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ABSTRACT

-Pilots of high performance aircraft routinely experience high G forces which are rapid in
onset and prolonged in duration. Centrifuges are increasingly used to train pilots to avoid
G Induced Loss of Consciousness (GLOC). Vestibular research interest has recently
focussed on human oculomotor and perceptual responses, both in centrifuges and
maneuvering aircraft. In this experiment, the vestibulo-ocular reflex was recorded in the
dark from 15 naive subjects who were repeatedly tested on the 20.5 foot radius Coriolis
Acceleration Platform centrifuge at the Naval Aerospace Medical Research Laboratory,
Pensacola, FL.' Subjects sat head erect in a pendulous chair. As the centrifuge was
accelerated from 0 to 120°/sec (1 to 3 Gz) in 19 seconds, the chair riled out through 72°,
so that the resultant gravito-inertial force was continuously directed downward with respect
to the body. After S minutes at constant velocity, the centrifuge was decelerated using a
similar profile. Tests were repeated on separate days up to 3 times with clockwise rotation
(subject facing motion), and 3 times with counterclockwise rotation (subject back to
motion), in random order. 60 Hz. horizontal and vertical axis eye position data was
obtained using a commercial infrared video eye movement monitor (ISCAN, Inc.).
Nystagmus.slow phase velocity (SPV) was calculated using a Macintosh computer based
single axis, single pass, acceleration algorithm (Massoumnia, 1983), and an interactive
manual editing system developed for this project.

Six subjects experienced one or more episodes of G-LOC, and one other withdrew due to
unrelated sickness. The SPV records and sensations of the 8 subjects who completed all
six runs were analyzed. Centrifuge acceleration and deceleration produced strong pitch,
roll, and yaw sensations attributable to cross coupled vestibular Coriolis stimulation.
Subjective pitch amplitude change was consistently greater during deceleration than
acceleration, regardless of the direction of centrifuge rotation. Analysis of horizontal and
vertical SPV profiles showed that responses during the first run in a given direction were
significantly different than the two subsequent runs. The maximum vertical SPV
magnitudes did not correspond to asymmetries in pitch sensation. In addition to the
. transient Coriolis vestibular reaction, a sustained upbcating nystagmus was observed
(mean SPV 8°/sec after 80 secs) during constant velocity rotation. The effect was clearly
present in 7 of 8 subjects (range 1 - 21°/sec after 80 secs; 1 - 12°/sec after 300 secs),
although the magnitude and time course of this component was an individual characteristic.
Average SPV response profiles were computed for each of the 8 subjects for the 2nd and
3rd runs in each direction, and were consistent with the view that the total VOR during
centrifugation is composed of interacting angular and linear VOR responses.

Thesis Supervisor: Dr. Charles M. Oman
Title: Senior Research Engineer,
Department of Aeronautics and Astronautics
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1. INTRODUCTICN

Humans have evolved over the lasi million years in the gravitational force environment of
the Earth. The normal gravitational force experienced by humans is an acceleration of
9.8m/sec? and for most people throviout their lives, this acceleration is approximately
constant and is experienced as weight. However, in the last 50 years, as aircraft have
become faster and manned space flight has become a reality, pilots and astronauts are

exposed to large variations of acceleration as pari of their normal working life.

Today's high performance aircrafi can generate large, prolonged accelerations during dive
pull outs and banked turns. Large accelerations arz also present during spacecraft lift-off
and re-entry profiles. These accelerations can have a detrimental effect on the performance
of the pilot/astronaut up to the point where they are unable to perform their flight duties.
This can resuit in catasirophe in some circumstances. So that the pilot/astronaut can operate
the aerospace vehicle in a safe inanner, we need to understand the physiological limits of
the pilot/astronaut exposed to iarge accelerations. However, not only do we need to know
the absolute physiological limits of acceleration exposure, we also need to determine the
level of accelerations that ¢an be toicrated so that performance at their flight duties is not
degraded bclow unsatisfactory limits. By studying the effects of acceleration, we may
develop a better unc’erstanding of human response, so that proper design of the work place

mav mitigate any degradation in performance caused by acceleration.

The human recponse to applied accelerations depends upon the onset, the duration, the
direction, and the magnitade of the acceleration. In describing any acceleration, it has

becnine the convention to express the acceleration in terms of the normal gravitational force
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on earth (designated by G). Therefore, if a pilot says he is pulling 3G, it means he is

experiencing an acceleration 3 times the magnitude of gravity.

Exposure to large accelerations affects the body in a number of ways: motor coordination
skills are impaired, the cardiovascular/respiratory system is stressed, thus impairing brain
function and vision, and the vestdbular system is stimulated in an abnormal manner that
may result in various illusions. The direct effect of large accelerations on the vestibular

system is still largely unknown.

One effect of exposure to large accelerations that is of great concern to the aecromedical
con;xmunity is G induced loss of consciousness (GLOC) (Gillingham and Fosdick, 1988).
GLOC occurs because of the effect of large accelerations on the cardiovascular/respiratory
systems. As a human experiences positive Gz (where subscript z indicates head to toe
direction), the acceleration generates a large abnormal hydrostatic pressure gradient
between the neart and the head, causing the blood to be drawn away from the head and
eyes and forced into the lower limbs. As positive Gz increases, pilots experience:
increased body weight, drooping of the soft body tissue, inability to move limbs, difficulty
in breathing, tingling sensations in the feet, visual greyout, tunnel vision and blackout.
Finally, unconsciousness occurs (GLOC). Conversely, negative Gz forces blood into the

head and eyes, causing redout and brain impairment.

For pilots of high performance aircraft, Gz exposure is a critical performance parameter,

since the pilot is seated in a approximate upright position for visual/control reasons and the

majority of maneuvers generate Gz accelerations. To minimize the effects of G and reduce
the possibility of GLOC, the following countermeasures are currently implemented:

protective maneuvers (straining and muscle tensing), protective devices (tilted seat backs

and G-suits), and centrifuge training,.
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Centrifuge training is used to expose pilots and astronauts to large positive G forces to
prepare them for their working environment. Human centrifuges provide the caly suitable
ground-based method for prolonged accel’eration in & controlle_d environment. Centrifuge
training is used to increase G tolerance and to learn and improve protective straining
maneuvers. During acceleration and deceleration of the centrifuge, the pendulous chair
pivots so that the resultant gravito-insrtial force is always directed down with respect to the
body (Figure 1.1). As the cab swings, subjects experience strong sensations of pitch, roll
and yaw, and spatial disorientation and motion sickness often occur. Subjective reports
also indicate that deceleration is more disturbing than acceleration. The mechanism by
which the disorientation and motion sickness occur are not completely understood. Most
orientation researchers attribute the sensations to Le primarily due to the Coriolis vestibvlar

reaction that is caused by the swinging cab.,

ceniripetal
force

Clockwise Motion RESULTANT

- gravity GRAVIO-INERTIAL
FORCE

Figure 1.1. Pendulous Chair Centrifuge.
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The Coriolis vestibular reaction o¢ ‘urs when a person rotates his head about one axis,
while he is also rotating about another axis, producing a cross-coupled angular acceleration
stimulus to the vestibular system. The resulting sensations are disorienting because of
conflict between signals from the angular information sensors (semicircular canals) and the
gravito-inertial sensors (otoliths), and the stimulus is known to be nauseogenic (Guedry
and Benson, 1978). On the centrifuge a further complexity is introduced because the
human is located off of the axis of rotation, and the otolith organs are stimulated by a much

higher gravito-inertial force than when on axis in a simple rotating chair.

Data on subjective orientation during cross-coupled Coriolis stimulation was obtained by
Clark and Stewart (1967). However, except for a study by Guedry and Montague (1961),
there exist no quantitative horizontal and vertical eye movement data produced by crow:-
coupled Coriolis stimulation, and this data was taken with the subject on the axis of
rotation. Therefore, no data is available on combined horizontal and vertical eye

movements during off-axis, cross-coupled Coriolis stimulation.

To develop a better understanding of the vestibular system, and to predict the vestibular
response from stimulation outside the normal physiological environment, mathematical
models of the vestibular system have been developed (e.g: Young 1967, Robinson 1977,
Raphan et al. 1979). Vestibular models are a simplification of the highly complex
physiological system, and attempt to explain various features of the vestibular response.
These models have provided insight into the functionality of the vestibular system.
Engineers and physiologists use vestibular models in a wide variety of applications,
including; design of aerospace vehicles with the human as a major control/decision making

element, and studies on adaptation of humans to weightlessness.
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The aim of this research was to obtain horizontal and vertical ¢ye movement dats during
two phases of a 3 Gz pendulous cab centrifuge run. During acceleration and deceleration
of the centrifuge, horizontal and vertical eye movements were recorded to study the
vestibular reaction during off-axis, cross-coupled Coriolis stimulation. Secondly, data

from the constant velocity section was obtained to study the effects of sustained linear

accelerations (Gz) on the vestibular system.

This data will be used to gain insight into the causes of disorientation and motion sickness
duri.g centrifuge acceleration and deceleration, and the difference between acceleration and
deceleration subjective sensation reports. Additionally, tiic data will be used to quantify the
vestibulo-ocular response during sustained 3 Gz. The eye movement data was obtained
using state-of-the-art video based techniques that overcome many of the limitations of
traditional EOG eye movement recording methods. Repeat runs in clockwise (forward
facing) and counterclockwise (backward facing) directions were performed un all subjects
to study repeatability of responses and the effectls of direction. In a follow on study - not
part of this thesis - the data will be used to develop a predictive mathematical model of the

vestibular response under combined linear and angular accelerations on a centrifuge.

1.1 THESIS ORGANIZATION

Chapter 2 reviews the relevant research concerned with the effects of linear acceleration on
vestibular nystagmus. Cross-coupled stimulation to the vestibular system is defined and

previous research presented.

Chapter 3 describes the methods used to conduct the experiment to gather horizontal and

vertical eye movement data during a 3 Gz pendulous cab centrifuge run. The video based

measurement system used to record the eye movements (ISCAN) is described along with

15



the data reduction software developed for this project. Chapter 4 describes the complicated
stimulus to the vestibular system during the centrifuge run, A program evaluates the linear

and angular accelerations in terms of a head fixed coordinate sysiem.,

Chapter 5 presents the results of the experiment for 15 human subjects and discusses these
experimental results in light of the stimulus proﬁles presented in Chapter 4 and the
background studies reviewed in Chapter 2. Finally, the findings and conclusions are

summarized in chapter 6.
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2 . BACKGROUND

The vestibular system is located within the inner ear and consists of two types of sense
organs; one seasing angular acceleration (semicircular canals), and the other sensing linear
acceleration and gravity (otolith organs). The vestibular system provides information that
is used to stabilize vision when motion of the head and body would otherwise result in
blurring of the retinal image., It supplements the visual system for orientation and
equilibrium and provides information for both skilled and reflexive motor activities. The
vestibular system provides, in the absence of visual cues, a reasonably accurate perception

of motion and position within a certain range of stimulation.

Aecrospace flight often stimulates the vestibular system outside its normal physiological
range causing illusions, spatial disorientation and motion sickness. In low visibility or
during large acceleration stimulation, the vestibular cues dominate over other spatial

orientation cues, and visual or postural illusions may occur.
2.1 VESTIBULO-OCULAR REFLEX

An important role of the vestibular system is to maintain stabilization of the visual retinal
image during head movements. If one just glances over one's shoulder, the head easily
achieves angular velocities of 200 - 300°/s. If the eyes did not compensate for this head
movement, the resulting retinal image slip would preclude any type of usefal vision during
the movement. The retinal image is stabilized by means of vestibulo-ocular reflexes
(VOR). Traditionally, VOR was thought to be primarily induced by angular acceleration

only, and that linear acceleration induced little or no VOR (Jongkees 1967). However,
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there is considerable evidence that suggests the total VOR response is composed of two
components; an angular VOR whose origin is the semicircular canals, and a linear VOR

whose origin is likely in the otolith organs.

When the head is subjected to an acseleration, the brain generates a compensatory eye
movement. For a head rotation, the eye movement relative to the skull is in the same plane
as, but in a direction opposite to, the plane of head rotation relative to space. During
prolonged stimulation very rapid "saccadic" eye movements occur in the opposite direction
to the compensatory eye movements. These rapid movements are necessary because the
amount of angular displacement of the eye is limited and they return the eye in the opposite
direction, such that compensatory eye movements can continue. These very rapid eye
movements are anticompensatory, and scene motion during this phase is perceptually

suppressed.

During sustained accelerations, the compensatory and anticompensatory eye movements are
repeated. This rhythmic eye movement is known as yestibular nystagmus, with the
compensatory phase known as the slow phase, and the anticompensatory phase known as

the fast phase. The direction of the nystagmus is conventionally taken as that associated

with the fast phase.

With the present state of the art, it is not possible to make direct neural recordings without
radical surgery, therefore, neural recording from the human vestibular system is out of the
question until a non-destructive method is found. Therefore it is necessary to use other
measures of vestibular stimulation to study the performance of man's spatial orientation

system.
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‘The ability of man to sense his direction of motion, and give a subjective estimate of its
relative magnitude, is one such measure of vestibular stimulation. However, this technique
suffers from the limitations that the subjective responses are influenced by the subjest's
experience and mental alertness at the time of the experiment. Unfortunately, there is no

way to directly measure orientation perception.

A more quantitative measure of vestibular stimulation can be obtained by measurement of
vestibular nystagmus. With a knowledge of the acceleration stimulus, the resulting
nystagmus will give a measure of the combined function of the semi-circular canals, the
otoliths, and the central oculomotor system. Nystagmus eye movement recordings provide
a continuous quantitative measure of vestibular function that is relatively easy - as
compared to neural recordings - to obtain and analyze. By recording eye velocity and
detecting and removing the fast phase saccades from the eye velocity record, investigators
are able to infer the net compensatory eye velocity command to the oculomotor system

coming from the central vestibular system,
22,2 Angular and Linear VOR

When the head is subjected to angular acceleration, an angular VOR response is elicited that
helps to stabilize the visual retinal image. The semicircular canals are the primary
transducers of angular accelerations. The semicircular canals act as fluidic integrating
angular accelerometers, and convert angular acceleration of the head into a primary afferent
neural signal. This neural signal is proportional to the angular velocity of the head for

ordinary head motions encountered in terrestrial activities.

However, the ocuiomotor response to angular rotation does not directly reflect activity in

the semicircular canal primary afferents. For example, postrotational nystagmus in the
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monkey was seen to last well beyond the activity of the primary afferents from the
semicircular canals. Also, optokinetic after nystagmus (OKAN) was seen to last beyond
the visual stimulation. Furthermore, it appeared that the time course of these response were
related. These phenomena have been attributed to additional CNS processes termed
"central velocity storage". The velocity storage hypothesis proposed that a CNS neural
element was responsible for the extension of vestibular nystagmus and for OKAN. Several
different models have been developed to describe this effect. One model (Robinson 1977)
uses feedback, while another (Raphan et al. 1977) uses feedforward topology.

Evidence also shows that linear acceleration modifies conventional angular VOR. Benson
and Bodin (1966b) showed that head tilt from the earth vertical shortens the apparent time
constaut of postrotational nystagmus after rotation about a vertical axis. Raphan et al,
(1981) and Harris (1987) showed that on experiments with monkeys and cats respectively,
there was a build up of vertical nystagmus during off-vertical axis rotation. Merfeld (1990)
showed that in squirrel monkeys the linear centripetal acceleration altered the angular VOR
by changing the axis of eye rotation, the peak value of slow phase eye velocity, and the
tinis constant of per-rotary decay. The axis of eye rotation tended to align itself with the
gravito-inertial force during the centrifuge simulation. The above studies suggest that linear
acceleration cues from the otoliths act via the velocity storage mechanism to modify angular

VOR.

- When the head is subjected to linear acceleration without rotation, there is also evidence that

these accelerations produce a linear VOR ("LVOR") response., The otolith organs are the
primary transducers of linear accelerations and represent the most likely origin of é LVOR
response. Jongkees and Phillipszoon (1962) and Niven et al. (1965) recorded nystagmic
eye movements in man geaerated by linear horizontal acceleration. The evidence of vertical

nystagmus generated by vertical linear accelerations is not so conclusive, McCabe (1964),
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demonstrated occasiona) nystagmic eye movements in man, cats 7.nd chinchilias subjected
to oscillating vertical linear accelerations. Niven et al. (1965), on the other hand, never
observed vertical nystagmus when the subject was oscillated on a horizontal sled along his
longitudinal axis. Lansberg et al. (1965) conducted a series of experiinents where the
angular velocity of the body was maintained constant and the effect of linear acceleration
(centripetal) was investigated by placing the subjects in different orientations relative to the
centripetal acceleration. Results showed that the centripetal linear acceleration stimulus
modified the expected horizontal nystagmus generated by the body rotation. A horizontal
and vertical component of nystagmus was observed that was attributed to the centripetal
acceleration. In a similar experiment with cats, where tHc protocol eliminated any
possibility of canal asymmetry accounting for any observed changes, Crampton (1966)

confirmed Lansberg's results.

A number of researchers have investigated the mechanism which produces LVOR. The
evidence largely supports the notion of direct action on the otolith being responsible for the
observed LVOR. Crampton (1966), recording from the vcstibulﬁr nucleus in canal
sensitive fibers of anesthetized cats, found no change in the response for angular
acceleration at various positions of the net linear acceleration vector, Correia and Money
(1970) , blocked all six semicircular canals of cats, and found that although the horizontal
and vertical nystagmus in response to angular acceleration about a vettical axis was
abolished, the bias nystagmus during constant rotation about a horizontal axis remained.
Their conclusion was that the source of this bias nystagmus could not have been the
semicircular canal, but some other complementary system - such as the otoliths. Janeke
(1968), cut the nerves from the utricular maculae, leaving the canal system intact, and
found that this completely eliminated the unidirectional bias nystagmus, but left the

conventional transitory nystagmus unchanged.
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Additional evidence for the existence of vertical nystagmus generated by vertical linear
acceleration comes from recent studies by Marcus (1989), and Marcus and Van Holten
(1999) at the TNO Institute for Perception in Sosterberg, Holland. In the first study,
Marcus conducted 13 runs in 9 human subjects, accelerating them «wom 1.05 Gz to 3 Gz in
the pendulous cah) of a 4 metre radius centrifuge. Vertical ¢ye movements were recorded
with a photoelectric monitor. Subjects wore G suits. Four subjects were tested with head
erect, 3 with head tilted back 40°, and 6 with head tilted back 90°. Principal findings were:
In six of nine subjects, Marcus found an upbeating L-nystagmus during sustained 3 Gz in
one or more head positions. Three of the 4 subjects tested head erect showed a sustained
Lz-nystagmus. Dependence on head position was not apparent. The vertical nystagmus
generated by semicircular canal stimulation during centrifuge acceleration had a longer
apparent time constant than deceleration response thus providing further evidence that the

linear acceleration has modified the angular VOR.

In the later TNO study, Marcus and Van Holten {1990) exposed 5 subjects on the 4 metre
centrifuge to the following profile: acceleration +0.2 Gz/sec, 3 Gz sustained for 3 mins,
deceleration -0.2 Gz/sec. Subjects were run facing the motion and back to the motion in
randomized order. Vertical eye movements were recorded using DC electro-oculography
(EOG). Subjects wore G-suits. Results showed that 3 Gz induced a subject dependent
upbeating vertical nystagmus. In a 1 G baseline study with different subjects, Marcus also
found that vertical nystagmus due to pitch angular acceleration about an earth vertical axis
appeared up-down symmetric. Therefore, he concluded that by adding the 3 Gz centrifuge
forwards and backwards data, the Gz effect can be obtained and by subtracting the
forward and backward data, the angular velocity effect is obtained. This linear analysis
gave an average magnitude for the Gz induced nystagmus of 27°/sec at 16 secs from G

onset, and 11°/sec after 3 minutes.
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2.2,3 Models for Angular and Linear VOR

Based on exper'mental data from Niven et al. (1965), Benson and Bodin (1966a), Correia
and Guedry (1966) and Lansberg (1965), Young (1967) postulated the existence of a
additive nystagmus component due to horizontal linear acceleration. This he termed "L-
nystagmus", To account for L nystagmus, Young developed the model shown in Figure
2.1. One pathway represents the conventional angular VOR response pathway. Angular
acceleration is input to an element that represents semicircular canal dynamics ("torsion
pendulum model", Van Egmond et al. 1949), Primary afferent signals from the
semicircular canal are input to a functional elerient entitled “cross-coupling effect of
specific force". Central velocity storage mechanisms (a concept originating a decade later)
were xlxot included. Qutput from the "cross-coupling effect of specific force" element
represents the modified angular neural signal used by the oculomotor system to generate
compensatory eye movements to angular motion. The model depicts an LVOR pathway
which compensates for linear acceleration. This LVOR component was assumed to
represent additive L-Nystagmus. Young noted that the dynamics of L-nystagmus response
to applied linear acceleration were probably nonlinear. Based on Lansberg's data, Young
estimated an L-nystagmus in the head horizontal direction of 9.7°/sec/G, and in the vertical
direction, a sensitivity of 4°/sec/G. He hypothesized that L-nystagmus is caused by
utricular shear. During vertical stimulation with the head upright, the utricles are only

partially sheared due to the 30° utricular tilt from the horizontal plane, thus the vertical

- sensitivity value is lower than the horizontal value.

Marcus (1989) presented the model shown in Figure 2.2, This model is apparently loosely
based on the earlier model presented by Young (Figure 2.1). The addition of a Raphan et
al. (1979) velocity storage element replaces the "cross-coupling effect of specific force”

element. Marcus's model consist of three major components: an angular VOR component ,
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a velocity storage mechanism and a direct LVOR pathway. The angular VOR component
uses torsion pendulum canil dynamics similar to Young's model. As noted earlier, the
velocity storage mechanism is based on Raphan et al. (1979) model and the indirect violith
path to the velocity storage mechanism accounts for the modification of angular VOR by
linear acceleration. The direct LVOR -,aithway uses a second order system dynamic model,
apparently based on Young and Meiry (1967). The direct otolith pathway accounts for the
observed upbeating L-Nystagmus due to the high G linear acceleration. Signals from all
three components sum to give the total SPV command, therefore the interaction of angular

VOR and LVOR is assumed to be largely a linear additive process.

Merfeld (1990) developed a model based upon optimal observer theory (Figure 2.3). The
model hypothesizes that the CNS creates an internal model of the sensory systems based o
its "knowledge" of the dynamics of the sensory organs. The input to the internal model is
the internal estimate of gravito-inertial linear acceleration and angular velocity. The output
of the internal model is the expected sensory afference. The expected sensory afference is
compared to the actual sensory afference to yield sensory conflict. The sensory conflict
information drives the internal estimate of linear acceleration and angular velocity towards
the true values. Merfeld showed that this sensory conflict model qualitatively demonstrated
the ch_aractcristics of a number of vestibular experiments which combine angular and linear

acceleration stimulus.
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THREE DIMENSIONAL SENSORY CONFLICT MODEL
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Figure 2.3. Merfeld's Sensory Conflict Model (Merfeld 1990).
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2.2 CORIOLIS VESTIBULAR REACTION

The Coriolis vestibular reaction occurs when a person rotates his head about one axis,
while he is also rotating about another axis, producing a cross-coupled angular acceleration
stimulus to all three semicircular canals. The subject experiences an apparent rotation which

can be disturbing and is one of the most provocative stimuli for causing motion sickness.

This cross-coupled stimulation was described by Schubert (1932) and refered to as a
Coriolis effect. Bornschein and Schubert (1958), Valentnuzzi (1967), Peters (1969)
presented mathematical analysis that showed that during cross-coupled head movements,
the semicircular canals are stimulated by an inertial torque. The inertial torque is derived
from the integration of the Coriolis accelerations that act parallel to the plane of the canal
duct. However, other invostigators Lansberg (1960), Peters (1969) showed that the
stimulus to the canals can also be derived from analyses of cross-coupled effects of the

angular velocity vectors. Results from both analysis were shown to be mathematically

equivalent (Peters 1969).

To illustrate cross-coupled Coriolis stimulation, let us consider a subject rotating with the
head z-axis aligned to the earth vertical, which is the normal position for spinning with the
head e;‘cct. He then tilts his head towards the left shoulder, say 90 degrees for simplicity.
In other words, he rotates his head about the x-axis (Figure 2.4). In making the rolling
head movement, he removes his horizontal semicircular canal from the plane of rotation,
and inserts the vertical canais into the plane of rotation. In particular, he introduces the
pitch canal into the plane of rotation. In the absence of visual cues, or if the stimulus is
large enough, the subject will sense a yaw {due to the change in acceleration iu the
horizontal canal), a roll (due to head tilt), and a pitch (due to the insertion of the pitch canal

into the plane of rotation).
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Experimentally, the response to cross-coupled Coriolis stimulation is dependent upon the
following factors: nature of the rotation and rotation rate of the device, the angle and rate of

the head movement, and the gravito-inertial force level.

Guedry and Montague (1961), showed that there was a direct and approximate linear
relationship between the subjective response and angular velocity of a turntable during
cross-coupled head movements. They also showed that the magnitude of vestibular
nystagmus was linearly related to the angular velocity of the device. The results were

predictable by analysis of the kinematics of the vestibular system,

In an experiment where cross-coupled Coriolis head movements were made on-axis,
Guedry and Benson (1978), demonstrated that the magnitude of the disorientating and
nauseogenic effect depends upon when the cross-coupled head movements were made in
relation to the time course of the stimulus. Experimental results indicated that cross-
coupled head motion made during acceleration of the device produced little or no
distusbance. Cross-coupled head movements made during deceleration of the device after a
sustained period of rotation produced the greatest disturbance with cross-coupled
stimulation during constant velocity in between the two. The absence of disturbance during
acceleration was attributed to the fact that after the head movement, the resultant angular
acceleration vector is aligned with gravity. Therefore, there is little or no conflict between
the semicircular canal input and the otolith input.

The sensations of discomfort and frequently of motion sickness resulting from these cross-
coupled Coriolis stimulus are most likely attributable to the conflict between semicircular
canals and otolith cues, rather than to the unexpected cross-coupled angular acceleration
semicircular canal responses themselves. As mentioned previously, it is hypothesized that

the processing of the canal signal by the CNS depends upon the gravito-inertial force level
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and is thus dependent upon otolithic input. Support for this theory comes from the result
of the cross-coupled experiments performed aboard Skylab (M-131, Graybiel et al. 1977).
The goal of the M-131 experiment was to determine how nausogenic cross-coupled
stimulation would be during orbital flight. Although the initial tests were not carried out
early during the weightlessness period, so the possibility of geieralized motion sickness
habituation exists, it was found that cfoss-coupled stimulation was less provocative
inflight, as compared to preflight levels. In weightlessness, no steady-state otolith conflict

exists to support or contradict the semicircular canal cues following head movements.

Furthermore, Lackner and Graybiel (1984,1986) extended the M-131 findings by showing
that making head movements while rotating is less stressful in the zero-G phases of
parabolic flight and more stressful in the high G periods as compared to 1G on the ground.
DiZio et al. (1987) confirmed this result and showed that the magnitudes of subjective and
oculomotor responses to cross-coupled Coriolis stimulation are dependent upon gravito-

inertial force level.

In conclusion, these previous studies indicate that during the constant high G phase of a
centrifuge run the otoliths will be stimulated generating a vertical L-nystagmus. During
acceleration and deceleration of a swinging cab centrifuge, a cross-coupled Coriolis
stimulus to the semicircular canals will occur. The overall response of the vestibular
system will be complicated, since imposed on the semicircular canal response will be a time
- varying otolith response as the G builds up/down. Conflict between the semicircular canal
cues and the otolith cues will most likely be the cause for the reported discomfort during the

acceleration and deceleration of the centrifuge.
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3. METHOD

3.1 EQUIPMENT

The Coriolis Acceleration Platform (CAP) located at the Naval Aerospace Medical Research
Laboratory (NAMRL) was used to generate the 3Gz environment required for this
experiment. Hixson and Anderson (1966) provide a full description of the facility. For
this experiment, the CAP was configured with a swinging pendulous chair enclosed in a
darkened cabin, located 20.5 ft from the center of rotation.

The pendulous chair was oriented such that it rolled about the centrifuge tangential axis,
with the roll axis located through the subject's chest. The subject was seated upright and
faced the motion for a clockwise run and had his back to the motion for a countt-;rclockwise
run. The pendulous chair was fitted with an adjustable head rest, and a 5 point LED (light
caiitting diode) calibration fixture. The 5 LED's were arranged in a cross configuration
allowing for 2 point calibration in the horizontal and vertical directions and a center target.
The head rest was used to position and stabilize the head in a normal upright position.
Video, audio and key press communications were maintained between the subject and

control room throughout the experimental session
311 Instrumentation

Nystagmus eye movements were recorded using the following methods:
1) A video based eye movement measurement system ( ISCAN, Inc. )
2) Conventional DC electro-oculography (EOG).
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ISCAN is a real time system that tracks movement of the pupil under infrared (IR)
illumination. The complete system consisted of a head mounted imaging sensor and a
digital video tracking processor (Model RK-426 Pupil/Corneal Reflection Tracking Unit).
The eye was illuminated with a low-level IR light source and then scanned by a IR-
sensitive video camera, Since the IR source was not coaxial with the camera, the pupil of
the eye appeared as a dark circle to the camera. This dark pupil video image was input to
the RK-426; a real tirae image processing system that outputs pupil size and position
coordinates relative to the horizontal and vertical scan lines of the video camera. The RK-
426 used custom integrated ciicuitry whose function was to acquire and :cack the daxk
pupil, even in the presence of shadows, or other clutter. Automatic illumination
compensation automatically adjusted the pupil tracker threshold to maintain proper image
contrast during changing light conditions. A video image of the eye with crosshairs
superimposed over the dark pupil image was presented to the operator who could verify
that accurate pupil position was being computed. The video image of the eye was divided
into a 512 by 256 pixel grid. This typically gave a resolution of 0.7 degrees / pixel over a
+/- 20 degree pupil range.

The commervially available ISCAN imaging system helmet was modified and strengthened

to withstand the high Gz environment encountered in this experiment. Figure 3.1 shows

the ISCAN camera as worn by a test subject. As modified, the helmet consisted of the

following components:

Bitebar attachment: A bitebar was used to ensure that there was no relative motion
between the helmet and the head. The bitebar was fabricated from 3M Vinyl Polysiloxane
impression material. This material provided a flexible bitebar that was comfortable to wear

and not damage teeth, but rigid enough to provide the necessary support.
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Camera: The video camera was a Pulnix TM-540 miniature CCD camera, fitted

with a IR sensitive filter, with a 60Hz. frame rate.

IR light source: The IR light source consisted of 4 IR LED's mounted on a
adjustable arm assembly. Two of the original four LED's supplied with the ISCAN helmet
were replaced with two RTW OP133 Gallium Aluminium Arsenide (GaAs) Hermatic IR
emitting diodes. These new LED's had lensed caps that provided a narrow focused beam
that was used to illuminate shadows in the nasal area of the eye. The two remaining original
LED's were unfocused and provided diffuse lighting to illuminate the entire eyeball area.
The combination of two unfocused and two focused LED's resulted in an improved IR
light source. The 4 LED's supplied 3x10-4 mW/cm? of light at 880nm wavelength. This
intensity was below published safety standards (see Appendix A), but of sufficient

intensity to illuminate the eye for satisfactory ISCAN operation.

Stable illumination of the eye is critical to the proper function of the ISCAN system, and
the IR source could be adjusted to illuminate the eye, and then be locked in place relative to

| the helmet using locking screws. Therefqrg. the illuming;@g_x_lms_oqfqe .woullc"1~ not move under

the 3Gz load. |

Dichroic mirror: The mirror reflects IR and transmits visible light, and thus is
transparent to the subject. The mirror could be adjusted to image the eye and then be locked

in place such that the image of the eye was not moved during the 3Gz loac.
Adjustable Helmet, Velcro Straps: The adjustable helmet provided a stable, but

comfortable platform for the camera, light source, mirror and bitebar. The velcro straps

were used to distribute the weight of the camera over the entire head.
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Figure 3.1:  Subject with ISCAN helmet
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EOG was used as a backup to ISCAN for this experiment since there was initially some
concern of satisfactory ISCAN performance in the high G environment of this experiment.
However, only a small difference between calibration data before and after the centrifuge

' run confirmed that ISCAN camera remained stable throughout the run. Another concern

was ISCAN vertical linearity. To this end, a pilot experiment was conducted with.4
subjects looking at +/-30" calibration targets at 5* intervals (Figure 3.2). Results (Figure
3.3) showed that ISCAN was extremely linear in the +/-10° range which was the normal
range of eye movements during this experiment. Therefore EOG eye position data was not
analyzed in this study.
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3.1.2 DataPath

The ISCAN video signal from the camera was routed to a Panasonic Model
AG1830 S-VHS video recorder located on the center of rotation of the CAP. A S-VHS
video recorder was used due to its 400 line resolution and recorded the video signal for
archival purposes. As shown in Figure 3.4 the video signal was then amplified using a
Radio Shack 15-1102 Video Signal Amplifier and passed through the CAP slip ﬁngs to the
coatrol room. The signal was then deamplified using a another Video Amplifier before
passing to the ISCAN RK-426 Pupil/Corneal Reflection Tracking Unit, The signal was
amplified and deamplified to reduce noise interference generated by the slip rings.

Eight bit digital data of horizontal and vertical eye position from the ISCAN unit, analog
data of eye position from EOG, and the CAP velocity (tachometer) were recorded "on-line"
by an Apple Macintosh IIx computer equipped with a Data Translation DT221 1-PGH data
acquisition board and LabTech NoteBook data acquisition software. Appendix B shows
the LabTech Notebook configuration used. The use of digital data avoided any loss of
accuracy that may occur during digital to analog (D/A) and analog to digital (A/D)
conversions, Digital data also avoided noise problems often found on poorly grounded
analog signals. D/A converted ISCAN data was available from the RK426. A hard copy of

the data was monitored using a stripchart recorder and saved.

Some of the on-line ISCAN eye position data was lost due to computer crashes and back-
ups damaged during transportation, and therefore an "off-line" analysis was performed to
recover the lost data. The off line analysis consisted of playing the original S-VHS video
tapes and routing the video signal to the ISCAN unit directly. Digital data of horizontal and
vertical eye position from the ISCAN unit was recorded by the Apple Macintosh IIx
computer equipped with a Data Translatibn DT2211-PGH data acquisition board and
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LabTech NoteBook data acquisition software. The same LabTech Notebook configuration
shown in Appendix B was used.

Eye Position and Tachometer data files were converted from LabTech NoteBook format to
M-File format using a C program called CONVERT. M-File format is the data format
required by the %ata analysis program MatLab for Macintosh (© MathWorks) used for

subsequent data analysis (See Section 3.4). Appendix C lists the C code of the program
CONVERT.

)

PAASL 4C S-VHSVCR

Video
Amplitie

CAP - DN AXIS

QA

CAP - CABIN

Slip Rings

G emeeameeeeemmcmecacccecmsohnienamm e caemeaan- ‘
' ]
. m '
' 1
! ]
' [—] .
' : '
! 1
' ]
! )
' ISCAN RK-428 Pupil/Comea! Retiecton | .. ISCANMaclix '
! -\ Tracking Unit upl P ertace Box 1=~ P> Macllx '
: -3 . '
‘ . 1
] S
' Ai StripChart .
]
' , X
' ]
e e GAP-CONTROLROOM. _ _ . ccceccunn- :
LEGEND -
el Viciao Signal

-==~=p 8 bk Digital Data
===<¥> Anaiog Data

Figure 3.4: Experiment Data Path

38




3.2 SUBJECTS

Fifteen US Navy and Marine Pilot candidates awaiting flight training served as subjects.
The subjects were male, ages 21-24, and all had passed Navy flight physical examinations
without signs of vestibular disorders. None of the sub’ects had experienced sustained high
G's ¢cither in a centrifuge or high performunce aircraft before this experiment,

3.3 PROCEDURE

Each subject participaied in six 3Gz runs: 3 runs were made facing the direction of motion
(clockwise), and 3 runs were made with their back to the motion (counterclockwise). One
run was made per day to avoid fatigue effects, #nd the order of the run direction was
randomized to avoid habitation effects. Table 3.1 shows the run order for each subject.
Mental arithmetic, general knowledge and sensation questions were asked throughout the
run to maintain alertness and monitor subject safety. Subjects typically coﬁplctcd the

required six runs in a period of eight to nine days.

Before each run, the subject's head was positioned erect in the head rest, such that the
planz described by the line between the outer canthus of the eye and the top of the tragus
was approximately 20 degrees above the horizontal. Due to safety considerations, the head
was free to drop forward, such that in the event of GLOC, ihe head would drop, reducing
the hydrostatic pressure difference between the heart and the head and restoring adequate

blood flow to the brain. The subject was instructed not to move his head throughout the

Tun.
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Subject | Run#1 Run#2 Run#3 Run#4 Run#5 Run#6 Run#7
4 cw CCw*
5 | ccw cow w oW W W
6 cw cw cw ccw CCwW CCwW
7 CCw*
8 cw CcCw cw cCw Cw CCW
9 cw CcCw Ccw CCw*+  CCW Cw CcCw
10 Cw CcCw cw CCw Cw CCw
11 Ccw CCw Cw cCw Cw CCw
12 CCw*
13 Cw»
14 Ccw CCw cw CCw cw CCw
15 Cw Cw* .
16 CCw Cw CCw Cw CCwW
17 Cw CCw cw CCw Cw» CcCw cw
18 ' Ccw CcCw CCwW Ccw ccw Ccw
* GLOC episode

*¥ CAP Mechanical Failure, no data.

Table 3.1:

Run Order
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Subjects were instructed to look at the center LED of the calibration farget. This position
was recorded on the operator video screen. After calibration lights were turned off, the
subject was instructed to maintain the same gaze direction throughout the centrifuge run.
During the run any deviations from this "straight ahead" gaze direction were noted by the
operator, and the subject was instructed with the appropriate eye movement to return to the
"straight ahead" gaze direction. Therefore, subject was looking straight ahead for the

duration of the centrifuge run.

The CAP profile for each run (see Figure 4.4) consisted of a constant angular acceleration

for 19 seconds to a constant velocity of 120°/sec. This generated a 3Gz force at the chair
that was sustained for 5 minutes. After the 5 minute sustained Gz, a constant deceleration

for 19 seconds completed the run,

Eye movements were recorded throughout the run, and either 1 minute after the run, or
until the subject indicated he felt he was seated in a normal upright position, whichever was
longer. Two point (+/- 10 deg) vertical and horizontal eye position calibration was
performed before and after each run. For each subject, the distance from his eyes to the
calibration fixture was recorded. Subjective sensations to be used in a companion study
were obtained in a debrief immediately following the run. A copy of the debrief

questionnaire can be found in Appendix F,
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3.4 EYE MOVEMENT ANALYSIS

2.4.1 Background

Calculation of slow phase velocity (SPV) has traditionally been one of the major steps in
analysis of eye mcevement records in vestibular research laboratories and neuro-otology

clinics for more than thirty years.

Initially, nystagmus analysis was a manual process that was time consuming, labor
intensive, and therefore expensive. An experienced operator identified each saccade and
-measured the slope of the eye position vs. time plot, either with a ruler or an analog
electronic differentiator. Shortcut methods, such as quantification of peak or average SPV,
nystagmus duration, or beat count and/or frequency were often used to save time. These
methods provided reasonably accurate results, however they are prone to operater
dependent errors. Gentles and Barber (1973) showed that the manual analysis of

nystagmus leads to large person-to-person variability due to personal biases.

With the advent of diéital computers and advanced digital processing methods, semi-
gutomated and automated methods for nystagmus analysis have become available that
overcome some of the limitations of manual analysis. Merfeld (1990) provided a review of
the history and cutrent state-of-the-art nystagmus analysis methods, and concluded that an
acceleration based method is the most appropriate method if the signal is relatively noise

free (like the digital data from ISCAN).
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3.4.2 Method Used

The separation of the nystagmus eye movements into slow and fast phase components and
calculation of SPV was performed using an analysis package called NysA (Nystagmus
Analysis Package) that was developed at MIT. NysA is a Macintosh based, semi-
automated analysis that uses a single axis, single pass, acceleration based algorithm

developed by Massoumnig, (1983) to caiculate slow phase velocity.

Preprocessing of data (calculation of calibration scale factor, prefiltering), postprocessing
(manuai editing, filtering, decimation, hard copy), and statistical analysis (means,
variances) were performed using the commercially available data analysis program MatLab

for Macintosh (© MathWorks). Figure 3.5 shows graphically the process flowpath used to
calculate SPV profiles. .

3.4.2.1 MATLAB Preprocess

Preprocessing of the eye position data was required before analysis by NysA. Three
functions were performed;

i) Loading of Data,

ii) Calculation of Calibration scale factors, and

iif) Stripping of unwanted data.
The functions were implemented using M-Files in MatLab and are listed in Appendix D.
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Figure 3.5: SPV Analysis Pathway




ISCAN eye position data, CAP tachometer and subject calibration parameters are loaded
into MatLab for further analysis. The script LOAD_DATA performs this function,

Horizontal and vertical calibration scale factors (pixels/deg) were calculated using a 2 pt
(+/-10 deg) calibration scheme. For each eye position axis, the region where the eye
position signal is steady on the positive and negative targets is identified by the user, and
the average eye position is calculated. Using this average eye position and the known
calibration angle, the calibration scale factor is calculated. Calibration scale factors are
calculated before and after the centrifuge run and averaged to obtain a single scale factor for

use by NysA, The programs which implement this analysis for the two axes are called
CAL_HORI and CAL_VERT.

Due to the nature of centrifuge operations, the data acquisition was started many minutes
before the run, and ended a long time after the run, Therefore the data files contain
unwanted eye position data that needs to be removed before NysA analysis. The script
PREPARE creates a segment of the eyé position and tachometer files starting 10secs before
acceleration and finishing 90 secs after the run. The purpose of this function is to extract
from the long eye movement record the segment of the data which needs to be analyzed by
NysA.' This gives a 438sec long data file sampled at 60 Hz to be analyzed by NysA.

3.4.2.2 NysA - Massoumnia Algorithm

NysA uses a modified acceleration/velocity trajectory based algorithm to calculate slow
phase velocity. NysA detects fast eye movements and classifies them as fast phase
saccades or other (blinks, artifacts etc) and calculates SPV in the following manner, For a

full description see the NysA manual (Oman et al. 1990).
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The beginning of a fast eye movement is when;

i) the acceleration is increasing,

ii) the magnitude of the acceleration is greater than a starting threshold Ts,

iii) the eye velocity has the same sign as the acceleration.
When RMS eye acceleration calculated over the previous 250ms is low, Tg is equalto a
user supplied minimum acceleration threshold Tmg, or when RMS eye acceleration exceeds
0.5 ¥ Tma, then Ts = RMS acceleration + 0.5 * Tyga. For ISCAN data Tmg was set
between 200 and 700°/sec2. |

The endpoint of the fast phase detection scheme has been modified from the original
Massoumnia algorithm to accommodate the character of blink artifacts that appear in
ISCAN data. The end of the fast eye movement is when:

i) the magnitude of the acceleration is below the ending threshold Te,

ii) the sign of the velocity has reversed from its onset value, and

iii) that at some time during the fast event, the acceleration signal has changed sign

at least once from its value at the event onset.

or when 250 msec has elapsed. The ending threshold Te = 0.7 * Tg,

Once the starting and ending points for the event have been established, the velocity spike
during the event is clipped by resetting all values equal to the average of the velocity at the
fourth point before and the third point after the event. The resulting "clipped" velocity is

' then low pass filtered to smooth out the clipping transitions, and output as SPV.

NysA uses three Finite Impulse Response (FIR) digital filters to compute the 1st and 2nd
derivatives of the eye position: a 9 point acceleration filter, a 9 point velocity filter and a 7

point low pass SPV smoothing filter. The filters are calculated based on the data sampling
rate Fg specified by the user.
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34.2.3. MATLAB SPV Postprocess

Postprocessing of the NysA slow phase velocity data was required since NysA only
detected and removed correctly approximately 80% of the fast phases/saccades. Programs
that could be used to remove missed saccades were implemented using M-Files in MatLab
and are listed in Appendix E.

Slow phase velocity output files from NysA contained "missed saccades". The script
XSPIKE permits interactive graphical editing of slow phase velocity data to allow the user
to remove the "missed saccades". XSPIKE displays the NysA SPV file and allows the
user to “zoom in” to a region of interest. It then displays the original eye position, raw eye

velocity and NysA calculated SPV (see Figure 3.6 )

The position and raw eye velocity are plotted such that a more informed decision can be
made on whether a "spike" in the SPV is in fact an artifact (¢.g. a missed fast phase) or

unusual data. It also allows the user to accurately identify the start and the end of the

artifact. After user has identified the artifact by mouse clicks, the script linearly interpolates .

the velocity data across the region designated and then redisplays the edited velocity data
for inspection. When all artifacts are removed XSPIKE saves the data and prompts the
user to view the NysA SPV and the new edited SPV plots to compare differences.
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Screen shot of XSPIKE results

Figure 3.6
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3424. MATLAB Further Processing

Further processing of the slow phase velocity data was performed to generate hard copies
of the SPV response, calculate mean responses, and to calculate the peak SPV. Program
scripts are listed in Appendix E.

For presentation of individual runs (see section 5.3) and calculation of subject means (see
sections 5.5), the edited SPV data file was decimated from the original 60 Hz sampling rate
to 10 Hz using the script DECIMATE10. This script uses the built-in MatLab function
decimate. Decimate10 resamples the data at the lower rate 10 Hz after first lowpass filtering
the data with an 12th order Chebyshev type I lowpass filter with cutoff frequency 4 Hz.
Given the nature of the stimulus it was expected that the SPV response would have
significant dynamics with frequency content of less than 0.5 Hz. Therefore a low pass cut
off frequency of 4 Hz was considered a very conservative value such that no information
was expected to be lost during the filtering. For presentation of the individua;l runs, hard

copies of the horizontal and vertical slow phase velocity-plots are produced.

The subject means are then calculated using the above 10Hz SPV files. For presentution,
the mean SPV response files are further low passed filtered to 1 H