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Abstract

We evaluated the subcortical pathways’ contribution to human adults’ horizontal OKN by using a method
similar to that used previously with cats (Harris & Smith, 1990; Smith & Harris, 1991). Five normal adults
viewed plaids composed of two drifting sinusoidal gratings arranged such that their individual directions of
drift were 60 deg or more from the direction of coherent motion of the overall pattern. Physiological
evidence indicates that under monocular viewing, nasalward coherent motion gives advantage to any crossed
subcortical contribution while temporalward coherent motion minimizes it. We recorded horizontal eye
movement by infrared reflection and asked subjects to report the perceived direction of motion.

During both binocular and monocular viewing, the direction of the slow phase of OKN fell closer to the
direction of coherent movement than to that of the oriented components. Monocular viewing produced no
nasal-temporal asymmetries in the influence of coherent motion on the direction of OKN. This suggests that
in humans the influence of coherent motion is mediated primarily by cortical mechanisms and, unlike in
cats, with little or no involvement of subcortical mechanisms in the generation of horizontal OKN.
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Introduction

The vestibulo-ocular reflex and its visual counterpart optoki-
netic nystagmus (OKN) are fundamental to all aspects of vision.
They minimize the blurring of the retinal image that would oth-
erwise be caused by the continual movements of the head in a
stationary world by generating compensatory eye movements.
OKN can be elicited experimentally in the absence of any head
movement by movement of the images in the visual field. These
eye movements have a characteristic pattern of so-called slow,
compensatory phases interrupted by fast, resetting phases. This
paper addresses the mechanism by which the slow phase is
matched in direction and velocity to the movement of the
stimulus.

The slow phase of human OKN comprises two elements: fast
and slow build-up components. The initial part of the response
is a rapid increase in the slow-phase velocity of the eyes in fol-
lowing the motion. This is the fast build-up component. The
fast build-up phase of OKN is difficult to distinguish from
smooth pursuit and, in fact, pursuit and fast build-up OKN
might not actually be different. Both are mediated via cortical
pathways and, in monkeys and humans, both are likely to share
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some of the same cerebral neural circuitry (Pola & Wyatt, 1985;
Carpenter, 1988; Tusa & Zee, 1989). If the OKN stimulus per-
sists, eye velocity continues to build up more slowly to a pla-
teau. This is the slow build-up component of OKN. For full-field
motion, the fast build-up component (with its overtones of
smooth pursuit) dominates the OKN response in humans, the
slow build-up component dominates the response of rabbits and
cats, and both components are equally evident in the response
of monkeys. Nevertheless, in all these species, both components
contribute to the steady-state slow phases of OKN.

In every species studied, the pretectal nucleus of the optic
tract (NOT) and the dorsal terminal nucleus (DTN) of the ac-
cessory optic system play a central role in the generation of the
slow build-up component of horizontal OKN (reviewed in Simp-
son, 1984). In cats and monkeys, neurons of the right NOT-
DTN respond preferentially to motion in the rightward direction
and those of the left NOT-DTN to leftward motion (Hoffmann
& Distler, 1986). Electrical stimulation of these cells indicates
that each NOT-DTN generates eye movements only in the di-
rection to which its neurons are visually responsive (e.g. Schiff
et al., 1988).

The NOT-DTN of cats and monkeys receives visual inputs
both directly from the retina and indirectly via the cortex (see
Grasse & Cynader, 1991). In both cats and monkeys, the sub-
cortical and cortical pathways are each sufficient to mediate hor-
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izontal OKN to binocularly viewed stimuli or to monocularly
viewed stimuli that move nasalward (leftward through the right
eye and rightward through the left eye) but a cortical pathway
is necessary for OKN to monocularly viewed stimuli that move
temporalward (cats: Wood et al., 1973; Harris et al., 1980; Hoff-
mann, 1983; Montarolo et al., 1981; Strong et al., 1984; mon-
keys: Kato et al., 1986; Zee et al., 1987). Nonetheless, there
appear to be important differences between cat and monkey in
the strength of the cortical influence on NOT-DTN. First, in
the monkey, 70% of cells in the NOT-DTN do not receive a
direct retinal input at all and thus instead must receive their vi-
sual input exclusively from elsewhere; in the cat all NOT-DTN
cells receive a direct retinal input (Hoffmann & Shoppmann,
1981; Grasse & Cynader, 1984; Hoffmann et al., 1988). Sec-
ond, many more NOT-DTN cells are binocular in the monkey
than in the cat (Hoffmann & Shoppmann, 1981; Grasse &
Cynader, 1984; Hoffmann et al., 1988). Because of the sparse
direct ipsilateral retinal projection in both species (reviewed in
Hoffmann et al., 1988), binocularity implies cortical input (al-
though monocular cells could still receive cortical input from
the contralateral eye). Third, following cortical lesions, nasal-
ward OKN appears to be more impaired in the monkey than
in the cat (cat: Wood et al., 1973; monkey: Zee et al., 1987).
Taken together these observations suggest a greater cortical in-
fluence on OKN in the monkey than on that of cats.

Hoffmann (1989) hypothesized that in cats, monkeys, and
humans, horizontal OKN early in life is mediated entirely by
the subcortical projections to NOT-DTN, which develop in the
absence of visual experience. The cortical projections to NOT-
DTN develop later and depend on normal binocular visual ex-
perience. After the cortical projections are established, the
subcortical projections lose influence over NOT-DTN cells.
Hoffmann (1989) speculated that this occurs to a small extent
in cats, to a greater extent in monkeys, and almost completely
in humans. Thus, increasing dominance of the cortex may be
an evolutionary trend, culminating in an almost nonfunctional
subcortical pathway in normal human adults.

Distinguishing the cortical and direct retinal contributions
to OKN is an important goal. First, it is important for an un-
derstanding of the interactions between the subcortical, reflex
control systems and the higher processes of the cortex. Second,
it is relevant to understanding the phylogenetic development of
the brain as well as its ontogenetic growth. Finally, it is impor-
tant to understand the consequences of pathological conditions,
such as strabismus or pattern deprivation. Such conditions af-
fect not only the cortex (Blakemore & Hillman, 1977) but also
its output to brain-stem systems, such as those that control OKN
(Cynader & Harris, 1980). Disruption of eye movement con-
trol would, in turn, further degrade vision and hence potentially
interfere further with the development of the cortex.

The relative influence of the cortical vs. subcortical pathways
in the mediation of OKN can be distinguished in behavioral
experiments by using plaid stimuli after the manner developed
by Smith and Harris with cats (Harris & Smith, 1990; Smith
& Harris, 1991). The plaids are composed of two overlapping
moving gratings arranged such that the direction of motion of
the individual oriented components is very different from that
of the overall coherent pattern (Adelson & Movshon, 1982;
Movshon et al., 1986). The oriented components can be detected
only by orientation-selective spatial filters. Nonoriented motion
detectors can respond only when the coherent pattern moves
in their preferred direction. In cats, monkeys, and presumably
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humans, the visual cortex is the first level capable of orienta-
tion selectivity. Thus, any influence of the oriented components
of a plaid reveals an unequivocal contribution of the cortex.
Moreover in cats, monkeys, and again presumably in humans,
the direct retinal projection to the brain-stem OKN generator
is functionally entirely crossed (cat: Hoffmann & Schoppmann,
1975; monkey: Hoffmann et al., 1988; see Simpson, 1984).
Thus, functionally, the only direct retinal connection to the gen-
erator responsible for leftward slow phases is from the right eye.
When stimuli are viewed monocularly, therefore, contributions
from the direct retinal input to the brainstem will show strong
nasal/temporal asymmetries. There is no reason to expect any
such asymmetry in a pathway of cortical origin in adult cats,
monkeys, or humans.

Any contribution of smooth pursuit to human OKN does
not alter the logic for using plaids to distinguish cortical from
subcortical contributions because mechanisms involved in me-
diating smooth pursuit (such as the dorso-lateral pontine nu-
clei, Bjaalie & Brodal, 1989; Mustari & Wallmann, 1988) receive
their visual input primarily via the cortex (but see Aas, 1989;
Wells et al., 1989). Thus, any monocular asymmetry in the re-
sponse to plaids could only reflect the asymmetry of the direct
visual input to the brain stem. A symmetrical monocular re-
sponse in humans would indicate cortical domination, proba-
bly including the pathways that mediate smooth pursuit.

To investigate subcortical influences on the horizontal OKN
system of humans, we showed plaids to normally sighted adults
and recorded their horizontal eye movements and, for compar-
ison, their judgements of the direction of motion. The plaids
were selected such that the direction of motion of the oriented
components was clearly distinguishable from the direction of
motion of the coherent pattern. If the eyes followed the oriented
components, this would reveal an important input from the cor-
tex. Following the direction of coherent motion could indicate
either that subcortical pattern detectors dominate the response
or that the direction of the overall pattern has been deduced
from the output of cortical orientation detectors (Movshon
et al., 1986; Gizzi et al., 1990). These two alternatives can be
distinguished by the results of monocular presentation which
should give a bias to nasally directed movement if the response
is dominated by the cells that form the direct retinal projection
but which should have no effect if the response is based on cor-
tically generated eye movements (see Smith & Harris, 1991, for
a detailed explanation). A summary of some of the results of
this study has been published previously (Harris et al., 1991).

Methods

Stimuli

The experimental stimulus was a plaid made up of two sine-wave
gratings oriented at 15 deg to each other (see Fig. 1). The indi-
vidual gratings had a contrast of 25% giving a contrast of 50%
for plaids comprising the sum of two such gratings. The spa-
tial frequency was 0.4 cycle/deg when viewed from 50 cm. One
grating moved at 4.7 deg/s and the other at 9.2 deg/s, with a
resultant coherent movement 60 deg away from the nearest ori-
ented component at 18.4 deg/s. The control stimulus was a grat-
ing identical to one of the components of the plaid, moving at
a velocity of 18.4 deg/s.

The plaid is an example of a type II plaid as described by
Ferrera and Wilson (1990) because the direction of coherent mo-
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Fig. 1. Diagram showing the construction of the plaid used in this pa-
per. The speeds of the components are shown above each grating and
the speed of the resulting pattern can be calculated from a diagram of
constraints. Note that the direction of coherent motion is 60 deg counter-
clockwise from the nearest component. This is called a type IIA plaid:
“I1” because the direction of coherent motion is outside that of the com-
ponents (Ferrera & Wilson, 1990) and “A” because the direction of its
coherent motion is displaced counterclockwise from the direction of mo-
tion of the oriented components (see text). A representation of the plaid
is shown as an insert. The thick line represents the direction of the co-
herent motion, and the thinner lines represent the direction of motion
of the components.

tion falls outside the direction of motion of the oriented com-
ponents. We presented this plaid and its mirror image, each in
various orientations (see Stimulus Presentation). (Using mirror
images reveals the contribution of any directional biases.) To
distinguish a plaid from its mirror image, we have called plaids
in which the coherent pattern is displaced counterclockwise from
the components “type A” plaids (illustrated in Fig. 1 and insert
to Fig. 2A) and those in which the coherent pattern is displaced
clockwise from the components “type B” plaids (see insert to
Fig. 2B).

The stimuli were generated using a CARDIFF VISUAL SYS-
TEMS Constable Pattern Generator controlled by an AT PC
computer. The patterns were presented on an HP1310A screen
filling a circular aperture which subtended 35 deg at the view-
ing distance of 50 cm. The stimuli were the same as used with
cats in Smith and Harris (1991), although for cats the viewing
distance was closer (35 cm). A 35-deg stimulus produces OKN
which appears almost indistinguishable from full-field presen-
tation (Howard & Ohmi, 1984) and is certainly adequate to stim-
ulate NOT cells in the monkey (Hoffmann & Distler, 1986;
Mustari & Fuchs, 1989).

Subjects

The subjects were five adults ranging in age from 19 to 40 years
(median age = 25 years). All had at least 20/20 vision in each
eye when tested uncorrected at far and at near and all had nor-
mal stereopsis on the Titmus test. Each subject signed a con-
sent form and was paid five dollars for participation.
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Stimulus presentation

Each stimulus was presented for at least 20 s. Subjects were in-
structed to “stare straight ahead and keep the image in focus.”
Eye movements were recorded for a 16-s period, commencing
about 2 s after viewing began. Then, before the stimulus was
turned off, the subject was asked to judge its direction of mo-
tion as an “o-clock” such that 12 was straight up, 3 was to the
right, etc. We rotated the stimuli (the plaid, its mirror image,
and the single grating) in 15-deg steps and recorded the hori-
zontal eye movements and judgements for each presentation.
The particular orientations used for each subject are shown in
the relevant figures. We interpolated the orientation of the plaid
eliciting no horizontal eye movements.

Subjects viewed the series of plaids twice, once binocularly
and once monocularly with the left eye. Single gratings were
viewed only monocularly with the left eye. During monocular
tests, the right eye was occluded with an opaque patch.

Analysis of eye movements

Horizontal eye movements were measured by an infrared re-
flection technique, recorded through an analogue-to-digital con-
verter and stored on disc for later analysis. Horizontal eye
movement calibration was done by asking the subject to look
at points 10 deg left and right of straight ahead. To analyze the
response to plaids, the velocity of four representative slow
phases were measured. Consecutive slow phases were selected
from the middle of the recording period; if no slow phases could
be identified clearly, the average velocity between saccades was
measured. The slow-phase velocity was obtained by measuring
the distance between eye position sampled near the beginning
of a slow phase and eye position sampled near the end of that
same slow phase. Dividing by the time between samples yielded
the average velocity (in deg/s). The mean of these four veloc-
ity measures was then expressed as a percentage of the maxi-
mum velocity recorded from that subject in that condition (e.g.
monocular type A plaids) and plotted as a function of the di-
rection of the coherent motion of the plaid. An estimate of the
direction of the plaid that would yield a horizontal eye velocity
of zero was obtained by measuring where a spline interpolation
through these data points crossed zero. Examples of such plots
are given in Fig. 2, and explained further in the next section.

Results

Binocular presentation of plaids: eye movements

Plaids evoked a vigorous horizontal nystagmus when viewed
binocularly. The velocity of this horizontal nystagmus was af-
fected by the orientation of the plaid. The average peak veloc-
ity was 15.2 deg/s + 1.29 (s.E.). This represents a gain (eye
velocity/stimulus velocity) of 0.82 with respect to the coherent
speed of the plaid (18.4 deg/s) and is faster than either of the
components (4.7 and 9.2 deg/s). Fig. 2 shows the normalized
velocities for all subjects viewing type A plaids (Fig. 2A) and
their mirror images, type B plaids (Fig. 2B). The horizontal com-
ponent of all aspects of the plaids’ motions (that of the coher-
ent pattern and each of the two components) are related to the
orientation of the plaid. For convenience, we have represented
the orientation of the plaid by the direction of motion of the
coherent pattern with 0 defined as moving straight up, 90 mov-
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Fig. 2. The relative horizontal slow-phase eye velocity evoked in response to plaids presented at various orientations whilst viewing
binocularly. The vertical axis represents horizontal eye velocity plotted as a percentage of the maximum response for each subject.
Up is left. The horizontal axis is the orientation of the plaid, taken for convenience as the direction of the coherent pattern motion.
0 = straight up, 90 = rightward, 180 = straight down, etc. The data lines are spline interpolations through the individual sub-
ject’s data. For clarity, the entire graph has been plotted twice over along the horizontal axis (0 = 360, 90 = 450, etc.). The means
of the points where the plots cross zero velocity (zero horizontal eye velocity) are each marked by a vertical line flanked by shading
out to vertical lines at +1 s.D. Above, as inserts in the format explained in Fig. 1, are shown the plaids corresponding to the
orientation of the mean direction yielding no horizontal eye movements. A: The responses to type A plaids, in which the direction
of the coherent pattern motion is displaced counterclockwise from the direction of the components. B: The response to type

B plaids which are the mirror image of type A plaids.

ing rightward, 180 straight down, etc. For clarity, we have plot-
ted the entire graph twice along the X axis so that 0 deg is
equivalent to 360 deg, 90 deg to 450 deg, etc. The data for each
subject are quite noisy and only roughly approximate a sinu-
soidal function. The direction of motion of the plaid that evokes
a horizontal velocity of zero can be estimated from where the
spline interpolation crosses zero. The average crossing is shown
by the vertical lines, flanked by + 1 s.D. Above are shown the
four plaids (two type A: Fig. 2A and two type B: Fig. 2B) that
correspond to these orientations associated with no horizontal
nystagmus. Careful inspection of the subjects as they watched
plaids of close to these orientations showed that they produced
vertically directed nystagmus.

For plaids that produced no horizontal eye movements, nei-
ther the direction of coherent motion nor that of the compo-
nents was actually vertical. These directions straddled the vertical
(see inserts to Fig. 2). The mean distance away from vertical

was 16.5 deg (s.D. + 5.0) for the direction of coherent motion
and 43.5 deg (s.D. + 5.0) for the direction of the nearest com-
ponent. Clearly the direction of coherent motion dominated the
response but did not account for it completely.

Binocular presentation of plaids: judgements

Fig. 3 shows the subjects’ judgements of the direction of mo-
tion: Fig. 3A for type A plaids and Fig. 3B for the mirror im-
age, type B plaids. To assess the direction of the plaid judged
to move straight down or straight up, we used an averaging
method similar to that used for the eye movements to assess the
direction of plaid corresponding to a judgement “6 o-clock”
(moving straight down) and a judgement of “12 o-clock” (mov-
ing straight up). Subjects frequently estimated to the nearest
half-hour, corresponding to an accuracy of + 7.5 deg. Like the
eye movement data, the judgements indicate that the direction
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Fig. 3. Plots of the direction in which plaids were judged to be moving (reported as clock numbers) againsts the direction of
the plaid when viewed binocularly. As in Fig. 2, the direction of the plaid is plotted, for convenience, as the direction of the
coherent pattern motion. As for Fig. 2, the entire graph has been plotted twice for clarity. Note that both the “judgement” and
the “direction of plaid” axes are circular. The mean direction of the plaid that is judged as moving straight up (12 o-clock) and
straight down (6 o-clock) have been assessed in the same way as the eye movement zero crossings. Here they correspond to the
points at which the data spline interpolation crosses the 12 or 6 lines. The plaids corresponding to these estimates are shown
as inserts above. Type A (A) and type B (B) plaids are plotted separately as they were in Fig. 2.

of motion of the coherent pattern dominates the response but
the components do have some influence (compare the inserts
in Figs. 2 and 3). For plaids judged to move straight up or
straight down, the mean distance from vertical was 12 deg
(s.p. = 7) for the direction of coherent motion and 48 deg
(s.p. + 7) for the direction of the nearest component.

Monocular presentation of plaids: eye movements

Fig. 4 summarizes the horizontal eye movements evoked by
plaids viewed monocularly. The average peak velocity of hori-
zontal OKN was 10.5 deg/s + 1.2 s.E. which represents a gain
(eye velocity/stimulus velocity) of 0.57 with respect to the co-
herent plaid and is faster than either of the components (4.7
and 9.2 deg/s). The peak velocity measured during monocular
viewing was significantly slower than when viewing was binoc-
ular (¢,3 = 2.53, P =0.02, 2-tailed). This monocular-binocular
difference cannot have been caused by difficulties of calibrat-

ing the infrared recording system since inaccuracies would af-
fect both conditions.

The significance of monocular viewing is that plaids can be
created in which the coherent motion moves nasalward but the
oriented components move temporalward, or vice versa. Thus
in Fig. 4A, the downwardly directed plaid giving no horizontal
OKN and, in Fig. 4B, the corresponding upwardly directed plaid
are associated with a nasally moving coherent motion and tem-
porally moving oriented components. But for the upwardly di-
rected plaid shown in the insert of Fig. 4A and the downwardly
directed plaid of Fig. 4B, the coherent pattern is moving in the
temporal direction and the oriented components in the nasal di-
rection. We assume that in humans, as in cats and monkeys,
the direct subcortical projection does not respond to the ori-
ented components of the plaid and favors nasalward coherent
motion over temporalward coherent motion (see Introduction).
We also assume that the cortical projection can respond both
to the oriented components and to the coherent motion with
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Fig. 4. The relative horizontal slow-phase eye velocity evoked in response to plaids presented at various orientations while viewing
monocularly. The format is exactly as for Fig. 2. Since viewing is through the left eye, leftward slow phases can now be described
as temporally directed (away from the nose) and rightward slow phases are nasal (towards the nose). The plaids correspond-
ing to orientations of plaids evoking no horizontal nystagmus are shown as inserts above. A: The response to type A plaids.

B: The response to type B plaids.

no nasal/temporal asymmetries. Thus, if there is a direct reti-
nal contribution to the mediation of OKN, the influence of the
coherent motion on the response should increase for nasalward
coherent motion and decrease for temporalward coherent
motion.

In fact, comparison of the binocular and monocular eye
movement data (c.f. Figs. 2 and 4) reveals no consistent differ-
ences in direction between them. We used an ANOVA to com-
pare the distance from true vertical of the coherent pattern
eliciting no horizontal OKN under binocular vs. monocular
viewing conditions for type A vs. type B plaids moving either
upward or downward. There were no significant differences for
binocular vs. monocular viewing nor for upward vs. downward
motion (both Ps > 0.10). There was a significant difference be-
tween type A and B plaids (P < 0.001) in the direction that would
be expected if the influence of coherent motion predominated. *

*Although there was a significant difference between type A and
B plaids for both monocular and binocular viewing (both Ps < 0.001),
there was also an uninterpretable interaction.

To determine whether individual subjects showed differences
between binocular and monocular viewing in the influence of
coherent motion on the velocity of horizontal eye movements,
we used a sign test for each subject to compare the two condi-
tions for each direction of stimulus motion. We performed these
analyses separately for trials where the monocularly viewed pat-
tern moved nasalward vs. temporalward.} In each comparison,
we assigned a positive value if the influence of coherent mo-
tion was greater for binocular than monocular viewing and a
negative value if the influence of coherent motion was greater
for monocular than binocular viewing. There were no signifi-
cant differences in four of the five subjects, but for the remain-

+We used a sign test rather than a Wilcoxon test for the analysis
of eye movements because we wanted to give an equal weight to all tri-
als regardless of the direction of motion. Because we measured only
horizontal eye velocity, trials with the direction of motion closer to hor-
izontal would have larger horizontal eye velocities than those closer to
vertical. But there was no such bias in the judgement data because sub-
jects could give judgements in any direction. Therefore we analyzed the
judgements with a Wilcoxon test.
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ing subject, the direction of coherent motion had a greater
influence on eye movements for binocular than for monocular
viewing (P < 0.01 for nasalward pattern movement; P = 0.058
for temporalward motion). However, in no subject was there
a differential influence of the coherent motion for nasalward
vs. temporalward movement (all Ps > 0.10), a finding which
suggests little or no influence of the direct subcortical projec-
tion on the mediation of horizontal OKN.

Monocular presentation of plaids: judgements

We analyzed the distance from true vertical of the direction of
the coherent pattern for plaids judged to be moving vertically.
An ANOVA indicated that, as with eye movements, there were
no significant differences for binocular vs. monocular viewing
nor for upward vs. downward motion (both Ps > 0.10). There
was a significant difference between type A and type B plaids,
but only for upward motion (interaction: P < 0.02). The lack
of a significant difference for downward motion is likely to be
caused by the greater variability in judgements for downward
than for upward motion, particularly for type A plaids (c.f.
Figs. 3 and 5).

To determine whether individual subjects showed differences
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in the judged direction of motion for binocular vs. monocular
viewing, we used a modified Wilcoxon test of matched pairs
comparing the two conditions for each subject. For each com-
parison, we assigned a positive value to the difference score if
the influence of coherent motion was greater for binocular than
monocular viewing and a negative value if the opposite was true.
There were no significant differences in three of five subjects.
In the remaining subjects, the direction of coherent motion had
a greater influence on judgements for binocular than monocu-
lar viewing, in one subject when the monocularly viewed pat-
tern moved nasalward and in the other subject when it moved
temporalward (both Ps = 0.02). In no subject was there a dif-
ferential influence of coherent motion for nasalward vs. tem-
poralward movement (all Ps > 0.05). Thus for judgements, as
for eye movements, coherent motion sometimes has less influ-
ence for monocular than for binocular viewing but its influence
is always comparable for nasalward vs. temporalward motion.

Gratings: eye movements

As a control, we had four subjects view monocularly single grat-
ings moving at the same speed as the coherent pattern (18.4
deg/s). The results for eye movements are summarized in Fig. 6.
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Fig. 5. Plots of the direction in which plaids were judged to be moving (reported as clock numbers) against the direction of
the plaid when viewed monocularly. Format is as for Fig. 3 with the temporal-nasal features of Fig. 4. A: Obtained using type

A plaids. B: Obtained using type B plaids.
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The average peak velocity was 12.4 deg/s which represents a
gain (eye velocity/stimulus velocity) of 0.67 + 0.07, similar to
that reported in previous comprehensive studies of simple stim-
uli (e.g. van den Berg & Collewijn, 1988). These control peak
eye velocities fell between the values obtained from the mon-
ocular and the binocular plaid data. There was a slight right-
ward advantage in the maximum speeds of the horizontal eye
velocity: all of the “maximum” responses occurred when the
gratings were moving to the right (nasally). And, as shown in
the inserts to Fig. 6, the gratings that produced no horizontal
eye movements had slight leftward (temporal) biases for both
downwardly and upwardly directed gratings. Sign tests indicated
that three of the four subjects showed no significant nasal/tem-
poral biases in their response to single gratings (all Ps > 0.10).
The fourth subject had significantly greater horizontal eye ve-
locity for nasalward than for temporalward motion (P < 0.01).
Nonetheless, any such constant bias would affect equally eye
movements to plaids under monocular and binocular viewing
conditions. In addition, despite this bias, we did not find a larger
influence of the pattern when it moved nasalward than when
it moved temporalward.
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Fig. 6. The relative horizontal slow-phase eye velocity evoked in re-
sponse to single gratings presented at various orientations whilst viewing
monocularly through the left eye. The format is exactly as for Fig. 2.
The inserts show the direction of the grating that produced no horizon-
tal optokinetic nystagmus.
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Gratings: judgements

The direction of a single-moving grating was judged quite ac-
curately. Fig. 7 reveals accurate judgements with very little scat-
ter and no bias like that found in the eye movements (Wilcoxon
tests, all Ps > 0.10).

Correlations of judgements and eye movements

If both perceptions and eye movements are controlled by the
same system, we would anticipate a tight coupling between the
direction of eye movements and of judgements. An ANOVA
revealed no noteworthy differences between the average judge-
ments of a plaid’s direction as vertical and the orientation that
evoked a corresponding pattern of eye movements.} But to
check the correlation between eye movements and judgements

tLike the previous analyses, this ANOVA revealed a significant dif-
ference between type A and B plaids in the direction indicating a stronger
effect of the coherent motion than of the oriented components, espe-
cially when the stimuli where viewed monocularly (type A vs. B: P <
0.03; interaction: P < 0.05).

MONOCULAR:
SINGLE GRATINGS

Judgement (clock)

0 90 180 270 360 450 540 630 720

Direction of coherent motion (degs)

Fig. 7. Plots of the direction in which gratings were judged to be mov-
ing (reported as clock numbers) against the direction of the grating when
viewed monocularly through the left eye. Format is as for Fig. 3.



The generation of optokinetic nystagmus in humans

PLAIDS

255

Correlation = 0.69
1.5 T T T T 1.5 rl T T T
- 1.0 - B
% <
[}
£ 4 € 0.5 _
(] L
o> o
© o
% 12T AL
E 5 S
© 12 -0.5 - 1—0\—i E
o » e
- -1.0F ———
15 1 1 I I ! _15 I I I | |
-100 =50 0 50 100 —-100 -50 0 50 100
Normalized HEM Normalized HEM
Correlation = 0.90
1.5 T T : T : 1.5 T T T T T
1.0 - _ 1.0 -—@— -
= < : Fig. 8. The correlation between the
Gg 05 I | g 0.5 L \' | sine of the judgement and the corre-
Iy ’ 3 ’ \F.4 sponding horizontal eye movement
2 o (HEM) normalized to a maximum of
3 > 0.0 - AN
S 0.0 ) : 71 100. The upper panels are the corre-
S s lations for plaid data and the lower
o -0.5 40 -0.5 -| panels are the correlations for data
h D obtained from single gratings. The
10k | —1.0F | left panels show each data point
along with the regression lines and the
15 L | | | [ 15l ) | | | right panels show means +1 s.D. The
’ o 100 -50 0 50 100 regression coefficients of the regres-

-100 -50

Normalized HEM

from trial to trial, we transformed the judgement scale so that,
like the normalized horizontal eye movements, it was sinusoi-
dal. A simple linear-regression analysis of these transformed
data revealed a correlation of 0.9 for single gratings and of 0.69
for plaids. These are illustrated in Fig. 8. A Fisher z, transfor-
mation indicated that the correlation for single gratings was sig-
nificantly better than that for plaids (z = 3.98, P < 0.0001,
2-tailed).

Discussion

This paper presents the following main findings about the eye
movements elicited by type II plaids in human adults:

1. The direction of the evoked eye movements falls closer to
the direction of motion of the coherent pattern than to the
direction of motion of the oriented components under our
stimulus conditions.

sion lines are 0.69 for plaids and 0.9

Normalized HEM for single gratings.

. Plaids are followed at a significantly higher velocity when
viewed binocularly than when they are viewed monocularly.

. The velocity of the evoked eye movements exceeds that of
either of the components and more closely matches the speed
of the coherent pattern.

. The influence of the coherent pattern does not differ signif-
icantly for nasalward vs. temporalward motion.

. Although there are no significant differences overall between
judged direction of motion and the direction of optokinetic
nystagmus, the trial-to-trial correlation is only moderate.

Validity of the measures

We used an infrared reflection technique which recorded only
horizontal eye movements. Nonetheless, by rotating the stim-
uli, we were able to interpolate the point where there were no
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horizontal eye movements. For single gratings the strong cor-
relation between judgement of the direction of motion and eye
movement responses indicates that this method of interpolation
was valid.

Eye movements evoked by plaids will introduce an additional
movement vector to the retinal image. The consequences of this
for a plaid are explained in the Appendix and Fig. 10. We con-
sidered the possibility that shifts in the direction of the plaid
on the retina as a result of ongoing eye movements might ex-
plain the shifts in the judgement data (see Figs. 3 and 5). In other
words, is a plaid judged as moving in a particular direction (e.g.
12-o-clock) when it actually is moving in that direction on the
retina, although not on the screen? The Appendix shows that
the coherent direction of a plaid is always in fact moved away
from the vertical by the addition of the downwards velocity vec-
tor caused by upwards eye movement. The peak horizontal ve-
locities for monocular and binocular plaids were 10.5 and 15.2
deg/s, respectively. Fig. 10B shows that the consequence of add-
ing 10.5 deg/s is to reduce the velocity of the components, al-
most nulling one (shifting it from point al to point a2) and
actually reversing the other (from point bl to point b2). This
has the effect of swinging the coherent direction from 328 deg
(c1) to 297 deg (c2). The consequence of adding 15.2 deg/s is
to reverse both components (to points a3 and b3) and to swing
the coherent direction almost horizontal (to 271 deg, point c3).

Neither perceptual judgements nor eye movement control can
be concerned with retinal image motion except in the context
of knowledge about eye movements. When viewing a moving
stimulus with a gain close to unity, the pattern is not seen as
stationary, even though the image is (essentially) stabilized. And
of course eye movements continue to be generated by a system
that must take into account not only the relatively small retinal
slippage but also the ongoing eye movements. The situation
appears, initially, more complex for plaids because the entire
visual structure depends on the relative velocities of the com-
ponents. And these are, indeed, altered on the retina (see Ap-
pendix). Consider the retinal events whilst viewing the plaid
of Fig. 10B that evoked upward-directed eye movements of
15.2 deg/s: on the retina, both components are moving down
and to the left and the coherent direction is horizontal (Fig. 10B).
Thus, in this example the directions of subjects’ eye movements
and judgements do not even fall between the direction of reri-
nal coherent motion of the plaid and its components. Our data
show that both for perceptual judgements and for eye move-
ment control, the brain takes the movements of the eye into ac-
count when processing type 1I plaids and makes judgements and
controls eye movements based on an internal representation of
the external stimulus —not the retinal image alone. This result
shows very clearly the dominant role of the cortex in the gener-
ation of human OKN.

Cortical vs. subcortical influences on optokinetic nystagmus

The brain-stem ultimately controls optokinetic nystagmus. The
question that this experiment illuminates is which inputs to this
machinery are active in normal human adults.

A single grating moving in a particular direction evokes OKN
in the same direction as the stimulus, that is with the appropri-
ate amounts of vertical and horizontal nystagmus. We assume
that the amount of horizontal nystagmus is reflected in corre-
sponding activity in one or other NOT. We estimated the direc-
tion of motion of plaids that evoked no horizontal nystagmus.
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We assume that when no horizontal nystagmus occurs, this cor-
responds to no activity above the spontaneous level occurring
in either NOT. The direction of the coherent motion of our type
11 plaids which evoked no horizontal nystagmus was 26-27 deg
from vertical (see data Fig. 4 and summary Fig. 9). In this po-
sition, the coherent motion has its horizontal component in the
opposite direction to that of the oriented gratings. A single grat-
ing moving at 26-27 deg from vertical evokes eye movements
with an appropriate amount of horizontal nystagmus. But our
plaids with coherent motion at 26-27 deg evoked no such hori-
zontal nystagmus. This implies that the NOT’s drive to produce
horizontal eye movements in response to the horizontal com-
ponent of the coherent motion was cancelled by a simultane-
ous drive in the opposite direction evoked by the motion of the
oriented elements of the plaid. The strength of the contribu-
tions of the coherent motion and the motion of the oriented
components vary both with their direction (being proportional
to the sine of their angle with vertical) and with their relative
effectiveness or weighting. A relatively strong effectiveness of

BINOCULAR MONOCULAR
pattern pattern
temporal nasal
HUMANS

15 degs 26 degs 27 degs

CATS
52 degs 66degs 36 degs

Fig. 9. A comparison of plaids that evoke no horizontal optokinetic
nystagmus for binocular and monocular viewing conditions in humans
(upper panel) and in cats (lower panel). Numbers below each circle rep-
resent the mean deviation from vertical of the direction of coherent
motion. For humans, the mean deviation for binocular viewing was cal-
culated by averaging the four deviations illustrated in Fig. 2: Type A
and B plaids moving downward and upward. The mean deviations for
monocular viewing were calculated by averaging the two deviations for
temporal motion and the two deviations for nasal motion illustrated in
Fig. 4. The mean deviations for cats were extracted from Smith and
Harris (1991). Eye movements are all much closer to the direction of the
coherent motion for the human than for the cat. There were not changes
with monocular vs. binocular viewing or with temporal vs. nasal mo-
tion in humans, but the changes were pronounced in the cat (see text).
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Fig. 10. The effect of adding a velocity vector to a moving plaid. Panel A shows a vector diagram of a type A plaid used in
this study, oriented as shown in Figs. 4 and 5 (coherent direction at 328 deg, components at 43 and 28 deg) so as to evoke no
horizontal eye movements and to be judged as moving at 12 o-clock. The solid lines are vectors which represent the motion of
the components (thin lines) and the coherent motion (thick lines). The direction of these vectors from the center represents the
direction of motion and their length is proportional to their velocity. The dashed lines are the lines of constraint (see Adelson
& Movshon, 1982) which determine the coherent direction that results from the components. Also shown in panel A is the fa-
mily of plaids produced by adding downwards-directed velocities such as introduced by an upwards eye movement. The added
velocity vector alters the speed of each of the gratings that make up the original plaid by the component of the added vector
along the direction of motion of that grating. The direction of coherent motion for each plaid that results from these new grating
speeds is equivalent to a vector sum between the original coherent direction and the added vector. Panel B illustrates the three
plaids that are obtained with (1) no added velocity, i.e. the plaid as presented on the screen: coherent = c1, components = al,
bl; (2) an added velocity of 10.5 deg/s, i.e., as found on the retina during an upwards eye drift at that velocity: coherent = c2,
components = a2, b2; and (3) an added velocity of 15.2 deg/s: coherent = c¢3, components = a3, b3. See Appendix.

the coherent motion will shift the balance point closer to the
position where the coherent motion is vertical. Conversely, if
the oriented components dominate, the plaid evoking no hori-
zontal nystagmus will be rotated into the position where the ori-
ented components are closer to the vertical. If both motions are
equally effective, the balance point is achieved when they are
symmetrical about vertical.

We found that with monocular viewing, both NASAL and
TEMPORAL coherent movement were balanced by the same
contribution from the oriented components (i.e. by the same
orientation of the plaid: 27 deg). We interpret this as indicat-
ing that the effectiveness of the coherent motion is the same ir-
respective of whether it is nasally or temporally directed. The
influence of the coherent motion is thus unlikely to originate
from the direct retinal pathways since the direct retinal path-
ways are functionally highly asymmetric (assuming that the cor-
tical and subcortical pathways function similarly in monkeys
and humans: see Introduction) and would lead to a greater ef-
fectiveness of nasalward as opposed to temporalward coherent
motion as was found in the cat (Harris & Smith, 1990; Smith
& Harris, 1991). We therefore conclude that the dominant vi-
sual input to the brain-stem horizontal optokinetic generator
is from the cortex.

Because the direction of eye movements was closer to the
direction of coherent motion than to that of the oriented com-

ponents, we conclude that the cortical influence represents pri-
marily the output of a stage that has deduced the overall
direction of coherent motion from the output of earlier oriented
channels. These earlier oriented channels may themselves still
play a small role in determining brain-stem responses, since nei-
ther the eye movements nor the judgements were consistent with
only the direction of the coherent motion. This indicates some
influence of a system that can extract information about the
one-dimensional oriented components of the plaid. Simpson and
Swanston (1991), using type I plaids, also provide evidence con-
sistent with our conclusion that human OKN is influenced pri-
marily by the coherent motion of a plaid. Finally, there are some
differences between binocular and monocular viewing. Binoc-
ularly viewed plaids evoked faster eye movements than those
evoked during monocular viewing. Also, in a few subjects, there
was a greater influence of the coherent pattern when it was
viewed binocularly than when it moved either temporalward or
nasalward. These findings suggest that cells where the coher-
ent motion is deduced may be predominantly binocular.

Comparison of horizontal OKN generation
in humans and cats

The only other behavioral study addressing the question of cor-
tical vs. subcortical influences on optokinetic nystagmus was
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done on cats (Harris & Smith, 1990; Smith & Harris, 1991). The
most obvious difference between the human and the feline re-
sponses to plaids is that the oriented components dominate the
response in the cat but not in the human. For the cat viewing
plaids binocularly, the direction of OKN is only 8 deg away from
the nearest oriented component as opposed to 45 deg for hu-
mans (compare the first column of circles in Fig. 9).

When viewing is monocular, the cat’s response is much af-
fected, with the influence of the coherent pattern increased for
nasalward motion and reduced markedly for temporalward mo-
tion. As discussed in the Introduction, such an asymmetry im-
plicates the involvement of the direct subcortical pathways in
the generation of cats’ OKN. In humans, the direction of co-
herent motion dominates eye movement responses whether view-
ing is binocular or monocular and whether the direction of
coherent motion is nasalward or temporalward. As discussed
in the Introduction, this suggests little or no involvement of the
direct subcortical pathways in the generation of human hori-
zontal OKN and an evolutionary takeover of the higher levels
of the cortex. At the very least, the differences in the responses
to plaids between cats and humans are consistent with the hy-
pothesis that the involvement of the subcortical pathway is less
in humans than in cats.

The role of pursuit in interpreting the response to plaids

One difficulty in assessing the present results is that we might
not be looking at OKN at all but, instead, smooth pursuit. Or
at least the pursuit system, with its powerful closed-loop feed-
back, might be contributing to the eye movement response. It
is difficult to argue this point because the pursuit system and
the so-called fast build-up subsystem of OKN might not actu-
ally be different. Another way of stating our conclusion (that
with evolution, the higher levels of the cortex come to domi-
nate the control of OKN) might be with evolution, the pursuit
system comes to dominate OKN. The differences between the
cat’s and man’s response to plaids parallel the difference between
those species’ ability to pursue (cat: Evinger & Fuchs, 1978; hu-
man: Pola & Wyatt, 1985) and to demonstrate the fast build-up
phase of OKN (cat: Maioli & Precht, 1984; human: Collewijn,
1985).

Future uses of this technique

In young normal infants and patients who had various eye dis-
orders (such as strabismus or cataracts) during early infancy,
large simple patterns elicit vigorous OKN to nasalward stimu-
lus motion but little or no OKN to temporalward stimulus mo-
tion (e.g. Lewis et al., 1989; Reed et al., 1991). The usual
explanation for this asymmetry is that OKN in these popula-
tions is dominated by subcortical pathways which favor nasal-
ward motion (e.g. Hoffmann, 1989; Lewis et al., 1989; but see
Norcia et al., 1991a,b). Testing the OKN of these populations
with plaids provides an opportunity to test that hypothesis. One
previous study measured optokinetic responses to plaids in nor-
mal infants but included only binocular tests, so the subcorti-
cal contribution to OKN could not be evaluated (Manny & Fern,
1990). Our relatively fast and noninvasive procedure now opens
the way to a series of investigations using plaids to distinguish
cortical and subcortical influences on the optokinetic genera-
tor. Caution must be exercised, however, in interpreting any na-
sal/temporal asymmetry because it could have a source other
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than the primarily crossed nature of the direct retinal projec-
tions to the brain stem. For example, studies using evoked po-
tentials have revealed asymmetries in the cortical response to
temporalward vs. nasalward motion in strabismics and in normal
young infants (Norcia et al., 1991a,b). Independent measures
of cortical symmetry are needed to interpret any asymmetry de-
tected in the OKN response to plaids of such subjects. Interest-
ingly, the response to plaids may aid even in assessing the relative
contributions from both the (asymmetric) direct retinal path-
ways and an asymmetrical cortex. Smith and Harris (1991) show
that an arithmetic weighting system can be used to model the
inputs.

Regardless of the relevance to other populations, the impli-
cations of the present study are interesting. Had we found a na-
sal/temporal asymmetry in the response to plaids, this would
have implied an influence of the direct subcortical pathway: in
normal human adults, the cortex responds symmetrically to na-
salward and temporalward motion (Norcia et al., 1991b). How-
ever, we found no such nasal/temporal asymmetries, a finding
which might suggest little or no influence of the direct subcor-
tical pathway in the generation of OKN in normal human adults.
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Appendix

What happens to plaids on the retina when the eyes move?

The relative motions of the grating components determine the
coherent direction of movement of a plaid. Since the compo-
nents move in different directions and, for the plaids consid-
ered in this paper, at different speeds, any eye movement will
affect the retinal velocity of each component differently. This
means that the direction and velocity of a coherent pattern con-
structed from these altered components on the retina will be dif-
ferent from that presented on the screen.

Fig. 10 shows graphically the effect of eye movements. The
plaid chosen for Fig. 10 is a type A plaid with a coherent direc-
tion of 328 deg (see legend to Fig. 2). It was judged as moving
straight up when presented monocularly (see Fig. 5A). It is a
convenient example conceptually because it evokes no horizon-
tal eye movements (see Fig. 4A) but the geometry is the same
for all plaid orientations. Any upward eye drift alters the speed
of each of the gratings that make up the plaid by the speed of
the component of the added vector in the direction of motion
of that grating. It will not alter the direction of a grating’s mo-
tion (other than in some cases to reverse it), since a one-dimen-
sional grating can only move orthogonal to its orientation. The
direction of coherent motion for each plaid that results from
these new grating speeds is equivalent to a vector sum between
the original coherent direction and the added vector. Speeds of
10.5 and 15.2 deg/s (Fig. 10B) shift the coherent direction from
328 to 297 deg and 271 deg, respectively. This compares to com-
ponents at 28 deg (a2) and 223 deg (b2) for 10.5 deg/s and 208
deg (a3) and 223 (b3) for 15.2 deg/s. Clearly neither the judge-
ment (“12 o-clock”) nor the interpolated direction of eye move-
ments (upward) is determined by the retinal motion but instead
from the real motion which the brain must deduce by interpret-
ing the retinal image in the context of knowledge about eye
movements.





