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Abstract

Geometric considerations indicate that the human translational vestibulo-ocular reflex (tVOR)
should have substantially different properties than the angular vestibulo-ocular reflex (aVOR).
Specifically, tVOR cannot simultaneously stabilize images of distant and near objects on the
retina. Most studies make the tacit assumption that tVOR acts to stabilize foveal images even
though, in humans, tVOR is reported to compensate for less than 60% of foveal image motion. We
have determined that the compensation gain (eye rotational velocity / required eye rotational
velocity to maintain foveal target fixation) of tVOR is held steady at ~ 0.6 during viewing of either
near or distant targets during vertical (bob) translations in ambient illumination. We postulate that
tVOR evolved not to stabilize the image of the target on the fovea, but rather to minimize retinal
image motion between objects lying in different depth planes, in order to optimize motion parallax
information. Such behavior is optimized when binocular visual cues of both far and distant targets
are available in ambient light. Patients with progressive supranuclear palsy or cerebellar ataxia
show impaired ability to increase tVOR responses appropriately when they view near targets. In
cerebellar patients, impaired ability to adjust tVOR responses to viewing conditions occurs despite
intact ability to converge at near. Loss of the ability to adjust tVOR according to viewing
conditions appears to represent a distinct disorder of vestibular function.
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INTRODUCTION

Thomas Brandt has championed the idea that studies of vestibular reflexes and their
disorders should be interpreted from the broader viewpoint of how the organism achieves
clear vision and stable balance. For example, disorders such as downbeat nystagmus should
not be viewed in isolation, but be thought of as the disturbance of a complex system that
normally allows humans to stand, walk erect, and see clearly during locomotion.1:2 Such an
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approach can be applied to studies of the human linear or translational vestibulo-ocular
reflex (tVOR), which has not received as much attention as the rotational or angular
vestibulo-ocular reflex (aVOR) until recently, mainly because of methodological limitations.
Thus, on the one hand, aVOR is easily tested at the bedside with rapid head rotations and, in
the laboratory, using swivel chairs. On the other hand, head-on-body translations are less
easy to administer at the bedside, and testing tVOR in the laboratory requires special devices
to induce linear accelerations, which are often expensive. And yet, the erect, straight-legged
gait of humans induces substantial head translations, especially in the vertical plane (referred
to, here, as bob).3 Thus, there is a need for more studies of tVOR.

The geometry of visual requirements of aVOR differ from those of tVOR. Thus, on the one
hand, aVOR is required to stabilize images across the whole visual field during head turns,
and can achieve this when viewing optical infinity. During viewing of a near target, eye
rotations may need to rotate over 30% more than the head rotations that induce them,
because the rotational axis of the head is posterior to that of the eyes.4 Thus, under near-
viewing conditions, there will be some relative motion between the near image located on
the retinal fovea, and far images located on retinal periphery. On the other hand, tVOR is
only called into action during near viewing;5 during far viewing, head translations do not
induce retinal image slip, and tVOR is not required. During viewing of a near object, eye
rotations due to tVOR need to increase substantially, compared with far-viewing, in order to
hold the object’s image steady on the fovea. If images of the near target are held steady on
the retina, the consequence is that images of the distant surround will move rapidly across
the retinal periphery. Here we argue that the human tVOR does not generate eye rotations to
stabilize the image of a near target on the fovea but, rather, generates eye rotations to
minimize retinal image motion of the near target with respect to image motion of the distant
background.6

Prior Studies of tVOR in Humans

Early studies of tVOR suffered from several important drawbacks. First, subjects were often
tested in darkness or while viewing a distant target. Second, in some studies, the stimuli
applied were low-frequency translations that bore little relationship to the frequency of head
perturbations that occur during locomotion. Third, in those cases when higher-frequency or
transient head translations were applied during viewing of a near target, no background was
visible (e.g., a light-emitting diode in a dark room). In all of these reports, tVOR was found
inadequate to provide foveal image stability, and its compensation gain (defined as eye
rotational velocity / required eye rotational velocity to maintain foveal target fixation) was
less than 0.7. 7715

Thus, from these studies, it appears that human tVOR cannot achieve the amount of foveal
image stability required for clear vision of a near target. Several thoughtful explanation have
been advanced to account for the “enigmatic” finding that tVOR compensation gain
typically remains ~0.5, irrespective of viewing distance.13:16 First, natural head
perturbation that occur during locomotion comprise both rotations and translations, and the
combination of responses might somehow be adequate to keep the fovea on target. For
example, vertical head translations are combined with pitch movements, such that the naso-
occipital axis of the head tends to remain pointed about 1m in front of the subject.16718
Second, it follows that aVOR gain might be adjusted to aid tVOR responses, depending on
the viewing distance of the target. For example, if aVOR was under-compensatory, this
might allow pitch head movements to supplement a tVOR that only partially compensated
for bob translations. Third, during locomotion while viewing a near target, the amplitude of
head movements change, and this might mean that smaller demands are made of tVOR.
Finally, central integration of translational and rotational signals from the labyrinths might
produce tVOR behavior appropriate for any specific set of demands, such that the overall
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behavior was more than the sum of its parts. Such an effect would be similar, for example,
the way that prior smooth-pursuit movements enhance aVOR.19 As well argued as these
suggestions are, we doubt them because in studies of tVOR and aVOR during locomotion on
a treadmill, large amounts of retinal image slip (7-14 deg/sec),20 and corresponding
oscillopsia,16 indicate that tVOR cannot maintain foveal image stability of near targets.

Here we draw on evidence from our prior studies to support the hypotheses that (1) tVOR
evolved to minimize retinal motion of a near foveal image with respect to motion of more
distant images in the visual environment; (2) although the behavior of tVOR is influenced
by a variety of factors, an important determinant is relative motion of near and far objects
(motion parallax); (3) patients with certain neurological disorders that lead to imbalance and
falls have lost the ability to adjust tVOR appropriately to viewing distance.6:21:22 The goal
of this paper is to bring together results from these studies into a more general interpretation
of human tVOR function.

In our prior studies, 20 healthy humans (8 female, age range 25-72 years, median 55 years),
9 patients with progressive supranuclear palsy (PSP) (4 women, age range 61 — 75 years,
median 68), and 8 patients with cerebellar ataxia (5 female, age range 27-79, median 57
years) served as subjects. Full details of subjects and methods have been previously
described.6:21:22 Most experiments were performed in ambient light, so that natural visual
cues, such as motion parallax and relative size, were available. All subjects gave informed
consent in accordance with the Declaration of Helsinki and the Institutional Review Board
of the Cleveland VA Medical Center.

Vestibular Stimuli were applied as subjects sat in a chair on a Moog 6DOF2000E electric
motion platform (East Aurora, New York) that could move with six degrees of freedom.
Belts were used to secure the subject’s torso and a snugly fitting skate-board helmet was
used to stabilize the subject’s head. We applied bob translations at 2 Hz (typical amplitude +
1.5 cm) to test tVOR and yaw rotations at 1.0 Hz (typical amplitude + 5°) to test aVOR. We
also applied combined bob at 2 Hz and yaw rotation at 1 Hz. Visual Stimuli: Small visual
targets consisted of: (1) a laser spot projected on a wall at a distance of 2m (“far target”); (2)
a “near target” (reflective ball, diameter 1 cm) suspended at a distance of ~17 cm in front of
their left eye. Background visual stimuli consisted of: (1) the experimental room and its
contents, which provided many visual cues of different sizes and distances; (2) an array of
horizontal stripes, displayed on a large flat screen at 1.5 m, which subtended 50 degrees
horizontally and 30 degrees vertically in an otherwise dark room. To investigate the effects
of vergence on tVOR, subjects viewed small targets binocularly at 2m, 40 cm and 17 cm,
first directly, and then with a 15- or 10-diopter base-out prism placed before the right eye
(prism power selection was based on ability to fuse the visual stimulus). To determine the
dependence of tVOR on visual motion inputs, we switched off the room lights for periods of
2-4 seconds, as subjects attempted to fix upon the remembered location of the near target,
which they had previously viewed. Subjects also viewed the near target under conditions of
strobe illumination, in order to minimize retinal image slip information. Strobe illumination
was achieved using an array of bright light-emitting diodes, which flashed at 4 Hz, with a 30
ms flash duration. Three-dimensional eye rotations were measured using the magnetic
search coil technique (CNC Engineering, Seattle, WA). Linear and rotational movements of
the chair frame and subject’s head were monitored by an infrared reflection system (Vicon
Motion Systems, Los Angeles, CA) that allowed head and coil frame movements to be
measured with a resolution of 2 mm and 0.1°. Coil signals were digitized and converted to
3-D rotation vectors in degrees.23 Positive values correspond to leftward, downward, and
clockwise rotations from the subject’s viewpoint, and divergence. Position signals from the
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infrared reflection system were used to calculate “ideal eye rotations” to hold gaze
(corresponding to the line of sight) on the visual target.6 Using Fourier transforms of eye
and head velocity, we measured gain of aVOR as eye-in-head rotational velocity / head
rotational velocity, and responsivity of tVOR as eye rotational velocity / head translational
acceleration (expressed as deg*sec/m). We also calculated compensation gain: eye rotational
velocity / required eye rotational velocity to maintain foveal fixation of the visual target (far
or near), which allowed us to relate measured responses to the ideal response (1.0) if the
goal of tVOR is to hold the eye on target.

Does tVOR improve its performance under natural test conditions?

Representative responses tVOR of a normal subject during bob at 2 Hz in ambient
illumination are shown in Figure 1A,B. Note that vertical eye movements generated by
tVOR increase during viewing the near target, but they are smaller than the “required eye
movements” calculated based on the subject’s head movements. Normal subjects made
infrequent saccades during tVOR under our test conditions, even though the image of the
near target cannot have been held on the fovea.

As predicted by geometric considerations, the responsivity of tVOR increased substantially
from far (2m) to near (17 cm) viewing — by a factor of almost nine in our group of 20
subjects (Fig. 2A). Applying translation and rotations in combination produced a small
increase in tVOR responsivity.6 However, median compensation gain increased only from
0.52 at far to 0.59 at near (Fig. 2B), even for combined rotation-translation. Thus, although
the brain seemed well able to increase eye velocity during near viewing, compensation gain
was consistently inadequate to maintain foveal fixation, especially at near. We next
considered to what visual demands tVOR could be responding.

What factors determine tVOR behavior?

A widely accepted tenet is that tVOR responses are determined by vergence angle,9:12:24
although some investigators have suggested that a number of factors may contribute.25 We
found that tVOR responses decreased during monocular viewing,6 but wondered whether
this decline was due to decreased convergence, or lack of binocular responses. To address
this question, we compared responses during binocular viewing, of targets at three distances
(17 cm, 40 cm, 200 cm) either directly or with a base-out prisms in front of the subject’s
right eye. Representative data are shown in Figure 3. It is evident that for either of the
viewing distances, tVOR behavior is similar even though vergence angle is different. This
was a consistent finding in all six of subjects.6 This finding should not be interpreted to
mean that vergence effort does not influence tVOR behavior, but rather that binocular visual
stimuli appear to be more important under ambient illumination.

Not only monocular viewing, but also transient darkness or strobe illumination caused tVOR
to decline;6 representative records are shown in Figure 4. However, it seems unlikely that
visual tracking eye movements, such as smooth pursuit, are responsible for several reasons.
First, the phase lag of tVOR for our 2 Hz stimuli was consistently about ~19 degrees,
irrespective of viewing distance of the target; this is much smaller that the phase lag values
of smooth tracking of a large visual target moving at 2 Hz (median lag of ~58 degrees).6
Second, tVOR can be suppressed during viewing of a head-fixed target (such as a mirror
image) much better than can be accounted for by smooth pursuit.26
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A hypothesis to account for tVOR behavior

Taken together, these findings led us to postulate that relative motion of the near target with
respect to the distant background (motion parallax) was an important determinant of tVOR
behavior. Since discrimination of relative motion is better at lower velocities of retinal
image motion,27:28 we postulated that tVOR responses are set to minimize retinal image
speed for both the target and the visual background.6:26 A prediction of this hypothesis is
that motion of the visual background should influence tVOR behavior while the near visual
target remains constant. When subjects fixed on a near earth-fixed target against a
background of horizontal stripes on a large flat screen that moved vertically at a different
frequency (2.1 Hz) than the platform (2.0 Hz), tVOR showed consistent changes in
behavior.26 Thus, as relative motion of the background increased, tVOR decreased
(increasing slip speed of the foveal image) and thereby tended to equalize retinal image slip
of the foveal target with respect to the background. Under natural conditions, a changing
relationship between image slip of a near target and the background occurs as the subject
travels forward through the visual environment.

Thus, our current hypothesis is that the responsiveness of tVOR is adjusted as a continuous
function of retinal image motion of near target versus distant background, with the goal of
minimizing relative motion of one with respect to the other. In fact, for objects lying at
greater distance than about 1 meter, tVOR compensation gain of 0.6 is all that is required to
reduce retinal image motion below 5 degrees/second, to permit clear vision.6

What insights into tVOR are provided by evidence from patients with neurological

disease?

Disorders of aVOR, due to a wide range of neurological disorders, have been the subject of
a large literature.2:29 Much less is known about how neurological disease affects tVOR.
Based on our knowledge of aVOR, it might be expected that cerebellar and brainstem
disease could lead to abnormalities of tVOR. For example, skew deviation and ocular tilt
reaction that occurs with both brainstem and cerebellar disorders is conceptualized as a
central imbalance of otolithic pathways.30 We postulated that neurological disorders that
commonly lead to falls, presumably by disruption of otolith-spinal reflexes, would also
cause abnormal otolith-ocular reflexes. Accordingly, we studied patients with two disorders:
(1) PSP, which causes falls early in its course; (2) the cerebellar ataxias.

Our main findings are summarized by the representative records in Figure 1. In patients with
PSP, the responsivity of tVOR fails to increase during viewing of a near target during bob
translation (Fig. 1C,D); note that these patients cannot converge.21 In patients with
cerebellar ataxia, tVOR also fails to increase during near viewing, but such patients can
converge (Fig. 1E,F);22 a similar result has previously been reported with translation along
the interaural axis.31 Thus, failure to converge seems unlikely to be the fundamental
problem in PSP for two reasons: (1) Under ambient illumination, normal subjects show
modulation of tVOR with viewing distance, not vergence angle (Figure 3). (2) Cerebellar
patients can converge but cannot increase their tVOR responsivity during near viewing
(Figure 1EF). Furthermore, vestibular-evoked myogenic potentials (VEMPS), in which a
loud click is used to stimulate the saccular otolithic organ, are impaired in PSP.21 Thus, it
seems that a specific class of vestibular disorders consists of loss of ability to increase tVOR
responsivity appropriately during viewing of a near target. More work, including
development of animal models, seems necessary to understand more fully the
pathophysiology of these findings.
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Conclusions

The present work has shown that tVOR seems ill-suited to achieve stabilization of foveal
images, and although this remains possible, no prior study has clearly demonstrated it.
Further, geometric considerations indicate that if tVOR did stabilize foveal images of a near
target, such behavior would be detrimental to clear vision of the more distant surround,
particularly in erect humans, with their bouncy form of walking. To govern tVOR behavior,
it appears that the brain uses a range of visual cues to estimate the relative distances of near
targets and their surround, including motion parallax, which is now known to be encoded in

co

rtical visual area MT.32 Diseases affecting regions of the brain from cerebral cortex to

brainstem may cause disorders of tVOR that have yet to be defined.
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Figure 1.

Representative records from a healthy normal subject (A,B), a patient with PSP (C,D), and a
patient with cerebellar ataxia (E,F). At the bottom of each panel, tVOR responsivity (Resp,
in degrees*seconds/meter) is stated. Note that, except for vergence (gray lines), individual
traces have been offset in position to aid clarity of display. Positive values indicate
downward and divergence movement. Note how tVOR (vertical eye rotation) increased
during near viewing (17 cm) compared with far viewing (2 m) for the normal subject, but
remained less than the eye movement required to keep the fovea (line of sight) pointed at the
visual target (dotted lines). The PSP patient showed inability to converge at near, and tVOR
did not increase. The patient with cerebellar ataxia was able to converge at near, but could
not substantially increase tVOR responsivity. Required eye rotations were computed from
measured head movements.6
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Figure 2.

Summary of tVOR responses to bob at 2.0 Hz of 20 normal subjects.6 (A) Responsivity

plotted as a function of vergence angle. Note that during near viewing (diamonds,

corresponding to larger vergence angles), responsivity increases substantially compared with

far viewing (circles). (B) Box plots, showing percentiles for compensation gain values

during far and near viewing; these were similar, despite the large changes of responsivity

shown in (A).
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Comparison of Direct vs. Prism Viewing
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Figure 3.

Representative records comparing direct versus prism viewing for a single subject. Note
how tVOR is larger during viewing the target at 17cm versus 40 cm, but is unaffected by
vergence angle. Plotting conventions are similar to Fig. 1.
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B. Strobe lllumination

Strobe

A

- -20

tVOR Resp=6.2
1 1

0 1 2
Time (seconds)

Representative records of the effects of illumination on tVOR from a single subject. (A)
Switching to darkness. Note how vergence angle and tVOR declined when the room lights
were turned off (first vertical dashed line), and then increased when lights were turned on
again. (B) Strobe illumination (flashes lasting 30 ms at 4 Hz) are indicated by spikes in
strobe channel. Note that tVOR and vergence are decreased compared with viewing in
ambient light (first part of A). Plotting conventions are similar to Fig. 1.
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