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F1G. 3. Orthometric saccade with normal trajectory (O,) produced by model. Both position
(pos) and velocity (vel) of the right (RE) and left (LE) eyes are shown in this figure and Figs. 4
through 6.
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F1G. 4. Model responses of a tonic deficit in the left eye showing hypometric saccades with
overshoot trajectories (HO,) and the terminating normal orthometric saccade (O,). Note the
eye under cover (RE) overshoots the target. (See text for explanation.)
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response which transiently achieved about 80% of the desired value but
which rapidly decayed. A corrective saccade was then required which
displayed the same characteristics. The process was repeated until the
target eventually was reached (Fig. 4). This type of hypometria (HO,---O,)
was common in myasthenic patients. In this situation the right eye under
cover, which could not be contributing visual feedback, was intact so that it
reached the target correctly on the first saccade. Subsequent corrective
saccades, required by the defective left eye, caused the right eye to
overshoot; this is common in other types of peripheral palsies (2).

The next defect studied was uniocular paresis (Fig. 5a). Again, with the
affected eye fixating, there was a series of hypometric saccades. Unlike the
previous case, however, the saturation-type defect caused the corrective
saccades to be relatively small and many were needed to complete the
movements. A ‘‘softer’’ saturation produced fewer and larger corrective
saccades (Fig. 5b). As with some myasthenic patients, saccades smaller
than the angle of paresis onset were normal, and larger movements were
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F1G. 5. Model responses of pareses in the left eye illustrating hypometric saccades with
undershoot trajectories (HO,) and the terminating undershooting orthometric saccade (O,).
Pareses are modeled by a hard (a) and soft (b) saturation.
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impossible with the hard saturation. This response (HO,--O,) is similar to
that seen in patients.

The effects of increasing the responsiveness of extraocular muscles by
administering edrophonium areillustrated in Fig. 6, which shows two types
of model responses. Where the saccadic gain was between one and two, a
static hypermetria (HR) occurred (Fig. 6a). When the gain rose transiently
above two, a burst of macro saccadic oscillations (MSO) was produced,
decaying as the gain dropped (Fig. 6b). We found MSO after edrophonium
administration in one of our patients.

Yee et al. (12) reported occasional overshooting in ocular myasthenia.
We attempted to simulate this on our model by producing both a tonic
deficit and a central increase in saccadic gain. When the gain increase was
sufficient to just offset the deficit, the resulting waveform was orthometric
but had an overshoot trajectory (O,) as shown in Fig. 7

DISCUSSION

Our model, unlike those of Collins (4) or Clark and Stark (3), does not
provide a detailed simulation of the plant nor does it simulate two of the
centrally generated saccadic mechanisms found in both normal and
myastenic subjects (e.g., dynamic overshoots and multiple, closely spaced
saccades). Rather, like Zee et al. (13), we attempted to produce a model,
less detailed in specifics but more encompassing in scope, including both
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Fi1G. 6. Model responses to simulation of saccadic gain increases as in administration of
edrophonium to a myasthenic patient. Hypermetria (HR) shown in (a) and, for even higher
gain, macrosaccadic oscillations (MSO) shown in (b).
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Fi1G. 7. Simulation of the response caused by a tonic defect and an equivalent central
adaptation (i.e., increased saccadic gain) producing an orthometric response with an
overshoot (O,).

central and peripheral elements required to study the possible mechanisms
underlying the variety of eye movements seen in-ocular myasthenia.

The first test of a model is its ability to simulate normalcy. This model did
produce the pulse—step of innervation required to produce a saccade
showing velocity—amplitude characteristics within the normal limits (8).
More importantly, when proposed defects were made in the model, eye
movements appropriately simulating those in myasthenia were produced.
A defect in the tonic with relative sparing of phasic fibers in one eye is
shown for the viewing left eye in Fig. 4. The model correctly obeys
Hering’s law for the normal right eye which is under cover and is forced to
overshoot due to each successive saccade of the left eye.

The common problem of muscle paresis in mj},asthenia is characterized
by amplitude limitation but, distinctively, in this condition saccades within
the narrow restrictive range have a normal velocity—amplitude relation-
ship. This differs from internuclear ophthalmoplegia (6) or chronic progres-
sive external ophthalmoplegia (12) where both amplitude restriction and
saccadic slowing coexist. Our model was capable of simulating myasthenic
muscle paresis (Fig. 5) through the presence of a saturation element
around the second stage of the plant representation. The amplitude
limitation can be viewed physiologically as a failure in recruitment of the
additional muscle fibers required to achieve increased gaze angles. As in
the previous example (Fig. 4) an attempt of the paretic eye to move
beyond its amplitude restriction causes the normal, covered eye to far
overshoot the target. The heightened innervation which the brain stem uses
to overcome the paresis overdrives the healthy eye (Fig. 5). As with cranial
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neuropathy with impaired extraocular movement (2), the central nervous
system responds to ocular myasthenia by increasing innervational activity
in an attempt to compensate for the impairment. When there is sudden
enhancement of the peripheral responsiveness through the administration
of edrophonium, the increased innervation is unmasked. The functional
improvement in the extraocular muscles causes the eye to overshoot the
target (Fig. 6). After an appropriate latency, a corrective saccade is
attempted back to the target but also overshoots. If the increased saccadic
gain lies between one and two, the subsequent sequence of corrections
eventually leads to correct eye position on the target. If the increased gain
exceeds two, an increasing macro saccadic oscillation results. Both
conditions are illustrated in the model (Fig. 6). The oscillation resembles
that seen in cerebellar disease (11); the same basic mechanism of increase
in the visual feedback loop gain is responsible for the oscillation with
cerebellar disease and in myasthenic muscles following edrophonium. The
difference is the location of the gain increase within the loop.

This type of model analysis is analogous to experimental models and
neurophysiological studies in laboratory animals used to understand
disease mechanisms. It provokes close examination of the effects of
proposed pathological processes and allows us to test hypotheses
concerning mechanisms in a situation where in vivo studies are impossible.
We are thus able to better understand the origins of the ocular motor
disturbances in myasthenia gravis.
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