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1
SYSTEM AND METHOD FOR THE
MEASUREMENT OF VESTIBULO-OCULAR
REFLEX TO IMPROVE HUMAN
PERFORMANCE IN AN OCCUPATIONAL
ENVIRONMENT

BACKGROUND

The present invention relates to systems and methods for
the measurement and improvement of human eye response to
orientation information that comes from the vestibular sys-
tem in the inner ear. Terms used to describe this ocular
response include the vestibulo-ocular reflex or vestibular ocu-
lar reflex (both referred to as the VOR). Other terms used to
describe this ocular response include dynamic visual acuity,
kinetic visual acuity, dynamic visual stability, and retinal
image stability. More specifically, in one embodiment, the
present invention comprises a portable, battery-powered
device for measuring and improving the VOR and/or other
physiologic eye responses. The portable device could be
head-worn, otherwise user attachable, or hand-held. The
device could be used to (a) measure the ocular responses that
relate to and predict the performance of the user when per-
forming an activity and/or to (b) provide a means for improv-
ing or enhancing the VOR or other eye responses associated
with head movement of a subject.

It is desirable to have a device that could be worn anywhere
for ambulatory testing in a non-clinical or non-laboratory
environment. The device should be lightweight, portable,
ergonomic, and aesthetically pleasing compared to the prior
art hard wired, laboratory and clinical technologies, typically
affixed to a desktop computer system or similar non-portable
device. One example of a laboratory technology to be elimi-
nated is an external pulsed magnetic field, which was used by
Allison et al (IEEE Transactions on Biomedical Engineering,
November 1996). Such a magnetic field would make it impos-
sible to use the device outside the laboratory. The desired
device should track eye gaze and other movement related
activity of the eyes. The device should measure the VOR or
another type of human eye response to changes in head ori-
entation.

1. DEFINITIONS

The definitions in the following paragraphs apply to the
terminology used in describing the content and embodiments
in this disclosure as well as the related claims.

The vestibular system is the complex system of the inner
ear that helps provide human balance. The vestibular system
consists of the saccule, utricle and semicircular canals. The
vestibular system is also called the vestibular apparatus and is
often referred to as being part of the labyrinth.

The saccule and utricle collectively comprise what is
referred to as the otolith organs. The otolith organs detect
position of the head relative to gravity and linear acceleration
according to their orientation, when motion occurs in a
straight line, to orientate the body in space. The saccule is
oriented vertically and registers accelerations in the vertical
plane, including the force due to gravity. Therefore, it detects
linear motion in the vertical plane, such as ascending or
descending in an elevator. It can also provide information
about tilting of the head in the vertical plane. When the head
moves vertically, the sensor cells of the saccule are disturbed
and the neurons connected to them begin transmitting
impulses to the brain. These impulses travel along the vesti-
bular portion of the eighth cranial nerve to the vestibular
nuclei in the brainstem. The utricle is largely positioned hori-
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zontally in the inner ear. The utricle registers accelerations in
the horizontal plane of the head, as well as tilt information.
Therefore, linear motion in the horizontal plane is sensed,
such as moving horizontally in a vehicle. Acute injuries to the
utricle are known to cause a subjective tilt of the world. Any
orientation of the head causes a combination of stimulation to
the utricles and saccules of the two ears. The brain interprets
head orientation by comparing these inputs to each other and
to other input from the eyes and stretch receptors in the neck,
thereby detecting whether only the head is tilted or the entire
body is tipping.

The semicircular canals are comprised of three fluid-filled
bony channels in the inner ear. The semicircular canals are
arranged at right angles to each other and are referred to as the
superior (or anterior) semicircular canal, the horizontal (or
lateral) semicircular canal and the posterior semicircular
canal. Collectively the semicircular canals are referred to as
the kinetic labyrinth, because they respond to rotation and
angular acceleration. These semicircular canals or channels
communicate, by a neural network, with the brain and visual
system to provide orientation and balance. Therefore, as a
unit, the saccule, utricle and semicircular canals are involved
with balance and maintenance of a stable visual image.

Vestibulo-ocular terminology is often spelled interchange-
ably with vestibular ocular and both refer to the relationship
of the vestibular (e.g. inner ear) system as it relates to the
ocular system (e.g. vision) with respect to the reflex response
with head movement including gain, phase, and symmetry at
various frequencies.

VOR is an involuntary movement of the eyes in response to
rotational movements of the head that is detected by the inner
ear balance system. The VOR stabilizes the visual image on
the back of the eye (retina) during head movement by pro-
ducing an eye movement in the direction opposite to head
movement, thus preserving the image on the center of the
visual field. A simplistic view of the VOR involves a 3-neuron
arc that consists of the vestibular ganglion, vestibular nuclei,
and oculomotor nuclei. When the head moves, the VOR
responds with an eye movement that is equal in magnitude but
opposite in direction. Head movements, rotational and trans-
lational, stimulate the VOR. With a rotational movement, the
head moves relative to the body. Examples of this include
turning the head back and forth, nodding, and bringing the ear
in contact with the shoulder. Translational movements occur
when the entire body, including the head, is moved in tandem.
Translational movements may occur when an individual
stands on a moving sidewalk. Thus, rotational VOR responds
to angular motion of the head and results from stimulation of
the semicircular canals, whereas translational VOR responds
to linear motion of the head and results from stimulation of
the otolithic organs. Some head movements may involve a
combination of both translational VOR and rotational VOR.
The VOR is a reflex that acts at short latency to generate eye
movements that compensate for head rotations in order to
preserve clear vision during locomotion. The VOR is the most
accessible gauge of vestibular function. Evaluating the VOR
requires application of a vestibular stimulus and measure-
ment of the resulting eye movements. For example, when the
head moves to the right, the eyes move to the left, and vice
versa. The VOR normally serves to stabilize gaze in space
during head movements by generating equal and opposite
compensatory eye movements. The VOR has both rotational
and translational aspects. When the head rotates about any
axis (horizontal, vertical, or torsional) distant visual images
are stabilized by rotating the eyes about the same axis, but in
the opposite direction. When the head translates, for example
during walking, the visual fixation point is maintained by
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rotating gaze direction in the opposite direction, by an amount
that depends on distance. Eye movements generated by the
human VOR system are intended to stabilize the image on the
retina during brief, non-sustained head movements. In order
to see the surrounding world clearly the retinal images must
remain stable, within certain margins. Stability is affected,
however, by the continuous movements of the head, which
may cause motion blur. In order to prevent motion blur, head
movements are counter-balanced by compensatory eye
movements. These are mediated by two reflexes, the VOR,
which senses head rotations in the labyrinth, and the optoki-
netic reflex (OKR), which directly senses visual image
motion.

A saccade is a fast movement of an eye, head or other part
of the body or of a device. It can also be a fast shift in
frequency of an emitted signal or other quick change. Sac-
cades are quick, simultaneous movements of both eyes in the
same direction. Humans do not look at a scene in fixed steadi-
ness, the eyes move around, locating interesting parts of the
scene and building up a mental, three-dimensional ‘map’
corresponding to the scene. When scanning the scene in front
of'you or reading these words right now, your eyes make jerky
saccadic movements and your eyes stop several times, mov-
ing very quickly between each stop. We cannot consciously
control the speed of movement during each saccade; the eyes
move as fast as they can. One reason for the saccadic move-
ment of the human eye is that the central part of the retina
(known as the fovea) plays a critical role in resolving objects.
By moving the eye so that small parts of a scene can be sensed
with greater resolution, body resources can be used more
efficiently.

Nystagmus is a description of abnormal involuntary or
uncontrollable eye movement, characterized by jumping (or
back and forth) movement of the eyes, which results in
reduced or limited vision. It is often called “dancing eyes”.
Nystagmus can occur in three directions: (1) side-to-side
movements (horizontal nystagmus), (2) up and down move-
ments (vertical nystagmus), or (3) rotation of the eyes as seen
when observing the front of the face (rotary or torsional
nystagmus).

The Visual acuity (VA) refers to acuteness or clearness of
vision, which is dependent on optical and neural factors, i.e.,
(1) the sharpness of the retinal focus within the eye, (i) the
intactness and functioning of the retina, and (iii) the sensitiv-
ity of the interpretative faculty of the brain. A Snellen chart
(eye chart that uses block letters arranged in rows of various
sizes) is frequently used for visual acuity testing and mea-
sures the resolving power of the eye, particularly with its
ability to distinguish letters and numbers at a given distance
as well as the sharpness or clearness of vision.

The dynamic visual acuity (DVA) can be used interchange-
ably with kinetic visual acuity as they both have the same
meaning. In this document, DVA will be used to assess
impairments in a person’s ability to perceive objects accu-
rately while actively moving the head, or the ability to track a
moving object. It is an eye stabilization measurement while
the head is in motion. In normal individuals, losses in visual
acuity are minimized during head movements by the VOR
system that maintains the direction of gaze on an external
target by driving the eyes in the opposite direction of the head
movement. When the VOR system is impaired, visual acuity
degrades during head movements. The DVA is an impairment
test that quantifies the impact of the VOR system pathology
on a user’s ability to maintain visual acuity while moving.
Information provided by the DVA is complementary to and
not a substitute for physiological tests of the VOR system.
The DVA quantifies the combined influences of the underly-
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ing vestibulo-ocular reflex pathology and the patient’s adap-
tive response to pathology. DVA testing is sometimes
obtained for those persons suspected of having an inner ear
abnormality. Abnormalities usually correlate with oscillopsia
(a visual disturbance in which objects in the visual field
appear to oscillate or jump while walking or moving). With
the current standing DVA testing worsening of visual acuity
by at least three lines on a visual acuity chart (e.g., Snellen
chart or Rosenbaum card) during head turning from side to
side at 1 Hz or more is reported as being abnormal. In normal
individuals, losses in visual acuity are minimized during head
movements by the vestibulo-ocular reflex (VOR) system that
maintains the direction of gaze on an external target by driv-
ing the eyes in the opposite direction of the head movement
When the VOR system is impaired, visual acuity degrades
during head movements. Patients with VOR deficits can
improve their dynamic acuity by performing rapid “catch-up”
saccadic eye movements and/or with predictive saccades.

Dynamic visual stability (DVS) and retinal image stability
(RIS) can be used interchangeably. In this document, DVS
will be used to describe the ability to visualize objects accu-
rately while actively moving the head. When the eye moves
over the visual scene, the image of the world moves about on
the retina, yet the world or image observed is perceive as
being stable. DVS enables a person to prevent perceptual
blurring when the body moves actively. The goal of oculo-
motor compensation is not retinal image stabilization, but
rather controlled retinal image motion adjusted to be optimal
for visual processing over the full range of natural motions of
the body or with head movement. Although we perceive a
stable visual world, the visual input to the retina is never
stationary. Eye movements continually displace the retinal
projection of the scene, even when we attempt to maintain
steady fixation. Our visual system actively perceives the
world by pointing the fovea, the area of the retina where
resolution is best, towards a single part of the scene at a time.
Using fixations and saccadic eye movements to sample the
environment is an old strategy, in evolutionary terms, but this
strategy requires an elaborate system of visual processing in
order to create the rich perceptual experience. One of the most
basic feats of the visual system is to correctly discern whether
movement on the retina is owing to real motion in the world
or rather to self-movement (displacement of our eyes, head or
body in space). The retinal image is never particularly stable.
This instability is owing to the frequent occurrence of trem-
ors, drifts, microsaccades, blinks and small movements of the
head. The perceptual cancellation of ocular drift appears to
primarily occur through retinal mechanisms, rather than
extra-retinal ones mechanisms. Attention also plays a role in
visual stability, most probably by limiting the number of
items that are fully processed and remembered.

Visual pursuit means the movement of the eyes in response
to visual signals. Smooth pursuit eye movements allow the
eyes to closely follow a moving object. It is one of two ways
that humans and other visual animals can voluntarily shift
gaze, the other being saccadic eye movements. Pursuit differs
from the VOR, which only occurs during movements of the
head and serves to stabilize gaze on a stationary object. Most
people are unable to initiate pursuit without a moving visual
signal. The pursuit of targets moving with velocities of
greater than 30°/s tend to require catch-up saccades. Most
humans and primates tend to be better at horizontal than
vertical smooth pursuit, as defined by their ability to pursue
smoothly without making catch-up saccades. Most humans
are also better at downward than upward pursuit. Pursuit is
modified by ongoing visual feedback.



US 9,370,302 B2

5

Frequency, in this disclosure and claims, means the number
of cycles (typically rotational cycles) per second. Frequency
is expressed in Hertz, which is abbreviated as Hz. VOR, DVA,
DVS, RIS, and other ocular reflexes are typically measured at
frequencies that include at least one frequency in the range of
0.01 Hertz (one cycle every 100 seconds) to 15 Hertz (15
cycles per second), with many prior art systems at least mea-
suring in the range of 0.1 Hertz (one cycle every 10 seconds)
to 1.28 Hertz (slightly more than one cycle per second).

Gain, in this disclosure and claims, means the measured
ratio of eye movement velocity to head movement velocity.
More specifically, for example, the “gain” of the VOR is
defined as the change in the eye angle divided by the change
in the head angle during the head turn. The gain of the hori-
zontal and VOR is usually close to 1.0, but the gain of the
torsional VOR (rotation around the line of sight) is generally
low. Eye and head movements during the VOR are oppositely
directed, and if eye velocity exactly mirrors head velocity, the
gain remains at 1 during the entire head movement. This,
however, is only true, if one assumes zero latency between
head and eye movements. In fact, the latency of the VOR is
typically about 10-20 milliseconds. A gain of 1.0 and a phase
shift of 180° indicate perfect VOR function, meaning that the
eyes move synchronously with head movement but in the
opposite direction. For a healthy person, the VOR is at its best
during sinusoidal head oscillations or rotations in the range of
2 Hz to 6 Hz as encountered in natural locomotion. VOR is
less efficient at the extremely low frequencies (less than 2 Hz)
ot head movement. The gain of the translational VOR has to
be adjusted for distance, because of the geometry of motion
parallax. When the head translates, the angular direction of
near targets changes faster than the angular direction of far
targets. [fthe gain of the VOR is abnormal (for example when
the eye muscles are weak, or if a person has taken certain
drugs or had a traumatic brain injury resulting in a balance
disorder), then head movement results in image motion on the
retina, resulting in blurred vision. Under such conditions,
motor learning adjusts the gain of the VOR to produce more
accurate eye motion. This is what is referred to as VOR
adaptation.

Phase (or phase shift), in this disclosure and claims, is a
measurement of the relationship between eye movement
velocity and head movement velocity at a particular oscilla-
tion frequency of the head. More specifically, phase shift is an
offset in the timing of eye movement relative to head motion
at a specific rotational oscillation frequency. The phase shift
of the VOR is a second useful measure of the vestibular
system and represents the timing relationship for the eye and
head position. Ideally, eye position should arrive at a point in
time that is equal with the oppositely directed head position.
By convention, this is described as a zero phase shift. Phase is
a parameter that describes the timing relationship between
head movement and reflexive eye response. When the head
and eyes are moving at exactly the same velocity in opposite
directions, they are said to be exactly out of phase, or 180°. If
the reflex eye movement leads the head movement, a phase
lead is present, and if the compensatory eye movement trails
the head movement, a phase lag is present.

Symmetry (and asymmetry), in this disclosure and claims,
is a comparison of eye response or (reflex) in opposite direc-
tions. The words symmetry and asymmetry can be used inter-
changeably. Symmetry is typically expressed as a percentage.
For example, the horizontal symmetry (or asymmetry) can be
expressed using the following equation:

Symmetry=100x((Left velocity)—(Right velocity))/
((Left velocity)+(Right Velocity))
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Horizontal symmetry is related to yaw of the eyes. The equa-
tion for vertical symmetry (or asymmetry) is the same as the
above with the words “up” and down substituted for right and
left. Vertical symmetry is related to pitch of the eyes. Sym-
metry can also be measured for head rotation as viewed from
the front (i.e. roll) and the associated roll (or torsion) of the
eyes on a clockwise versus a counter-clockwise direction
when viewed from the front. Symmetry is typically evaluated
atthe same frequencies as gain and phase. It can be performed
for one eye or both eyes. Symmetry can also be described as
a comparison of the slow component of the nystagmus when
rotated to the right compared with rotation to the left. Asym-
metry can be present in some cases of unilateral vestibular
hypo-function, as well as in other forms of vestibular dys-
function.

A Fourier transform is used to convert any arbitrary motion
into a series of sinusoidal motions at various frequencies. By
doing this, a graph of input motion and output motion as a
function of time (i.e. in the time domain) can be converted
into a graph that shows the gain and phase response plotted as
a function of frequency (i.e. the response in the frequency
domain). A Fourier transform can be used to convert a com-
parison of random natural motion (linear and/or rotational) of
the head and the eyes into information that shows the gain and
phase response of the eyes to movement of the head (i.e.
VOR). Thus, Fourier transforms make it possible to measure
VOR in a non-clinical environment without having to provide
head excitations at specific frequencies.

Torsion refers to the process of being rotated about an axis.
As it relates to the eye movement, it means any rotation of the
vertical corneal meridians (any line bisecting the cornea
through its apex). Torsional eye movements can be defined in
two different ways, namely as arotation about the line of sight
and as a rotation about an antero-posterior (forward-to-back-
ward) axis that is fixed in the head. The most natural definition
of a torsional eye movement is as a rotation about the line of
sight. The line of sight is the imaginary line that connects the
eye with the fixation target. When the eye rotates about this
line, the eyes remain fixated on this same target. When the eye
makes any horizontal and/or vertical gaze shift, the line of
sight and, therefore, the axis of rotation for torsion, shifts as
well. For example, if one looks straight ahead, eye torsion
occurs about an antero-posterior (forward-to-backward) axis.
If one looks leftward, the axis of rotation for eye torsion is
also rotated leftward.

If we look at a certain object, a projection of the object is
made on the retina of the eyes. This projection is called the
retinal image. If any torsion is made in an eye, for example in
clockwise direction, then the retinal image of the object
rotates by exactly the same amount, but in counterclockwise
direction. Functions of eye movements in general include 1)
the tracking of moving objects (pursuit), 2) the redirection of
fixation to points of interest (saccades), 3) stabilization of the
retinal images and 4) the maintenance of correspondence of
the images in both eyes. Torsional eye movements are poten-
tially important in the last two of these functions.

Six degrees of freedom (6 DoF) refers to the freedom of
movement of a rigid body in three-dimensional space. Spe-
cifically, the body is free to move forward/backward,
up/down, left/right (translation in three perpendicular axes)
combined with rotation about three perpendicular axes, often
termed pitch, yaw, and roll.

An example of six degree of freedom movement is
described as Translation: Moving up and down (heaving);
Moving left and right (swaying); Moving forward and back-
ward (surging) and Rotation: Tilting forward and backward
(pitching); Turning left and right (yawing); Tilting side to side
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(rolling). Translational motion is movement of an object
without a change in its orientation relative to a fixed point, as
opposed to rotational motion, in which the object is turning
about an axis.

Pitch is referred to as rotation about the side-to-side axis
(also called the lateral axis or transverse axis), which by
example, passes through an airplane from wing tip to wing
tip. Pitch changes the vertical direction the airplane’s nose is
pointing. A pitch motion is described as an up or down move-
ment of the body, like that of bending forward or backward; or
a nodding of one’s head as if to say “yes.”

The longitudinal axis, using the example of a plane, passes
through the plane from nose to tail. Rotation about this front-
to-back is called bank or roll. Another example of a roll is the
head tilting to the side toward the shoulder. A rolling motion
is an up and down tilting movement of the head and shoulders.

Yaw refers to the rotation around the vertical axis. A yaw
motion of the head is described as a horizontal movement
from side to side; or a shaking of one’s head as if to say “no.”
When turning the head horizontally or vertically (i.e., yaw or
pitch) the VOR maintains visual fixation on the object of
interest throughout the head movement and thereby reduces
the motion of the image on the retina. The semicircular canals
in the inner ear detect rotary accelerations, such as when
turning the head, while the otoliths detect linear accelerations
during a translation, for instance, and through the earth’s
gravitation. The canals and the otoliths are the anatomic sub-
strates for VOR eye movements.

2. PHYSIOLOGY

The VOR generates compensatory eye movements in
response to head motion detected by the vestibular sense
organs located in the inner ear. The oculomotor response to
angular head movement is called the angular VOR (AVOR or
VOR) and has been demonstrated for rotation in yaw, pitch,
and roll. An oculomotor response to linear acceleration has
been described for acceleration along the interaural axis, spi-
nal axis, and nasal-occipital axis and has been called the
linear VOR (LVOR). The VOR is crucial to the maintenance
of'gaze stability and visual acuity. Patients who have lost their
vestibular systems suffer from illusory motion of the seen
world (oscillopsia) during head motion and may have diffi-
culty recognizing familiar faces while walking. Dysfunction
within the VOR pathways may result in nystagmus, ocular
misalignment, ocular torsion, and pathologic head tilt. All of
these findings can adversely affect human performance to
focus on a target of interest with rotational or translational
movement or motion.

The visual, vestibular and proprioceptive systems are key
sensory organ systems for maintaining balance. The correc-
tive eye movement response is used to provide stable vision
during the head movements of walking, running, driving and
all of the other normal movement activities. The visual sys-
tem receives sensory input from the eyes to determine body
position in space and with movement. The vestibular system
receives sensory input from the inner ears. The inner ear is
sensitive to gravity and detects both linear and angular move-
ments. The proprioceptive system provides information
about the relative position of body segments to one another
and about the position of the body in space. When these three
systems are functioning properly, balance problems do not
normally exist. In addition, these three systems are mutually
interdependent and provide redundancy, which permits bal-
ance to be maintained if one of these three primary systems
fails. Three resultant mechanisms created by the visual, prop-
rioceptive, and vestibular systems include the oculomotor
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system, VOR, and the vestibular spinal reflex. The simple eye
movement response (e.g. VOR) is an indicator of the function
of one part of the balance system.

The oculomotor system keeps images centered on the
fovea, which is the area of high visual acuity. DVA is the
ability of an individual to quickly fixate and re-fixate on
different and moving targets. The three components of this
oculomotor system controlled by the central nervous system
include: saccades, smooth pursuit, and optokinetics. The sac-
cadic system is responsible for rapidly directing the fovea to
a target of interest in visual space. This system creates a
conjugate movement of the eyes, a saccade that brings the
fovea on target within a fraction of a second. Saccades are
tested by having an individual keep his or her head still while
moving only his or her eyes from target to target (typically, the
target will appear middle, then left, middle, then right, etc.).
The smooth pursuit system is concerned with keeping the
fovea on a moving target once that target has been located.
Smooth pursuit is tested by having a person keep his or her
head still while smoothly following a moving target with his
or her eyes. The optokinetic system detects motion using
peripheral vision. The optokinetic system is tested by having
a person keep his or her head still while trying to focus on
targets that move rapidly across the patient’s field of vision,
disappearing on one side and reappearing on the other.

As noted previously, the VOR is a reflex eye movement
designed to stabilize images on the retina during head move-
ment by producing eye movement in the direction equal and
opposite to head movement. If the position of the head is
altered, this reflex system keeps the eye looking in the same
direction as it did before the movement. The head movement
of interest typically ranges from 0.1 Hz (nearly still) up to 15
Hz. The VOR elicits eye movements in response to head
movements in all directions, including horizontal, vertical,
and rotational head movements. When head motions are
above 2 Hz (two back and forth motions in one second), the
VOR is essential to helping maintain balance, because when
head motions reach that speed, the smooth pursuit system, the
saccadic system, and the optokinetic system cannot effec-
tively function at that speed, and the VOR takes over. The
VOR has often been measured in the dark by some to distin-
guish eye movements driven by vestibular stimuli from eye
movements driven by visual stimuli. The performance of the
VOR can be measured by the gain, which is defined as the
amplitude ratio between eye and head velocities. If a person’s
VOR gain is poorly calibrated, then head movements result in
image motion on the retina, causing blurred vision. Under
such conditions, motor learning adjusts the gain of the VOR to
produce more accurate eye motion. Such adjustments are
needed throughout life, as neurons and muscles develop,
weaken, and die or when a new pair of eyeglasses changes the
magnification of the visual field. Depending on the relative
direction of head motion and image motion, the gain of the
VOR canbe adaptively increased or decreased. An increase in
VOR gain is induced by image motion in the direction oppo-
site that of the head (gain up stimulus) and a decrease in VOR
gain is induced by image motion in the same direction as the
head (gain down stimulus).

The VOR needs to be fast: for clear vision, head movement
must be compensated almost immediately; otherwise, vision
corresponds to a photograph taken with a shaky hand. To
achieve clear vision, signals from the semicircular canals are
sent as directly as possible to the eye muscles. The connection
between the semicircular canals and the eye muscles is made
using only three neurons, and is called the three-neuron arc.
Using these direct connections, eye movements lag the head
movements by less than 10 ms, and thus the VOR. The VOR
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acts at short latency to generate eye movements that compen-
sate for head rotations to preserve clear vision during loco-
motion. The VOR is the most accessible gauge of vestibular
function. Evaluating the VOR requires application of a ves-
tibular stimulus and measurement of the resulting eye move-
ments.

More specifically, the VOR serves to compensate eye
movements effectively for head movements at frequencies in
the range of 0.1-15 Hz, especially if the head movement is
voluntary—However, the VOR is less accurate at lower fre-
quencies, especially those lower than 0.1 Hz, where the gain
drops significantly and a phase lead appears. The optokinetic
reflex has the opposite performance characteristics. It has
longer latency (due to the fact that it uses visual input and not
inner ear stimulation) than the VOR, but at low frequencies
(i.e. less than 0.1 Hz), it has near unity gain and no phase
difference. From 0.1 Hz to approximately 1 Hz, the optoki-
netic reflex begins to lose gain and develop a phase lag due to
higher latencies. At higher frequencies it cannot effectively
compensate due to its relatively long latency and low gain
compared to the VOR. Therefore, the combination of the two
mechanisms allow for maximal image stabilization all the
way from the lowest frequencies (governed mostly by the
optokinetic reflex) to the highest frequencies (governed
mostly by the VOR). There is another aspect of the VOR/
optokinetic reflex combination that contributes to improved
performance over either system alone. This aspect is a timing
issue: time of onset and time of offset. As previously men-
tioned the VOR has a very short latency (onset time) while the
optokinetic reflex has a longer latency. The VOR then allows
for a faster reaction time even at lower frequencies. But the
VOR will eventually decay during constant, zero-accelera-
tion rotation due to the elasticity of the cupula within the
semicircular canal. Although effectively extended through
central processes, the time constant of pure VOR related
nystagmus in humans is approximately 25 seconds. The opto-
kinetic reflex, however, has a long latency but no time con-
stant, as its response does not decay with repeated stimulation
of'the retina by an optical flow. Therefore, as the VOR decays,
the optokinetic reflex is building up, creating a continual,
seamless stabilization of most images on the retina.

The vestibular spinal reflex adjusts posture for rapid
changes in position. It helps the maintenance of balance with
rapid head movement. At least two of the three balance-
related sensory organ systems (vestibular, visual, and prop-
rioceptive) are necessary to maintain balance, albeit with
some difficulty if one of the three is dysfunctional. However,
even though the interdependence of the systems may lead to
balance compensation when there is a loss of at least one
system, other brain functions may suffer as a result. In par-
ticular, cognitive difficulties can be caused by disturbances in
the balance mechanisms. These difficulties are felt to be a
result of suppression of the reticular activating system in the
brainstem. Since the areas of the brain that usually carry out
thought and memory functions now must focus on balance,
the brain sacrifices some of its cognitive function. This leads
to a change in mental abilities of the individual. When an
individual appears to be suffering from a balance disorder, the
individual can be tested to determine which of the three
systems exhibits abnormalities. Numerous tests have been
developed to assess the function of these three systems.

To understand more in detail, the VOR starts in the vesti-
bular system, where semicircular canals get activated by head
rotation. During rotational movements of the head, the
endolymphatic fluid within the semicircular canals shifts
because of its inertia. This deflects the cupula. Endolym-
phatic flow toward the ampulla is excitatory in the horizontal
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canals, while flow away from the ampulla is excitatory in the
superior and posterior canals. A signal of rotation or transla-
tion impulses are sent to the vestibular nerve (cranial nerve
VIII) through Scarpa’s ganglion and end in the vestibular
nuclei in the brainstem. The afferent nerves from the ampulla
actually carry both excitatory and inhibitory signals to the 4
major vestibular nuclei: medial vestibular nucleus, lateral
vestibular nucleus, inferior or descending vestibular nucleus,
and superior vestibular nucleus. Different regions within each
of the nuclei project to the oculomotor nuclei (cranial nerves
111, TV, and V1), which control the muscle movements of the
eyes.

Efferent signals from these nuclei then result in contraction
and relaxation of the appropriate ocular muscles. Excitation
of the superior canal results in contraction of the ipsilateral
superior rectus and contralateral inferior oblique muscles and
relaxation of the ipsilateral inferior rectus and contralateral
superior oblique muscles, which results in an upward tor-
sional eye movement. Excitation of the posterior canal results
in contraction of the ipsilateral superior oblique and con-
tralateral inferior rectus muscles and relaxation of the ipsilat-
eral inferior oblique and contralateral superior rectus
muscles. This results in a downward torsional eye movement.
Finally, excitation of the lateral canal results in contraction of
the ipsilateral medial rectus and contralateral lateral rectus
muscles and relaxation of the contralateral medial rectus and
ipsilateral lateral rectus muscles. This results in a horizontal
eye movement toward the opposite ear.

In addition to these direct pathways, which drive the veloc-
ity of eye rotation, there is an indirect pathway that builds up
the position signal needed to prevent the eye from rolling back
to center when the head stops moving. This pathway is par-
ticularly important when the head is moving slowly, because
in this situation position signals dominate over velocity sig-
nals. The eye muscles require this dual velocity-position
drive. The integrator for horizontal eye position is in the
nucleus prepositus hypoglossi in the medulla, and the neural
integrator for vertical and torsional eye positions is in the
interstitial nucleus of Cajal in the midbrain. The same neural
integrators also generate eye position for other conjugate eye
movements such as saccades and smooth pursuit. The vesti-
bulo-cerebellum compares input from visual and vestibular
sensors and mediates changes in the VOR after vestibular
injury or change in visual function.

In addition to oculomotor projections, the vestibular nuclei
send fibers to the vestibulo-cerebellum, the nucleus preposi-
tus hypoglossi, and the cells within the paramedian tracts. The
nucleus prepositus hypoglossi is crucial for the maintenance
of'a steady gaze, while the cells within the paramedian tracts
are responsible for relaying information to the vestibulo-
cerebellum, specifically the flocculus. Reciprocal projections
to and from the cerebellum assist in fine motor control of eye
movements. The latency of action of the rotational VOR is
7-15 milliseconds, which is the time required for the eyes to
respond in an equal, but opposite, manner to the motion of the
head. This time is remarkably fast compared with the latency
forvisually mediated eye movements, which is longer than 75
milliseconds. Cerebral function may also be responsible for
the modification of the VOR and the ability to suppress the
VOR. Specifically, injuries to the parietal vestibular cortex
and the ocular gyms appear to interfere with visual suppres-
sion of the VOR. In particular, the right temporoparietal cor-
tex is believed to be involved in the modulation of the VOR.
This region has been shown to be sensitive to the effects of
sleep deprivation, particularly with respect to VOR gain dur-
ing step testing.
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The translational VOR pathways are activated in response
to stimulation of the otolithic organs. The utricle responds to
lateral translation stimuli, whereas the saccule responds to
vertical translations. Translational VOR pathways also
appear to be mediated by projections to the ocular motor
nuclei via projections from the vestibular nuclei. Specifically,
excitation of the utricular macula results in contraction of the
ipsilateral superior oblique, superior rectus, and medial rectus
muscles and relaxation of the contralateral inferior oblique,
inferior rectus, and lateral rectus muscles.

Having described the normal VOR system, it is important
to discuss VOR dysfunction. Similar to all other systems in
the body, most individuals are not aware of the presence of the
VOR until it malfunctions. Acute VOR dysfunction may
manifest in several different ways, depending on the anatomi-
cal location of the lesion or lesions, and may result from
labyrinthine disorders or disorders of the central vestibular
system. Studies have shown that people with a unilateral
peripheral vestibular lesion may exhibit asymmetric
responses to rotation. On the other hand, people with a com-
pensated unilateral lesion show a characteristic pattern of
decreased gain and increased phase lead at low-frequency
stimulation. Bilateral peripheral vestibular lesions are char-
acterized by low gain and phase lag as determined by sinu-
soidal testing. These patients commonly report oscillopsia, a
sensation of vertical or horizontal motion of the environment,
or persistent unsteadiness, especially in the dark. Rotational
chair testing is ideal in the assessment of these patients
because, unlike caloric testing, higher frequencies are tested
and both labyrinths are simultaneously stimulated. This
allows for an accurate determination of remaining vestibular
function, which is important for determining a course of
treatment.

Central vestibular deficits may also affect the VOR. Gains
may be increased in some individuals with cerebellar deficits.
Cerebellar atrophy, on the other hand, may result in a disor-
ganized nystagmus pattern with beat-to-beat variabilities in
amplitude. Lesions within the parietal vestibular cortex and
the ocular gyms may interfere with the ability to suppress
VOR visually. High-velocity angular VOR function can also
be affected by post-blast exposure, as studied in military
service members.

Although an impaired VOR is generally the result of an
injury to the vestibular system, the VOR may also be affected
by systemic disease processes such as migraines, depression,
and anxiety disorders. With migraine vestibulopathy, one
may see an elevated gain with visually enhanced VOR, a
testing paradigm where the VOR rotation stimulus is done in
a lighted (i.e., visually enhanced) environment rather than in
the traditional dark booth. Patients who experience anxiety
disorders may have an increased vestibular sensitivity result-
ing in significantly higher VOR gains and shorter time con-
stants. Finally, those patients with major depression have
been shown to have hypoactive vestibular nuclei, resulting in
a decrease in the slow phase of the nystagmus.

Other common issues can also adversely affect the VOR
and DVA. Ethanol consumption can disrupt the VOR, reduc-
ing DVA and retinal visual stability. Like the VOR, the DVA
may be affected by systemic disease processes such as
migraines, depression, and anxiety disorders. Alertness, poor
sleep or inadequate sleep and performing in low light levels
can adversely affect the VOR/DVA. In a provocative motion
environment, such as flight, vibration, angular motion and
translation are common causes of destabilization of the reti-
nal image, and can, in certain circumstances, be of sufficient
severity to prevent the pilot from reading the instrument. The
ability of a pilot to perceive important visual cues, either from
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the external world or from flight deck instruments, can be
degraded by factors that impair either the quality of the retinal
image or the transduction process of the image by the sensory
cells of the retina.

There are technical reasons, such as goggle slippage with
testing, which causes eye-to-head movement velocity asyn-
chrony in both head movement directions rather than system-
atic eye velocity saturation in just one direction, and can
adversely affect the measurement of VOR and/or DVA.

When the VOR or DVA are abnormal, which occurs during
the early stage after unilateral vestibular loss, recovery is
delayed if the visuomotor experience is prevented. Avoidance
of movements and body positions that provoke vertigo also
retards recovery. Factors affecting recovery of the VOR and/
or DVA when it is reduced include medications, visual and
somatosensory inputs, stage at which treatment is com-
menced, daily exercise duration, symptom intensity, the site
of' the lesion, the patient’s age, and psychogenic factors. The
use of centrally acting medications such as vestibular sup-
pressants, antidepressants, tranquilizers, and anticonvulsants
also prolong the mean duration of therapy required to achieve
the eventual outcome.

There can be factors that enhance the VOR and RIS or
DVA. Increased mental activity, ortho-optho (eye movement)
exercises, head/eye exercises, lack of drugs/alcohol, rest and
better lighting in the area of performance all will enhance the
VOR and/or DVA. With any of these factors better RIS and
retinal visual stability can be achieved.

3. CLINICAL TESTING

Historically, VOR, DVA, and DVS measurement have been
performed in a controlled environment, typically a clinical
setting. VOR, DVA, and/or DVS measurement has typically
not been applied to non-clinical testing of natural motion inan
ambulatory environment, such as “on the field” measurement
of athletic performance, or day-to-day military, law enforce-
ment, driving, competitive shooting, or industrial environ-
ments. Non-clinical testing in an ambulatory occupational
environment can provide a more relevant and objective deter-
mination of a person’s actual performance. Non-clinical test-
ing can also measure the person’s typical ambulatory occu-
pational environment. In athletics, for example, on-site
testing can help coaches select players on a particular day. In
a military applications field testing can help select pilots or
special ops personnel immediately before a mission. Cur-
rently some occupations (such a flying and competitive
sports) do drug testing to evaluate performance, but athletic
sports in professional, college, high school and even at lower
levels don’t currently evaluate the head movement with eye
fixation ability of the players. Similarly, persons who are in an
environment with high levels of head/eye movement activity
are currently not evaluated before performing specific activi-
ties.

Techniques used to measure VOR in clinical settings
include (1) stimulating the inner ear with caloric irrigation
using air or water and (2) rotational testing. There are four
main types of rotational testing: (2a) rotational testing by
fixing the head to a rotationally moving chair, (2b) actively
moving the head only, using an external signal such as a
metronome with video recording (2¢) passively moving the
head only, with the assistance of another person using video
recording and (2d) active head shake testing, using Frenzel
glasses, with an observer looking at eye movements.

Caloric irrigation produces a convection current of
endolymph when the canal is oriented vertically because
endolymph sinks when cooled and rises when warmed. Thus,






