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ABSTRACT

Hering’s Law of Equal Innervation treats the
double eye as a single organ. Normal humans
often execute saccadic eye movements that are
dynamic violations of Hering’s Law. These
infractions are produced by differences in the
neural controller signals sent to each eye and
are exemplified by monocular movements, such
as dynamic overshoot, glissades, and double
saccades; these dynamic violations occur more
frequently in fatigued subjects. In contrast to
dynamic violations, static violations of Hering’s
Law are usually indicative of pathological
conditions.

Hering’s Law of Equal Innnervation is an
important clinical tool, which has been useful to
optometrists, ophthalmologists, and physiolo-
gists for over a century. A simple statement of
Hering’s Law is that, during eye movements,
corresponding muscles of each eye receive equal
innervation.'® Hering’s Law is not an immuta-
ble law; it is often violated by normal humans.
Most of these infractions are dynamic violations
of Hering’s Law, because they occur during
saccadic eye movements.

This paper presents 2 categories of Hering’s
Law violations: static and dynamic. The static
violations, which are rare in normals but com-
mon in patients, are usually indicative of pa-
thology, while the dynamic violations (closely
spaced saccades; overlapping saccades; low-
velocity, long-duration saccades; dynamic over-
shoots; oblique saccades; and glissades) occur in
normal humans. Hering’s Law is a unifying
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concept for explaining these variations in the
hyperfine structure, the detailed shape informa-
tion of saccadic eye movements. Some of these
violations have been reported previously, but
most are reported for the first time in this
paper. The previous reports of these violations
have treated them as isolated, enigmatic phe-
nomena; we now have united them by their
classification as Hering’s Law violations.

METHODS

Eye movements were measured with the pho-
toelectric technique similar to the one described
by Bahill et al.* The exceptions were that the
infrared illumination came from light-emitting
diodes mounted on a spectacle frame and that
differentiation was usually performed with an
RC circuit. Mounting the infrared light sources
on the spectacle frame reduced the effects of
head movements and allowed the use of a
simple chin rest and head rest in place of a bite
bar. The instrumental bandwidths were 500 and
70 Hz, respectively, for the eye position and the
eye velocity records in Figs. 3 and 4.° The
bandwidths for eye position, eye velocity, and
target position were 70, 25, and 10 Hz, respec-
tively, in the other figures. The system was
normally linear over a 15-degree range of eye
movement. Since most naturally occurring
human saccades are 15 degrees or less in magni-
tude,® attempts were seldom made to measure
larger eye movements. The clinician must pos-
sess some skill and experience with any method
of measuring eye movement, so that artifactual
results may be eliminated from the data. We
were particularly fortunate that eye blink and
head movement artifacts were easy to identify
in our records and were therefore immediately
eliminated from our data.

Vertical eye movements were measured in our
Neuro-optometry Clinic with either the infrared
photodiode method” or with electro-oculogra-
phy (EOG). One disadvantage of using the EOG
technique was that the corneo-retinal potential
varied long after illumination changes ceased.
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For instance, a step change in illumination
could produce oscillations which doubled the
EOG magnitude with a period of about 1 hr.?
Consequently, for the infrequent times when we
used EOG, the patients were kept in the labora-
tory with fairly constant illumination for 1 hr or
more before the measurements were taken. An
alternate procedure was to keep the recording
sessions very short and only use data where
identical calibrations were recorded before and
after each experimental run. All of the records
of this report were derived from the infrared
photodiode method of eye movement measure-
ment.

RESULTS

Dynamic Violations of Hering’s Law

When the eyes moved between 2 points,
dynamic violations of Hering's Law were often
recorded. The pathway taken by each eye was
usually different. Since these violations were a
consequence of the movements of the eyes, they
were categorized as dynamic violations. We
show 6 basic types of dynamic violations of
Hering’s Law in the saccades of normal sub-
jects: closely spaced saccades; overlapping sac-
cades; low-velocity, long-duration saccades;
dynamic overshoots; oblique saccades; and glis-
sades. These monocular movements appeared
in the dominant and the nondominant eye, in
leftward and rightward saccades, and in ab-
ducting and adducting saccades.

Hering’s Law violations that we found in-
cluded double saccades, 2 saccades with less
than the classical 200-msec intersaccadic inter-
val. They were either closely spaced saccades
(Fig. 1) or overlapping saccades (Fig. 2).
Because the velocity profiles for each saccade
overlapped one another, they were called over-
lapping saccades. As can be seen from these
figures, double saccades were monocular phe-
nomena; they appeared in only 1 eye at a time.
Fatigue* increased the frequency of occurrence
of double saccades; however, normal unfatigued
subjects also, on occasion, executed double
saccades.” '* Double saccades were not the
result of instrumental artifacts, because a mea-
surement artifact would not extend the dura-
tion of the movement but would merely insert a
discontinuity into the records (see “Discus-
slon”). The saccades of Figs. 1, 2, and 8 were
Gxaguted by the same normal subject within a
3-min period. They show that double saccades
ogeurred in either eye.

Prova—

“®We ‘use the term ‘“fatigue” in a very general
II'nngr, encompassing sensory adaptation, CNS ha-
bituation, and muscular fatigue.
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FiG. 1. Shown as functions of time, from top to
bottom, are velocity of the left eye, target position,
horizontal position of the left eye, horizontal position
of the right eye, and the timing marker. The target
movement was a 10-degree step displacement that
took less than 1 msec for completion. The slowness of
the target position record was due to a slow, low-band-
width channel on the strip chart recorder; the eye
movement channels had larger bandwidths (see
“Methods’). Leftward movements are represented by
upward deflections in the eye position records and
downward deflections in the target position record.
The timing trace has a 60-Hz burst each second. The
calibration mark below the velocity trace represents
100 msec. All of the figures of this report have a
similar format, unless otherwise noted. Hering’s Law
was violated during this eye movement: there were
closely spaced saccades in the movement of the right
eye and a low-velocity, long-duration saccade in the
movement of the left eye. These are signs of fatigue in
normal subjects.

Fatigue also caused slowing of individual
saccades. This sometimes occurred in one eye
before the other as shown in Figs. 1 and 2. In
this experimental trial, the subject’s saccades of
the left eye became low-velocity, long-duration
saccades after about 10 min, while her saccades
of the right eye were still normal at the end of a
half-hour. Thus, the third demonstrated viola-
tion of Hering’s Law was the slowing down of
individual saccades.

Dynamic overshoot resulted when an eye
went beyond its final target position and then
returned with a quick saccadic movement
which lasted 15 to 20 msec and had a velocity of
up to 200 degrees/sec (the duration and velocity
of the return phase depended upon the magni-
tude of the return phase). Dynamic overshoot
was often a monocular phenomenon. Fig. 3
shows saccades with the right eye dynamically



788

P A

—
—

—

Fic. 2. Overlapping saccades in the movement of
the left eye. The velocity profiles of the 2 saccades in
the left eye seem to overlap. The left eye is slowed
down due to the sluggishness of the saccades and to
the presence of the double saccade. Therefore, the left
eye starts 50 msec before and comes to rest 10 msec
after the right eye. The target position trace was
retouched to indicate the onset of target motion.

overshooting and the left eye not dynamically
overshooting, but rather glissadically overshoot-
ing. The neurological control signals which
produced these 2 types of saccades were quite
different.* ** ** In Fig. 3, the saccade with dy-
namic overshoot was slower than the saccade
without it, because of the double saccade in the
movement with dynamic overshoot. The effects
of this double saccade can be seen best in the
acceleration plots.

Saccadic eye movements were seldom linear
or straight. Even saccades between 2 points on a
vertical line (called purely vertical saccades) or
between 2 points on a horizontal line seldom
moved the eye in a straight line through XY
space. Fig. 4 shows a typical, purely vertical
saccadic eye movement. It had a small, tran-
sient, orthogonal, horizontal component. These
horizontal components and, therefore, the tra-
jectories of the eye positions in space varied
from saccade to saccade. Using after-image
techniques similar to those used by von Helm-
holtz,'® we have shown that the the trajectories
of the 2 eyes were usually different.

The glissades shown in Fig. 5 demonstrated
the 6th and final example of dynamic violations
of Hering’s Law. Glissades'* were slow, drifting
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movements that were often attached to the end
of saccadic eye movements. Their velocities
decayed exponentially to zero, and their max-
imum velocities were functions of the size of the
glissades.'® The examples shown in Fig. 5 were
typical. Glissades were 1 to 2 degrees in magni-
tude, had durations of 100 to 500 msec/ and had
velocities of about 5 degrees/sec. They were
usually monocular and occurred more often in
fatigued subjects.

The 6 types of dynamic violations of Hering’s
Law that have been presented are closely
spaced saccades; overlapping saccades; low-
velocity, long-duration saccades; dynamic over-
shoots; oblique saccades; and glissades. They
were all associated with the hyperfine structure
of saccadic eye movements and occurred in
normal humans.

T

Fic. 3. Dynamic overshoot in the saccade of the
right eye. Shown as functions of time, from top to
bottom, are the position of the left eye, the position of
the right eye, velocities of the 2 eyes, and accelera-
tions of the 2 eyes. Leftward movements are repre-
sented by upward deflections. Each record is 500
msec in duration. The change in static eye position
was 10.0 degrees. The left eye had a maximum veloc-
ity of 510 degrees/sec and a peak positive accelera-
tion of 42,000 degrees/sec®. These saccades were re-
corded directly on a computer disk memory and were
plotted out in an XY plotter using a computer slow-
down routine. The instrument bandwidth for the eye
position records was 500 Hz. The high-frequency nois_e
is so prominent in the records of the left eye is arti-
factual and was not low-pass filtered out.
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Fic. 4. Trajectory curvature illustrated with a
downward saccade having a small, transient, horizon-
tal component. The display shows in the left column,
from top to bottom, vertical eye position, vertical eye
velocity, horizontal eye position, and horizontal eye
velocity; at the top of the right column is shown eye
position in space, or the X-Y trajectory; the bottom of
the right column is the horizontal position versus time
record rotated on its side and aligned with the X-Y
trajectory above. The calibrations shown represent 4
degrees, 150 degrees/sec, and 100 msec. Rightward
(temporal) and upward eye movements are repre-
sented by the upward deflections. Although this is
only a monocular recording, our psychophysical stud-
ies have shown that the trajectory curvatures are
different for the 2 eyes.

Violation of Hering’s Law Associated with
Pathology

Certain neurological disease states are often
characterized by eye movement syndromes
involving glissades. For example, in dynamic
internuclear ophthalmoplegia, also called the
gyndrome of the medial longitudinal fasciculus,
the adducting eye falls short of its final target
position and completes the movement via a
glissade. Simultaneously, the abducting eye
overshoots the target and glissades back to the
final position. Sometimes there is abduction
nystagmus.'®"'® If the terms abducting and
adducting are interchanged in the previous
sentences, then abduction internuclear ophthal-
moplegia is described.'® Fig. 6 shows eye move-
ments similar to those reported in internuclear
ophthalmoplegia. However, the saccades of Fig.
8 were executed by a clinic patient who lacked

r confirmatory signs and symptoms needed
to establish the clinical diagnosis of internu-
c_lear ophthalmoplegia and were therefore con-
sidered only as an unexplained pattern of
adduction lag. We have found 3 (out of 40)
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clinical patients showing these pseudo-internu-
clear ophthalmoplegia patterns, as well as 2 of
this paper’s authors who exhibited similar sac-
cadic-glissadic patterns on particular days. Fig.
7 shows the eye movements of one of the authors
(T. B.), illustrating abduction lag and adduc-
tion nystagmus. These records are remarkably
similar to the records of a patient with abduc-
tion internuclear ophthalmoplegia.'®* However,
this author has neither before nor since exhib-
ited pseudo-internuclear ophthalmoplegia pat-
terns. Therefore, we caution against over-inter-
preting similar saccadic-glissadic patterns into
a diagnosis of internuclear ophthalmoplegia.
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Static Violations of Hering’s Law

Sometimes in the middle of a recording
session the eyes saccaded in the same direction
but with different magnitudes, producing static
violations of Hering’s Law (Fig. 8). Three simi-
lar static violations were recorded during the
same half-hour session. The causes of these
random, unexplained, Hering's Law violations
were difficult to determine. We could neither
explain why a normal subject made these aber-
rant eye movements nor could we predict their
occurrence. The eye movements shown in Fig. 8
include both dynamic and static violations.
That is, not only are the dynamic saccadic
movements different, but the static eye position
levels are also different.

Fig. 9 shows the eye movements of a 69-year-
old woman with nystagmus of recent onset. The
frequency of her nystagmus was usually about 4
Hz, but the type of nystagmus varied: some-
times no nystagmus would be present, some-
times the nystagmus would be pendular, some-
times the nystagmus would be sawtooth, and
sometimes it would violate Hering’s Law (Fig.
9). In this record every other saccade was a
violation of Hering’s Law, since the saccades
moved the eyes alternatively in the same and
then in opposite directions. Since the trajecto-
ries and the static eye positions were disjunctive
on alternate saccades, the movements of Fig. 9
clearly show both static and dynamic violations
of Hering’s Law.

DISCUSSION

Dynamic Violations and the Hyperfine Struc-
ture of Saccades

A pulse-step controller signal must be pro-
duced by the extraocular motoneurons in order
to produce a saccadic eye movement. The pulse
is the high-frequency burst of motoneuronal
firing that moves the eye rapidly from one point
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Fie. 5. Glissadic undershoot (first saccade) and glissadic overshoot (second saccade) exhibited in the
saccades of the left eye (top trace) of a normal subject. The calibrations represent 10 degrees for each eye.
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Fic. 6. Pseudo-internuclear ophthalmoplegia records showing glissadic undershoot of the adducting eye and
simultaneous glissadic overshoot of the abducting eye, a syndrome often associated with internuclear
ophthalmoplegia. Note that the eye movement patterns are the same for eye movements made: (1) after the
target movement by a normal latency, (2) to a blank point on the screen in anticipation of target movement,

and (3) back to the target again.

to another. The step is the tonic level of
innervation that holds the eye in its new posi-
tion. Variations in this pulse-step controller
signal give rise to the hyperfine structure of
saccadic eye movements and to the dynamic
violations of Hering’s Law shown in Figs. 1 to 3
and 5 to 7.

Often both eyes of fatigued subjects did not
complete the transition from one target position
to the next with 1 large, smooth saccade; one
eye executed either 2 closely spaced saccades
(Fig. 1) or 2 overlapping saccades (Fig. 2). As
few as 30 saccades of 50-degree magnitude or
1000 saccades as small as 10 degrees were

usually sufficient to produce these signs of
fatigue.'® Double saccades were not the result of
instrumental artifacts, because in all cases in
which we accepted the results as being double
saccades we had recorded smooth single sac-
cades both before and after the double saccades.
Double saccades are a manifestation of an
amplitude decomposition of the movement and
not of a temporal decomposition. In other
words, if a 10-degree saccade is decomposed into
two 5-degree saccades, then two 5-degree pulse-
step controller signals must be sent to the
extraocular muscles. This will result in two
35-msec, 5-degree saccades for a total move-
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Fic. 7. Shown from top to bottom are left eye velocity, right eye velocity, horizontal position of the left eye,
horizontal position of the right eye, and the target position. The target jumps are physiologically large: 20
degrees. The calibration mark represents 1 sec. The strip chart recorder used curvilinear paper. The final pulse
shown in the target position record was ignored by the subject. Leftward movements are represented by upward
deflections. Pseudo-abduction internuclear ophthalmoplegia records showing abductor glissadic undershoot,
concomitant adductor glissadic overshoot, and adductor nystagmus in the right eye. Although this is similar to
tracking patterns described for patients with abduction internuclear ophthalmoplegia, these eye movements

were executed by a normal subject.
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Fic. 8. Static violations of Hering’s Law made by a
normal subject.

ment duration of 70 msec. This is much longer
than the 40-msec duration of a normal 10-
degree saccade. Merely introducing a pause
into the midd!le of the pulse of a 10-degree pulse-
step controller signal will not produce the same
long duration of movement that two 5-degree
pulse-step controller signals will. This ampli-
tude decomposition is discussed in greater de-
tail by Bahill and Stark.'?

" Dynamic overshoot is produced by role re-
v'ersals at the end of the pulse-step controller
signal. That is, the primary saccade agonist has
& pause of about 10 msec, and the primary
saccade antagonist simultaneously has a brief

burst of motoneuronal firing.* ' This burst in
the primary saccade antagonist and pause in
the primary saccade agonist drive the eye back
to the final position with a small saccade. The
peak velocity versus magnitude and the dura-
tion versus magnitude relationships (Main
Sequence diagrams)?° for the return phase of
the dynamic overshoot are the same as for other
types of saccades.*

Glissades are produced by mismatches
between the pulse and step components of the
motoneuronal controller signals; these mis-
matches may be due to errors in either the pulse
or the step components.!® As an example of a
pulse error glissade, suppose the pulse compo-
nent is too large, due to either having too wide a
pulse, recruiting too many motoneurons, or
firing the motoneurons at too high frequencies,
then the pulse commands a larger eye move-
ment than the step: the first saccadic portion of
the movement drives the eye beyond its final
target position, and the movement is completed
with a glissade back to the final position.
However, saccades with this type of glissadic
overshoot have slightly lower peak velocities
than equal sized saccades without glissades.
This fact, in conjunction with modeling studies,
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Fic. 9. Every other saccade made by this patient
with nystagmus is a violation of Hering’s Law. This
sequence of saccades was recorded with only the left
eye viewing a stationary fixation target. The gains of
the 2 channels are not the same. The saccades are
about 5 degrees in magnitude.

suggests that an error in pulse size which pro-
duces glissadic overshoot is probably the result
of a pulse width error and not a pulse height
error.?! This may help to unravel the underlying
pathology = which  produces internuclear
ophthalmoplegia. Small saccades have smaller
peak velocities than do large saccades, a rela-
tionship called the Main Sequence. The
adducting saccades with glissadic undershoot in
patients with internuclear ophthalmoplegia are
smaller than the simultaneous abducting sac-
cades and, therefore, should have smaller peak
velocities, as pointed out by Metz.'® It has not
yet been shown whether saccades with glissadic
undershoot have larger or smaller peak veloci-
ties than equal-sized saccades without glis-
sades. This could either accentuate or minimize
the results noted by Metz.

The adducting nystagmus of the right eye
seen in the abduction pseudo-internuclear
ophthalmoplegia records of Fig. 7 is not a true
nystagmus, but merely the result of alternating
glissades to the right and corrective saccades to
the left. Large saccades in normals are usually
hypometric: they have static undershoot that is
ameliorated by a corrective saccade about 150
msec after the primordial saccade. For the first
saccades shown in Fig. 7, each eye’s step portion
of the pulse-step controller signal codes for a
change in eye position that is smaller than the
change in target position, and this produces
static undershoot in both eyes. The pulse signal
for the abducting (left) eye codes for a saccade
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that is even smaller than the change in eye
position coded for by the step. This causes a
leftward glissade: the glissade and the subse-
quent corrective saccade are in the same direc-
tion. The pulse signal for the adducting (right)
eye codes for a saccade that is larger than the
change in eye position coded for by the step, but
smaller than the change in target position; this
causes a rightward glissade, and the glissade.
and the subsequent corrective saccade are in
opposite directions. This produces the nystag-
moid pattern seen in the adducting (right) eye.
The slow phases in this pseudo-nystagmus are
exponential in shape, like all glissades.!® 15 18
The peak velocity of each subsequent glissade
becomes smaller, until the actual eye position
matches the motoneuronally coded eye position,

The fact that the step portion of the motoneu-
ronal controller signal is usually the same for
both eyes, while the pulse portion usually dif-
fers, gives support to the differentiator hypothe-
sis'® ¥ for formation of the motoneuronal con-
troller signal. This states that the input signal
to the saccadic, time-optimal, pulse-step con-
troller signal generator is the step, and that this
step is differentiated and summed with itself to
produce the composite pulse-step motoneuronal
controller signal.

Dynamic violations of Hering’s Law are pro-
duced by variations in the pulse portions of the
pulse-step controller signal. These variations
are not due to variations in peripheral nerves or
muscles, because dynamic violations in normals
are not affected by the lateral direction of the
saccades. Furthermore, patients with pathology
who exhibit dynamic violations usually have
brain stem lesions rather than peripheral injury.

Previous Investigators Have Intimated the
Occurrence of Dynamic Violations of
Hering’s Law.

In 1901 Dodge and Cline?® stated that the
durations of large (30 degree) rightward and
leftward saccades were different. Therefore, the
2 eyes were not in simultaneous motion
throughout the excursion. Krauskopp et al.*
have stated that the correlation coefficient
between the magnitudes of small fixation sac-
cades in the 2 eyes ranged from only 0.76 t0 0.91.
Smith et al.?* stated that the times at which the
eyes attain their maximum velocities may differ
by as much as 5 msec. Goodwin and Fender™
and, later, Fricker and Sanders®’ cross-corre-
lated target position to the position of each eye
and stated that the time delay to the peak value
was usually different for the 2 eyes. Pickwell,*
without showing records, and Stark,? without
explaining but showing records, demonstrated
that in eye movements during changes in asym-
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metric vergence, the saccade of the non-domi-
nant eye was larger. Weber and Daroff'* named
glissades and demonstrated their monocularity;
previously, Stark®® had shown a glissade as an
example of a violation of Hering’s Law. All of
these authors demonstrated only dynamic
violations of Hering’s Law, for only the pulse
portions of the pulse-step controller signals were
different.

Artifactual Considerations

Artifacts in eye movement records may be
produced by Hering’s Law violations. EOG is a
noisy technique for measuring eye movements.
Part of this noise comes from jaw muscle
potentials. However, if the 2 EOG electrodes are
placed so that an electrode is at the outer can-
thus of each eye, jaw muscle potentials will be
picked up by both electrodes. When the differ-
ence of the 2 electrode voltages is taken, the
jaw muscle potentials will be subtracted out,
and therefore the EOG records will be less
noisy. Many investigators have used this tech-
nique?°-*¢ In fact, one investigator®’ used this
averaging technique with infrared photodiodes.
If Hering’s Law were never violated, then the
average eye movement measured with this tech-
nique would be very similar to the actual move-
ments of each eye. However, we have shown
that the movements of the 2 eyes may start at
different times (Fig. 2), may end at different
times (Figs. 1, 2, 3, and 5), may have different
velocities (Figs. 1, 2, and 7), and may have
different shapes, due to either closely spaced
saccades (Fig. 1), overlapping saccades (Fig. 2),
dynamic overshoot (Fig. 3), or glissades (Figs.
5, 6, and 7). Therefore, we view with caution
the records derived by averaging the movements
of the 2 eyes.

Static Violations of Hering’s Law

Since the vertical muscles have different ac-
tions as functions of horizontal position® (e.g.,
when the eyes are abducted 39 degrees, the
obliques have no vertical action?), static viola-
tions of Hering’s Law often occur when the eyes
are not near primary position. Therefore, Her-
ing’s Law treats the 4 vertical muscles as 1
group. Furthermore, for abduction of more than
23 degrees from primary position, the vertical
recti reverse their cyclorotary functions.? Thus,
assignment of yoke muscles even as a foursome
would not be consistent with Hering’s Law.
Hering®® acknowledged these difficulties. He
treated the 4 vertical muscles as 1 group, but he

not have their innervational relationships
change as functions of hoizontal eye position.
Yhus, he did not suppose that a variable yoked-
ness occurred, which might have compensated
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for the changed effectiveness of the vertical recti
and obliques as functions of horizontal position.
However, he did suggest that the fan-like inser-
tions of the extraocular muscles into the globe
would have an influence in minimizing the
variable effectiveness of the recti and obliques.
Further consequences of removing the eyes from
primary position are discussed in the appendix
of this paper.

Hering’s Law Is a Valuable Clinical Tool.

Static violations of Hering’s Law are pro-
duced by patients with static internuclear
ophthalmoplegia. These patients are for all
practical purposes unable to use versional eye
movements to adduct the affected eye into the
nasal field." In contrast, certain patients mani-
fest secondary deviations which are a direct
consequence of obeying Hering’s Law of Equal
lnnervation. For example, a patient may have
had a paretic right lateral rectus due to either
muscle, 6th nerve, or motoneuronal pathology.
When viewing the target with the normal left
eye, the covered paretic right eye would be
pointed nasalward showing decreased abduc-
tion, a primary deviation. When viewing the
target with the paretic right eye, the covered left
eye would be pointed nasalward showing an
exaggerated overcompensated adduction, a sec-
ondary deviation which is greater than the
primary deviation.' The increased innervation
sent to the right lateral rectus to compensate for
its weakness is accompanied, as predicted from
Hering’s Law, by an increased innervation to its
yoke muscle, the healthy left medial rectus.
This produces the larger secondary deviation.

Although dynamic violations of Hering’s Law
frequently occur in normal subjects, particular
patterns of dynamic violations may have clini-
cal significance. For example, patients with
dynamic internuclear ophthalmoplegia show
adductor glissadic undershoot and concomitant
abductor glissadic overshoot. This syndrome is
caused by lesions in the medial longitudinal
fasiculus, usually due to multiple sclerosis if
bilateral, or vascular accidents if monocular.

Summary

Static violations of Hering’s Law of Equal
Innervationare usually indicative of pathological
conditions, while dynamic violations usually are
not. Normal subjects, especially when slightly
fatigued, frequently execute closely spaced sac-
cades, overlapping saccades, slow fatigued sac-
cades, curved oblique saccades, dynamic over-
shoots, and glissades. Because these phenom-
ena are monocular, the eye movements are
dynamic violations of Hering’s Law.
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APPENDIX—THE 39° PARADOX

Static violations of Hering’s Law are much
less common than dynamic violations. The few
static violations that we have presented have
been either rare examples in normals or records
taken from pathological patients. However,
there are possibly 2 additional static violations
of Hering’s Law which may occur for vertical
saccades with the eyes moderately abducted.
They are elucidated by the 39-degree paradox.
The primary feature of this paradox is that the
forces available from the vertical muscles are
functions of the horizontal position; therefore, a
set of controller signals appropriate for an
abducted eye would be inappropriate for an
adducted eye. Hering understood this and elab-
orated his rule so as to treat the 4 vertical
muscles as 1 group. (We discuss this idea later.)
The secondary feature of the paradox shows
that small vertical saccades executed with an
eye 39 degrees abducted would produce either
cyclorotary disparities or static violations of
Hering’s Law.

In this hypothetical experiment the subject
looked at a target which abducted his right eye
by 39 degrees and then made small vertical
saccades about this point. With the right eye
abducted 39 degrees, its superior and inferior
oblique muscles were pure cyclorotators and
contributed no force for elevation or depres-
sion; ! the small upward saccades were executed
entirely by the superior rectus agonist. To
make an upward saccade, the innervation to the
right superior rectus must have increased, but
in this position this would also produce a small
amount of excyclorotary force.” Either excy-
clorotation of the right eye existed due to this
excyclorotary force of the right superior rectus,
or an increase of innervation to the right superior
oblique compensated for this excyclorotary
force.

Let us first assume that there was no net
excycloration of the right eye. (We have not
been able to observe it visually.) In order to
counteract the excyclorotary force of the right
superior rectus, the innervation to the right
superior oblique must Have increased. Mean-
while, during this eye movement, what has hap-
pened to the left eye, which has been adducted
about 39 degrees? (It would be adducted by
more than 39 degrees for near targets. For
example, it would be adducted by 42 degrees for
targets 57.3 cm away from the midline of the
subject’s forehead.) To make the upward sac-
cade, the innervation to both the left superior
rectus and the left inferior oblique must have
increased, and by Descartes’ Law of Reciprocal
Innervation,*® the innervation to the left inferior
rectus and the left superior oblique must have
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decreased. This is in contradiction to Hering’s
Law, which predicts that if the innervation to
the right superior oblique increased, then the
innervation to its yoke muscle, the left inferior
rectus for versional eye movements, must have
also increased. (This theoretical violation holds
not only when the eye is abducted by 39 degrees,
but also when thg¢ eye is abducted by any
amount between 23 and 51 degrees. For at 23
degrees abducted, the superior rectus changes
from an incyclorotator to an excyclorotator,
while its yoke muscle, the inferior oblique, does
not change its action.)

Could this contradiction be due to our
assumption of increased innervation to the right
superior oblique in order to produce zero
cyclorotation of the right eye? To check this, let
us suppose that the innervation to the right
superior oblique was zero for the upward sac-
cade, for this would have allowed excyclorota-
tion of the right eye. Then, according to Her-
ing’s Law, innervation to the yoke muscle, the
left inferior rectus, must have been zero. There-
fore, the vertical saccade in the left eye must
have been executed solely by the left inferior
oblique, which would have produced upward
movement and excyclorotation of the left eye.
With excyclorotation of both eyes, there would
have been cyclorotary disparity and violations
of Listing’s Law, but not necessarily of Donder’s
Law. Therefore, this solution would not have
alleviated the dilemma. :

There is one more logical possibility for inner-
vation of the right superior oblique: during the
vertical saccade, the innervation to the right
superior oblique may have decreased. Thus,
there would have been excyclorotary forces due
to both the right superior rectus and the right
inferior oblique. This would have produced very
large excyclorotation, because the right inferior
oblique would have been acting in a plane where
its total force would have been cyclorotary.
Thus, there would have been very large excy-
clorotation of the right eye. Meanwhile, what
would have happened in the left eye? The left
superior rectus would have produced upward
movement and incyclorotation, while the left
inferior oblique would have produced upward
movement and excyclorotation. These cycloro-
tary forces would have tended to cancel each
other out: the left eye would have had little
cyclorotation, while the right eye would have
had a large excyclorotation. This also would
have produced cyclorotary disparity and there-
fore would not have solved our dilemma.

So, it seems that small vertical saccades with
one eye abducted 39 degrees produced irrecon-
cilable problems for Hering’s Law of Equal
Innervation. There are at least 3 solutions to
this problem. First, there is the answer Ewald
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Hering®® used in 1868. He did not use the term
yoke muscles. Instead, he treated the vertical
recti and the vertical obliques as a single group
of muscles with variable interactions between
them. Secondly, we could assume that the eyes
actually do have different cyclorotation and
that this cyclorotatary disparity is ameliorated
by neural processing. Kertesz and Jones*® and
G. van den Brink (personal communication)
have suggested the cyclofusion is accomplished
by neural signal processing. Third, we could
ignore innervation completely and restate Her-
ing’s Law in terms of eye movements, as Hering
did in 1879: “The movements of the two eyes are
equal and symmetrical’.*!**?

If Hering’s original solution is used, then
Hering’s Law could be stated as follows: Tonic
innervations of the horizontal and vertical
groups of muscles of both eyes usually change
by the same amount either in the same direc-
tion for versional eye movements, or in opposite
directions for vergence eye movements.

We believe that this statement of Hering’s
Law is in keeping with what Hering believed. It
requires that the 4 vertical muscles be treated
as a group and not individually or even as pairs
of muscles. In studies of oblique eye movement
trajectories,” ** no evidence could be found that
the 4 vertical muscles did not act as a single
group, (i.e., for the independence of the oblique
and vertical recti muscles). Interestingly,
Nakayama** has adopted a similar scheme in
order to explain the implementation of Listing’s
Law. He also showed that neither Listing’s Law
nor Descartes’ Law of Reciprocal Innervation
held during sleep. We have similarly shown here
that fatigue increases the frequency of Hering’s
Law violations.

We have shown that Hering’s Law does not
apply during eye movements. Analogously, West-
heimer and McKee*® have shown that Donder’s
Law does not hold during smooth pursuit eye
movements.
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