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Ocular motor stability of foveation periods

Required conditions for suppression of oscillopsia®
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ABSTRACT. Individuals with congenital nystagmus (CN) usually do not experience oscillopsia.
We hypothesized that the ability to suppress oscillopsia in CN is the result of perceptual mecha-
nisms that differentiate retinal image motion caused by the oscillation itself from that of real
target motion. In previous studies we showed that: (1) by inducing oscillopsia in CN subjects
who did not experience it under normal conditions, retinal image stability was insufficient
to suppress oscillopsia in the presence of nystagmus; (2) the presence of repeatable, well-de-
veloped (retinal error position <0.5° and error velocity <4 °/sec) foveation periods was neces-
sary for visual constancy. The present study is of a subject with diagonal CN whose direction of
perceived oscillopsia varied with the eye used for fixation; the oscillopsia corresponded to the
absence of well-developed foveation periods in either (horizontal or vertical) or both planes. Thus,
poorly developed foveation periods in the horizontal, vertical or both planes resulted in horizon-
tal, vertical or diagonal oscillopsia respectively ; except for the diagonal condition, the direction
of oscillopsia was not directly linked to that of the CN. Based on this and our previous studies
of CN foveation dynamics during the perception and suppression of oscillopsia, we hypothesize
that the necessary and sufficient conditions for visual constancy in either plane are the presence
of repeatable, well-developed foveation periods of sufficient time duration in that plane (perhaps
as little as 15 msec), and that these conditions must be simultaneously satisfied in both planes to
preclude oscillopsia in either plane.
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INTRODUCTION

Since the first description of oscillopsial, its rela-
tionship to eye motion has been a subject of spec-
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ulation. Although reports exist of oscillopsia oc-
curring in the absence of clinically apparent ocu-
lar motor dysfunction (‘central oscillopsia’)? or
induced by transcutaneous nerve stimulation3,
accurate recording methods have demonstrated
that oscillopsia is usually caused by excessive re-
tinal image slip due to spontaneous nystagmus or
an abnormal vestibulo-ocular reflex (VOR). Un-
der normal conditions, despite the retinal image
slip caused by normal eye movements (e.g.,
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smooth pursuit of a small target across a tex-
tured background), no oscillopsia is present.
However, if one places an after-image on the
retina of a normal individual and he moves his
eyes voluntarily, he will perceive movement of
the after-image across the stationary back-
ground in his visual field (this is a well-known
phenomenon to anyone who has experienced the
bright flash of a photographer’s flash bulb —
pre-electronic flash); in complete darkness, the
after-image may be perceived as moving (oscil-
lopsia) or stationary since there is no other image
with which it might be compared*. Under these
same conditions, individuals with congenital
nystagmus (CN) also experience the perception
of oscillopsia of the after-image across the sta-
tionary background and report either oscillopsia
or a stationary after-image in the dark’®. The
perceived motion of after-images in CN was used
in an early study of fixation in an attempt to
determine if the waveform was biased!?. Thus,
for the dark condition, given the same retinal
and ocular motor conditions, the resulting per-
ception of motion is not unique (i.e., the brain
has some latitude in determining what shall be
perceived as stationary or moving). If thereis no
eye movement, there is no oscillopsia of the af-
ter-image. During head movement while fixating
a distant target, the VOR acts to move the eyes
in the head to achieve eye stability in space and
no oscillopsisa results. If, however, the head
movement contains components outside of the
normal operating range of the VOR (e.g., vigor-
ous voluntary head movements), the eyes will
not remain stationary in space and oscillopsia
will result!!,

In individuals with acquired nystagmus (AN),
oscillopsia is usually present but in those with
CN, oscillopsia is rare. The waveforms of hori-
zontal AN are either pendular, linear or decreas-
ing-velocity exponentials; vertical AN some-

times exhibits increasing-velocity exponen-
tials!2 13, The feature that distinguishes CN from
AN, besides the increasing-velocity nature of the
slow phases, is the presence of foveation periods
occurring just prior to the initiation of the slow
phases. Both linear and decreasing-velocity slow
phases have an initial velocity that is usually high
enough to preclude good vision or provide for
visual stability. Pendular waveforms and in-
creasing-velocity slow phases have an initial
velocity at or near zero that allows the individu-
al’s fixation mechanism to grasp the target
image, if it is on the fovea at that point in the
cycle, and extend the time that the eyes either
remain motionless or drift with a low velocity.
The extent to which this extension occurs (i.e.,
how well-developed the foveation periods are), is
related to both the visual acuity!4 !5 and visual
stability!6-!° of the individual.

In a previous study of a CN patient who de-
veloped oscillopsia in later life following an epi-
sode of loss of consciousness, we showed the ne-
cessity of well-developed foveation periods in his
horizontal CN to suppress horizontal oscillop-
sial’, This suppression required extended fovea-
tion time and low beat-to-beat variation of both
the position and velocity of the foveation peri-
ods. A ‘foveation window’ was defined where
the eye position was <0.5° from the target and
eye velocity was <4 °/sec simultaneously. When
the CN waveform had well-developed foveation
periods (within the window), no oscillopsia
resulted ; when it did not, horizontal oscillopsia
resulted. Thus, when the speed of image motion
was below 4 °/sec as it crossed the foveal region,
vision was reported as stable; when image mo-
tion exceeded this value, he reported oscillopsia.
All vertical components of the CN were of such
low amplitude that they always remained within
the window and no vertical oscillopsia was exper-
ienced.

304



Ocular motor stability of foveation periods

This study is of an individual with diagonal
CN whose oscillopsia direction was dependent
on the eye used for fixation. Taken together,
these studies of oscillopsia and CN suggest the
necessary and sufficient conditions for oscillop-
sia (horizontal, vertical or diagonal) in the pres-
ence of involuntary eye movements or, converse-
ly, those conditions needed to suppress oscillop-
sia. They form the basis for therapeutic interven-
tion in cases of AN with oscillopsia to alleviate
this debilitating symptom and suggest the mech-
anism by which normals perceive spatial con-
stancy in the presence of eye movements.

CASE HISTORY

A 28-year-old woman underwent surgery for stra-
bismus at 18 months of age. At 13 years of age, CN
was diagnosed and she noted intermittent oscillop-
sia during her teens. At 23 years of age, following
the birth of a son, she developed post-partum
depression and was treated with a variety of
medications. She had been taking lithium for two
years and discontinued its use three weeks before
seeing us; she had also taken buspirone (discon-
tinued three months prior to seeing us) and was
currently taking fluoxetine hydrochloride. We pre-
sume the horizontal component of her CN has been
present since infancy and the vertical component
resulted either wholly or partially from the drug
therapy.

Her chief complaint, both to her referring physi-
cian and during her first recording session in our
laboratory, was oscillopsia that was mainly hori-
zontal in the right eye and vertical in the left; the
oscillopsia was most troublesome when her eyes
tended to ‘cross’; she did not complain of diplopia.
Her visual acuity with correction was approximate-
ly 20/50 OD and 20/40 + 2 OS. She had no stereop-
sis and normally fixated with her right eye. During
her second recording session, two months after the
first, she elaborated on her previous report that
during right-eye fixation the oscillopsia could
sometimes be diagonal and during left-eye fixa-

tion, it could sometimes be elliptical with a coun-
terclockwise motion along a major axis of approxi-
mately 135°. She drew pictures of the perceived
motion under each fixation condition. These clear-
ly showed the trajectories, including the relative
amplitudes of the horizontal and vertical compo-
nents when both were present ; the latter allowed us
to quantify the relative amplitudes and compare
the oscillopsia to the CN trajectories for each fixa-
tion condition.

Our examination revealed that, in addition to a
horizontal CN, she had a see-saw vertical compo-
nent that resulted in a diagonal nystagmus of both
eyes. The fixating eye, either the right or left, beat-
ed downward and nasally while the tropic eye beat-
ed upward and temporally. Thus, the horizontal
component of the fast phases beated toward the
non-fixating eye (i.e., a reversed latent compo-
nent). Convergence did not suppress her CN. With
both eyes open, she fixated with her right eye while
her left was approximately 14° esotropic and 5°
hypotropic; during right-eye fixation, covering the
left had no effect. Forced fixation with her left eye
resulted in the right eye becoming 14° esotropic
and 1 ° hypotropic (these measurements were taken
from the eye-movement data).

METHODS

Recording

Horizontal and vertical eye motion of both eyes
was recorded using the scleral search coil method
with 6-foot field coils (CNC Engineering, Seattle,
WA). The coil system bandwidth was 0-150 Hz,
linear range of greater than + 20 ° and sensitivity of
0.1° in both planes. The subject’s stabilized head
remained within the 30 cm cube of the magnetic
field where the translation artifact was less than
0.03 °/cm. Data were filtered (bandwidth 0-90 Hz)
and digitized at 200 Hz with 16-bit resolution.
Scleral-coil (Skalar, Delft, The Netherlands) gain
was calibrated using a protractor device capable of
rotations in each plane. During analysis, the mean
foveation position of each eye was set to 0 ° to align
the target position when that eye was viewing. This
is routinely done for most other types of eye-move-

305



L.F. Dell’Osso and R. J. Leigh

ment recording methods and although it does not
guarantee that the 0° eye position coincides with a
target image on the center of the fovea, it does
place 0° at the subject’s chosen point of fixation;
except for rare cases of extrafoveal fixation or cer-
tain types of foveal aplasia, it is reasonable to
equate 0° with the foveal center, especially when
the subject has good vision. In addition, data could
be stored on magnetic tape and displayed on a rec-
tilinear strip chart recorder (Beckman Type R612
Dynograph, bandwidth 0-100 Hz). Horizontal eye
movement recordings were also made using infra-
red reflection. Eye velocities were obtained by
analog differentiation of the position channels.
The strip chart recording system and tape capabil-
ities were the same as described above and the total
system bandwidth (position and velocity) was
0-100 Hz.

Protocol

The subject was instructed to fixate on the center
dot, located in primary position, on a 20° square
Amsler grid while one eye was occluded or with
both unoccluded. Also recorded was fixation at the
cardinal gaze positions. Retinal image stabilization
(RIS) of a 20° square Amsler grid was accom-
plished in the horizontal plane using the horizontal
signal from the scleral search coil to drive a mirror
galvanometer that reflected the target onto the
back of a translucent screen. While the subject fix-
ated the center of the grid, a bias voltage was added
to the search coil signal until there was no horizon-
tal drift of the display; this ensured that the image
was foveally stabilized. This method is independ-
ent of whether the subject has nystagmus (congeni-
tal or acquired) or oscillopsia. In all cases, the sub-
ject senses the slow drift produced by a parafoveal
image and can inform the experimenter when the
drift has ceased. The experimenter can also see the
target drifting, even when it is oscillating with the
subject’s nystagmus. Ambient illumination was
dim. Further details may be found elsewhere2?.

Analysis

Data analysis, statistical computation of means

and standard deviations (SD) and graphical presen-
tation were accomplished on an IBM PS/2 Model
80 using the ASYST software for scientific com-
puting. Further details on ASYST may be found
elsewhere?!.

To calculate the SD of the CN waveform’s fove-
ation periods in a given interval of fixation, the
point of minimum eye velocity (minimum slope)
corresponding to the beginning of each slow phase
was identified on the position record (foveation
periods calculated in this way may not have actual-
ly resulted in accurate target foveation). These
points (most easily identified on eye position
records) were entered into an array using interac-
tive graphics and the SD of foveation-period posi-
tion was then calculated. To calculate the SD .of
foveation-period velocity, the velocities of the
same points (previously identified on the position
record) were read into an array using interactive
graphics. The foveation-period time interval was
calculated by subtracting the point when the eye
speed fell to 4°/sec from the point when it rose to
that value; these intervals were identified on the
velocity record using interactive graphics and the
mean values were then calculated. Note again that
foveation periods, so defined, may not correspond
to when the image of the target of regard was on the
fovea. For those waveforms whose phase-plane
contours did not cross the velocity limit (slow-
phase velocity >4°/sec), the +0.5° limits were
used from the position record. Both methods al-
lowed inclusion of foveation periods that fell out-
side the foveation window so that the statistics of
these periods could be calculated. To calculate the
total time per second (or per cycle) that the target
was truly foveated, the eye-position and eye-veloci-
ty arrays were analyzed (using array mathematics)
for all points when both the +0.5° and +4°/sec
limits of the predefined foveation window were sa-
tisfied. If the eye-position records showed that all
foveation periods of interest during an interval of
fixation were well-developed (i.e.,. they fell within
the +0.5° limits), the easier method using array
mathematics was employed to calculate the posi-
tion and velocity SD’s.

The use of phase planes in CN analysis first ap-
peared in the study of foveation dynamics and was
later applied in studying smooth pursuit and the
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VOR in CN. Their utility lies in the simultaneous
presentation of both eye (or retinal image) position
and velocity. During fixation, this enables immedi-
ate identification of those periods when the target
image is both stable and on the fovea. During
smooth pursuit or VOR analysis, phase planes of
retinal image motion identify those periods of gaze
stability indicative of perfect pursuit or VOR. Fur-
ther details on the use of phase planes may be
found elsewhere!’:22:23, Scan-path plots (vertical vs
horizontal motion) of both position and velocity
allowed us to determine if the minima for eye posi-
tion or velocity were synchronous in the horizontal
and vertical planes. These and the phase planes
combined to provide evidence of simultaneous sat-
isfaction of the position and velocity criteria in
both planes. Conjugacy plots (left eye vs right eye)
for both the horizontal and vertical planes of mo-
tion demonstrated the relative amplitudes and
phases of the motions of the two eyes.

RESULTS

Eye-movement recordings showed that the CN
waveforms were pseudocycloid and pseudo-
pendular at frequencies of 4-6 Hz24. The nys-
tagmus in the right eye was diagonal with ap-
proximately equal horizontal and vertical com-
ponents but that of the left eye was mainly hori-
zontal-elliptical. Fixation with the right eye (her
normal condition) resulted in a jerk left CN (OU)
with a downbeating component in that eye and a
slightly upbeating component in the left eye.
Forced fixation with the left eye (by occluding
the right eye) resulted in a jerk right CN (OU)
with a slightly downbeating component in that
eye and a larger upbeating component in the
right eye. Fig. 1 shows the relationships between
the horizontal and vertical components of the

xEo p— s s s s s, . ........ ‘ ....... ....... :
W ns
e : 5 I
4.90 ....... .:i ........
IS LS B SO I I [jLEM.
VA
¢
I
fa
~ <. [
5 3.50 ;
[
b |
A e T B ISR | IR PR | N EMEPEEIP R [P JREEPEPENE
5
" 4
=~ 2.10
L]
("]
[~
Re PN S O PP B [ N 31 SRR - SR
]
N
W 700 - N R T LI
.
-.700 - . ..................................
i i
.26 ' [1-T] 1.
1a TIME (sec) xE@

307



L.F. Dell’Osso and R. J. Leigh

xEQ@

1./ ba

IXATION
600 T
TIME (sec)

xEQ@

|

I
-]
]
-

4.00 | -
3.00 -
2.00 |- )i b

1b

(53P) NOILISOd IAJA

NOILISOd IAT

xEQ@

TIME (sec)

18

308



Ocular motor stability of foveation periods

xEo b n SIS | SR N I
.300 H ) f 0 S AN O 8 R FO A0 ) U | E AP % S
. R A T O
AN
i
A @
B~ 300 by
v HE B :
LA :
° At N H
- [T I‘,: H
__...'.1..5..,.,:.,.;...
z RS ; I 1
S IR ETE f ;
L] B H H N
. -.90@ Lot il s :
- Pl o H :
» IR : H
o ot ow H H
' I IO 0 U :
T ; : ¥
" I F O : s :
x ) [ H : :
2] -1.50 __.: ..... glx ...... ........ PR AN | ...............
T
) R)
I R A S AP SO
)
-2.10 —+} ...... R SRR R R RS PR RRRERE LRPRRRRE
) M T M M
i : i
H : H : : H
] 1 1 1 1 1 | | | ]
8.19 ' 8.59 ' 8.99 T 9.B9 9.9 1
1d TIME (sec) xE@

Fig. 1. Eye position vs time plots of 2 sec of fixation with the right (a, b) and left (c, d) eye. In each, both horizontal (H) and
vertical (V) eye movements of both the right (RE) and left (LE) eye are shown. In both b. and d. the see-saw nature is evident
from the vertical plots showing the downbeating fixating eye and the upbeating suppressed eye; horizontally, the oscillation
was a conjugate jerk left a. or jerk right c. nystagmus. In all figures, the positions of the non-fixating eye (when present) have

been shifted for clarity and the above abbreviations apply.

nystagmus of both eyes during 2 sec of fixation
with the right (Fig. 1a, b). or left (Fig. 1c, d) eye.
Each part of Fig. 1 (a-d) shows intereye and in-
traplane differences. Regardless of which eye
was fixating, the nystagmus in the right eye was
diagonal while that of the left was mainly hori-
zontal-elliptical with only a small vertical com-
ponent. The amplitudes of both the horizontal
and vertical components of the right eye and the
horizontal component of the left eye were similar
but that of the vertical component of the left eye
was smaller. During right-eye fixation, the hori-
zontal waveform of both eyes was left pseudocy-

cloid and both eyes were in phase since the fast
phases were synchronized (Fig. 1a). The vertical
waveform of the right eye was a downbeating

‘pseudocycloid but that of theleft was an upbeat-

ing jerk; the phase shift between the two eyes,
again determined by the fast phases, varied from
—90to — 180° (Fig. 1b). Some of the fast phases
of the upbeating left eye contained small down-
ward saccades synchronized to the right-eye fast
phases similar to the yoking effect seen during
other disconjugate oscillations. During left-eye
fixation, the horizontal waveform of both eyes
was right pseudocycloid and both eyes were in
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phase (Fig. 1c). The vertical waveform of the left
eye was a downbeating jerk (with occasional dy-
namic overshoots) and that of the right was an
upbeating jerk. The phase shift between the two
eyes varied from —90 to —180° (Fig. 1d). In
summary, this was a 4-6 Hz, diagonal, see-saw
CN with a downbeating, reversed latent compo-
nent in the fixating eye.

Right-eye fixation

The data taken when both eyes were unoccluded
were the same as when the left eye was occluded
since the subject preferred right-eye fixation.
The conjugacy position plots shown in Fig. 2a
compare the left and right eyes in both the hori-
zontal and vertical planes during a 15-second
record. The relatively straight lines at 45 ° shown

xEQ@

LEFT EYE POSITION (deg)

-2.40

in the horizontal plots are equivalent to a 0°
phase relationship between the right and left
eyes. The horizontal ellipses shown in the verti-
cal plot and the occasional straight lines at ap-
proximately 135 ° (seen in some records) indicate
a phase relationship varying between —90 and
—180°. The relative flatness of these ellipses is
due to the small vertical component in the left
eye. Fig. 2b is a scan path of the right eye taken
at the cardinal positions and demonstrates that
the nystagmus remained diagonal at these gaze
angles. The fast phases brought the eye down-
ward and to the left where target foveation oc-
curred before the slow phases took the eye up-
wards and to the right.

To begin evaluating the foveation periods of
the right eye during right eye fixation, we con-
structed phase portraits in both the horizontal

2a RIGHT EYE POSITION (deg)
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Fig. 2. a. Conjugacy position-plots (left vs right eye) in both the horizontal and vertical planes for 15 sec of fixation with the

right eye, demonstrating the phase relationships between the

right and left eye motions (0° in the horizontal plane and — 90

to —180° in the vertical plane). The motion of the right eye was diagonal (equal horizontal and vertical motion) and that of

the left was primarily horizontal-elliptical. b. Position scan pa
gaze positions, demonstrating the consistent diagonal nature

and vertical planes. Fixation segments ranging
from 1.5 to 3 sec were analyzed separately. These
segments did not include 1-2 ° shifts in fixation
that would falsely raise the calculated SD and
obfuscate the graphical analyses. Such fixation
shifts are common in untrained subjects who are
merely asked to look at a small target and are not
repeatedly urged to maintain perfect fixation.
The shifts are easily identified in the records by
occasional saccades that move the eyes off target
where they remain for several CN cycles. Fig. 3
shows both the horizontal and vertical phase
planes. The horizontal plot shows considerable
scatter of foveation periods in and outside of the

th (vertical vs horizontal position) of the right eye at the cardinal
of the nystagmus in the right eye.

foveation window. The large negative peak
velocities on contours that start to the right of
center and move the eye toward the left, reflect
the downward and leftward saccades whereas
the slow drift to the left through zero velocity
and then towards a peak velocity of 90 °/sec to
the right, are contours reflecting the upward and
rightward slow phases of this nystagmus. The
foveation periods occur as eye position goes
from leftward to rightward and passes through
0°/sec. In comparison, the vertical phase plane
contains much less position scatter and almost
all of the foveation periods are within the fovea-
tion window throughout the 2 sec of fixation.
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Fig. 3. Horizontal and vertical phase planes (eye velocity vs position) of the right eye during 2 sec of fixation with the right
eye. There was more scatter of the foveation-period positions in the horizontal than vertical direction. In this and all other
phase planes, the foveation window is located at the intersection of the axes and indicated by the rectangular area enclosed
by the dashed lines demarking the predetermined position and velocity limits.

The phase planes allowed us to determine if
position and velocity criteria were simultaneous-
ly met in a given plane; the determination of the
simultaneous satisfaction of these criteria in
both planes was accomplished by the use of scan
paths for both position and velocity. Fig. 4a
shows the position scan path during 2 sec of
right-eye fixation demonstrating the diagonal
nature of the nystagmus and the foveation peri-
ods falling in or around the probable center of
the fovea (indicated on the figure by an ellipse of
diameter 0.5°). Horizontal position scatter is ev-
ident since most of the foveation periods fall out-
side the ellipse. In Fig. 4b, the velocity scan path,
there is a tight bundling of the slow phases pass-

ing through the 0,0 point. Thus, the velocity crit-
eria were satisfied for all cycles in this 2-sec peri-
od of fixation. The 4 °/sec retinal slip velocity
ellipse drawn on this figure encloses the tightly
overlapping slow-phase trajectories through the
window.

When we employed retinal image stabilization
(RIS) of the target during right-eye fixation,
there was no change in the perception of oscillop-
sia or of the nystagmus in both the horizontal
and vertical planes.

Left-eye fixation

We also took data while the left eye was fixating
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(the right eye was occluded). The eye position
waveforms during left-eye fixation were more
variable than during the preferred right-eye fixa-
tion. Fig. 5 shows the conjugacy position plots in
both planes during fixation with the left eye.
Again, the right-eye CN was essentially diagonal
and the left, primarily horizontal. Similar to the
case when the right eye was fixating, the phase
shift was approximately 0° in the horizontal
plane and —90 to —180° in the vertical plane.
The horizontal phase plane of the left eye (Fig.
6) showed some scatter of the foveation-period
positions. However, as Fig. 6 also shows, the
foveation-period velocity in the vertical direc-
tion never entered the foveation window. In Fig.
7a, which shows the counterclockwise elliptical
eye trajectory, the position scatter of the fovea-
tion period is minimal and satisfies the position

criteria but Fig. 7b shows that the velocity crit-
eria was not often satisfied during the foveation
period ; this is evidenced by the slow phases that
lie outside the 4 °/sec retinal slip velocity ellipse.

Time relationships

Examination of the position vs time records,
with both the horizontal- and vertical-plane data
plotted on the same axes, revealed the time rela-
tionship of the foveation periods in the respec-
tive planes. Fig. 8a and 8b show intraeye and
interplane differences. In Fig. 8a, which shows
the horizontal and vertical motions of the right
eye during right-eye fixation, it is evident that
foveation periods (indicated by the small circles)
almost always coincided and occurred as the eye
slowed to zero velocity and reversed direction.
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Fig. 4. Position a. and velocity b. scan paths of the right eye during 2 sec of fixation with the right eye. Horizontal position
scatter is evident in a. but b. shows that the velocity criteria are satisfied. In this and the following position and velocity scan
paths, the foveal area a. and retinal slip velocity criterion b. are shown by the superimposed ellipses at the intersection of the

axes on the respective diagrams.

However, as Fig. 8b shows, during left-eye fixa-
tion the horizontal and vertical components of
the left-eye motion did not contain foveation
periods that were easily identified on the latter.
More importantly, these horizontal foveation
periods occurred during the vertical slow phases
rather than at their beginning when low eye
velocity could have been maintained to extend
them. The x’s in Fig. 8b indicate the positions in
the vertical waveform where foveation periods
would normally occur ; for some cycles the slow
phases were distorted to produce low-velocity fo-
veation periods that coincided with those in the
horizontal plane. The other segments of left-eye
fixation also contained instances where horizon-

tal and vertical foveation periods did not coin-
cide. The resulting high velocities of the target
image crossing the fovea are shown in Figs. 6
(vertical) and 7b.

During one interval of right-eye fixation (Ta-
ble 1, 1.5 sec), a similar asynchrony between the
horizontal and vertical foveation periods occur-
red for some of the CN cycles. This resulted in
the high SD for vertical velocity (7.72°/sec) and
may have caused some transient diagonal oscil-
lopsia during this interval where, for most of the
cycles, only horizontal variability was found.
Thus, although Table 1 shows this as an interval
of horizontal oscillopsia, it could be considered
as one with both horizontal and diagonal oscil-
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Fig. 5. Conjugacy position-plots (left vs right eye) in both the horizontal and vertical planes for 15 sec of fixation with the
left eye, demonstrating the diagonal (equal horizontal and vertical motion) of the right eye and the primarily horizontal
motion of the left. The phase relationships between the right and left eye motions are 0° in the horizontal plane and — 90 to

—180° in the vertical plane.

lopsia. This would be consistent with the pa-
tient’s reports of occasional diagonal oscillopsia
during right-eye fixation.

Numerical analysis

Table 1 contains average values for the SD of
foveation-period position and velocity as well as
foveation-period duration in both planes for
three intervals of fixation with either the right or
left eye. In Tables 1 and 2, the oscillopsia direc-
tions shown are those that both matched the nu-
merical or graphical variabilities found and re-
mained constrained to the oscillopsia directions

reported and drawn by Subject 1 for fixation
with each eye. For Subjects 2 and 3, the oscillop-
sia directions shown are those actually corre-
sponding to each interval. We used the calcula-
tions summarized in Table 1 to identify the fac-
tors responsible for the occurrence of specific
directions of oscillopsia when fixating with a
particular eye. For comparison, the equivalent
values are shown for two other subjects with
purely horizontal CN; the first had transient
horizontal oscillopsia and the second did not
have oscillopsia'415:17. The values for all three
subjects are comparable under the conditions
when oscillopsia was suppressed as were the val-
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Fig. 6. Horizontal and vertical phase planes (eye velocity vs position) of the left eye during 2 sec of fixation with the left eye.
Although there was some scatter of the horizontal foveation-period positions, the foveation-period velocities in the vertical

direction did not enter the window.

ues for both subjects who experienced oscillop-
sia. These values of SD for both position and
velocity were not directly related to the CN am-
plitudes in the planes for which they were meas-
ured.

During RE fixation, the average durations of
the foveation periods in the horizontal plane
were greater than in the vertical and they occur-
red at the beginnings of the slow phases. The SD
of foveation-period position was greater in the
horizontal than in the vertical plane and the SD
of foveation-period velocities showed no plane
specificity. During LE fixation, the average du-
rations of the foveation periods in the vertical
plane were greater than during RE fixation. The
major factor determining oscillopsia direction
appeared to be the occurrence of horizontal fo-

veation periods during the vertical slow phases;
this resulted in high vertical-velocity SD’s. Thus,
during LE fixation, there was little chance for
any extended foveation at low eye velocities in
the vertical plane. Calculations comparing the
timing of horizontal foveation periods with
those points on the vertical CN waveforms where
foveation periods normally occur (i.e., at the
start of the slow phases), yielded time differences
ranging from 30 to 40 msec; this asynchrony pre-
cluded simultaneous foveation periods in both
planes.

DISCUSSION

CN waveforms usually contain periods of low
velocity that precede the slow phase accelera-
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tions away from the target. This fact was origi-
nally hypothesized based on the known cases of
CN with high acuity; that would have been im-
possible if the CN was not biased to cause the
oscillation to take the eyes away from and back
to the target!0. These periods were found in all
non-transient (stable) CN waveforms and identi-
fied as foveation periods**. They are easily iden-
tified by the flattened portions of each recorded
CN cycle. Most individuals with CN do not expe-
rience oscillopsia because the foveation periods
of their CN waveforms result in accurate target
foveation. In individuals who do experience os-
cillopsia, some of the foveation periods do not
satisfy the necessary criteria for accurate target
foveation. Regardless of their accuracy, fovea-
tion periods of CN waveforms are the critical
intervals during each cycle in which clear and

stable vision is possible; at all other times the
retinal images are moving with high velocities
and targets of interest are far from the fovea.
However, this critical interval of both high acui-
ty and visual stability does not prevent other vis-
ual input throughout the CN cycle, especially
transient stimuli, such as brief flashes of light23,
or retinally stabilized images2¢. Foveation peri-
ods allow clear and stable snapshots of vision
superimposed on less-useful, continuous visual
input that the brain processes by allowing for the
eye-movement induced retinal image motion;
they are not separated by long periods of no vis-
ual input.

Graphical analysis

Each of the graphical methods used in the analy-
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Fig. 7. Position a. and velocity b. scan paths of the left eye during 2 sec of fixation with the left eye. Little position scatter
is evident in a. but b. shows that the vertical velocity criteria are not often satisfied during the foveation periods.

sis of this case provided a portion of the informa-
tion required to identify the key factors in oscil-
lopsia suppression. Phase planes provided the
position and velocity of the eye in one plane and
using them in each plane allowed us to determine
if foveation periods were well developed in that
plane. Scan paths (vertical vs horizontal motion)
provided either the horizontal and vertical eye
position or velocity. Simultaneous time plots of
horizontal and vertical eye position allowed for
the comparison of the time relationship between
the respective foveation periods. When the phase
plane and both the position and velocity scan
paths satisfied their respective conditions in one
plane, no oscillopsia resulted in that plane.
Table 2 summarizes our analysis of the differ-

ent graphical methods used to study the fixation
characteristics of this subject and those of two
other subjects with horizontal CN and, in one,
transient oscillopsia. Where the foveation peri-
ods of the CN waveform did not always occur in
the foveation window, the predominant plane of
this ‘scatter’ is indicated. When the foveation
periods were not repeatable and well-developed
in both planes (for the subject of this report), the
oscillopsia was diagonal for RE fixation and
counterclockwise elliptical for LE fixation. As
was first reported by Traccis ef al., elliptical nys-
tagmus causes oscillopsia in the same direction
(i.e., clockwise or counter-clockwise) as the eye
motion?’; in all other types of nystagmus, the
oscillopsia is in the opposite direction to the slow
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eye motion.
Right-eye fixation

Analysis of the horizontal and vertical wave-
forms and their respective foveation periods dur-
ing right-eye fixation revealed that there was
horizontal position scatter of the foveation peri-
ods (high SD) that produced the horizontal oscil-
lopsia. Thus, the different image positions on the
retina during each foveation period presumably
caused the illusion of horizontal movement. The
horizontal scatter was shown in the phase planes
(Fig. 3), position scan paths (Fig. 4a) and in the
values in Table 1. The foveation-period veloci-
ties were within the velocity limits of the fovea-
tion window in both planes (Fig. 4b) as were the
vertical trajectories (Figs. 3 and 4a and Table 1).

In addition, there was occasional vertical scatter
that presumably resulted in a diagonal (upper
right to lower left) oscillopsia. A high position or
velocity SD can represent a transient variability
in another plane (with accompanying oscillop-
sia) and not contribute to the predominant plane
of the oscillopsia; this was the case in the 1.5 sec
interval of Table 1. Because of the variability
seen, several types of plots were required to dem-
onstrate the different problems with foveation
(e.g., position or velocity errors in the horizontal
or vertical planes). Vertical scatter in the absence
of horizontal scatter was never seen.

Left-eye fixation

During left-eye fixation, both horizontal and
vertical position scatter was usually within the
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Fig. 8. Horizontal and vertical eye position vs time plotted on the same axes for both the right a. and left b. eyes during fixation
with the right a. and left b. eyes respectively. During right-eye fixation a., the horizontal and vertical foveation periods
coincided (overlapped) in time and occurred during the reversal of eye motion but during left-eye fixation b., the vertical
foveation periods were not well defined by low-velocity intervals. The =0.5° extent of the central fovea is indicated by the
dashed lines, the foveation periods by small circles and, where different, the preferred vertical foveation-period positions by

x’s.

TABLE 1. Foveation period statistics

STANDARD __ DEVIATIONS

POSITION (°) | VELOCITY (*/s) | DURATION (ms)
S FE T() H \% H \% H v | osop
1 RE 3 a2 49 88 174 373 14 g
RE 15 669 266 | 201 772 442 15 “—
RE 2 620 219 604 145 31.9 162 | —
[E 2 307 193 | 3.6 146 231 439 S
LE 2 266 427 1.63 339 20.0 88.3* 1
LE 2 243 22 1.40 2.99 192 1033* 1
2 RE 5 723 7.46 —
RE 5 244 1.87 114 NONE
3 LE 5 214 197 57 NONE

* position criteria used

S: subject

T: time interval of fixation record

OSOP: oscillopsia

FE, RE, LE: fixating, right and left eye
H: horizontal, V: vertical
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TABLE 2. Foveation period graphics

FOVEATION PERIOD SCATTER
PHASE PLANES | SCAN PATHS
S FE T(s) H \" POS VEL OSOP
1 RE 3 YES YES H&V NO 7
RE 1.5 YES NO H>V NO —
LE 2 YES NG NO NG A
LE 2 NO NG NO NG by
2 RE S NG NO —
RE S NO NO NONE
3 LE S NO NO NONE
S: subject FE, RE, LE: fixating, right and left eye
T: time interval of fixation record H: horizontal, V: vertical
POS: position VEL: velocity

NG: all data out of foveation window
OSOP: oscillopsia

TABLE 3. Oscillopsia direction

Fixation OSOP Nystagmus Fixating Eye
LE RE Motion

RE H>D < ,/ H=V

LE V>D - H>V

--> OSOP # Fixating Eye Motion <--

H: horizontal, V: vertical, D: diagonal, OSOP: oscillopsia

position limits (Figs. 6 and 7a and Table 1) but
there was a failure to meet the velocity criteria in
the vertical plane (Figs. 6 and 7b), accompanied
by high SD’s and that presumably resulted in
vertical oscillopsia. This necessitated the use of
position criteria to determine foveation-period
durations and yielded high values in the vertical
plane (Table 1) despite the high eye velocity.
When there was an additional horizontal posi-
tion scatter, diagonal-elliptical (counterclock-
wise from lower right to upper left) oscillopsia
that conformed to the CN waveform’s trajectory
could result. Horizontal scatter in the absence of
vertical scatter was never seen. The importance
of satisfying velocity as well as position criteria
in the suppression of oscillopsia parallels that for

SCATTER: includes data in window

visual acuity in CN where a nystagmus foveation
function has been suggested as a more sensitive
acuity measure!4 152829 Although both fovea-
tion-period position and velocity variability may
change together, this case shows that foveation-
period velocity may vary without an accompany-
ing position variability ; such velocity variability
can only degrade visual acuity and can cause os-
cillopsia.

Oscillopsia direction

Our previous study of oscillopsia accompanying
CN involved a subject with purely horizontal CN
who had two horizontal waveforms. During one
CN waveform there were long (114 msec) periods
of extended foveation when the image speed was
less than 4 °/sec!’. The extent of vertical motion
was so small that the whole slow-phase wave-
form remained within the foveation window dur-
ing both horizontal waveforms. Horizontal fo-
veation periods were always well-developed and
no oscillopsia occurred. During the second wave-
form, in which no horizontal foveation periods
were within the foveation window, oscillopsia
occurred. During RIS, the periods of oscillopsia
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continued to occur only during the second wave-
form. Since oscillopsia was directly related to the
presence or absence of well-developed foveation
periods and was in the plane of the CN, it was not
possible to separate the CN oscillation itself
from the variation in foveation periods as the
main cause of the oscillopsia ; nor was it possible
to judge the relative effects of the position and
velocity criteria.

Several studies in both normals and individu-
als with CN contain findings that may relate to
oscillopsia suppression. In normals, oscillopsia
may be perceived only when the ‘normal’ retinal
image motion of an individual is exceeded3%-32,
Although subjects with CN have sensitive differ-
ential velocity discrimination33, one study sug-
gests an elevated motion detection threshold34
when compared to normals with still eyes. Since
no comparison was made to normals under con-
ditions of retinal image motion equivalent to
CN, this may not reflect a true threshold ele-
vation. Studies of saccadic suppression33-38 have
not provided convincing evidence that the oscil-
lopsia suppression in CN can be accounted for by
the fast phases of the CN waveforms. These pos-
sibilities are more fully discussed in our previous
paper!’.

In the present subject, the CN had both hori-
zontal and vertical components with short fovea-
tion periods (15-45 msec) that fell both inside
and outside of the foveation window. This oc-
curred in both planes on a beat-to-beat basis and
in differing amounts, depending on the fixating
eye. Table 3 illustrates the relationship between
the relative preponderance of each oscillopsia di-
rection (as she reported and drew) and her CN.
With RE fixation, horizontal oscillopsia was
more prevalent than diagonal despite the dia-
gonal nature of the CN; vertical oscillopsia did
not occur. With LE fixation, vertical oscillopsia
was more prevalent than diagonal despite the

mainly horizontal-elliptical nature of the CN;
horizontal oscillopsia did not occur. During RE
fixation, her horizontal oscillopsia correlated
with horizontal position variation; during LE
fixation, her vertical oscillopsia correlated with
vertical velocity variation. Thus, exceeding
either the position or velocity criteria was suffi-
cient to cause oscillopsia. During RE fixation,
there was never a uniplanar vertical variation in
foveation (position or velocity) and during LE
fixation, there was never a uniplanar horizontal
variation in foveation (position or velocity). The
condition of a uniplanar variation in foveation
without the corresponding uniplanar oscillopsia
did not exist. When only uniplanar variation in
foveation periods was found, the oscillopsia was
in that same plane and was independent of the
major plane of the CN oscillation. When fovea-
tion-period variation was in both planes, the os-
cillopsia was also biplanar and conformed to the
CN waveform. Thus, when well-developed fove-
ation periods existed in one plane only, the oscil-
lopsia in the other plane was caused by the varia-
tion in those foveation periods and only when no
well-developed foveation periods existed in
either plane, was the oscillopsia determined by
the CN waveform. As we found for the previous
subject, RIS did not affect the perception of os-
cillopsia.

Normally, CN is mainly horizontal with a
small torsional component and any oscillopsia
that might be present or induced under laborato-
ry conditions is also horizontal. Acquired condi-
tions that alter the horizontal CN waveform can
cause horizontal oscillopsia!”. From this, it
might be expected that a diagonal CN should
cause diagonal oscillopsia ; this is not always the
case, as shown in the present study. The plane of
any oscillopsia present is only secondarily de-
pendent on the plane of the CN; the primary
factor is the plane of the beat-to-beat variation
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in either the foveation-period positions or veloci-
ties of image slip across the fovea. Although they
may be directly related to the relative amplitudes
of the CN in each plane, they need not be. Thus,
a predominantly horizontal CN can (and in this
case, did) produce a primarily vertical oscillop-
sia. When there is motion in more than one
plane, the SD of both foveation-period position
and velocity must fall within the foveation win-
dow in both the horizontal and vertical planes
and these well-developed foveation periods must
occur simultaneously if oscillopsia is to be sup-
pressed in both planes. Failure to satisfy these
stringent conditions results in oscillopsia in
either or both planes. Stress is known to intensify
CN and it is under these conditions that oscillop-
sia may be experienced by some individuals with
CN. We can now infer that such stress also re-
sults in less accurate control of the foveation
periods. The absolute size of the foveation win-
dow may vary in individuals3?, especially if there
are foveal malformations#?, and when that varia-
bility is increased, oscillopsia may result.

Foveation-period duration

Since the durations of the foveation periods were
lower in this subject than those previously stud-
ied (Table 1), there is the possibility that, at
times, they fell below some minimum value ne-
cessary for perceptual stability!®. However, the
perception of horizontal oscillopsia with RE fix-
ation (despite the 14-15 msec durations of verti-
cal foveation periods) and vertical oscillopsia
with LE fixation (despite the 19.2-20.0 msec du-
rations of horizontal foveation periods) argues
against this possibility. Previous studies show
that many individuals with CN and no oscillop-
sia have foveation periods on the order of 30
msec. The data from this study suggest that the
minimum duration of well-developed foveation

periods, below which oscillopsia would occur,
may be less than approximately 15 msec. Al-
though such low foveation-period durations
would cause an acuity deficit, they appear to be
sufficient for the suppression of oscillopsia;
poor acuity does not cause oscillopsia in individ-
uals with or without CN.

In our studies of oscillopsia in subjects with
CN and normal foveal function, we used the sta-
bility of their CN foveation periods as the best
measure of their ability to stabilize all retinal
images. When an image of a target of interest is
stable on the fovea, all images in the visual field
are likewise stable on the retina. Similarly, the
position and velocity SD’s of the foveation peri-
ods apply equally to the rest of the retina since
the whole retina moves in unison with the fovea.
The fovea is not preferentially sensitive to mo-
tion detection or oscillopsia suppression. Pa-
tients with poor foveas are not more likely to be
unable to suppress oscillopsia due to nystagmus.
Although the foveation periods of their CN may
be less stable, their threshold for oscillopsia may
also be elevated; we cannot predict the size of
their foveation windows from studies of those
with good foveal function. We have not found
our CN patients with amblyopia, eccentric fixa-
tion or macular degeneration to exhibit oscillop-
sia. This suggests that either they can maintain
low SD’s during their foveation periods or they
have an elevated threshold for oscillopsia.

CONCLUDING REMARKS

We also performed an analysis of the presence/
absence of repeatable, well-developed foveation
periods and the presence/absence of oscillopsia
using symbolic logic. The results, presented else-
where?!, yielded a truth table for our data that
was the same as that for an equivalence relation-
ship (i.e., if and only if or, necessary and suffi-
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cient). Translating those results back to their
original statements: if and only if there are re-
peatable, well-developed foveation periods then
there will be visual stability (oscillopsia suppres-
sion). This applies to each plane of the ocular
motor oscillation and the requirement must be
met in both planes simultaneously to allow visual
constancy in both planes.

The ocular motor system of individuals with
CN has proven to be a valuable model for the
study of both normal and acquired pathological
ocular motor instabilities. Despite the presence
of nystagmus, fixation!4 15.3%42  saccades3® 43,
pursuit?2-44-53 and VOR23.48.52.54 gre within nor-
mal limits and allow the full range of ocular mo-
tility necessary for both the tasks required of the
ocular motor system and the prevention of the
perception of oscillopsia. A recent study of pur-
suit in normals under imposed conditions of a
sampled visual input showed how the pursuit sys-
tem’s performance was affected by both sam-
pling frequency and duration®. For sampling
durations equivalent to those imposed on the
pursuit system of individuals with CN by their
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