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Quantitative Analysis of Eye Movements

In the previous chapter, we discussed the anatomy and
physiology of the major intracranial and extracranial struc-
tures that control eye movements. In this chapter, we discuss
normal and abnormal monocular and binocular eye move-
ments as they pertain to the techniques used in the examina-

HISTORY

A careful history should always precede a complete exam-
ination of the ocular motor system. Patients with ocular
motor disorders may complain of a number of visual difficul-
ties, including diplopia, visual confusion, blurred vision, and
the vestibular symptoms of vertigo, oscillopsia, or tilt.

DIPLOPIA

Since misalignment of the visual axes causes the image
of an object of interest to fall on noncorresponding parts of
the two retinas, usually the fovea of one eye and the extrafo-
veal retina of the other eye, a sensory phenomenon occurs
that is usually interpreted as diplopia, the visualization of
an object in two different spatial locations. Depending on the
nature of the misalignment, the diplopia may be horizontal,
vertical, torsional, or a combination of these.

887

tion of patients with disorders of ocular motility. The reader
in further pursuit of the subjects considered in this chapter
should consult the books by Nelson and Catalano (1), Leigh
and Zee (2), and von Noorden (3).

Diplopia that results from ocular misalignment disappears
with either eye closed: it is a binocular phenomenon. Binocu-
lar diplopia is almost never caused by intraocular disease,
although Burgess et al. reported a series of patients who
developed binocular diplopia from the presence of a subreti-
nal neovascular membrane in one eye (4). The pathophysiol-
ogy of binocular diplopia with uniocular disease is unclear,
but it may represent the establishment of rivalry between
central and peripheral fusion mechanisms.

Diplopia that persists with one eye closed, monocular di-
plopia, is rarely caused by neurologic disease. In almost all
cases, it is produced by local ocular phenomena, including
uncorrected astigmatism or other refractive errors, corneal
and iris abnormalities, cataract, and macular disease (5–10).
Most patients with this type of monocular diplopia will rec-
ognize a difference in the intensity of the two images they
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see. One image will be fairly clear, but the second image
will be perceived as ‘‘fuzzy’’ and may be described as a
‘‘ghost image’’ that overlaps the clear image.

Rare cases of monocular diplopia and polyopia are occa-
sionally reported in patients with central nervous system dis-
ease (11–15). Patients with ‘‘cerebral polyopia’’ usually do
not complain of overlapping images and generally see each
image with equal clarity. In addition, the monocular diplopia
in these patients is always seen with both eyes (i.e., with
either eye covered). Such patients usually have lesions in
the parieto-occipital region. The mechanism of cerebral di-
plopia-polyopia is unknown. Bender postulated that an insta-
bility of fixation from occipital disease could produce rapid
ocular excursions with consequent stimulation of retinal
areas or ‘‘competing maculae’’ (11). Other evidence sug-
gesting a role for the occipital lobe in the pathogenesis of
cerebral diplopia or polyopia came from the work of Brin-
dley and Lewin, who stimulated different sites in the visual
cortex of a patient who was blind from glaucoma (16). The
patient reported seeing two, three, or multiple points of light.

Monocular diplopia is occasionally described by patients
after surgery to correct congenital strabismus (3,17). In such
patients, it is believed that a portion of the extrafoveal retina
in the previously deviated eye has been used as a ‘‘fovea’’
for many years. Once the true foveae of the two eyes are
aligned, there is apparently a sensory conflict in the previ-
ously deviated eye between the true fovea and the portion
of the retina that previously corresponded to the fovea of
the opposite eye. Such patients may complain of monocular
diplopia or binocular triplopia. These symptoms usually dis-
appear with time.

Monocular diplopia may be a complaint of individuals
with no evidence of ocular or cerebral disease. Such patients
should not undergo extensive neurologic or neuroimaging
evaluations.

Thus, in any patient complaining of ‘‘diplopia,’’ one
should first determine if it is binocular or monocular. If the
diplopia is monocular and the patient is otherwise healthy,
the examiner may concentrate on ocular, rather than neuro-
logic or myopathic, disorders that affect ocular alignment.
In patients with binocular diplopia, the eyes are presumably
misaligned, and the examiner should ascertain whether the
diplopia is horizontal, vertical, or so forth; if it is better or
worse in any particular direction of gaze; if it is different
when viewing at distance or near; and if it is affected by
head posture.

VISUAL CONFUSION

In patients with misalignment of the visual axes, the macu-
lae of the two eyes are simultaneously viewing two different
objects or areas. Occasionally, both macular images may be
interpreted as existing at the same point in space. This sen-
sory phenomenon is called visual confusion. Patients with
visual confusion complain that the images of objects of inter-
est are superimposed on inappropriate backgrounds.

BLURRED VISION

Misalignment of the visual axes does not always produce
diplopia or visual confusion. In some patients, the images

of an object seen by noncorresponding parts of the retina
are so close together that the patient does not recognize di-
plopia but instead complains that the vision is blurred when
both eyes are open. Similarly, some patients interpret visual
confusion not as image superimposition but as simple
‘‘blurred vision.’’ Blurred vision that exists only with both
eyes viewing is quite common in the early stages of an ocular
motor nerve paresis. In such patients, the blurred vision
clears completely if either eye is closed.

Blurred vision that resolves with one but not either eye
closed usually suggests a primary visual sensory disturbance.
Blurred vision that does not resolve with either eye closed
also usually occurs from visual sensory disease but may also
occur in some patients with disorders of saccades (e.g., sac-
cadic oscillations such as ocular flutter; see Chapter 23) and
in patients with impaired pursuit leading to disordered
tracking.

VESTIBULAR SYMPTOMS: VERTIGO,
OSCILLOPSIA, AND TILT

Patients with disorders that affect the vestibular system
may complain of disequilibrium or unsteadiness, symptoms
that reflect imbalance of vestibular tone. A common com-
plaint of patients with vestibular imbalance is vertigo, the
illusory sensation of motion of self or of the environment.
Vertigo usually reflects a mismatch between vestibular, vis-
ual, and somatosensory inputs concerning the position or
motion of one’s body in space (see Chapter 17) (18). Al-
though it is helpful to question patients with vertigo as to
the direction of their vertiginous illusions, they are often
uncertain because their vestibular sense indicates head rota-
tion in one direction, whereas their eye movements (the slow
phases of vestibular nystagmus) are producing visual image
movements that connote rotation of the head in the opposite
direction. It is best to evaluate the vestibular sense alone
by asking the patient about the perceived direction of self-
rotation with the eyes closed, thus eliminating conflicting
visual stimuli.

Oscillopsia is an illusory to-and-fro movement of the envi-
ronment that may be horizontal, vertical, torsional, or a com-
bination of these directions. It is usually caused by an insta-
bility of fixation from mechanical or neurologic disorders
(19–21). When oscillopsia is produced or accentuated by
head movement, it is usually of vestibular origin. Oscillopsia
is rarely present when ocular motor dysfunction is congen-
ital.

A third group of vestibular symptoms include the percep-
tion of tilts—static rotations of the perceived world or the
body. These complaints usually reflect a disturbance of the
otolith organs, from either peripheral or central causes (see
also Wallenberg’s syndrome in Chapter 19) (22). When deal-
ing with such patients, as with patients who complain of
vertigo, the examiner should ask about the perception of
the positions of the body with the eyes closed, to eliminate
conflicting visual stimuli.
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EXAMINATION

The examination of the ocular motor system generally
consists of the assessment of (a) fixation and gaze-holding
ability, (b) range of monocular and binocular eye move-
ments, (c) ocular alignment, and (d) performance of versions
(saccades, pursuit). In addition, depending upon the findings
of the basic examination, it may be appropriate to test the
vestibulo-ocular and optokinetic reflexes and to attempt me-
chanically to move the eyes using forced duction testing.

FIXATION AND GAZE-HOLDING ABILITY

Principles

In an awake individual, the eyes are never absolutely still.
Fixation is interrupted by three distinctive types of miniature
eye movements: (a) microsaccades, with an average ampli-
tude of about 6 minutes of arc and a mean frequency of
about 2 per second; (b) continuous microdrift at rates of
less than 20 minutes of arc/second; and (c) microtremor,
consisting of high frequency (40–60 Hz) oscillations of
5–30 seconds of arc (23–25). Square wave jerks—sponta-
neous, horizontal saccades of about 0.5�, followed about 200
msec later by a corrective saccade and occurring at a rate
of less than 9 per minute—can also be observed during fixa-
tion in normal individuals. Herishanu and Sharpe suggested
that in normal individuals, square wave jerks are sporadi-
cally enlarged microsaccades (26). St. Cyr and Fender (27)
postulated that the spontaneous eye movements that occur
during fixation correct minor fixation errors, whereas
Ditchburn (28) believed that such movements may prevent
images from fading on the retina. Kowler and Steinman,
however, stated that these small saccades serve no useful
purpose, since vision remains clear when they are voluntarily
suppressed (29).

When no efforts are being made toward ocular fixation or
accommodation, the eyes are said to be in a ‘‘physiologic’’
position of rest. With total ophthalmoplegia, there is usually
a slight divergence of the visual axes, and this position usu-
ally also occurs during sleep, deep anesthesia, and death
(30–35).

Technique

In patients complaining of intermittent diplopia, visual
confusion, or strabismus, tests of sensory fusion (e.g., stereo-
acuity) and fixation should be performed before the eyes are
dissociated by tests of monocular visual function (e.g., visual
acuity, color vision, visual fields).

The initial part of the ocular motor examination should
consist of a careful study of fixation (36). The patient should
be instructed to focus on a distant target, and the eyes should
be observed carefully. Asking the patient to describe the
target can control attention. If strabismus is present, any
preference for fixation with one eye should be noted. Con-
stant or intermittent monocular and binocular eye move-
ments, whether conjugate or dissociated, should be noted.
Subtle degrees of abnormal fixation can often be easily de-
tected during the ophthalmoscopic examination (37). The

types of fixation abnormalities that may be observed are
described in Chapters 19 and 23.

RANGE OF EYE MOVEMENTS

Principles

To discuss eye movements, it is necessary to have a frame
of reference against which any movement may be quantified.
Accordingly, the primary position of the eyes has been arbi-
trarily designated as that position from which all other ocular
movements are initiated or measured (38,39).

It was once assumed that all ocular motions occurred
around a fixed point in the orbit called the center of rotation.
It has been shown, however, that there is no fixed center of
rotation that does not move when the globe rotates and that
the globe translates during every eye movement (40–41).
Thus, horizontal movements rotate the center of the globe
in a semicircle in the plane of eye rotation, called the space
centroid. Nevertheless, for practical purposes, the globe can
be considered to rotate around a fixed point that lays 13.5
mm posterior to the corneal apex and 1.6 mm nasal to the
geometric center of the globe.

All movements of the globe around the hypothetical center
of rotation can be analyzed in terms of a coordinate system
with three axes perpendicular to each other and intersecting
at the center of rotation (Fig. 18.1). These three axes, de-
scribed by Fick in 1854, are called the x, y, and z axes of
Fick (42). The y axis is equivalent to the visual axis; the z
axis is vertical (around which the eye rotates horizontally);
and the x axis is horizontal (around which the eye rotates
vertically). These axes are stable with respect to a frontal
plane, fixed in the skull, that corresponds roughly with the
equatorial plane of the eye when it is directed straight ahead
(Listing’s plane) (43).

Figure 18.1. The axes of rotation of the eye. The y axis corresponds to
the line of sight when the eye is in the primary position, looking straight
ahead.
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Rotations of both eyes (relative to one another) in the
same direction are called versions. Rotations in opposite di-
rections are called vergences. Only convergence (movement
of the eyes toward one another) in the horizontal plane is
volitionally significant. Divergence amplitudes (movement
of the eyes away from one another) are small in normal
individuals.

Rotations of either eye alone without attention to the
movements of the other eye are called ductions. Horizontal
rotation (rotation around the z axis of Fick) is termed adduc-
tion if the anterior pole of the eye is rotated nasally (i.e.,
inward, medially) and abduction if the anterior pole of the
eye is rotated temporally (i.e., outward, laterally). Vertical
rotation (around the x axis) is called elevation (or sursumduc-
tion) if the anterior pole of the eye rotates upward and
depression (or deorsumduction) if it rotates downward.

Rotation during ductions or versions around either the
horizontal or vertical axis places the eye in a secondary posi-
tion of gaze. In achieving this position, there is no rotation
of the globe around the y axis (i.e., there is no torsion).

The oblique positions of gaze are called tertiary positions.
They are achieved by a simultaneous rotation around the
horizontal and vertical axes, a movement that can be consid-
ered to occur around an oblique axis lying in Listing’s plane.
When an eye moves obliquely out of primary position, the
vertical axis of the globe tilts with respect to the x and z
axes of Fick; however, this tilt is considered ‘‘false torsion’’
since it does not represent a true rotation around the y axis
but rather an apparent movement with respect to the planar
coordinate system. For an excellent video demonstration of
this phenomenon and its effect on visual perception, see
www.med.uwo.ca/physpharm/courses/llconsequencesweb/.
The amount of false torsion associated with any particular
oblique position of gaze is constant, regardless of how the
eye reaches that position (Donders’ law) (44). Tertiary posi-
tions of gaze are thus positions of gaze associated with false
torsion.

True ocular torsion is defined by the direction of the rota-
tion around the y axis of Fick (i.e., the visual axis) relative
to the nose. If the 12 o’clock region of the limbus rotates
toward the nose, the movement is called intorsion (incyclo-
duction; incyclotorsion). If the same area rotates away from
the nose, the movement is called extorsion (excycloduction;
excyclotorsion).

True ocular torsion occurs only minimally during volun-
tary versions. Volitional head tilts are preceded by a brief
torsion movement of the eye in the direction of the antici-
pated head tilt that disappears by the time the head reaches
its desired position (45). Thereafter torsion in the opposite
direction occurs to compensate for the head tilt (46). In this
setting, the torsion movements are called countertorsion or
counterrolling. Countertorsion has two components, dy-
namic and static. Dynamic countertorsion occurs during
head tilt and reflects the semicircular canal-induced torsional
vestibulo-ocular reflex (VOR) (47,48). Static countertorsion
persists at a given angle of any head tilt, but the amount
of rotation is minor compared with that which occurs from
dynamic countertorsion (49–51). Static countertorsion re-
flects a tonic otolith-ocular reflex (52,53). Each utricle influ-

ences both eyes in both directions but primarily controls tilt
to the contralateral side (54–56). In addition, abnormalities
in static countertorsion that are found in patients with intra-
cranial compressive lesions have been found to correspond
in part to the extent to which they impinge on the utricular
nerve and brain stem (56).

The entire concept of static countertorsion was challenged
by Jampel, who believed that the anatomy of the oblique
muscle tendon insertions prevents such torsion movements
from occurring (57–61). Numerous other investigators using
sophisticated magnetic search coil techniques subsequently
confirmed that static countertorsion does exist (62,63).

Most investigators find that static countertorsion repre-
sents only about 10% of the total amount of torsion associ-
ated with any large head tilt (64–66). Dynamic and static
torsion apparently work only within a small range to attempt
to keep the sensory vertical raphes of each retina perpendicu-
lar to the horizon (67). It is suggested that countertorsion is
a primitive compensatory adaptation of lateral-eyed animals
to head movements in the roll plane (68). With evolution of
the eyes to the frontal plane (to promote stereopsis) and
development of upright posture, this movement is merely
vestigial.

True torsion does occur as a normal component of volun-
tary convergence. Both eyes extort, and the extorsion is
greater in downward convergence than in upward conver-
gence (69). This may be a phylogenetically recent adaptation
in frontal-eyed animals to prevent distortions in pitch stere-
opsis of vertical lines caused by false intorsion during down-
ward convergence (68). (It is during downward gaze that
accurate pitch stereopsis is most important for walking and
reading.)

To discuss the independent action of any individual extra-
ocular muscle or any pair of extraocular muscles is strictly
a hypothetical convenience. In any actual rotation of the
globe, all six muscles are affected and act as a single muscle
unit with a single axis of rotation at any given moment (70).
The complete muscle unit can produce an infinite variety of
rotations consistent with Listing’s and Donders’ laws that,
together, state that when the line of fixation passes from the
primary to any other position, the angle of false torsion is
the same as if the eye had arrived at this position by turning
around a fixed axis perpendicular to the initial and final
positions of the line of fixation. Listing’s law has been modi-
fied to allow temporal rotation of Listing’s plane to account
for the necessary torsion during convergence (71). Neverthe-
less, some studies show that Listing’s and Donders’ laws
are not precisely followed in that some true torsion does
develop during eccentric gaze (72–74).

Demer et al. have shed light on the anatomic correlates of
an extraocular muscle pulley system surrounding the globe
roughly parallel to Listing’s plane that anchors the functional
origins of the muscles relative to one another and largely
explains how Listing’s and Donders’ laws are obeyed
(75–77). They have shown histologic and magnetic reso-
nance imaging (MRI) evidence of orbital fibrous connective
tissues that create this pulley system, allowing the extraocu-
lar muscles to function commutatively.

Within the concept of a single muscle unit, it nevertheless
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seems acceptable to discuss the action of the extraocular
muscles in the setting of individual antagonist pairs. Boeder
emphasized that the two horizontal rectus muscles have only
the primary action of either adduction (for the medial rectus)
or abduction (for the lateral rectus) (70). The primary action
of the two vertical rectus muscles is vertical eye movement
(elevation for the superior rectus and depression for the infe-
rior rectus), with both muscles additionally having secondary
actions of adduction and torsion (intorsion for the superior
rectus and extorsion for the inferior rectus). According to
Boeder, torsion is the primary action of the two oblique
muscles, with the superior oblique producing intorsion and
the inferior oblique producing extorsion. The secondary ac-
tions of these muscles are abduction and vertical movement
(depression for the superior oblique; elevation for the infe-
rior oblique). For the oblique muscles, the secondary vertical
actions are at least as great as the primary torsion effects.

Normal eye movements are binocular. Such movements
are called versions if the movements of the two eyes are in
the same direction. For practical purposes, the extraocular
muscles of each eye work in pairs during such movements,
with one muscle contracting (the agonist) and the other mus-
cle relaxing (the antagonist). The three agonist–antagonist
muscle pairs for each eye are the medial and lateral rectus
muscles, the superior and inferior rectus muscles, and the
superior and inferior oblique muscles. From experimentally
produced ocular motor palsies, Sherrington proposed that
whenever an agonist muscle receives a neural impulse to
contract, an equivalent inhibitory impulse is sent to the motor
neurons supplying the antagonist muscle so that it will relax
(78). This is called Sherrington’s law of reciprocal innerva-
tion.

For the eyes to move together to produce a horizontal
version, the lateral rectus of one eye and the medial rectus
of the opposite eye must contract together. These muscles
constitute a yoke pair. The other two yoke pairs are (a) the
superior rectus muscle of one eye and the inferior oblique
muscle of the other eye and (b) the superior oblique muscle
of one eye and the inferior rectus muscle of the other eye.
Implicit in the concept of a yoke pair is the premise that
such muscles receive equal innervation so that the eyes move
together. This is the simplest statement of Hering’s law of
motor correspondence (79).

Techniques

When testing the range of ocular movement, the examiner
should ask the patient to follow a target through the full
range of movement, including the cardinal (or diagnostic)
positions of gaze. The eyes are tested individually with one
eye covered (ductions) and together with both eyes open
(versions). The normal range of movements is fairly stable
throughout life for all directions except upgaze. Normal ab-
duction is usually 50�; adduction, 50�; and depression, 45�
(3). Upward gaze decreases somewhat with advancing age.
Chamberlain examined 367 ‘‘normal’’ individuals ranging
in age from 5 to 94 years of age (80). He found that there
was a progressive decrease in upward rotation of the eyes
from 40� in patients 5–14 years of age to only 16� in patients

85–94 years of age. Thus, limitation of upward gaze in an
older individual may simply be age-related and not necessar-
ily a new, pathologic process.

When the range of motion is limited, it is necessary to
determine whether the limitation is mechanical and, if not,
whether the disturbance is supranuclear or peripheral.

Several tests may be used to determine whether a mechan-
ical restriction of ocular motion is present. Mechanical limi-
tation of motion (such as that seen in patients with thyroid
ophthalmopathy or orbital floor fracture with entrapment)
can be inferred if intraocular pressure increases substantially
when the patient attempts to look in the direction of gaze
limitation (81–84). The intraocular pressure measurements
are most easily performed using a Tonopen or a pneumatic
tonometer, although any similar instrument may be used
(83).

Mechanical limitation of motion can more reliably be de-
tected with forced duction (or traction) testing. In such tests,
an attempt is made to move the eye forcibly in the direc-
tion(s) of gaze limitation (Fig. 18.2). As described by
Jaensch, this test is performed as follows (85). The cornea
is anesthetized using several drops of a topical anesthetic
such as proparacaine or tetracaine hydrochloride. The con-
junctiva is further anesthetized by holding a cotton swab or
cotton-tipped applicator soaked with 5–10% cocaine against
it for about 30 seconds. The conjunctiva is then grasped with
a fine-toothed forceps near the limbus on the side opposite

Figure 18.2. Forced duction testing. After the eye has been anesthetized
with topical proparacaine and cocaine, the conjunctiva just posterior to the
limbus is grasped with a fine-toothed forceps at a point opposite the direc-
tion of limitation. An attempt is then made to rotate the eye in the direction
of limitation. If no mechanical limitation is present, the eye can be moved
fully into the direction of limitation (solid black arrow). If mechanical
limitation is present, the eye will resist attempts to rotate it into the field
of limitation (dashed black arrow).
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the direction in which the eye is to be moved. The patient
is instructed to try to look in the direction of limitation, and
an attempt is made to move the eye in that direction (i.e.,
opposite that in which mechanical restriction is suspected).
If no resistance is encountered, the motility defect is not
restrictive; however, if resistance is encountered, then me-
chanical restrictions exist (86–90). In some patients, particu-
larly those who are cooperative and have substantial limita-
tion of movement, the forced duction test can be performed
simply by asking the patient to look in the direction of limita-
tion and then attempting to move the eye by placing a cotton-
tipped applicator stick against the eye on the opposite side
just posterior to the limbus (91). Other investigators recom-
mend using a suction device to perform and quantify forced
duction testing (92–94).

Forced ductions can also be used to test restriction of the
oblique muscles (95). For this test, the conjunctiva is grasped
near the limbus at the 3 o’clock and 9 o’clock position with
toothed forceps. Retropulsion of the globe is then applied,
putting the oblique muscles on stretch. The eye is then
moved from medially to laterally in an arc that follows the
orbital rim while depressed (to test the inferior oblique mus-
cle) or elevated (to test the superior oblique muscle). During
this process, a distinct bump is encountered as the globe
passes over the stretched oblique tendon or muscle. The re-
sistance of this bump toward passage of the globe is an indi-
cation of the tightness of the muscle.

Often, particularly in children or when testing restriction
of the oblique muscles, the forced duction test can be per-
formed only under general anesthesia (Fig. 18.3). However,
succinylcholine, which is often given to patients under gen-
eral anesthesia, produces tonic contraction of the extraocular
muscles, thereby altering the results of the forced duction
test (96–98).

In addition to the forced duction test, mechanical determi-
nation of muscle force can be used to assess the function of
apparently paretic muscles with contracture of their antago-
nists. An estimate of active muscle force present in patients
with limitation of ocular motility can be made by stabilizing
the anesthetized eye with a toothed forceps in a position near
the limbus on the side of the limitation while the eye attempts
to look into the field of the limitation (Fig. 18.4) (99,100).
The presence of a tug on the forceps indicates that a contrac-
tion of the suspected paralytic muscle has occurred. The
results of this ‘‘forced generation test’’ can even be quanti-
fied (101).

Nonrestrictive limitation of eye movements may occur
from disease of supranuclear or infranuclear structures.
Since the workup and management of the patient will vary
considerably depending on the location of the lesion, supra-
nuclear disorders must be distinguished from infranuclear
disorders. From a practical standpoint, supranuclear disor-
ders that cause abnormalities in the range of eye movements
usually result from lesions of the cerebral hemispheres or
the brain stem premotor structures. In such cases, stimulation
of the vestibular apparatus can be used to assess the integrity
of the peripheral ocular motor pathways either by oculoce-
phalic testing (the doll’s head maneuver) or by caloric testing
(102–105).

Figure 18.3. Forced duction testing in a patient under general anesthesia.
A, The conjunctiva and episclera are grasped near the limbus with a fixation
forceps. B, The eye is moved medially to test for mechanical restriction of
adduction. The eye can be moved medially without difficulty. (From von
Noorden G, Maumenee AE. Atlas of Strabismus. Ed 2. St Louis, CV Mosby,
1973�113.)

Figure 18.4. Estimation of active, generated muscle force. After the eye
has been anesthetized with topical proparacaine and cocaine, the conjunc-
tiva just posterior to the limbus is grasped with a fine-toothed forceps on
the side of the limitation. The examiner then holds the eye while the patient
attempts to look in the direction of limitation. If there is an intact nerve
supply to the muscle that could move the eye into the field of limitation,
the examiner will feel a tug on the forceps.
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In the oculocephalic test, the awake patient is asked to
fixate a target straight ahead while the head (or the entire
body) is rotated from side to side and up and down. A normal
response consists of a conjugate eye deviation in the direc-
tion away from head or body rotation such that the eyes
remain stable with respect to space despite the head move-
ment. Asking the patient to read a Snellen chart during head
or body rotation can demonstrate the remarkable integrity
of this VOR. In patients with intact vestibular systems, there
is no degradation of visual acuity, even with rotations of up
to 40�/sec (106). Patients with vestibular disease have a rapid
decline in this dynamic visual acuity with head rotation.

To perform the oculocephalic test in comatose patients,
the eyelids are simply held open and the rotational head
movements are performed. Chu et al. modified this proce-
dure for patients with severe neck rigidity or injuries that
prevent neck flexion and extension (107). These investiga-
tors place such patients on a stretcher with wheels. The
stretcher is then sharply pushed in the direction of either the
patient’s head or feet. This maneuver does not produce a
rotational stimulus but is simply a linear or translational
movement that may stimulate otolith-ocular reflexes (which
are minimal) and visual tracking. In fact, it probably func-
tions as a full-field pursuit test, and similar results can be
obtained using a slowly moving ‘‘optokinetic’’ tape or drum.
Although these tests may not give exact information regard-
ing the VOR, they nevertheless provide important informa-
tion regarding ocular motility that may be otherwise impossi-
ble to obtain.

In unconscious patients, oculocephalic testing may be the
most useful method of assessing eye movements. The VOR
is often intact in such patients, whereas saccadic and pursuit
eye movements are absent. Thus, rapid horizontal rotation
of the head results in deviation of the eyes away from the
direction of the head turn. The eyes then make an exponential
drift back to primary position if the head rotation is main-
tained. Though not saccadic, this recentration of the eyes
may be quite rapid, occurring with a time constant of less
than 0.5 seconds in the most severe vegetative states (105).
Normal responses during oculocephalic testing indicate that
the nuclear and infranuclear ocular motor structures are in-
tact and capable of being stimulated by an intact vestibular
system. This test can also be used in patients with functional
(nonorganic) limitation of gaze to show that a full range of
eye movement can be elicited despite apparent gaze restric-
tion during testing of voluntary eye movements (108,109).

Another way to stimulate the vestibular system is by ca-
loric irrigation (102–104,110–115). In this test, performed
in the light with the patient in a supine position, the external
auditory canal is first inspected to make certain that the tym-
panic membrane is intact. The patient’s head is flexed 30�.
This places the lateral (horizontal) semicircular canals in a
nearly vertical position, allowing the thermal stimulus to
induce maximal convection currents in the endolymph. Up
to 200 cc of warm (44�C) or cold (30�C) water is infused
into the external canal using a small tube fitted onto a syringe
(116). In the awake patient, a normal response consists of
conjugate nystagmus, with the slow phase toward the side
of cold water irrigation (or away from the side of warm

water irrigation) and the fast phase away from the side of
cold water irrigation (or toward the side of warm water irri-
gation). Temperature stimulation of the vestibular system
causes a slow-phase movement followed by a quick refixa-
tion movement (saccade) resulting in nystagmus. If the in-
duced nystagmus is consistently less when one ear is irri-
gated, regardless of the stimulus temperature, a peripheral
vestibular disturbance is present on that side. If the nystag-
mus is consistently greater in one direction, regardless of
which ear is stimulated, the patient has a directional prepon-
derance of the vestibular system that may occur with central
or peripheral vestibular lesions and is otherwise nonlocaliz-
ing (2).

The eye movements that occur during caloric irrigation
can best be observed by placing Frenzel’s spectacles on the
patient (117). These spectacles eliminate patient fixation and
provide magnification for the examiner; some models also
provide illumination of the patient’s eyes.

In practical terms, the caloric irrigation test is messy, un-
comfortable for the awake patient, and usually useful only
for detecting relatively gross asymmetry in vestibular func-
tion. Nevertheless, attempts have been made to quantify sub-
tle vestibular dysfunction with this test. The duration of nys-
tagmus after caloric irrigation seems to be a reproducible
measure of vestibular function, and the slow-phase velocity
of caloric stimulation nystagmus, as measured with electro-
nystagmography, is a commonly used parameter for assess-
ing vestibular function (118).

Itaya and Kitahara described an air caloric test that causes
a continuous thermal change in the semicircular canals, thus
avoiding the use of water (119). These inventors claimed that
this test is more sensitive than water irrigation for detecting
vestibular disorders.

In comatose patients with intact nuclear and infranuclear
ocular motor structures and an intact vestibular system, a
normal response is simply a tonic, conjugate ocular deviation
toward the side of cold water irrigation and away from the
side of warm water irrigation. There are no significant refixa-
tion movements, since all horizontal quick phases are gener-
ated by the paramedian pontine reticular formation (PPRF),
which is not functioning in such patients. Absence of the
VOR by either oculocephalic or caloric stimulation in coma-
tose patients is consistently associated with poor outcome
(120–122).

Caloric testing may be used to evaluate the integrity of
vertical gaze by infusing warm or cold water simultaneously
into both external auditory canals. A normal response in the
awake individual is a conjugate jerk nystagmus with a slow
phase that is upward when warm water is used and down-
ward when cold water is used. A normal response in the
comatose individual is a tonic, conjugate movement of the
eyes upward (for warm water) or downward (for cold water).
Although caloric testing is the best way to evaluate unilateral
peripheral vestibular function, our experience with bilateral
caloric irrigation suggests that it is of limited value in assess-
ing the integrity of vertical gaze and that oculocephalic and
rotation testing provides more accurate and reproducible re-
sults.

Caloric testing in patients with abolished vestibular func-
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tion can occasionally induce nystagmus. This pseudocaloric
nystagmus always beats away from the affected ear, regard-
less of whether cold or warm water is used for irrigation
(123,124). It can thus be distinguished from caloric nystag-
mus that beats away from the irrigated ear when cold irriga-
tion is used and toward the irrigated ear when warm irriga-
tion is used. According to Becker et al., pseudocaloric
nystagmus probably represents unmasking of a pre-existing
vestibular nystagmus through tactile (caloric) stimulation
(see Chapter 23) (124).

In some patients with paresis of upward gaze, Bell’s phe-
nomenon may be helpful in differentiating an infranuclear
from a supranuclear lesion. Bell’s phenomenon consists of
outward and upward rolling of the eyes when forcible efforts
are made to close the eyelids against resistance. It does not
occur with blinks, and it is observed in only 50% of individu-
als during voluntary unrestrained lid closure (125). The pres-
ence of this movement in individuals who cannot voluntarily
elevate their eyes usually indicates that brain stem pathways
between the facial nerve nucleus and that portion of the ocu-
lomotor nucleus responsible for ocular elevation are intact,
and thus that an upward gaze paresis is supranuclear in origin
(126). However, an intact Bell’s phenomenon may occur in
patients with Guillain-Barré syndrome and was also demon-
strated in a patient with complete ophthalmoplegia caused
by myasthenia gravis (127,128). Absence of a Bell’s phe-
nomenon has less diagnostic usefulness, since about 10% of
normal subjects do not have this fascio-ocular movement
(129,130). A downward Bell’s response is present in up to
8% of individuals (130).

OCULAR ALIGNMENT

Principles

When the eyes are not aligned on the same object, strabis-
mus is present. The strabismus may be congenital or acquired
and may be caused by central or peripheral dysfunction. In
some individuals, particularly those with isolated congenital
strabismus, the amount of ocular misalignment is unchanged
regardless of the direction of gaze or of which eye is fixating
the target. This type of strabismus is termed comitant or
concomitant. On the other hand, when the amount of an
ocular deviation changes in various directions of gaze, with
either eye fixing, or both, the strabismus is said to be in-
comitant or noncomitant. Congenital comitant strabismus is
occasionally associated with other neurologic dysfunction
(131–134), and acquired comitant strabismus may rarely
occur as a sign of intracranial disease (135–147). Most cases
of acquired comitant strabismus appear in otherwise normal
children and adults, as well as in persons with neurologic
or systemic disease, from decompensation of a pre-existing
phoria, or as a result of latent hypermetropia (3,148,149).
Thus, most instances of neuropathic or myopathic strabis-
mus are of the incomitant variety. The reasons for this in-
comitance are described in the next section.

Primary and Secondary Deviations

Any patient with a manifest deviation of one eye (hetero-
tropia) will fixate a target with only one eye at a time. During

viewing with one eye, the visual axis of the opposite (nonfix-
ing) eye will be deviated a certain amount away from the
target. Patients with a comitant strabismus have the same
amount of deviation of the nonfixing eye regardless of the
eye that is fixing or the field of gaze. Most patients with
incomitant (and especially paralytic) strabismus tend to fix
with the nonparetic eye if visual acuity is equal in the two
eyes. In these patients, the deviation of the nonfixing eye is
called the primary deviation. When such patients are forced
to fix the same target with the paretic eye, the deviation that
results, the secondary deviation, is always greater than the
primary deviation (Fig. 18.5). The explanation for this phe-
nomenon is related to the position of the eyes within the

Figure 18.5. The principle of primary and secondary deviations. Top,
When the normal eye fixes on a target directly ahead, the paretic eye de-
viates from the primary position by a certain amount (�). This is called the
primary deviation. Middle,When the paretic eye fixes on a target in primary
position, the normal eye also deviates from primary position by a certain
amount (�), but this secondary deviation of the normal eye when the paretic
eye is fixing is greater than the amount of deviation of the paretic eye when
the normal eye is fixing (� � �). Bottom,Although the common explanation
of primary and secondary deviation is based on Hering’s law of equal
innervation to yoke muscles, Leigh and Zee (1991) suggested that the sec-
ondary deviation is greater than the primary deviation in paretic strabismus
because when the paretic eye is fixing in primary position, it is forced
further into its field of limitation. If the paretic eye were fixing on an object
in the opposite direction, the deviation of the eye from primary position
(�1) would be the same as if the normal eye were fixing on an object
straight ahead (� � �1). Thus, although Hering’s law is maintained, the
explanation for primary and secondary deviations is based upon the position
of the eyes within the orbit and not upon which eye is fixing.
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orbits (2). When a single muscle is paretic, the deviation
between the two eyes is proportional to the difference be-
tween the forces generated by the paretic muscle and its
normal yoke muscle. Furthermore, the amount of force con-
tributed by each muscle toward holding the eye in a specific
orbital position increases as the eye is moved into the direc-
tion of action of that muscle. Under normal circumstances,
this force, thus obeying Hering’s law, is equal for yoke pairs
of muscles. However, as the eyes move into the direction
of action of the paretic muscle, the difference in forces gener-
ated by the normal and paretic yoke muscles increases, thus
increasing the deviation between the two eyes. When this
change in deviation is tested as a function of orbital position,
it is actually found to be independent of which eye is fixing.
Thus, when the paretic eye is fixating a target, it is held in
an orbital position further in the direction of action of the
paretic muscle than when the nonparetic eye is fixating the
same target. This results in a secondary deviation that is
greater than the primary deviation simply because of the
change in eye position toward the direction of action of the
paretic muscle when the paretic eye is forced to take up

Figure 18.6. Past-pointing in a patient with a right sixth nerve paresis. A, In primary position, there is only a slight amount
of past-pointing. B, In right gaze, however, the amount of past-pointing increases. The white arrows indicate the amount of
past-pointing (the difference between the actual target location and the area in space to which the patient points).

fixation. The innervation to both muscles in the yoke pair
is increased in that direction as predicted by Hering’s law,
and this increased innervation is more effective in the nonpa-
retic muscle. However, the innervation is not increased any
more than if the nonparetic eye is forced to take up fixation
in eccentric gaze to achieve the same final orbital position.

Past-pointing and Disturbances of Egocentric
Localization

Von Graefe first described anomalies of spatial localiza-
tion that he referred to as past-pointing or false orientation
in patients with paralytic strabismus (150). If a patient is
asked to point at an object in the field of action of a paretic
muscle while the paretic eye is fixating, the patient’s finger
will point beyond the object toward the field of action of
the paretic muscle (Fig. 18.6). During this test, it is important
that the hand be covered or that the patient point rapidly
toward the object so as to avoid visual correction of the error
of localization while the hand is still moving toward the
object. Patients with accommodative esotropia exhibit a sim-
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ilar phenomenon while they have a manifest esotropia, point-
ing in the direction that the nonfixating eye is looking (151).

The explanation of past-pointing is controversial. One ex-
planation is that the image of the target lies in an abnormal
location relative to the fovea so that the patient incorrectly
localizes the object into that field. This explanation, how-
ever, does not account for the past-pointing that is observed
when the image of the target lies on the fovea of the paretic
eye (152–154). Clearly nonvisual information about eye po-
sition is involved in spatial localization, and an argument
has raged over the relative role of efferent command to the
eye muscles versus proprioceptive afferent information from
the eye muscles. In support of the efferent command theory,
Helmholtz argued that past-pointing depends on the ‘‘inten-
sity of the effort of will’’ that is sent to the paretic muscle
(155). For a thorough description of the evidence for propri-
oceptive feedback from the muscles in spatial localization,
see the review by Weir (156).

Head Turns and Tilts

Patients with strabismus commonly turn or tilt the head
to minimize diplopia. Head turns are frequently associated
with paresis of the horizontal extraocular muscles. Similarly,
patients with vertical extraocular muscle paresis may carry
their head flexed or extended. Most patients with such head
turns adopt the particular posture to minimize or eliminate
diplopia by moving the eyes away from the field of action
of the paretic muscle; however, some patients adopt a head
posture that actually increases the distance between the two
images, allowing one of the images to be more easily ig-
nored.

Head turns also occur in patients with congenital nystag-
mus. In such patients, keeping the eyes in an eccentric (null)
position in the orbit by means of the head turn may result
in reduction in the amplitude or frequency of the nystagmus.

Head tilts are most commonly observed with paresis of
the oblique muscles, particularly the superior oblique. With
an acquired superior oblique palsy, for example, the face is
usually turned away from the paretic eye, the chin is down
slightly, and the head is tilted toward the side opposite the
paretic muscle. This permits fusion of images. Patients with
congenital superior oblique palsy may adopt a similar head
tilt or one in the opposite direction (i.e., toward the side of
the paretic muscle) to more widely separate the images. Head
tilts that occur from ocular causes often must be differen-
tiated from nonocular torticollis.

Finally, some patients develop head turns that seem to
be caused by central visual field defects and not by ocular
misalignment (157). Such patients turn their heads toward
the hemianopic field under both monocular and binocular
conditions. The explanation for the head turn in these pa-
tients is unclear.

Techniques

Ocular alignment may be tested subjectively or objec-
tively, depending on the circumstances under which the ex-
amination is performed and the physical and mental state of
the patient.

Subjective Testing

When a patient is cooperative, subjective testing of diplo-
pia reliably indicates the disparity between retinal images.
The simplest subjective tests of ocular alignment use colored
filters to dissociate the deviation and to emphasize and dif-
ferentiate the images so that the patient and the observer can
interpret them. A fixation light is used to provide the image.
A red filter held over one eye suffices in most cases. How-
ever, the addition of a green filter over the opposite eye
gives better results in children, in patients with a tendency
to suppress or ignore one of the images, and in patients with
a slight paresis and good fusion ability who can overcome
their deviation. The use of complementary colored filters,
one over each eye, produces maximum dissociation of im-
ages, since there is no part of the visible spectrum common
to both eyes.

The red filter is always placed over the patient’s right eye,
and all questions posed to the patient relate to the relation-
ship of the red image with respect to the white (or green)
image. The patient is first asked if he or she sees one or two
lights. If the patient sees two lights, he or she is then asked
what color they are. After the appropriate answer, the patient
is asked if the red light is to the right or left of the other
light and if it is above or below the other light. The informa-
tion thus received will be that the patient sees two lights,
one red and one white or green, that they are crossed (each
image is perceived on the side opposite the eye that is seeing
it) or uncrossed (each image is perceived on the same side
as the eye that is seeing it), and that the image relating to
the right eye (red image) is higher or lower than the other
image. The image of an object is always displaced in the
opposite direction to the position of the eye (Fig. 18.7). Thus,
if an eye is exotropic, the patient will have crossed diplopia,

Figure 18.7. The principle of diplopia tests. A red filter is placed in front
of the right eye, and the patient fixes a single light in the distance. If the
eyes are misaligned, the light is imaged on the fovea of one eye (fl) and
the nonfoveal retina (p) of the opposite eye. The patient thus sees two
images, white and red, in different locations in space.
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and (with a red filter over the right eye) the patient will see
the red image to the left of the other image. Similarly, if the
patient has an esotropia, the red image will be seen to the
right of the other image (uncrossed diplopia). If the patient
has a vertical deviation of the eyes, the eye that is higher
will see the image of an object below that of the opposite
eye.

Once the patient indicates that there is a clear separation
of images when he or she is fixing on a light held straight
ahead, the examiner can determine the area of maximum
vertical separation, horizontal separation, or both, by having
the patient look at a light held in the eight other cardinal
positions of gaze (right, upper right, up, upper left, left, lower
left, down, lower right).

In addition to the use of filters placed over one or both
eyes, one can place a red Maddox rod over one eye and have
the patient fixate on a white light (158). The ‘‘rod’’ is, in
fact, a set of small half-cylinders aligned side by side in a
frame in such a way that when the eye views a light through
the cylinders, the image seen is that of a line perpendicular
to the cylinder axis. Thus, if one views a white light with
one eye covered by a red Maddox rod, the images will be
those of a red line and a white light. The Maddox rod can
be placed in such a manner as to produce a vertical, horizon-
tal, or oblique line. Individuals who are orthophoric will see
the line pass through the light. When the rod is oriented to
produce the image of a vertical line, patients with a horizon-
tal strabismus will see the line to the left or right of the light.
When the rod is oriented so that a horizontal line image is
produced, patients with a vertical strabismus will see the
line above or below the light.

Torsional misalignment of the eyes (e.g., superior oblique
palsy) can be tested with two Maddox rods, one over each
eye (159). This is best performed using a trial lens frame.
If both rods are oriented so as to produce a horizontal line
image, an eye with torsional dysfunction will see the line as
oblique rather than horizontal. The patient is then asked to
rotate the rod until the line is perceived as horizontal. By
this method, the amount of torsion can be measured and
followed. Traditionally, one clear (or white) Maddox rod
and one red Maddox rod are used for this test. However,
Simons et al. showed that the subjective torsion more relia-
bly localizes to the paretic eye if two red Maddox rods are
used and if the room is dark during testing (160).

The precise methods of testing and documenting positions
of gaze have been described in detail by numerous authors
and are not discussed further in this chapter (2,3,161).

In addition to the tests described above, other subjective
techniques may be used in which two test objects rather than
one are presented to the patient in such a way that each
object is viewed with only one eye (Fig. 18.8). The patient
is then required to place the two objects in such a fashion
that they appear to be superimposed. The objects appear
superimposed only when their images fall on the fovea of
each eye. Misalignment of the foveas results in the patient
placing the objects in different locations in space. The eyes
are differentiated and dissociated in various ways. Each eye
may be presented with a different target, or complementary
colors may be placed into the visual field, either directly or

Figure 18.8. The principle of haploscopic tests. Red and green test objects
are used, and the patient has a red filter placed in front of one eye and a
green filter in front of the other eye.

by projection, with each eye being provided with a corre-
sponding colored filter. These haploscopic tests include the
use of a major amblyoscope and the Hess screen and Lancas-
ter red-green tests (162,163).

In general, the Hess test uses a gray or black screen
marked with a tangent scale on which red targets are
projected or positioned where the tangent lines cross. A
green target or light is superimposed subjectively on the red
fixation target. Complementary red and green filters are
worn to permit (and stimulate) binocular dissociation, thus
revealing the ocular deviation in each position of fixation.
The test is performed with the patient 0.5 meters from the
screen.

The Lancaster test incorporates the same principles as the
Hess screen but uses a two-dimensional grid rather than a
tangent screen and is performed with the patient 1 or 2 meters
from the grid.

Although the Hess and Lancaster tests use red and green
colors to dissociate images, as in the more simple ‘‘red
glass’’ test described above, they differ from that test in
principle. In the red glass test, one white fixation light is
used that can be seen by each eye through the red and green
(if used) filters. In the Hess or Lancaster tests, instead of a
white light, two different-colored test objects are used. These
are projected red and green lines that can be perceived only
by the fovea of the eye that is viewing through the corre-
sponding colored filter. Thus, the eye that is viewing through
the red filter (usually the right eye) sees only the red line,
whereas the eye that is viewing through the green filter (usu-
ally the left eye) sees only the green line. Each fovea per-
ceives the image from its respective target as being located
straight ahead. This is macular-macular projection (confu-
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sion). The binocular dissociation produced in this manner
is sufficient to reveal even a minimal and well-controlled
heterophoria. The patient, wearing the red filter over the
right eye, is asked to superimpose the green line on the red
line as each fixation position on the screen or grid is illumi-
nated consecutively. The nonfixing left eye is deviated be-
hind the green filter, but the patient merely guides the flash-
light so that the green line is positioned where the deviated
eye is pointing. At this point, the patient sees the red and
green lights superimposed. The examiner, however, can see
the deviation of the green line from the red line and can plot
the position of the green line onto a chart. The test is then
repeated with the red and green filters reversed, so that the
left eye now fixates the red line, and the field of the deviating
right eye is plotted. Not only is this test helpful in assessing
the degree of deviation of both comitant and noncomitant
strabismus at any given time, but also it may be used in
patients with paralytic strabismus to detect subtle changes
in ocular alignment that occur over time. It thus may help
in the planning and evaluation of therapy for such patients
(164). In addition, subjective torsion of the eyes can be de-
tected when the patient rotates one line at an oblique angle
relative to the other line. We believe that this test is the best
way to subjectively determine the degree of ocular torsion
present in one or both eyes. The interested reader should
consult von Noorden (3), Burde (39), and Zee et al. (164)
for excellent descriptions of these tests.

Objective Testing

The simplest objective method of determining ocular
alignment is the use of a hand light to cast a reflection on
the corneal surfaces of both eyes in the cardinal positions
of gaze. If the images from the two corneas appear centered,
then the visual axes are often correctly aligned. If the light
reflexes are not centered, one can either estimate the amount
of misalignment based on the apparent amount of decentra-

Figure 18.9. Positive angle kappa with the corneal
light reflex test. With both eyes open (top), the eyes
appear exotropic because the light reflection is decen-
tered nasally in the left eye. The reflex remains centered
in the right eye when the left eye is covered (bottom
left). When the right eye is covered (bottom right), there
is no shift of fixation, and the light reflection remains
nasally displaced.

tion of the light reflex (with the fixation light held 33 cm
from the patient, 1 mm of decentration equals 7� of ocular
deviation) (165), or prisms can be placed over either of the
eyes until the light reflexes appear centered. Krimsky recom-
mended that the prisms be placed over the nonfixing eye
(166), but von Noorden considered this technique less pre-
cise and more difficult than placing prisms over the fixing
eye (3), and we agree; however, if the nonfixing eye is so
eccentric and limited in its excursion that centration of the
light reflex is impossible or requires excessive prism over
the fixing eye, holding the prism over the fixing eye results
in a measurement of the deviation only in eccentric gaze.
As noted above, this is essentially the same as measuring
the secondary, rather than the primary, deviation.

A number of conditions other than a heterotropia may
cause decentration of the corneal light reflex and must be
considered to interpret tests correctly based on centration of
the light reflex. The angle kappa is defined as the angle
between the visual line (line connecting the point of fixation
with the fovea) and the pupillary axis (line through the center
of the pupil perpendicular to the cornea). The angle is mea-
sured at the center of the pupil. It is called positive when
the light reflex is displaced nasally and negative when the
light reflex is displaced temporally. A positive angle kappa
may simulate an exodeviation (Fig. 18.9), and a negative
angle kappa may simulate an esodeviation. Conversely, stra-
bismus may be less apparent when a large angle kappa is
associated with esotropia or a large negative angle is associ-
ated with exotropia. Other ocular abnormalities that produce
decentration of the corneal light reflex include eccentric fixa-
tion and ectopic macula (e.g., in patients with retinopathy
of prematurity or other retinal disease with macular traction).

The most precise objective methods of measuring ocular
alignment are the cover tests (153,167,168). Although these
tests require that the patient be able to fixate a target with
either eye, they generally require less cooperation than do
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the subjective tests described above. The three types of cover
tests used by most clinicians are the single cover test, the
cover/uncover test, and the alternate cover (cross-cover) test.

In the single cover test, the patient fixates an accommoda-
tive target at 33 cm (near target) or 6 meters (distant target).
An opaque occluder is placed in front of one eye, and the
examiner observes the opposite eye to see whether it moves
to take up fixation of the target (Fig. 18.10). If movement
is observed, its direction and speed should be noted. The
test is then repeated on the opposite eye. If the patient has
a manifest ocular deviation (heterotropia), the previously
nonfixing eye will be observed to change position to take
up fixation when the fixing eye is covered. On the other
hand, when the nonfixing eye is covered, no movement of
the fixing eye will be observed (since it is already fixing on
the target). This test is usually performed with the patient
fixing in primary position and with the eyes in the other
cardinal positions of gaze. In our experience, movements of
as little as 1� can be easily observed.

In the cover/uncover test, the patient fixates on an accom-
modative target, and one eye is occluded. The behavior of
that eye is then observed as the cover is removed (Fig.
18.10). The direction of any deviation and the speed and
rate of recovery to binocular fixation are noted. If no move-
ment of the uncovered eye is observed when the cover/un-
cover test is performed, an alternate cover test may be used
to detect a latent deviation of the eyes (heterophoria). Instead
of occluding one eye and then taking the occluder away,
first one eye and then the other are alternately occluded. The
cover should remain in front of each eye long enough to
allow the patient to take up fixation with the uncovered eye.
This test prevents fusion and dissociates the visual axes. Any
movement of either uncovered eye suggests that although
the eyes are straight during binocular viewing, loss of fusion
(i.e., by the alternate occlusion of the two eyes) results in a
deviation of whichever eye is covered (Fig. 18.11).

The importance of distinguishing between heterophorias
and heterotropias cannot be overemphasized, since patients
with heterophorias have binocular central fusion, whereas
patients with heterotropias do not.

If either the cover/uncover or alternate cover test detects
evidence of ocular misalignment, prisms can be used to neu-
tralize the movement and thereby measure the deviation,
whether it is a heterotropia or heterophoria. Prisms are
placed in front of either eye such that the apex of the prism
is oriented in the direction of the deviation, and the prism
strength is altered until the deviation is no longer observed.
The technique for measuring the amount of strabismus with
ophthalmic prisms was beautifully described by Thompson
and Guyton, and their manuscript should be reviewed by the
physician or technician planning to perform such measure-
ments (169).

When there is a vertical ocular deviation, it is often helpful
to perform cover tests with the head tilted first toward one
side and then toward the other (170,171). The patient is in-
structed to maintain fixation on a distant target, and the posi-
tion of the eyes relative to each other is measured. The pa-
tient is then instructed to tilt the head to one side while
maintaining fixation on the target, and the eyes are again

Figure 18.10. The single cover and cover/uncover tests. In both tests,
one eye is covered at a time; however, in the single cover test, one eye is
covered and the opposite eye is observed. In the cover/uncover test, one
eye is covered and the behavior of that eye is observed when the cover is
removed. A, Initially, with both eyes viewing, the left eye is fixating the
target and the right eye is esotropic. When the right eye is covered (B), no
movement of the left (uncovered) eye is observed, nor is any movement
of the right eye observed when the cover is removed (C). D, When the left
eye is covered, the right eye moves outward to take up fixation. The devia-
tion of the normal eye under cover (the secondary deviation, a) is greater
than that of the paretic eye under cover (primary deviation, b). When the
cover is removed, either the left eye again takes up fixation (E) or the
paretic right eye continues to fixate (F).
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Figure 18.11. The alternate cover test. This test prevents fusional
vergence and thus tests both phorias and tropias but does not differentiate
between them. In this test, the cover is quickly moved from one eye to the
other, and any movement of either eye is noted. In this example, there is
an esodeviation.

examined to see whether one eye has moved higher than the
other. Measurements are made with the head tilted to each
side.

This test is useful primarily in the diagnosis of superior
oblique palsy, since patients with this disorder consistently
show a hypertropia of the damaged eye when the head is
tilted toward the affected side (159). It has been suggested
that the physiologic basis of this test lies in the fact that the
vertical eye muscles are not driven in their usual yoked pairs
when the head is tilted. Instead, the vestibular apparatus pro-
duces compensatory torsion of the eyes by co-innervation
of the ipsilateral (to the side of the tilt) superior oblique
and superior rectus muscles, producing intorsion, and of the
contralateral inferior oblique and inferior rectus muscles,
producing extorsion. When a patient with a trochlear nerve
palsy tilts the head toward the affected side, intorsion of that
eye should occur to keep the vertical meridian perpendicular
to the horizon. As noted above, this intorsion is usually about
10� and is produced by the otolith-ocular reflex, resulting in
synergistic contractions of the superior rectus and superior
oblique muscles. If, however, the superior oblique muscle
is paretic, its secondary actions, one of which is depression,
are also impaired. The superior rectus muscle is therefore
the only means by which the eye is intorted, and its main
action, elevation of the eye, is unopposed. This mechanism

is contested by authors who find no relationship between
the amount of hypertropia and the amount of countertorsion
with the head tilt test (172).

The head tilt test is best used as part of a three-step diag-
nostic test first described by Haagedorn (173) and popular-
ized by Parks (174) and Hardesty (175). This test is used to
isolate the affected paretic muscle in concomitant or incomi-
tant vertical deviations. It is useful only if the paresis is of
a single cyclovertical muscle (176). The steps are as follows:

1. The presence of a vertical heterotropia is determined in
primary position. Depending on the eye that is hyper-
tropic, one of four muscles may be paretic: the ipsilateral
inferior rectus, the ipsilateral superior oblique, the contra-
lateral superior rectus, or the contralateral inferior
oblique. Thus, if the patient has a right hypertropia, the
muscles that may be paretic are the right superior oblique,
the right inferior rectus, the left superior rectus, or the
left inferior oblique.

2. Whether the hypertropia increases in right or left horizon-
tal gaze is determined. This reduces the potential paretic
muscles to two. Thus, in a patient with a right hypertropia,
if the deviation increases in right gaze, the affected mus-
cles can only be the right inferior rectus (which has its
maximum vertical action when the eye is in an abducted
position) or the left inferior oblique (which has its maxi-
mum vertical action when the eye is in an adducted posi-
tion). If the deviation increases in left gaze, the affected
muscles could be either the right superior oblique or the
left superior rectus.

3. The differential diagnosis between the two muscles, one
in each eye, that are potentially responsible for the verti-
cal heterotropia, is now made using the head tilt test as
described above. Thus, if the patient has a right hyper-
tropia that increases in left gaze, an increase in the hyper-
tropia when the head is tilted to the right side indicates
a paretic superior oblique muscle.

Although we believe the three-step test is extremely useful
in patients with presumed trochlear nerve palsies (159,177),
we and others find that its reliability in the diagnosis of
pareses of other vertical muscles is questionable (178). Fur-
thermore, both restrictive ophthalmoplegia and myasthenia
gravis can mimic superior oblique palsy using the three-step
test (179).

A final objective method of determining ocular torsion is
direct observation of the ocular fundus (180–182). The nor-
mal fovea is generally located about 7� below the center
of the optic disc (range 0–16�) or along a horizontal line
originating from a point between the middle and lower thirds
of the optic disc (183). When an eye is extorted, the foveal
reflex rotates below this plane, whereas intorsion results in
upward rotation of the reflex (Fig. 18.12). The amount of
torsion can be determined using a variety of ophthalmo-
scopic and photographic methods (180–186).

PERFORMANCE OF VERSIONS

Versions may be tested by examining the saccadic, pur-
suit, vestibular, and optokinetic systems.
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Figure 18.12. Torsion of the ocular fundus. Photograph of an extorted
right fundus, direct view, with a dashed line drawn from the center of the
optic disc through the fovea. The normal angular range of the fovea from
the center of the disc is shown by the two solid lines. The amount of
extorsion can be measured in degrees from the center of the normal range
(long arrow) or from the limit of the normal range (short arrow). (Courtesy
of Dr. David L Guyton.)

Clinical Examination of Saccades

Saccadic eye movements are examined clinically by in-
structing the patient to alternately fixate upon two targets,
usually the examiner’s finger and nose. Saccades in each
direction can be examined in each field of gaze in both the
horizontal and vertical planes. The examiner must determine
whether the saccades are promptly initiated, of normal veloc-
ity, and accurate.

Saccadic latencies can be appreciated by noting the time it
takes the patient to initiate the saccade. Abnormal voluntary
saccadic velocities may be accentuated by using a drum or
hand-held tape with repetitive patterns. Rotating the drum
or passing the tape horizontally and vertically across the
patient’s visual field stimulates the optokinetic system to
produce nystagmus (see Chapter 17). Abnormal saccadic ve-
locities, particularly slowing, thus become more evident
when the patient is forced to make multiple, repetitive sac-
cades to refixate the passing targets. Altered saccadic veloci-
ties that occur in only one plane of movement can also be
appreciated by using obliquely placed targets to stimulate
oblique saccades. In such patients, the normal-velocity com-
ponent of the saccade (e.g., the horizontal) will be completed
before the other component (e.g., the vertical), so that the
trajectory appears L-shaped.

Disorders of saccadic accuracy (e.g., saccadic dysmetria)
can be inferred from the direction and size of corrective
saccades that the patient must make to ultimately acquire
the fixation target. Since saccades as small as 1⁄2� can be
easily identified during clinical observation, minimal de-
grees of saccadic dysmetria can be easily appreciated during
the clinical examination. Normal individuals may under-

shoot a target by a few degrees when refixations are large.
Similarly, such individuals may overshoot a target during
centripetal, and especially downward, saccades. This dys-
metria is transient, gradually disappearing during repetitive
refixations between the same targets.

When a saccadic abnormality is detected during the clini-
cal examination, the examiner must attempt to localize the
disturbance within the hierarchical organization of the sac-
cadic eye movement system (see Chapters 17 and 19). The
first step in localization is to establish whether the disease
process affects reflexive saccades. Quick phases can be ex-
amined by spinning the patient in a swivel chair to elicit
vestibular and optokinetic nystagmus. Next, an attempt
should be made to determine whether saccades can be per-
formed without visual targets or in response to auditory tar-
gets, by asking the patient to refixate under closed lids. The
eye movements thus generated can be observed, palpated,
and even heard (with a stethoscope applied to the lids).

During the evaluation of saccadic eye movements, it is
often helpful to observe gaze changes when the patient
makes a combined eye/head movement to see whether an
accompanying head movement can facilitate the production
of a saccade. This strategy is used by some patients with
ocular motor apraxia (see Chapter 19). The effect of blinks
should also be noted, since they may facilitate both the abil-
ity to initiate saccades and the subsequent saccadic velocity.
Finally, asking the patient to repetitively refixate between
two targets may reveal fatigue of saccadic eye movements.

Clinical Examination of Pursuit

Patients with isolated deficiency of smooth pursuit do not
usually complain of visual symptoms, since they can track
moving objects with a series of saccades. Only very demand-
ing tracking tasks (e.g., playing tennis, handball, or baseball)
may cause patients with impaired pursuit to report difficul-
ties. The vision of normal subjects deteriorates during track-
ing of targets moving at high frequencies, however, so that
even complaints of inability to track fast-moving objects
may not signify a disorder of smooth pursuit (187).

To test the pursuit system, the patient should be asked to
track a small target, such as a pencil tip held a meter or more
from the eyes, with the head held still. The target should
initially be moved at a low, uniform velocity. Pursuit move-
ments that do not match the target velocity result in correc-
tive saccades. If these are ‘‘catch-up’’ saccades, then the
pursuit gain is low. If pursuit gain is too high, then ‘‘back-
up’’ saccades are observed. Small children, uncooperative
patients, or individuals thought to have nonorganic blindness
may be tested with a slowly rotating large mirror held before
their eyes.

Although hand-held drums or tapes with repetitive targets
do not truly test the optokinetic system (see Chapter 17),
they do stimulate pursuit and may be useful in the detection
of pursuit asymmetries and other abnormalities of the pursuit
system.

The VOR generates eye movements that compensate for
angular displacement of the head and maintain the visual
axes ‘‘on target.’’ If one observes a slowly moving target
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by moving the head, so that the target remains stationary
relative to the head, the eye movements generated by the
VOR are inappropriate and must be suppressed. The ability
of a patient to suppress (or cancel) the VOR can be evaluated
by using a central fixation target that moves in the same
direction and at the same velocity as the head (37,188). Pa-
tients often do this best by fixating on their thumbnail with
their arm outstretched while being rotated in the examination
chair. Those who have limb muscle weakness can be rotated
in a wheelchair while fixating a target that rotates with the
chair (189). When suppression of the VOR and pursuit are
compared in normal human subjects, similar frequency re-
sponse curves are obtained, leading to the hypothesis that
suppression of the VOR depends directly on information
derived from the smooth pursuit system (190,191). This hy-
pothesis is supported by the clinical observation that patients
with impaired smooth pursuit also have abnormal suppres-
sion of the VOR (192–194). The evaluation of VOR
suppression is thus another way to test the integrity of the
pursuit system. Deficits in VOR suppression, however, are
nonlocalizing, since they may occur with either cerebral or
cerebellar disease (195–197).

In some patients, it is difficult to test smooth pursuit be-
cause of spontaneous nystagmus; however, in some of these
patients, the nystagmus is less prominent in a specific posi-
tion of gaze (the null point; see Chapter 23). In these patients,
cancellation of the VOR during head rotation can be tested
with the eyes fixing on a target in this position. As with
pursuit, the head rotation should be gentle at first. In patients
with inadequate cancellation, the eyes are continually taken
off target by the intact VOR, and corrective saccades there-
fore occur. An asymmetric deficit may imply a pursuit im-
balance provided that the VOR is intact and symmetric: defi-
cient cancellation of the VOR on rotation to one side
corresponds to a low pursuit gain to that side. Furthermore,
when there is a discrepancy between the performance of
smooth pursuit and cancellation of the VOR (e.g., poor pur-
suit but good cancellation), one should suspect an inadequate
or asymmetric VOR.

Clinical Examination of the Vestibular and
Optokinetic Systems

We previously described the clinical methods used to test
the vestibular system (oculocephalic and caloric testing), and
we will not repeat them here. Although the optokinetic sys-
tem can be tested in the laboratory (discussed later), the
system cannot be tested as part of a routine clinical examina-
tion.

QUANTITATIVE ANALYSIS OF EYE MOVEMENTS

Voluntary Eye Movements

Most disturbances of ocular motility and alignment can
be detected during a standard clinical examination; however,
performing a quantitative analysis of eye movements may
more accurately reveal subtle abnormalities of the pursuit,
saccadic, optokinetic, and vestibulo-ocular systems. The
most common methods used to record eye movements are

electro-oculography and infrared oculography (198–207).
These techniques may be used to distinguish myopathic (re-
strictive) from neuropathic conditions that affect ocular
motility and to determine the presence or absence of im-
provement of ocular motor function (208–212). The value
of vertical saccadic velocity or amplitude determinations
in adduction versus abduction to identify and monitor
superior oblique muscle dysfunction remains controversial
(213–215).

Although electro-oculography can yield reasonable re-
cordings of horizontal eye movements, vertical measure-
ments with this technique are affected by eyelid artifacts
and nonlinearities (206). Changes in illumination and skin
resistance also affect the readings with this method. Infrared
oculography provides higher-resolution measurements of
both horizontal and vertical eye movements, but over a lim-
ited range, especially vertically. In addition, the signal is lost
when the eyes are closed. Finally, neither electro-oculog-
raphy nor infrared oculography measures ocular torsion.

The magnetic field-search coil method, which uses coils
embedded in a silicone rubber ring that adheres to the sclera
by suction, overcomes most of the problems that limit both
electro-oculography and infrared oculography (62,216). Fur-
ther advances in this system using a digital microprocessor
enable this technique to be used with great accuracy to mea-
sure virtually all types of normal and abnormal eye move-
ments (206,207).

Vestibulo-Ocular Reflex

As explained above, the oculocephalic and caloric tests
that are performed in patients with apparent limitation of
eye movement primarily test the function of the semicircular
canals of the vestibular system. More extensive testing is
usually directed toward determining gain, phase, and bal-
ance. Rotation tests give more accurate and reproducible
results than do caloric tests, although the mental state of the
patient while in darkness may influence the results (217).
The gain of the VOR may be obtained by measuring the
peak eye velocity in response to a velocity step (e.g., sudden
sustained rotation at 60�/sec) in darkness. This is usually
done in vestibular laboratories equipped with servo-con-
trolled chairs and eye monitoring equipment, although porta-
ble systems for this purpose are available (217,218).

Although the otolith organs respond to linear acceleration,
tests of their function are rarely performed. Several investi-
gators have suggested that muscle responses that occur less
than 100 ms after release into free-fall are part of a normal
startle reflex that originates in the otoliths (219–221). Using
this theory, Halmagyi and Gresty developed a technique for
measuring otolith integrity by recording eye blink reflexes
that occur following sudden free-falls (222). Such testing
may confirm the presence of otolith function in patients with
impaired semicircular canal function or show impaired oto-
lith function in patients with normal semicircular canal func-
tion.

Optokinetic System

The hand-held ‘‘optokinetic’’ drums or tapes that are used
to elicit smooth movements primarily test the pursuit system.
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True optokinetic testing requires a stimulus that fills the field
of vision. A common technique is to have the patient sit
inside a large, patterned optokinetic drum that is rotated
around the patient. A true optokinetic stimulus induces a
sensation of self-rotation (223). Another method of eliciting
a true optokinetic response is rotation of an individual at a
constant velocity in the light for over 1 minute. The sustained
nystagmus that results is caused by purely visual stimuli (the
vestibular response having died away); however, it is still
difficult to separate its pursuit and optokinetic components.
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