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The day of the last hypothesis would also be the day 
of the last observation.··· An hypothesis which becomes 
dispossessed by new facts dies an honorable death; and 
if it has called up for examination those truths by which 
it is annihilated, it deserves a moment of gratitude. 

In foveate animals, the purpose of eye movements is to 
bring visual stimuli into the peripheral field of vision 
(peripheral retina) to the central point of best visual 
acuity (fovea) and to maintain foveal fixation of a mov­
ing object. The acquisition (gaze shifting) and securing 
(gaze holding) of stationary object images on the fovea 
and the stabilization of images on the fovea during head 
movement (gaze holding) or target movement (gaze 
shifting) constitute the basic functions of human eye 
movements. Although many specific types of eye­
movement abnormalities require sophisticated record­
ing and analysis techniques, there are clinical tests that, 
when properly applied, can provide valuable informa­
tion about diagnosis, pathophysiologic mechanism, or 
response to therapy.' 

PHYSIOLOGIC ORGANIZATION 

The ocular motor system can be conceptualized as two 
independent major subsystems, version and vergence, 
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acting synergistically (Fig. 1).2 The version subsystem 
mediates all conjugate eye movements, whereas the 
vergence subsystem mediates all disjugate eye move­
ments. Fixation and vestibuloocular inputs influence the 
version subsystem. At the most peripheral level, regard­
less of input, there are only three major categories of 
eye movement output: fast eye movements (FEM or 
saccades) and slow eye movements (SEM) from the ver­
sion subsystem and vergence eye movements (VEM) 
from their own subsystem. All three outputs share a 
common neural pathway from the ocular motor neurons 
to the muscles (Fig. 2). In addition, the version subsys­
tems share a common neural network that integrates 
(mathematically) velocity information into position sig­
nals. The fast mode of the version subsystem mediates 
all conjugate saccades (FEM), and the slow mode me­
diates all SEM. The latter includes, but is not limited 
to, the pursuit function. Without knowledge of the con­
ditions that were used to elicit a particular response, one 
could not differentiate (I) the eye movement record of 
a voluntary saccade from a nystagmus fast phase or (2) 
the record made by pursuit of a slowly moving target 
from that of slow rotation of the subject while fixating 
a stationary target. The many terms used to describe 
eye movements generally specify the eliciting input, the 
functional subsystem, or the circumstance of occur­
rence, but the eye movements themselves consist of one 
or more of the three main outputs (FEM, SEM, VEM) 
of the ocular motor system (Table I). 

There is ample physiologic, anatomic, and clinical 
justification for regarding the subsystems as autono­
mous. However, the neurons within the oculomotor, 
trochlear, and abducens nuclei are not specific for types 
of eye movement. Rather, different firing patterns of 
homogeneous neuronal pools determine the type of eye 
movement. 3 

The simplified schema described previously, which 
uses the three unique ocular motor outputs as a basis 
for conceptualization of the ocular motor system, is used 
in this introductory chapter for purely pedagogic rea­
sons. Our approach to the ocular motor system has 
undergone continuous refinement since its inception in 
19742 and has served as the introduction to ocular motil­
ity for many medical students, ophthalmology and neu­
rology residents and fellows, biomedical engineering 
undergraduate and graduate students, and postdoctoral 
fellows. We have attempted to present an overview of 
the functional mechanisms thought to comprise the ocu­
lar motor system with minimum inclusion of putative 
anatomical sites or physiological mechanisms. This 
chapter should provide clinicians with an basic under­
standing of this complex motor system and students of 
ocular motility with a solid foundation on which to ex­
pand their knowledge base. For the latter, we recom­
mend these textbooks containing the anatomy, physiol­
ogy, and functional mechanisms of ocular motility in 
greater detail. 4-6 
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OCULAR MOTOR SYSTEM TABLE 1. Eye-Movement Classifications 

• l 
VERSION VERGENCE 
SUBSYSTEM SUBSYSTEM 

~ ~ 
CONJUGATE DI SCONJUGATE 
MOVEMENTS MOVEMENTS 

J' !,VESTIBULAR 1 
FEM SEM VEM 

Fig. 1. Basic organization of ocular motor system emphasizing the 
division between vergence and dual-mode version subsystems. The 
three basic motor outputs are fast eye movements (FEM), slow eye 
movements (SEM), and vergence eye movements (VEM). 
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Fig. 2. The ocular motor control system is composed of the dual-mode version and the vergence subsystems. 
The output of the pons sums with that of the vergence neural pulse generator at the ocular motor nuclei (OMN) 
to produce the three basic types of eye movements: fast (FEM), slow (SEM), and vergence (VEM). OKN, 
optokinetic nystagmus. (Modified from Dell'Osso LF, Daroff RB: Functional organization of the ocular motor 
system. Aerospace Med 45:873, 1974) 
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If one used inputs rather than outputs as a basis for 
conceptualizing the ocular motor system, the latter 
could be divided into additional subsystems separated 
by phylogenetic origins and physiologic modes of ac­
tion. From an evolutionary point of view, the vestibular 
subsystem probably developed first, closely followed 
by the optokinetic and saccadic subsystems; the latter 
are required to generate reflex fast (quick) phases asso­
ciated with passive head movement and "afoveate" 
saccades for active head movement. With the develop­
ment of a fovea came subsystems for fixation, pursuit, 
and voluntary saccades and finally the vergence subsys­
tem for binocular single vision and stereopsis. Because 
the neurophysiologic substrates and varied purposes of 
these subsystems result in specific properties and limita­
tions, their origins and individual modes of action are 
key to a complete understanding of the ocular motor 
system and are especially important if one wishes to 
study them in situ or with the use of computer models. 
Observations indicate that a distinct subsystem may me­
diate the SEM of fixation in synergy with the saccadic 
and pursuit subsystems. Studies of the latter7 and of 
human congenital nystagmus8- 10 have provided evi­
dence in support of a separate fixation subsystem. Some 
of the quantitative characteristics of a fixation or "stabi­
lization" subsystem have begun to be elucidated. 1 1-13 

The different inputs, outputs, and components of these 
subsystems are discussed in the sections of this chapter 
dealing with the major output subsystem to which they 
belong (i.e., FEM, SEM, or VEM). 

FAST EYE MOVEMENTS (SACCADES) 

Fast eye movements are rapid version (conjugate) eye 
movements that are under both voluntary and reflex con­
trol. Examples of voluntary saccades are willed refixa­
tions and those in response to command (e.g., "Look 
to the right· ··Look up."). The sudden appearance of a 
peripheral visual object or an eccentric sound may 
evoke a reflex saccade in the direction of the stimulus. In 
the natural state, a head movement in the same direction 
usually accompanies these saccades. However, in clini­
cal examinations and in most physiologic experiments, 
the head is stabilized. 

The visual stimulus for FEM is target (object) dis­
placement in space. After an instantaneous change in 
target position, the ocular motor system will respond 
with a FEM after a latency (delay) of 200 to 250 milli­
seconds. Both the peak velocity and the duration ofFEM 
are dependent on the size (amplitude) of eye movement, 
which varies from 300 /second to 8000 /second and 20 to 
140 milliseconds, respectively, for movements from 
0.5° to 40° in amplitude. FEM are conjugate and ballis­
tic. The control system responsible for their generation 
is discrete. At discrete instants in time, control decisions 
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are made based on the continuous inflow of visual infor­
mation from the retina. In normal persons, these deci­
sions are essentially irrevocable; once the eyes are in 
motion, their trajectory cannot be altered. The control 
signal is retinal error (disparity of image position from 
the fovea), which is automatically reduced to zero by 
the nature of negative feedback. 

After the appropriate latency, the FEM response to 
target displacement (Fig. 3) consists of a period of accel­
eration to a peak velocity and then deceleration of the 
eyes as they approach the new target position. The mus­
cular activity in the agonist-antagonist pair of each 
globe is characterized by a burst of maximal facilitation 
in the agonist and total inhibition in the antagonist dur­
ing the movement (Fig. 4). Electromyographic (EMG) 
recordings reveal that FEM deceleration is usually not 
consequent to active braking by the antagonist muscle. 
Rather, the two muscles merely assume the relative ten­
sions necessary to hold the new target position. This is 
sufficient to accomplish the rapid deceleration because 
of the braking effect (damping) of the "ocular motor 
plant" (i.e., globe, muscles, check ligaments, and fatty 
supporting tissue of the orbit). EMG recordings have 
identified active dynamic braking in the antagonist mus­
cles for some saccades. The active braking seems to be 
associated more often with small saccades than with 
large saccades. Occasionally a saccade is of such magni­
tude that it overshoots the target, and a saccade in the 
opposite direction follows it without latency; this is 
called a dynamic overshoot. Dynamic overshoots are 
common in both voluntary and involuntary (e.g., the 
fast phases of nystagmus) saccades. There is also evi­
dence that with an unrestricted head, intersaccadic laten­
cies may be reduced. 14 

The overdamped plant (mechanical resistance of or­
bital structures) requires that the neural signal necessary 
to achieve the rapid FEM acceleration must be a high­
frequency burst of spikes, followed by the tonic spike 
frequency required to stop and then hold the eyes at the 
new position. This combination of phasic and tonic fir­
ing patterns is designated the "pulse-step" of neural 

T_A_R_G_ET_--!II ~OO_ms __ 

:-'--iJ EYE 
Fig. 3. FEM response to a rightward target displacement illustrating 
the latency (200 msec) and trajectory of the FEM (saccade). 



4 Vol2 / Chap 9 CLINICAL OPHTHALMOLOGY 

LLR 

LMR 

Fig. 4. Muscle activity of the agonistic left lateral rectus (LLR) and antagonistic left medial rectus (LMR) during 
an FEM to the left. Note burst of LLR activity and total inhibition of LMR during the FEM and absence (top) 
or presence (bottom) of active braking activity in LMR. 

Fig. 5. Illustration of the FEM responses (A and B) and SEM responses 
(C and D) that would result from the neural innervation patterns de­
picted. The top left curves and the right dashed curves are plots of 
instantaneous firing rate vs. time. The equation relates neural firing 
frequency (R) with eye position (6) and velocity (d6/dt). Note that the 
overdamped nature of muscle and eyeball plant dynamics produces slug­
gish responses to a simple step (A) or ramp (C) change in firing fre­
quency. To generate a proper FEM (saccade), a pulse-step is required 
(B). To generate a proper SEM (pursuit), a step-ramp is required (D). 
(Robinson DA: Oculomotor control signals. In Lennerstrand G, Bach­
y-Rita P (eds): Basic mechanisms of ocular motility and their clinical 
implications. New York: Pergamon Press, 1975) 
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innervation (Fig. 5). The eye movement in Figure 5A 
results from a step change in neural firing frequency 
and, reflecting the overdamped plant dynamics, is con­
siderably slower than a normal FEM. A normal FEM 
trajectory ocCUrs only when a pulse precedes the step 
(see Fig. 5B). A neural "pulse generator" and "integra­
tor" combine to form the required pulse-step of innerva­
tion (Fig. 6). The pulse generator consists of burst cells, 
whose activity is normally inhibited by pause cells (see 
Fig. 6). When the pause cells cease firing, the burst is 
turned on, and the duration of its high-frequency pulse 
of innervation is determined by a feedback circuit that 
contains a second, resettable neural integrator. 15 This 
resettable neural integrator, within the pulse generator, 
feeds back a signal that simultaneously turns off the 
burst cells and reactivates the pause cells. The resettable 
neural integrator of the pulse generator is not the same 
as the common neural integrator used to generate the 
tonic innervation levels sent to the ocular motor nuclei. 
Because there are pathologic conditions (e.g., gaze­
evoked nystagmus) that affect the ability of the eyes to 
maintain gaze but do not alter the trajectory of saccades, 
two separate neural integrators seem to be required: a 
resettable integrator within the pulse generator that 
functions to set pulse width, and a second, common 
integrator that is responsible for generating the constant 
level of tonic innervation required to maintain gaze. 15•16 

This hypothesis of normal saccade generation was sup­
ported by ocular-motility studies of common human 
clinical conditions. Almost a decade passed before neu­
rophysiologic studies in animals provided additional 
supportive evidence. 17 The pulse generator for horizon­
tal eye movements is located within the pontine par­
amedian reticular formation (PPRF) at the level of the 
abducens nuclei, specifically, in the nucleus pontis cau­
dalis centralis (see Chapter 10, Fig. 4).18 Vertical burst 
neurons are located in the rostral interstitial nucleus of 
the medial longitudinal fasciculus (MLF). The superior 
colliculus is intimately involved in the generation of 
saccades, especially short-latency "express" sac­
cades. 19 Projections to the superior colliculus come 
from the frontal, parietal, and occipital cortex; projec­
tions from the superior colliculus go to areas in the 
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Fig_ 6. Schematic drawing demon­
strates how the pulse-step of neural 
innervation could be derived by sum­
ming the outputs of a neural pulse 
generator (PG) and a neural integrator 
(NI). The PG is triggered by a pause 
cell (PC) whose activity normally 
keeps the burst cells in the PG from 
firing. 

brainstem reticular formation containing the saccadic 
burst and omnipause neurons. The superior colliculus 
appears to contain signals equivalent to motor error and 
may include the resettable integrator.20- 25 The existence 
of the resettable neural integrator has also been ques­
tioned.26 Thus, despite the concerted efforts of several 
groups, the location of the resettable neural integrator 
or its equivalent remains a topic of speculation and com­
peting hypotheses 30 years after it was first hypothe­
sized. The horizontal common integrator may be located 
in the nucleus prepositus hypoglossi, the medial vestibu­
lar nucleus, and possibly other (cerebellum) locations. 
The vertical integrator is probably in the interstitial nu­
cleus of Cajal.27 The location of the summing junction 
for the pulse and step is uncertain but must be prenuclear 
with respect to the third cranial nerve because MLF 
axons carry neural information that is already summated 
(pulse plus step). 28 Both burst neurons (pulse) and tonic 
neurons (step) project to an area of the nucleus of the 
abducens nerve, where intranuclear interneurons project 
to the nucleus of the oculomotor nerve via the MLF. 
Thus, the summing junction is probably in the area of 
the nucleus of the abducens nerve. 

Because saccades are not always accurate and their 
trajectories are not always normal, a scheme has been 
devised to describe both their metrics and trajectories. 
The pUlse-step of innervation necessary to make a sac­
cade is used to define what is meant by orthometric, 
hypometric, or hypermetric eye movements. The final 
gaze position that the eye assumes (after the effects of 
both the pulse and step) is used to measure saccadic 
accuracy. The step determines metrics, and the relation­
ship between the pulse and step determines the trajec­
tory (i.e., the way in which the eye arrives at its final 
position). Saccades may be either orthometric, hypo­
metric, or hypermetric and may have numerous trajec­
tory variations. The latter have been identified as nor­
mal, slow, .overshoot, undershoot, dynamic overshoot, 
discrete decelerations, and multiple closely spaced sac­
cades. A complete description of a particular saccade 
must include both metrics and trajectory; a refixation 
may include several saccades of varying metrics and 
trajectories. A thorough discussion of saccadic metrics 
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along with a recursive shorthand notation for metrics 
and trajectories may be found in Schmidt et al.29 All 
the possible departures from the norm of the saccadic 
system were derived from and illustrated in Schmidt's 
article on myasthenia gravis. 

Other factors may influence the speed of saccades; 
both attention and state of convergence can playa role. 
Saccades made under conditions of increased demand 
for accuracy are slower than normal. 30 This has been 
found to be associated with increased co-contraction of 
the extraocular muscles, presumably increasing the 
stiffness of the plant, both statically and dynamically.3l 
The discovery of fibromuscular "pulleys," through 
which the extraocular muscles pass, provides a mecha­
nism by which this can be accomplished.32 These com­
pliant pulleys are under active control and can change 
the effective moment arm of the muscles, thereby alter­
ing the dynamics of the resulting eye movement. 

The closed-loop nature of the FEM mode of the ver­
sion subsystem can be depicted in a simplified block 
diagram (Fig. 7) containing only primary signal paths 
and lacking the paths containing the control signals that 
appear to be necessary to simulate known ocular motor 
responses of both normals and those with dysfunction 
due to either congenital or acquired conditions. The con­
jugate retinal error signal, representing a discrepancy 
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between target and eye position, is sensed in the cerebral 
cortex. Signals derived from this information are used 
in the brain stem to generate the neural command to the 
ocular motor neurons necessary for the FEM, which 
moves the eye to its new position, thereby reducing the 
retinal error to zero (foveal fixation). 

The FEM subsystem can be modeled as a discontin­
uous or, more specifically, a sampled-data control sys­
tem in which visual information is used during sample 
intervals (intermittent sampling). Between samples, 
new visual information, although perceived, cannot be 
used to modify any eye movement decisions. The study 
of patients with pathologically slow saccades has re­
vealed that under these conditions it is possible to mod­
ify a saccade in flight based on new visual informa­
tion.33 A detailed presentation of the control-system 
analysis of the various types of eye movements is be­
yond the scope of this chapter. 

Rapid eye movements (REM) of paradoxical sleep 
and the fast phases of evoked (vestibular, optokinetic) 
or pathologic nystagmus are also examples of saccadic 
eye movements. These saccades and those of refixation 
share the same physiologic characteristics. 

During a saccade, the visual threshold is elevated 
about 0.5 log units (saccadic suppression). This phe­
nomenon is controversial; some investigators postulate 
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Fig. 7. Basic closed-loop block diagram of the FEM mode of the version subsystem (heavy lines) superimposed 
on the block diagram of the total ocular motor control system. The control signal, conjugate retinal error, is sent 
to the cortex, and the decision to reposition the eyes is forwarded to the paramedian reticular formation of the 
pons where the motor commands are generated and passed on to the ocular motor nuclei (OMN). This innervation 
causes the extraocular muscles (EOM) to move the eye with an FEM and thus change relative eye position (REL. 
EYE POS.). Assuming no change in head position, the relative position constitutes the absolute eye position 
(ABS. EYE pas.), which summates with the target position at the retina to produce zero retinal error. 
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an active central inhibitory process,34 whereas others35 
favor a retinal-image "smear" mechanism. In either 
case, the relatively small visual threshold elevation can­
not account entirely for the subjective sense of environ­
mental stability during saccades. A mechanism, desig­
nated "corollary discharge" or "efference copy," in 
which the visual system is "altered" centrally (by way 
of fronto-occipital connections) for forthcoming retinal 
image movement probably serves to cancel conscious 
perception of environmental motion during a saccade.36 

Plasticity 

The saccadic system, as well as other ocular motor sys­
tems, is plastic (i.e., its gain is under adaptive control 
based on feedback signals that monitor its performance). 
Although saccades are programmed in the brain stem, 
their size is controlled by means of cerebellar circuits, 
and it is these circuits that change saccadic gain in re­
sponse to neurologic deficits. By alternately patching 
one eye in a patient with a third nerve palsy and studying 
the gain of the saccadic system as it varied with time, 
Abel et al.37 documented the plastic gain changes in the 
saccadic system and measured the time constants of this 
adaptation. The time constants were found to be on the 
order of 1 to 1.5 days; both the duration of the innerva­
tional pulse and the magnitude of the step were adjusted 
independently. 

One of the ways in which the cerebellum is thought 
to make parametric adjustments in the saccadic system 
is by varying the amount of position information fed 
back to the input of the common neural integrator (Fig. 
8). Because this neural integrator is an imperfect one 
(i.e., it cannot hold its output without a decay in the 
signal, referred to as a "leak"), the gain (Kc) of the 
position feedback is adjusted to overcome its inherent 
leakiness. By using eye-position feedback, the cerebel­
lum evaluates the performance of the common neural 
integrator, and adjustments in Kc are made. Problems 
either in the neural integrator itself or in this parametric 
adjustment circuitry can cause various types of nystag­
mus. If Kc is too small, the inherent leakiness of the 
neural integrator will cause the eyes to gradually drift 
back toward primary position from any eccentric gaze 
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position. If Kc is too high, the eyes will accelerate cen­
trifugally away from the desired gaze position with an 
ever-increasing velocity until reset by a centripetal sac­
cade. 

During evaluation of the ocular motility of a patient, 
the eye movements seen are a result of both the initial 
insult and the plastic adaptation that has resulted; if the 
insult is to the structures involved in system plasticity, 
either hypometric or hypermetric activity is possible. 

SLOW EYE MOVEMENTS 

Pursuit 

The major stimulus for pursuit in foveate animals is a 
fixated target that moves; this evokes a pursuit SEM 
after a latency of 125 milliseconds. The maximum sus­
tained pursuit velocities are about 90o/second,38 al­
though higher values can be obtained for large-ampli­
tude, full-field, or self-moved target motions.39 The 
SEM of the vestibuloocular reflex (VOR) and of optoki­
netic nystagmus (OKN) or congenital nystagmus (eN) 
can be considerably faster. SEM are conjugate, smooth, 
and under a control system capable of continuous modi­
fication of motor output in response to visual input (in 
contrast to discrete FEM control). The input signal is 
retinal error ("slip") velocity, which is reduced to zero 
when eye velocity matches target velocity. The work of 
Yasui and Y oung40 suggests that retinal slip velocity is 
used along with corollary discharge to recreate a target 
velocity signal, and it is this' 'perceived target velocity" 
that drives the SEM system. This would provide an ex­
planation for many of the "pursuit" responses to non­
moving targets (e.g., afterimages). True pursuit is an 
SEM in response to a moving target. There are many 
other ways to elicit SEM (see Table 1), and further study 
is required to uncover other mechanisms. Under normal 
conditions, a moving target is usually required for a 
pursuit SEM; attempts to move the eyes smoothly with­
out actual target motion result in a series of small sac­
cades.41 

When a foveated target suddenly moves at a constant 
velocity, the pursuit response begins after a 125-millise-

Fig. 8. Block diagram of the cerebel­
lar positive feedback path with gain 
Kc around the leaky neural integrator 
(NI). 
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Fig. 9. SEM response to a target moving with a constant rightward 
velocity illustrating the latency (125 msec) of the SEM as well as the 
catch-up FEM. 

cond latency (Fig. 9). The initial movement is the same 
velocity as the target, but because of the latency, the 
eyes are behind the target and require a catch-up saccade 
for refoveation while continuing the tracking with a pur­
suit SEM. The catch-up saccade follows the initiation 
of the pursuit movement because of the longer latency 
of the FEM subsystem. Plant dynamics do not permit 
a simple linear increase (ramp) in neural firing fre­
quency to rapidly accelerate the eyes to the velocity 
of the moving target (see Fig. 5C); a "step-ramp" of 
innervation is needed (see Fig. 5D). Thus, an instanta­
neousjump in firing frequency (the step) is followed by 
a linear increase in frequency (the ramp). It is commonly 
accepted that the same neural integrator used to generate 
the tonic firing level necessary for FEM is used for the 
step-ramp of SEM. Like FEM, the SEM subsystem is 
a closed loop with negative feedback (Fig. 10). The 
conjugate retinal error signal (slip velocity) is sensed at 

CONJUGATE 

the visual cortex, and this information is used in the 
brain stem to generate the required pursuit SEM to re­
duce the retinal error velocity to zero. Target position, 
target velocity, and retinal slip velocity have all been 
related to the generation of smooth pursuit movements, 
but none of these alone adequately accounts for all the 
observed characteristics of pursuit SEM. Efferent eye 
position, velocity information, or both are probably used 
in addition to the aforementioned stimuli. The role of 
target acceleration in smooth pursuit is in dispute.42•43 

Because the FEM mode responds to target-position 
errors and the SEM mode to target-velocity errors (real 
or perceived), what would be the response to a sudden 
imposition of both types of error? Experiments using 
step-ramp (Rashbass) stimuli (i.e., the target simultane­
ously steps to a new position and assumes a constant 
velocity in the direction opposite its step of displace­
ment) have shown that the pursuit SEM mode is inde­
pendent of, but synergistic with, the FEM mode of the 
dual-mode version subsystem. Thus, the pursuit system 
will cause tracking in the direction of target motion at 
125 milliseconds, despite the target displacement in the 
opposite direction; that displacement will be corrected 
by a saccade at 200 milliseconds as tracking continues. 

Although retinal image velocity is the main stimulus 
for pursuit, there is ample evidence that position error 
also plays a role.44A5 By responding to both position 
and velocity, the pursuit system can maintain the target 
image on the fovea with little or no retinal slip veloc­
ity.46-48 Finally, pursuit is influenced by a predictive 
mechanism that permits target tracking with a minimal 
phase lag and, in some cases, with a phase lead.49-51 

DISCONJUGATE 

Fig. 10. Basic closed-loop diagram of 
the SEM mode of the version subsys­
tem (heavy lines) superimposed on 
the block diagram of the total ocular 
motor control system. The pursuit 
control signal, conjugate retinal error 
velocity, is sent to the cortex, and the 
decision to move the eyes is for­
warded to the pons, where the motor 
commands are generated and passed 
on to the ocular motor nuclei (OMN). 
This innervation causes the extraocu­
lar muscles (EOM) to move the eye 
with an SEM and change relative eye 
velocity. Assuming no change in head 
position, this new absolute eye veloc­
ity summates with target velocity at 
the retina to produce zero retinal error 
velocity. 
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Fixation 

Maintaining the image of a target of interest within the 
foveal area is the function of the fixation subsystem. 
Although it has been suggested that fixation is not active 
during smooth pursuit, II our studies of congenital nys­
tagmus foveation suggest that fixation works synergisti­
cally to maintain target foveation during pursuit. Al­
though it may not be true that fixation is pursuit at zero 
velocity, as Yarbus41 suggested, we hypothesize that 
pursuit includes fixation at, or near, zero position (i.e., 
when the pursuit and saccadic subsystems have posi­
tioned the target within the foveal area). Current data 
suggest that maintenance of target foveation is accom­
plished by velocity control (similar to smooth pursuit). 12 

However, we believe that some position control is also 
present to maintain the target in the center of the foveal 
area, where acuity is maximal. This would mimic the 
presence of position control during smooth pursuit. 44 

Vestibuloocular Reflex 

Head movement is the stimulus for the VOR. The la­
tency between the onset of sudden head movement and 
the resultant SEM can be as little as 15 milliseconds. 
The peak velocities of vestibuloocular SEM are also 
variable and may be as fast as 300 to 400o/second. The 
movements are conjugate and smooth, and the control 
system is continuous, but unlike the closed-loop sac­
cadic and pursuit functions, the vestibuloocular system 

is an open loop (Figs. 11 and 12). The control signal is 
head acceleration transduced by the semicircular canals 
to a neural signal proportional to head velocity. The 
canals thus perform the mathematical step of integration 
necessary to convert acceleration to velocity. The veloc­
ity information enters the vestibular nuclei, which 
project to the ocular motor neurons (Fig. 11). The final 
step of mathematical integration that converts velocity 
data to the position signal may take place in the vestibu­
lar nuclei, nucleus prepositus hypoglossi, or both. In 
Figure 12 the open-loop vestibuloocular function is dia­
grammed such as would occur in darkness with no vis­
ual inputs. Final eye position is therefore equal to rela­
tive eye position plus head position. 

The gain of the VOR (eyevelocity/head velocity) is 
about 1 and does not vary much in the range of normal 
head movements (less than 7 Hz). Similarly, the phase 
shift is small, in the region of 0.01 to 7 Hz. In the dark, 
when doing mental arithmetic, a subject's VOR gain is 
about 0.65 at 0.3 Hz, but in the light, or when asked to 
look at an imaginary spot on the wall in total darkness, 
the gain rises to 1 and 0.95, respectively. Thus, to raise 
the natural gain of the VOR from 0.65, the subject must 
be attending to the environment. Unfortunately, below 
0.01 Hz the gain and phase of the VOR change rapidly 
with frequency. Thus, for very slow movements, the 
VOR is not useful; low-frequency movements are dis­
cussed in the section on the optokinetic reflex (OKR). 
Because the time constant of the cupula is about 4 sec­
onds, the low-frequency range of the VOR should not 

-, E fh CMD MLF 

a,--;o-· -~~ r-0i 

co-os 

l E 8s CMD '+ rr::;:-, MLF '+ 8E CMD 
-ld/dtl--~--O-·--~-+O .·1 EOMI-·--8E 

+ l + PONS OMN 

r.:i7.i:l 8H r::i7.J.l jjH ~ 8v CMD I 
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Fig. 11. Block diagram of the dual-mode version subsystems with vestibular input illustrates the difference 
between the closed-loop FEM and SEM mechanisms and the open-loop vestibuloocular apparatus (VEST). The 
velocity commands of the FEM (d6F/dt CMD), SEM (d6s/dt CMD), and vestibular eye movements (d6v/dt CMD) 
are shown summing and using the final common integrator (f dt) in the pons. Its output and the velocity outputs 
travel to the oculomotor nuclei (OMN) by way of the medial longitudinal fasciculus (MLF). The eye position 
command (6E CMD) is sent to the extraocular muscles (EOM) to effect the required eye position (6E). BT is the 
target position. In this way, the position error, 6 = 6T - 6E, and the velocity error, do/dt = dldt (6T - 6E) are 
driven to zero; there is no feedback to the vestibular system, which responds to head acceleration (d26H/dt2). 

Head position (6H) and velocity (d6 H/dt) are also shown along with their relationship to d26H/dt2• CMD, command. 
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Fig. 12. Basic open-loop block diagram of the vestibuloocular mechanism (heavy lines) superimposed on the 
block diagram of the total ocular motor control system. The input is head acceleration, which is converted by 
the semicircular canals to a neural signal proportional to head velocity and sent to the vestibular nuclei. Here 
the motor commands are generated and passed on to the ocular motor nuclei (OMN). This innervation causes 
the extraocular muscles (EOM) to move the eyes with an SEM in an attempt to match head velocity and with 
an FEM if eye position requires change consequent to an internal centering mechanism. Absolute eye position 
is the sum of relative eye position and the nonzero head position. The dashed lines show the mathematical 
relationships between head position and acceleration; they are not signal paths. 

extend below 0.03 Hz. However, the fact that it does 
extend down to 0.01 Hz is due to a lengthening of the 
effective VOR time constant from the 4 seconds of the 
cupula to about 16 seconds. This is done in the vestibu­
lar nuclei, the cells of which exhibit the 16-second time 
constant rather than the cupula time constant. With 
head-on-body movement, input from neck receptors 
summates with input from the vestibular end-organ to 
produce compensatory eye movement.52 For simplicity, 
we have not included this nuchal-ocular function in our 
block diagrams. 

Optokinetic Reflex 

The OKR is responsible for filling in where the VOR 
fails (i.e., at the low end of the frequency spectrum of 
head and body movements). Proper excitation of the 
optokinetic system requires movement of the entire vis­
ual surround. This is most easily observed in afoveate 
animals (such as the rabbit) that do not track small mov­
ing targets. Whereas in real life it is self-motion that 
stimulates the OKR, in the laboratory the OKR is more 
easily studied by placing the subject within a moving 
surround. When this surround begins to move, the eyes 
will begin to follow in the same direction after a latency 

of a little more than 100 milliseconds, and eye velocity 
will slowly build to a value equal to that of the surround. 
In humans, because of a well-developed pursuit system, 
this slow buildup of eye velocity is not seen, and the 
eyes quickly assume a velocity equal to that of the sur­
round. It is extremely difficult to study the isolated OKR 
in humans because of our well-developed pursuit system 
and the fact that the OKR reaches maximum velocity 
at a different velocity than the pursuit system. If one 
studies the eye movements that result in darkness after 
an optokinetic stimulus is removed (optokinetic after­
nystagmus-OKAN), the effects of the pursuit system 
are removed and the basic OKR can be evaluated. Be­
cause of their complementary time constants (and, 
therefore, frequency responses), the OKR and VOR act 
synergistically during self-rotation to induce eye move­
ments that are equal and opposite to motion of the sur­
round. This joint activity is evidenced anatomically by 
the fact that the optokinetic signals (which are velocity 
commands) are mediated through the vestibular nuclei. 

Visual-vestibuloocular Response 

Because of their synergistic interaction as well as their 
virtual inseparability in normal head and body motions 
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of the dual-mode version subsystem 
(heavy lines) with open-loop vestib­
ular inputs (heavy lines) superim­
posed on the block diagram of the 
total ocular motor control system. 
The retinal error inputs combine with 
head acceleration and position inputs 
to create all version outputs (FEM, 
SEM, and FEM plus SEM). See Fig­
ures 7. 9, and II for explanations of 
the individual components of the 
version subsystem. 
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in a lighted environment, the VOR and OKR are usually 
combined as the visual-vestibuloocular response. With 
the addition of vision (Fig. 13), a feedback loop is closed 
around the open-loop VOR, and what results is the vis­
ual-vestibuloocular response. The ability of the ocular 
motor system to relate eye position to target position in 
situations of head movement is thereby markedly en­
hanced for quick (high-frequency) movements of the 
head and for sustained rotation. Thus, the ocular motor 
system is able to accurately move the eyes opposite the 
moving environment. 

INTERNAL MONITOR 
(EFFERENCE COPY) 

Early studies of the saccadic system in normals,53 as 
well as later studies of abnormalities in the saccadic 
system,54 suggested that the FEM subsystem contained 
an internal monitor of efferent eye-position commands 
that is used to generate subsequent saccades. By com­
bining retinal error position with the internal copy of 
eye position, a reconstructed target-position signal is 
used by the pulse generator to generate a saccade. The 
signals fed back by this internal monitor come from the 
output of the common neural integrator and enter the 
saccadic system at a point before the sampling that char­
acterizes the saccadic system. This is not the feedback 
signal used in the actual generation of the pulse by the 
pulse generator (see earlier discussion). Similarly, stud­
ies of the pursuit system40 have suggested that an inter-

co-os 

nal monitor is used to feed back eye-velocity com­
mands. By this mechanism, the pursuit system would 
reconstruct target velocity and generate a velocity com­
mand to the eyes that was based on that signal rather 
than on retinal slip velocity. These studies supported 
the hypothesis contained in the first behavioral model 
of the ocular motor system that exhibited internal oscil­
lations, such as congenital nystagmus; that is, efference 
copy was necessary for the proper operation of the ocu­
lar motor system. 55-57 Figure 14 shows a simplified 
block diagram of the internal monitor and its connec­
tions in both the FEM and SEM subsystems. The recon­
structed target signals, both position (ST') and velocity 
(dST'/dt), are used to generate both position and velocity 
commands to the eyes. 

CORRECTIVE MOVEMENTS 

Large FEM (greater than 15°) are often inaccurate, ne­
cessitating corrective movements to bring the eyes on 
target. After a latency of about 125 milliseconds, sac­
cadic corrective movements follow inaccurate (dysme­
tric) conjugate refixation saccades. Corrective saccades 
are conjugate and occur even in darkness, thereby pre­
cluding any significant role of visual feedback informa­
tion.53 The· exact mechanism responsible for these sac­
cadic corrective movements is uncertain, but the internal 
monitor of eye position is probably involved. In addi­
tion, proprioceptive feedback remains a plausible expla­
nation, despite the ongoing controversy about the exis-
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Fig. 14. Block diagram of the dual-mode version subsystem with vestibular input illustrates the use of an internal 
monitor (1M), which feeds back the eye position command (OE CMD) and eye velocity command (dOE/dt CMD) 
to generate an efferent copy of eye position in the head (OO'EOH) and eye velocity in the head (do'EoH/dt). These 
signals sum with retinal error and retinal error velocity to produce an efferent copy of target position in space 
(El'T) and target velocity in space (dO'T/dt). Eye position and velocity in the head combine with head position 
and velocity respectively to produce eye position and velocity in space (OEH + 8H = OES and dOEH/dt + dOHI 
dt = dOEs/dt). The other symbols in this figure are identical to those in Figure II. 

tence and importance of proprioception from the 
extraocular muscles. 

Disjugate dysmetric refixation saccades usually in­
volve one accurate eye, with the other either undershoot­
ing or overshooting. The dysmetric eye is brought to 
the target by a slow (usually less than 20o/second) move­
ment, designated a "glissade."53 The glissade results 
from a mismatch between the pulse and the step of the 
original saccade. Rather than a purposive corrective 
movement, a glissade is a passive drift dictated by the 
viscoelastic properties of the plant (orbit). 

VERGENCE EYE MOVEMENTS 

The stimulus for VEM is target displacement or motion 
along the visual Z-axis (toward or away from the ob­
server). Vergence latency is about 160 milliseconds, 
maximum velocities are in the range of 20o/second, and 
the movements are disjugate and smooth. VEM control 
is continuous, and the inputs are retinal blur (open loop) 
or diplopia (closed loop). The VEM subsystem is asym­
metric (i.e., convergence movements are faster than di­
vergence movements) and is uniquely capable of gener­
ating a uniocular eye movement. The time course is 
similar to that depicted in Figure SA for a step change 

in target position and in Figure SC for a constant target 
velocity. Thus, VEM outputs simply reflect innerva­
tional signals on the overdamped plant dynamics. The 
VEM subsystem is a closed loop when diplopia is the 
error signal (Fig. IS). The step (of innervation) com­
mand from the midbrain generator to the ocular motor 
neurons results in appropriate VEM to reduce diplopia 
to zero. 

SUBSYSTEM SYNERGISM 

When eye movements are studied in the laboratory or 
evoked in clinical examinations, individual types are 
isolated by fixation of the head and/or provision of a 
simple appropriate stimulus. However, most naturally 
occurring eye movements are a combination of various 
version movements admixed with VEM, reflecting the 
synergistic operation of all the subsystems (Fig. 16). 
Although it was previously presumed that compound 
eye movements to targets with both conjugate and disju­
gate errors (e.g., targets with both horizontal and depth 
differences) were merely the sum (at the ocular motor 
nuclei) of separately programmed conjugate and disju­
gate eye movements, we now know that the saccadic and 
vergence synergism occurs at a lower level, producing 
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Fig. 15. Basic closed-loop block dia­
gram of the vergence subsystem 
(heavy lines) superimposed on the 
block diagram of the total ocular 
motor control system. The control sig­
nal, disconjugate retinal error (static 
diplopia), and/or error velocity 
(changing diplopia) is sensed by the 
cortex. The decision to move the eyes 
is forwarded to a midbrain generator 
where the motor commands are initi­
ated and passed to the ocular motor 
nuclei (OMN). This innervation 
causes the extraocular muscles (EOM) 
to move the eyes with a VEM and 
change relative eye position and/or ve­
locity. Assuming no change in head 
position, this new absolute eye posi­
tion and/or velocity sums with target 
position and/or velocity to produce 
zero disconjugate retinal error(s). 

disjugate saccades that accomplish the different re­
quired uniocular movements.58,59 Thus, a saccades from 
a near to a distant target (requiring divergence) would 
result in an adduction-abduction asymmetry greater than 
the slight asymmetry of purely horizontal saccades (ab­
duction is of greater initial velocity than adduction, 
causing transient divergence followed by convergence). 
When convergence is required, as when looking from 
a distant to a near target, the asymmetry is decreased. 

Because accomplishing these differences in uniocular 
eye movement is more efficiently done during the sac­
cade, such asymmetrical saccades are more prevalent 
under natural conditions than under laboratory condi­
tions, where conjugate and disjugate movements are 
usually studied separately.60 Finally, there are interac­
tions between vergence and vertical saccades with tran­
sient horizontal divergence associated with upward and 
convergence with downward, movements.61 Disjugate 
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Fig. 16. Basic block diagram of the 
ocular motor system with vergence 
and dual-mode version subsystems. 
Explanations of the various compo­
nents are provided in preceding fig­
ures. 
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Fig. 17. Simplified block diagram of 
the dual-mode version subsystem and 
vestibular input with various ocular 
motor disorders related to distur­
bances in specific subsystems. OT is 
target position, OH is head position, 
and OE is eye position. MLF is medial 
longitudinal fasciculus, EOM is extra­
ocular muscles, OMN is ocular motor 
nuclei, SI is saccadic intrusions, SO 
is saccadic oscillations, and INO is in­
ternuclear ophthalmoplegia. 
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saccadic eye movements support the hypothesis of a 
uniocular control architecture (see "Unilateral and Bi­
lateral-Yoked Control"). 

Underactivity or overactivity in any of the ocular 
motor subsystems may result in dynamic eye-movement 
disturbances (Fig. 17). These constitute abnormal ocular 
oscillations, of which nystagmus is the most common. 
Increasing the delay in the visual feedback pathway in­
duces low-frequency oscillations in normals and super­
imposes such oscillations on the higher frequency oscil­
lations of acquired pendular nystagmus.62,63 The latter 
observation suggests that acquired pendular nystagmus 
is due to instability of an internal feedback loop in the 
ocular motor system (see Chapter 11). 

THE NEAR TRIAD 

Humans and other primates possess an intricate syner­
gism linking accommodation, convergence, and pupil­
lary constriction, an interrelationship variably termed 
"near response," "near reflex," "near-point triad," or 
"near synkinesis" (also see Chapter 15). The near triad 
can be elicited by electrical stimulation of the cerebral 
cortex at the junction of the occipital and temporal lobes 
(Brodmann's area 19). Although abolition of anyone 
of the functions does not interfere with the others, there 
is a definite causal relationship among the three phe­
nomena. Pupillary constriction is directly dependent on 
both the convergence impulse and the accommodative 
impulse. As Figure 18 illustrates, the near triad is com­
posed of three closed-loop subsystems, the signals of 
which are linked to their respective motor controllers. 

Thus, the accommodative signal also affects the pupil­
lary and vergence motor controllers, and the vergence 
signal affects the accommodative and pupillary motor 
controllers. The net result is activity causing a response 
in each of the systems, whether the stimulus is image 
blur, light, disparity (diplopia), or any combination of 
the three. Because pupil diameter directly affects the 
depth of field of focal planes, a dotted feedback path has 
been included from the output of the pupillary system to 
the input of the accommodative system. Although the 
pupillary response to light is closed loop, its function 
in the near response is essentially open loop because 
of the small influences of blur and disparity on pupil 
diameter. 64 

MICROMOVEMENTS OF THE EYE 

Sensitive recording techniques during fixation of a sta­
tionary target disclose three types of eye movements 
less than lOin amplitude: microsaccades, microdrift, and 
microtremor.41 Microsaccades (flicks) are conjugate, al­
though often of unequal amplitude in the two eyes. They 
range from 1 to 25 minutes (average of 6 minutes) of 
arc and demonstrate a velocity-amplitude relationship 
analogous to that of refixation saccades. The frequency 
of microsaccades is about 1 to 3 Hz. Microdrifts are 
disjugate and slow, with speeds varying from 1 to 30 
minutes of arc/second. Microtremor constitutes a disju­
gate, high-frequency vibration of the eyes, ranging from 
50 to 100 Hz, with amplitudes varying from 5 to 15 
seconds of arc. 

The significance of these micromovements is uncer-
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Fig. 18. The near triad. A block diagram shows the interrelationships among the accommodative, pupillary, and 
fusional subsystems that make up the near triad. When known, both functional and anatomical labels are provided. 
Each subsystem is a closed-loop negative feedback control system that is responsive to its own particular input 
as well as to the outputs of the other two systems as indicated. Both the accommodative and disparity version 
subsystems receive inputs from each other, and the pupillary subsystem receives inputs from both of the others. 
Because the aperture of the pupil directly affects the depth of field of the accommodative system, a dotted 
feedback pathway is shown. 

tain. It was originally believed that both microsaccades 
and drifts played a corrective role in fixation,65 but later 
studies have indicated that microsaccades probably do 
not occur naturally and are unique to eye movement 
recording conditions.66 

Optical methods that stabilize retinal images com­
pletely, thereby eliminating the effect of micromove­
ments, result in complete image fade-out after several 
seconds.41 This implies that the small eye movements 
(especially tremor), by continuously sweeping images 

across several receptors, prevent cone saturation. The 
characteristics of the various types of eye movements 
are summarized in Table 2. 

ANATOMIC ARCHITECTURE 

Most models of ocular motor control, including those 
in this chapter, are reduced to their simplest form. That 
is, they are unilateral in architecture with precise yoking 

TABLE 2. Eye-Movement Characteristics 

Type 

FEM 
SEM 
Pursuit 
Vest'.buloocular 
Optokinetic 
Vergence 
Corrective 
Microsaccade 
Microdrift 
Tremor 
Oscillatory 

Stimulus 

Volition, reflex 

Target motion 
Head movement 
Field motion 
Accommodative, Fusional 
Position error 
Fixation 
Fixation 

Latent 

125 msec 
< 15 msec 
> 100 msec 
160 msec 
125 msec 

Velocity Amplitude 

< 90o/sec 00 _900 

< 4000 /sec 0°-900 

< 600 /sec 00 _900 

< 20o/sec Age dependent 
< 1500 /sec < 40 

3° -12°/sec 1-25 min 
0-30 min/sec < [0 

50-100 Hz 5-30 sec 

Conjugacy 

Conjugate 

Conjugate 
Conjugate 
Conjugate 
Disjugate 
Conjugate 
Conjugate 
Disjugate 
Disjugate 

Control System 

Sampled: finite width 

Continuous 
Continuous 
Continuous 
Continuous 
Refractory saccade 
Refractory 

Modified from Dell'Osso LF, Daroff RB: Functional organization of the ocular motor system. Aerospace Med 45:873, 1974 

co·os 
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presumed. Although such models are limited to simple, 
stereotyped responses, they are useful for many types 
of studies and for pedagogic purposes. 

Unilateral and Bilateral, Yoked Control 

Unilateral, yoked control (UYe) models contain both 
positive and negative signals, despite the bilateral nature 
of brain stem organization and the positive-only nature 
of neuronal signals. Uye models have one eye and are 
essentially monocular representations of perfectly 
yoked eyes. As such, they cannot duplicate many of the 
properties of the physiologic system that are a function 
of internal interconnections. One basic tenet of control 
system theory is that behavior is a function of intercon­
nections (feedback loops) and not the gains of individual 

elements. Studies of the bilateral nature of ocular motor 
control required expansion (duplication) of the Uye 
models into bilateral yoked control (BYe). In these, 
perfect yoking is still assumed, but neuronal signals are 
positive, as are their physiologic counterparts. The 
"push-pull" interconnections across the midline can be 
modeled with Bye architecture.67 

Bilateral and Bilateral, Yoked, 
Independent Control 

Studies of normal and, especially, abnormal eye move­
ments of humans and of dogs and humans with absent 
optic chiasms suggest independent control of each eye. 
This directly implies independent control of each eye 
muscle,68 which is due to the bilateral architecture of 

.J-I~.RE 

Fig. 19. A bilateral, yoked, independent control architecture in a model of both the fast eye movement (FEM) 
and smooth pursuit (SP) subsystems. T, target; e, retinal error position; e = de/dt, retinal error velocity; NI, 
common neural integrator; PLNT, ocular motor plant; K, proportional pathway; E, eye; RE or re, right eye: LE 
or Ie, left eye: c, conjugate: r, right; I, left: s, Laplace notation for differentiation. (modified from Dell'Osso LF: 
Evidence suggesting individual ocular motor control of each eye (muscle). J Vestib Res 4: 335, 1994) 
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the brain stem. A bilateral independent control (BIC) 
model evolves from this data. A BIC model is necessary 
to model the ocular motor control of a chameleon, for 
instance. To include binocularity, yoking must be added 
to BIC, producing a bilateral, yoked, independent con­
trol (BYIC) model. Figure 19 shows such a model and 
includes the saccadic and pursuit subsystems; the addi­
tion of the four fixation, four VOR, four OKN, and 
vergence subsystems would greatly increase the com­
plexity of a BYIC model, as can be seen by comparing 
Figure 19 with Figure 11 (minus the vestibular input). 

A BERA VIORAL OCULAR MOTOR 
SYSTEM MODEL 

In the past 50 years, there have been many "models" 
proposed for either isolated functional blocks (within 
an ocular motor subsystem), individual subsystems, or 
more rarely, the complete ocular motor version (or 
vergence) system for a given plane. Models fall into 
either the "bottom-up" (for isolated blocks) or "top­
down" (subsystem and system models) category. The 
top-down approach is taken in this chapter but the block­
diagram figures cannot be considered true models unless 
each block can be defined mathematically or simulated 
on a computer. The bottom-up approach has been fa­
vored by those whose research involves single-cell neu­
rophysiology, whereas the top-down approach is more 
common to those whose approach is based on control 
systems and whose models are required to mimic ro­
bustly a broad range of human behavioral ocular motor 
responses to controlled target inputs (i.e., the character­
istics of the responses to specific target inputs must 
simulate those of normal individuals). Besides this dif­
ferentiation, some models are based solely on data from 
"normals" (either humans or animals), whereas the 
foundations of others also include "abnormal" data 
(i.e., data from patients and animals with ocular motor 
abnormalities). Restricting a model's foundations to 
normal data often fails to uncover important mecha­
nisms in the ocular motor system and, more importantly, 
leads to models that are oversimplified and cannot simu­
late even the most rudimentary responses to simple ab­
normalities. 

Our modeling has been guided by the philosophy that 
by studying ocular motor system abnormalities we 
would uncover hidden normal mechanisms and abilities 
not possible from studies of normals alone. We use the 
following criteria to guide our modeling: (1) all models 
of dysfunction must duplicate known normal ocular 
motor behavior; (2) all putative mechanisms for dys­
function must simulate the behavioral responses of pa­
tients with the disorder being modeled in addition to 
the abnormal waveforms (e.g., nystagmus or saccadic 
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dysfunctions); (3) merely simulating waveforms in iso­
lation may be an interesting homework problem for a 
control system engineer but, even if the model contains 
"realistic," "physiological" mechanisms, it is not 
good enough and, until such putative mechanisms can 
be shown to actually work within a top-down, behav­
ioral model, they must remain highly suspect; and (4) 
putative mechanisms must be tested within a complete, 
behavioral model containing all relevant subsystems, 
even those not directly involved in the simulated behav­
ior, to ensure there are neither unexpected interactions 
nor behaviors. The brain is a highly complex organ and 
the ocular motor system is a multiloop, multifunction 
control system with specialized subsystems, each also 
complex. 

A top-down model is invaluable in the conceptualiza­
tion of how the overall system works and how it fails 
in the face of specific types of dysfunction. Given the 
long time intervals required for the bottom-up approach 
to modeling to arrive at universally agreed upon ana­
tomic sites or models for small portions of subsystems, 
the expectation that it is capable of producing a total 
behavioral model of ocular motility in the near future 
is problematic. Taken to its limit, the restriction that all 
models be anatomically and neurophysiologic ally "ac­
curate" at the neuronal or cellular level leads to a model 
of the size and complexity approaching that of the brain 
itself, something requiring computer power not yet 
available and cortical power not likely to evolve. There­
fore, we regard the development and use of top-down 
behavioral models as imperative to continued progress 
in studying ocular motor function and dysfunction. 

We have attempted to adhere to these principles in 
the computer models of dysfunction we have made. Be­
ginning with a behavioral model of the ocular motor 
system containing the internal oscillation of congenital 
nystagmus,55-57 later models of gaze-evoked nystag­
mus,15 Alexander's law,67 and myasthenia gravis69 ex­
panded on the concept of an internal monitor coordinat­
ing the operation of the various subsystems responsible 
for responses to saccadic, pursuit, and combinations of 
the two stimuli. A behavioral model of the version por­
tion of the ocular motor system evolved that is capable 
of simulating many normal and abnormal behav­
iors.6.7o-76 Figure 20 is the block diagram of the present 
model, containing both primary signal paths (thick 
lines) and the essential signal paths (thin lines) responsi­
ble for logical decisions and the control of the various 
functional blocks. The model contains many of the func­
tional blocks discussed in this chapter and includes one 
large block that is necessary if a model is to fulfill the 
criteria stated earlier. That block, the internal monitor, 
grew in size and complexity from its precursors to per­
form additional functions required for the accurate 
simulation of behavioral ocular motor responses in the 
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OMS Block Diagram 
Retinal Feedbacl< 

• Fovealing Saccade MotorCmd 

Fig. 20. A behavioral ocular motor system model capable of simulating normal and abnormal ocular motor 
responses to various target stimuli. Major sensory and motor signal pathways are shown by thick lines, whereas 
logic and function-control signal pathways are shown by thin lines. Abbreviations as in Figure 19 in addition 
to: TI, tonic imbalance; Sacc, saccade; FS, foveating saccade; BS, braking saccade; AL, Alexander's law; TIAL, 
tonic imbalance modified by Alexander's law; Pos, position; Vel, velocity; E', reconstructed eye position; Tvel', 
reconstructed target velocity; Eve!', reconstructed eye velocity; OMN, ocular motor neuron; EOM, extraocular 
muscle; k, constant. 

presence of a wide variety of acquired and congenital 
dysfunctions. Put simply, the internal monitor is the 
"brains" of the model. It calculates reconstructed eye 
and target position and velocity, provides the Alexan­
der's law variation to tonic imbalances, coordinates sub­
system responses, and makes the necessary logical deci­
sions that enable the model's output, whether during 
simulation of normal or abnormal behavior, to duplicate 
what has been recorded from the respective humans 
when subjected to specific target input while viewing 
with a fixed head. 

Figure 21 demonstrates how the current version simu­
lates the behavioral responses of normal individuals. 
The responses to small target steps (top left panel) are 
accurate and occur with the normal saccadic latency. 
As the target steps become larger (top right panel), the 
simulations consist of a hypometric saccade followed by 
a short-latency corrective saccade, mimicking normal 
responses. The responses to very short (30 ms) pulse 
changes in target position (middle left panel) are steps 

to the second target position, ignoring the short initial 
position; this too, mimics normal responses. For longer 
(100 ms) pulse inputs (middle right panel), the response 
consists of two saccades separated by the normal inter­
saccadic interval. For each type of pulse input, the initial 
saccades exhibit normal latencies. The model's re­
sponses to target ramps (bottom left panel) exhibit both 
the normal smooth pursuit accuracy and latency. Re­
sponses to target step-ramps exhibit the normal pursuit 
and saccadic latencies and accuracies, demonstrating 
the synergistic action of these subsystems. The model 
is also capable of simulating both these behavioral re­
sponses and the waveforms of individuals with gaze­
evoked nystagmus, myasthenia gravis (and Lambert­
Eaton syndrome), the fusion maldevelopment nystag­
mus syndrome (latent/manifest latent nystagmus) with 
Alexander's law variation, the infantile nystagmus syn­
drome (congenital nystagmus), square-wave jerks/oscil­
lations, square-wave pulses, saccadic dysmetria, and 
staircase saccadic intrusions 77 (see Chapter 11). We are 
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Fig. 21. Ocular motor system model responses to target steps (top panels), pulses (middle panels), ramps, and 
step-ramps (bottom panels). The speed of each target ramp is indicated on the tracing. 

currently incorporating a visual-vestibular subsystem to 
allow simulations during head and environmental mo­
tion. 

Most published models have been limited to small 
portions of specific subsystems or to suggest putative 
mechanisms for a specific waveforms of nystagmus. No 
attempts were made to assess the effects on the behavior 
of the ocular motor system if these mechanisms were 
inserted into a complete behavioral model. Without such 
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evaluations, hypothetical mechanisms generating spe­
cific waveforms remain highly speculative. One use of 
a robust, behavioral model of the ocular motor system 
is to test proposed mechanisms of dysfunction by inte­
grating them into the model and determining their ef­
fects on all responses. We designed this model to be 
modular, which will facilitate testing of specific func­
tional blocks with a replacement that is claimed to be 
an improvement. Another benefit of a behavioral model 
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is that it allows testing of mechanisms hypothesized to 
cause the deviations from normal behavior exhibited by 
patients with specific disorders. 

EYE-MOVEMENT RECORDING 
TECHNIQUES 

Eye-movement recording is required for quantitative in­
formation and as a permanent record in both basic re­
search and clinical situations. 

Afterimages 

In one early technique of recording eye movements, a 
series of images was placed on the retina by regularly 
flashing lights. This necessitated subjective verbal re­
ports, yielded no permanent record, and was replaced 
by mechanical recording devices. 

Mechanical Transducers 

Historically, mechanical transducers represented an im­
provement over the afterimage method in that a perma­
nent record was obtained. They involved the attachment 
of instruments to the eye that interfered with normal 
eye movements. More sophisticated techniques are now 
used. 

Photography 

Motion picture recording of eye movements is an excel­
lent, simple technique for gross clinical comparisons 
and teaching purposes. However, there are a number of 
compelling limitations in the use of photography for 
quantitative recordings. It is extremely time consuming 
and requires careful frame-by-frame analysis, large 
quantities of expensive film, and rigid head mounting. 

Corneal Reflection 

Corneal reflection is an offshoot of direct photography 
and involves photographing a light reflected on the cor­
nea. The light beam is focused on a photographic film 
to provide permanent records. The use of photographic 
film prevents real-time monitoring of the data, but this 
limitation can be overcome by television scanning. The 
head must be rigidly stabilized for quantitative record­
ing, because considerable error is introduced with slight 
head movement. The system is linear and accurate 
within a narrow range of amplitude and is suitable for 
quantitative recording of micromovements of the eye. 
Although not suitable for clinical purposes, it is an ex­
cellent technique for recording the scanning patterns of 
subjects viewing scenes or pictures. 

Contact Lens 

The contact lens method, which usually involves reflect­
ing a beam of light from a mirror mounted on a corneal 
contact lens, is extremely sensitive and can measure eye 
movements of less than 10 seconds of arc, making it 
useful for the recording of micromovements. 

Electro-oculography 

Because of different metabolic rates, the cornea is about 
1 m V positive with respect to the retina, a situation 
that creates an electrostatic field that rotates with eye 
movement. Skin electrodes placed around the eye can 
therefore record eye position. Although both eyes can 
be averaged with the use of bitemporal electrodes, this 
method does not result in correct eye-position informa­
tion about either eye and therefore can be very mislead­
ing. We recommend that each eye be measured sepa­
rately with periorbital electrodes. Recording only one 
eye is preferable to bitemporal electrodes if only one 
channel is available; at least the movements of that eye 
will be recorded without the contamination that results 
from bitemporal electrode placement. Electro-oculo­
graphy (EO G) is useful and convenient for recording 
eye movements from about 1 ° to 40°, but frequent cali­
bration is essential because of nonlinearities and base­
line drift. 

Alternating-current-coupled EOG is a simple method 
of recording nystagmus and is used in electronystag­
mography. However, neither eye position nor slow pur­
suit can be recorded with the use of alternating-current 
amplification. For quantitative studies, direct-current 
oculography is essential. This introduces the problem 
of baseline drift, which can be overcome partially with 
strict attention to proper electrode and skin preparation 
and the use of modem, low-drift, direct-current ampli­
fiers. We recommend alternating-current-coupled EOG 
only for clinicians who want a recording of spontaneous 
and caloric-induced nystagmus and are not concerned 
with quantitative analysis. Satisfactory recordings of 
vertical eye movements are difficult to perform with 
EOG because of muscle artifact and eyelid movement. 

Photoelectric Oculography 

Photoelectric oculography encompasses a variety of 
techniques, each involving the projection of light over 
the cornea and a photosensitive device that responds to 
the light reflected from the eye. The voltage output from 
the photo sensors is a function of the angle of gaze. 
Infrared techniques yield a linear output to ~20° and 
are the most commonly used. As in EOG, both eyes can 
be recorded simultaneously in the horizontal direction. 
Vertical eye movements can be measured accurately 
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only if eyelid interference is eliminated; this usually 
restricts the range to ± 10°. Compared with EOG, the 
system is virtually noise free, and its fast dynamic re­
sponse is advantageous for the recording of saccades. 
It is useful for measuring eye movements during reading 
and is a preferred technique in research involving eye 
movements within 20° of primary position. Infrared 
photoelectric oculography is, in most respects, prefera­
ble to EOG for quantitative recording. Although it has 
a limited range when recording vertical eye movements, 
unlike EOG, the measurements are accurate. Because 
movement of the sensors relative to the eyes can pro­
duce artifacts in the eye signal, some systems measure 
the corneal reflection relative to either the pupil or 
fourth Purkinje image from the posterior surface of the 
lens. These systems have had limited success in eye 
movement monitoring. 

Electromagnetic Search Coil 

The scleral search coil is a wire coil embedded in a 
contact lens. The subject is placed in an alternating mag­
netic field, and eye position is recorded from the voltage 
induced in the coil. This scleral search coil is an accurate 
technique for both large and small movements.78 Con­
tact lens techniques now allow binocular tracings, be­
cause occlusion of the recorded eye is no longer re­
quired. Although the search coil is very sensitive (5 
minutes of arc), has a large range (± 90°), and can be 
used to record both horizontal and vertical eye move­
ments simultaneously at bandwidths up to 500 Hz, it is 
an invasive technique and therefore of limited clinical 
utility except in the hands of highly trained personnel. 
Also, there is some evidence that the coils and their 
output wires may alter the dynamics of eye move­
ments.79 Despite these limitations, it is one of the most 
accurate and versatile methods available. 

Digital Video Oculography 

With the advent of small, lightweight CCD video cam­
eras with higher scan-rate frequencies, digitization of 
video signals, and integrated software, eye movements 
can now be accurately measured and digitally stored by 
means of a video front end. Horizontal, vertical, and (in 
some systems) torsional eye movements can be simul­
taneously recorded by this noninvasive method. Linear 
ranges of ± 40° horizontally and ± 30° vertically are 
possible, with sampling rates up to 500 Hz and noise 
ofless than 0.1°. In comparison to the magnetic search 
coil, accurate and reliable horizontal and vertical posi­
tion signals are provided, although the eye velocities 
were noisier in early models.80 Another advantage of 
the video signal is that the information necessary for 
pupillary diameter measurements is already present and 
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can be extracted by the appropriate software. The scan­
ning laser ophthalmoscope (SLO) is a special device 
that makes use of video. The SLO provides a video 
record of the retina, on which the visual stimulus is 
superimposed. With appropriate video digitization and 
software, the SLO can also be used for quantitative anal­
ysis. 

Ocular Electromyography 

The methods described previously measure eye posi­
tion. Electromyography, in which concentric needle 
electrodes are inserted into the extraocular muscles, rec­
ords muscle action potentials. The technique is difficult 
and provides little useful inforniation to the pragmatic 
clinician. However, it is a research tool that has provided 
data about eye-movement neurophysiology and expla­
nations of clinical phenomena. 
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