the
plane of an optima stimulus, firing is markedly
facilitated. When these fields are out of register,
they mutually inhibit one another.”* Moreover,
““moderate summation” of responses from cortical
neurons in macaques have been described follow-
ing simultaneous stimulation of both eyes® 5
These findings do not support the alternation the-
ory of binocular vision.

PROJECTION THEORY OF BINOCULAR VISION.
A theory that has now been largely abandoned is
the projection theory, which contends that visual
stimuli are exteriorized aong the lines of direc-
tion. If a person fixates binocularly, a **bicentric”
projection is supposed to occur that places the
impression of each eye at the point of intersection
of the lines of projection.

This theory is untenable for many reasons. It
fails to explain even such fundamental observa-
tions as physiologic diplopia, not to mention the
discrepancies between stimulus distribution and
perception, and breaks down completely when in-
terpretation of the sensory phenomena observed
in strabismus is attempted (see Chapter 13). The
basic reason for the inadequacy of the projection
theory is that the distinction between physical and
subjective space is disregarded and it attempts to
reduce localization to a dioptic-geometric scheme.

Alexander Duane*% among American oph-
thalmologists, has most clearly presented the pro-
jection theory, but he modified it to meet some
obvious objections. According to Duane, in both
monocular and binocular vision the visual impres-
sions are projected or referred to a definite posi-
tion in physical space outside the body. There is,
however, an essential difference between monocu-
lar and binocular *‘projection.” In monocular vi-
sion each eye “‘projects with reference to its own
axis’ and in binocular vision with reference to
the midline or *‘bivisual axis.” In other words,
““binocular projection” may be conceived as per-
formed by a single cyclopean *‘binoculus.” Duane
states that the change from monocular to binocular
vision is proved by the fact that in physiologic
diplopia the double images are not ** projected”’ to
the plane of the fixation point but to the plane in
which the object lies, which is seen double. Thus,
Duane showed that physiologic diplopia cannot be
explained by the projection theory and accepted
the concept of the cyclopean eye. Nevertheless,
he considered the projection theory to be valid.

It would not be necessary to go into the projec-
tion theory in such detail if it were not for the
fact that it continues to crop up in the literature,
at least in the terminology. For example, one still
encounters such statements as *“ the functional sco-
toma in strabismus projected into space for the
purpose of solving diplopia.” The term projection
should be altogether avoided in connection with
visual orientation.

The projection theory, as espoused by Duane,®
is also responsible for binocular vision being de-
scribed in terms of ‘“‘oculocentric localization”
from each eye and for anomalous correspondence
still being termed ‘‘anomalous projection” by
some modern authors. Alperr? states that “‘The
stimulus for stereopsis is a disparity in the oculo-
centric localization of a given object in the field
of one eye with respect to its oculocentric localiza-
tion in the field of the other eye.” This gives—at
least terminologically—an independence to each
eye that it does not possess. Even less acceptable
is ‘“disparity of egocentric localization of the cen-
ter of the visual fields of the two eyes’ as the
stimulus to motor fusion. Neither eye has an *‘ ego-
center.”” Only the subject has an egocenter to
which the egocentric localization of visual objects
is referred. The persistent confusion between rela
tive and absolute (egocentric) localization has
caused many misunderstandings in the ophthalmic
literature.



THEORY OF ISOMORPHISM. Linksz® pp- 3801 de-
veloped a theory of binocular vision based on a
rigid retinocortical relationship. He believed that
fusion is based on neuroanatomical features,
which bring excitations from the two retinas into
close proximity within the visua cortex. Those
from corresponding elements are *‘ consummated”’
in Gennari’s stripe, which he considers to be the
anatomical counterpart of the horopter plane in
objective space and of the nuclear plane in subjec-
tive space. *'Nuclear plane” denotes the counter-
part in subjective space of the horopter surface in
physical space. The term is derived from the Ger-
man Kernpunkt (nuclear point, the subjective cor-
relate of the fixation point) and Kernflache (nu-
clear plane, the subjective correlate of the
objective frontal plane). Objects nearer to or far-
ther from the fixation point stimulate disparate
retinal elements, and the resultant excitations con-
verge in front of or behind Gennari's stripe in
strict conformity with the distribution of objects
in space. In this way the sensation of stereopsisis
created. The point-to-point relationship between
retina and cortex and strict conformity or isomor-
phism between the distribution of objects in space
and cortical events form the basis of spatial orien-
tation. Subjective visual directions as a property
of the retinal elements do not exist. Retinal corre-
spondence cannot change. There can be no “as-
similation of visual directions” in stereopsis.
Anomalous correspondence in patients with stra-
bismus (see Chapter 13) has been misinterpreted.

Linksz extensively elaborated his fascinating
intellectual theory. There is, however, no evidence
for the physiologic rigidity of the retinocortical
relationship or the convergence of the pathways
on which it is based.

Advantages of Binocular
Vision

The current tendency is to overemphasize stereop-
sis as the only important reason for having binocu-
lar vision. For instance, Bishop™ stated that *“with
the exception of stereopsis, seeing with both eyes
is marginally, if any, better than seeing with
one—absolute threshold, differential threshold,
and visual acuity being about the same.” Indeed,
binocular summation experiments show no mon-
ocular-binocular differences or at best give only
equivocal results.’> On the other hand, there are
certain advantages to having binocular vision in
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addition to stereopsis that are not readily appreci-
ated by the nonclinician.

Parents of strabismic children whose eyes have
been aligned surgically will often volunteer the
information that the child’'s visuomotor skills have
suddenly and vastly improved. This improvement
does not seem to depend on the presence of stere-
opsis. It is noted as long as gross binocular vision
on the basis of normal or abnormal retinal corre-
spondence is reestablished. Jones and Lee® sub-
stantiated this clinical observation by evaluating
human binocular and monocular performance
through a variety of exteroceptive and visuomotor
tasks. The results indicated that binocular concor-
dant information provides better exteroception of
form and color and better appreciation of the dy-
namic relationship of the body to the environment,
thereby facilitating control of manipulation, reach-
ing, and balance. Also, the advantages of an intact
binocular field of vision, which is larger than a
monocular field, and of central visual field overlap
become obvious as soon as the function of one
eye becomes impaired by a disease process.
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CHAPTER

Summary of the Gross
Anatomy of the
Extraocular Muscles

escriptions of the gross anatomy of the extra-

ocular muscles can be found readily in stan-
dard texts, notably Wolffe's Anatomy of the Eye,
now in its 8th edition,® Duke-Elder and Wybar,2
Whitnall,* and Fink,* to mention only a few. This
chapter consists of a brief survey of the gross
anatomy of these muscles, which is indispensable
for the understanding of how they function in
normal and abnormal states.

In humans there are three pairs of extraocular
muscles in each orbit: a pair of horizontal rectus
muscles, a pair of vertical rectus muscles, and a
pair of oblique muscles. The four rectus muscles
come from the depth of the orbit and are attached
to the sclera anterior to the equator near the cor-
nea. The two oblique muscles approach the globe
from in front, at the medial side of the orbit, and
continue obliquely and laterally to insert on the
sclera posterior to the equator on the temporal part
of the globe. Contraction of the rectus muscles
pulls the globe backward and nasalward, and con-
traction of the oblique muscles pulls the globe
forward and nasalward. The two directions of pull
form an angle of 100° to 110°, open toward the
nasal side (Fig. 3-1). On the whole, therefore, a
pull nasalward is exerted by the tonus of these
muscles that must be balanced by the tension of
the tempora part of Tenon's capsule and by the
soft tissues nasal to the globe. The backward pull
of the rectus muscles is only partly offset by the
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forward pull of the oblique muscles in a ratio of
1:5.5 relative to the axis YY' of the globe (see
Fig. 3-1) and only in aratio of 1:12 relative to
the axis of the orbit (or the direction of pull of

FIGURE 3-1. Relation of the eyes to the pull of the
horizontal rectus and obliqgue muscles, right eye. (Modi-
fied from Zoth O: Augenbewegungen und Gesichtswahr-
nehmungen. In Nagel W, ed: Handbuch der Physiologie
des Menschen, vol 3. Braunschweig, Friedr Vieweg &
Sohn, 1905, p 296.)
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the rectus muscles). Here again, Tenon’s capsule,
fastened to the orbital rim and the retrobulbar
tissue, must provide the necessary balance.*

Rectus Muscles

The rectus muscles are more or less flat narrow
bands that attach themselves with broad, thin ten-
dons to the globe. There are four of these muscles:
the medial (interna), the lateral (external), the
superior, and the inferior.

The extraocular muscles have delightful syn-
onyms in the old anatomical texts, some of which
we cannot refrain from quoting: medial rectus
(bibitorius, the drinking, because the eyes are
crossed while looking at the bottom of the cup);
lateral rectus (indignatorius, the angry); superior
rectus (superbus, the proud; pius, the pious, be-
cause the upward turning of the eyes expresses
devotion); inferior rectus (humilis, the humble).
The superior oblique is also known as patheticus
(the pathetic).?s Powell* called the oblique mus-
cles amatorii, quod sint velut in amore duces et
furtivum oculorum jactus promoveant (for they are
as leaders in love and promote furtive glances of
the eyes).

The origins of the rectus muscles, the superior
oblique muscle, and the levator muscle of the
upper lid are at the tip of the orbital pyramid.
There the origins of the muscles are arranged in a
more or less circular fashion (the annulus of Zinn),
surrounding the optic canal and in part the supe-

rior orbital fissure (Fig. 3-2). Through this oval
opening created by the origins of the muscles, the
optic nerve, the ophthalmic artery, and parts of
crania nerves Ill and VI enter the muscle cone
formed by the body of the rectus muscles.

The interlocking of muscle and tendon fibers
at the site of origin creates an extremely strong
anchoring of the extraocular muscles. Avulsion of
amuscle at the origin is rare even in cases where
traction or trauma is sufficiently severe to cause
avulsion of the optic nerve® Attachments exist
between the origins of the medial and superior
recti and the dura of the optic nerve. This explains
the pain occurring on eye movements in patients
with optic neuritis.®

The medial and lateral rectus muscles follow
the corresponding walls of the orbit for a good
part of their course, and the inferior rectus muscle
remains in contact with the orbital floor for only
about half its length. The superior rectus muscle
is separated from the roof of the orbit by the
levator muscle of the upper lid.

If the rectus muscles were to continue their
course in their original direction, they would not
touch the globe; but about 10 mm posterior to the
equator, the muscle paths curve toward the globe
rather abruptly and eventually insert on the sclera
at varying distances from the corneal limbus. The
reason for this change in course is muscul o-orbital
tissue connections (the muscle pulleys; see be-
low). Charpy,® quoting Motais,® describes how
recurrent fibers may detach themselves from the
bulbar side of the rectus muscles near their inser-
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tion, attaching themselves to the sclera 1 to 5
mm behind the insertions. Scobee® called these
attachments footplates and attributed considerable
importance to them in the etiology of esotropia
(see Chapter 9).

Because the insertions of the rectus muscles
are not equidistant from the corneal limbus, they
do not lie on acircle that is concentric with it but
rather on a spiral (the spiral of Tillaux). The inser-
tion of the medial rectus muscle is closest to the
corneal limbus, followed by the inferior, lateral,
and superior rectus insertions, with the superior
rectus insertion being the most distant (Fig. 3-3).

The lines of insertion are generally not straight,
but are more or less curved and sometimes even
wavy. The straightest ones are the insertions of
the medial and lateral rectus muscles, but these
too are often dlightly convex toward the corneal
limbus. Fuchs® found in 50 cadaver eyes that
in half the cases the horizontal meridian cut the
insertions symmetrically. For the rest of the cases,
up to two thirds of the width of the tendon of the
medial rectus muscle was above the horizontal
meridian and that of the lateral rectus muscle was
below it. Fuchs found also that the insertion line of
these muscles was perpendicular to the horizontal
meridian in less than half the eyes. In the others
the insertion lines ran obliquely up and in, in the
case of the medial rectus, and up and out, in the
case of the lateral rectus.

The lines of insertion of the superior and infe-

FIGURE 3-3. Insertions of rectus
muscles. Average measurements are
in millimeters. (Data from Apt L: An
anatomical evaluation of rectus mus-
cle insertions. Trans Am Ophthalmol
Soc 78:365, 1980.)

rior rectus muscles are markedly convex toward
the corneal limbus and run obliquely upward and
laterally. The rounded, temporal ends of their in-
sertions therefore are more distant from the cor-
neal limbus than their nasal ends. The amount of
obliquity varies in different eyes but is usually
marked and, according to Fuchs*® is usually of
the same degree for the two muscles of the same
eye. The lines of insertion are cut asymmetrically
by the vertical meridian. The greater part of the
tendon (two thirds of its width according to Fuchs)
of the superior rectus lies temporal to the merid-
ian. In one third of the eyes, Fuchs found that
the meridian bisected the inferior rectus tendon;
otherwise, the larger segment of the insertion line
was found to lie lateral to it.

The normal distance between muscle insertion
and limbus is of importance during operations
and reoperations on the extraocular muscles. Data
based on measurements taken by Apt* from ca
daver eyes of adult subjects (mean age, 60.3 years)
are shown in Figure 3-3 and Table 3-1. The
anterior limbus was defined by Apt as the transi-
tion from clear cornea to gray and the posterior
limbus as the transition from gray cornea to white
sclera. While the means are similar to those of
another recent study,® the range of variations be-
tween data reported elsewhere in the literature is
remarkable.s 16 22.24.35 The experienced surgeon is
aware how often differences of several millimeters
from the norms shown in Figure 3-3 can be found.
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TABLE 3-1. Distance from Limbus to Rectus Muscle Insertions

Mean = SD (mm) Range (mm)

Medial rectus insertion
Anterior limbus to midpoint of insertion
Posterior limbus to midpoint of insertion
Inferior rectus insertion
Anterior limbus to midpoint of insertion
Posterior limbus to midpoint of insertion
Lateral rectus insertion
Anterior limbus to midpoint of insertion
Posterior limbus to midpoint of insertion
Superior rectus insertion
Anterior limbus to midpoint of insertion
Posterior limbus to midpoint of insertion

53 £ 0.7 3.6-7.0
47 £ 06 3.0-6.4
6.8 = 0.8 4.8-8.5
59 + 0.8 3.9-7.6
6.9 = 0.7 5.4-8.5
6.3 + 0.6 4.8-7.9
79 £ 0.6 6.2-9.2
6.7 + 0.6 5.0-8.0

From Apt L: An anatomical evaluation of rectus muscle insertions. Trans Am Ophthalmol Soc 78:365, 1980.

Since a topographic correlation exists between
the location of the tendon insertion and the ora
serrata and since the distance of the ora from the
limbus depends on the anteroposterior diameter of
the globe,® 37 the distance of the tendon from the
limbus may be influenced by age and axial refrac-
tive errors of the eye.?® If these variations in the
location of the insertion are not taken into account
(see Table 3-1), the value of geometric calcula
tions in predicting the results of surgery on the
action of the extraocular muscles is limited. For
instance, the effect of a 4-mm muscle recession
will vary significantly with the distance of the
anatomical insertion from the limbus. These con-
siderations apply especially when considering the
effect of muscle surgery in infants. Table 3-2
shows a substantial difference in mean anatomical
data obtained from adult and newborn eyes. Ac-
cording to Souza-Dias and coworkers,* age differ-

TABLE 3-2. Comparative Measurements of
Medial and Lateral Rectus Muscles in Adults*
and Newbornst

Medial Lateral

Rectus Rectus

Muscle Muscle
Length 37.7 (28)% 36.3 (31.6)
Width 10.4 (7.9) 9.6 (6.9)
Distance from limbus 5.7 (3.9) 7.5 (4.8)

(middle of insertion)

*Data from Lang J, Horn T, Eichen U von den: Uber die dusseren
Augenmuskeln und ihre Ansatzzonen. Gegenbaurs Morphol
Jahrb 126:817, 1980.

tData Weiss L: Uber das Wachstum des menschlichen Auges
und Uber die Verédnderungen der Muskelinsertionen am wach-
senden Auge. Anat Hefte 25 (pt 1):191, 1897; Schneller F:
Anatomisch-physiologische Untersuchungen tber die Augen-
muskeln Neugeborener. Graefes Arch Clin Exp Ophthalmol
47:178, 1899.

FMeasurements from newborn in parentheses.

ences in the distance between limbus and insertion
can be neglected in strabismus operations in chil-
dren older than 6 months. In view of the fact that
the longitudina growth of the eye is not com-
pleted by that age, we take a more conservative
view and would put the age at which adult dosages
of strabismus surgery may be applied at 2 years
and older.

The length of the rectus muscles exclusive of
tendon is fairly constant, but there are variations
between the width of the insertion and the length
of tendon of the different muscles (Table 3-3).
Other anatomical data of importance to the kine-
matics of the eye are discussed in Chapter 4.

Muscle Pulleys

Modern imaging techniques such as computed to-
mography (CT) scanning** and magnetic reso-
nance imaging (MRI)® %27 have reveded that the
paths of the rectus muscles remain fixed relative
to the orbital wall during excursions of the globe
and even after large surgical transpositions.” 8
Only the anterior aspect of the muscle moves with
the globe relative to the orbit, as it must on ac-
count of its scleral attachment. In other words,
there is no sidedlip of the rectus muscles in rela-
tion to the orbital walls when the eye moves from
primary into secondary gaze positions (Fig. 3-4).
Demer and coworkers®® suspected from these
findings that there must be musculo-orbital cou-
pling through tissue connections that constrain the
muscle paths during rotations of the globe. Subse-
guent studies with high-resolution MRI confirmed
this notion by demonstrating retroequatorial in-
flections of the rectus muscle paths® 1 (Fig. 3-5).
Gross dissection of orbits and histologic and histo-
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TABLE 3-3. Means and Range (in parentheses) of Measurements of Rectus Muscles (mm)*

Medial Superior

Rectus Inferior Rectus Lateral Rectus Rectus

Muscle Muscle Muscle Muscle
Lengtht 37.7 (32.0-44.5) 37.0 (33.0-42.5) 36.3 (27.0-42.0) 37.3 (31.0-45.0)
Length of tendon 3.0 (1.0-7.0) 4.7 (3.0-7.0) 7.2 (4.0-11.0) 4.3 (2.0-6.0)
Width of tendon 10.4 (8.0-13.0) 8.6 (7.0-12.0) 9.6 (8.0-13.0) 10.4 (7.0-12.0)

From Lang J, Horn T, Eichen U von den: Uber die &usseren Augenmuskeln und ihre Ansatzzonen. Gegenbaurs Morphol Jahrb

126:817, 1980.
*Data from right eye.
TExclusive of tendon.

chemical studies'® *° showed that these inflections
are caused by musculo-orbital tissue connections
in the form of fibroelastic deeves that consist
of smooth muscle, collagen, and elastin. During
contraction the muscles travel through these
sleeves which act as pulleys by restraining the
muscle paths. The orbital layer of the rectus mus-
cle inserts directly on the pulley, whereas the
global layer continues anteriorly to insert into
the sclera.

These pulleys are located in a corona plane
anterior to the muscle bellies and about 5 to 6 mm
posterior to the equator. They are compliant rather
than rigid, receive rich innervation involving nu-
merous neurotransmitters in humans and mon-
keys,® ** and change their positions as a function
of gaze direction. For instance, the pulleys of the
horizontal rectus muscle move posteriorly during
muscle contraction.? This adjustability of pulley
positions and the different insertion sites of the
global and orbital layers of extraocular muscles
may play a major but still undefined role in ocular
kinematics.® o %

The demonstration of muscle pulleys is incom-

T

L -q'-"l_ _ :MH
- Y Pulley
Inflection

LR
Pulley
Inflection

Abduction

Adduction

patible with the classic view according to which
the direction of pull of a rectus muscle is deter-
mined by its functional insertion at the point of
tangency with the globe and its origin at the
annulus of Zinn.*® Actualy, the functional origin
of a rectus muscle is located at its pulley. It
follows that atypical location of a pulley (see
Chapter 19) or pathologic conditions that may
influence pulley function may cause certain forms
of strabismus. Moreover, the finding of stability
of the muscle paths during excursions of the globe
through muscle pulleys may change our concepts
about the function of the rectus muscles in tertiary
gaze. Further reference to the muscle pulleys is
made in the appropriate sections of this book.

Oblique Muscles

From its origin above and medial to the optic
foramen, the superior oblique muscle courses an-
teriorly in a line parallel with the upper part of
the medial wall of the orbit, reaching the trochlea
at the angle between the superior and media wall.

FIGURE 3-4. Two-mm-thick,
320-pm resolution axial MRI scan
of a normal left orbit showing the
inflection of the horizontal rectus
muscles as they pass through
their respective pulleys during ab-
duction and adduction. MR, me-
dial rectus; LR; lateral rectus.
(From Demer JL: Orbital connec-
tive tissue in binocular alignment
and strabismus. In Lennerstrand
G, Ygge J, eds: Advances in Stra-
bismus, Proceedings of Interna-
tional Symposium at the Wenner-
Gren Center, Stockholm, June
1999. London, Portland Press,
2000, p 17.)
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Depression

FIGURE 3-5. Two-mm-thick, 320-pm resolution axial MRI scan of normal left orbit in primary and
secondary gaze positions, showing near constancy of the positions of the rectus muscles posterior
to the pulleys. IR, inferior rectus; SR, superior rectus; MR, medial rectus; LR, lateral rectus; ON,
optic nerve. Note stability of the coronal sections of the rectus muscles but movement of the section
of the optic nerve in secondary gaze postions. (Courtesy of Dr. J.L. Demer, Los Angeles.)

The trochlea is a tube 4 to 6 mm long formed in
its medial aspect by bone (the trochlear fossa of
the frontal bone). The rest of the circumference is
composed of connective tissue that may contain
cartilaginous or bony elements. After passing the
trochlea, the superior oblique muscle turns in lat-
erodorsally, forming an angle of about 54° with
the pretrochlear or direct portion of the muscle.
A fibrillar, vascular sheath surrounds the intra-
trochlear superior oblique tendon. This portion of
the tendon consists of discrete fibers with few
interfibrillar connections, as reported by Helveston
and coworkers.t Each fiber of the tendon moves
through the trochlea in a dliding, telescoping fash-
ion with the central fibers undergoing maximal

and the peripheral fibers the least excursion. The
total travel of the central fibers appears to be 8
mm in either direction.?

Helveston and coworkers?* also described a
bursa-like structure lying between the trochlear
“saddle” and the vascular sheath of the superior
oblique tendon and postulated that pathologic al-
terations of the bursa may be a factor in the
etiology of Brown syndrome (see Chapter 21).

At about the distal third of the direct portion
(20 mm behind the trochlea), the muscle becomes
tendinous and remains tendinous in its entire post-
trochlear or reflected part. The tendon passes un-
der the superior rectus muscle, fans out, and
merges laterally with the sclera to the vertical
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FIGURE 3-6. Relationships of tendons of superior
oblique muscle. Measurements are in millimeters. (Modi-
fied from Fink WH: Surgery of the Vertical Muscles of
the Eyes, ed 2. Springfield, IL, Charles C Thomas, 1962.)

meridian, forming a concave curved line toward
the trochlea (Fig. 3-6). The anterior end of the
insertion lies 3.0 to 4.5 mm behind the lateral end
of the insertion of the superior rectus muscle and
13.8 mm behind the corneal limbus. The posterior
end of the insertion lies 13.6 mm behind the
medial end of the insertion of the superior rectus
muscle and 18.8 mm behind the corneal limbus.
The width of the insertion of the superior oblique
muscle varies greatly (from 7 to 18 mm, Fink#)
but is 11 mm on average. The media end of the
insertion lies about 8 mm from the posterior pole
of the globe. Near itsinsertion the posterior border
of the muscle is related to the superior vortex vein.

The length of the direct part of the superior
oblique muscle is about 40 mm and that of the
reflected tendon is about 19.5 mm. From a physio-
logic and kinematic standpoint, the trochlea is the
origin of the muscle.

The inferior oblique muscle is the shortest of
al the eye muscles, being only 37 mm long. It
arises in the anteroinferior angle of the bony orbit
in a shallow depression in the orbital plate of the
maxilla near the lateral edge of the entrance into
the nasolacrimal canal. The origin is readily lo-
cated by drawing a perpendicular line from the
supraorbital notch to the lower orbital margin.

The muscle continues from its origin backward,
upward, and laterally, passing between the floor
of the orbit and the inferior rectus muscle. It
inserts by a short tendon (1 to 2 mm) in the
posterior and external aspect of the sclera. The
width of the insertion varies widely (5 to 14 mm,
Fink*) and may be around 9 mm on average. The

insertion forms a curved concave line toward the
origin of the muscle. Its anterior margin is about
10 mm behind the lower edge of the insertion of
the lateral rectus muscle; its posterior end is 1 mm
below and 1 to 2 mm in front of the macula (Fig.
3-7). Near its insertion the posterior border of the
muscle is related to the inferior vortex vein.

Unlike the other extraocular muscles, espe-
cially the superior obliques, which have both mus-
cular and tendinous components, the inferior
oblique is amost wholly muscular. It forms an
angle of about 51° with the vertical plane of the
globe.

Fascial System

Tenon’s Capsule

The eyeball is suspended within the orbit by a
system of fasciae. The way in which this is
achieved represents an ideal solution to the prob-
lem of suspending a spheroid body in a cone-
shaped cavity. The bulk of the system is made up
of Tenon’s capsule, which is a condensation of
fibrous tissue that covers the eyeball from the
entrance of the optic nerve to near the corneal
limbus, where it is firmly fused with the conjunc-
tiva. Except for this area of fusion, the two struc-
tures are separated by the subconjunctival space.
Tenon's capsule is also separated from the sclera.
Between the two is the episcleral space (Tenon's
space), which can be readily injected (Fig. 3-8).
On its outer aspect the capsule isintimately related
to the orbital reticular tissue. Its posterior edge is
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FIGURE 3-7. Course of inferior obligue muscle and the
relationships of its tendon. Measurements are in millime-
ters. (Modified from Fink WH: Surgery of the Vertical
Muscles of the Eyes, ed 2. Springfield, IL, Charles C
Thomas, 1962.)
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FIGURE 3-8. Tenon's space shown by injection with In-
dia ink. (Modified from Charpy A: Muscles et capsule
de Tenon. In Poirier P, Charpy A, eds: Traité d'anatomie
humaine, new ed, vol 5/2. Paris, Masson, 1912, p 539.)

not clearly delineated; it is thin and more or less
continuous with the meshwork of the orbital fat.
If the globe is enucleated, one can see the
anterior orifice of Tenon's capsule, the borders of
which were attached to the sclera before enucle-
ation; the posterior orifice, which is fused with
the sheaths of the optic nerve; and the smooth
inner surface with the dlits of entry for the extraoc-
ular muscles. The openings for the vortex veins
are small and not readily visualized (Fig. 3-9).

Muscle Sheaths and Their
Extensions

The extrinsic ocular muscles pierce Tenon's cap-
sule, enter the subcapsular space, and insert into

Lateral
rectus m

FIGURE 3-9. Anterior and posterior
orifice of Tenon's capsule shown
after enucleation of the globe. (Modi-
fied from Charpy A: Muscles et cap-
sule de Tenon. In Poirier P, Charpy A,
eds: Traité d'anatomie humaine, new
ed, vol 5/2. Paris, Masson, 1912, p
539.)

oblique m

Tendon of inferior

the sclera. Therefore, one can distinguish an extra-
capsular and an intracapsular portion of each
muscle.

In their extracapsular portions, the extrinsic eye
muscles are enveloped by a muscle sheath. This
sheath is a reflection of Tenon's capsule and runs
backward from the entrance of the muscles into
the subcapsular space for a distance of 10 to 12
mm. At the lower aspect of the entrance, Tenon's
capsule is reduplicated. At the upper aspect, it
continues forward as a single membrane (Fig.
3-10). The muscle sheaths of the four rectus mus-
cles are connected by a formation known as the
intermuscular membrane, which closely relates
these muscles to each other (Fig. 3-11). In addi-
tion, there are numerous extensions from all the
sheaths of the extraocular muscles, which form an
intricate system of fibrous attachments intercon-
necting the muscles, attaching them to the orbit,
supporting the globe, and checking the ocular
movements. These will now be described in their
essential features.

The fascial sheath of the superior rectus muscle
closely adheres in its anterior external surface to
the undersurface of the sheath of the levator mus-
cle of the upper lid. In front of the equator the
sheath of the superior rectus muscle also sends a
separate extension obliquely forward that widens
and ends on the lower surface of the levator mus-
cle. The fusion of the two muscles accounts for
the cooperation of upper lid and globe in elevation
of the eye, afact that must be kept in mind when
surgical procedures on the superior rectus muscle
are being considered.

The fascial sheath of the inferior rectus muscle
divides anteriorly into two layers: an upper one,
which becomes part of Tenon’'s capsule, and a
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lower one, which is about 12 mm long and ends
in the fibrous tissue between the tarsus of the
lower lid and the orbicularis muscle (Figs. 3-11
and 3-12). This lower portion forms part of Lock-
wood's ligament.

The fascial sheath of the reflected tendon of
the superior oblique muscle consists of two layers
of strong connective tissue (Fig. 3-13). The two
layers are 2 to 3 mm thick, so the tendon and its
sheath have a diameter of about 5 to 6 mm. The
potential space between the sheath and the tendon
is continuous with the episclera space. Material
injected into Tenon's space therefore may pene-
trate into the space between tendon and sheath.?
Many attachments extend from the sheath of the

Tenon's

!
ntermuscular capsule

membrane

Lateral palpebral
ligament

- Lateral check
ligament

FIGURE 3-10. Check ligaments of medial
and lateral rectus muscles. Reduplication of
Tenon's capsule, forming the muscle sheath
of the rectus muscles.

superior oblique muscle to other areas. to the
sheath of the levator muscle, to the sheath of the
superior rectus muscle, to the conjoined sheath of
these two muscles, and to Tenon's capsule, behind,
above, and laterally. The numerous fine fibrils that
connect the inner surface of the sheath to the
tendon are an important feature (see Fig. 3-13).
Some authors'® ° have rejected the idea of the
superior oblique tendon having a separate sheath
and favor the view that what appears to be sheath
are actually reflections of anterior and posterior
Tenon's capsule. This concept is of interest in
connection with the etiology of Brown syndrome.

The fascial sheath of the inferior oblique mus-
cle covers the entire muscle. It is rather thin at the

s Fascial
/%/ extensions
/ 7~ to orbital
Intermuscular septum FIGURE 3-11. Intermuscular membranes and fas-
membrane of lower cial extensions of the superior, lateral, and inferior
eyelid rectus muscles (right eye).
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FIGURE 3-12. Fascial sheath of the inferior rectus mus-
cle and Lockwood's ligament.

origin but thickens as the muscle continues later-
ally and develops into a rather dense membrane
where it passes under the inferior rectus muscle.
At this point, the sheath of the inferior oblique
muscle fuses with the sheath of the inferior rectus
muscle (see Fig. 3-12). This fusion may be quite
firm and complete or so loose that the two muscles
may be relatively independent of each other. Near
the insertion of the muscle the sheath of the infe-
rior obligue muscle also sends extensions to the
sheath of the lateral rectus muscle and to the
sheath of the optic nerve.

FIGURE 3-13. Fascial sheath of the reflected tendon of
the superior obliqgue muscle. (Modified from Berke RN:
Tenotomy of the superior oblique for hypertropia [prelimi-
nary report]. Trans Am Ophthalmol Soc 44:304, 1946.)

Ligament of Lockwood

The blending of the sheaths of the inferior oblique
and inferior rectus muscles and the extensions that
go from there upward on each side to the sheaths
of the medial and lateral rectus muscles form a
suspending hammock, which supports the eyeball.
This part of the fascial system has been termed
the suspensory ligament of Lockwood. Extensions
of fibrous bands to the tarsal plate of the lower
lid, the orbital septum, and the periosteum of the
floor of the orbit also form part of Lockwood's
ligament (see Fig. 3-12).

Check Ligaments

The media and lateral rectus muscles possess
well-developed fibrous membranes that extend
from the outer aspect of the muscles to the corres-
ponding orbital wall.

The check ligament of the lateral rectus muscle
appears in horizontal sections as a triangle, the
apex of which is at the point where the sheath of
the muscle pierces Tenon’'s capsule. From there it
goes forward and dlightly laterally, fanning out to
attach to the zygomatic tubercle, the posterior
aspect of the lateral palpebral ligament, and the
lateral conjunctival fornix (see Fig. 3-10).

The check ligament of the medial rectus muscle
extends from the sheath of the muscle, attaching
to the lacrimal bone behind the posterior lacrimal
crest and to the orbital septum behind. It is trian-
gular and unites at its superior border with a
strong extension from the sheath of the levator
muscle and a weaker extension from the sheath of
the superior rectus muscle. The inferior border is
fused to extensions from the inferior oblique and
inferior rectus muscle sheaths.

The other extraocular muscles do not have
clearly distinct check ligaments such as those of
the media and lateral rectus muscles. However,
the various extensions of the muscle sheaths to
the sheaths of other muscles, the orbital wall, and
Tenon's capsule undoubtedly fulfill the task of
checking the action of these muscles. Actualy, it
has been said (with considerable truth) by Duke-
Elder,*? » 4t who quotes Dwight,** that the com-
plexities of Tenon's capsule are limited only by
the perverted ingenuity of those who describe it.

Intracapsular Portion of the Muscle

The muscles move freely through the openings in
Tenon’s capsule. In the intracapsular portion,
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FIGURE 3-14. The falciform folds of Guérin, one on each
side of the rectus muscles. (Modified from Guérin G:
Mémoire sur la myotomie oculaire par la méthode sous-
conjonctivale. Gazette Med Paris, 1842.)

which for the rectus muscles is 7 to 10 mm in
length, they have no sheath but are covered by
episcleral tissue fused with the perimysium. This
tissue expands laterally, going along the muscle
on each side, from the entry of the muscle into
the subcapsular space to the insertion. Posteriorly,
this tissue attaches to the capsule and laterally to
the sclera. At the tendon this tissue becomes rather
dense and appears to serve to fixate the tendon,
forming the falciform folds of Guérint” or admini-
cula of Merkel® 26 (Fig. 3-14). Merkel and Kal-
lius remarked that these structures make it difficult
to determine accurately the width of the insertions.

Functional Role of the Fascial
System

Aside from its role in connecting the globe with
the orbit and of supporting and protecting it, the
main task of Tenon’s capsule isto serve as a cavity
within which the eyeball may move. Helmholtz*®
compared the movements of the eyeball in Tenon's
capsule to the movements of the head of the femur
in the cotyloid fossa. However, Tenon's capsule
does not have the anatomical characteristics of
synovial tissue, nor is it a serous membrane.

The complicated system of fasciae and liga
ments is of considerable importance in the control
of the eye movements. It prevents or reduces re-
tractions of the globe, as well as movements in
the direction of action of the muscle pull. Thus,
the position of the center of rotation of the eyeball

remains fairly constant in relation to the orbital
pyramid (see Chapter 4). Also, owing particularly
to the action of the check ligaments, the eye move-
ments become smooth and dampened. As the mus-
cles contract, their action is graduated by the elas-
ticity of their check systems, which limits the
action of the contracting muscle and reduces the
effect of relaxation of the opposing muscles (see
Sherrington’s law, Chapter 4, p. 63). This ensures
smooth rotations and lessens the shaking up of the
contents of the globe when the eyes suddenly stop
or change the direction of their movement.

Developmental Anomalies of
Extraocular Muscles and the
Fascial System

Gross developmental anomalies of the extraocular
muscles are infrequent. The cases recorded in the
literature are grouped together and reported with
great completeness by Duke-Elder'? P-°7 Many of
these reports are fascinating, but it would serve
no useful purpose to discuss them in this book.
Unless the anomaly is extreme, such as the total
absence of a muscle, it is not likely to have a
major effect on the coordination of the eye move-
ments or on the relative position of the eyes, since
even the experimental transposition of various ex-
traocular muscles does not permanently destroy
this coordination.

Patients with congenital absence of a muscle
present with the clinical picture of complete paral-
ysis (see Chapter 20). There may be no preopera-
tive clues to alert the surgeon that the apparently
paralyzed muscle is absent. Consequently, the sur-
geon must be prepared to use aternative surgical
approaches if a muscle cannot be located at the
time of the operation.

Anomalies of the fascial system are more com-
mon than those of the muscles, and it is probable
that they have functionally, and therefore clini-
cally, a more profound effect on the ocular motil-
ity. These anomalies act as a check to active
and passive movements of the globe in certain
directions, although the muscles that should pro-
duce the active movement may be quite normal
anatomically and functionally. To this group be-
long a number of clinical entities, such as the
various forms of strabismus fixus and the superior
oblique tendon sheath syndrome of Brown,* which
are discussed in Chapter 21.
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Innervation of Extraocular
Muscles

The medial, superior, and inferior rectus muscles
and the inferior oblique muscle are al innervated
by crania nerve Ill, the oculomotor nerve. The
branches enter their respective muscles from the
bulbar side. The branches intended for the medial
rectus muscle enter its belly 15 mm from the
origin of the muscle; those for the inferior rectus
muscle enter at the junction of the posterior and
middle third of the belly; and those for the inferior
oblique muscle enter just after the muscle passes
lateral to the inferior rectus muscle. All these
branches are innervated by the inferior division of
crania nerve IlI.

The branches for the superior rectus muscle
originate from the upper division of the oculomo-
tor nerve and enter the muscle at the junction of
the posterior and middle thirds (Fig. 3-15). The
lateral rectus muscle isinnervated by cranial nerve
VI, the abducens nerve, which enters the muscle
15 mm from its origin on the bulbar side (see
Fig. 3-15).

The superior oblique muscle differs from the
other five extraocular musclesin that cranial nerve
IV, the trochlear nerve, which innervates it, enters
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the muscle from the outer (orbital) surface near
the lateral border after crossing over from the
medial side. The nerve divides into three or four
branches. The most anterior branch enters the
belly at the juncture of the posterior and middie
third of the muscle and the most posterior at about
8 mm from its origin (see Fig. 3-15).

Sensory organs have been described in the ex-
traocular muscles. They presumably provide a
more or less defined stretch effect. Although the
innervation of these organs has not been followed
in humans, it is likely to take the route of the
ophthalmic division of the trigeminal nerve.

Blood Supply of Extraocular
Muscles

All extraocular muscles are supplied by the lateral
and medial muscular branches of the ophthalmic
artery. The lateral branch supplies the lateral and
superior rectus muscles, the levator muscle of the
upper lid, and the superior oblique muscle. The
medial branch, the larger of the two, supplies the
inferior and medial rectus muscles and the inferior
oblique muscle. The inferior rectus muscle and
the inferior oblique muscle also receive a branch
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FIGURE 3-15. Innervation of the extraocular muscles. N, cranial nerve.
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FIGURE 3-16. The anterior ciliary arteries. (From Last
RJ: Wolff's Anatomy of the Eye and Orbit, ed 6. Philadel-
phia, HK Lewis, 1968.)

from the infraorbital artery, and the medial rectus
muscle receives a branch from the lacrimal artery.

The arteries to the four rectus muscles give rise
to the anterior ciliary arteries. Two arteries emerge
from each tendon, except for the lateral rectus
muscle, which has only one. There are exceptions
to this rule, however, as any muscle surgeon can
readily confirm. Variations in the number of ante-
rior ciliary arteries supplied by each muscle be-
come clinically relevant with regard to the anterior
segment blood supply when disinserting more than
two rectus muscle tendons during muscle surgery
(see Chapter 26).

The anterior ciliary arteries pass to the epi-
sclera, give branches to the sclera, limbus, and
conjunctiva, and pierce the sclera not far from the
corneoscleral limbus (Fig. 3-16). These perforat-
ing branches cross the suprachoroidal space to
terminate in the anterior part of the ciliary body.
Here they anastomose with the lateral and medial
long ciliary arteries to form the major arteria
circle of theiris.

The veins from the extraocular muscles corre-
spond to the arteries and empty into the superior
and inferior orbital veins, respectively.
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CHAPTER

Physiology of the Ocular

Movements

Basic Kinematics

Translatory and Rotary Movements

The eye movements, as mechanical events, are
subject to the general laws of kinematics. Al-
though a detailed knowledge of this subject is not
required for the understanding of the clinical facts,
a few basic concepts must be discussed.

Any movement of a freely suspended spheroid
body can be reduced to a combination of one or
more of the following six movements. This body
can move sideways, up or down, and forward or
backward (translatory movements), or it can rotate
around a vertical, horizontal, or anteroposterior
axis (rotary movements). If a translatory move-
ment takes place, the center of the body moves
with it. In a pure rotary movement the center
would not shift its position; it would have zero ve-
locity.

Center of Rotation

The eye performs rotary movements around a cen-
ter of rotation within the globe. This center of
rotation has been assumed to be fixed, but newer
experiments indicate that this is not the case. The
center of rotation of the eye does not have zero
velocity; it moves in a semicircle in the plane of
rotation. Thus, even seemingly simple eye move-
ments are complex.

However, from a practical standpoint the trans-
latory movements may be disregarded. In primary
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position the center of rotation is located about
13.5 mm (in myopes, 14.5 mm) behind the apex
of the cornea on the line of sight, which places it
1.3 mm behind the equatoria plane. For practical
purposes, one may assume that a line connecting
the middle of the lateral orbital margins goes
through the center of rotation of the two eyes if
they are emmetropic or not highly ametropic and
have normally developed orbital fat.

Definitions of Terms and Action of
Individual Muscles

The action of an individual muscle is controlled
by the direction of its pull to the three axes around
which the globe rotates.

Before we consider what movement an eye
would make if al but one of the six eye muscles
were paralyzed, certain definitions having to do
with these movements must be introduced.

DUCTION MOVEMENTS. Since the eyeball has
an essentially fixed center of rotation, the globe
has three, not six, degrees of freedom. It can rotate
around one of three axes, all going through the
center of rotation. One of these is the anteroposter-
ior or sagittal axis (y-axis), coincident with the
line of sight (or line of fixation). The other two
are perpendicular to the line of sight; one is verti-
cal (z-axis), and the other is horizontal (x-axis).
The vertical and the horizontal axes are assumed
to lie in the equatorial plane, or Listing’s plane,
which is defined as a plane fixed in the orbit
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FIGURE 4-1. Axes of rotation, center of rotation, and
equatorial plane.

that passes through the center of rotation and the
equator of the globe when the eye is in primary
position (Fig. 4-1).

The rotations of the single eye are termed duc-
tion movements (Fig. 4-2). Rotations around the
vertical axis (horizontal excursions of the globe)
are caled adduction (movement nasalward) and
abduction (movement templeward). Rotations
around the horizontal axis (vertical excursions of
the globe) are termed elevation or sursumduction
(movement upward) and depression or deorsum-
duction (movement downward). These four move-
ments are the cardinal movements of the eye. A
combination of the horizontal and vertical excur-
sions moves the globe into various oblique posi-
tions in the directions up and right, up and left,
down and right, and down and left. These oblique
movements occur around axes lying obliquely in
the equatorial plane.

Rotations around the anteroposterior axis of the
globe, known as cycloductions, rotate the upper
pole of the cornea templeward (excycloduction) or
nasalward (incycloduction).

POSITIONS OF THE GLOBE. The primary posi-
tion is assumed by the eye when one is looking
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straight ahead with body and head erect. For clini-
cal purposes this is a satisfactory description. A
more stringent kinematic definition of the primary
position is given elsewhere in this chapter. The
adducted, abducted, elevated, or depressed posi-
tions of the globe are designated as secondary
positions. The oblique positions of the eye are
termed tertiary positions (Fig. 4-3).

TERMS RELATED TO THE MECHANICS OF
MUSCLES. The point at which the center of the
muscle or of its tendon first touches the globe is
the tangential point. A tangent to the globe at this
point indicates the direction of pull of that muscle.
The position of this point changes when the mus-
cle contracts or relaxes and the globe rotates
(Fig. 4-4).

The arc of contact is the arc formed between
the tangentia point and the center of the insertion
of the muscle on the sclera. Since the position of
the tangential point is variable, the arc of contact
changes in length as the muscle contracts. It is
longest when the muscle is relaxed and its antago-
nist contracted and shortest when the muscle is
contracted and its antagonist relaxed.

The muscle plane is determined by the tangent
to the globe at the tangential point and the center
of rotation. In general, it is the plane determined
by the centers of origin and insertion and the
center of rotation (see Fig. 4-4).

These traditional concepts of arc of contact and
muscle plane and their effects on ocular kinemat-
ics are based on straight-line, two-dimensional
models of orbital anatomy. They do not take into
account the recently discovered muscle pulleys
and their effect on the linearity of the muscle
paths of the rectus muscles.?® We expect that some
of these concepts will need to be modified when
the function of muscle pulleys, which have been
discussed in the preceding chapter, becomes bet-
ter known.

An axis of rotation, which is perpendicular to
the muscle plane erected in the center of rotation,

FIGURE 4-2. Ductions. Secondary positions, right eye. A, Adduction. B, Abduction. C, Sursumduc-
tion (elevation). D, Deorsumduction (depression).
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corresponds to each muscle plane. The muscle
plane describes the direction of pull of the muscle
and determines the axis around which the eye
would rotate if the particular individual muscle
were to make an isolated contraction (see Fig.
4-4).

HORIZONTAL RECTUS MUSCLES. In the case of
the horizontal rectus muscles the action is quite
simple. One might assume at first that these mus-
cles share a common muscle plane that is hori-
zonta in primary position and contains the line of
sight. Their axis of rotation coincides in primary
position with the z-axis of the system. As a result,
the contraction of one of the horizontal rectus
muscles produces a pure rotation around the verti-
cal axis: the lateral rectus abducts the line of gaze,
and the media rectus adducts the line of gaze
(Table 4-1 and see Fig. 4-2).

In general, with the contraction of these mus-
cles, there is neither a vertical component nor a
cycloduction. However, in positions of elevation
and depression the action of these muscles has
a component of elevation and depression, which
explains upshoot and downshoot of the adducted
eye in certain patients with Duane’'s syndrome
(see Chapter 21).
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FIGURE 4-4. Schematic presentation of muscle plane,
medial rectus, axis of rotation, tangential point, and arc
of contact.

FIGURE 4-3. Some tertiary posi-
tions, right eye. A, Gaze up and
right. B, Gaze up and left. C, Gaze
down and right. D, Gaze down
and left.

VERTICAL RECTUS MUSCLES. In primary posi-
tion the plane of the vertical rectus muscles does
not include one of the axes of the coordinate
system. Therefore, their action is more compli-
cated than that of the horizontal rectus muscles.

The planes of the superior and inferior rectus
muscles are assumed to coincide, which is suffi-
cient approximation for clinical purposes. This
common muscle plane in primary position forms
an acute angle of about 23° with the y-axis (the
median plane of the eye). The axis of rotation of
these muscles therefore does not coincide with the
x-axis in the equatorial plane of the globe but
forms an angle of 23° with it (Fig. 4-5 A).

Accordingly, when the eye is in primary posi-
tion, the superior rectus muscle not only elevates
the globe but also adducts it and rotates it around
the anteroposterior y-axis, causing incycloduction
(see Table 4-1). If the globe is abducted, its axis
of rotation more and more approaches the x-axis;
when it is abducted 23°, the two coincide. At that
moment the superior rectus muscle becomes a
pure elevator, and its action no longer has a cyclo-
ducting component. The elevating action of the
superior rectus muscle is maxima in abducted
positions of the eye.

The opposite effect applies to incycloduction.
The more the globe is adducted, the greater the
incycloduction effect. If the globe could be ad-
ducted 67°, the superior rectus would produce pure
incycloduction. Since the globe cannot adduct that
far, there is some elevating component to the
action of the superior rectus, even in adduction.

What has been said about the superior rectus
applies analogously to the inferior rectus muscle;
but since the inferior rectus is attached to the
globe from below, it depresses the globe (maxi-
mally in abduction) and has a dlight adducting
action. It causes excycloduction of the eye, maxi-
mal in adduction and equal in amount for a given
position of the globe to the incycloduction effect
of the superior rectus muscle (see Table 4-1).

The secondary action of the vertical rectus
muscles as adductors was studied in detail in the
rhesus monkey by Chamberlain.? When he made
atenotomy excision of the vertical rectus muscles,
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TABLE 4-1. Action of the Extraocular Muscles from the Primary Position

Muscle* Primary Secondary Tertiary
Medial rectus Adduction — —

Lateral rectus Abduction — —

Inferior rectus Depression Excycloduction Adduction
Superior rectus Elevation Incycloduction Adduction
Inferior oblique Excycloduction Elevation Abduction
Superior oblique Incycloduction Depression Abduction

*The superior muscles are incycloductors; the inferior muscles, excycloductors. The vertical rectus muscles are adductors; the oblique

muscles, abductors.

no limitation of adduction was found. When he
made a tenotomy excision of the medial rectus
muscle, the animal could not adduct its eyes be-
yond the midline. The vertical rectus muscles were
not effective enough as secondary adductors to
move the eye nasalward so long as the lateral
rectus muscle was intact; but if the lateral rectus
muscle was also tenotomized, a small amplitude
of adduction from the straight-ahead position was
noted.

In contrast to Chamberlain’s findings, Gordon*
measured marked restriction of adduction in six
human eyes, later to be enucleated, on which he
performed free tenotomies or myectomies of both
vertical rectus muscles. This restriction persisted
until the action of the vertical rectus muscles was
restored.

OBLIQUE MUSCLES. The assumption that the
two oblique muscles share a common plane is less
justified for these muscles than for the vertical
rectus muscles. However, both muscle planes go
in a direction from the anteromedial aspect of

Muscle

Axis of
rotation
~

the globe to the posterolateral aspect. Therefore,
neither muscle plane coincides with the median
plane of the globe, nor does the axis of rotation
coincide with the x-axis. The muscle plane of the
superior oblique muscle forms an angle of about
54° with the median plane and that of the inferior
oblique muscle, and angle of 51°. Because of the
large angles formed in primary position, the
obligue muscles mainly produce cyclorotation.

In primary position the superior oblique muscle
causes incycloduction and depression of the eye
and aso acts as an abductor (see Table 4-1).
When the globe is adducted, the angle between
the median plane of the eye and the muscle plane
is reduced and the superior oblique muscle acts
more and more as a depressor. With an adduction
of 54°, the superior oblique would be a pure de-
pressor. The angle between the median plane of
the globe and the muscle plane increases with
abduction of the eye. The superior oblique increas-
ingly produces incycloduction, and with 36° of
abduction its action is one of pure incycloduction.

Axis of
7~ rotation

NN
N2 Muscle
plane

FIGURE 4-5. A, Relationship of muscle plane of vertical rectus muscles to x- and y-axes. B,
Relationship of muscle plane of obliqgue muscles to x- and y-axes.
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The maximum action of the superior oblique mus-
cle as a depressor is in adduction; the maximum
incycloduction occurs in abduction (Fig. 4-5B).

Analogous considerations apply to the inferior
obligue muscle. In primary position its contraction
causes excycloduction, elevation, and abduction of
the globe (see Table 4-1). Its action as an elevator
is greatest in adduction (maximum at 51°), and its
action as an excyclorotator is greatest in abduction
(maximum at 39°).

Chamberlain® aso studied the secondary ab-
ducting action of the oblique muscles in the rhesus
monkey and found behavior analogous to the sec-
ondary adduction of the vertical rectus muscles.
When both horizontal rotators were intact, sec-
tioning both oblique muscles did not affect abduc-
tion. When only the lateral rectus muscle was cut,
no abduction could be performed unless the me-
dia rectus muscle was also tenotomized, in which
case moderate abduction was noted.

Further Considerations of
Mechanics of Extraocular Muscles

The anatomical data about the extraocular muscles
given in Chapter 3 allow certain genera conclu-
sions about the mechanics of these muscles. They
are long and slender with an average cross-section
ratio of 1:10 to their length. This design enables
them to move arelatively small mass with consid-
erable speed.

The effectiveness of a mover in rotating a
sphere depends on the position of its attachment
to the sphere in relation to the sphere’s center and
on its mass. The farther anteriorly from the center
it is attached and the greater its mass, the greater
its effectiveness. On both counts the medial rectus
is the most favored muscle: its insertion is nearest
to the corneal limbus and it is the heaviest.

The amplitude of the excursions that the globe
can achieve as a result of the action of a muscle
is determined theoretically by the maximum short-
ening the muscle is capable of achieving. This
maximum depends on the length of the arc of
contact of the muscle on the globe. Table 4-2 lists
the average results of the measurements of the arcs
of contact of the various muscles as determined by
Volkmann** on cadaver eyes. In this table, taken
from Zoth,*** column | shows the length of the arc
of contact; L, the length of the muscle without its
tendon (note the difference between these data
and those from a later study shown in Table 3-2;
and Q, the theoretical maximum of shortening of

TABLE 4-2. Arc of Contact of Muscles and
Excursions of Globe

| L
Muscle (mm) (mm) /L Q Q'
Medial rectus 6.33 408 0.156 29°31" 50°
Inferior rectus 9.83 40.0 0.24  41°43" 45°
Lateral rectus 13.26  40.6 0.32 60°43" 50°
Superior rectus 892 418 0.21  41°48"  45°

Modified from Zoth O: Augenbewegungen und Gesichtswahrneh-
mungen. In Nagel W, ed: Handbuch der Physiologie des
Menschen, vol 3. Braunschweig, Friedrich Vieweg & Sohn,
1905, p 299.

the muscle in degrees obtained from |. These data
are based on the assumption that the eye is a
sphere with its center of rotation in the center.
Column 1/L, which shows the ratio between arc
of contact and the length of the muscle, expresses
the theoretical maximum of contraction of the
muscle. Finally, Q" indicates the maximal rota-
tions actually achieved by the living eye in the
nasal, downward, temporal, and upward direc-
tions.

Comparison of the figures for Q and Q' shows
that for the lateral rectus muscles Q exceeds Q'.
This means that theoretically the mechanical con-
ditions are such that the lateral rectus muscle is
amply able to abduct the eye fully when acting
alone. The other muscles, the most striking being
the medial rectus muscle, have atheoretical deficit
of excursion when working alone.

In trying to account for this deficit, Zoth
made the point that Volkmann's measurements of
the arc of contact on cadaver eyes may not apply
strictly to living eyes because the positions of the
eyes in the two conditions generally do not agree
(see Chapter 12). He also pointed out that Volk-
mann assumed the center of rotation to be in the
center of the globe when, in fact, it lies behind it.
Last, he mentioned the auxiliary actions of other
muscles that may assist the prime mover when the
globe reaches more extreme positions.

Another problem arises from the question of
how the muscles, when contracting, maintain their
plane of pull. If the effective origins and insertions
are indeed pointlike, as is assumed in determining
some of the mechanical factors of the muscle
action, the axes or rotations and therefore the
plane of pull of the extraocular muscles would be
subject to considerable variation during contrac-
tion of a muscle. According to Helmholtz,* the
wide, fanlike insertion of the muscles largely re-
duces this possibility. In connection with the ques-



tion of maintaining the more or less constant plane
of pull of the muscles, consideration must also
be given to the al-or-nothing law of muscular
contraction, discussed in Chapter 6.

Using Volkmann's measurements of the effec-
tive origins and insertions of the extraocular mus-
cles as his basis, Boeder'®*? analyzed mathemati-
caly and graphically the action of the individual
muscles and their cooperation. From his graphs,
Boeder reached some important and origina con-
clusions about cooperation of the muscles of the
two eyes. The medial and lateral rectus muscles
cancel the abducting and adducting action of the
elevators and depressors when the eyes elevate or
depress the globe from positions of abduction or
adduction. The superior and inferior rectus mus-
cles contribute more than the oblique muscles to
elevation and depression of the globe throughout
the entire range of adduction and abduction. It is
not correct therefore to say that the vertical rectus
muscles function primarily in abduction and the
obligue muscles in adduction. Boeder also chal-
lenged the assumption that the vertical rectus mus-
cles of one eye are functionally linked with the
oblique muscles of the other eye. Rather, he stated
that his analysis demonstrated that the pair of
elevators of one eye work as a unit with the pair
of elevators of the other eye and that the two pairs
of depressors are similarly linked.

Boeder’s theory on the cooperative action of
the extraocular muscles is given in Figure 4-6.
The state of muscular contraction in a field of
fixation ranging from 30° abduction to 30° adduc-
tion and from 30° depression to 30° elevation for
each of the extraocular muscles is illustrated in
this figure. The heavily numbered lines are the
loci of normal eye positions in which each muscle
is contracted as many millimeters as the negative
numbers indicate. The broken numbered lines are
the loci of those normal eye positions for which
the muscle is extended as many millimeters as the
positive numbers indicate. Using this number, the
contractive state of all six muscles can be deter-
mined for any position of gaze. For instance, the
contractive state of al muscles (in millimeters) in
20° adduction and 30° elevation is lateral rectus
2.0; medial rectus, —4.7; superior rectus, —6.2;
inferior oblique, —4.3; inferior rectus, 3.6; supe-
rior oblique, —5.3.

Clearly, on the basis of these calculations and
contrary to conventional views, the superior rectus
muscle must contract more than the inferior
oblique muscle to elevate the adducted eye. The
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same principle applies to the action of the superior
oblique muscle in adduction. For instance, to at-
tain a position of 20° adduction and 30° depres-
sion, the inferior rectus muscle must contract 6.3
mm and the superior oblique, only 3.0 mm. Rob-
inson,'4 on the basis of quantitative analysis of
extraocular muscle cooperation, reached similar
conclusions regarding the major role of the verti-
cal rectus muscles as elevators and depressors, not
only in abduction but also in adduction, and the
validity of his model has been confirmed by Clem-
ent.>

For a given contraction of the superior or infe-
rior oblique muscle, Jampel® found in experi-
ments on monkeys and observations in humans
that the angle of cyclotorsion remains the same
throughout the whole range of horizontal move-
ments.

Boeder’s theory is supported by severa clinical
observations. First, elevation or depression in ad-
duction is unimpaired after myectomy of an over-
acting inferior oblique muscle or tenectomy of an
overacting superior oblique tendon. Second, on
examination of the ductions, the vertical lag in the
field of action of a paralytic oblique muscle will
appear to be less pronounced than when a vertical
rectus muscle is paralytic. Finaly, we have ob-
served perfectly normal depression of each ad-
ducted eye in patients with surgically proven con-
genital absence of the superior oblique muscle. It
would be of interest to verify electromyographi-
cally this departure from the classic concepts with
respect to the yoking of vertical rectus and
oblique muscles.

Recent studies of human volunteers have been
concerned with the position of the rectus muscles
in different gaze positions. Using computed to-
mography (CT) scans'® or magnetic resonance
imaging (MRI),%2 it has been shown that vertica
movement of the horizontal rectus musclesin ele-
vation and depression (sideslip) or horizontal
movement of the vertical rectus muscles in adduc-
tion and depression is minimal and that the muscle
planes are relatively fixed in the orbit. These ob-
servations confirm Helmholtz*® who stated, “‘it is
to be noted that all ocular muscles have a rather
broad insertion with fibers fanning out alittle. The
conseguence is that even if the eye has rotated
considerably from the primary position, the axes
of rotation of the individual muscles do not sig-
nificantly change their position in space.”
Boeder,* recognizing the significance of Helm-
holtz's statement, pointed out that the effective
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FIGURE 4-6. Boeder's theory on the cooperative action of the extraocular muscles. For explanation,
see text. (From Boeder P: Cooperative acting of extraocular muscle. Br J Ophthalmol 46:397, 1962.)

insertion moves away from the center to the pe-  tion and, consequently, the displacement of the
ripheral part of the insertion as the eye moves  muscle plane, is restricted. Thus, the in vivo stud-
away from the primary position. Boeder also real- ies® 123 gre not in contradiction with Boeder’'s
ized that this displacement of the effective inser- view of muscle action. Nor are they incompatible



with the assumption that the horizontal recti aug-
ment elevation with the eye elevated and depres-
sion with the eye depressed and that the vertical
recti have similar horizontal effects with respect
to the adducted or abducted eye. No sideslip of
the recti in relationship to the orbital walls is
necessary to accomplish these tasks, which are
based on a change in the relationship between the
effective muscle insertion and the center of rota-
tion of the globe (bridle effect). The validity of
this concept has been well documented in patients
with Duane’s syndrome (see Chapter 21). As
pointed out by Simonsz and coworkers*® it is
important to distinguish between sideways dis-
placement of the muscle relative to the bony orbit
and sidedlip of the muscle over the globe. Indeed,
for the muscle plane to be relatively fixed in the
orbit, muscle slip over the globe is unavoidable.

Robinsoni® 111 113. 15 gnd Robinson and co-

workers'® applied engineering principles to the
study of the mechanism of the various eye move-
ments. The results of these complex investigations
were summarized as follows by Breinin in his
Gifford lecture.2®

1. The eye is driven impulsively in a saccade
by a brief burst of force much larger than
that needed to hold the eye in its new posi-
tion.

2. The role of the mass of the eyeball is negli-
gible in determining the timing of the sac-
cade.

3. There is no active checking. The eyeball is
decelerated by the highly viscous nature of
the orbital supporting structures.

4. Larger saccades are achieved by increasing
the duration of the excess force applied,
since the intensity of the force, although
large, is limited. In engineering terms, this
movement is termed frequency compensa-
tion (or neural preemphasis).

5. Smooth pursuit movements are markedly
different from saccadic movements and ex-
hibit quite different mechanical parameters.

6. Vergence movements, on the other hand,
show a slow rise of tension compared with
other movements. The time course of
vergence movements suggests the presence
of different neuromuscular control mecha-
nisms and leads to the implication of the
slow fiber system.

In an extension of this work, Robinson** calcu-

lated the force, length, innervation, and unit action
vector of each muscle and described how its force
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is distributed to act horizontally, vertically, and in
torsion. From this model, certain predictions may
become possible with respect to the effect of mus-
cle surgery. Clinical trials are under way in severa
centers to test the application of Robinson’s work.

The Fundamental Laws of
Ocular Motility

Donders’ and Listing’s Laws

DONDERS’ LAW. In the preceding description of
the actions of individual muscles, each muscle is
regarded as an independent mover. Such a descrip-
tion is of necessity analytic and is indispensable
to the diagnosis of paralyses of individual extraoc-
ular muscles or groups of muscles. However, this
description should not create the impression that
an extraocular muscle can ever act aone. This is
not so, and the effect of the combined action of
the extraocular muscles with regard to the kine-
matics of the single eye must now be considered.
This is aso an abstraction, because the muscles
of the two eyes are always simultaneously inner-
vated, as is discussed later.

The eyeball has three degrees of freedom of
rotation. However, one freedom, the rotation
around the anteroposterior axis, the line of sight,
is severely restricted. If unrestricted rotations
around the line of sight were permitted to the
globe, the cardinal rotations and their combina
tions could be associated with an infinite number
of cyclorotations. If this were the case, great dif-
ficulties in spatial orientation would arise. Indeed,
such random cyclorotations do not occur.

Donders* expressed this theory in 1848 by
stating that to each position of the line of sight
belongs a definite orientation of the horizontal
and vertical retinal meridians relative to the coor-
dinates of space. Orientation depends solely on
the amount of elevation or depression and lateral
rotation of the globe. The orientation of the retinal
meridians pertaining to a particular position of the
globe is achieved irrespective of the path the eye
has taken to reach that position. After returning to
its initial (primary) position, the retinal meridian
is oriented exactly as it was before the movement
was initiated. This is known as Donders law.

To repest, this law implies that only one orien-
tation of the retinal meridians is permissible with
each position of the eyes. This one and only one
orientation does not allow for the infinite number
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of other orientations around the line of sight that
could exist if the freedom of cyclorotations were
unrestricted.

LISTING’S LAW. Listing™ did not add anything
essentially new to Donders' law, but he and those
after him, Helmholtz® especially, elaborated in
considerable detail on the geometry and mathe-
matics of the ocular rotations. Listing suggested
that each movement of the eye from the primary
position to any other position involves a rotation
around a single axis lying in the equatoria plane,
also called Listing's plane. This plane was defined
earlier as being fixed in the orbit and passing
through the center of rotation of the eye and its
equator, when the eye is in primary position. The
axis is perpendicular to the plane that contains the
initial and final positions of the line of sight.
Listing's law implies that all eye movements
from the primary position are true to the meridians
and occur without “‘torsion” or cyclorotation with
respect to the primary position. This law is obvi-
ously true for movements around the horizontal
and vertical axes in the equatoria plane. It can be
proved also for movements into tertiary positions
elicited by means of the classic afterimage
method. With this method the subject’s eye is
placed in the primary position with respect to the
center of a plane (or preferably a bowl to avoid
perspective distortions) on which a number of
meridians are drawn. To the center of the bowl is
fastened a rotatable disk carrying a cross, usually
of red paper, which produces a good afterimage
(Fig. 4-7). The cross is placed so that one arm

Rotatable
target

Horizontal
meridian

Afterimage

Vertical
meridian

FIGURE 4-7. Bowl! with inscribed meridians and mov-
able disk carrying a cross to produce afterimage to show
that eye movements from primary position are true to
meridians.

coincides with one of the meridians, when an
afterimage has been imprinted on the reting, the
eye is moved aong that meridian. The subject
will then find that the arms of the cross have
remained true to the meridian, indicating that no
cyclorotation has occurred during the ocular
movement (see Fig. 4-7). This phenomenon is
what is required by Donders' law, but since the
movement is along meridians, the arms of the
cross must make an angle with respect to the
objective vertical (see Fig. 4-7). The amount of
this angle depends on the eccentricity of the ter-
tiary position on the meridian.

The distinction between this geometric angular
deviation (sometimes called “false torsion” or
“‘pseudotorsion’’) and the cyclorotation-free
movement, according to Listing's law, has caused
untold confusion, much of which is a result of the
varied and often inappropriate terminology used
by different authors. To avoid confusion, the term
cyclorotation for actual rotations of the globe
around the line of sight would appear to be un-
equivocal and in good agreement with the terms
cycloduction and cyclovergence, for example, in-
troduced by Lancaster.” Its acceptance is advo-
cated.

There is no single term for the discrepancy
between the vertical corneal meridian and the ob-
jective vertical. In English the term most fre-
quently applied is false torsion. However, Duke-
Elder® uses the term torsion for it. These are not
good terms. There is no torsion in the sense of
cyclorotation, and there is nothing false about the
very real phenomenon. In the German terminol-
ogy, distinction is made between wheel rotation
(Raddrehung, Helmholtz*) for “false’” cyclorota-
tion and rolling (Rollung, Hering®) for ‘‘true”’
cyclorotation. A term used by Tschermak-Seyse-
negg*® *° is kinematic inclination (in Boeder’s
translation of Tschermak-Seysenegg) Tertiarnei-
gung or inclination in tertiary position. This neu-
tral descriptive term, characterizing the geometric
nature of the phenomenon, would seem to be
perfectly clear, and its genera acceptance would
go far in clarifying Listing’s law.

Determination of the position of the vertical
corneal meridians may be used to objectively as-
sess the angle formed between the vertical retinal
meridian and the objective vertical. When the eye
is brought into primary position, some outstanding
features on conjunctiva or iris are noted and the
corneal meridians are marked in some manner.
The eye then is allowed to assume atertiary posi-



tion, and the vertical corneal meridian is related
mechanically or photographically to the objective
vertical.

Plotting the blind spot has also been used in
physiologic studies*> # and in clinical studies to
determine cyclorotations in patients with A and V
patterns of fixation (see Chapter 19).7+ 13 Listing's
law also implies a stringent kinematic definition
of the primary position of the eyes, since it is out
of this position that the eye performs cyclorota-
tion-free movements. In the experiments dis-
cussed, thisis the primary position to which refer-
ence has been made.

To bring the eye into the kinematic primary
position for laboratory purposes, the best method
to use is the needle-coincidence test (Helmholtz*),
in which a needle directed toward the eyeis placed
at the fixation point. The head and eye of the
observer are then placed so that the needle appears
as a point. The sides of the needle should not be
seen by the observer. When this is achieved, the
needle and the line of sight coincide, and the eye
is in the kinematic primary position (Fig. 4-8).

Boeder* has challenged the requirement of
Listing's law that the movement must start from
the kinematic primary position. He analyzed such
rotations into a series of segments, each of them
occurring along a circle through the occipital point
(a direction circle of Helmholtz) and about the
axis of that circle. At the end of each component
rotation, the corneal meridians would be oriented
as expected (according to Listing's law), as if the
rotation had started from the kinematic primary
position. In analyzing this theory, one should re-
member that when the eye follows a straight line
that is not a meridian starting from a tertiary

FIGURE 4-8. Needle coincidence device. A, Side view.
B, View seen by observer when his or her eye is in the
kinematic primary position. (From Tschermak-Seysenegg
A von: Methodik des optischen Raumsinnes und der
Augenbewegungen. In Abderhalden E, ed: Handbuch der
biologischen Arbeitsmethoden, vol 5. Berlin, Urban &
Schwarzenberg, 1937, p 1141))
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position, this line appears to rotate in a manner
indicative of a cyclorotation of the eye.

Ferman and coworkers® 4t reinvestigated the
validity of Listing’s law by recording horizontal,
vertical, and cyclorotational eye movements under
static and dynamic conditions with the scleral coil
technique. This modification of Robinson’s suc-
tion contact lens'® technique to record eye move-
ments with the patient’s head in a revolving mag-
netic field has replaced older recording techniques
in terms of accuracy. Van Rijn and van den Berg'®
concluded that Listing's law, while qualitatively
valid, specifies cyclorotations only approximately.

SIGNIFICANCE OF LISTING'S LAW. Moses®
believed the differentiation between “‘true” and
“false” torsion to be merely verbal. He thought it
fair to say that “‘when the vertical meridian of the
eye was no longer vertical, the eye had torted, no
matter by what mechanism this had occurred.”
Here again, one encounters a semantic problem.
Moses does not specify what he means by
“torted,” nor does he indicate the reference frame
in respect to which the vertical meridian of the
eye is “‘torted.” Boeder®® has clearly pointed out
that one should always refer the position of the
vertical meridian of the eye to either the kinematic
primary position or the objective vertical.

Alperns » 2 gtated that the only advantage in
describing the rotations of the eye in terms of
Listing's system was that it was more parsimoni-
ous. If one uses the Helmholtz or Fick system of
coordinates to describe the movement, at least
three degrees of freedom and a cyclorotation
around the line of sight are required to explain the
position assumed by the eye in a tertiary position.
Listing's system of axes requires only two degrees
of freedom and does not require a cyclorotation.
From a purely geometric standpoint this is true,
but only from an abstract geometric standpoint.
The physiologist and the ophthalmologist are in-
terested in knowing which system the eye follows
and whether the eye makes cyclorotations in its
movement from the kinematic primary to tertiary
positions. This is important from the sensory
standpoint.

If the eye, starting from a tertiary position,
follows with sufficient speed any straight line that
is not a meridian, a rotation of that line will be
noted by the observer. This rotation indicates that
a cyclorotation of the eye has occurred. A move-
ment of the eye along the meridians avoids this,
and Hering®? has therefore spoken of Listing's law
as the law of avoidance of apparent movement.



62 Physiology of the Sensorimotor Cooperation of the Eyes

Meissners! called it the law of easiest spatial orien-
tation. Helmholtz®° believed that by following
Listing’s law the spatial impressions are best
brought into harmony with those of the honmov-
ing eye so that ‘“‘fixed objects are perceived as
fixed.”

CYCLOROTATIONS AND LISTING'S LAW. Al-
though Listing's law implies that under specified
conditions the eye does not make cyclorotations,
the eyes in certain circumstances do make cyclo-
rotations. Cyclorotations (cycloductions and
cycloversions) occur with postural changes of
head and body and are required in binocular vision
in the form of cyclovergences to compensate for
incorrect orientations of the vertical meridians of
the two eyes.

Early studies of ocular motility had already
shown that there were certain deviations from
Listing's law. Some eyes, especially myopic eyes,
do not have a clear-cut kinematic primary posi-
tion. In some individuals this position tends to
change with time. In distance vision there is more
disclination (tipping temporally at the top) in ele-
vation and less disclination in depression of the
principal retinal meridians relative to the primary
position. Near vision (convergence) induces an
excyclorotation that becomes greater the more the
eyes converge (Fig. 4-9). This cyclorotation in-
creases with elevation of gaze and decreases with
depression of gaze for a given degree of conver-
gence.** All this has been interpreted as a break-

Deviations from Listing’s law (degrees)
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FIGURE 4-9. Cyclorotation in convergence. Data after
Landolt. (From Alpern M: Movements of the eyes. In
Davson H, ed: The Eye, vol 3. New York, Academic
Press, 1962.)

down of Listing’'s law. Tschermak-Seysenegg*°
made the point, based on experimental and me-
chanical considerations, that this was not a break-
down of Listing’s law but that the cyclorotations
were superimposed on the cyclorotation-free
movements. This also explained, according to
Tschermak-Seysenegg, the reason for four rather
than two vertical muscles. For cycloduction-free
movements, only one elevator and one depressor
would suffice. However, since cyclorotations must
occur, provisions must be made for their execu-
tion.

Each single elevator (or depressor) can cooper-
ate with the other elevator (or depressor) of the
same eye (the superior or inferior rectus with
the inferior or superior oblique) in executing a
cyclorotation-free elevation (or depression). Each
elevator (or depressor) can also cooperate with
the adjacent muscle (superior rectus with superior
oblique, inferior rectus with inferior oblique) in
an elevation-free cyclorotation movement. This
splitting of the vertical muscles into four individ-
ual muscles is the most economical way to satisfy
both the requirement for cyclorotation-free move-
ments and the need for cyclorotations.

How can the constancy of cyclorotation ac-
cording to Listing's law be explained? A neural
control mechanism has been suggested that is ca-
pable of maintaining a given degree of cyclorota-
tion for each gaze position.®” Apparent violations
of Listing's law during sleep® '?® in near vision®
83,84.103 gnd elicited by the vestibulo-orbital reflex?
are in accord with this concept. Guyton* demon-
strated the complexity of the interplay between
vertical and cyclorotational innervation by elic-
iting vertical eye movements in normal subjects
and patients with superior oblique paraysis in
whom cycloductions were experimentally induced
or cyclofusion was challenged. Westheimer and
Blair®s suggested that the orientation specificity
of certain cortical neurons may be involved in
maintaining the geometric constancy of the hori-
zontal and vertical retina meridians. However,
Demer and coworkers® pointed out that a complex
neural substrate for Listing's law need not be
invoked since the violations of the law cited above
are of small magnitude and may simply constitute
neural noise. The authors proposed that the pulleys
of the four rectus muscles (see p. 41) and the
drumhead-like suspension of the globe by Tenon's
fascia provide a passive orbital mechanism suffi-
cient to explain Listing's law.



Sherrington’s Law of Reciprocal
Innervation

AGONIST, ANTAGONIST, AND YOKE MUS-
CLES. As a rule, every contraction of a muscle
brings about a movement. Considered as the
mover producing that movement, the muscle is
caled an agonist. A movement in the direction
opposite that produced by the agonist is caused
by its antagonist. Thus, the media rectus muscle
adducts the globe, and the lateral rectus muscle
abducts it. The media and latera rectus muscles
are antagonists.

Two muscles moving an eye in the same direc-
tion are synergists. The superior oblique muscle
and the inferior rectus muscle are both depressors
of the eye. As such they are synergists. However,
the superior oblique muscle causes an incyclorota-
tion and the inferior rectus muscle, an excyclorota-
tion. In respect to cyclorotation, they are antago-
nists.

Synergistic muscles in the two eyes—muscles
that cause the two eyes to move in the same
direction—are known as yoke muscles. Some
readers may not be familiar with the word
“yoke.” In fact, in correcting examination papers
and even in the ophthalmic literature we have seen
this word not infrequently misspelled *‘yolk.” The
reader who grew up in an urban society or in a
country where draft animals have been replaced
by agricultural machines may not know that yoke
refers to a *“wooden bar or frame by which two
draft animals (e.g., oxen) are joined at the head or
necks for working together.” *** When one yoked
animal moves in a certain direction, so must the
other, and the same applies to the cooperation
between a pair of yoke muscles. In passing we
note that although there are words for yoke in
many languages, this vivid and didactically useful
allegory in explaining the functiona linkage be-
tween the extraocular muscles of the two eyesisto
our knowledge limited to the English ophthalmic
literature (see also Chapter 20).

The right media rectus and the left latera
rectus muscles cause levoversion of the eyes. They
are yoke muscles. As pointed out earlier in this
chapter, a pair of muscles in one eye can be yoked
with a pair in the other eye. For instance, the
elevators of one eye (superior rectus and inferior
oblique muscles) are yoked as a unit to the eleva-
tors of the fellow eye, and the two pairs of de-
pressors are similarly yoked. Thus, antagonistic
muscles act on the same eye, and yoke muscles
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act on both eyes. Yoking may change according
to the different type of eye movements. For in-
stance, the media rectus muscle of one eye is
yoked with the lateral rectus muscle of the other
eyein lateroversion, but the medial rectus muscles
in both eyes are yoked during convergence.

The term contralateral antagonist, used in con-
nection with so-called inhibitional palsy (see
Chapter 20), is contradictory and should be
avoided. This term refers to the antagonist of the
yoke muscle. For example, a patient with paralysis
of the right superior oblique muscle who habitu-
aly fixates with the right eye will have an appar-
ent paresis of the left superior rectus muscle. The
explanation for this is that in the fixating eye the
innervation of the pairs of elevators (superior rec-
tus and inferior oblique muscles) is below normal
because of loss of the opposing action of the
paralyzed superior oblique muscle. Thus, in accor-
dance with Hering's law (see p. 64), equaly di-
minished innervation will flow to the elevators of
the left eye and the left eye does not elevate fully.
Elevation will become normal, however, when the
left eye takes up fixation.

SHERRINGTON'’S LAW. Whenever an agonist re-
ceives an impulse to contract, an equivalent inhibi-
tory impulseis sent to its antagonist, which relaxes
and actually lengthens. This is Sherrington’s law
of reciprocal innervation,*?* which implies that the
state of tension in the agonist exerts a regulatory
influence on the state of tension in the antagonist
and vice versa. The finely graded interplay be-
tween opposing eye muscles makes movements of
the globe smooth and steady. Whether there are
actualy active centrifugal inhibitory neural im-
pulses flowing to the antagonist as the agonist
contracts or whether there is merely an absence of
innervation is not clear. Sherrington’s law applies
to al striated muscles of the body and is not
limited to the extraocular muscles.

The basic mechanism underlying agonistic and
antagonistic muscle action was clearly understood
by Descartes?> * more than 250 years before Sher-
rington’s classic experiment*?* 122 in which he
demonstrated reciprocal innervation of the extra-
ocular muscles. When Sherrington severed crania
nerves |1l and 1V intracranially on one side (e.g.,
on the right), a paralysis occurred in al the extra-
ocular muscles except the lateral rectus muscle,
which was innervated by cranial nerve VI. The
right globe was now in divergent position. After
alowing time for the motor nerves to the extraoc-
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ular muscles to degenerate, Sherrington electri-
cally stimulated the right cortical area, eliciting a
conjugate deviation of the eyes to the left. The
left eye turned all the way to the left, but the right
eye moved only to the midline. This behavior of
the right eye gave evidence that the original diver-
gent position was the result of a contraction of the
right lateral rectus muscle, which was unopposed
by the tonus of its antagonistic right medial rectus
muscle. When alevoversion impulse was induced,
the reciprocal innervation to the right lateral rectus
muscle caused it to relax to the point where the
globe could return to the midline.

The validity of Sherrington’s law of reciprocal
innervation now has been established in intact hu-
man eyes by means of electromyography. Figure
4-10 demonstrates electrical silence in the left lat-
erd rectus muscle with the eyes in extreme dex-
troversion and in the right medial rectus in extreme
levoversion. A comparable result is achieved when
recordings are made from horizonta rectus muscles
during caloricaly induced nystagmus.

Reciprocal innervation is physiologically and
clinically important. It explains why strabismus oc-
curs following paralysis of an extraocular muscle.
Reciprocal innervation must be considered when
surgery on the extraocular muscles is performed.
Co-contraction of antagonistic muscles instead of
relaxation of the antagonist, for instance, as demon-
strated by electromyography in the retraction syn-
drome (see Chapter 20), is said to be aways abnor-
mal in eye muscles, adthough it does occur in
skeletal muscles. Some clinical applications of
Sherrington’s law are shown in Figure 4-11.
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Hering’s Law of Equal Innervation

Isolated innervations to an extraocular muscle
of the eye do not occur, nor can the muscles from
one eye alone be innervated. Impulses to perform
an eye movement are always integrated, and all
ocular movements are associated. Dissociated ocu-
lar movements are seen only in pathologic states.
Whenever an impulse for the performance of an
eye movement is sent out, corresponding muscles
of each eye receive equal innervations to contract
or relax. Thisisthe basic law of equal innervation,
also called the law of motor correspondence of
the eyes, first proposed by Hering,> who placed it
parallel to the law of sensory correspondence (see
Chapter 2). Hering's law explains primary and
secondary deviations in paralytic strabismus (see
Chapter 20). Hering's law applies only to extraoc-
ular muscles. There are no muscles in the body
that are functionally interrelated as are the pairs
of yoke muscles of the eye.

When Hering® formulated his law in 1868,
reference was made only to voluntary eye move-
ments. Involuntary eye movements were little
known or considered at that time. Many textbooks
till state that Hering’s law is valid only for volun-
tary version movements. Actualy, it applies to
al normal eye movements, including vergences.
However, it must be emphasized that one of the
eyes need not make an observable movement.
Because under certain circumstances one eye
seemingly moves alone does not invalidate He-
ring’s law.
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FIGURE 4-10. Electromyographic evidence for reciprocal innervation of extraocular muscles. Upper
tracing from left lateral rectus muscle (LLR); lower tracing from left medial rectus muscle (LMR). In
extreme right lateral gaze (RLG) the LLR is electrically silent and the LMR is electrically active. In
extreme left lateral gaze (LLG) the LMR is electrically silent and the LLR is electrically active.

(Courtesy of Dr. Goodwin M. Breinin.)



FIGURE 4-11. Sherrington’s law of reciprocal innervation.
A, On levoversion, increased contraction (+) of the right
medial rectus (RMR) and left lateral rectus (LLR) is accom-
panied by decreased tonus (0) of the antagonistic right
lateral (RLR) and left medial rectus (LMR) muscles. B,
Increased activity of both medial rectus muscles and de-
creased tonus of both lateral rectus muscles during conver-
gence. C, Contraction and relaxation of opposing muscle
groups on dextrocycloversion when the head is tilted to
the left shoulder. RSO, right superior oblique; RSR, right
superior rectus; LSO, left superior oblique; LSR, left supe-
rior rectus; RIO, right inferior oblique; RIR, right inferior
rectus; LLO, left inferior oblique; LIR, left inferior rectus.
(From Noorden GK von: Atlas of Strabismus, ed 4. St.
Louis, Mosby-Year Book, 1983.)

ASYMMETRICAL CONVERGENCE AND HER-
ING’S LAW. Asymmetrical convergence has been
cited as an example that disproves Hering's law,
since it appeared that unequal innervations could
be sent to the two eyes. This is not the case.
Assume that a person fixates an object point, F, at
2 m distance. A second object point, P, is placed
to the right of the left visual line at 40 cm from
the eyes. The position of P is such that fixation
on P requires asymmetrical convergence (Fig. 4—
12A). The left eye makes a smaller movement
than the right eye, which is evident from the
geometry of this drawing. In Figure 4-12A, the
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right eye would have to move through the angle
FPCr and the left eye through the angle FPCL. If
P lies on the line of sight of the left eye (Fig.
4-12B), that eye would not have to make a move-
ment. One would think that in this case the only
thing necessary to achieve binocular fixation of P
would be an adduction movement of the right eye.
Gross observation seems to indicate that this is
indeed the case: the right eye makes a movement
to the left, whereas the left eye appears to remain
essentially stationary. Similarly, if a patient with
intermittent exotropia (see Chapter 17) binocularly
fixates a distant object and fusion breaks, only one
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eye appears to move outward; or if abase-in prism
is dropped in front of one eye of a person who
binocularly fixates an object, only an inward
movement of that eye will be noted, followed by
an outward movement on removal of the prism.

Hering® himself interpreted the unequal move-
ments of the two eyes as an interplay between
versions and vergence impulses. If the nearer ob-
ject is to the left, a levoversion impulse strong
enough to bring the visual line of the right eye to
P (see Fig. 4-12A) must be given. If only a levo-
version impulse were to be given, the left eye
would lose fixation on P. If only a convergence
impulse were given, neither eye would achieve
fixation on P. What actually happens, according to
Hering, is that the levoversion impulse is partialy
canceled in the left eye by a convergence impulse
(or completely if P is on the line of sight to the
left eye; see Fig. 4-12B), whereas the two are
additive in the right eye. Thus, binocular fixation
of P is achieved. Similarly, a lateroversion im-
pulse, imparted by placing a prism base-out in
front of one eye, is offset by a convergence im-
pulse.

Which mechanism controls the motor responses
of the eyes in asymmetrical convergence? He-
ring> P-52¢ believed innervations for versions and
vergences were sent to the horizontal eye muscles
and were balanced out peripherally. He observed
fine movements of the stationary eye and sug-
gested that these arose from the different veloci-
ties of the two movements induced by the oppos-
ing impulses. He even auscultated the muscles and
heard increased muscle noise in the stationary
eye>

Alpern,® P % in his attempt to verify Hering's

FIGURE 4-12. A, Asymmetrical conver-
gence. F, fixation point; P, nearer fixation
point, asymmetrically placed; Cl and Cr, left
and right center of rotation. B, Asymmetri-
cal fixation point. P, on line of fixation of
left eye.

law of equal innervation, confirmed Hering's pre-
dictions and findings by electro-oculography, a
method of recording ocular movements that makes
use of the standing potentia of the eyes. The
recording is done from skin electrodes, one to
each side of the eye. Changes in potential between
these electrodes, induced by a shift in position of
the eye and therefore of the relation between the
electrical field of the eye and the electrodes, are
used to indicate direction, amplitude, and velocity
of ocular movements. Alpern placed a prism base-
out in front of the right eye of an observer and
made electro-oculographic recordings from the
two eyes. Figure 4-13, taken from Alpern’s work,
shows that sudden placement of the prism before
the right eye causes both eyes to move. The move-
ment consists of two phases, the first phase having
the velocity characteristics of a rapid version
movement and the second phase, the velocity
characteristics of a slow vergence movement.
Electro-oculographic recordings also showed that
both eyes move when the eyes assume an asym-
metrical convergence position.# With a photo-
graphic technique using light reflections from the
cornea, Westheimer and Mitchell**” found that
movements requiring asymmetrical convergence
consisted of two parts, a saccadic movement and a
vergence movement. On the other hand, Enright®®
showed that under certain conditions smooth, slow
and ‘‘saccade-free” asymmetrical convergence
movements can be elicited, which is in apparent
contradiction to Hering's law.

Electromyographic studies gave conflicting re-
sults. Tamler and coworkers'?” found that when an
object was moved slowly and smoothly along the
line of sight toward an eye, there was an increment
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FIGURE 4-13. Electro-oculographic record of eye posi-
tions when a small prism base-out is placed in front of
the right eye. Note the slow vergence movement of the
right eye and saccadic movement of the left eye. (From
Alpern M: Movements of the eyes. In Davson H, ed: The
Eye. vol 3. New York, Academic Press, 1962.)

of the electrical activity of the media rectus mus-
cle of the other eye with a corresponding decre-
ment in the antagonistic lateral rectus muscle. In
the stationary eye there was at the same time an
increment in electrical activity of both the medial
and lateral rectus muscles. The authors concluded
that this co-contraction of the two horizontal mus-
cles guaranteed the immobility of the eye and
confirmed Hering's view of a peripheral adjust-
ment of opposing version and vergence in-
nervations. Breinin,*® and later Blodi and Van Al-
len® noted no change in the electrical activity of
the horizontal muscles of the stationary eye. In
contrast to Hering,® Breinin®® concluded that
“there is integrated in the brain al forms of
vergences and versions. These are added together,
and what emerges into the final common pathway
is the vector resultant. This is a simple reciprocity
mechanism in which there is never any co-contrac-
tion.”

Alperns P tried to reconcile the findings of
these authors by stating that differences have to
be expected, depending on whether asymmetrical
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convergence was achieved by a jump from one
fixation point to the other or by a pursuit move-
ment. However, it would appear that both Tamler
and coworkers?” and Blodi and Van Allen® used
pursuit movements.

Some clinical applications of Hering's law of
equal innervation are shown in Figure 4-14.

Experimental Studies of Integration
of Ocular Movements by Muscle
Transposition
There is ample physiologic and clinical evidence
for the integration and coordination of the ocular
movements under normal conditions. That this
coordination can be maintained or reestablished
after transposition of various extraocular muscles
has been shown in a number of experimental in-
vestigations in monkeys, cats, and dogs. Surpris-
ingly, normal excursion of the globe and coordi-
nated eye movements were affected only
insignificantly or not at all after these manipula-
tions_71, 72,77, 79, 94, 132

The mechanism of recovery of coordination of
the extraocular muscle action after switching their
insertions in combination with excising a muscle
partially or completely is by no means clear. Cer-
tainly one tends to question the validity of purely
mechanical explanations and to look to the ner-
vous system for an explanation of the effects of
the transpositions. Marina,”® who was a neurolo-
gist, did indeed conclude from his experiments
that there was no fixity in the relation of the
pathways in the brain stem and extended this view
to a general theory. On the other hand, Watrous
and Olmsted**> made the significant observation
that after transposition of extraocular muscles, the
reflex responses of these muscles were in no way
different from those of muscles on which surgery
had not been performed. They showed this by
enucleating the globe and attaching the muscles
to recording devices and inducing nystagmus by
caloric stimulations or rotations of the body. Thus,
the question of the effect of transposition of the
extraocular muscles remains a challenge, espe-
cialy in view of the increasing use of muscle
transpositions in human patients (see Chapter 25).

Survey of Ocular Movements
and Their Characteristics

Terminology of Ocular Movements

The classification and terminology of ocular
movements has been a source of considerable con-
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fusion. It is to Lancaster’s® ™ credit that unified
and basically simple terminology is now amost
universally accepted (Table 4-3).

UNIOCULAR MOVEMENTS. All uniocular rota-
tions are termed ductions. The various duction
movements introduced in this chapter are summa-
rized in Table 4-3 and illustrated in Figure 4-2.
Prism vergences should never be called ductions.

BINOCULAR MOVEMENTS. Synchronous simul-
taneous movements of the two eyes in the same
direction are called versions. Synchronous simul-
taneous movements of the two eyes in opposite

FIGURE 4-14. Hering's law of equal innervation. A, During
levoversion the right medial rectus and the left lateral
rectus muscles receive an equal and simultaneous flow of
innervation. B, During convergence the right and left me-
dial rectus muscles receive equal and simultaneous in-
nervation. C, When the head is tilted to the left, the muscle
groups controlling excycloduction of the right eye and in-
cycloduction of the left eye receive equal and simultaneous
innervation. However, inclination of the head is only par-
tially compensated for by wheel rotations of the eyes.
(From Noorden GK von: Atlas of Strabismus, ed 4. St.
Louis, Mosby-Year Book, 1983, p 21.)

directions are called vergences. Versions are fast
and vergences are slow eye movements. The vari-
ous versions and vergences are listed in Table 4-3.

Versions

The versions fulfill the first two tasks assigned to
the motor system of the eyes (see Chapter 1): to
enlarge the field of view and to bring the object
of attention onto the fovea. Versions are either
voluntary or involuntary. They are voluntary if the
subject moves the eyes of his or her own valition.



TABLE 4-3. Terminology of Ocular Movements
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Binocular Movements

Monocular Movements

(ductions) Versions Vergences
Adduction Dextroversion Convergence
Abduction Levoversion Divergence

Sursumduction (elevation)
Deorsumduction (depression)

Incycloduction
Excycloduction

Sursumversion (elevation)
Deorsumversion (depression)

Dextrocycloversion
Levocycloversion

Right sursumvergence*
(left deorsumvergence)
Right deorsumvergencet
(left sursumvergence)
Incyclovergence
Excyclovergence

*Positive vertical divergence (in the terminology of Hering, used by Bielschowsky, and others).
tNegative vertical divergence (in the terminology of Hering, used by Bielschowsky and others).

Involuntary versions are semireflex movements in
response to optical, acoustic, or other stimuli.
Optical stimuli that reach the retinal periphery
and attract the attention of the observer elicit sac-
cadic eye movements. The purpose of a saccade is
to place the image on the fovea and to keep it
there as long as it attracts attention. Smooth pur-
suit or following movements are made when
tracking a moving object. Thus, the function of
the saccadic eye movement system is to correct
the position error between target and fovea, and
the function of the pursuit system is to match eye
velocity to target velocity. Other examples of fast
saccadic eye movements are random movements
that occur in response to a command (command
movements), eye movements occurring during the
fast phase of optokinetic or vestibular nystagmus,
during sleep (rapid eye movements, REMs), and
correcting saccades during fast pursuit move-
ments.® Even during fixation of a stationary object
the eyes are never completely still. A normal ob-
server will make small saccadic eye movements
of a few minutes of arc and will be unconscious
of doing so (miniature eye movements, microsac-
cades: see p. 79). In monocular vision, saccadic
and pursuit movements are a form of duction.
The saccadic and pursuit systems have different
characteristics with respect to latency and velocity
and together with the vergence and vestibular sys-
tems make up four oculomotor subsystems. These
systems have different neura controls but a final
common path.'* A comprehensive review of the
saccadic, pursuit, and vestibulo-optic systems ex-
ceeds the scope of this text and can be found in
Robinson’s chapter® on eye movement control.

HORIZONTAL VERSIONS. From what has been
said in the preceding discussions in this chapter,
the manner in which these rotations evolve should

be evident. For each direction there is a prime
mover that contracts actively. The antagonist re-
ceives inhibitory impulses. The vertical rectus and
the obliqgue muscles stabilize the movement by
maintaining or adjusting their tonus to prevent
vertical deviations of the line of sight and to avoid
cyclorotations. As the prime mover contracts and
its arc of contact shortens, it is assisted by the
adducting or abducting action of the other mus-
cles. The movement of the globe is restricted and
controlled by the elastic forces of Tenon's capsule
and the check ligaments and, to a degree, by the
elastic pull of the antagonist.

VERTICAL AND OBLIQUE VERSIONS. Similar
considerations apply to the oblique versions, but
such a situation is complicated by the existence
of two elevators and two depressors. The classic
description of the function and whole range of
action of these muscles has been described else-
where in this chapter. It has been pointed out (see
p. 57) that this classic view of yoking between
oblique muscles and the contralateral vertical rec-
tus muscles has been challenged by Boeder.?
The muscles less engaged in performing the verti-
cal rotations stabilize the line of sight. The hori-
zontal rectus muscles bring the eyes to the re-
quired lateral or medial position. They also assist
in extreme positions of elevation and depression.

A point of practical importance in connection
with the A and V patterns of strabismus (see
Chapter 19) is the relative increase in divergence
of the lines of sight in elevation and the relative
decrease of divergence in depression. The change
in relative position of the visual axes must not be
confused with the previously mentioned change in
relative position of the primary vertical meridians
of the retinas as a result of the cyclorotation oc-
curring on elevation or depression.
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The divergence of the two visual linesin eleva-
tion was interpreted by Helmholtz*® as a learned
association since the eyes are normally elevated
in distance fixation and depressed in near vision.
Hering,>® on the contrary, explained it as a result
solely of mechanical factors in the relationship of
the elevator and depressor muscles, since there
was no change in accommodation for a given
convergence position when the eyes were elevated
or depressed. Payne and von Noorden® confirmed
this observation. Such a change in accommodation
would have to occur if there were an active change
in innervation of the horizontal muscles in eleva-
tion or depression.

CYCLOVERSIONS. Cycloversions are restricted in
amplitude but can be artificialy produced with
appropriate haploscopic targets.*s 1 Naturally oc-
curring cycloversions are postural reflexes. They
arise from stimuli in the neck muscles and the
inner ear. The influence of body posture on eye
movements and eye position is much greater in
lower vertebrates than in humans, but even in
humans there are certain effects that are of clinical
importance. Thisis true in particular for the influ-
ence of the inner ear.

The semicircular canals with their endolymph
are recognized as the periphera organs of the
sense of equilibrium. Stimulations set up by a
current of endolymph generated in the semicircu-
lar canals, which arise with every change in the
position of the head or body, are among the im-
portant sources of tonus of the extraocular mus-
cles. The changes in relative tonus within the eye
muscles are such that each labyrinth tends to pull
each eye toward its side, but since the effect of
the two labyrinths is equal and antagonistic, no
change in the position of the eyes takes place
when the head is erect and straight. However, with
every change of head and body position, a change
in tonic tension of the extraocular muscles occurs
that prevents the eyes from following the rotations
of the head. In humans this causes a rotation of
the eyes to the left when the head is turned to the
right and a rotation of the eyes to the right when
the head is turned to the left (Fig. 4-15A and B).
When the head is lifted, the eyes go down; when
the head is lowered, the eyes go up. This is the
oculocephalic reflex (doll’s head phenomenon,
oculovestibular reflex, Puppenkopfph&anomen?s;
Fig. 4-15C and D), which is important to test for
the intactness of the oculomotor nuclei in patients
with supranuclear paralysis of gaze or in distin-

guishing true paresis from pseudoparesis of the
lateral rectus muscle in young children (see Chap-
ter 20).

Cycloversions that occur on tilting of the head
to one shoulder are of considerable clinical impor-
tance. When the head is tilted toward the right
shoulder, the right superior rectus and oblique
muscles and the left inferior rectus and oblique
muscles cooperate in producing a levocyclover-
sion; when the head is tilted toward the left shoul-
der (see Fig. 4-14), the left superior rectus and
oblique muscles and the right inferior rectus and
oblique muscles produce a dextrocycloversion
movement. In other words, the upper muscles of
the eye on the side toward which the head is tilted
and the lower muscles of the opposite eye receive
active impulses to contract with corresponding
relaxation of their antagonists.

This reflex originates from the otoliths and, as
is true of al eye movements controlled by the
inner ear, is a static reflex. In humans, its original
goa of keeping the retinal meridians properly
oriented in space is no longer achieved. The eyes
of humans compensate only to a small extent for
the tilting of the head to one shoulder. A quick
tilting of the head may result in a cyclorotation of
as much as 20° but this is transitory.®® The eyes
immediately stabilize at a lesser degree of excur-
sion, which is maintained as long as the head
remainstilted. This cycloversion is subject to great
individual variations. A cycloversion produced by
a head tilt of 60° may range from a minimum of
4° in some persons to 16° in others, with an
average of 8°.8 Though of little physiologic sig-
nificance, the phenomenon is of considerable clini-
cal vaue in the diagnosis of paresis or paralysis of
the cyclovertical muscles, especially the superior
oblique muscle. Its application is known as the
head tilting test of Bielschowsky (see Chapters 12
and 20).

Javal®® was the first to describe the cycloversion
that occurs on tilting the head to one shoulder.
Javal, who had a considerable amount of astigma-
tism, noted a decrease in visua acuity when he
tilted his head. He correctly attributed this de-
crease to a cycloversion of his eyes, which caused
the axis of his astigmatism to change relative to
the correction in his glasses. This historical vig-
nette is an example of how a keen observer
with a fine analytic mind can make important
discoveries with the simplest of means. Van Rijn®
and Van Rijn and coworkers,®> by using
Collewijn’s modification of Robinson’s search coil
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FIGURE 4-15. A, Levoversion with the head turned to the right. B, Dextroversion with the head
turned to the left. C, Depression of the eyes with the chin elevated. D, Elevation of the eyes with

the chin depressed.

technique for the recording of eye movements,
showed that cycloversions may aso be elicited
optically and, unlike cyclovergences, are rapid re-
sponses without a phase lag. From the same labo-
ratory comes a report according to which cyclo-
vergences are more stable during fixation than are
cyclotorsions.*®® Although cyclorotations as a rule
are thought to be purely reflexive, that is, without
indication of voluntary control, Balliet and Naka-
yama’ showed that human subjects can be trained
to make large cyclorotary eye movements at will.

Vergences

The vergences fulfill the second of the two tasks
assigned to the motor system of the eyes (see

Chapter 1). They aign the eyes in such a way
as to ensure and maintain binocular fixation and
binocular vision. Since, by definition, they are
movements of the two eyes in opposite directions,
they are also known as disunctive movements.

If prisms of appropriate power are placed hori-
zontally or vertically in front of the eyes of an
observer with normal binocular cooperation, he
may see double for a brief moment but will imme-
diately regain binocularity. After the removal of
the prisms the observer may again experience di-
plopia, but single vision is promptly reestablished.
The eyes move toward the apex of the prisms
(Fig. 4-16). If the prisms are placed base-out
(templeward) in front of the eyes, they must con-
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FIGURE 4-16. Diagram showing that the eye turns to-
ward the apex of a prism. F, fixation point; f, right fovea;
o, position of image of fixation point when prism is first
placed in front of the eye.

verge to restore binocularity; if the prisms are
placed base-in (nasaward), the eyes must diverge.
If the prisms are placed base-up in front of one
eye and base-down in front of the other eye, the
eyes must perform a vertical vergence movement.
Under conditions of casual seeing, convergence
occurs when an object approaches the eyes and
divergence occurs when an object recedes. As
has been pointed out in this chapter, eye muscles
cooperate differently in vergences than in ver-
sions. For example, in a levoversion movement
the left lateral and right media rectus muscles
receive impulses to actively contract, whereas in
convergence both media rectus muscles contract.

Vergence movements serve not only to bring
the eyesinto proper alignment but also to maintain
this alignment. If a person has a deviation of
the visual axes, a heterophoria (see Chapter 8),
compensatory vergence impulses adjust the tonus
of the extraocular muscles to ensure proper rela-
tive positioning of the eyes. Thus, vergence im-
pulses are sent out and vergence movements are
made in the interest of fusion. The particular type
of vergences discussed thus far are also referred
to as fusional movements. These movements repre-
sent the motor aspect of fusion, in contrast to the
sensory unification of the retinal images discussed
in Chapter 2.

Vergence is a generic term intended to cover
all disjunctive movements of the eyes: the fusional
movements elicited by disparate stimulation, and

the horizontal disjunctive movements not so elic-
ited but connected with accommodation and papil-
lary congtriction (see Chapter 5). These move-
ments are performed also in the interest of single
binocular vision.

All fusional movements, with the exception
of convergence, which can aso be voluntarily
produced, are psycho-optical reflexes (see Chapter
1). The stimulus €liciting the reflex is disparate
retinal imagery. When aretinal image that falls on
corresponding retinal elements is shifted so as to
fall on disparate retinal elements (as is the case
with approaching or receding objects or when
prisms are placed before the eyes), the eyes move
to correct their relative position and again bring
the images on corresponding retinal areas. This
avoids diplopia caused by disparate retinal imag-
ery and ensures bifovea fixation. However, to
produce fusional movements, the disparity must
exceed the size of Panum'’s area (see Chapter 2);
otherwise sensory fusion without motor fusion
will take place. The size of Panum’s area repre-
sents the lower limit of the disparity that will elicit
fusional movements.

There is aso an upper limit that, when ex-
ceeded, will not result in vergences. These two
limits determine the amplitude of motor fusion,
which is usually greatest for convergence move-
ments and smallest for vertical vergence move-
ments (see Chapter 12). In normal subjects the
amplitudes vary considerably from individual to
individual. They vary with the state of alertness,
that is, whether the subject is tired or rested or
under the influence of a toxic agent. They depend
on the type of visual activity prior to the measure-
ment, the procedure by which the amplitudes are
measured, and to a large extent on the state of the
individual’s neuromuscular apparatus. Horizontal
and vertical fusional amplitudes are determined by
prisms or with some haploscopic device.

HAPLOSCOPY. Haploscopic devices are of funda-
mental importance for the study of the sensorimo-
tor cooperation of the eyes. The so-called major
amblyoscopes, widely used in orthoptic practice
(see Chapter 12), all derive from the laboratory
instrument originally conceived by Hering. In
haploscopy, the visual fields of the two eyes are
differentiated and a separate target is presented
to each eye. Hering's origina instrument® was
designed primarily for studying the relationship
between accommodation and convergence (Fig.
4-17).
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FIGURE 4-17. A haploscope.

The head is fixed with an appropriate head- and
chinrest provided with a bite-board. Two movable
arms, one for each eye, are adjusted below the
center of rotation of each eye so that the arm can
be freely rotated around that point. Each arm car-
ries a mirror set at 45° to the line of vision and a
target placed on the arm to be seen by the eye.
Horizontal, vertical, and cyclorotatory displace-
ments of the stimuli can be made. The stimulus to
accommodation is varied by placing the targets at
different distances from the eyes along the arm.
Numerous modifications of Hering's original de-
sign have been made and consist primarily of
improvements and refinements in the adjustment
of the interocular separation and in the movements
of the targets in their plane. More compact, so-
called major amblyoscopes of which there are a
number of models, have been designed for or-
thoptic practice. These and other similar devices
are particularly suited for measurement of the am-
plitude of the vergences. It is to be noted that the
major amblyoscope is the only instrument avail-
able in aclinical setting for the accurate measure-
ment of cyclofusional amplitudes.

STEREOSCOPES. Stereoscopes also make use
of the haploscopic principle, but they lack the
flexibility of the haploscope of Hering. This is
also true for the anaglyph system in which the
visual fields of the two eyes are differentiated by
means of complementary colors. For example, a

red lens is placed in front of the right eye and a
green lens in front of the left eye. Targets with
red and green outlines, matching the color of the
filters, are then presented. Instead of differentiat-
ing the two visua fields by colored filters, polar-
ized material may be used. Color differentiation
is used in testing patients with the Hess screen;
polarized material is used in some tests for stere-
opsis (see Chapter 12). The flexibility of the red-
green and polarized tests—and for that matter of
any haploscopic system—is enhanced by using
projection devices, as in Lancaster’s red-green
test®® (see Chapter 12) and in the studies on pe-
ripheral fusion by Burian.®®

PHASE DIFFERENCE HAPLOSCOPY. A more
recent form of projection haploscope is that of
Aulhorn,® which uses anew principle of differenti-
ating the two visual fields. A sector disk rotates
in front of each eye at a speed above fusion
frequency and with a phase difference of 90° be-
tween the two. One projector for each eye aso is
equipped with a sector disk in phase with the disk
in front of the corresponding eye. In this way the
projected image (but only the image produced by
its own projector) is seen continuously by each
eye (Fig. 4-18). The same degree of differentia-
tion of the two visual fields can also be achieved
with synchronized liquid crystal shutters.

ROLE OF RETINAL PERIPHERY IN MOTOR FU-
SION. As pointed out in the preceding discussion,
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FIGURE 4-18. Phase difference haploscope of Aulhorn. The rotating segmented disks, A and A,
and B and B;, are synchronized and 90° out of phase. The cross, projected by projector 1, is seen
only by the right eye, the circle only by the left eye. Projector 3 provides fusional background seen
by both eyes. (From Noorden GK von: The etiology and pathogenesis of fixation anomalies in
strabismus. Trans Am Ophthalmol Soc 67:698, 1969.)

the amplitude of vergences depends on many fac-
tors, one of which is the amount of fusible mate-
ria in the binocular field of vision. If there is no
fusible material, as when the eyes are presented
with dissimilar haploscopic targets, no fusional
movements are elicited. If the targets are similar,
the amount of vergence that can be induced is a
function of the size of the targets. In casual seeing,
the whole surface of the two retinas is exposed to
similar stimuli and the conditions for motor fusion
should be optimal.

Clearly, the retinal periphery is a powerful fac-
tor in production of fusiona movements. In view
of its great extent, compared with the extent of
the retinal center, it should be possible to produce
a relative deviation of the lines of sight by

applying peripherally located fusiona stimuli in
an otherwise empty binocular visua field. This
has proved to be the case.

Burian®® investigated with a projection haplo-
scope the role of the retinal periphery in the pro-
duction of fusional movements. Identical targets
were superimposed on reting areas of varying sizes
and varying degrees of eccentricity, and the ampli-
tudes of fusion obtained by these stimuli were
tested. As expected, fusional movements could be
elicited by peripherally placed disparate stimuli,
and the hypothesis was confirmed that such stim-
uli appropriately placed and of adequate strength
could break up central fusion, even if the observer
paid close attention to the centrally fixed object
and disregarded entirely the peripheral stimulus.



The significance of the finding is evident. It
points out that, in addition to its function in twi-
light vision and perception of motion, the retinal
periphery makes an important contribution to sta-
bilization of relative position of the eyes. The
importance of peripheral fusiona stimuli is most
obvious in cyclofusion. Since the vertical retinal
meridians are not parallel but diverge or converge
at the top, a cyclovergence movement may be
required to make the vertical meridians parallel
and maintain fusion. Even though cyclofusion
may also occur on a sensory basis the strong
influence of peripheral retinal stimulation on the
motor component of cyclofusion must be empha-
sized.**s

Movements around the line of sight cannot be
produced, or only with difficulty, by stimuli lying
near or in the line of sight. They come about
readily with stimuli extending toward the periph-
ery of the retina. The situation can be best under-
stood if the eye is likened to a wheel provided
with along rod (the visual line) fixed to its center.
To rotate the wheel by holding the rod at its end
is much less effective than to rotate it by its rim
or its spokes. It is impossible to stop the rotation
of the wheel by holding on to the end of the rod
if aforceis applied to the rim or to the spokes.

An interesting parallel to this simile is rotary
optokinetic nystagmus. Kestenbaum® believed
that there was no evidence for a prevalence of the
retinal periphery over the retinal center in eliciting
optokinetic nystagmus, except for its rotary form.
Rotary optokinetic nystagmus is primarily, if not
exclusively, produced by stimulation of the retinal
periphery. Winkelman®® studied the influence of
parameters of the stimulus on effectiveness of
the peripheral fusional targets in breaking central
fusion. He found that location, size, and brightness
of the target affected the required exposure time,
but could demonstrate no absolute minimal time
of exposure that would produce peripheral fusion.
He also noted that the effect was strongest when
the target was brightest, the area large, and the
distance from the fovea small.

Since Burian's® initial study of the role of
peripheral stimuli for motor fusion, this concept
has become generally accepted. The term periph-
eral fusion is now used universaly but very little
additional experimental work (see Lyle and Fo-
ley™ and Nauheim?®®) has been done on the subject.

CONVERGENCE. It has been pointed out repeat-
edly that among the vergences only convergence
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may be voluntary. As a rule, no other vergence
movements can be initiated or stopped voluntarily.
The reflex moiety of convergence is complex,
since it is a response to a variety of stimuli.
Convergence is an essential part of the near vision
complex and is discussed in detail in Chapter 5.

DIVERGENCE. The nature of divergence has been
much discussed in the past, and its very existence
as a separate function has been questioned. The
concept proposed and held by many authors was
that divergence movements are not an active func-
tion but simply the return of the globes to a more
paralel position by elastic forces when conver-
gence impulses were relaxed (e.g., see Scobee and
Green'?).

The ability of the eyes to diverge their axes
beyond parallelism in distance fixation and the
existence of clinical entities such as divergence
paralysis speak clearly in favor of an active diver-
gence process controlled by separate central ner-
vous system arrangements. These matters are dis-
cussed further in Chapters 5 and 22.

VERTICAL VERGENCES AND CYCLOFUSIONAL
MOVEMENTS. Vertical vergences and cyclofu-
sional movements (sursum- and deorsumvergence
and cyclovergence) may be induced artificialy
with haploscopic devices?® or by optically induced
cyclodisparity.’®2 Under casual conditions of see-
ing they exist only as compensatory adjustments
of muscle tonus to correct the relative position
of the eyes in the presence of a hyperphoria or
cyclotropia (see Chapter 18). Nothing is known
about the central representation of these move-
ments, but since they are active movements, some
central nervous system arrangements are required
to ensure proper impulse distribution to the extra-
ocular muscles.

Enright® reported that disparity-induced ver-
gence movements are associated with cyclover-
sions. A vertical vergence movement induced by
vertical prisms (1.5° to 3.0°) was accompanied by
a cycloversion with the downward moving eye
incycloducting and the upward moving eye ex-
cycloducting. Enright concluded from this obser-
vation that the oblique muscles must be largely
responsible for vertical vergence movements.
Other investigators have confirmed these findings
and drawn similar conclusions.?t 47. 104

We do not doubt that vertical vergences are
accompanied by a cycloversion, that is, excyclo-
duction of the elevating and incycloduction of the
depressing eye, and that such torsional movements



76 Physiology of the Sensorimotor Cooperation of the Eyes

of the globe can only be produced by contraction
of the superior, and inferior obliqgue muscles.
However, we find it difficult to envision these
muscles as the principal motors of vertical
vergence movements. Excycloduction of the ele-
vating and incycloduction of the depressing eye
can aso be explained by a more powerful tor-
sional action of the oblique muscles that overrides
the less powerful torsional effect of the vertical
rectus muscles in the opposite direction (incyclo-
duction of the elevating and excycloduction of the
depressing eye) while both cyclovertical muscle
pairs contract in unison in elevating and de-
pressing the eye.® Moreover, since the vertical
effect of oblique muscle contraction in adduction
is practicaly negligible, avertical vergence mech-
anism based exclusively on oblique muscle con-
traction, as envisioned by Enright>” and others?-
47.104 would function only in primary position and
not be of much use in lateral gaze. This controver-
sial issue is further discussed in Chapter 18 in
connection with dissociated vertical deviations.

Kertesz and Jones® initially questioned the
presence of cyclovergences (see aso Krekling®),
arguing that cyclofusion is a purely sensory pro-
cess without a motor component. Crone and Ever-
hard-Halm,?” however, could show convincingly
that subjective and objective measurements were
in exact agreement and that motor cyclofusion
does occur when the proper stimuli are used. More
recent publications by Sullivan and Kertesz'?
agree with this point.

There has been discussion about whether
cyclovergence occurs not only under experimental
conditions but also in casua seeing, for instance,
to permit fusion in the presence of cyclophoria
Such cyclofusional movements have been dem-
onstrated in patients with superior oblique par-
esis™ ¢ and by cyclovergence movements induced
by the appearance and disappearance of a back-
ground pattern.®® However, these movements are
slow, of low amplitude, and their significance in
compensating for a manifest cyclodeviation is not
clear. These findings do not invalidate the concept
that cyclofusion occurs predominantly on a sen-
sory basis.®

Characteristics of Version and
Vergence Movements

OPTOKINETIC AND OPTOSTATIC MECHA-
NISMS. The two general functions of the oculoro-
tary system (see Chapter 1) may be defined as

optokinetic and optostatic. The optokinetic func-
tion requires that the eyes perform certain motions
with the greatest possible speed and accuracy,
which is accomplished by version movements.
Virtually al of them result from quick, tetanic
contractions of the extraocular muscles. The op-
tostatic function, which regulates the position of
the eyes relative to each other and to the coordi-
nates of space, is subserved by the vergence move-
ments (and the cycloversions on tilting the head
to one shoulder), which are produced by slow,
tonic changes in the state of the muscles.

The remarkable thing about the oculorotary
system is that these two contradictory functions
are performed by the same muscles more or less
at the same time. The histologic and physiologic
arrangements that make this dual function possible
are fascinating (see Chapter 6). That they are
performed at the same time is evident from the
clinical fact that versions are superimposed on the
compensatory innervations (vergence impulses)
required to maintain the proper alignment of the
eyes. A person with heterophoria or even with
intermittent heterotropia (see Chapter 8) appar-
ently performs versions just as a person without a
significant latent deviation of the lines of sight.
The simultaneity of version and vergence impulses
and the muscular response to these impulses is
clearly seen in asymmetrical convergence. Rash-
bass and Westheimer® have made a special point
of the independence of the two types of move-
ment.

TEMPORAL CHARACTERISTICS OF VERSIONS
(SACCADES) AND VERGENCES. Versions and
vergences share certain tempora characteristics:
their latencies are about 120 to 200 ms, and in
genera their speed is a function of the amplitude
of the movement; the greater the amplitude, the
greater the speed. The similarity ends there.

VERSIONS ARE EXTRAORDINARILY FAST
MOVEMENTS. Their angular velocity has been
measured by numerous investigators's: 17: 33 44, 45. 56,
67,105 127 gnd ranges from 30° to 700°/s with a
latency of 200 ms.® Here it will suffice to give
the figures of Hyde™® for saccades of 15° to 90°,
reproduced in Figure 4-19. The curves in Figure
4-19 aso show that the eyes accelerated sharply
early in the movement, reached a maximum veloc-
ity, and then decelerated gradually. For example,
for a 60° saccade, 49 ms was spent in reaching
the peak velocity and 93 ms was used in complet-
ing the movement. The time required to reach the
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FIGURE 4-19. Time course of 15° to 90° sac-

cades. (From Hyde JE: Some characteristics
of voluntary ocular movements in the hori- 0
zontal plane. Am J Ophthalmol 48:85, 1959.)

peak velocity was relatively independent of the
amplitude of the saccade, whereas the time spent
in deceleration was linearly related to it (Fig.
4-20). The impression is gained that the move-
ments are performed in such a manner as to mini-
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FIGURE 4-20. Relationship between total travel time,
acceleration, deceleration, and the extent of the move-
ment of a saccade. (From Hyde JE: Some characteristics
of voluntary ocular movements in the horizontal plane.
Am J Ophthalmol 48:85, 1959.)
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mize an overshoot. In contrast to Hyde, West-
heimer*> found the peak velocity to be reached
amost hafway through the movement so that
acceleration and deceleration were essentialy
symmetrical. The diagnostic significance of in-
creased saccadic latency is mentioned in Chapter
20.

Deceleration of the eye to zero velocity at com-
pletion of a saccade is associated with momentary
activation of antagonistic muscles.?* Saccades
normally fall short of a target, and correction of
the eye position occurs with a secondary correc-
tive saccade. The purpose of this strategy is not
entirely clear. Postsaccadic drifts can be observed
in patients with internuclear ophthalmoplegia and
myasthenia gravis.*®

VERGENCES ARE MUCH SLOWER MOVE-
MENTS THAN VERSIONS. For lateral fusional
movements of 5.5° their maximum velocity is
given as 21.43°/s by Westheimer and Mitchell.*¥"
Alpern and Ellen* found the maximum velocity
for an accommodative vergence movement (see
Chapter 5) of 6.6° to be 20.2°/s. Accordingly, the
duration of the movement is aso much longer.
The total travel time for a 15° saccade is less than
50 ms (see Fig. 4-19) and thus 10 times less than
a vergence movement of only 1.5% (Fig. 4-21),
which takes 325 ms (500 ms minus the latency of
160 ms) to execute. That the vergences are very
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slow movements compared with the versions has
long been known. Dodge® gave 40 ms for sac-
cades but 400 to 1000 ms for vergences. Brecher'
stated that fusional movements are completed in
1 to 2 seconds.

In addition to these fundamental differences
between versions and vergences there are dissimi-
larities between convergence and divergence.
Time to peak velocity was twice as high and all
temporally related components, including latency,
were shorter for convergence than for diver-
gence.> This suggests differences in neura pro-
cessing for convergence and divergence.

AFTEREFFECTS OF VERGENCE IMPULSES. The
differences in the temporal characteristics of ver-
sion and vergence movements clearly establish the
difference in the nature of these two types of eye
movements. While the fusional vergence response
to retinal disparity is slower than a version move-
ment, it is considerably faster than yet another
type of fusional vergence impulse that may persist
for hours or even days. This type of fusiona
vergence is not disrupted by covering one eye
momentarily. Thus, one may distinguish between
afast and slow fusional vergence system.? 18 The
slow vergence system is of considerable impor-
tance in the clinical determination of the relative
position of the eyes and of the amplitudes of the
vergences. Whenever a vergence impulse is sent
out, it takes an appreciable length of time for its
effect to become established. The effect of the
impulse does not cease immediately after the stim-
ulus has been removed but persists longer, de-
pending on the intensity and duration of the pre-
ceding vergence impulse. This was already known

—T AM: Eye movement responses to con-
1000 vergence stimuli. Arch Ophthalmol 55:
848, 1956.)

to Panum,®® who stated that the simple mainte-
nance of convergence caused a shift of the fusion-
free (heterophoric) position toward esophoria. The
aftereffect of induced vergences has been noted
by al subsequent investigators concerned with
fusional movements. Taylor and coworkers'?®
demonstrated that this aftereffect is not limited to
horizontal vergences but applies to cyclovergence
as well.

It has also been observed that duration of the
aftereffect can be shortened by a fusional move-
ment in another direction. The aftereffect of fu-
sional vergence determines the sequence of testing
amplitudes of convergence and divergence (p. 202),
may influence the result of the aternating cover
test, and has led to the use of short-term uniocular
occlusion during examination of certain types of
exotropias (Chapter 17).

The temporal characteristics of vergence move-
ments impose certain precautions for measurement
of fusional amplitudes and heterophorias. The rate
of change in disparity must be sufficiently slow to
alow fusional movements to occur. If the rate is
too fast, the fusional amplitude will be small. The
effect of different rates of changesin disparity has
been demonstrated quantitatively by Ellerbrock.3®
\ergences of opposite sign should not be measured
in sequence (e.g., divergence after convergence).
Heterophoria measurements should not follow im-
mediately after vergence measurements.? These
and other practical matters are discussed in Chap-
ter 12. It is probable that the so-called eating-up
of prisms during the prism adaptation test is
caused by the slow vergence system (see Chapter
25).



Fixation and the Field of
Fixation

Fixation

The term fixation is used to indicate the seemingly
steady maintenance of the image of the object of
attention on the fovea. If one eye alone fixates,
one speaks of uniocular (monocular) fixation; if
both eyes simultaneously fixate an object point,
fixation is binocular or bifoveal. The term **bifi-
xation” is used by Parks® and his school as op-
posed to ‘“monofixation” to connote normal vs.
deficient fovea functioning under binocular con-
ditions. We find this terminology confusing and do
not advocate it since fixation may remain bifovea
despite organic or reversible loss of function of
one fovea (suppression; see Chapter 13) under
binocular conditions. Moreover, it could aso er-
roneously imply alternation of fixation.

During fixation, afferent sensory input from the
retina is used to elicit appropriate efferent signals
to the extraocular muscles to maintain eye posi-
tion. Thus fixation is a well-integrated sensorimo-
tor process that is essentially immature at birth
and is acquired in the first 6 months of life, paral-
leling the anatomical maturation of the central fo-
vea.

According to Kestenbaum,® the following con-
ditions must be present for fixation to occur: (1)
good foveal function; (2) the object to be fixated
must have distinct contours (a homogeneous area
does not dlicit a fixation reflex); and (3) the object
to be fixated must have attention value. To this
we add a fourth condition: the sense of directness
of vision associated with foveal but not with pe-
ripheral retina stimulation.®®

The steadiness of the eye in fixating an object
is only apparent. ** Steady’” fixation is the result of
a complex motor act to which severa minute
involuntary movements contribute and is compara-
ble to the hardly perceptible motions of a soldier
standing strictly at attention.

The existence of involuntary movements during
fixation was noted very early by Jurin,5* and
Helmholtz,* but their quantitative evaluation had
to await development of adeguate experimental
methods, consisting either of photographic re-
cordings of a beam of light reflected from amirror
attached to the eyel & % 1 of direct photogra
phy,% or of photoelectric methods.”™

EYE MOVEMENTS DURING FIXATION. Because
of their small magnitude, eye movements during
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fixation are also referred to as micro or miniature
eye movements. Carpenter® distinguished between
tremor, drift, and microsaccades. Tremor is present
when the amplitude of fixation tremor is on the
order of the diameter of the smallest cone. Esti-
mates range from 5 to 50 seconds.3- 1% 140 Binocu-
lar recordings of the tremor indicate that it is
uncorrelated (disunctive) between the two eyes.
Drift, compared to tremor, is larger and slower.
Amplitudes are 2 to 5 minutes and, as in tremor,
the direction of drifts is apparently uncorrelated
between the two eyes.’®* Whether drifts are related
to the position of the target in relation to the fovea
is a matter of dispute. Microsaccades range in
amplitude from 1 to 23 seconds, and it is possible
they correct (like macrosaccades) for slippage of
the visual target off the fovea. Indeed, similarities
exist between velocity characteristics of microsac-
cades and macrosaccades.**? It is difficult to judge
from available data to what extent miniature eye
movements owe their characteristics to experimen-
tal artifacts. It is also difficult to judge what their
role is, if any, during fixation and with regard to
the visual acuity function. We return to this issue
in Chapter 7.

Field of Fixation

The field of vision delineates the area within
which, for a given fixation distance, form, bright-
ness, or color may be perceived without moving
the eye or the head. The field of fixation is the
area within which central fixation is possible by
moving the eye but not the head. The practical
field of fixation is the field of fixation achieved
by moving both the eyes and the head, as in
casua seeing.

MONOCULAR AND BINOCULAR FIELD OF FIX-
ATION. The monocular field of fixation is best
determined by imprinting an afterimage on the
fovea and having the observer follow an object on
a perimeter arm or, in distance vision, by having
the observer follow an object moved behind a
pane of glass. When the subject is no longer able
to make the object and the afterimage coincide,
the limit of the field of fixation is reached. These
limits depend on the configuration of structures
surrounding the eyes and on the refraction of the
globe. Individual differences are large, and the
data given vary considerably. However, there is
agreement in the older literature that the field of
fixation is largest in gaze downward (54°), fol-
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TABLE 4-4. Monocular and Binocular Field of
Fixation

Binocular Field
of Fixation

Monocular Field
of Fixation

Left Eye Right Eye Left Eye Right Eye

Elevation 41° 42° 28° 28°
Depression 45° 45° 45° 45°
Abduction 39° 45° 20° 21°
Adduction 48° 44° 35° 34°

Modified from Asher W: Monokulares und binokulares Blickfeld
eines Myopischen. Graefes Arch Clin Exp Ophthalmol 47:318,
1899.

lowed by the limits for inward (46°), outward
(42°), and upward (34°) gaze. Thefiguresin paren-
theses are the means of all the determinations by
various authors listed by Hofmann. The limits of
the binocular field of fixation are more restricted
than those of the monocular field. The data ob-
tained by Asher,> who was a myope, for his mon-
ocular and binocular fields are given in Table 44
and are reproduced in Figure 4-22. Yamashiro'*
studied the limits of ocular excursions in a large
number of normal eyes (200 eyes of 100 normal
Japanese subjects). He found large individual dif-
ferences. The rank order for the mean values of
the different versions was adduction — abduction
— depression — €levation. Yamashiro also noted
an interesting age dependence of the maximum
values, with a significant decrease starting at the
sixth decade (Table 4-5). There was no sex differ-
ence, nor did the values for the dominant eye
differ significantly from those for the nondominant
eye. The binocular field of fixation is of special
importance to the clinician concerned with neuro-
muscular anomalies of the eyes. In clinical prac-
tice it is often determined with a perimeters 7
(see Chapter 12).

THE PRACTICAL FIELD OF FIXATION. The field
of fixation, as well as the field of vision, is consid-

TABLE 4-5. Maximal Limits of Field of Fixation and Age

FIGURE 4-22. Monocular and binocular fields of fixation.
Dotted line, limit of monocular field of right eye. Solid
line, limit of monocular field of left eye. Barred area,
binocular field of fixation. (Modified from Asher W: Monok-
ulares und binokulares Blickfeld eines Myopischen.
Graefes Arch Clin Exp Ophthalmol 47:318, 1899.)

erably enlarged if, in addition to eye movements,
head movements are permitted. The field of fixa-
tion thus determined has been termed the practical
field of fixation by von Rotth.**” Normally, the full
extent of the field of fixation permitted by eye
movements is not used. In fact, the eyes make
very small rotations; the rest of the required move-
ment is supplied by head movements. A stiff neck
makes one painfully aware of the limitation of the
field of fixation, and the constant, extensive turn-
ing of the head to either side by the spectators at
a tennis match is often amusing to those watching
telecasts of a match.

Ritzmann'®’ long ago noted that head move-
ments occur even with very small movements of
the eyes and are subject to considerable individual
variations, being greater the larger the excursion
and differing in amount in the various directions
of gaze. He found that in elevation only about one
third of the excursion was done by the eyes,
whereas in depression head movements hardly
participated in the movements.

In an extensive study on 600 subjects, Fischer®
showed that head movements account for most of
the field of fixation in the horizontal direction. He

Right Eye Left Eye
Age (yr) Adduction Abduction Depression Elevation Adduction Abduction Depression Elevation
10-19 (n = 24) 58° 54° 51° 44° 60° 53° 51° 43°
20-29 (n = 33) 57° 54° 51° 42° 59° 52° 50° 41°
30-39 (n = 13) 57° 52° 49° 42° 59° 52° 49° 41°
40-49 (n = 17) 57° 53° 49° 41° 58° 52° 49° 41°
50+ (n = 13) 54° 52° 46° 39° 55° 43° 43° 39°

Modified from Yamashiro M: Objective measurement of the monocular and binocular movements. Jpn J Ophthalmol 1:130, 1957.



also found marked individua differences, but on
average the ocular rotations did not exceed 6° to
8° to either side; the maximum he found was 12°.
This applied both to distance fixation and to close
work. In reading, the amount of head movement
depended on the material read, whether reading
was done silently or aoud, and on the experience
(age) of the reader. The more difficult the material,
the more head movements were used. This was
also true for reading out loud. Comparing age
groups, Fischer found maximum eye movements
to be 6° in 11-year-old children and 10° in 20-
year-old persons.

According to Fischer®® and others, eye move-
ments, in general, precede head movements. He,
aswell asvon Rotth,*” explained head movements
in the horizontal direction as reflex movements
eicited by and aimed at the avoidance of asym-
metrical convergence. Another significant obser-
vation made by Fischer was that aphakic patients
or other high ametropes provided with spectacle
corrections never made eye movements greater
than 6° when reading. This was attributable to the
optical properties of the correcting lenses (see
Chapter 7). Nowadays apahakic glasses are being
replaced by contact lenses or intraocular lenses.
On the other hand, an increasing use is made of
glasses with progressive lenses. The optical zone
of these lenses is quite limited. Patients who wear
glasses with progressive (or even hifocal) lenses
make eye movements that are even smaller than
those of aphakic patients and do not exceed more
than 2° to 3° (Campos, unpublished observation).

It is of clinical significantce that in ordinary
use the eyes make remarkably small rotations.
Thus al considerations of the mechanical effects
of extraocular muscles at 20°, 30°, or 40° from the
straight-ahead position deal with specific nonphys-
iologic situations that have little meaning with
respect to casual use of the eyes. It also points out
that manifest strabismus in eye positions beyond
20° from the primary position will often not bother
a patient. An important exception exists when
the patient has special occupational visual needs.
Diplopiain the periphery of the field of vision of,
say, a construction worker, may present a handicap
and occupational risk to the patient. This must
be recognized when establishing the extent of a
disability resulting from a decrease in the size of
the field of binocular vision (see Chapter 4). Last,
the relatively limited size of the practical fields of
fixation means that it should be helpful to a patient
with a paralysis of a muscle if its action could be
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improved to where it would alow the eye to turn
at least 12° to 15° toward the primary position.
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CHAPTER

The Near Vision Complex

hen an observer transfers binocular fixation

from an object at one fixation distance to
one at another fixation distance, changes in the
refractive power of the eyes and in the relative
position of the visual axes are required to maintain
sharply defined retinal images and to preserve
binocular fixation. Thus when an observer binocu-
larly fixates an object situated in his or her median
(sagittal) plane at a certain distance (say, 6 m) and
when the object then approaches the observer’s
head, the eyes must increase their refractive power
more and more to produce a continuously well-
focused image of the approaching object on the
retinas. At the same time, the angle formed be-
tween the visual axes must grow increasingly
larger to alow the object’s images to remain on
the two foveae. The opposite process takes place
when an object recedes from near fixation. Refrac-
tion and the position of the visual axes also change
if the change in fixation distance is discontinuous,
asin ajumplike change from one fixation distance
to another.

The process by which the refractive power of
the eyes is atered to ensure a clear retinal image
is known as accommodation. The change in the
relative position of the visual axes is called con-
vergence when the angle formed by the visual
axes increases and divergence when this angle
decreases. In addition, with fixation at near vision,
pupillary constriction occurs.

The association of accommodation, conver-
gence, and pupillary constriction during fixation
at near may be termed the near vision complex.
This triad of events is not a true reflex but rather

a synkinesis, that is, an association of different
functions elicited by nearness of the observed ob-
ject. Each of these functions can be dissociated
from one another.

Accommodation

A detailed discussion of the process of accommo-
dation and the mechanisms that have been pro-
posed is outside the scope of this book. Funda-
mentals will be discussed only to help the
understanding and investigation of neuromuscular
anomalies of the eyes.

Mechanism of Accommodation

There is no disagreement that a change in the
shape of the lens—an increase or decrease in
curvature and thickness of its central parts that
produces an increase or decrease in the dioptic
power of the eye—is the basic mechanism under-
lying accommodation. Nor is there any disagree-
ment that this change in the shape of the lens is
caused by a contraction of the ciliary muscle.
Whether this contraction produces loosening of
the zonular fibers® or tightening with forward pull
on the choroid and increased intravitreal pressure,
affecting the periphery of the lens,> or some other
more complex effects, is not essentia to this dis-
cussion. It is sufficient to know only that the
change in shape of the lens, resulting from a
contraction of the ciliary muscle, represents the
peripheral mechanism of accommodation set in
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motion by a central mechanism of accommoda-
tion, which in turn responds to a stimulus to ac-
commodation.

The stimulus to accommodation is the blurred
retinal image. The afferent pathway is represented
by the visua pathway up to area 17 and continues
to area 19. The ciliary muscle is innervated by
crania nerve Ill, with the mgjority of the fibers
being relayed through the ciliary ganglion from
the midline nucleus (Edinger-Westphal) of the oc-
ulomotor complex. The projection of area 19 to
the midbrain oculomotor complex is by way of
the internal corticotectal tract, but no details of
the supranuclear connections are known. Jampel?
succeeded in increasing refraction in both eyes of
the macaque accompanied by convergence and
in some cases pupillary constriction by unilateral
faradic stimulation of area 19.

Units of Measurement of
Accommodation and Definition of
the Prism Diopter

Accommodation is measured in diopters (D), that
is, in terms of the reciprocal of the fixation dis-
tance. Thus if the fixation distance is 1 m, the
accommodeation is said to be 1D; if 1/2 m, 2D; if
1/3 m, 3D; and so forth. There is a near fixation
distance inside which the eyes cannot effectively
accommodate. This limiting distance is termed the
near point of accommodation (NPA). It is assumed
that at optical infinity no accommodation is ex-
erted by emmetropic or corrected ametropic eyes.
This distance is termed the far point of accommo-
dation (FPA). The range from infinity to the near
point of accommodation is the range of accommo-
dation. The distance of the near point—and there-
fore the range of accommodation—is a function
of advancing age. The standard curve describing
this relationship was established by Duane in 1912
and revised in 1922 on the basis of 4200 cases'?
(Fig. 5-1). During the second, third, and fourth
decades, the loss of accommodation is gradual (on
average, 2.0D in the second decade and 2.9D in
the fourth decade). It is very rapid in the fifth
decade and after that asymptotically reaches a
minimum. In measuring the NPA in older children
and teenagers we have found that the average
values determined by Duane are about 1.5D higher
than the average values in our clinic population.”

Sympathetic Innervation

In al probability there is also a sympathetic in-
nervation of the ciliary muscle so that instillation
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FIGURE 5-1. Duane's standard curve of accommodation
in diopters in relation to age. A, lowest values; B, average
values; C, highest values. (From Duane A: Studies in
monocular and binocolar accommodation with their clini-
cal applications. Am J Ophthalmol 5:865, 1922.)

of sympathicomimetic drugs in humans or stimu-
lation of the cervical sympathetic ganglion in ani-
mals may increase hypermetropia. One cannot be
sure whether this effect is the result of vasocon-
striction with reduction in the mass of the ciliary
body and increased tension of the zonular fibers
and flattening of the lens. There also may be a
direct effect on the ciliary muscle. In any event,
the effect is small compared with the positive
accommaodation resulting from parasympathetic
impulses.

Convergence

As stated in Chapter 4, convergence is a disunc-
tive (vergence) movement that produces an in-
crease in the angle formed by the visual axes,
ordinarily through simultaneous, synchronous ad-
duction of each eye. The result is a convergent
position of the visual axes. The term convergence
is applied equally to the movement of the eyes, to
the convergent position they assume through this
movement, and by implication to the innervational
pattern required to maintain the convergent posi-
tion. A terminological differentiation would be
desirable for clarity’s sake, but one does not exist
at present. In general the meaning of the word
‘*convergence’ is readily understood from the
context in which it is used, and it will be used in
this volume without the cumbersome qualifying



FIGURE 5-2. A, Symmetrical con-
vergence of the visual lines; a equals
one half the interpupillary distance.
B, Asymmetrical convergence of the
visual lines.

FIGURE 5-3. Definition of meter angle (MA). The visual
lines converge 1 MA at 1 m fixation distance, F, and 2
MA at 1/2 m fixation distance, F'.
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B

words ‘“movement’” or ““position,” except for the
sake of clarity.

If the fixated object is situated in the median
(sagittal) plane of the head, equal angles are
formed between each visual axis and aline erected
perpendicular at the midpoint of a line connecting
the centers of rotation of the eyes (symmetrical
convergence, Fig. 5-2A.) If the fixation point lies
to the right or left of the median plane, the angles
differ (asymmetrical convergence, Fig. 5-2B.)

The nearest point on which the eyes can con-
verge is the near point of convergence (NPC). As
arule, it is much closer to the eyes than the NPA
and in general does not change with age. In clini-
cal practice an NPC of 10 cm is considered ade-
quate. The proper clinical determination of the
NPC and its value in assessing neuromuscular
anomalies of the eyes are discussed in Chapter 12.

Units of Measurement of
Convergence

The unit for the measurement of convergence is
the meter angle (MA), introduced by Nagel.* This
unit is numerically the reciprocal of the fixation
distance in meters; that is, it is formed in analogy
to the diopter (Fig. 5-3).
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The MA is defined as the amount of conver-
gence required for each eye to fixate an object
located at 1 m from the eyes in the median plane.
Thus if the fixation distance is 1 m, an emmetropic
subject must converge 1 MA and accommodate
1D; if the fixation distance is 1/2 m, the MA
equals 2 and the accommodation required is 2D;
if the fixation distance is 2 m, the MA equals 1/2
and the required accommodation is 1/2D; and so
on. The MA is a convenient unit since it relates
convergence numerically to accommodation, but
the values are precise only if the reference points
for the two functions are identical. This usualy is
not the case, since accommodation is ordinarily
specified from the spectacle plane and conver-
gence from the center of rotation of the eyes.

Also, we are accustomed to thinking of conver-
gence in terms of the angle formed between the
two visual axes rather than the amount of vergence
of each eye, which is the most convenient and
common usage, particularly for clinical purposes.
The amount of vergence of both eyes may be
designated as the large MA to distinguish it from
the small MA of Nagel.®

The large MA is arelative unit and is the same
in every person. The absolute or actual amount of
convergence is greater the larger the interocular
separation. Consequently, for identical MAs the
absolute amount of convergence varies for differ-
ent individuals.

If the interocular separation, 2a, and the fixa-
tion distance, d, are known, the angle (half the
angle of symmetrical convergence) can be found
by the formulatan e = 2a/d (see Fig. 5-3).

The prism diopter is the unit of measurement
of an ophthalmic prism, and in clinical usage
convergence is described in terms of prism diop-
ters. A prism is defined as having the power of 1
prism diopter (*) when it displaces the visual axis,
referred to the center of rotation, by 1 cm at a
distance of 1 m (Fig. 5-4), and 1* is equivaent to
0.57° of arc. Since prisms or their equivalents are
used to measure vergences and the relative posi-
tion of the eyes, the term prism diopter has ac-
quired a broader meaning and also is used clini-
cally to specify vergences and ocular deviations.

The angle of 2 e of symmetrical convergence
is found by multiplying 1/d (the MA of conver-
gence) in meters by the interocular distance in
centimeters. Thus if a person converges at 1 m
and has an interocular separation of 6.5 cm, the
convergence this person must exert is 6.5 If an
object is fixated at a distance of 1/3 m, there must
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FIGURE 5-4. Diagram demonstrating definition of prism
diopter.

be a convergence of 19.5%. This is known as a
person’s convergence requirement for the given
fixation distance.

Strictly speaking, one should specify the in-
terocular separation as the distance between the
centers of rotation. For clinical purposes the term
interpupillary distance is sufficient. To the dis-
tance d, measured habitually from the spectacle
plane, approximately 0.027 m should be added to
account for the distance from the spectacle plane
to the center of rotation. In common clinical us-
age, this may be safely disregarded.

Components of Convergence

VOLUNTARY CONVERGENCE. Convergence is
the only vergence movement that also may be
voluntary, which means that convergence may be
exerted without an external stimulus to converge.
However, in the ordinary use of the eyes, conver-



gence is areflex, as are all other vergence move-
ments.

Jampolsky?® denied the existence of voluntary
convergence and believed it to be a ““trick” when
someone converges the eyes seemingly at will. In
his opinion such a person is making an accommo-
dative effort even without a fixation object and
converges accordingly. Jampolsky based this view
on his observation that with alleged voluntary
convergence a pupillary constriction is always
present.

It is difficult to prove that voluntary conver-
gence can be independent of accommodation and
pupillary constriction is not absolute proof for the
presence of an ‘‘accommodative effort.” More-
over, voluntary accommodation with one eye oc-
cluded does not necessarily trigger the change of
vergence usually associated with accommoda-
tion.®2 Many people are capable of maintaining
the convergent position of their eyes even when
the fixation object has been removed. Since this
ohviates the need for accommodation, the mainte-
nance of convergence is thought to be achieved
by voluntary convergence. Whether or not this is
correct, to evaluate a patient’s ability to maintain
convergence is helpful in forming a judgment
about the quality of overall convergence function
(Chapter 12). In a clinical setting, voluntary con-
vergence is occasionally used by children to gain
the attention of or cause anxiety in their parents.
Indeed, we have on more than one occasion exam-
ined children with a history of intermittent cross-
ing of the eyes who had discovered the trick of
voluntarily convergence.

Reflex convergence may be divided into a num-
ber of components®: tonic convergence, accom-
modative convergence, fusional convergence, and
proximal convergence.

TONIC CONVERGENCE. The anatomical position
of rest of the eyes (see Chapter 8) is generaly
believed to be one of divergence. To bring the eyes
from this position into the physiologic position of
rest, the only position that one can define opera-
tionally in awake and conscious subjects is tonic
convergence. Tonic convergence presumably is
brought about by the tonus of the extraocular
muscles. Extraocular muscles are never without
electrical activity when the eyes are at rest in the
intact, awake human. The sources of tonus of the
extraocular muscles are discussed also on page 11.

In the absence of quantitative data on the abso-
lute position of rest, it is impossible to make
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quantitative statements about tonic convergence.
However, it would appear that tonic convergence
in the visually adult person remains rather stable
throughout life, as judged by the stability of the
“fusion-free” position.*

The apparent increase of tonic convergence
after sustained periods of fixation appears to be
the result of prolonged decay of fusional vergence
rather than a change in the level of tonic innerva-
tion of the extraocular muscles.

Jampolsky? questioned the existence of tonic
convergence or tonic divergence—that is, the exis-
tence of any convergence or divergence mecha
nism that is not set into motion by retinal stimuli
(see also Chapter 22). For example, he pointed
out that in death and before rigor mortis the eyes
commonly are only slightly divergent or even
straight. This is not directly comparable to the
situation in which a live person fixates at a dis-
tance. Others have made positive observations in
favor of the existence of tonic convergence. Cohen
and Alpern® among others, in studying the effect
of ethanol on the accommodative convergence—
accommodation (AC/A) ratio, have shown that
ethanol increases convergence at distance; that
is, it produces an increase in tonic convergence.
Jampel?” produced convergence movements with-
out pupillary responses by stimulating certain ar-
eas of the centra nervous system. Jampolsky?®
was not convinced that tonic convergence can be
produced by these experiments because of the
possibility that the electric current may have stim-
ulated a broader area than that intended. Be that
as it may, the evidence appears to favor the exis-
tence of tonic convergence. Moreover, we believe
that a nonaccommodative convergence excess type
of esotropia (see Chapter 16), that is, an esotropia
greater at near than at distance fixation, in a pa-
tient with a normal or abnormally low AC/A ratio
can only be explained on the basis of excessive
tonic convergence.® The relentless recurrence of
certain types of comitant esotropia despite re-
peated maximal surgery has also been blamed on
excessive tonic convergence.*® From a clinical
point of view the mechanism of tonic convergence
is a useful and necessary concept even though
nothing is known about the source and trigger
mechanism of such innervation.

ACCOMMODATIVE CONVERGENCE AND THE
AC/A RATIO. When a person exerts a certain
amount of accommodation, a determined amount
of convergence is elicited. Convergence so €licited
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is called accommodative convergence. The reverse
would seem to hold true also; for example, forced
convergence with ophthalmic prisms may cause
changes in accommodation.** However, these
changes in accommodation have no clinical im-
portance.

The synkinesis between accommodation and
convergence has important physiologic effects on
binocular vision in near fixation, and an under-
standing of this role is essential in the study of
comitant strabismus.

It is reasonable to assume that the basic conver-
gence requirement is fulfilled through accommo-
dative convergence. Tonic and fusional conver-
gence have their own functions, and proximal
convergence is a supplementary one. Therefore a
normal, emmetropic person should be expected to
exert 1 MA of convergence for each diopter of
accommodation (or its equivalent in prism diop-
ters), but this is not the case. Each individua
responds to a unit stimulus of accommodation
with a specific amount of convergence that may
be greater or smaller than is called for by the
convergence requirement. The convergence re-
sponse of an individual to a unit stimulus of ac-
commodation may be expressed by his or her AC/
A ratio. This ratio, which has the dimensions [A/
D], is a measure of the responsiveness of a per-
son’s convergence function to a unit of stimulus
of accommodation. The concept of aratio between
accommodation and convergence was first clearly
defined by Fry*® who later with Haines® intro-
duced the abbreviation, AC/A ratio.

METHODS FOR DETERMINATION OF THE
AC/A RATIO

Heterophoria Method. This method consists
of measuring the deviation in distance fixation
(optical infinity) with full correction of arefractive
error, if one is present, on the assumption that no
accommodation is exerted under these circum-
stances. The deviation then is measured at near-
vision distance (33 cm or 3D) on the assumption
that the convergence exerted is caused wholly by
the accommaodation-convergence synkinesis. The
AC/A ratio is obtained from the equation
A, — A,

AC/A = PD + —
D

where PD is the interpupillary distance (in centi-
meters), A, and A, the deviations near and at
distance, and D the fixation distance at near in
diopters. This eguation is explained by the fact
that the convergence requirement equals the inter-

pupillary distance multiplied by the fixation dis-
tance in diopters and that the change in deviation
from distance to near fixation equals A,— A,. Note
also should be made of the fact that the sign
conventionally is as follows: esodeviations are
considered to be positive (+) and exodeviations
to be negative (—).
To give an example:

PD = 6.0cm, A, = 8X a 3D, A, = 23X,
ACIA = 6.0 + _S_T(_Z) — /D

The AC/A ratio equals 4* of accommodative
convergence for each diopter of accommodation.

A simple comparison of the deviation in dis-
tance and near fixation is commonly used in clini-
cal practice to estimate the AC/A ratio. If the two
measurements are equal, the AC/A ratio is said to
be normal .4t If the near measurements in an eso-
tropic patient are greater by 10* or more, the AC/
A ratio is said to be abnormally high.

Caution is necessary when making such a de-
termination. The difference between the deviation
in distance and near fixation is of great practical
importance in assessing the degree of comitant
strabismus in patients with esotropia or exotropia.
The use of the term normal or excessive AC/A
ratio should be avoided, however, unless the ratio
has been actually determined by using eguation
(1) or by some other method. If a patient has an
esodeviation of 30* for distance and for near fixa-
tion (e.g., a 33 cm) and a PD of 5.7 cm, his or
her AC/A ratio would be

30 — 30

5.7 + = 5.74/D

The AC/A ratio is equa to the interpupillary
distance. Theoretically, the expected ““idea” AC/
A ratio is when the convergence requirement is
fulfilled by accommodative convergence. If the
term normal is understood in a statistical sense,
however, one would say that the AC/A ratio of
this patient is close to the upper limit of the
distribution of a population with a normal sensori-
motor system. In such a population the mean of
the AC/A ratio is somewhat over half the interpu-
pillary distance. If a patient has an esotropia of
30* in distance fixation and 36* when fixating at
33 cm (which is not considered to be a clinically
significant difference) and again an interpupillary
distance of 5.7 cm, the AC/A ratio would be

36 — 30

— A
3 7.7°/D

5.7 +




This figure is outside the normal range and by all
counts a high AC/A ratio. These considerations
must be kept in mind by those who determine
the AC/A ratio by comparing distance and near
deviations.

An additional caveat regarding the heterophoria
method concerns those patients who have an ab-
normal near-distance relationship of their esotro-
piathat is unrelated to a high AC/A ratio (nonac-
commodative excess). Von Noorden and Avilla®
showed that the AC/A ratio as determined with
the gradient method is actually normal or may be
subnormal in such patients and that reliance on
the heterophoria method will miss the correct di-
agnosis of this entity.

Gradient Method. Another method of de-
termining the AC/A ratio which is preferred by us
over other methods is the so-called gradient
method. Here the change in the stimulus to accom-
modation is produced by means of ophthalmic
lenses, not by a change in viewing distance. For a
given fixation distance, minus lenses placed before
the eyes increase the requirement for accommoda-
tion and plus lenses relax accommodation. It is
assumed that —1D lenses produce an equivalent
of 1D of accommodation, whereas + 1D lenses
relax accommodation by 1D, and that the accom-
modative response to the lenses (and therefore the
accommodative convergence produced) is linear
within a certain range. For a given fixation dis-
tance the AC/A ratio inferred from the effect of
ophthalmic lenses may be readily ascertained from
the ssimple formula

The Near Vision Complex 91

A — Ao
AC/A = 5
where A, is the original deviation, A, the deviation
with the lens, and D the power of the lens. If the
original deviation for a given fixation distance was
an exodeviation of 24, and if —2D lenses induced
an esodeviation of 8%, the AC/A ratio would be

8- (=2 _
5 = 5D

The AC/A ratio computed by the heterophoria
method is usually larger than the one obtained by
the gradient method, mainly because of the effect
of proximal convergence. It is held, therefore, that
only the gradient method gives a true estimate of
the AC/A ratio,* P12 48 hyt it is necessary that
more than two points be determined.

First, one cannot be sure of the limits within
which the AC/A ratio is linear. Alpern and co-
workers® showed linearity over the intermediate
stimulus levels (+ 1 to 5D) in prepresbyopic sub-
jects but nonlinearity at the lower and higher stim-
ulus levels.

Second, the deviations of the ocular axes are
subject to considerable random variation in magni-
tude. By determining a greater number of points
and drawing the best-fitting line through them,
one can lessen the effect of the random variations
on the computed AC/A ratio. Table 5-1 shows the
way in which Sloan and coworkers recorded their
data. In Figure 5-5 the data from this table are
plotted in a graph. The slope of the best-fitting
line, s = 3.9, is a measure of the AC/A ratio.

TABLE 5-1. lllustrative Data on Accommodation-Convergence Relationship

Diopters of
Accommodation Equivalent
Dioptric Required Lateral Phoria Convergence in
Power of for Clear Image at 33 cm in Prism Diopters Supplementary
Added Spheres at 33 cm Prism Diopters (PD = 6.4 cm) Observations
+4.0 -1.0 18X 1.5 Target details blurred
+3.0 0 18X 1.5 Target details clear
+2.0 1.0 17X 25
+1.0 2.0 12X 7.5
0 3.0 9X 10.5 Passes bar-reading test
—-1.0 4.0 5X 145
-2.0 5.0 X 18.5
—-3.0 6.0 2E 21.5 Passes bar-reading test
—-4.0 7.0 7E 26.5
-5.0 8.0 11E 30.5
-6.0 9.0 14E 34.5
—6.5 9.5 21E 41.5 Target details clear with effort
-75 10.5 29E 49.5 Target details blurred

*Normal subject, age 26, interpupillary distance 6.4 cm, exophoria of 0.5A at 20 ft.

X, exophoria; E, esophoria.

Modified from Sloan L, Sears ML, Jablonski MD: Convergence-accommodation relationships. Arch Ophthalmol 63:283, 1960.



92

Physiology of the Sensorimotor Cooperation of the Eyes

M., age 26
30 =X= April 1957 &£ Blurred
7 ~(O= April 1956
204
.z
4] °
g 107 = 29 §
v 2 (o2
S
: 0 - ]9 g
- v
Qo g
a o
5l
T104 5 ° -9 &
@ 13} 5 % 0
S By = T ©
= £
: Lo 2
20 4 o
1 L T 1 | T T
4 2 0 -2 ~4 —6 —8
Sphere added to manifest refractive correction
30 T T T T T T =T . T
-2 0 2 4 6 8 10 12 14

Diopters of accommodation required for clear image

FIGURE 5-5. Graph showing the accommodative convergence—accommodation (ratio) data given in
Table 5-1. PD, prism diopter. (From Sloan L, Sears ML, Jablonski MD: Convergence-accommodation

relationships. Arch Ophthalmol 63:283, 1960.)

For clinical purposes it suffices to measure the
deviation with the eyes in primary position at a
fixation distance of 33 cm and the patient fully
corrected and then to repeat these measurements
after the addition of +3.00D and —3.00D lenses.

Fixation Disparity Method. The fixation dis-
parity method has been used extensively by Ogle
and coworkers® to obtain the AC/A ratio. The
AC/A ratio is indirectly derived from this tech-
nique. Ogle and coworkers determined in one set
of data the changes in fixation disparity induced
by forced convergence using prisms and in a sec-
ond set of data the changes induced by altering
the accommodative stimulus with lenses. From
these two sets of data they determined the stimuli
for convergence and accommodation that gave the
same fixation disparity. These results agreed with
those obtained by means of direct determination
of the AC/A ratio. The authors pointed out that
the value of their method is the fact that it is
binocular test.** However, because of its complex-
ity, the test has found little application in clinical
work.

Haploscopic Method. Another laboratory
method which must be mentioned makes use of
haploscopic arrangements (p. 72). In fact, the

haploscope was originally invented for study of
the accommodation-convergence relationship and
is ideally suited for the purpose.

Normal Range of the AC/A Ratio. Quantitative
studies on persons with normal sensorimotor sys-
tems have shown that in the vast majority of
people the AC/A ratio does not fulfill the conver-
gence requirement. The normal range of the AC/
A ratio is between 3 and 5. Values above 5 are
considered to denote excessive accommodative
convergence and values under 3, an insuffi-
ciency.“® Figure 5-6A shows the frequency distri-
bution in 256 subjects studied by Ogle and co-
workers* with the fixation disparity method.
Franceschetti and Burian,*® using a gradient
method (Fig. 5-6B), found a somewhat different
distribution in 355 subjects of a random popula-
tion.

THE ACCOMMODATION-CONVERGENCE RE-
LATIONSHIP: ACQUIRED OR INNATE? From the
clinical standpoint the most important questions
are whether the AC/A ratio is a stable function,
constant throughout life, and whether it can be
manipulated by glasses, drugs, surgery, or or-
thoptic treatment. The answers depend to some
extent on whether one believes the AC/A ratio to
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Gradient accommodative convergence—accommodative ratio in families with and without esotropia.
Am J Ophthalmol 70:558, 1970.)

be an acquired (learned) or an intrinsic associa=  ops early in life as a result of constantly repeated,
tion. simultaneous use of related degrees of the two

The view of Helmholtz,? that the association  functions—in other words, that it is a learned
between accommodation and convergence devel- association—nhas been accepted and elaborated on
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by many workers. An acquired association implies
a certain degree of independence in the relation-
ship of the two functions; that is, one function can
change to some degree without a change in the
other. This elastic relationship is expressed in the
classic teaching of Donders™ and many others
of a “relative” accommodation and ‘‘relative”’
convergence (p. 97). In the earlier orthoptic litera-
ture the treatment for accommodative esotropia
therefore was spoken of as aimed at the “ dissocia-
tion” of the two functions. Judge and Miles®
showed that by increasing the interpupillary dis-
tance with periscope glasses the coupling between
convergence and accommodation can be chal-
lenged and undergo adaptive modification. The
clinical significance of this finding must be ex-
plored. Hainline and coworkers?? showed that in-
fants under 1 year of age had appropriate conver-
gence for targets at various distances. However,
accommodation lagged behind convergence in de-
velopment.

Any change in the stimulus to accommodation
that can be shown to lead to a change in conver-
gence or that accommodation can be changed by
forced convergence would favor an innate and
stable relationship between the two types of con-
vergence. If it could be shown that any change in
the stimulus to accommodate causes a change in
convergence and, conversely, that accommodation
is atered by prismatically induced convergence,
this would favor an innate and stable relationship
between these two functions. Such a situation was
found by Ames and Gliddon* and by Morgan.*
Furthermore, if the association is learned, one
would not expect it to exist in patients who have
had strabismus throughout most or all of their
lives. Hofstetter® found, however, that strabismic
patients have the same pattern of the accommoda-
tion-convergence relationship as that in random
samples of nonstrabismic populations. Hof stetter?
aso, by analysis of variance of this relationship
in 30 pairs of identical twins, noted that there was
agreater difference between families than between
members of the same family. This would point to
some genetic factors. Franceschetti and Burian,®
in comparing the AC/A ratio of a random popula-
tion with that of members of families with an
esotropic propositus, also found a significant dif-
ference in their average AC/A ratio and percentile
distribution, which indicates that the AC/A ratio
is a factor in the inheritance of esotropia.

The effect of age is of interest as well in this
connection. From the evidence in the literature the

AC/A ratio appears stable up to the presbyopic
age and even beyond, although Alpern? » % found
a dlight decline with age. Fry*® described for his
own eyes an increase in the AC/A ratio during the
20 years from his 30th to 50th year. An increase
in early presbyopia would not be too surprising
and might well be attributed to an increase in
impulse to accommodation, somewhat similar to
that required with cycloplegia This view is in
agreement with that of Breinin and Chin,” who
demonstrated in a longitudinal study that the stim-
ulus AC/A ratio remained essentially unchanged
from age 16 through 52 but increased significantly
beginning with the prepresbyopic age through
early presbyopia (see also Fincham?3).

A stable, genetically determined relationship
between accommodation and convergence, based
on fixed central nervous system arrangements, pre-
supposes that excitations in these regions of the
central nervous system by a stimulus to accommo-
dation elicits simultaneous impulses to the extra-
ocular muscles. Martens and Ogle,3* among others,
found that within the range of response to ophthal-
mic lenses—that is, within the limits in which
neither diplopia nor excessive blurring was in-
duced by these lenses—the responses were indeed
linear in 90% of 250 subjects examined. When a
nonlinearity with plus lenses was found, it was
attributed to a failure to relax accommodation
rather than to a nonlinearity of the AC/A ratio it-
self.

STIMULUS AND RESPONSE AC/A RATIO. To
obtain an understanding of the relationship be-
tween accommodation and convergence, one must
keep in mind the elements involved in the process.
These elements are (1) the change in stimulus
to accommodation, (2) the peripheral and central
nervous system mechanisms that €licit and trans-
mit the impulses and provide the motor impulses
to the inner and outer muscles of the eyes, and (3)
the effector organs that provide the responses (the
change in refraction of the eye and the change in
position of the globe). These factors must be
briefly analyzed.

So far in this discussion of AC/A ratio determi-
nation, the degree of convergence achieved has
been related to the stimulus to accommodation
(the dioptric power of the lenses used or the
change in viewing distance). This relationship has
been termed the stimulus AC/A ratio by Alpern
and coworkers.® In laboratory studies one can ar-
range a haploscopic device so that the stimulus to
accommodation, the response to the stimulus (the



change in refraction of the eyes), and the change
in position of the eyes can be determined simulta-
neously. With such an arrangement, one can relate
the change in convergence to the stimulus to ac-
commodation as well as to the accommodeative
response. The AC/A ratio related to the accommo-
dative response has been termed the response
AC/A ratio. This ratio differs from but parallels
the stimulus AC/A ratio reported by Alpern and
coworkers® and by Ripps and coworkers.®® Alpern
and coworkers® stated that the response AC/A
ratio could be predicted with reasonable accuracy
by multiplying the stimulus AC/A ratio by afactor
of 1.08. In other words, the response AC/A ratio
exceeds the stimulus AC/A ratio by about 8%.
Presumably, this applies only to nonpresbyopic
adults.

From the clinical standpoint, to determine the
response AC/A ratio is impractical and unneces-
sary. The clinician must be concerned with the
stimulus AC/A ratio. Various investigators have
shown that the convergence response is generally
linear and the stimulus is in the range within
which the observers can respond. However, it is
evident that a given stimulus to accommodation
need not aways elicit the required amount of
change in refraction of the eye (the accommoda-
tive response), for example, in presbyopic pa-
tients. Although the impulses to accommodation
sent out by the central nervous system may be
adequate, or even excessive, and may result in
adequate contraction of the ciliary muscle, the
accommodative response will not be linear with
the stimulus because of hardening of the crystal-
line lens. In cycloplegia the accommodative re-
sponse may be too low or altogether absent be-
cause of a lack of response of the ciliary muscle.
Nevertheless, in presbyopia there is a convergence
response linear to the stimulus® P15t and in partia
cycloplegia even an excessive convergence re-
sponse.

The reason one should use the stimulus AC/A
ratio for clinical purposesis, then, that the accom-
modative convergence response does not depend
on the accommodation response as such but rather
on what is known in clinical terminology as the
greater or lesser ‘‘effort of accommodation,”
which means the greater or lesser impulse to ac-
commodation elicited by the stimulus. This is not
an appropriate term. It cannot be defined or quan-
tified operationally. The physiologist does not like
it. Nevertheless, it has a certain usefulness to the
clinician. When anomalies are present that require
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a greater stimulation to accommodation, the asso-
ciated convergence will be greater accordingly.
Examples include uncorrected hypermetropia and
inadequate ciliary muscle response such as cyclo-
plegia. Conversely, if a lesser stimulus is neces-
sary to achieve sharp retinal imagery, as in uncor-
rected myopia or with a spasm of the ciliary
muscle, less innervation will be sent out to the
ciliary muscle, and, accordingly, to the extraocu-
lar muscles.

CHANGES IN THE AC/A RATIO WITH
GLASSES, DRUGS, SURGERY, AND OR-
THOPTICS. Both accommodation and conver-
gence have a central and a peripheral mechanism.
The definition given for the AC/A ratio as a mea-
sure of responsiveness of the convergence mecha
nism to a unit of accommodation refers to the
central mechanism. Theoretically, this is undoubt-
edly permissible, since the wide range of AC/A
ratios clearly cannot be attributed to differences
in the peripheral mechanisms of either accommo-
dation or convergence. Methods of measuring the
‘“accommodative effort” or the convergence re-
sponsiveness are not available.® One can only de-
termine the change in vergence induced by a unit
stimulus to accommodation (or by the refractive
change produced by such a stimulus, as in the
response AC/A ratio). This, then, is the opera-
tional definition of the AC/A ratio.

Such an operational definition is most needed
since it is possible to bring about changes in
vergence through various manipulations of the pe-
ripheral mechanisms of accommodation and con-
vergence. However, when evaluating neuromuscu-
lar anomalies of the eyes, one should keep in mind
that a central mechanism—the so-called accom-
modative effort—in the last analysis controls the
ACI/A ratio.

This is quite clear in the case of spectacles
lenses. No one has claimed that spectacles lenses
change the AC/A ratio. If, for instance, a patient
has an esodeviation of 15* for distance and a
refractive error of + 3D in both eyes (OU) and if
the deviation is caused solely by accommodative
convergence, correction of the refractive error will
reduce the deviation at distance to zero. What
happens is that if the patient’s eyes are not cor-
rected by glasses, hypermetropiawill be overcome
by accommodation. There is an AC/A ratio of
54/D and therefore the patient develops an esode-
viation of 15* in distance fixation. With correction,
the need for accommodation at distance is zero
and consequently there is no deviation. The AC/A
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ratio has not changed; only the need to accommo-
date has been removed. On the other hand, von
Noorden and Avilla® reported a gradual decrease
of esotropia at near fixation without change of the
angle at distance in a group of children wearing
bifocals. This observation must be interpreted to
the effect that the AC/A ratio has changed.

The situation is seemingly more complex when
it comes to the effect of topically applied miotics.
For example, if one uses a parasympathicomimetic
drug, such as echothiophate iodide (Phospholine
lodide), clinical experience shows that the devia-
tion has decreased insofar as it is caused by ac-
commodative convergence. Ripps and coworkers®
demonstrated that since this drug is a cholinester-
ase inhibitor, it enhances the effect of acetylcho-
line on the ciliary muscle. There is a facilitation
of impulse transmission at the neuromuscular
junction, which means that this drug lessens the
impulse required to obtain a unit contraction of
the ciliary muscle; therefore the AC/A ratio should
be reduced as defined operationally, and in fact
this is the case. The AC/A ratio obtained by the
gradient method is considerably smaller when the
eyes are under the influence of diisopropyl fluo-
rophosphate (DFP)“¢ or echothiophate iodide*
than when the eyes are in their natural state. This
effect can be verified in every patient in whom
these drugs are effective, as in the following ex-
ample.

CASE 5-1. A female patient, born 9-19-62,
had a left esotropia from birth.

Treatment with glasses was started at 9 months of
age. 3-4-65: Recession left medial rectus 4 mm,
myectomy left inferior oblique. 9-14-66: Refraction
and visual acuity +6.00 sph. + 1.50 ax 30° = 6/6;
OS + 6.75 sph. +1.00 ax 175° = 6/8. 10-11-67: §
RX more than 70* ET for distance and near, ¢ Rx
224 ET with 5* left hypertropia (LHT); 16 ET’ with
84-LHT’. AC/A ratio = 10%/D (gradient method).
Placed on 0.125% echothiophate iodide in 5% phen-
ylephrine (Neo-Synephrine), one drop to each eye
every night. 11-9-67: 14 ET with 34 LHT; 8* ET’
with 64 LHT’. AC/A ratio = 44/D (gradient method).

Since the mechanism is a peripheral one, resid-
ing in the effectors, whether one wishes to say
that the AC/A ratio has changed or to think in
terms of a change in response of the effector,
which calls for a reduced ‘‘accommodative ef-
fort,” is a matter of definition. There is a certain
paralel to the effect of glasses. Glasses change

the input—the stimulus to accommodation. Drugs
change the state of the effectors.

Tour®? expressed the thought that parasympathi-
comimetic drugs affect the pupil. The greater
depth of focus of an eye with a narrow pupil
would reduce the need to accommodate and,
hence, reduce the *‘accommodative effort.” If this
were true, these drugs would act, as do spectacles
lenses, by reducing the input. That this is not the
case was shown by Ripps and coworkers.*

The effect on the AC/A ratio of weakening the
action of the medial rectus muscles surgicaly is
explained by a change in the relationship between
muscular contraction and the resulting rotation
of the eyes4s 4 Although parasympathicomimetic
drugs increase the sensitivity of the ciliary muscle
to stimulation, operations on the media rectus
muscles reduce their mechanical effectiveness. In
both cases the change is in the effector system,
with this difference; when the drug is discon-
tinued, the AC/A ratio generaly returns to its
origina value. With surgery the change is last-
ing.*® There is no reason to assume that the central
linkage of accommodation and convergence has
been affected by topically applied miotics or by
surgery.

The whole concept presented in this chapter is
supported by the effect of cycloplegic agents on
the AC/A ratio. The clinician knows that patients
with accommodative esotropia (see Chapter 16)
may have a larger deviation in incomplete cyclo-
plegia than without cycloplegia, as reported by
Maddox.* Christoferson and Ogle® in studying
the effect of cycloplegiaon the AC/A ratio, related
the magnitude of this ratio to the NPA. Figure 5-7
shows the data from a patient in whom the AC/A
ratio increased from 2.44/D before cycloplegia to
20%/D 1 hour after instillation of 2% homatropine
hydrobromide drops. Twenty-four hours after the
ingtillation, the AC/A ratio had returned to its
initial value.

Interpretation of these findingsis as follows. In
cycloplegia a change in stimulus to accommoda-
tion results in a stronger impulse to the ciliary
muscle than without cycloplegia and conseguently
to the extraocular muscles. A more or less unsuc-
cessful effort is made to clear the retinal image.
Remarkably, the relationship between stimulus to
accommodation and convergence response re-
mains linear even under those circumstances.

Cycloplegic agents, then, though acting directly
on the peripheral mechanisms of accommodation,
have an indirect effect on the central nervous
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system control of the accommodation-conver-
gence synkinesis, eliciting a greater ** accommoda-
tive’ effort.

A direct effect of drugs on the central nervous
system, which influences the AC/A ratio, though
in the opposite sense, is known to exist. Powell,*
Colson,*® Adlert and others have shown an in-
crease in blood acohol levels to be associated
with an increase in esophoria at distance, an in-
crease in exophoria at 33 cm (a more remote
NPC), and some effect on fusiona movements.
Ethanol appeared not only to increase tonic con-
vergence but also to reduce the AC/A ratio.®

Last, a word must be said about the effect of
orthoptic exercises on the AC/A ratio. Most au-
thors agree that such exercises do not change the
AC/A ratio but Flom* reported that in patients
with exophoria, orthoptic exercises induced a
nominal but only temporary increase in the AC/
A ratio.

“RELATIVE” CONVERGENCE AND “RELA-
TIVE" ACCOMMODATION. The observation that,
within limits, one can force convergence by the
use of prisms without blurring the fixated object
and, conversely, that one can change accommoda-
tion by means of lenses without causing diplopia
suggested to Donders™ and his followers that there
is an elastic relationship between accommodation
and convergence. The limits within which conver-
gence and accommodation could be changed with-
out producing blurring or diplopia were termed
the “‘amplitude of relative convergence” and the
“amplitude of relative accommodation.” This
teaching has prevailed until recently, but it has
now been shown that every change in accommo-
dative stimulus produces a change in convergence.
The limits within which single vision is possible
with changes in accommodative stimulus depend
not on an elastic relationship between accommo-
dation and convergence but on the availability of
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fusional amplitudes that enable one to cope with
the change in the position of the eyes. This con-
cept is of basic importance for the understanding
of binocular cooperation and of the neuromuscular
anomalies of the eyes.

FUSIONAL CONVERGENCE. Accommodative con-
vergence provides for gross adjustment of the po-
sition of the eyes, but when acting alone it rarely
if ever provides binocular fixation. As stated on
page 92, the AC/A ratio is too low in the majority
of people, relative to the convergence requirement,
leaving a divergence of the visual axes at near
fixation. In some people the AC/A ratio is too
large, causing excessive convergence of the visual
axes and esodeviation in near fixation. The fine
adjustment of the visual axes necessary for binoc-
ular fixation is obtained by fusional vergence
movements. Fusional convergence does not differ
in its general characteristics from other fusional
movements. It is involuntary, and the stimulus for
it is disparate retinal imagery.

PROXIMAL CONVERGENCE. A common experi-
ence in clinical testing of a patient’s deviation is
that esodeviations measured on a major amblyo-
scope are generally larger than those detected by
the prism and cover test.> 1" %° This difference is
present despite the fact that the major amblyo-
scope is arranged so that the targets are set at
optical infinity. Furthermore, when the esodevia-
tion of a patient who wears full correction is
determined at near, one should expect to find the
deviation to be equal to that in distance vision
when lenses equivalent to the fixation distance at
near are placed in front of the eyes. Under these
conditions the need for accommodation has been
obviated. One may find, however, that even then
the deviation is larger at near than at distance.
There are two explanations for this situation. The
glasses worn by the patient may not have fully
corrected the refractive error; or if it was definitely
established that correct glasses were worn, the
difference may be attributable to proximal conver-
gence.

Proximal convergence is induced by the aware-
ness of nearness of an object. This may be either
an object at near vision distance or one that, while
situated at near vision distance, has been optically
placed at infinity, as in a mgjor amblyoscope.

The actual amount contributed by proximal
convergence to fulfill the convergence requirement
has been variously estimated. Morgan® examined
413 subjects and estimated the mean to be 3.5

An inverse relationship between proximal conver-
gence and observation distance has been noted.? 4
Wick and Bedell®* measured the magnitude and
velocity of proxima convergence and found that
the peak velocities averaged to be substantially
faster than the velocities of comparably sized fu-
sional or accommodative convergence responses.
These authors suggest that proximal convergence
may, in fact, play a greater part in contributing
to the near vergence response than traditionally
assumed.

Ogle and coworkers® » 13t determined the AC/
A ratio with the heterophoria method (R,). They
established a ratio PC/D, proximal convergence
over distance, by the formula PC/D = Ry — R,
where R_ stands for the AC/A ratio determined by
the gradient method. They then found the proxi-
mal convergence of 28 subjects to have a mean
value of 2.25%, with a spread of —3.12* to 7.25%.
It is difficult to interpret the meaning of the nega-
tive values.

SUMMARY. In the foregoing pages, following the
lead of Maddox,* we subdivided convergence into
anumber of subclasses, however, we must empha-
size that this is an artificial separation. In reality,
there are certain central nervous system arrange-
ments, the details of which are little known, that
control impulses to the nuclel of the third cranial
nerve and to the media rectus muscles so that
simultaneous adduction of the globes occurs,
which we call convergence. These centers are
probably located in the midbrain but have numer-
ous connections with various cortical, subcortical,
and peripheral retina areas. As a result, conver-
gence movements (or changes in convergent posi-
tions) can be elicited in many different ways:
through stimuli arising in the cortex (tonic and
proximal convergence); through the ** accommoda-
tive effort” elicited by retinal stimuli by means of
cortical areas 17 and 19 (accommodative conver-
gence); and through convergence dlicited by dis-
parate retinal stimuli, again through the primary
visual cortical areas and beyond (fusional conver-
gence). One must not assume that the central ar-
rangements for convergence distinguish between
the various sources of impulses received. The cen-
tral arrangements for convergence respond or do
not respond to the stimuli reaching them and trans-
mit them to the nuclei of cranial nerve lll.

Although for analytic reasons, both physiologic
and clinical, it is necessary to separate the various
sources of convergence movements; do not forget
that convergence is a unitary process.
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Pupillary Constriction

When changing fixation from a distant to a near
object, in addition to accommodation and conver-
gence, the pupils constrict. This reaction of the
pupils differs from that which occurs with a
change in retina illuminance. It is slower (tonic)
in nature and is maintained as long as the near
fixation distance is maintained. When fixation is
shifted to a more distant object, the pupils slowly
dilate after a relatively long latency time of about
0.5 second. The time it takes to regain the original
pupil size is roughly 10 times longer than the
values of other pupil reactions.® In contrast to this
slow, maintained constriction, a change in retina
illuminance causes speedier constriction, which is
not maintained. If the retinal illuminance remains
constant, the pupils return to their physiologic
width corresponding to the level of illuminance
(Fig. 5-8).

Pupillary constriction, although occurring in as-
sociation with convergence and accommodation,
does not depend on either one.>* Discussion con-
tinues whether, for instance, it is possible to have
miosis with convergence of the visual axes while
eliminating accommodation with plus lenses in
front of each eye. Likewise, miosis occurs at near
fixation in patients with uncorrected myopia and
advanced presbyopia.s

On the other hand, recent work has shown that
under rigorous alignment conditions accommoda-

tion may occur without pupillary constriction.*
Myers and Stark®* showed that the addition of a
near stimulus reduces the latency of vergence eye
movements and of accommodation more than pu-
pillary latency. They concluded from these find-
ings that the dual interaction between vergence
and accommodation on the one hand and miosis
on the other may be asymmetrical rather than
symmetrical as previously assumed.

Congtriction of the pupil at near fixation will
be equal in both eyes even though vision in one
eye may be impaired.

REFERENCES

1. Adler FH: Effect of anoxia on heterophoria and its analogy
with convergent comitant strabismus. Arch Ophthalmol
34:227, 1945.

2. Alpern M: Movements of the eyes. In Davson H, ed: The
Eye, vol 3. New York, Academic Press, 1962.

3. Alpern M, Kincaid WM, Lubeck MJ: Vergence and ac-
commodation. IIl. Proposed definitions of AC/A ratios.
Am J Ophthalmol 48 (1, pt 2): 141, 1959.

4. Ames A J, Gliddon GH: Ocular measurements. Trans
Section Ophthamol AMA 1928, p 102.

5. Bagolini B: Ricerche sul comportamento della *‘ con-
vergenza prossimale’”’ in soggetti strabici e normali (rilievi
mediante determinazione a sinottoforo e con prismi). Boll
Ocul 40:461, 1961.

6. Breinin GM: Personal communication, 1962.

7. Breinin GM, Chin NB: Accommodation, convergence and
aging. Doc Ophthalmol 34:109, 1973.

8. Christoferson KW, Ogle KN: The effect of homatropine
on the accommodation-convergence association. Arch
Ophthalmol 55:779, 1956.

9. Cohen MM, Alpern M: Vergence and accommodation.
VI. The influence of ethanol on the AC/A ratio. Arch
Ophthalmol 81:518, 1969.



100

10.

11

12.

13.

14.

15.

16.

17.

18.
10.
20.
21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31

32.

Physiology of the Sensorimotor Cooperation of the Eyes

Colson ZW: The effect of alcohol on vision. An experi-
mental investigation. JAMA 115:1525, 1940.

Donders FC: On the Anomalies of Accommodation and
Refraction of the Eye with a Preliminary Essay on Physio-
logical Dioptrics. London, New Sydenham Society, 1864,
p 110 ff.

Duane A: Studies in monocular and binocular accommo-
dation with their clinical applications. Am J Ophthalmol
5:865, 1922.

Fincham EF: The proportion of ciliary muscular force
required for accommodation. J Physiol (Lond) 128:99,
1955.

Fincham EF, Walton J: The reciproca actions of accom-
modation and convergence. J Physiol (Lond) 135:488,
1957.

Flom MC: On the relationship of accommodation and
accommodative convergence. I11. Effect of orthoptics. Am
J Optom 37:619, 1960.

Franceschetti AT, Burian HM: Gradient accommodative
convergence-accommodative ratio in families with and
without esotropia. Am J Ophthalmol 70:558, 1970.
Franceschetti AT, Burian HM: Proximal convergence. An
evaluation by comparison of major amblyoscope and alter-
nate prism and cover test measurements and by AC/A
ratio determinations. In Strabismus ‘69. Transactions of
the Consilium Europaeum Strabismi Studio Deditum Con-
gress (London, 1969). St Louis, Moshy—Year Book, 1970,
p 125.

Fry GA: Further experiments on the accommodation con-
vergence relationship. Am J Optom 16:125, 1939.

Fry GA: The effect of age on the AC/A ratio. Am J Optom
36:299, 1959.

Fry GA, Haines HF: Taits' analysis of the accommodative-
convergence relationship. Am J Optom. 17:393, 1940.
Guzzinati GC: Osservazioni sulla convergenza prossimale.
Ann Ottalmol Clin Ocul 79:475, 1953.

Hainline L, Ridell P, Grose-Fifer J, et a: Development of
accommodation and convergence in infancy. Behav Brain
Res 49:33, 1992.

Helmholtz H von: Uber die Accommodation des Auges.
Graefes Arch Clin Exp Ophthalmol 1 (pt 2): 1, 1855.
Helmholtz H von: Helmholtz's treatise on physiological
optics. In Southall JP, ed: Tranglation from 3rd German
edition, Ithaca, NY, Optica Society of America. 1924,
Reprint, New York, Dover Publications, Vol 3, 1962, p
55 ff.

Hofstetter HW: Accommodative convergence in squinters.
Am. J Optom 25:417, 1946.

Hofstetter HW: Accommodative convergence in identical
twins. Am J Optom 25:480, 1946.

Jampel RS: Representation of the near response on the
cerebral cortex of the macaque. Am J Ophthalmol 48 (5,
pt 2): 573, 1959.

Jampolsky A: Ocular divergence mechanisms. Trans Am
Ophthalmol Soc 68:730, 1970.

Judge SJ, Miles FA: Changes in the coupling between
accommodation and vergence eye movements induced in
human subjects by altering the effective interocular separa-
tion. Perception 14:617, 1985.

Maddox EC: Clinical Use of Prisms, and Decentering of
Lenses. Bristol, England, John Wright & Sons, 1893.
Martens TG, Ogle KN: Observations on accommodative
convergence, especialy its nonlinear relationships. Am J
Ophthalmol 47 (1, pt 2): 453, 1959.

McLin LN, Schor CM: Voluntary effort as a stimulus to

33.

35.

36.

37.

38.

39.

41.

42.

46.

47.

49.

50.

51.

52.

53.

55.

accommodation and convergence. Invest Ophthalmol Vis
Sci 29:1739, 1988.

Morgan MW Jr: Relationship between accommodation and
convergence. Arch Ophthalmol 47:745, 1952.

. Myers GA, Stark L: Topology of the near response triad.

Ophthalmic Physiol Opt 10:175, 1990.

Nagel A: Die Anomalien der Refraction und Accommoda-
tion des Auges. In Graefe A, Saemisch Th, eds: Handbuch
der gesammten Augenheilkunde, vol 6. Leipzig, Wilhelm
Engelmann, 1880, p 478 ff.

Noorden GK von, Avilla CW: Nonaccommodative excess.
Am J Ophthalmol 101:70, 1986.

Noorden GK von, Jenkins R: Accommodative amplitude
in children wearing bifocals. In Lennerstrand G, ed: Up-
date on strabismus and pediatric ophthalmology. In Pro-
ceedings of the Seventh Meeting of the International Strab-
ismology Association and 20th Meeting of the American
Association of Pediatric Ophthalmology and Strabismus,
Boca Raton, FL, CRC Press, 1995, p 201.

Noorden GK von, Mufioz M: Recurrent esotropia. J Pedi-
atr Ophthalmol Strabismus 25:275, 1988.

Noorden GK von, Morris J, Edelman P: Efficacy of bifo-
cals in the treatment of accommodative esotropia. Am
Ophthalmol 85:830, 1978.

. Ogle KN, Martens TG, Dyer JA: Oculomotor Imbalance

in Binocular Vision and Fixation Disparity. Philadelphia,
Lea & Febiger, 1967.

Parks MM: Abnormal accommodative convergence in
squint. Arch Ophthalmol 59:364, 1958.

Powell WH Jr: Ocular manifestations of alcohol and con-
sideration of individual variations in seven cases studied.
J Aviat Med. 9:97, 1938.

. Ripps H, Chin NB, Siegel TM, et a: The effect of pupil

size on accommodation, convergence, and the AC/A ratio.
Invest Ophthalmol 1:127, 1962.

. Rosenfield M: Tonic vergence and vergence adaptation.

Optom Vis Sci 74:303, 1997.

. Sears M, Guber D: The change in the stimulus AC/A ratio

after surgery. Am J Ophthalmol 64:872, 1967.

Semmlow J, Putteman A, Vercher JL, et a: Surgical modi-
fication of the AC/A ratio and the binocular alignment
(“phoria’) at distance; its influence on accommodative
esotropia: A study of 21 cases, Binocu Vis Strabismus Q
15:121, 2000.

Shapero M, Levi M: The variation of proximal conver-
gence with change in distance. Am J Optom 30:403, 1953.

. Sloan L, Sears ML, Jablonski MD: Convergence-accom-

modation relationships. Arch Ophthalmol 63:283, 1960.
Stakenburg M: Accommodation without pupillary con-
striction. Vision Res 31:267, 1991.

Thompson DA: Measurements with cover test. Am Or-
thoptics J 2:47, 1952.

Thompson HS: The pupil. In Moses RA, ed: Adler's
Physiology of the Eye, ed 7. St Louis, Moshy—Year Book,
1982, p 326.

Tour RL: Nonsurgical treatment of convergent strabismus.
Calif Med 90:429, 1959.

Tscherning MH: Optique physiologique. Paris, Carrée et
Naud, 1898.

. Wick B, Bedell H: Magnitude and velocity of proximal

vergence. Invest Ophthalmol Vis Sci 30:755, 1989.

Wildt GJ van der: The pupil response to an accommoda-
tion stimulus and to a light stimulus. In Dodt E, Schrader
KE, eds. Normal and Disturbed Pupillary Movements.
Munich, JF. Bergmann, 1973.



CHAPTER

Histology and
Physiology of the
Extraocular Muscles

s described in Chapter 4, the extraocular

muscles perform two functions: optostatic
and optokinetic. The optostatic function requires
that the muscles maintain a state of postural tonic-
ity; the optokinetic function requires that quick,
tetanic contractions be performed. These two con-
tradictory functions are served by two different
sets of muscles in the skeletal muscle system. Eye
muscles, however, are equipped to perform both
functions simultaneoudly. It is important to learn
what mechanisms enable them to do so.

In principle the type of response by extraocular
muscles would be controlled either by the central
nervous system or by peripheral mechanisms re-
siding in the extraocular muscles or by both. We
have only sketchy information of the finer details
of the central nervous system control of tonic
and saccadic extraocular movements, but we have
gained a little more insight into the structural
differentiation and physiologic and pharmacologic
responses of the extraocular muscles. The struc-
ture of the extraocular muscles and its possible
relation to their function will be discussed first.

In general, two types of striated muscles are
distinguished in the skeletal muscle system: (1)
“red” or dark muscles composed of fibers of
small diameter and rich in sarcoplasm and (2) pale
or “‘white” muscles with fibers of greater diameter
and scanty sarcoplasm. Red muscles contract more
slowly and are kept in a state of tonic contracture

by fewer impulses per second than are white mus-
cles, which contract more quickly. Red muscles
relax more slowly than white muscles, and their
metabolism increases much less during contrac-
tion than that of white muscles. Consequently, red
muscles do not tire as easily as white muscles.
Red muscles are more continuously active and
serve the function of postural activity; white mus-
cles are muscles of locomotion and quick activity.

Structure and Function of the
Extraocular Muscles

General Histologic Characteristics

The histologic structure of eye muscles, which
perform the functions of both red and white mus-
cles, differs in many respects from that of other
striated muscles. Extraocular muscles contain fi-
bers of varying diameters. In general they are the
finest fibers found in any striated muscles. They
vary in diameter from 9 pm to 17 pwm, with fibers
as fine as 3 um having been seen,”? but these
muscles also contain coarse fibers up to 50 wm in
width. One can appreciate the fineness of fibers of
extraocular muscles if their diameters are com-
pared with those of fibers of the gluteus maximus

(90 pm to 100 pm).
It was once believed that each muscle fiber
101
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runs through the entire length of the extraocular
muscle. If this were true, one would expect to find
the same number of fibers in sections taken from
the central or peripheral part of the muscle. This
view has not been shown to be valid. Fiber counts
from the central portion of the muscle have been
consistently higher (44% to 72%) than those taken
from the proximal or dista portions.> 5 These
findings indicate that many fibers must originate
and terminate between the origin and the insertion
of the muscle, suggesting that an interconnection
network of muscle fibers must exist. Indeed, cho-
linesterase-positive ‘“myomyous’ junctions have
been described in eye muscles of various species,
including humans.*

The extraocular muscles can be divided into
two distinct portions. One portion is a periphera
orbital layer aong the muscle surface and faces
the orbit, which contains thin fibers with many
mitochondria. This layer encloses a second por-
tion, the central or bulbar layer, close to the globe,
which consists of thicker muscle fibers with vari-
able mitochondrial content. Both zones are dis-
tinctly separated from each other, sometimes by
an internal perimysium, and their existence has
been confirmed by numerous investigators.? =
42,58 High-resolution magnetic resonance imaging
(MRI) and orbital dissections have shown that the
rectus muscles insert in a bifid fashion: the global
layer terminates at the myotendinous scleral inser-
tion, whereas the orbital layer branches off further
posteriorly to insert at the pulley (see p. 41) of
each muscle.®

Elastic tissue is unusually abundant in extraoc-
ular muscles of adults, so much so that it has been
described as elastic bands.®® The elastic fibers are
thick and are arranged parallel with the muscle
fibers. These longitudinal fibers are interconnected
by transverse elastic fibers that form arather dense
network around the muscle fibers. In neonates,
elastic fibers are present only in the perimysium.
Schiefferdeckers® therefore believed that the elas-
tic fibers grow from the perimysium into the endo-
mysium. He also thought that the abundance of
elastic tissue was a factor in fine regulation of eye
movements. Duke-Elder® agreed with this view.
However, Eisler® believed it to be a secondary,
mechanical phenomenon produced by frequent
small pulls on the extraocular muscles.

Nerve Supply

In Chapter 4, it was mentioned that the nerve
supply to extraocular muscles is extraordinarily

rich. The motor nerves are very thick, owing to
the large number of fibers they contain. The ratio
of nerve fibers to muscle fibers is nearly 1:12 in
extraocular muscles, whereas in skeletal muscles
it may be as high as 1:125.5” The possibility that
this rich nerve supply is partly responsible for fine
regulation of eye movements cannot be over-
looked.

The abundance of nerve fibers has led to the
conclusion that the all-or-nothing law, or law of
isobolia, applies to eye muscles* According to
this genera principle of neuromuscular physiol-
ogy, individual muscle fibers always respond with
a maximum contraction to every supraliminal
stimulus. The amount of total contraction of a
muscle depends on the number of fibers taking
part in a contraction.

Extraocular muscles aso are provided with a
number of different types of nerve endings. Wool-
lard™ recognized three types: (1) ordinary single
motor end plates associated with coarser muscle
fibers; (2) multiple grapelike nerve endings, espe-
cialy around the tendons, which are believed to
be sensory in nature; and (3) very fine, nonmedul-
lated fibers ending in the thinner muscle fibers.
Newer studies of these different nerve endings are
reported in the following discussion.

Physiologic and Pharmacologic
Properties

The physiologic and pharmacologic properties of
extraocular muscles correspond to the many un-
usual histologic features of these muscles.
Rehms® stated that eye muscles require and re-
ceive more oxygen than other skeletal muscles.
Bjork® showed by means of electromyography (see
p. 109) that responses of extraocular muscles in
humans are considerably lower in amplitude (20
to 150 pV), of much shorter duration (1 and 2
ms), and much higher in frequency (up to 150
cps) than those of peripheral skeletal muscles, in
which the amplitude is 100 to 3000 wV; the dura-
tion, 5 to 10 ms; and the frequency only up to 50
cps. Bjork attributed these differences to the low
nerve fiber-to-muscle fiber ratio of the motor units
in extraocular muscles.

Extraocular muscles contract much more
quickly than other voluntary muscles. Contraction
times obtained from experiments on cats were:
soleus muscle, 100 ms; gastrocnemius muscle, 40
ms; and medial rectus muscle, 8 ms.2® 2’ The great
speed of contraction of extraocular muscles is in
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keeping with the requirements of saccadic eye
movements and with what is known of the struc-
ture and innervation of extraocular muscles. It is
all the more striking when contrasted with another
observation.

Duke-Elder and Duke-Elder® demonstrated
that the extrinsic muscles of eyes of cats contract
under the influence of acetylcholine. Acetylcho-
line produces a strong contraction of smooth mus-
clesin invertebrates and of some skeletal muscles
in lower vertebrates, but has dlight, if any, effect
on skeletal muscles of mammals. Only denervated
muscles of mammals or embryonic mammalian
muscles react strongly to acetylcholine. In the
lower vertebrates the differences in reaction to
acetylcholine are indicative of the nature of mus-
cles. The more quickly a muscle acts, the less it
is apt to respond to acetylcholine; the more its
action is one of postural tonicity, the more strongly
it will respond to acetylcholine.

Since the discovery that a dual motor system of
slow and fast fibers exists in extraocular muscles,
experiments have shown that acetylcholine, cho-
line, and nicotine cause slow and tonic contraction
of dow fibers, whereas fast fibers respond with a
fast twitch. The response of extraocular muscles
to neuromuscular blocking agents is of clinical
interest, since these drugs are often used during
general anesthesia.

Slow and Fast Twitch Fibers

Customarily, one thinks of voluntary striated mus-
cles as being characterized by fibers that respond
to a single stimulus applied to their nerve with an
ungraded fast twitch, followed by speedy relax-
ation, and accompanied by propagated electrical
activity. Repetitive stimuli of relatively high fre-
guency are required to maintain a tetanic contrac-
tion of these fibers. In contrast, smooth and other
slowly contractile muscle systems do not react to
a single stimulus applied to their nerve, but they
do respond with a slow, maintained graded con-
traction to a few repetitive stimuli, unaccompanied
by electrical activity. There are also pharmaco-
logic differences between these two systems,
which, in general, are present in spatially unre-
lated muscle groups.

Sommerkamp,® in his pharmacologic studies
with acetylcholine, intimated the existence of a
slow contractile system in striated muscles of am-
phibians, which produced a rapid twitch of the
sartorius muscle of the frog but a slow maintained

contraction of the rectus abdominis muscle.
Within iliofibularis muscle of the frog, Sommer-
kamp was able to separate a group of fibers that
responded to acetylcholine by a twitch and a sec-
ond group of fibers (the *“tonus bundle’”) in which
acetylcholine produced a slow, tonic contraction.

Anatomica studies by Kriger*® and his school
uncovered the structural basis for fast and slow
fiber systems in striated muscles. He stated that
the system giving twitch responses had a Fibril-
lenstruktur, and the system responsible for the
slow contractions had a Felderstruktur. In the
course of time, the two systems have been demon-
strated in skeletal muscles of amphibians, reptiles,
and birds, but not of mammals. Although Kriger
believed that he had found the two systems also
in mammalian muscles, most workers agree with
Hess* that these two systems occur in mammals
only in extraocular muscles, where they have been
found in the rabbit,*? guinea pig,*® cat,*® % mon-
key,19, 57 and human_lo, 28

The Fibrillenstruktur type of the fast fiber sys-
tem is characterized anatomically by small, well-
defined myofibrils, each surrounded by abundant
sarcoplasm and having an even, punctate appear-
ance as seen with the light microscope (Fig. 6-
1A). Light microscopic and electron microscopic
examinations show a well-devel oped sarcoplasmic
reticulum, a regular tubular (T) system in each
sarcomere, a straight Z line, and a well-marked M
line or thickening of the filaments in the middlie
of the A band. The nuclei of the fibers are usualy
located peripherally and are only infrequently cen-
trally located (Figs. 6-2 and 6-3A).

In contrast, slow fibrils of the Felderstruktur
type are clumped together in a more or less &fi-
brillar-appearing mass of myofilaments with large,
partialy fused fibrils in scant sarcoplasm (Fig.
6-1B). The sarcoplasmic reticulum is poorly de-
veloped; the T system is absent or consists of
aberrant elements; the Z line follows a zigzag
course; and the M line is absent. Mayr> considers
the presence or absence of the M band as a distin-
guishing sign between the two fiber types unrelia-
ble. The nuclei are located centrally or dlightly
eccentrically (Fig. 6-3B). The Felderstruktur sys-
tems stain more deeply than the Fibrillenstruktur
systems. Peachey®® subdivided fiber types ac-
cording to their electron microscopic characteris-
tics into five groups, and similar classifications
have been suggested by others? 5 Miller> drew
attention to the microstructural changes that extra-
ocular muscles undergo with advancing age.
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Fibrillenstruktur fibers are innervated by thick,
heavily myelinated nerves joining the muscle fiber
with single, typical motor and so-called en plaque
end plates (Fig. 6-4), showing junctional folds
and numerous synaptic vesicles in the terminal
axon. Unlike typical skeletal muscle, Felder-
struktur fibers are innervated by multiple grapelike
nerve terminals, so-called en grappe endings, de-
rived from efferent nerves of small diameter ar-
ranged linearly or in loose collections and scat-
tered throughout the muscle from origin to
insertion (see Fig. 6-4). According to Cheng and
Breinin,*® the synaptic membrane of these termi-
nals has only a few rudimentary invaginations and
the terminal axon contains granular as well as
agranular synaptic vesicles.

FIGURE 6-1. Transverse section
of human inferior oblique muscle.
Electron micrographs. A, Fibrillen-
struktur fiber. Numerous ele-
ments of sarcoplasmic reticulum
(arrows) (X36,000). B, Felder-
struktur fiber. Scattered mito-
chondria and elements of sarco-
plasmic reticulum (arrows) lie in
the indistinct mass of myofila-
ments (X18,00). (From Brandt DE,
Leeson CR: Structural differences
of fast and slow fibers in human
extraocular muscle. Am J Oph-
thalmol 62:478, 1996.)

With the exception of extraocular muscles, sin-
gle fibers are innervated by multiple endplates in
only two other muscles, the tensor tympani and
the stapedius.®* The presence of multiple endplates
indicates that the fiber is innervated by either
multiple branches from the same nerve or by input
from more than one nerve fiber. Although poly-
neurona innervation occurs in severa types of
vertebrate muscles, Bach-y-Rita and Lennerstrand’
were not able to demonstrate this function in the
extraocular muscles of cats. Lennerstrand distin-
guished further between multiple innervated fibers
that conduct and those that do not conduct action
potentials, but his hypothesis has not been univer-
sally accepted.’ 53

The percentage of multiple innervated muscle
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FIGURE 6-2. Transverse section of human inferior
oblique muscle showing Fibrillenstruktur (arrows) and
Felderstruktur fibers. (Light micrograph; X400.) Note that
the Felderstruktur fibers take a much deeper stain. (From
Brandt DE, Leeson CR: Structural differences of fast and
slow fibers in human extraocular muscle. Am J Ophthal-
mol 62:478, 1996.)

fibers is higher in the orbital region than in the
central zone of extraocular muscles and varies
with the species.>® However, the fact that both
types of fibers are present in the two zones is
of considerable importance when attempting to

correlate the structure of the extraocular muscles
with their function.

The electron microscopic differences between
the fibrillar and field type of fibers emphasize the
differences in their functions: the fibrillar type is
fast fibers and the field type is slow fibers. The
presence of the T system and the abundance of
sarcoplasmic reticulum may serve to transmit ex-
citatory impulses with greater rapidity; the large
concentration of mitochondria between the fibrils
may be related to the considerable oxidative re-
guirements associated with twitch contractions.
The virtual absence of the T system and the sparse
sarcoplasmic reticulum and mitochondria concen-
tration may be evidence for the slow, tonic con-
traction of the field type of fiber structures and
their lesser demand for oxidative metabolism. The
experimental work of Asmussen and Kiessling?
has shown that fast twitch fibers respond to dener-
vation with atrophy and slow twitch fibers with
hypertrophy.

Pharmacologic studies of the behavior of extra-
ocular muscles are of particular interest. Kern*
showed that the superior rectus muscle of the
rabbit consists of two layers, an upper thin layer
made up of Felderstruktur fibers, and a lower
layer, the bulk of the muscle, composed of Fibril-
lenstruktur fibers. Kern was able to separate the
two muscle strips. When those of the Felder-
struktur type were exposed to a low dose of ace-
tylcholine (0.5 pg/mL), a tonic contraction of
about 80 mg lasting for more than 6 minutes
developed. In contrast, one fifth of the Fibrillen-

FIGURE 6-3. Longitudinal sections through superior oblique muscle of cat. Electron micrographs. A,
Fast twitch fiber. Separation of fibrils by sarcoplasmic reticulum; straight M and Z lines; regularly
occurring T system (arrows) (X16,000). B, Slow twitch fiber. Poor separation of fibrils; sparse
sarcoplasmic reticulum; M and Z lines wavy; absent tubular system (X16,000). (From Hess A: The
structure of vertebrate slow and fast twitch muscle fibers. Invest Ophthalmol 6:217, 1967.)
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FIGURE 6-4. Simple en plaque endings common in muscle fibers (F) of Fibrillenstruktur type, 9 to
11. Rare finding of two en plague endings on one muscle fiber, 12. En grappe nerve endings
commonly found on Felderstruktur fibers, 13, 14. (From Dietert SE: The demonstration of different
types of muscle fibers in human extraocular muscle by electron microscopy and cholinesterase

staining. Invest Ophthalmol 4:51, 1965.)

struktur strips did not respond at all to acetylcho-
line, and only a small response rise in tension was
noted in the remaining preparations (Fig. 6-5).
This minimal response may be explained by some
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FIGURE 6-5. Response of rabbit's superior rectus mus-
cle to acetylcholine (A). a, response of muscle strip com-
prising only Felderstruktur fibers; b, response of Fibrillen-
struktur fibers. Calibration 20 mg/min. (From Kern R: A
comparative pharmacologic histologic study of slow- and
fast-twitch fibers in the superior rectus muscle of the
rabbit. Invest Ophthalmol 4:901, 1965.)

admixture of slow fibers to the preparation. In-
creased concentrations of acetylcholine (0.1 to 1.0
pg/mL) induced faster and higher rises in both
types of preparations. The responses of the Fibril-
lenstruktur strips were proportionately lower than
those of the Felderstruktur strips and returned
rapidly to the baseline level, whereas tensions of
the latter strips remained elevated for longer than
10 minutes and returned to the baseline level after
the drug was washed out.

The presence of two different fiber systems, a
slow and a fast system, was confirmed by Katz
and Eakins® in experiments with succinylcholine
and other depolarizing agents. These authors
found that the initial effect of succinylcholine on
the superior rectus muscle of cats was to increase
the baseline tension without an effect on the twitch
response. The greater the dose of succinylcholine,
the greater the rise of the baseline tension. Eventu-
aly the twitch response became depressed, and
with a dosage of 128 wg/kg of succinylcholine it
was abolished (Fig. 6-6). The anterior tibial mus-
cle did not respond with arise in baseline tension,
but its twitch response was abolished with much
lower doses of the drug than in the superior rec-
tus muscle.

Katz and Eakins believed that responses of
extraocular muscles to succinylcholine and other
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cles. Invest Ophthalmol 6:261,
1967.)

depolarizing agents found in their experiment are
explained by the presence of two neuromuscular
systems: the increase in baseline tension is attrib-
utable to the tonic (slow) system, and the decrease
in twitch response is attributable to the twitch
(fast) system.®

Although there is abundant ultrastructural and
pharmacologic evidence to support the notion of
two principal fiber types (slow and fast twitch) in
the human extraocular muscle, several authors
have proposed classifications that are based on
as many as five to six fiber types.? 3 % These
classifications take into account a much wider
range of structural and contractile features for
each fiber type than the older studies cited above.

Some reservations may be in order to distin-
guish muscle fibers exclusively on the basis of
their electron microscopic characteristics, since it
has been shown that fibers may change back and
forth from Felderstruktur to Fibrillenstruktur
along their length.?> % Brooke and Kaiser* intro-
duced a histochemical classification based on the

TABLE 6-1. Comparison of Skeletal and Extraocular
Muscle

Ocular Skeletal
Fiber diameter 9-17 pm 90-100 pm
(gluteus maximus)
Ratio of nerve to 1:1-17 Up to 1:300
muscle fiber
Contraction time Fast Slow
Acetylcholine High Low or absent

sensitivity

presence of dlightly different isoforms of myosin
in various types of slow and fast twitch fibers and
more recent research has distinguished fiber types
on the basis of immunohistochemical studies, us-
ing various antimyosin antibodies.> . 7

The main features distinguishing skeletal from
extraocular muscle are summarized in Table 6-1
and the various characteristics of slow and fast
fiber types are shown in Table 6-2. The reader is
referred to severa recent reviews for more de-
tailed information.s 13 46. 61

Structural and Functional
Correlations

Inferring a correlation between fast fibers and fast
eye movements (saccades) and slow fibers and

TABLE 6-2. Characteristics of Slow and Fast Twitch
Fibers in Extraocular Muscles

Slow Twitch

Fast Twitch

Thin motor nerve fibers

Multiply innervated (en
grappe)

Large, poorly delineated
muscle fibrils
(Felderstruktur)

No conduction of action
potential

Slow, sustained
contraction (tonic)

Predominantly in orbital
layer

Thick motor nerve fibers

Singly innervated (en
plaque)

Small, well-delineated
muscle fibrils
(Fibrillenstruktur)

Conduction of action
potential

Fast contraction (phasic)

Predominantly in central
(bulbar) layer
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slow eye movements (vergences) is tempting. If
this were so, then two separate neural pathways
would exist, one for the saccadic and the other for
the tonic function, each with its own separate
supranuclear component and subnuclei in the ocu-
lomotor complex.

Miller® found the outer part of extraocular
muscles of rhesus monkeys to consist of fibers
with small cells having the histochemical and elec-
tromyographic characteristics of red muscles. The
central part of these muscles consisted of fibers
with large cells having the characteristics of white
muscles. An intermediate area between the outer
and central zones was made up of a mixture of
large and small cells. Miller attributed slow eye
movements to the outer red part of the fibers and
faster eye movements to the central white part.*

However, these notions were dispelled by the
findings of Keller and Robinson,* which are in-
compatible with the existence of two muscular
systems, one for saccadic and one for tonic func-
tion. These authors induced saccadic, pursuit, and
vergence movements in alert, unanesthetized mon-
keys while simultaneously recording the electric
responses from cells of the abducens nucleus by
means of microelectrodes. All investigated cells
responded to all movements; no cells responded
selectively. Keller and Robinson concluded that
there was a single common pathway for saccadic,
pursuit, and vergence movements.** The undeni-
able differences in muscle fiber types then would
have to be correlated with some other functional
differences in the oculomotor system. For exam-
ple, Keller and Robinson found fibers with a dis-
charge frequency of 150 spikes per second with
the eye in primary position, that is, during the
entire time the animal was awake. As Bjork® had
aready determined from electromyographic stud-
ies, this amounts to an intensity and duration far
in excess of that required from other muscle sys-
tems. On the other hand, units in which the thresh-
old lieslateral to the primary position are recruited
into activity for only brief periods of lateral gaze
or during lateral saccades. Their role of intermit-
tent activity is not unlike that of other skeleta
muscles. Keller and Robinson conclude that it
would be remarkable if such large differences in
synaptic transmission and muscle metabolism
were not reflected in morphologic differences.
This observation by Keller and Robinson might
well explain the presence of twitch fibers with
different physiologic responses,* but one fails to

see how it could account for the difference be-
tween fast and slow fibers.

Scott and Collins®” and Collins* recorded from
slow and fast fibers in the orbital and central
layers of human extraocular muscles to anayze
their contribution to various types of eye move-
ments. During fixation in different eye positions,
the fast fibers are inactive outside the field of
action of the muscle. As the muscle approaches
its maximal field of action, their activity begins to
increase. Conversely, slow fibers are active even
in extreme positions of gaze outside the field of
action of the muscle. Their activity increases non-
linearly as the eye begins to fixate more and more
in the field of action of the muscle. This innerva-
tional pattern is similar during slow following
movements, however, during fast saccades, both
slow and fast fibers are activated maximally dur-
ing the first phase of the saccades, then begin to
decay logarithmically to their new equilibrium
with a time constant of about half the duration of
the saccade. The work of these investigators
leaves little doubt that both slow and fast fibers
contribute to tonic and phasic activity but not
necessarily simultaneously in the case of tonic
activity. Scott and Collins suggested that various
muscle fiber types are functionally differentiated
by the amount of work they do rather than by the
type of eye movement to which they contribute.®”

One may hope that future work will permit
application of laboratory findings in extraocular
muscles to the clinical study of strabismus. Extra-
ocular muscles contain different types of muscle
fibrils with intricate ultramicroscopic structures
and fibers with highly differentiated nerve end-
ings. They are surely there to subserve specific
functional needs. This seems more probable when
one considers that even such anatomically and
embryologically closely related muscles as the le-
vator of the upper lid in humans® and the retractor
bulbi in the rabbit*? do not share the peculiarities
of extraocular muscles.

There is justification in comparing the action
of extraocular muscles with the action of flexor
muscles of amphibians. Flexor muscles of frogs
contain tonic bundles required for the amplexus.
Kuffler and Vaughan Williams* established that
slow and fast fibers in these muscles are syner-
gigtic, that the state of tension of slow fibers is
directly related to stimulus frequency, and that
any amount of slow fiber tension could collapse
instantly by superimposition of a single twitch
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contraction. A comparable phenomenon may take
place in extraocular muscles.

Regardless of what future studies may uncover,
the uniqueness of the structure and function of
extraocular muscles remains unquestionable.?®
These muscles have many structural and therefore
functional features that are present in some skele-
tal muscle systems and absent in others which
enable them to carry out their complex and highly
specialized tasks.

The effect of the autonomous nervous system
on extraocular muscles is uncertain because mor-
phologic, pharmacologic, and electrophysiologic
studies have produced contradictory results.t 1 12
26,30, 31, 44,62, 75, 76 There is no convincing evidence
for sympathetic innervation of extraocular mus-
cles.

Muscle Spindles and Palisade
Endings in the Extraocular
Muscles

Groups of fine cross-striated fibers with centrally
located nuclei surrounded by a thin, torpedo-
shaped capsule are found in all skeletal muscles.
These so-called muscle spindles are propriocep-
tive sensory organs. Since publication of the stud-
ies by Daniel,* Cooper and Daniel,? and others,
there is no doubt that human extraocular muscles
also contain muscle spindles. The density of these
spindles is about the same as in skeletal muscle™
and their presence is not, as had originaly been
assumed, age-related.® Whether extraocular mus-
cle spindles are capable of providing propriocep-
tive information is a subject of debate. In view of
distinct histologic differences from spindles found
in skeletal muscles.® & % Ruskell doubts this ca-
pacity.®* On the other hand, passive stretching of
an extraocular muscle causes changes in ocular
aignment and lack of pointing accuracy®® and
visual illusions can be elicted by muscle vibra-
tion.”> ™ Lennerstrand and coworkers® reported
that vibration-induced eye movements differed in
normal and exotropic subjects. Most current re-
search seems to indicate that there may indeed be
sensory feedback from muscle spindles even
though the role of this inflow under casual condi-
tions of seeing is by no means clear (see also
p. 30).

Another possible source of proprioceptive input
is the palisade endings, which have been described
in the tendinous insertion of human extraocular

muscle.5t %8 | ewis and Zee™ believe that the ten-
don organs rather than the muscle spindles are
providing feedback as to the position of the eye,%?
aview that is also shared by Steinbach and Smith™
and by Richmond and coworkers.®*

The peripheral and central pathways of extraoc-
ular muscle proprioception have been defined by
Manni and Bortolami,>? who showed, on the basis
of histologic and electrophysiologic studies, that
the perikarya of first-order neurons are located in
the semilunar ganglion. Whereas the peripheral
nerve process innervates the muscle spindle, the
central nerve processes terminate in the ipsilateral
portion of the spina trigemina nucleus and in
the main sensory trigeminal nucleus. Second-order
neurons have been identified in these nuclei and
project on the cerebellum and the mesodiencepha-
lic areas. These data refer to animal studies and
there is no information yet on the route of centrip-
etal information from the extraocular muscles in
humans.

The functional significance of the muscle spin-
dles, palisade endings, and other proprioceptive
sensors is discussed in Chapter 2. For additional
reviews of current theories, see Bach-y-Rita> ¢
Lennerstrand,*” “ and Steinbach.™

Electromyography

Electrical responses have been recorded from ex-
traocular muscles of animal eyes for many years.
Following Bjork’s study® of electromyography of
human eyes in 1952 and subsequent elaboration
by a number of researchers, important contribu-
tions have been made toward understanding of the
function of extraocular muscles in norma and
pathologic states. Basically, electromyography
consists of oscilloscopic recording of suitably am-
plified electrical activities of a muscle. Monopolar
or bipolar electrodes are inserted into the muscle
to record the current. The electrodes are placed
extracellularly. This basic technique may be highly
refined by use of various electronic components
for integration, analysis, and storage of responses.

Extraocular muscles are especially interesting
to those engaged in electromyographic studies be-
cause of their low nerve fiber-to-muscle fiber ratio.
The anatomical motor unit consists of the neuron
cell body, its axon, and the muscle fibers inner-
vated by that axon. All these fibers discharge
synchronously when the axon is stimulated. The
integrated voltage of this discharge constitutes the
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electric motor unit. Since only a few fibers of an
extraocular muscle are innervated by one axon,
electromyography comes close to recording the
electrical activity of a single anatomical motor
neuron in such a muscle.

Electromyography has proved to be of value in
assessing paretic and pseudoparetic conditions of
extraocular muscles, in myopathies, and in eluci-
dating the pathophysiology of the retraction syn-
drome (see Chapter 21). No specific abnormalities
are revealed in patients with comitant strabismus.®
Great difficulties are encountered in quantifying
electromyograms.*? The smallest movement distin-
guishable by means of ocular electromyography is
about 5°. All this puts limitations on the use of
electromyography in studying the physiology of
the motor functions of the eyes. It should be be
noted that the applicability of electromyography
is, for technical reasons, limited. The introduction
of electrodes into the muscles is easy only for
rectus muscles, athough some discomfort is al-
ways part of this procedure. The insertion of elec-
trodes into the oblique muscle is far more difficult.
Generally, no more than two muscles in each
eye can be studied simultaneously. Multichannel
recordings have recently been obtained after inser-
tion of electrodes into the muscles during surgical
procedures. The recordings were performed days
after surgery and without discomfort to the patient,
after which the electrodes simply pulled out of the
muscle.r” This approach may hopefully provide
better information on electrical activity of the ex-
traocular muscles.

RLE

RMR

LME

LLR

Despite these limitations electromyography has
resulted in important contributions to the kinesiol-
ogy of extraocular muscles. In essence, electro-
myographic studies have given incontrovertible
proof for certain basic facts that were known, or
assumed to be known, from physiologic or clinical
experience. The contributions of electromyogra-
phy to the anomalies of ocular movements are
discussed in the appropriate place in various chap-
ters dealing with these anomalies.

Electromyographically, there is no “‘rest” of
the extraocular muscles (and no ** position of rest”
of the eyes). In primary position and with the
eyes grossly fixed, extraocular muscles are never
electrically silent but manifest a tonic activity.
Complete inactivity of electrical discharge in ex-
traocular muscles is encountered only in deep
sleep or deep anesthesia.

When a muscle rotates an eye into its field of
action, there is an increment of electrical activity
accompanied by graded inhibition of the activity
of the direct antagonist (Sherrington’s law of re-
ciprocal innervation). Similarly, in extreme gaze
to the right, the left medial rectus fires maximally
while the left lateral rectus is electrically silent.
The opposite is true in extreme gaze to the left
(Fig. 6-7). Figure 67 aso shows that in a waking
person a muscle may be electricaly silent only
when in extreme positions out of its field of action.
Whenever an eye diverges, an increment in the
electrical activity occurs in the lateral rectus mus-
cle. For the electromyographic behavior of extra-

FIGURE 6-7. Simultaneous electromyograms of the four rectus muscles. Note the graded increase
in electrical activity in the right medial (RMR) and left lacteral rectus (LLR) muscles with corresponding
decrease in activity all the way to zero in the right lateral (RLR) and left medial rectus (LMR) muscles
as the eyes perform a levoversion movement. With return to the primary position the RLR and LMR
resume their activity and increase it in the ensuing dextroversion while the activity in the RMR and
LLR decreases. (Courtesy of Prof. Alfred Huber, Zurich.)
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FIGURE 6-8. Electromyogram of saccadic
movement showing saccadic burst in the ago-
nistic medial rectus muscle. (Courtesy of Dr.
James E. Miller, St. Louis.)

ocular muscles in vergences and a discussion sur-
rounding it, see Chapter 4.

Saccadic movements differ from vergence
movements in their innervational pattern. Millers
found that they are initiated by a sudden burst of
motor unit activity of the agonist with correspond-
ing inhibition in the antagonist (Fig. 6-8). The
duration of the initial burst is proportional to the
extent of the movement (30 ms for a 2.5° move-
ment to 150 ms for a 40° movement).

This initial burst is followed immediately by
an orderly series of uniformly firing motor units.
The firing rate of the motor unit depends on the
angular displacement from primary position.
Large movements (15° to 20°) cause a second or
third saccadic burst representing efforts to over-
come a lag in fixation. These findings are in ac-
cord with those made by optical and electro-oculo-
graphic recordings of eye movements.

Sources of Tonus of the
Extraocular Muscles

The presence of fast and slow fibers in extraocular
muscles and their electrophysiologic characteris-
tics and pharmacologic properties provide evi-
dence for some of the peripheral mechanisms that
contribute to the tonus of these muscles. This
exciting new knowledge must not obscure the fact
that the tonus of extraocular muscles is basically
regulated by neural influences.
Neurophysiologists have established that there
are differences in the frequency of firing of motor
neurons innervating slow and fast muscles in the
hind limbs of cats and other experimental animals.
Buller and coworkers'® stated that the shorter

5° adduction
ne el M" it
L *‘il S R I
LR MW

0.25 sec

afterpolarization of motor neurons supplying fast
muscles® permits fast frequency of firing and is
appropriately related to the contraction time of
muscles. As a consegquence, motor neurons with
larger afterhyperpolarization have frequencies of
discharge appropriate to the slow muscles they
innervate. Buller and coworkers also made the
observation in cross-union experiments that when
a nerve from a fast motor neuron is made to
innervate a slow muscle, the muscle is trans-
formed into a fast muscle; slow or tonic motor
neurons, similarly transferred, convert fast mus-
cles into slow.?* No corresponding observations
exist for extraocular muscles or other muscles
innervated by crania nerves.

Irrespective of peripheral mechanisms, the
most important source of tonus of extraocular
muscles is reflex in origin. A certain tonus within
the central nervous system is kept up by stimuli
from sensory sources. Light itself is a powerful
source of tonus. In adult humans, reflex tonus
from neck muscles appears to be of minor impor-
tance. All the more important are reflexes resulting
from vestibular stimulations. These stimulations
to a large degree control the position of the eyes
in space. They are active when the head is erect,
and they also regulate the position of the eyes
with every movement of the head.

In humans, with their highly developed binocu-
lar vision, however, the most powerful tonic im-
pulses flow from the process of vision. Psycho-
optical reflexes have superseded in importance
such unconditioned reflexes as those that arise
from proprioception and the vestibular system.
In uniocular and binocular vision, these impulses
produce the fixation reflex. In binocular vision,
disparate stimulation elicits fusional movements
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and maintains the proper relative position of the
eyes.
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CHAPTER

Visual Acuity,
Geometric Optical
Effects of Spectacles,
and Aniseikonia

Visual Acuity

Basic Physiologic Concepts

Before discussing the clinical assessment of visual
acuity in Chapter 11, certain theoretical considera-
tions are in order. Visua acuity is a highly com-
plex function that consists of (1) the minimum
visible, (2) the minimum separable (hyperacuity),
and (3) the minimum resolvable (ordinary visual
acuity).

The minimum visible is concerned with detec-
tion of the presence or absence of a visual stimu-
lus. Its threshold value is only 1 second of arc;
however, Westheimer® pointed out that the mini-
mum visible is a brightness rather than a spatial-
visual threshold function.

The minimum separable concerns the judgment
of the location of a visual target, usualy relative
to another element of the same target. The best-
known example is Vernier acuity, that is, the abil-
ity to detect minimal differences in the horizontal
alignment of two vertical lines. The threshold of
the minimum separable in norma observers is
only 2 to 10 seconds of arc.® In view of this
extraordinary sensitivity, the term hyperacuity, fre-
quently used as a synonym for the minimum sepa-
rable, seems appropriate.
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More familiar to the clinician and therefore
occasionally referred to as “ordinary visual acu-
ity”” is the minimum resolvable, that is, the ability
to determine the presence of or to distinguish
between more than one identifying feature in a
visible target.*® The threshold of the minimum
resolvable is between 30 seconds and 1 minute
of arc.

When one tests visual acuity with Snellen let-
ters or number charts, picture charts, Landolt
rings, or the illiterate E, the patient is asked to
name the test objects or to specify a critical part
of them. All these tests are designed to present an
object or a series of objects with a critical dimen-
sion of 1 minute of arc when viewed from a
standard distance (generally 6 m or 20 ft). Patients
unable to recognize these objects at the standard
distance are tested with increasingly larger objects
that have a critical dimension of 1 minute of arc
at greater distances (e.g., from 12 m, 15 m, or 60
m). An eye with substandard vision is then said
to have a visua acuity of 6/12, 6/15, or 6/60.
Many people have better than standard vision in
at least one eye, for example, a vision of 6/4.5 or
6/3, which indicates that they are able to recognize
objects which from the standard distance have
critical dimensions smaller than 1 minute of arc.
It is better therefore not to speak of 6/6 vision
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as normal but rather as standard vision. Also,
recognition improves when the subject is allowed
to use both eyes. Binocular visual acuity, as deter-
mined in clinical tests, is better than monocular
visua acuity. The reasons for this are complex
and not well understood.

The recognition task is highly involved and
undoubtedly is composed of resolution and local-
ization, without which there could be no recogni-
tion. Recognition and naming are higher visua
functions that bring into effect other variables,
such as the ease with which certain numbers or
letters are recognized. The picture charts used
for the visual screening of preliterate or illiterate
patients have to be designed by keeping cultural
and geographic differences in mind. Once, while
visiting a visual screening station in a remote part
of Central Africa one of us (GKVN) observed
children and adults staring in frustration at prelit-
erate test charts used by the heath workers and
depicting objects familiar to every child in the
United States, such as birthday cakes, Christmas
trees, and houses, none of which were known by
those to be screened. Clearly, the objects to be
depicted have to be familiar to be identified. On
the other hand, identification of a familiar object
becomes possible even if only parts thereof are
seen because higher integration functions defined
as gestalt are involved in the recognition process.
Ideally, stimuli should be used which are void of
any meaning, such as Landolt Cs or illiterate Es.

The basis for the resolving power of the eye is
generally assumed to be the structure of the retinal
mosaic. It is not necessary to consider whether the
dimensions of the retinal mosaic or the optical
aberrations of the eye are the limiting factor of
visual acuity and how higher visua acuities, such
as those obtained by the Vernier method, come
about. The reader is only reminded that the cones
are thinnest and most densely packed in the rod-
free area of the fovea, which has a diameter of
about 1.7°, and that the cones in that area, each of
which has a separate nerve fiber, have an average
width of 2.5u. These facts are recalled because
the thought has been expressed that some of the
properties of the fovea of amblyopic eyes might
be accounted for by the encroachment of rods into
the cone-free area.

Variables Affecting Visual Acuity

Numerous variables affect visual acuity, but only
some of them will be discussed here. For a more
complete discussion, see that of Westheimer.“

RETINAL ECCENTRICITY. That visua acuity de-
pends on the location of the retina stimulus and
decreases sharply with an increase in distance of
the image of an object from the center of the fovea
is well-known. Some quantitative information on
this subject must be given since it has an im-
portant bearing on the clinical and theoretical as-
pects of amblyopia (eccentric fixation) (see Chap-
ter 14).

The most frequently quoted work is that of
Wertheim,*® whose number for the decrease in
visual acuity in the horizontal meridian (Fig. 7-1)
is the one generally reproduced. The number
shows that visual acuity is reduced to 6/12 at 2.5°
and to 6/30 at 10° on the nasal side of the fovea.
On the temporal side visual acuity decreases
somewhat more rapidly. Of special importance
is Wertheim's observation that it decreases more
sharply below and, especially, above the fovea, so
that lines connecting points of equal visual acuity
are dliptic, paraleling the outer margins of the
visual field. Later studies have given more detailed
information about reduction in visual acuity in the
region from the center to 10° from the fovea®
(Figs. 7-2 and 7-3). Peripheral visual acuity de-
clines with advancing age.**

A decrease in visua acuity from the center to
the periphery must be related in some way to
the retina mosaic. Ludvigh's date?® (see Fig. 7-3)
indicate that the visua acuity curve does not paral-
lel linear or areal density of cones from center
to periphery. Weymouth*? made the intriguing and
reasonable suggestion that the resolving power of
aretinal area depends not on the number of cones
present but on the number of perceptua units in
that area. It is generaly believed that the number
of receptors connected by a single fiber to the brain
defines the extent of a sensory unit.3* The ganglion
cells are the cells of origin of the optic nerve
fibers. Weymouth, who proposed that the density
of ganglion cells rather than that of the cones
should be related to the minimal angle of resolu-
tion, showed that this minimal angle of resolution,
the reciprocal of visual acuity, was linearly related
to the distance from the fovea. He aso found a
linear relationship between the density of the gan-
glion cells and their distance from the fovea

LUMINANCE AND STATE OF ADAPTATION. The
effect of luminance on visual acuity has been well
summarized by Riggs®* who stated that visual
acuity is poor at scotopic levels where parafoveal
or peripheral rod receptors predominate. As the
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FIGURE 7-1. Visual acuity of the retinal periphery. Continuous black lines indicate points of equal
visual acuity. Note that the gradient of visual acuity is steepest in the upper half of the retina. The
decline in acuity with eccentricity is least on the temporal side. The broken line indicates the
peripheral limits of the visual field. (Data from Wertheim T: Uber die indirekte Sehscharfe. Z Psychol
Physiol Sinnesor 7:172, 1894; modified from Hofmann FB: Die Lehre vom Raumsinn. In Axenfeld T,
Elschnig A, eds: Graefe-Saemisch Handbuch der gesamten Augenheilkunde, ed 3, vol 3. Berlin,
Springer-Verlag, 1925.)
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level of intensity is raised, thresholds of the cone
receptors are exceeded and acuity rises steeply.
With a further increase in intensity, this maximum
acuity is maintained over a wide range of increas-

FIGURE 7-4. Curve of Konig showing relationship of vi-
sual acuity and luminance. The ordinate is in meter candles
(m-c).
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The pupil size is aso involved in the effect of
luminance on visual acuity. A large pupil allows
more light to enter the eye but increases the effect
of the optical aberrations. These aberrations are
minimized with a small pupil, but a very narrow
pupil reduces visua acuity by markedly reducing
retinal illuminance and by increasing the effect of
light diffraction. Generally speaking, visual acuity
isoptimal with an intermediate-size pupil of about
2 mm, but the optimal size varies with conditions
of luminance, size of test object, and other factors.

CONTRAST. In the discussion of contrast effects,
two concepts must be differentiated. The objective
or photometric contrast refers to differences in
luminance of adjacent fields or objects. The sub-
jective or physiologic contrast refers to such sub-
jective phenomena as the change in apparent
brightness of objects of a given luminance, which
depends on the luminance of the surround. In
general, the visual acuity decreases with reduction
in objective contrast, this effect being more pro-
nounced the smaller the test object.

The effect of subjective contrast is of greatest
importance for vision. The borderline between a
bright and dark surface produces a blurred, unfo-
cused retinal image caused by the optical aberra-
tions of the eye and the veiling effect of stray
light. These effects are offset by subjective con-
trast. The image of a white field appears whiter,
the image of a dark field darker, and the borderline
sharp when the two border on each other. Tscher-
mak-Seysenegg®” stated that without the subjective
contrast phenomenon one would be unable to read.
Ludvigh,?” showed that with low degrees of con-
trast, visual acuity varies markedly; but at high
contrast levels, relatively great changes in photo-
metric contrasts have little effect on visual acuity.

The mechanisms underlying subjective contrast
have been and continue to be a matter of contro-
versy. Helmholtz,2* and others after him thought
of contrast as dependent on a judgment of relative
brightness, thus making it the result of highest
nervous system activity. Hering® considered con-
trast to be a physiologic change in sensation in
the sense that the sensation of brightness depends
on the interplay between the illuminances of a
given retina area and its surround. The electro-
physiologic findings of Hartline®® on the latera
inhibition in the Limulus eye and of Kuffler>> on
retinal receptor fields, as well as the psychophysi-
cal studies by Harms and Aulhorn,*® established
that sensitivity to each side of adjacent fields of
different retinal illuminance is reduced, pointing

to the physiologic mechanisms that may underlie
subjective contrast.

EYE MOVEMENTS. The eyes are never com-
pletely motionless, even with a strenuous effort at
steady fixation (see Chapter 4). These miniature
fixation movements may have the effect of blur-
ring or “smearing” the retina image, just as the
motion of an object or of a camera may produce a
blurred photographic picture. They aso may have
the opposite effect of enhancing the neuronal activ-
ity on which visua acuity depends by alowing
retinal receptors to scan the contours of an object.®

Riggs and coworkers* showed that there is no
evidence to prove that eye movements serve to
improve visual acuity. Ratliff*2 determined the in-
stantaneous value of visual acuity by presenting a
grating test object for 75 ms and simultaneously
recording the eye movements for an interval be-
ginning before the test exposure and ending after
it. The involuntary drifts of the visual axis were
clearly a hindrance, and the rapid tremors were
detrimental to visual acuity. No evidence was
found that scanning the retinal image contributed
to visual resolution, as has been postulated by
some investigators.® 43

Whether miniature eye movements have
evolved to counteract image fading (Troxler ef-
fect)> or whether they are smply the expression
of random noise in the eye movement control
system is not clear.®

CONTOUR INTERACTION. Visual acuity can be
reduced by the spatial arrangement of additional
contours in the field of vision in amblyopic pa
tients (see Chapter 14). Flom and coworkers'®
investigated this phenomenon in normal subjects
and pointed out that it is related to the size of the
receptive field associated with the retinal region
used to fixate the target. Contour interaction is not
limited to ordinary visual acuity but also interferes
with Vernier acuity** and stereoacuity.*? It is highly
exaggerated in amblyopia where it causes the
crowding phenomenon (see Chapter 14). Thus the
spacing of optotypes on acuity charts must not be
left to chance, in which case visual acuity will
differ depending on which chart has been used.
Rather, the spacing between letters and lines
should be related to the letter size.

Geometric-Optical Effects of
Spectacles

Whenever eyeglasses are worn, a series of far-
reaching visual changes are introduced. These ef-
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fects are discussed extensively in treatises dealing
with the geometric optics of spectacles (e.g., see
Erggelet’® and Ogle™).

To begin with, spectacles have a profound ef-
fect on the neuromuscular mechanism of the eyes
through their influence on accommodation. The
region within which the spectacles wearer must
accommodate, as well as the range of accommoda-
tion, is affected. For example, a young uncorrected
hypermetrope of 4D will have to accommodate by
that amount to see clearly at infinity and corres-
pondingly more for near fixation. If a full correc-
tion is worn, the person does not have to accom-
modate for infinity. On the other hand, an
uncorrected myope of 4D can do close work at 25
cm without using accommodation. If the correc-
tion is worn, close work requires accommodation.

The association between accommodation and
convergence is discussed fully in Chapter 5. It is
clear from what is known about this association
that the excessive convergence that the uncor-
rected hypermetrope must overcome is automati-
caly relaxed when the refractive error is cor-
rected. In contrast, the refractive correction that
the myope wears stimulates convergence. These
factors form the basis of treatment of certain forms
of strabismus by spectacles.

Furthermore, spectacles lenses, which change
the direction in which object points appear in
indirect vision, cause changes in perspective and
the perception of space. These changes are partic-
ularly evident to the spectacles wearer with a high
refractive correction, for instance, after cataract
extraction. They are minimized by the use of con-
tact lenses.

Spectacles change the size of the retinal image
in emmetropic eyes and the blurred image in un-
corrected ametropic eyes. For geometric-optical
reasons, these changes in size occur only if the
patient has a refractive ametropia. If the ametropia
is axia in origin, a correcting lens placed into the
anterior focal plane of the eye produces an image
equal in size to that of the emmetropic eye. This
is known as Knapp's rule® » 24 This rule has
been interpreted to the effect that contact lens
correction of an anisometropia caused by an axial
ametropia may actually induce aniseikonia,
whereas correction with a spectacles lens will not.
This does not necessarily hold true in al clini-
ca situations. While the geometric-optical basis
of Knapp's rule is correct, it has been shown
that aniseikonia may occur after spectacles correc-
tion in spite of the axial nature of anisomy-

opia ® 24 3.3 The reason for this is a reduction
of retinal receptor density caused by stretching
of the posterior pole in high myopia that causes
perceptual micropsia despite equal size of the reti-
nal images (basic aniseikonia).

The effect of spectacles lenses on measuring
the angle of strabismus is discussed in Chapter 12.

Aniseikonia

There is one effect produced by spectacles to
which the wearer does not always readily adapt
and which may cause great difficulties. Whenever
refractive ametropias in the two eyes of a person
are different (i.e., when there is an anisometropia),
the corrected retinal images of the two eyes, and
conseguently the two visual images, differ in size.
This condition has been termed aniseikonia, liter-
ally meaning unequal imagery.

Aniseikonia resulting from a corrected refrac-
tive anisometropia may be termed refractive anis-
eikonia. However, this condition may also exist in
patients with an equal ametropia in the two eyes
or who may have no ametropia at al. This type
of image size difference may be termed basic
aniseikonia. In this case, the aniseikonia is pre-
sumably a result of a difference in the distribution
of the retinal elements, or rather their spatial val-
ues, in the two eyes. Examples of basic aniseiko-
nia were mentioned previously and are also pro-
vided by patients with epiretinal membranes and
vitreomacular compression that may cause anisei-
konia from separation or compression of photore-
ceptors.t

The incongruities of the retinal images may be
of different types. The image size may differ or
may be the same in all meridians (overall size
difference), or one of the two images may be
larger only in the horizontal or vertical meridian
(meridional size difference). The images may dif-
fer in oblique meridians (oblique meridional size
difference), or they may be asymmetrically differ-
ent in the two eyes (e.g., larger on the temporal
side in one eye than on the nasal side). Finaly,
there may be irregular differences, as in a patient
with a healed retinal detachment, and two or more
of the listed image size differences may be smul-
taneously present.

In this book we consider aniseikonia only to
the extent that it has a bearing on fusion and
spatial orientation. Easy and comfortable fusion
of the two retinal images demands that they be as
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equal as possible in brightness, form, and size.
When aniseikonia is present, the last requirement
is not fulfilled. Thus, aniseikonia may be an obsta-
cle to fusion. The mechanism of this obstacle is
the rivalry set up between foveal and peripheral
fusion (see Chapter 4). If the centers of the images
are fused, the periphera margins are not; if the
peripheral margins are fused, the centers are dispa-
rately imaged. If the aniseikoniais very small, the
difficulty is negligible. If the aniseikonia is very
large, say, size differences of 5% or more, the
patient as a rule will suppress part of the image
of one eye, thus eliminating symptoms. This must
be done at the expense of normal binocular vision.
Not all patients are able to suppress equally well.
This is especialy true if the aniseikonia is of
relatively moderate amount, say, between 0.75%
and 2.5%; then the compulsion to fuse often pre-
vails, with resulting subjective symptoms. On the
other hand, suppression may be strong enough to
cause a deviation of the visual lines, a strabismus.
Bielschowsky® described a most perplexing case
of horror fusionis (see Chapter 13) which re-
sponded to a complex correction with iseikonic
lenses.

Aniseikonia also has an effect on spatial local-
ization. If a patient has an image size difference
in the horizontal meridian, the image of one eye
is larger in that meridian; in other words, there is
a horizontal disparity of the retinal images. Fusion
of horizontally disparate images produces a stereo-
scopic effect (see Chapter 2). One should therefore
expect a stereoscopic effect, a spatial distortion,
when aniseikonia is present in the horizontal me-
ridian. Indeed, such a spatial distortion can always
be found and is readily explained on a geometric
basis.

Assume that the visual lines of a norma ob-
server intersect in symmetrical convergence at
point F on a plane on which there are two points,
P and N, seen in peripheral vision (Fig. 7-5). If
the image of the observer’s right eye is now mag-
nified in the horizontal meridian by an appropriate
lens, all horizontal distances on the plane are mag-
nified and PFN is increased to P’ F' N’ for the
right eye. This means that the object point P,
originally imaged on the retinal point p, in the
right eye, now stimulates the more temporally
located point p’,. The image of the point N is
displaced in the right eye from n, to n’.. No
change in the image size of the left eye has oc-
curred. If the horizontal disparity between the two
eyes that has been created is not too large, sensory

Figure 7-5. Tipping of a frontoparallel plane around a
fixation point when the image of the right eye is magni-
fied horizontally by a meridional-size lens placed at axis
90°. (From Burian HM: Influence of prolonged wearing of
meridional size lenses on spatial localization. Arch Oph-
thalmol 30:645, 1943.)

fusion of the horizontally disparate retinal images
will occur and must create a stereoscopic effect.
Object P will appear to have advanced to point P’
and object point N to have receded to N', since
only points situated objectively at P’ and N’ could
fulfill the conditions of stimulating simultaneously
the retinal elements p, and p’, and n, and n’,. The
impression is created that the plane has rotated
around the fixation point F. In general, objects in
the half of the visual field pertaining to the eye
with the relatively larger retinal image in the hori-
zontal meridian appear farther away than the fixa-
tion point, whereas those in the half of the visual
field pertaining to the eye with the relatively
smaller retinal image appear to be closer.

Vertical and oblique meridional aniseikonic er-
rors also produce typical distortions of space. All
those stereoscopic effects are quantitative, and the
empirical data are in good agreement with the
theory, so much so that a clinical instrument for
the measurement of aniseikonia was designed
(space eikonometer) based on these stereoscopic
effects. For clinical purposes, especialy in strabis-
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adapting effect on the frontal plane horopter. (From Burian HM: Influence of prolonged wearing of
meridional size lenses on spatial localization. Arch Ophthalmol 30:645, 1943.)

mic patients, aniseikonia is determined with Aul-
horn’s phase difference haploscope (see Chapter
4). Awaya and coworkers® developed a ssimple and
useful ““new aniseikonia test”* that is based on
image separation with red and green spectacles.
In comparing this test with the eikonometer,
McCormack and coworkers®® found that the
Awaya test may underestimate the degree of anis-
eikonia (see aso Yoshida and coworkers®). An-
other new test,t combining the features of the
Aulhorn phase difference haploscope (see Chapter
4) with those of the Awaya test was introduced by
Esser'” and also has the advantage of permitting
aniseikonia measurements in the presence of man-
ifest strabismus. Unfortunately, neither of these
instruments is available in most clinical settings.
Why do patients with corrections for anisome-
tropia generally not complain about spatial distor-
tions? The answer is that many patients will report
that during the first day or two of wearing a new
correction they experience various changes in the
appearance of their surroundings; for example, the
floor may appear to have slanted to one side, or it
may have seemed to slant up or down in front of

*Distributor for Western Hemisphere: Binoculus, PO Box
3727, Dillon, CO 80435; Phone or fax USA (970) 262-0753;
e-mail: perxbvg@colorado.net; Website: BinocularVision.com

TOculus, Inc., PO. Box 1007, Woodinville, WA 98072—-1007

them. These distortions are caused by aniseikonia.
However, after a short while the distortions disap-
pear. By what mechanism do they disappear? The
first thought is that the aniseikonia may have been
compensated for by some physiologic mechanism.
This is not the case. Burian'® demonstrated in an
experimental study, using the subjective frontopar-
allel plane in the horopter apparatus as a criterion,
that the amount of aniseikonia measured was
changed by only a fraction after the phenomeno-
logic adaptation had taken place, regardless of
how long the adaptation had lasted (Fig. 7-6).
What actually happens is that there are two
general classes of clues to spatial orientation: the
binocular stereoscopic clues and the uniocular
experiential clues (see Chapter 2) Only the stereo-
scopic clues can be affected by aniseikonia, for
they alone depend on the disparity of retinal im-
ages. The experientia clues remain unaffected. If
stereoscopic perception is changed suddenly in
such a way as to convey an incorrect impression
of the surroundings, for instance, by a pair of new
spectacles, stereoscopic clues will at first dominate
and the environment will appear distorted. In time,
however, uniocular clues—born from experience
and active aso in binocular vision—make them-
selves felt and gradually dominate stereoscopic
clues. One learns how to disregard or suppress
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stereoscopic clues, and under the influence of uni-
ocular clues the surroundings resume their normal
appearance.

This brief discussion of some of the basic con-
cepts of aniseikonia in a book on the neuromuscu-
lar anomalies of the eyes is justified because it
enlarges insight into the binocular function. Since
aniselkonia is an obstacle to fusion it could be a
factor in the etiology of certain types of comitant
strabismus (see Chapter 9). The response of nor-
mal observers to artificially induced aniseikonia
under certain experimental conditions, as well as
the responses of naturally aniseikonic patients to
the same experimental situations, also gives an
inkling of some of the important adaptive mecha
nisms in patients with neuromuscular anomalies
of the eyes (see Chapter 13).

The treatment of aniseikonia has become al-
most a lost art since the Dartmouth Eye Institute
closed its doors in 1947. Most of what is known
about aniseikonia today is based on the work of
such Dartmouth notables as Ames, Lancaster (who
coined the term), Linksz, Ogle, Burian, and
Boeder. Although the clinical significance of anis-
eikonia as a cause of asthenopia was undoubtedly
overemphasized in those days, recent interest in
aniseikonia has surged since the advent of kerato-
refractive surgery and the optic calculation of in-
traocular lens implants. A discussion of the clini-
cal management of aniseikonia exceeds the pur-
pose of this text and the reader is referred to other
sources.: 2"
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deviation of the visual axes relative to each

other is the most common sign in al neuro-
muscular anomalies of the eyes except for supra-
nuclear affections. All neuromuscular anomalies
of the eyes therefore are classified primarily on
the basis of the properties and characteristics of
the deviation, its direction, origin, temporal behav-
ior, and various modifications imposed on it by
the sensory system.

Heterophoria and
Heterotropia

Proper alignment of the eyes is guaranteed by a
normally functioning sensory and motor fusion
mechanism. If sensory fusion is artificially sus-
pended by excluding one eye from participating
in vision, motor fusion is “frustrated,” as Cha-
vasse’ put it, and a measurable relative deviation
of the visual axes will appear in most patients.
When the obstacle to sensory fusion is removed,
motor fusion in most patients will return the visual
axes to their proper relative positions. The relative
deviations thus elicited are called heterophorias, a
very useful term introduced by Stevens.® Since
heterophorias become evident only when norma
cooperation of the eyes is disrupted, they may be
defined as deviations kept latent by the fusion
mechanism. Figure 8-1 shows the effect of fusion

in controlling a large esodeviation that becomes
manifest when fusion is disrupted with the translu-
cent occluder of Spielmann.

In the absence of a properly functioning fusion
mechanism, a more or less obvious deviation of
one of the visual lines will be present. Such devia-
tions, termed heterotropias, are manifest devia-
tions not kept in check by fusion. The term hetero-
phoria and related terms were formed from the
Greek words heteros, *other,” *‘different from,”
and phora, ‘‘bringing,” ‘‘carrying’’ (compare
pherein, to bear, carry, a word from which so
many medical and scientific words have been
coined).*® Phora does not mean a tendency, even
less so the word phoro from which Stevens states
he derived his term. Stevens original definition
of “heterophoria as a tendency of the visual lines
to turn away from paralelism,” copied to this
day in many texts, does not properly describe the
phenomenon, as Lancaster** pointed out.

In accordance with the foregoing definitions,
all neuromuscular anomalies of the eyes can be
separated into two main classes: latent deviations
(heterophorias) and manifest deviations (hetero-
tropias). Manifest deviations are known also by
the generic name of strabismus, or squint.

According to Hirschberg?® the word strabismus
originates from the Greek. Hippocrates used the
word streblos, “‘turned,” *‘twisted,”” when he
talked about strabismic subjects and the word is
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l
FIGURE 8-1. Manifestation of esotropia after disruption
of fusion with a translucent occluder.

derived from the verb strephein, *‘to twist,” *‘to
turn.”* The Romans simply adopted the term
strabismus into their language from whence it
entered medical terminology. The proper Latin
expressions were paetus and luscus which origi-
nally meant ““‘one-eyed.” Neither of these terms
or their derivatives are used in English but luscus
survived in the French verb loucher, “‘to squint.”
Whether the name of the famous Greek historian
and geographer Strabo (‘*‘the squinter,” 66 BC-AD
24) had anything to do with the origin of strabis-
mus, as has occasionally been claimed, is unlikely
since Hippocrates had used the word 400 years
earlier. Perhaps Strabo had strabismus and thereby
got his name.

Relative and Absolute
Position of Rest

The position assumed by the visua axes when
fusion is suspended has been termed the relative

position of rest of the eyes.? This is an unfortu-
nate term because ocular muscles are never “at
rest” in a living, conscious person. It is known
today from electromyographic evidence (see
Chapter 6) that electrical activity is continuous in
extraocular muscles when the eyes are steadily
fixating. Indeed, even when fusion is interrupted,
the deviation of the visual axes is not a passive
but an active process, as shown by the increment
and corresponding decrement in electrical activity
of certain extraocular muscles. Long before elec-
trophysiologic evidence became available, it was
obvious that the eyes are never truly at rest in a
waking person. Maintenance of the primary posi-
tion, fixation, and proper alignment of the visual
axes al require the presence of an actively sup-
ported tonus and a continuous shift in tonus of
extraocular muscles (see p. 111). A differentiation
was made therefore between the relative, func-
tional, or physiologic position of rest assumed
by the eyes when fusion was suspended and the
absolute position of rest assumed by the eyes in
death before the onset of rigor mortis,*® and in
deep anesthesia. The absolute position of rest has
also been termed anatomical or static because
it is determined solely by anatomical and other
mechanical factors.” 1 % Spielmann? introduced
the term fixation-free position to describe the posi-
tion of the eyes in the dark or when both eyes are
covered with semiopaque occluders. This position
isidentical to what Lancaster* called, less descrip-
tively, the static position.

The term relative position of rest is an unneces-
sary one. Since binocular vision and fusion are not
active when the vision of one eye is obstructed, it
is best to say the particular position that the eyes
assume under those conditions is the fusion-free
position.® Synonymous terms are the heterophoric
position and the dissociated position.*

The absolute or anatomical position of the eyes
in death is generaly one of dlight divergence and
elevation,* " ¢ yet it does not attain the divergent
angle of the orbital axes.®> The eyes may also be
aligned in death.® The position of the eyesin death
is determined by the absence of nervous impulses
to extraocular muscles. Curare or curare-like sub-
stances, which inhibit transmission at the neuro-
muscular junction, can be used to artificialy re-
produce this situation in normal subjects. Toselli?*
did this and found that the eyes assumed a position
of 8°to 12° of divergence and 3° to 6° of elevation,
which is comparable to the position assumed by
the eyes in general anesthesia. Using a linear mea-
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surement, Meyers'” determined the position of the
eyes of 37 patients under genera anesthesia who
were undergoing some type of general surgery.
The state of ocular alignment had been previously
tested. She found a significant degree of diver-
gence in al patients who had been exophoric
before being given anesthesia, as well as in one
third of patients with esophoria. The eyes of most
(65%) esophoric patients were parallel within the
limits of accuracy of the method; a convergent
position was seen only in some patients with eso-
tropia. The position of the eyes in patients with
strabismus who are under general anesthesia is
considered of importance by some surgeons in
deciding how much surgery to do. This matter is
considered further in the discussion of principles
of surgery on extraocular muscles (see Chapter
26).

Ocular Alignment

Ideally, the fusion-free position of the eyes should
be such that the visua lines are parallel in distance
fixation and have the proper convergence in near
vision. This ideal, termed orthophoria, is infre-
quently realized; it is only approached more or
less closely. Whenever fusion is suspended by
some means, there is usually a deviation of the
visual axes even though it may be too small to be
measured by ordinary clinical means.

Orthophoria therefore is not a normal condition
in the majority of people free from ocular symp-
toms. Consequently, many clinicians consider a
certain amount of heterophoria to be normal. Mo-
ses,® for example, stated that 1* to 2* of esophoria
or 1* to 4* of exophoriain distance fixation should
be considered physiologic. He went on to say that
hyperphoria of 1* of either eye nearly aways
produces symptoms; hence, only 0.5* of hyper-
phoria can be considered to be within the physio-
logic range. These values are selected on the basis
of clinica significance. A clinically significant
finding is one that may produce symptoms and
may require treatment. It should be noted that the
clinical significance of heterophorias depends not
so much on their absolute values as on correlated
findings, for example, the fusional amplitudes (see
Chapter 4).

For a description of a complete alignment of
the visual axes with the object of regard and thus
of a desirable endstage of strabismus therapy, the
term orthotropia appears most suitable. Ortho-

tropia is present when the cover test is negative
upon covering either eye in the absence of ambly-
opia. The latter qualification is necessary to ex-
clude patients with amblyopia and eccentric fixa
tion in whom the cover test may also be negative
but in whom the visual axis of the amblyopic eye
is not aligned with the object of regard (see Chap-
ter 14). In Greek, orthos means “straight” or
“correct” and, according to Lang,*® tropos means
“turn” but also “‘direction.” Thus orthotropia con-
veys the notion of a correct direction or position
of the eyes. Another acceptable term is orthoposi-
tion,® the position of the eyes in which the visual
axes intersect at the fixation point under the influ-
ence of fusion. Both orthotropia and orthoposition
may be used interchangeably to describe binocular
alignment on a fixation target. The term orthopho-
ria is not a good one since, as mentioned above,
orthophoria is the exception and heterophoria is
the rule in norma binocular vision.! The terms
straight-appearing eyes or straight eyes, which al
too often seem to escape editorial scrutiny in the
contemporary American literature, are to be
avoided. They lack precision in describing the
functiona state of the patient since they encom-
pass a whole spectrum of conditions that includes
orthotropia, heterophoria of varying degrees and
clinical significance, and even microtropia and
heterotropia with a small angle.

Direction of Deviation

There are a variety of heterophoric or heterotropic
deviations (Fig. 8-2). If the visual axes converge,
the condition is caled esophoria or esotropia,
and if they diverge it is known as exophoria or
exotropia. Hyperphoria or hypertropia occurs if
one visua line is higher than the other. It is
present on the right if the right visual line is
higher than that on the left and on the left if the
left visual line is higher than that on the right.
One may aso speak of a left hypophoria or
hypotropia when the right visual line is the higher
one and of a right hypophoria or hypotropia when
the left visua line is the higher one. Since devia-
tions of the visual lines are relative, the terms
hypophoria and hypotropia may appear to be su-
perfluous, but they are useful, especially in hetero-
tropias, to indicate which eye is fixating. Thus
right hypertropia indicates that the (lower) left
eye is the one fixating, whereas left hypotropia
indicates that the (higher) right eye is fixating. For
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FIGURE 8-2. Classification by direction of deviation. A, Right esotropia. B, Left exotropia. C, Right
hypertropia associated with small exotropia. D, Left hypertropia. E, Right hypotropia. £, Left hypo-

tropia. G, Right incyclotropia. H, Right excyclotropia.

the vertical heterophorias or heterotropias,
Bielschowsky? also used the terms positive (right
hyper-) or negative (left hyper-) vertical diver-
gence (or deviation) in his American publications.
These terms are still in common usage in German
ophthalmol ogy.

A misalignment of one or both eyes around the
sagittal axis produces clockwise or counterclock-
wise rotations of the globe (cyclotropia). Since the
direction of the deviation must be defined in each
eye, the terms right or left excyclotropia or in-
cyclotropia are used. Cyclodeviations are mostly
manifest; hence, differentiation between cyclopho-
ria and cyclotropia is difficult to justify on clinical
grounds (see Chapter 18).

As dready stated, deviations of the visual axes
aso frequently are referred to by the time-honored
names of strabismus and squint. An esotropia is

then a convergent strabismus; an exotropia, a di-
vergent strabismus; a hypertropia, a vertical stra-
bismus; and a cyclotropia, a torsional strabismus.

The terms convergent and divergent strabismus,
which are widely used in the continental European
literature, have not become popular in this country.
This is rather fortunate since convergent and di-
vergent could easily be misunderstood to mean
that the convergence or divergence mechanism is
implicated. Although this may well be so in some
forms of horizontal strabismus, it certainly does
not hold true for others. In American usage the
term strabismus generally is understood to be syn-
onymous with heterotropia. In British and conti-
nental European usage, the word includes both
heterotropias and heterophorias. To differentiate
between the two, the expressions manifest strabis-
mus and latent strabismus are used. To encompass
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both the heterophoric and heterotropic forms, such
terms as esodeviation and exodeviation are appro-
priate.

A person may manifest a heterophoric or heter-
otropic deviation that combines two or more of
the various directions mentioned. He or she may
then have an esohyperdeviation, an exohyperdevia-
tion, or a cyclovertical deviation.

Comitance and Incomitance

Strabismus may occur in one of two major forms:
it is either comitant or incomitant. In comitant
strabismus, the deviation is, within physiologic
limits and for a given fixation distance, the same
in al directions of gaze. In incomitant strabismus,
one or more extraocular muscles show signs of
underaction or paralysis. The deviation therefore
varies in different directions of gaze but is larger
when the eyes are turned in the direction of action
of the underacting or paralytic muscle. Further
differentiation between these two forms of strabis-
mus is discussed in Chapter 20.

The term comitant originally had the form con-
comitant, derived from the late Latin concomitor,
meaning ‘| attend,” ‘I accompany,” which im-
plies that despite the deviation, one eye accompa-
nies the other in al its excursions (compare the
German Begleitschielen, concomitant squint).
Duane® suggested comitant, a form which is uni-
versally accepted in the American literature and
not without linguistic justification.

We speak of incomitance when the angle of
deviation changes in different positions of gaze.
Incomitance may be caused by innervational fac-
tors (paraytic strabismus) or mechanical-restric-
tive factors.

Constancy of Deviation

A manifest deviation need not be present at all
times. In some patients the fusion mechanism is

TABLE 8-1. Common Abbreviations

inadequate to keep the eyes properly aligned under
any circumstances. One then speaks of a constant
deviation (constant strabismus, constant esotropia,
constant exotropia). In other patients the fusion
mechanism functions well in some but not in all
circumstances. The deviation then is manifest only
at certain times, when the patient awakes from a
nap or istired, ill, under stress, or in particular test
situations. An intermittent deviation (intermittent
strabismus, intermittent esotropia, intermittent ex-
otropia) is then said to be present. Even though
variations may exist between different teaching
hospitals, the symbolslisted in Table 81 are fairly
uniformly used for abbreviation of strabismus
forms in charts and orthoptic records.

Some patients display a heterophoric deviation
for one fixation distance and a heterotropic devia-
tion for another fixation distance (e.g., esotropic
in near vision but esophoric in distance vision).
Patients with a paralyzed muscle may be hetero-
tropic in one direction of gaze but heterophoric in
the opposite direction. Also, patients with an A or
V pattern of fixation (see Chapter 19) may be
heterotropic in the position of maximum deviation
and heterophoric in the position of minimum devi-
ation. In British usage,*® P % following the lead
of Chavasse* this behavior is termed periodic
strabismus, meaning that during the period when
the eyes are in a certain position a manifest stra-
bismus occurs. The term is not well chosen, since
the word “periodic”’ generally refers to divisions
of time. In these cases the essence is not the time
during which a certain position of the eyes is
assumed, nor is there any periodicity. It is the
position of the fixation object in space that deter-
mines the sensorimotor response.

Cases of cyclic heterotropia (see Chapter 21)
represent an interesting variant of the intermittent
type of deviation. In these patients a manifest
deviation appears at regular intervals (e.g., every
other day). At the time when the eyes appear to
be straight, no latent deviation comparable in
amount to the manifest deviation can be measured.

Heterophoria

Heterotropia Intermittent

Near Distance Near Distance Near Distance
Esodeviation E’ E ET’ ET E(T) E(T)
Exodeviation X' X XT' XT X(T)' X(T)
Right hyperdeviation RH’ RH RHT’ RHT RH(T)’ RH(T)
Left hyperdeviation LH’ LH LHT’ LHT LH(T)’ LH(T)
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By classifying these patients with the general
group of intermittent strabismus, we do not imply
that the mechanism is the same as that in ordinary
intermittent esotropia or exotropia.

State of Vergence Systems

The role of accommodative convergence in de-
termining the relative position of the visual axes
has been discussed in Chapter 5. Its role in the
etiology of esotropia and in the clinical picture of
heterotropias is examined in later chapters (see
Chapters 9 and 16). In this chapter mention will
be made only that a further classification distin-
guishes accommodative esotropia from nonaccom-
modative esotropia. In accommodative esotropia
the act of accommodation has a major influence
on the deviation, whereas in nonaccommodative
esotropia it does not.

Convergence is more active in near fixation
and divergence in distance fixation. On this basis
Duane® developed his classification of the comi-
tant motor anomalies. If an esodeviation is greater
at near than at distance, one may speak of a
convergence excess type; if an exodeviation is
greater at near than at distance fixation, then it is
referred to as a convergence insufficiency type. If
an exodeviation is greater at distance than at near,
there is a divergence excess type; if an esodevia-
tion is greater at distance than at near, there is a
divergence insufficiency type. We find this classi-
fication useful provided it is clearly understood
that this terminology is to be used only in a
descriptive sense, that is, without etiologic impli-
cations. This classification is described in more
detail in Chapter 17.

Type of Fixation

The use made of the eyes for fixation is another
important criterion for classifying heterotropias.
One distinguishes unilateral heterotropias (e.g.,
right esotropia or exotropia), in which the patient
habitually uses one eye for fixation, from alternat-
ing heterotropias, in which the patient fixates with
either eye. A whole spectrum of fixation habits
exists, ranging from extreme unilaterality to free
random alternation. The term nonalternating stra-
bismus is preferable to “‘unilateral strabismus.”
Unilateral is the contrary of bilateral. It would
seem inappropriate to define an alternating hetero-

tropia as ““bilateral strabismus.” The latter term
should be reserved for those rare cases in which
both eyes are deviated from the primary position
(e.g., skew deviations, myogenic or mechanical
strabismus).

The term monofixation introduced by Parks® to
describe what Lang*? referred to as microstrabis-
mus or microtropia (see Chapter 16) is somewhat
ambiguous. It implies that only one eye is fixating.
However, that is also the case in other forms of
strabismus. Monofixation could also be interpreted
as lack of alternation.

Time of Onset of Deviation

A deviation noted at birth or in the first months
of life is termed congenital (connatal). Because
the onset is difficult to document at that age (see
Chapter 16), the term congenital has been replaced
by or is used synonymously with infantile, which
includes all forms of strabismus with an onset
during the first 6 months of life. If the deviation
arises after that age, it iscaled acquired. A variant
of the acquired form is acute esotropia (see Chap-
ter 16). These forms are also spoken of as primary
heterotropia. The meaning of the term secondary
heterotropia is not quite uniform. In genera it
refers to a deviation that results from some known
cause such as a sight-impairing disease or trauma
of one eye (sensory heterotropia), or after surgical
overcorrection (consecutive heterotropia). Occa-
sionally an esotropic eye may change spontane-
oudly into an exodeviation, in which case the term
consecutive deviation is also used.

Paralytic Strabismus

Paralysis and Paresis

If the action of a muscle or a group of musclesis
completely abolished, this condition is a paralysis
or palsy; if the action of the muscle or muscles is
impaired but not abolished, this is a paresis. It is
not always possible to distinguish on clinical
grounds between paresis and paralysis since an
apparently paralysed muscle may occasionally re-
gain some function after surgery or Botox (botuli-
num toxin, type A) injection of its antagonist.
Inability to move an eye in a certain gaze direction
does not automatically imply that the muscle in-
volved is paralyzed, as mechanical factors may
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also impede ocular motility. In that case the term
paralysis, which should be limited to an innerva-
tional cause of restricted motility, is inappropriate.

Muscles Affected

Theterms N [11, N IV, and N VI paralysis refer to
paralyses of muscles supplied by those cranial
nerves. If all extraocular muscles supplied by the
third cranial nerve are paralyzed, the paralysis is
termed a complete oculomotor palsy; if one or
more extraocular muscles are spared, the oculomo-
tor palsy is partial. If all extraocular muscles
are paralyzed, the condition is called an external
ophthalmoplegia. If the intrinsic ocular muscles
are paralytic, one speaks of an internal ophthal-
moplegia. If both the extrinsic and intrinsic ocular
muscles are affected, then complete ophthal-
moplegia occurs.

Duration and Cause

The characteristics of a paralytic strabismus vary
with time (see Chapter 20). One must therefore
separate the cases of paralytic strabismus ac-
cording to duration of the condition and time of
onset. In these cases, as in comitant heterotropias,
the paralysis may be congenital or acquired. Ac-
quired paralytic strabismus, in turn, is acute or
gradual, and may be caused by trauma, infection,
inflammation, vascular conditions, tumors, or de-
generative processes.

Seat of Lesion

Depending on the seat of the lesion, neurogenic
paralyses of extraocular muscles may be supranu-
clear, nuclear, or infranuclear in origin. Myogenic
paralyses result from diseased states of the mus-
cles themselves.

Mechanical-Restrictive
Strabismus

Structural alteration of the muscle itself or of its
antagonist may limit its ability to function nor-
mally. In that case we speak of mechanical (also
structural or restrictive) strabismus as opposed to
innervational strabismus.

Orbital Strabismus

Any ocular misalignment caused by anomalies of
the orbit or of the face (craniofacial dysostoses,
plagiocephaly, hydrocephalus, heterotopia of mus-
cle pulleys, and so forth) may be referred to as
orbital strabismus.
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CHAPTER

Etiology of Heterophoria
and Heterotropia

n heterophoria there is a relative deviation of

the visual axes held in check by the fusion
mechanism, whereas in heterotropia there is a
manifest deviation of the visual axes. The relative
position of the visual axes is determined by the
equilibrium or disequilibrium of forces that keep
the eyes properly aligned and of forces that disrupt
this alignment. Clearly, the fusion mechanism and
its anomalies are involved in some manner in
producing comitant heterotropias. To understand
the etiology of neuromuscular anomalies of the
eyes, therefore, one should also gain an insight
into other factors that determine the relative posi-
tion of the visual axes.

First, there are anatomical factors, which con-
sist of orientation, size, and shape of the orbits;
size and shape of the globes; volume and viscosity
of the retrobulbar tissue; functioning of the eye
muscles as determined by their insertion, length,
elasticity, and structure; and anatomical arrange-
ment and condition of fasciae, ligaments, and pul-
leys of the orhit.

Second, there are innervational factors, that is,
al the nervous impulses that reach the eyes. These
factors include the co-movements of extraocular
muscles with intrinsic ocular muscles, psycho-
optical reflexes (fixation reflex, fusional impulses),
influences of the static apparatus on extraocular
muscles and their tonus (endolymph, vestibular
system, reflexes from neck muscles), and influ-
ences of the several nuclear and supranuclear areas
that govern ocular motility.
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Factors Responsible for the
Manifestation of a Deviation

Abnormalities of Fusion Mechanism

DEFECT OF MOTOR FUSION IN INFANTILE ES-
OTROPIA. Motor fusion in patients with hetero-
phoria is adequate to maintain a proper alignment
of the eyes. This does not mean that patients with
a heterophoria necessarily have normal sensory
fusion. In those with higher degrees of heteropho-
ria, suppression and a high stereoscopic threshold
may be present, but motor responses are sufficient
to keep the eyes digned. In heterotropia this is
not the case. These circumstances have led to a
theory of the etiology of strabismus developed by
Worth in 1903 in his famous book on squint.
His theory was that the essential cause of squint
is a defect of the fusion faculty*®6 »- 5 and indeed
is a congenital total absence of the fusion fac-
ulty.*ss p- 61 \Worth did not make a distinction be-
tween sensory and motor fusion.

Worth’s theory has had an enormous influence
on the thinking about strabismus, especially about
essential infantile esotropia, but objections to it
have been raised. In fact, Chavasse,® in editing
the seventh edition of Worth’s Squint, went so far

asto say

We need no longer vainly genuflect before the fireless
dtar of “defect of the fusion faculty”; anymore than
we need be content to regard lameness (with which
strabismus has so much in common) as a defect of the



walking faculty [p. 2] . . . To many it will be a relief
to see the exposure . . . of ““congenital defect of fusion
faculty” as a superstition which may have had its uses
in the past [p. viii].

The comparison with lameness limps, as do most
comparisons. Lameness may result from many
causes, among them a defect in the “walking
faculty,” that is, incoordination of the impulses to
muscle, as in tabetic ataxia, or from paralysis of a
muscle with contracture of the antagonist. In most
instances, however, lameness has little in common
with comitant strabismus.

To assess what Worth meant, one must reread
what he wrote. He stated that when the fusion
faculty is inadequate *‘the eyes are in a state of
unstable equilibrium, ready to sguint either in-
wards or outwards on slight provocation.” %6 p- 55
Precipitating factors may be hypermetropia, aniso-
metropia, motor anomalies, specific fevers, violent
mental disturbances, injury during birth, occlu-
sion, and hereditary factors. In other words, Worth
makes no claims other than that the factors that
lead to a latent deviation become manifest in the
absence of a proper fusion mechanism. By general
agreement, this is how heterophoria and hetero-
tropia are defined.

One must admit that Worth's proof for his
concept of a congenital weakness of the fusion
faculty*se P61 js not conclusive. He cited the exam-
ple of a young patient with alternating esotropia
and normal vision in each eye, no refractive error,
and no detectable motor anomalies. Hypermetro-
pia and mechanical elements therefore are ex-
cluded as etiologic factors. When tested with the
amblyoscope, the patient suppressed the image
from one eye and no amount of exercise enabled
him to fuse the two images. The esotropia, Worth
reasoned, must be the result of a congenita total
absence of the fusion faculty when, in fact, this
patient’s inability to fuse probably resulted from a
well-established suppression mechanism rather
than from a primary fusion defect. Indeed, consid-
ering that Worth, as stated above, did not make a
distinction between sensory and motor fusion, one
could conceive here that the original problem was
in the motor fusion mechanism and that suppres-
sion took place as a consequence of the loss of
ocular alignment. Another finding difficult to rec-
oncile with a primary sensory fusion defect is
the observation that some patients with essential
infantile esotropia show a remarkably high degree
of sensorimotor binocular cooperation (subnormal
binocular vision)'° after surgical alignment of the
eyes (see Chapter 16).
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Modern psychophysical research in infants> 3
has made it possible to add to the rather ancient
theory of Worth. It has become evident that motor
and sensory components of binocular vision such
as visual acuity,%® contrast sensitivity,® * stereop-
sis,” % and retinal disparity sensitivity
(vergences)®” are incompletely developed at birth
(see aso Chapter 11). The infantile visual system
appears especially vulnerable to destabilization
during this state of visual immaturity. The absence
of a strong vergence control mechanism in the
presence of a weak sensory input may explain the
high prevalence of transient esotropias or exotro-
pias in infants that later develop normal binocular
vision.> 1% With maturation of motor fusion, sta-
bilization of ocular alignment occurs. However, if
development of motor fusion is delayed or if mo-
tor fusion (i.e., the vergence system) is primarily
defective, perhaps from genetically determined
factors, esotropia may develop under the influence
of a variety of strabismogenic causes*® These
may include excessive tonic convergence, hyper-
metropia, anisometropia, anomalies of the neural
integrator for vergence movements, and other fac-
tors still unknown. Held,%” who proposed a similar
working hypothesis for the etiology of essential
infantile esotropia (see also Helveston®), points
out that this theory, while speculative, has the
advantage of being testable with available meth-
ods. Further reference to this theory is made in
Chapter 16.

SENSORY OBSTACLES TO FUSION. Observa-
tionsin older patients leave no doubt that interfer-
ence with fusion may precipitate a manifest devia-
tion in predisposed patients. The interference may
be of peripheral or central origin and produce
sensory or motor obstacles to fusion. Among the
peripheral sensory obstacles are conditions that
materially reduce the vision in one eye or the
patching of either eye. A result of patching is well
illustrated by the following example.

CASE 9-1.

A 14-year-old boy had a large chalazion of the right
lower lid. After removal of the chalazion, he wore a
bandage over the eye for 2 days. When the bandage
was taken off he complained of diplopia. He now
had an alternating esotropia of 40*. The visual acuity
was 6/6 in each eye and a hypermetropia of +5.0
sphere D was present OU. He was given the refrac-
tive correction which he had never worn before and
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fit-over base-out prisms that restored single binocu-
lar vision. The strength of the prisms was reduced
every 2 or 3 days. After 2 weeks the manifest devia-
tion had entirely disappeared, but an esophoria re-
mained for distance of about 204, with correction.
Both with and without correction, the boy had excel-
lent fusional amplitudes and full stereopsis. The pa-
tient refused to wear his refractive correction. Since
his vision was excellent, he had no symptoms and
the glasses were in his way. Throughout 2 years of
observation the condition remained unchanged. It
should be added that the boy's older brother had
been operated on for esotropia.

In essence, Case 9-1 demonstrates that a pe-
ripheral sensory obstacle, in this instance brief
occlusion of one eye, is capable of precipitating a
large manifest deviation when ordinarily a well-
functioning fusion mechanism would prevent such
an anomaly. A similar problem may also be caused
by centrally acting factors, as shown by the fol-
lowing cases.

CASE 9-2.

A 17-year-old girl was thrown from her bicycle when
it struck a tree. She sustained bruises and was
somewhat dazed, but there were no serious injuries.
As soon as she recovered from the initial shock,
she noted diplopia. Examination on the day of the
accident revealed standard visual acuity in each eye
with her correction for myopia, no sign of a paresis
or paralysis of an extraocular muscle, and an alter-
nating exotropia of 18 for distance. Single vision
could be readily obtained with prisms. After a few
days, spontaneous single binocular vision with good
amplitudes and stereopsis was reestablished, but
an exophoria of 154 was evident on dissociation of
the eyes.

CASE 9-3.

A 72-year-old woman began seeing double during
an attack of pneumonia 10 years before being exam-
ined and had seen double thereafter. According to
the ophthalmologist whom she consulted at the
time and others who saw her subsequently, there
was no evidence of a paralysis of an extraocular
muscle. Examination revealed standard visual acuity
in both eyes, a minimal refractive error (+0.25
sphere D OU), an alternating esotropia of 20* with-
out any sign of an inveterate paralysis, and good
fusional amplitudes and stereopsis on the synopto-
phore. An operation was performed that relieved

the patient of the diplopia. Two years later she had
an esophoria of 24 for distance and 8* of exophoria
for near, with correction. Binocular cooperation was
normal.

Cases 9-2 and 9-3 are examples of transient
or permanent impairment of the fusion mechanism
from traumatic or toxic causes. Toxic causes also
may be the precipitating factors in heterotropias
of childhood, athough it is difficult to prove this
point. In a significant number of cases it can be
established only by the history. Parents are known
to be prone to attribute an ocular deviation in their
children to an incidental cause—a fall or disease.
Yet, knowing how severe the toxic effect of dis-
eases such as measles or whooping cough may be
on the central nervous system, it is not unreason-
able to formulate the hypothesis that these condi-
tions may precipitate heterotropia in some chil-
dren. This question will be brought up again in
the discussion of the etiologic role of brain dam-
age (see p. 141).

A more permanent interference with the fusion
mechanism may cause sensory heterotropia in
children and adults. There is controversy in the
older literature at what age eso- or exotropia de-
velops when there is visual loss in one eye as a
conseguence of, say, a congenital or traumatic
cataract. We found that eso- and exotropia occur
with equal frequency when the onset of unilateral
visual loss occurs between birth and 5 years of
age.™® After that age, sensory exotropia predomi-
nates, and both sensory eso- and exotropia may
be accompanied by a dissociated vertical devia-
tion.*> 8 The reason a blind eye becomes esotropic
in some patients and exotropic in others is not
clear. Jampolsky”” postulated that tonic divergence
triggered by blurred peripheral and macular im-
ages in one eye relative to the other eye causes
the eye with poor vision to diverge. This theory
does not explain the mechanism of sensory esotro-
pia. Other authors have blamed the degree of
loss of visual acuity*® or the type of underlying
refractive error?+ » 172 for the direction of the devi-
ation. However, we were unable to establish a
correlation between these factors and the occur-
rence of sensory esotropia or exotropia.*s®

COMITANT STRABISMUS AS A RESULT OF
HORROR FUSIONIS AND DIPLOPIAPHOBIA.
Horror fusionis is a term used by Bielschow-
skye p-72 for a specific phenomenon—avoidance
of bifoveal stimulation. Historically, this subject



was dealt with first by von Graefe in 1854,%° when
he introduced the term *‘ reluctance to see singly”
(Widerwillen gegen Einfachsehen) and was later
mentioned by Javal who, in 1896, spoke of “re-
pulsion of images.’”™ The term horror fusionis
should not be loosely applied to other forms of
absent or deficient sensory fusion. The phenome-
non can be observed when images presented to
the eyes are moved slowly toward each other by
means of a haploscopic arrangement or rotary
prisms. One eye maintains fixation while the im-
age in the fellow eye is moved across the retina
closer to the fovea. The distance between the two
images is gradually reduced until the image in
each eye is close to or on the fovea. At that
moment the two images separate more widely, and
no amount of manipulation of the devices brings
about a superposition of the two foveal images.
The patient rejects bifovea stimulation whenever
it is attempted. Bielschowsky*® P 72 ascribed the
change in distance of the double images to varia-
tions in the deviation. He thought that two images
localized in the same direction without being
fused caused a feeling of discomfort that the pa-
tient instinctively endeavored to avoid by chang-
ing the angle of squint. Bielschowsky¢ P 7 also
believed that horror fusionis might be caused by
defective development of sensory connections in
the visual cortex.

There is little doubt that horror fusionis is
caused by a change in the angle of strabismus,
and in our experience the condition is quite rare
except when elicited artificially. For instance,
many orthoptists are acquainted with what they
call ““chasing,” that is, the continua increase in
deviation in tests with a major amblyoscope when-
ever the stimulus in the deviated eye is placed
on or near the fovea in the deviated eye. This
phenomenon could also be attributed to some sort
of anomalous disparity-induced vergence mecha
nism and be identical or at least similar to the
“eating up”’ of prisms.?

Avoidance or active rejection of bifoveal stimu-
lation may not be achieved solely by changes in
the deviation. Bielschowsky's definition of horror
fusionis may be enlarged by including deepening
of suppression and changes in the mode of local-
ization whenever bifoveal stimulations are at-
tempted. The clinical aspects of horror fusionis
were discussed in a monograph by Hamburger.5

The possibility has been mentioned in the older
literature that this aversion to bifoveal stimulation
conceivably is an etiologic factor in strabismus.
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Horror fusionis would then belong to the group of
etiologic factors that produce what has been called
a purposive strabismus,? P 125 comparable to the
diplopiaphobia of van der Hoeve.**® Van der
Hoeve reasoned that if a child did not have a
strong fusion mechanism, the result would be dou-
ble vision. Because diplopia is most disturbing,
the child would soon instinctively find it less
annoying if one eye were turned so as to bring
the image of the fixated object on a more periph-
eral retinal area of low visual acuity. As a result,
the child would acquire a constant strabismus,
having followed an active separatist policy, as
Chavasse** P 1?5 50 colorfully described it. A simi-
lar active policy may arise from a horror fusionis,
but the likelihood of this being the case is remote.

Reflexologic Theories

The concept of fusion does not mean the same to
all authors. To some, fusion is preformed anatomi-
cally and physiologicaly as a constitutional char-
acteristic of the individual. To others, fusion is
acquired by usage. To those who hold this latter
view, the concept of a congenitally defective or
absent fusion mechanism is not acceptable. To
Chavasse,>* P & fusion was an overt motor re-
sponse of the eyes based on conditioned reflexes
and as such was acquired by usage. Sensory fu-
sion, distinct from motor fusion, was not recog-
nized by him. Chavasse believed that peripheral or
central interference with development of binocular
reflexes causes an anomaly of these reflexes, ex-
pressed in a relative deviation of the visual axes.
If the interference lasts beyond the plastic stage
in development of a child, proper reflexes can
no longer be acquired by therapy. Nonsurgical,
orthoptic treatment aimed at restoration of binocu-
lar vision is useless once the child is no longer
in the plastic stage. This type of reasoning has
widespread appeal. One may hear it said, for ex-
ample, that a functional cure was achieved be-
cause of late onset of the deviation and that the
child had an opportunity to gain binocular experi-
ence.

Another strongly reflexologic view was cham-
pioned by Keiner,® who believed the causative
factor in strabismus to be a disturbance of the
optomotor reflexes, following the teaching of Zee-
man.” Keiner stated that optomotor reflexes de-
termine relative position of the eyes in the course
of postnatal development. He recognized a monoc-
ular duction reflex grafted on the proprioceptive
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reflex pathway, a binocular reflex for versions
grafted on the vestibular reflex pathway, and a
convergence reflex also grafted on the propriocep-
tive reflex pathway. According to Zeeman and
Keiner, the position of the eyes in the orbit during
fetal life depends on stimuli originating chiefly in
the proprioceptive and enteroceptive fields and the
labyrinths. With birth comes light—a powerful
conditioning stimulus that determines the function
of the foveae and the cooperation of the homony-
mous halves of the retinas through development
of optomotor reflexes. After a short transitional
period (during which the eyes of al infants have
only dissociated movements), the optomotor re-
flexes supersede older subcortical reflexes and
soon take precedence in determination of the posi-
tion of the eyes in space (binocular reflexes) or in
the orbit (monocular reflexes). The directing and
coupling process, initiated by optomotor reflexes,
eventually leads to full motor and sensory coordi-
nation of the eyes; in the infant, eyes change from
a state of dissociation to a state of association.
The abnormal position of eyes in convergent stra-
bismus is a consequence of abnormal development
of optomotor reflexes and consists of a predomi-
nance of monocular adduction reflexes over those
for conjugate movements and abduction.

Keinerst concluded from his studies that all
neonates are potential squinters and that this uni-
versal disposition is offset in the first 18 months
of life unless interfered with by endogenous or
exogenous factors. Keiner thought that the cause
for disturbance of development of optomotor re-
flexes might be a delay in the process of myelina-
tion of pathways, a possibility that had been al-
luded to as early as 1897 by Steffan.’*® These
thoughts are not entirely at odds with our current
thinking on the etiology of infantile esotropia ac-
cording to which a delay in the development of
motor fusion, which could conceivably be caused
by a delay in the myelinization of the pathways
for vergences may be responsible for this condi-
tion (see p. 135) Lang® also blames a delay of
myelinization or difficulties in coordination be-
tween ocular and vestibular influences on a nasal
fixation bias which in turn causes infantile esotro-
pia.

Factors Causing the
Underlying Deviation

Mechanical (Muscular) Theories

At the beginning of scientific ophthalmology, the
first theories were that mechanical or muscular

malfunction caused comitant strabismus. They su-
perseded earlier physiologically oriented theories,
which were largely speculative and even fantastic.
The mechanical theories arose largely because of
the development around 1840 of an operative pro-
cedure for successfully correcting horizontal devi-
ations. Since deviations could be corrected by
mechanical means, it seemed reasonable to as-
sume that mechanical factors were responsible for
them. These mechanical factors were held respon-
sible for anomalies affecting the action of antago-
nistic muscles due to disproportions in their struc-
ture, length, cross section (mass), and elasticity,
or to anomalies of the insertions. Structural anom-
alies of the orbits and orbital tissues were aso
taken into consideration.

In subsequent years the foremost exponents of
the muscular theory of the etiology of comitant
strabismus have been Scobee™! and Nordl ow. 3 114
Scobee was of the opinion that in 90% of patients
with heterotropia there is an underlying anatomi-
cal cause for the deviation. He observed anomalies
of the check ligaments that consisted of thick-
ening, fusion, and posterior extension on the mus-
cles and supernumerary muscle slips and foot-
plates on otherwise normal-appearing insertions.
These footplates were described as attaching the
muscle to the globe anywhere from 2 to 7 mm
behind its insertion. They corresponded in all
probability to structures described much earlier by
Motais'® (see p. 40). Scobee pointed out that the
effect of these anomalies was to prevent relaxation
of the antagonist of the affected muscle, and he
believed that existence of the anomalies had a
bearing on the type of operation to be performed.
Since anatomical anomalies cannot be detected
during preoperative examination of the patient,
Scobee suggested that the decision about the type
of operative procedure should be made while the
patient is on the operating table following a forced
duction test by which the passive mobility of the
globes can be determined.** It is of interest that
the concept of etiologic significance of primary
structural alterations in the extraocular muscles
of strabismic patients is upheld by contemporary
authors. Domenici and coworkers® described al-
terations of both contractile structures and mito-
chondria, more pronounced at the scleral myoten-
dinous junction than in the actual muscle belly, in
patients with infantile esotropia. Corsi and co-
workers® reported on alterations of extraocular
muscle proprioceptors in this patient group.

In most patients it is impossible during an



office examination to establish the presence or
absence of anatomical abnormalities, but certain
important facts can be uncovered about function-
ing of the muscles. In many patients with hetero-
tropia, varying degrees of excessive or defective
excursions of the globe can be observed. The
extent to which the eyes are capable of rotating is
important not only in determining the best opera-
tive approach but also has a bearing on the etiol-
ogy of strabismus.

The first to take into account the behavior of
the rotations, that is, the extent and position of
the monocular and binocular field of fixation in
strabismus, was von Graefe.®* He stated that in
comitant strabismus the amplitudes of the excur-
sions were normal in extent but that their midpoint
was displaced nasaward in esotropia and tem-
pleward in exotropia. In this von Graefe saw sup-
port for his muscular theory of strabismus. Ac-
cording to this theory strabismus is caused by
disproportion in the mean length of the different
extraocular muscles. Landolt®* also emphasized
the importance of determining the amplitude of
the horizontal excursions, but he® and other sup-
porters of the accommodative theory of strabismus
believed that displacement of the excursions was
secondary, occurred gradually under the influence
of convergence and accommodation, and resulted
eventually in contractures of the muscles.

The most exhaustive studies of the horizontal
excursions were made by Hesse? and by Nor-
diow.** Hesse confirmed von Graefe's theory®!
regarding the horizontal excursions in esotropia
and exotropia and found that in 70% of the cases
there was agreement between the displacement
and the angle of sguint within the limits of error
of the method (5°). Hesse did not evaluate his
material from the point of view of etiology. He
was interested in the changes in position of the
midpoint of the excursions following operative
procedures.

Nordldw,*** on the other hand, undertook his
painstaking study with special regard for the etiol-
ogy of comitant esotropia. He investigated statisti-
cally the visual acuity, refraction, angle of squint,
horizontal excursions, fusional amplitudes, retinal
correspondence, and depth perception in a group
of normal subjects and in a group of sguinters.
Nordldw found in the normal subjects no statisti-
cally significant difference in horizontal excur-
sions between the right and left eyes or between
adults and children. For each subject there was
good agreement between the heterophoric position
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and displacement of the midpoint of horizontal
excursion of the eyes. Nordlow considered this
displacement to be an expression of the heteropho-
ric position. A nasal displacement of horizontal
excursions of normal amplitude could only be
explained on the basis of mechanical factors. Nor-
dlow concluded from his study that at the time of
onset of a constant esotropia mechanical factors
are present that produce a strabismus even if the
fusion mechanism is normal. In constant strabis-
mus the refractive factor plays a subordinate role.

One of the main arguments of Scobee'* and
Nordlow*** in favor of mechanical (muscular),
possibly hereditary, causes of strabismus is the
frequency with which onset of esotropia occurred
at birth or in early infancy. Curioudly, this same
observation convinced Keiner that mechanical fac-
tors could not be held responsible. The diametri-
cally opposed inferences drawn by these authors
from the same premise would indicate that there
is no conclusive evidence for either theory.

Structural Anomalies of Extraocular
Muscles

A discussion of mechanical theories would be
incomplete without reference to the fact that con-
genital or acquired anomalies of extraocular mus-
cles or adjacent orbital structures may cause stra-
bismus. Among these anomalies are acquired
myopathies, acquired and congenital fibrosis, frac-
tures of the orbital bones, Brown syndrome, and
many others that are discussed in detail in the
appropriate chapters of this book. Systemic dis-
eases such as sarcoidosis®™® 7 or tumor metasta-
sest? % may affect extraocular muscle and produce
manifest strabismus.

Congenital absence (agenesis) or anomalous in-
sertion of one or several extraocular muscles is
described in Chapter 3. This anomaly, often unsus-
pected by the ophthalmologist during preoperative
evaluation of the patient, may not become appar-
ent until the time of surgery and a swift decision
may then be required by the surgeon regarding
alternative surgical approaches. If muscle surgery
is contemplated in a patient with Crouzon's dis-
ease, agenesis or anomalous insertion of extraocu-
lar muscles must always be suspected because
these variations are very prevalent in such
mm, 136

Role of Accommodation and
Refraction in Comitant Strabismus

When Donders* discovered the close relationship
between accommodation and convergence, he also
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provided the means for understanding a frequent
cause of heterotropia. This relationship was treated
in detail in Chapter 5. The reader will recall that
whenever a given amount of accommodation is
exerted, a well-defined amount of convergence
(called accommodative convergence) is coupled
with it. An excessive amount of accommodation,
required to clear the retina image at a given
fixation distance, generates an excessive amount
of accommodative convergence. This occurs, for
example, in the uncorrected hypermetrope. Ac-
cordingly, one generally finds an esophoria present
in uncorrected hypermetropes and an exophoria in
uncorrected myopes;, however, neither excessive
nor deficient convergence impulses in themselves
lead to esotropia or exotropia. The vast mgjority
of people have adequate motor fusion and there-
fore are not heterotropic; but if the fusional ampli-
tudes are inadequate or if the fusion mechanism
is impaired by some sensory obstacle, the eyes
may deviate. Once fusion has broken down, all
other etiologic factors (mechanical and innerva-
tional as well as accommodative) gain free rein
and a heterotropia is established. At first it may be
intermittent, but in time it will become constant.

Refractive errors, through their effect on ac-
commodation, are without doubt one of the prime
causes of misalignment of the eyes. Removal of
the deviation by corrective lenses in one third of
the patients with comitant esotropia is simple and
direct evidence for this.

To be sure, Donders's theory* since its incep-
tion has found critics who demonstrated that there
are esotropes who are emmetropic or even myopic
and exotropes who are hypermetropic. Other crit-
ics have pointed out that there is no correlation
between the amount of the refractive error and the
size of the deviation. All this is quite true, but it
does not affect the soundness of Donders’s theory.
First of al, there is a group of patients who have
an esotropia that is not accommodative in origin
to which Donders's theory does not apply, but
there remain two thirds to whom it does apply.
Furthermore, the amount of deviation induced by
accommodation depends on the individual's re-
sponsiveness, that is, his or her accommodative
convergence/accommodation (AC/A) ratio (see
Chapter 5). If the AC/A ratio is high or very
high, large deviations will occur regardless of the
refractive error. Also, patients with moderate hy-
permetropic errors (2D to 3D) frequently have
a high AC/A ratio, whereas patients with high

hypermetropia (5D or more) frequently have alow
AC/A ratio.**?

All these matters must be understood to evalu-
ate Donders's theory in the somewhat expanded
form presented in this chapter. Solidly based on
physiologic facts and clinical observations, his
remains the best-substantiated theory of the cause
of certain types of strabismus (see also Chapter
16).

Fixation Disparity

The possibility that a relationship exists between
fixation disparity (p. 21) and heterophoria was
suggested many years ago by Ames and Gliddon*
who used the term “retinal dlip”” to describe what
is now known as fixation disparity. They found
fixation disparity associated with heterophorias,
but exceptions were observed in patients with exo-
phoria or esophoria in whom disparity was not
noted.

Jampolsky and coworkers’ investigated the
possibility of quantitatively expressing the rela-
tionship between fixation disparity and heteropho-
ria. They found that while the direction and mag-
nitude of the disparity in esodeviations correlated
well with the direction and magnitude of the het-
erophoria, such a relationship could not be estab-
lished for exophorias. In fact, in many patients,
exophoria was associated with esodisparity.

Crone®= aso implied a close relationship be-
tween fixation disparity and heterophorias. Using
the technique of Ogle and coworkers'® he demon-
strated that esodisparity is present in patients with
esophoria and exodisparity with exophoria. How-
ever, using an experimental method that interferes
only minimally with the condition of casual seeing
(phase difference haploscopy), Palmer and von
Noorden''” showed that small degrees of hetero-
phoria do not necessarily produce fixation dispar-
ity and that fixation disparity does not necessarily
sustain heterophoria.

The possible role of fixation disparity in the
etiology of heterophorias is far from being settled.
Convincing data are lacking that indicate a consis-
tent qualitative and quantitative relationship be-
tween fixation disparity and heterophorias in all
directions of gaze as well as the absence of fixa-
tion disparity in orthophoric subjects. Far-reaching
and in our opinion often unsupported conclusions
have been drawn with respect to the etiology of
heterophoria from an experimental situation in
which the fusible material in the central or periph-



eral field of vision of an observer was artificially
reduced or in which fixation disparity was artifi-
cialy provoked by stressing motor fusion with
prisms or lens-induced vergences. The available
evidence is insufficient to establish that fixation
disparity is anything more than a physiologic vari-
ant of normal binocular vision. This should not
distract from the value of lens-induced fixation
disparity as a laboratory method for determination
of the AC/A ratio (see Chapter 5).

Other Innervational (Neurologic)
Factors in Comitant Strabismus

Innervational causes have been implicated in the
etiology and pathogenesis of strabismus ever since
the inception of scientific ophthalmology. They
were recognized in general terms as early as 1855
by Mackenzie,®® who stated that

The cause of strabismus should be sought elsewhere
than in the muscles of the eyes, elsewhere than in the
reting; that is to say in the brain and nerves, organs
which preside over the association of acts of the mus-
cles of the eyes.

Donders's theory suggests that a specific inner-
vational mechanism exists for esotropia. Adler®
found that one third of the patients with comitant
esotropia fit Donders's theory and fell into the
purely accommodative class. In another third the
accommodative element was more or less promi-
nent. The nonaccommodative element in this latter
group and in the remaining one third, in whom
no contributing accommodative element is found,
requires an explanation. It is to these patients that
musculomechanical interpretations of the devia-
tion have been applied by some workers. Others
also have alleged innervational causes for the non-
accommodative factor of the deviation.

PARETIC ELEMENTS. Snellen'®> held that nonac-
commodative comitant heterotropia in all cases
should be considered paralytic in origin in the
absence of a better explanation of its pathogenesis.
Since Snellen, several investigators have con-
curred with his opinion.

Paresis of an extraocular muscle may lead to
paralytic strabismus. With diminution of the pare-
sis, the paralytic strabismus tends to acquire char-
acteristics of a comitant strabismus, and this is
known as spread of comitance (see Chapter 18).
There is no doubt that a certain number of cases
of strabismus that are connatal or appear in early
infancy are indeed paretic in origin because of a
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paresis of a horizontal rectus muscle. However,
one should not unduly stretch this hypothesis to
cover all cases of infantile nonaccommodative
strabismus.

A vertica deviation also may reasonably be
assumed to be the immediate cause of a horizontal
strabismus. A paresis or paralysis of a vertically
acting muscle is a gross obstacle to fusion, and
one amost invariably finds that in an adult with
acquired paralysis of such a muscle a horizontal
deviation is aso present because the preexisting
heterophoria has become manifest.

ANOMALIES OF THE BRAINSTEM. The intri-
guing possibility has been raised that infantile
strabismus may be caused by a congenital defect
in neural wiring of the brain stem that could
impede the function of recently discovered inte-
grating systems.®> These systems include the nu-
cleus prepositus and interneurons of the abducens
nucleus which connect the pontine horizontal gaze
center with the motor neuron of the media rectus
muscles. The nucleus prepositus receives visua
input as well as information on eye position and
movement. It acts as an interface between the
vestibular nuclei and the cerebellum. Although
there is no evidence to implicate the nucleus pre-
positus, it could be functionally capable of initiat-
ing events that lead to ocular misalignment.©

ANOMALIES OF CONVERGENCE AND DIVER-
GENCE. An excess of convergence or divergence
innervation from anomalies of the subcortical cen-
ters and pathways for convergence and divergence
have been implicated as a cause of strabismus by
prominent authors of the past.* *'® The clinically
useful classification of horizontal strabismus into
convergence and divergence excess and insuffi-
ciency by Duane’® (see Chapter 8) has similar
connotations. The high probability cannot be de-
nied that certain forms of esotropia, for instance,
hyperaccommodative, hypoaccommodative, and
nonaccommodative convergence excess (see
Chapter 16), or the nystagmus compensation syn-
drome (see Chapter 23), are caused by an excess
of convergence or that divergence insufficiency
(see Chapter 22) is caused by alack of divergence
innervation. However, there is little to support the
notion that other forms of esotropia or exotropia
are caused by similar mechanisms. For this reason,
aswell asto avoid any false etiologic implications,
we believe that the terms esotropia and exotropia
employed in English are preferable to convergent
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or divergent strabismus, as used in the European
literature.

VESTIBULAR SYSTEM. Doden* studied sponta-
neous nystagmus and optokinetic and postrotary
vestibular nystagmus and found abnormalities in
about 40% of patients with comitant strabismus.
Salman and von Noorden'?” reported abnormal
responses to caloric stimulation in children with
dissociated vertical deviations, congenital esotro-
pia, or both. These anomalies consisted of postca-
loric nystagmus of irregular amplitude and fre-
quency, vestibular hyperexcitability, and irregular
eye movements with the eyes closed and at rest.
According to Doden, a primary disturbance in
optomotor coordination exists in these children.
He sought the cause of the primary motor incoor-
dination in children with genetically determined
or acquired abnormalities and found birth injuries
to be predominant among the acquired abnormali-
ties. A normally developed sensory system can
compensate for the deficiency of motor coordina
tion. When accessory factors (hypermetropia, re-
duced fusion ability caused by general weakness
of the patient, and anatomical anomalies) are pres-
ent, a manifest deviation develops.

Hoyt™ reevaluated the vestibular system in stra-
bismic children by studying the vestibulo-ocular
response in congenital esotropia. He described this
response to be consistently abnormal in these pa-
tients, which is in contrast to the normal response
obtained from children with the nystagmus
blockage syndrome (see Chapter 23). However,
these findings do not necessarily indicate that dys-
function of the vestibular system is a primary
cause of infantile esotropia.

Safran and coworkers'? described an ‘“‘ocular
tilt reaction,” which occurs in a number of clinical
conditions that are believed to be related to ater-
ations in the otolithic or vertical semicircular canal
pathway, or both. This type of strabismus shows
a prominent vertical component associated with a
change in the perception of verticality, conjugate
cyclotorsion of the eyes, and a head tilt.

ANOMALIES OF THE VISUAL PATHWAYS. In
normal subjects optokinetic nystagmus is elicited
with equal facility, regardiess of whether the op-
tokinetic targets move in a nasotemporal or tempo-
ronasal direction. In esotropes, patients with disso-
ciated vertical deviations, and occasionally in
exotropes, the optokinetically elicited pursuit
movement is either absent or abnormal when the
stimulus moves in a temporal direction (optoki-

netic asymmetry.3¢ 103 143152 Thjs finding has been
interpreted as being indicative of anomalies in-
volving the visual motion processing centers of
the primary and extrastriate cortex, which, in turn,
are responsible for the strabismus.* 47 We* and
others'®2 have proposed a different mechanism and
suggested that this asymmetry, which is a normal
finding in visualy immature infants,® 1% is the
conseguence of disruption of normal binocular
vision early in life, rather than the manifestation
of a primary structural anomaly of the brain. The
absence of normal binocular input during infancy
disrupts maturation of the visual pathways, and
the immature stage of the optokinetic response,
with its nasotemporal asymmetry, persists. This
view is supported by the establishment of a direct
relationship between the presence of optokinetic
asymmetry and the age at which the strabismus
becomes manifest® (see a'so Chapter 16). Another
reason we think that optokinetic asymmetry is the
conseguence of strabismus rather than the mani-
festation of a primary anomay of the motion-
processing ability is the finding that this asymme-
try al'so occurs in nonstrabismic children who lose
sight in one eye prior to the sixth month of life.s

Kommerell®> suspects a common mechanism
for the optokinetic asymmetry and manifest-latent
nystagmus in patients with infantile esotropia (see
Chapter 16) He believes that cortical binocularity
is impaired in such patients, either because of a
primary defect or as a consequence of the esotro-
pia. Reduced binocularity prevents signal trans-
mission from the visual cortex to the brain stem
as evidenced by maldevelopment of slip control of
the retinal image. This dip explains the defective
optokinetic response to monocularly viewed and
temporally directed visua targets. This asymmetry
is also evident in the latent nystagmus with a tonic
preponderance directed nasalward with reference
to the fixating eye. The adduction preference of
the fixating eye is said to be due to a superimposed
gaze innervation with the purpose of dampening
the nystagmus. However, the question remains
open why manifest-latent nystagmus occurs only
in some patients with infantile esotropia, whereas
optokinetic asymmetry is a consistent feature of
this condition.

The demonstration of abnormal visually evoked
responses (VERS) by some authors™ (unconfirmed
by others'®?) have added further to speculations
that some patients with strabismus have structural
anomalies of the brain. This notion has gained
additional support because of the association of



optokinetic asymmetry and strabismus with misdi-
rection of the retinogeniculate pathways in pa
tients with albinism.?”: 3 However, some persons
with albinism have the capacity for binocular
visual processing, as well as for fusion and global
stereopsis, despite misrouted temporal retinal fi-
bers.

Tychsen's described marked reduction of the
connections between neighboring cortical domi-
nance columns in macagque monkeys with a natu-
rally occurring esotropia that resembled human
infantile esotropia in many respects. He believes
that these changes may actually be the cause of
the motor signs of infantile strabismus. However,
he aso deems it possible that these anomalies
are purely secondary and the result of abnormal
binocular experience during visual infancy. There
are no convincing data at thistimeto link primary
structural anomalies of the brain with the etiology
of essential infantile esotropia.

Lang® believes that manifest-latent nystagmus
and infantile esotropia have a common etiologic
denominator. He stated that the nystagmus is
driven by a functional preponderance of the nasal
half of the retina because of prematurity, birth
trauma, or from *‘other causes’” This functional
nasal preponderance of the retinas is said to be
reminiscent of a phylogenetically and ontogeneti-
cally older visua system with uncrossed fibers. It
causes children to take up fixation with either eye
in nasally eccentric areas shortly after birth. Dur-
ing the first few months the fixation area then
moves toward the foveola but the tendency for the
image to drift nasalward persists, causing latent
nystagmus during monocular viewing. In dis-
cussing this theory Kommerell®> pointed out that
it is difficult to explain why the slow drifts of the
nystagmus are toward the allegedly functionally
superior nasal half of the retina when the opposite
(a fast corrective saccade) should actually be ex-
pected. To this we add our concern about the
difficulties involved in determining nasally eccen-
tric fixation reliably in an infant. The observations
that infantile esotropia is rarely present at birth
(see Chapter 16) but typically develops during the
first trimester is also difficult to reconcile with
this hypothesis. The pronounced nasotemporal
asymmetry of differential light threshold in pa-
tients with infantile esotropia (see Herzau and
Starc™), favoring the temporal hemifield, must be
considered as a consequence of abnormal visual
experience early in life rather than as a evidence
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for a primary functional preponderance of the na
sal retina.

Brain Damage

Doden* suggested that the etiology of strabismus
should be clearly distinguished from its pathogen-
esis, that is, from mechanisms immediately re-
sponsible for this anomaly. In his view, distur-
bance of the optomotor coordination is the
pathogenetic factor, whereas birth injuries and
other endogenous or exogenous influences are eti-
ologic factors.

This theory, then, relates strabismus to brain
damage. With regard to brain damage there are
two opposing camps. Bielschowsky?¢ P did not
think enuresis and left-handedness were more fre-
guent in strabismic than in nonstrabismic children.
This opinion was based on a study by his pupil
Lippmann,®” who made a detailed analysis in 2086
cases of " stigmata of degeneration” and laterality
in their significance for strabismus. On the other
hand, Lessel® (see also Firth*), who reported in
more recent studies an increased prevalence of
left-handed and ambidextrous persons in an eso-
tropic population, felt that brain asymmetry or
anomalous wiring of the visua system may be the
cause of esotropia in some patients. Burian and
coworkers,? in studying the higher visual func-
tions in patients with amblyopia, and Burian,*® in
investigating the relation of eyedness and handed-
ness in amblyopic patients, did not find evidence
that these patients belonged in the class of brain-
damaged persons. A recent review'?® of studies
conducted between 1934 and 1986 showed that
the average percentage of right-handedness in the
strabismic population was 73.8% and of right-
eyedness, 46.9%. Both of these percentages are
considerably lower than in the general population
and the author of this review offered the hypothe-
sis that reduced right dominance in the strabismic
population may result from dysfunction of the
otoliths or their higher brain stem pathways, or
of both.1z

One could cite the high prevalence of strabis-
mus associated with mental retardation and espe-
cially with Down syndrome to make a point for
brain damage as a contributing factor to the etiol-
ogy of strabismus. Fisher® reported a prevalence
of 22% of mental retardation associated with in-
fantile esotropia without indicating, however, how
many of the retarded children had Down syn-
drome. According to other authors the prevalence
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of strabismus in Down syndrome ranges between
21%* and 57%.2

Vontobel*>® pointed to the high prevalence of
hypermetropia in Down syndrome, compared with
the frequency of hypermetropia among institution-
alized mentally defective patients.®” The same
point was made by other authors who emphasized
that inhibition of growth of the eye, to which they
ascribed the hypermetropia, is in accordance with
the generalized inhibition of growth in children
with Down syndrome. The high incidence of hy-
permetropiain brain-damaged children and in edu-
cationally subnormal children has also been em-
phasized by other authors.*® 5" & |n contrast to
these findings, Caputo and coworkers®? found an
about equal distribution of hypermetropia and my-
opia in 187 patients with Down syndrome.

Unger** believed that a general motor retarda-
tion, found in a large number of strabismic chil-
dren, was the most convincing expression of early
brain damage and that this damage was mainly
attributable to exogenous causes. Prominent
among these causes were birth injuries following
complicated births, in which he reported 45% of
300 patients as being strabismic. A high incidence
of strabismus among children who had sustained
a birth trauma was aso reported by other au-
thorS_GS, 71, 125, 130, 142

In marked contrast to these data are the figures
of Richter,*?*? 72 who found among 542 mothers
of strabismic children only 5.9% with a history of
abnormalities of pregnancy and 9.4% with a his-
tory of complicated deliveries. In a control series
of 53 mothers of children without strabismus who
were seen for external eye diseases or ocular injur-
ies, the corresponding figures were 7.5% and
11.7%, respectively. Richter concluded that the
frequency of exogenous factors to which strabis-
mus might be attributed is no greater in these
children than in nonsquinting children.

Gardiner and Joseph®® reported an interesting
association between congenital heart lesions and
eye defects. Of 85 children, al over 6 years of
age, examined by these authors, 12 (14%) had
strabismus. It is significant that of the cyanotic
group (tetralogy of Fallot) 24% were so affected,
whereas in the noncyanotic group only 12% were
heterotropic. In any event, the frequency of stra-
bismus in this population is four to six times
higher than in the general population. It is difficult
not to attribute to this nonhereditary factor a caus-
ative role in the appearance of the strabismus.

In further support of the etiologic role of brain

damage as a cause of certain forms of nonheredi-
tary strabismus is the high prevalence of strabis-
mus in children with cerebral palsy and premature
birth. Numerous studies, quoted in a review by
Hiles and coworkers,” cite the prevalence of stra-
bismus in patients with cerebral palsy as ranging
from 15% to 62%, with a 44% average in the
1953-1965 surveys. Esotropia occurred about
three times more often than exotropia in these
patients. A peculiar fluctuation between esotropia
and exotropia, which is not seen in the neurologi-
cally “normal’’ strabismic population, may appear
in these children and must be taken into consider-
ation when planning surgical therapy.*?®

Gallo and Lennerstrand® reported a prevalence
of strabismus of 9.9% in 528 premature children
as compared with a prevalence of 2.1% in 1047
full-term children. Excluding those with severe
regressed retinopathy of prematurity (ROP) and
reduced visual acuity, the prevalence was 8.5%
and 11%.% 82 Esotropia occurred about twice as
frequently as exotropia, and the prevalence of
refractive errors and of nystagmus was also higher
than in normal subjects.® Including children with
retinopathy increased the prevalence to 14.7% in
the first year of life in another study of 3030
premature infants enrolled in the Multicenter Trial
of Cryotherapy for Retinopathy of Prematurity.'’
There was a correlation between the seat and stage
of ROP, which indicates that the strabismus was
sensory in some patients and thus only indirectly
related to ROP. A high prevalence (20.7%) of
strabimus in children with very low birth weight
was also noted by Pott and coworkers.*?* However,
the infantile esotropia syndrome occurred in only
1.9% of this group, which is not more frequent
than what has been reported in normal children
and indicates that brain damage does not play an
important role in this particular condition. These
findings are in contrast with another study in
which infantile esotropia occurred more frequently
in children with low birth weight and prematurity
than in normal controls.1%

Brain injuries also may affect the centers for
motor fusion and cause strabismus. Such patients
become incapable of single binocular vision for
any length of time. After momentary superimposi-
tion of the double images, the eyes will begin to
drift into a position of small angle esotropia or
exotropia and diplopia will occur. Fusional ampli-
tudes are severely reduced or absent altogether.
Jaensch’® first described this condition in 1935, and
several other studies were published later.> 122 138



We have found this disorder in patients who had
suffered head trauma, usually followed by periods
of unconsciousness, and refer to it as post-trau-
matic fusion deficiency.® The clinical features of
this condition are discussed in Chapter 22.

The common association of latent and mani-
fest-latent nystagmus and infantile esotropia (see
Chapters 16 and 23) may also be interpreted as
evidence for primary brain dysfunction. However,
Kommerell® pointed out that latent nystagmus
and optokinetic asymmetry may occur also as a
consequence of strabismus® and the occurrence of
manifest-latent nystagmus is not limited to eso-
tropic patients.

As discussed, there is sufficient evidence that
strabismus occurs with increased frequency in a
population afflicted with brain damage. However,
care must be taken to not imply to parents that
children with strabismus who are apparently nor-
mal in all other respects are ‘‘brain-damaged.”
This may evoke unfounded parental anxiety or
guilt feelings. Unless more becomes known about
the nature of the disturbance causing the strabis-
mus in Down syndrome, menta retardation, or
prematurity, it suffices to mention the frequent
association of these conditons with strabismus.

Embryopathy

In view of the high prevalence of ocular and
systemic malformations associated with Duan€’s
syndrome (see Chapter 21) it has been surmised
for some time®* & that certain forms of strabismus
may be caused by a teratogen. This theory has
found firm support in the findings of a high preva-
lence of Duane's syndrome in thalidomide em-
bryopathy.1%+ 14t Since this entity may also be asso-
ciated with Mobius syndrome, isolated lateral
rectus palsy, or horizontal gaze paresis, Milleri
suggested that certain forms of incomitant hori-
zontal strabismus may result from a develop-
mental disturbance beginning early in the fourth
week of gestation and extending over the next 4
to 5 days.

In a recent multidisciplinary and multi-institu-
tional study® the risk factors for esotropia and
exotropia were examined in a cohort of 39,227
children, followed from gestation to the age of 7
years. The incidence of esotropia was 3% and of
exotropia 1.2%. Maternal cigarette smoking dur-
ing pregnancy and low birth weight were indepen-
dent and important risk factors for both esotropia
and exotropia. There was a clear correlation be-
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tween the number of cigarettes smoked per day
and the risk of developing horizontal strabismus.
The types of strabismus (e.g., accommodative vs.
nonaccommodative, infantile vs. late acquired
strabismus) were not further identified and the
etiologic connection remains unclear at this time.

A high prevalence of strabismus in children
afflicted by the fetal alcohol syndrome has also
been noted.z: 140

Facial and Orbital Deformities

The common association of horizontal or cyclo-
vertical strabismus with craniofacial dysostoses
(oxycephaly, Crouzon's disease, plagiocephaly)s?
or the association of certain forms of A- or V-
pattern types of strabismus with anomalies of the
lid fissures clearly implicates anomalies of the
bony orbit in the pathogenesis of certain forms of
strabismus. The role of desagittalization of the
oblique muscles in patients with plagiocephaly
and hydrocephalus causes dysfunction of the
oblique muscles and may result in cyclovertical
strabismus (see Chapter 19). Rotation of the entire
orbit along with the globe or heterotopia of muscle
pulleys (see Chapter 3) will change the action of
the extraocular muscles as will be discussed in
connection with apparent dysfunctions of the
oblique muscles (see Chapter 18) and A- and V-
pattern strabismus (see Chapter 19). Orbita le-
sions, for example, fibrous dysplasia,'®® may push
on the globe, restrict ocular motility, and cause
strabismus. Enlargement of the globe itself in high
myopia will limit rotation of the eye because its
posterior pole collides with the orbital walls or
the paths of some muscles has been altered®” (see
Chapter 21).

Genetics of Comitant
Strabismus

Every ophthalmologist is aware that strabismus
often affects more than one member of a family.
This observation goes back to antiquity. Indeed,
Hippocrates wrote: ‘“We know that bald persons
descend from bald persons; blue-eyed persons
from blue-eyed persons, and squinting children
from squinting parents. . . .’ An amusing though
quite chauvinistic account of how the causes of
congenital strabismus were viewed over 400 years
ago is found in the first printed textbook of oph-
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thalmology published in 1583 by G. Bartisch?
(Fig. 9-1).

The incidence of hereditary strabismus in a
strabismic population has been estimated as 30%
to 70%. In spite of the seemingly obvious heredi-
tary nature of strabismus and the vast literature
on the subject, fully reported in the volumes of
Francois,>® Waardenburg,*>* P 1 and Klein and
Franceschetti,® the mode of inheritance is by no
means clear because of the nature and frequency
of the condition and the methods used to study
the pattern of its inheritance. Almost without ex-
ception, writers on the subject have attempted to
find the mode of inheritance of manifest deviation.

There is no reason to believe that the manifest
deviation as such is heritable. What very likely is
heritable is the condition underlying the deviation,

the cause of the “‘disease” strabismus, which,
depending on circumstances, may or may not lead
to a manifest deviation.

To be sure, it is impossible to look for the
cause of strabismus, as there is no single cause
for al forms. We know that a variety of causes,
singly or combined, may lead to a deviation, mani-
fest or otherwise. Mechanical (musculofascial)
anomalies, paretic factors, anomalies in the ver-
sion system and in the systems for convergence
or divergence connected or not connected with the
function of accommodation and refraction of the
eyes, other anomalies in the optomotor system,
and anomalies in the sensory system are all more
or less well-documented factors in the cause of
strabismus.

In spite of these and many other factors identi-
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FIGURE 9-1. "The second chapter describes inherited and congenital strabismus/as it is passed on
from the mother’s womb. There are many forms of strabismus/as the eyes may turn/upward/
downward/outward toward the temples/and inward toward the nose. First/it is passed on to children
and people from their mother's womb/inherited from the parents and inborn. Such may be caused
by negligence of the mothers/as when they look at shining armor/fire and storm/lightning/gunfire/the
sun reflecting in water/also at dying people/or others/collapsing from severe infirmity/who twist and
contort their eyes in a hideous manner/likewise/when they watch the slaughter of animals/choked
and killed/who will also contort their eyes in agony/or look at people who are squinting themselves
and don't see well. Through all this carelessness/a woman will become slovenly/cause damage to
the fruit of her womb/so that it is then passed on to the children.” (Author's translation from Bartisch
G: Augendienst (Oftalmodoleia). Dresden, 1583, p 14. Facsimile reprint, London, Dawsons of Pall

Mall, 1966.)



fied as causing strabismus, this etiologic hetero-
geneity is mostly neglected by geneticists. Proba-
bly as a result of this neglect, there is a wide
diversity in the reported mode of inheritance.
Some authors concluded from theirs studies that
strabismus was recessively transmitted,2s: 35 132
whereas others stressed the dominant mode of
inheritance.5% 54 p- 1014

Dufier and coworkers® studied the inheritance
in 195 unselected patients with strabismus, sepa-
rating them into aternating strabismus without
amblyopia (presumably esotropia), alternating
strabismus with amblyopia, and accommodative
strabismus with a high AC/A ratio. This family
study and the complex segregation studies show
that the hypothesis of dominant autosomal inheri-
tance with incomplete penetrance is the most
probable of the three types.

Maumenee and coworkers'®® studied pedigrees
of probands with infantile esotropia and the ab-
sence of significant degrees of hypermetropia
These authors employed the method of segrega-
tion analysis for best fit to different models of
mendelian inheritance. A best fit was obtained
with a model of codominant inheritance, with a
high probability of being affected for homozy-
gotes carrying a relatively common alele. Since
standard errors from this analysis are large, the
transmission probability for this codominant
model differs significantly from mendelian expec-
tations. This suggests the existence of etiologic
heterogeneity among the 173 families studied by
Maumenee and coworkers, which could have re-
sulted from a major admixture of autosomal reces-
sive, some dominant, and even some nongenetic
cases.

Twin studies are of value in investigations of
the genetics of strabismus as in all other heritable
condition.** Here the concordance of the trait in
monozygotic twins as opposed to dizygotic twins
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is of particular importance, since a prevaence of
the former would indicate the heritable nature of
the trait under consideration. Waardenburg!5* - 1018
did indeed find such a prevalence in monozygotic
twins, as did Richter,*** P % and de Vries and
Houtman,*® whereas Weekers and coworkers!s®
and Francois™ did not (Table 9-1). Indeed, Week-
ers and coworkers concluded that, strictly speak-
ing, strabismus (i.e,, the manifest deviation) is
not genetic. They stated that it is a facultative
complication of an ametropia, which aone is ge-
netically determined.’* This isin marked contrast
to Waardenburg's opinion*®* P 1917 that both hyper-
metropia and esotropia are separately inherited
and to Lang's* finding that 10 of 24 monozygotic
twins had essential infantile esotropia, a condition
which we know to be independent of ametropia.

Richter'?* P 7> found no evidence for autosomal
recessive inheritance of strabismus and cautioned
about the assumption of autosomal dominant in-
heritance with incomplete penetrance. Instead, a
multifactorial system of inheritance was held re-
sponsible for the fact that fewer members in kin-
dred of the proband exhibited the trait than would
be expected. She considers the assumption un-
proven that sensory anomalies in strabismic pa-
tients are the consequence of the abnormal relative
position of the eyes. She claims that these sensory
anomalies (anomal ous correspondence, amblyo-
pia) are inherited traits. This view is supported
only by the frequency of their appearance in stra-
bismic families and has no support other than
the opposite view held strongly by even such
enthusiastic geneticists as Waardenburg.1>* p- 1014
Clearly, the enormous amount of work expended
by Richter has still not brought us nearer to the
solution of the problem.

To demonstrate how widely some authors may
differ in their opinions, even when reached on the
basis of very similar material, the conclusions

TABLE 9-1. Twin Studies in the Investigation of the Genetics of Strabismus

Monozygotic Twins

Dizygotic Twins

Study Concordant Discordant Concordant Discordant
Waardenburg's* 11 0 4 13
Weekers et al.’®® 4 6 2
Francois® 2 4 — _
Richter' 11 1 7 20
de Vries and Houtman®® 8 9 — _
Lang® 4 — _
Totals 43 22 17 35
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drawn by Schlossman and Priestley?® from a
rather large group of patients are quoted:

Hyperopia alone was not the cause of convergent squint.
Hyperactivity of the center of convergence, defective
fusion faculty and obvious anatomic malformation, al-
though important, were not major inherited factors ex-
cept in asmall percentage of the families. . .. There are
probably two types of inheritance: (a) a defect in the
ectoderm involving the nerve tissues, and (b) a defect
in the mesoderm, involving such structures as muscles,
check ligaments and fascial attachments. Anisometropia
is a relatively unimportant factor in the etiology of
familial esotropia. Amblyopia and abnormal retinal cor-
respondence are not inherited. By use of the a priori
method, it was found that the data fit a 3:1 ratio,
indicating a recessive inheritance for both esotropia and
exotropia. There was a certain lack of penetrance in
both the families with convergent and the families with
divergent strabismus. Convergence is dominant over
divergence. About 1 of every 4 persons is a carrier of
the gene for strabismus.*? r- 20

In a study of 32 patients with Williams syn-
drome (mental retardation, short stature, aortic ste-
nosis, ' elfin’” facies, and associated ocular anoma-
lies) Esswein and von Noorden*” found a
prevalence of strabismus of 78% (25 of 32 pa-
tients) which, with the exception of two patients,
consisted of infantile esotropia. Others have re-
ported that patients with Williams syndrome with-
out measurable strabismus may have a primary
microtropia.®® This extraordinarily high associa-
tion of Williams syndrome with infantile esotro-
pia, unmatched by any other medical condition
known to us, strongly suggests a genetic linkage
between the two diseases.

Summary

The study of the literature of genetics in strabis-
mus™® gives an impression of considerable confu-
sion. One cannot help but feel that most workers
in the field have looked in the wrong place, taking
certain motor and sensory manifestations (devia-
tion, amblyopia, and anomalous correspondence)
to be the trait that is inherited rather than the
underlying condition to which these traits are
owed. Richter?* P 7 helieved that these conditions
are not accessible to measurement. This view can
be challenged. There are functions that can be
quantitatively characterized and their distribution
in strabismic and nonstrabismic families estab-
lished. In relation to the deviation, such functions
are the AC/A ratio,*® optomotor responses (e.g.,
fusional amplitudes,®® but also responses of the
optovestibular system), and, in the families of

patients with an A or V pattern of fixation, the
configuration of the lids and structures around the
eyes. Instead of looking for an inheritance pattern
of amblyopia and anomalous correspondence, one
should investigate quantitatively retinal rivalry, the
readiness to suppress, and other similar functions.
One could even conceive of an ophthalmologist
well versed in biochemistry who would test the
hypothesis of Keiner,® that a heritable metabolic
factor is at the root of the presumed retardation of
myelination of the visual system.

Most of the work on the genetics of strabismus
was done 30 or more years ago. With the advent
of molecular biology and in view of the rapid
advances in gene identification in recent years, it
is hoped that strabismus once again catches the
interest of geneticists so that the pattern of inheri-
tance can be firmly established. The frequent asso-
ciation between Williams syndrome and infantile
esotropiat’” (19 of 32 patients) mentioned earlier
in this chapter should provide fertile ground for
further investigation with modern methods of ge-
netic research.

Accurate knowledge of the inheritance of stra-
bismus (in the broadest sense, not in the sense of
the deviation as such) would be of utmost practical
use. Suppositions would no longer have to be
relied on to answer the question of whether sen-
sory anomalies are cause or sequelae. Such infor-
mation might help to explain why certain patients
do and others do not respond to treatment.

The frequent occurrence of sensorimotor anom-
aliies in the pedigrees of strabismic probands'?
obliges the conscientious ophthalmologist to insist
on an examination of al siblings of a strabismic
child to rule out the presence of neurosensory
anomalies of the eyes. Such anomalies may be
subtle and thus may have escaped the attention of
parents. Abrahamson and coworkers? identified a
positive family history of strabismus and hyper-
metropia in excess of +3.00D as risk factors for
the development of strabismus. Children with
these characteristics were four to six times more
likely to develop strabismus than normal controls.

Concluding Remarks

In strabismus, the deviation, even if comitant, is
caused by a variety of etiologic factors. Each
author lays the greatest stress on those factors that
he or she finds most appealing on the basis of
theoretical concepts, persona clinical experience,



or individua research direction. A unitary theory
of the pathogenesis of strabismus is then devel-
oped in terms of mechanical anomalies or innate
paralysis and the admission that accommodation,
refraction, or other innervational factors may also
play a role is made almost grudgingly. The evi-
dence that a normal sensorimotor mechanism can
overcome remarkably severe anatomical and me-
chanical obstacles is neglected. Others to whom
strabismus is a purely innervational anomaly con-
sider it naive to alow mechanical factors to be
involved. From some writings the impression is
gained that nervous impulses act ailmost in a vac-
uum. To those who attribute a preponderant role
to the fusion mechanism or to toxic influences,
both mechanical and refractive elements are sec-
ondary, if they are acknowledged at all. And so it
is with al other theories.

As has been pointed out repeatedly in this
chapter, all elements listed contribute in varying
degrees to the appearance of a deviation. Some
authors have recognized this, and their number is
increasing. Foremost among them was Bielschow-
sky, 6P 51 who distinguished two groups of causes
of comitant strabismus—static causes and anoma-
lies of the sensorimotor system. Van der Hoeve's!
also stated explicitly that strabismus is neither a
purely static nor a purely sensorimotor or psychic
problem but a combination of al of them. Many
modern authors have expressed themselves in a
similar vein.

For the practicing ophthalmologist the truth, in
an academic sense, about the etiology of strabis-
mic deviations is of small importance. However,
it is necessary to be well acquainted with the
multiplicity of causes that may lead to a deviation,
for a rationa treatment is possible only if the
cause is understood.
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