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General introduction

The work described in this thesis concerns aspects of human spatial orientation, in
particular the orientation with respect to gravity. By its invariant direction and
strength, gravity provides a reference for “up” and ‘down” in our daily
environment, which has significance for the control of posture, locomotion, and
vision. Spatial orientation is a multisensory process, integrating information from
the vestibular system, visual system, and somatosensory system. Usually, the
information provided by these sensory systems is concordant, and we remain
spatially oriented without great exertion. However, there are many situations
where the information is discordant, and where an adequate sense of “uprightness”
is not self-evident. For instance, when we are inside a ship compartment, our
vestibular system registers the motion of the ship, whereas our eyes detect a stable
environment. Vice versa, when we watch a wide-screen cinema or a flight
simulator, we may get the sensation that we are moving from what we see, without
corresponding stimulation of the vestibular and somatosensory system. These
examples show that the perception of self-orientation and self-motion relative to
the external world is determined by the interaction between sensory systems that
do not necessarily contribute to the same extent.

With the progress of spaceflight, man has created another challenge for the
orientation senses. In weightlessness, there is no gravitational “down” and one can
move about in three dimensions. Obviously, this has important consequences for
perceptual and sensorimotor responses. The judgment of body orientation
becomes strongly dependent of the visual frame of reference. Because the visual
cues provided by the interior of the spacecraft can be rather ambiguous, there is a
tendency to perceive the surface seen beneath the feet as the subjective “floor”.
Visual reorientation illusions may occur when familiar objects are recognized that
normally maintain a constant orientation to gravity, such as other people. This is
nicely illustrated by reports that astronauts, while oriented truly “upright” with
respect to the spacecraft interior, may suddenly feel “upside down” when they
observe a crewmember floating “upside down”, and perceive the other person as
being the right side up (Oman et al. 1986).

During the first several days of a mission in space astronauts often suffer from
space sickness (Space Adaptation Syndrome, SAS) with symptoms such as nausea,
vomiting, stomach awareness, belching, yawning, apathy, and impaired
concentration (Homick et al. 1984; Oman et al. 1986). Although these symptoms
are normally associated with common forms of motion sickness (air sickness, sea
sickness etc.), there seems to be no correlation between the individual
susceptibility to regular motion sickness and to space sickness. Correspondingly,



standard motion sickness provocation tests seem to have no predictive value for
the incidence of space sickness. As a result, there has been some debate about
whether space sickness can be explained in terms of the widely accepted “sensory
conflict theory”, which states that motion sickness generally arises when the
motion signals from the orientation senses are in conflict with each other or with
anticipated signals based on previous experience (Reason and Brand 1975).
Alternative theories have suggested that the discomfort in zero-gravity (0G) is
caused by changes in the cardiovascular system, related to the shift of blood from
the legs to the upper part of the body.

Figure 1. Representation of how the sensory haircells in the utricular
macula are deflected by displacement of the otolithic membrane (solid
black) due to (a) tilt of the head relative to gravity or (b) linear
acceleration in lateral direction. This shows that during the dynamic
phase of head tilt in an 1G environment the activation of the semicircular
canals is accompanied by stimulation of the otolith organs. In
weightlessness, the pull of gravity is missing, so that the otolith organs
only respond to the translational component of head movements, and no
longer to the rotational component. Obviously this may disturb the tight
coupling between the two vestibular subsytems.
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Certain findings point to an explanation for space sickness that entails the central
processing of vestibular information. First, there is a clear cause-and-effect
relationship between head movements and the appearance of symptoms, which is
stronger with the eyes open than with the eyes closed (Oman et al. 1986). Second,
astronauts have noted that visual reorientation illusions are potentially provocative,
even though the subjective reorientation is not accompanied by actual motion.
Thus, problems seem to arise from inconsistencies in the spatial orientation
information, probably due to unusual stimulation of the otolith organs of the
vestibular system. Under circumstances of normal gravity (1G), the otolith organs
not only detect linear accelerations resulting from translational motion of the head,
but also continuously register the direction of gravity relative to the head (see
Figure 1). Without the constant stimulation from gravity, the otoliths still respond
to translational aspects of head motion, but they no longer provide a reference to
vertical. Obviously, this will affect the sensory interactions during head
movements. It is assumed that the otolith function must adapt to the novel state of
gravity (0G) as to reestablish the congruity between the orientation senses. In the
same way it is assumed that, once adapted to 0G, the otolith system must re-adapt
to 1G on return on Earth. The latter would explain the reappearance of symptoms
after spaceflight (similar to the “mal d’embarquement” which is observed on the
shore after adaptation to sea sickness). Money (1992) has suggested three possible
paradigms by which otolith adaptation to weightlessness can take place: 1)
suppressing the otolith system (gain reduction); 2) the interpretation that all otolith
signals arise from head translations (tilt-translation reinterpretation); 3) the
substitution of other senses for the otolith information (higher weighting of visual
inputs). In general, studies in spaceflight seem to support the view that all three
mechanisms may contribute to adaptation to 0G, although the evidence is sporadic
and sometimes contradictory. The difficulty with research in space is that it is
hampered by high expenses and small numbers of subjects.

Recently it was suggested that otolith adaptation may be studied after prolonged
exposure to hypergravity in a human centrifuge (Bles et al. 1989; Albery and
Martin 1994). After a centrifuge run with a G-load of 3G, postural instability and
symptoms of motion sickness were found (Bles and De Graaf 1993), similar to the
effects observed in astronauts on the first day post-flight (Kenyon and Young
1986; Bles and Van Raay 1988). The centrifuge run itself was not experienced as
very stressful by the subjects, but symptoms emerged afterwards. Interestingly,
European astronauts who participated in these experiments reported striking
similarities with sensations in space (Ockels et al. 1990). Head movements
induced illusory motion of the visual surround (oscillopsia) and, analogous to
space sickness, triggered attacks of discomfort or nausea (Sickness Induced by
Centrifugation, SIC). Especially head movements that changed the orientation of
the head to vertical were provocative (“pitch” and “roll”, see Figure 2 for



convention on rotation axes). The subjects walked very carefully in an attempt to
minimize head movements (resulting in a “robot walk”). In addition, it was found
that the rank order in the astronauts’ susceptibility for SIC was the same as that for
SAS, implying a common mechanism. Medical monitoring during and after the
centrifuge run has shown that a cardiovascular cause was highly unlikely (Bles et
al. 1989; Krol 1994), which is in favor of a vestibular mechanism.

yA

Figure 2. The three main rotation axes with respect to the head. Rotation
about the x-, y-, and z-axis are designated as “roll”, “pitch”, and “yaw”,
respectively.

Otolith adaptation to hypergravity

The first aim of the work presented in this thesis was to identify vestibular
adaptation in human subjects after an one-hour centrifuge run with a G-load of 3G.
Of special interest was adaptation of the otolith system. Otolith signals play a role
in sensing the inclination of the head relative to vertical, and in controlling
postural responses and eye movements. As mentioned above, previous studies
have shown that a long duration centrifuge run produces destabilizing effects on
postural balance. In addition, subjects noted a compelling sensation of illusory
body tilt immediately after the run (Bles and De Graaf 1993), and also showed a
measurable bias in the judgment of body orientation in a post-test about 30 minutes
later (Bles et al. 1989). These findings provide indirect evidence for otolith
adaptation.

A new study was designed to expand the body of evidence with more “objective”
tests. In this study, the effect of centrifugation on the ocular torsion response to
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static tilt was evaluated. When the head or the whole body is tilted laterally (roll),
the eyes rotate in the opposite direction about the line of sight. This is referred to
as ocular counterroll or, more generally, ocular torsion (OT)". In general, an
important vestibular function is to generate compensatory eye movements
(vestibulo-ocular reflex, VOR) during movements of the head, so as to minimize
retinal blur. The OT response observed during static tilt is considered a static
equivalent of this, which probably is used for orientation. It has been shown that
static OT reflects the functioning of the otolith organs (Miller 1962; Colenbrander
1963; Miller and Graybiel 1971; Diamond and Markham 1981; Collewijn ef al.
1985), and the response also has clinical relevance (Diamond and Markham 1983;
Gresty and Bronstein 1992). It was hypothesized that a hypergravity-induced
change in the sensitivity of the otolith system would be visible in the magnitude of
static OT. In addition to the static measurements, the dynamic OT response was
also measured during sinusoidally body roll, in order to evaluate changes in the
interaction between the semicircular canals and the otolith organs. The results of
this study are described in Chapter 2 of this thesis.

Video-oculography

The magnitude of static OT in humans is rather small: on average, the maximum
response amounts to about 6°. OT can not be detected by standard electro-
oculography (EOG), because rotations about the visual axis do not produce
changes in the electrical potential. Accurate measurements of OT can be achieved
with the scleral search coils technique. However, this technique was discarded
because it requires the subjects to wear contact lenses containing a small coil, that
firmly adhere to the sclera and soon become uncomfortable. The OT
measurements took about 45 min and were performed twice (once before and once
after the centrifuge run), which was considered too long for the use of search coils.
Furthermore, the metal frame of the rotating chair was considered unsuitable to
contain the large Helmholtz coils, needed to generate a homogeneous magnetic
field around the subject.

An alternative, non-invasive approach to measure OT was offered by the video-
based technique described by Bos and De Graaf (1994). This comprises the
recording of eye movements on video tape and quantification of OT afterwards by
matching the iris patterns between one image of the eye and another image which
serves as a reference. In the original method, the matching is performed semi-
automatically by visual inspection of iris patterns that are digitized and displayed

! Although the definition of ocular torsion de facto depends on the coordinate system that one uses to describe eye
position (eg. Helmholtz, Fick or Listing’s coordinates), in the vestibular literature torsion usually refers to the rotation
of the eyes about the visual axis.



on a computer monitor. Because this procedure is too time consuming for time
series analysis, an automatic pattern recognition algorithm was developed and
implemented on a PC system, that automatically digitizes consecutive images from
video tape into the computer memory, selects significant structures in the iris of a
reference image, and relocates these landmarks by a method of template matching.
The use of several landmarks, uniformly distributed over the iris, allows for
correction of errors that result from miscalculation of the rotation center of the eye.
This feature is usually not accounted for in other video-oculography methods. The
new video-oculography method is described in Chapter 1 of this thesis.

Otolith-canal interaction in ocular torsion response

To a great extent, the information concerning spatial orientation provided by the
different sensory systems is redundant. On the other hand, sensory systems also
differ in their characteristics so that they can supplement each other. For instance,
the visual system operates in a low-frequency range, whereas the vestibular system
operates at higher frequencies. This can be verified by a simple test: when you
keep your head still and wave your hand in front of your face, the image of your
hand will soon become blurred with increasing frequency; when you keep your
hand still and oscillate your head, the image of your hand will remain clear up to
much higher frequencies due to the VOR. This frequency dependency is reflected
in the contribution of the visual and vestibular senses to orienting responses (as we
will see in Chapter 5).

A similar interaction may exist within the vestibular system, between the
semicircular canals and the otolith organs. The semicircular canals respond to
angular accelerations of the head and are responsible for the generation of the
angular VOR. The operational range of the semicircular canals is adjusted to
frequencies of natural head movements. At very low frequencies, the canal-
induced response becomes less effective (Carpenter 1988), and it was hypothesized
that the otolith system may help to improve the low-frequency response dynamics
for rotations about an off-vertical axis. The torsional VOR was considered
appropriate for this purpose, especially because of the association of the otolith
organs with OT. From studies on a linear track which applied linear accelerations
along the interaural axis, it is known that otolith-induced OT can be characterized
as a low-frequency response, being maximal in a frequency range up to about
0.3Hz (Young 1985; Hannen ef al. 1966; Lichtenberg et al. 1980). Nevertheless,
whereas otolith-induced OT has been well-studied during static tilt, its usefulness
during dynamic tilt has received little attention. This is due to the simultaneous
activation of the semicircular canals, which complicates examination of the otolith
component. In Chapter 3 a study is presented in which the OT response was
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measured during sinusoidal body roll in a frequency range of 0.05-0.4Hz. By
comparing the response to rotation about an earth-horizontal axis with that to
rotation about an earth-vertical axis, some specific otolith contributions to the
response were revealed.

The coupling between semicircular canals and the otolith organs is of interest
for another reason as well. There is a fundamental difference between the two
vestibular subsystems. Functionally, the semicircular canals can detect the rate of
rotation of the head, but they can not detect the plane of rotation relative to gravity.
Signals from the semicircular canals are coded in head egocentric coordinates. The
otolith system, however, is able to detect the plane of rotation relative to gravity.
Signals from the otoliths therefore may help to link the egocentric canal-induced
VOR to an exocentric frame of reference. This issue will also be evaluated in
Chapter 3.

Vestibular-visual interaction in judgments of self-tilt

Most of us are familiar with the experience that, sitting in a stationary train,
watching a neighboring train leave may produce a sensation as if our train is
moving. This example shows that our visual system plays an important, and often
dominant, role in the perception of self-motion. In general, motion of the visual
surroundings induces a sensation of self-motion (“vection”) in the opposite
direction. This is particularly true for yaw rotation about the vertical axis. An
upright observer viewing rotation of a visual scene about an earth-horizontal axis,
however, experiences a limited degree of self-tilt in the opposite direction,
paradoxically combined with a sensation of continuous self-rotation. It has been
shown that the magnitude of visually induced self-tilt is to some extent a function
of stimulus area and also of stimulus velocity (Held et al. 1975; Howard et al.
1988). Nevertheless, the tilt effects seldomly exceed 20°, which is ascribed to the
restraining influence of the otolith organs which do not register any change in the
direction of gravity relative to the head. This hypothesis is supported by the
observation that visually induced self-tilt increases when the head is inclined 90°
or inverted, so that the urticles are out of their most sensitive position (Young et al.
1975; Bishof 1978; Howard et al. 1988).

Recently, Howard and Childerson (1994) distinguished that the sense of body
orientation depends on three types of visual information: visual motion, visual
frame, and visual polarity. The visual frame refers to a set of lines and surfaces
(such as walls and floors) which are normally horizontal or vertical. Even a simple
stationary tilted visual frame may lead to perceived self-tilt in the opposite
direction (Asch and Witkin 1948c). Visual polarity is found in objects with a
distinct top and bottom, indicating “up” and “down”, such as chairs, tables, and



people. When all polarized objects visible are tilted relative to gravity, the effect is
a compelling illusion of self-tilt, especially if the objects are part of a tilted frame
(Asch and Witkin 1948a). The usual stimulus in studies on visually induced self-
tilt is a simple display of dots lacking visual frame or polarity cues, so that the
effects are due to mere visual motion information. Using a rotating 7-foot cubic
room with replaceable walls, Howard and Childerson (1994) showed that motion
of a polarized visual frame elicited larger effects than visual frame motion, which
in turn elicited larger effects than visual motion alone. They noted that erect
subjects even experienced sensations of head-over-heels rotation when seated
inside the “furnished” room (the polarized visual frame), while it rotated at
constant velocity about the subjects’ roll-axis. Apparently, when -certain
requirements are met, a visual stimulus can completely dominate the conflicting
otolith information in a stationary observer.

The so-called “Tumbling Room” of Dr. Howard’s laboratory (York University,
Toronto, Canada) was later replaced by a larger and more realistic one, containing
an even richer variety of polarized objects. Chapter 4 of this thesis describes a
study that was performed in this new Tumbling Room to determine the percentage
of subjects that perceive “full tumbling” (through 360°) about an earth-horizontal
axis. Another objective of the study was to examine the effects of body orientation
with respect to gravity (upright or inclined 90°) and with respect to the fixed
rotation axis of the room (roll, pitch, and yaw). These variables have been shown
to affect illusory self-tilt and vection, using displays that consisted only of dot
patterns. It was expected that these factors become less important when the
effectiveness of the visual stimulus increases. '

Flight simulators, among other virtual reality applications, exploit visually
induced self-motion and self-tilt. As long as the simulated motion is smooth and in
horizontal direction, a visual display can be sufficient. However, when the
simulated motion comprises fluctuations in velocity or direction (that is, linear and
angular accelerations, respectively), the lack of confirming vestibular information
will undermine the fidelity of the intended sensations. Flight simulators with a
motion base therefore employ vestibular “onset” cues to reinforce the visual
motion. For instance, the vestibular cue arising from forward linear acceleration in
an aircraft can be recreated by pitching the motion base backwards, stimulating the
utricles in a way that is approximately comparable to horizontal linear acceleration.
Vestibular onset cues may also be useful to enhance visually induced self-tilt. As
was mentioned above, illusory self-tilt is larger when the body is inclined 90°.
However, a motion base has limited travel and must return to its original position.
Despite the widespread use of motion base simulators, there seem to be no
documented studies on the effects of a vestibular onset cue on illusory self-tilt.
The experiment presented in Chapter 5 addresses the question whether sensations
of self-tilt and self-rotation can be enhanced by actual body tilt at the onset of
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rotation of the visual scene. The original plan was to use the Tumbling Room (of
Chapter 4) for this experiment but this room generated complete illusory self-
rotation through 360° in most subjects even without a vestibular onset cue.
Therefore, a less powerful stimulus was needed which only produces limited
illusory self-tilt, so that any effects of an onset cue could be assessed. Such a
stimulus was the rotating sphere of Dr. Howard’s laboratory, which had been
shown before to generate a mean illusory self-tilt of about 20° (Howard et al.
1988).
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Chapter 1
Video-oculography

Introduction

During head movements, the vestibular system generates compensatory eye
movements for stabilization of the retinal image. In the case of head rotation about
the roll-axis, this results in rotation of the eyes about the visual axis, generally
referred to as ocular torsion (OT). The sustained OT response to static tilt of the
head is attributed to stimulation of the otolith organs (Cheung et al. 1992; Miller
1962; Miller and Graybiel 1971; Woellner and Graybiel 1959), whereas OT during
dynamic head tilt is primarily generated by the semicircular canals (Collewijn et al.
1985). Non-vestibular inputs, however, such as proprioception from the neck, may
contribute as well (De Graaf et al. 1992). In addition to the field of basic research,
OT measurement may also find clinical applications in the field of oto-neurology
(Diamond and Markham 1981; Dieterich and Brandt 1993 Gresty and Bronstein
1992).

Several techniques for OT determination have been described, varying from pho-
tographic procedures (Miller 1962; Graybiel and Woellner 1959; Melvill Jones
1962), to the semi-invasive and accurate search coil method (Robinson 1963;
Collewijn et al. 1985). Expanding on photographic methods, advanced video-based
techniques offer great flexibility: the approach is non-invasive, no calibration is
needed and images are directly available for analysis. Like photographic methods,
video-based techniques commonly measure OT by tracking iris structures. Hatamian
and Anderson (1983) described an algorithm for OT measurement in digitized video
images based on cross-correlation of a sampled iris pattern encircling the pupil.
Such an algorithm was implemented in automatic methods developed by Clarke et
al. (1989) and Bucher et al. (1990). The apparatus of Clarke et al. allowed for
analysis of the vestibulo-ocular reflex in all directions: vertical and horizontal gaze
direction on-line, and OT off-line.

Recently, Bos and De Graaf (1994) introduced a semi-automatic method for OT
quantification, especially designed for the correction of errors that arise from
incorrect assessments of the pupil center (which is assumed to coincide with the
rotation axis of the eye). It was shown that this type of error varies sinusoidally in
tangential direction and may amount to 1-2°, which is sometimes on the order of OT

Adapted from: Groen E, Bos JE, Nacken PFM, De Graaf B (1996) Determination of ocular torsion by means of
automatic pattern recognition. IEEE Trans Biomed Eng 43:471-479.
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itself. By averaging OT values determined in opposite segments of partitioned
annular iris strips, this type of error can largely be corrected for, yielding a practical
accuracy of about 0.25°. In the implementation of this method, OT determination
was carried out by matching iris patterns visually on a computer monitor.
Consequently, the method was appropriate for static OT measurements, involving a
small number of images, but not very efficient for OT measurements under dynamic
conditions, involving larger series of images. Therefore a fully automatic system
was developed which made use of the error analysis of Bos and De Graaf. As a
prerequisite, the method should take as many as possible iris segments into account
for a reliable estimate of OT. A procedure of tracking 36 distinct landmarks, well
spread over the iris, was considered appropriate for this purpose. An algorithm for
template matching was derived from In den Haak et al. (1992) which allows for
automatic selection and relocation of the most salient iris structures in two
directions. The procedure and its implementation will be described in this chapter.
The system's reliability will be evaluated in both an in vitro and an in vivo study.
The results show that two-dimensional template matching is an useful alternative for
the common one-dimensional cross-correlation between iris strings.

Figure 1.1. The head set with one lipstick CCD-camera (another camera
can be mounted in front of the other eye). The alumznum Sframe allows for
careful adjustments of the camera.
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Video-oculography

Configuration

The system hardware consists of two small CCD-cameras mounted on a pair of
diving goggles (Figure 1.1). The cameras are placed in front of the eyes at a distance
of about 1-2 cm, the optical axes aligned with the visual axes. Each eye is illumina-
ted by a small white light emitting bulb, closely fixed to the camera. To avoid
artifacts by movement of the headset relative to the head, the headset can be attached
to a dental frame. Both eyes are recorded separately on S-VHS tape, mixed with an
analogue time code signal for synchronization. For off-line analysis, the video
recorder (Panasonic AG-6730) is controlled by an RS232-interface protocol.
Recordings are made using European video standard PAL (25 frames/s, each frame
consisting of two interlaced fields). By playing one field at a time, a temporal
resolution of 20 ms is realized. The fields are digitized into 512*512 pixel images
with a depth of 8 bits by a PC-Vision Plus frame-grabber (Imaging Technology Inc.,
Bedfor
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Figure 1.2. Schematic representation of the total procedure. In a reference
image, the pupil is identified, and a ring-shaped iris area is selected and
converted into polar coordinates (so that it projects on a rectangular grid).
After gray value normalization, the iris area is divided tangentionally in 36
segments of 10° in each of which one landmark is selected. These
landmarks then are relocated in the corresponding iris areas in consecutive
data images.
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Method

The OT determination is based on tracking a set of distinct landmarks in the iris in a
number of data images relative to one reference image (Figure 1.2). In the analysis,
six steps can be identified: 1) pupil detection, 2) polar transformation, 3)
normalization, 4) selection of significant points, 5) matching, and 6) OT estimation.

Pupil detection

The software automatically determines the pupil center, which is assumed to lie on
the axis of rotation. The pupil is the largest dark area in the image and is separated
from the surrounding iris by simple thresholding at a value just beyond the first clear
peak in the gray value distribution. Eventually, some additional smaller dark
regions, like eyelashes or shadows, remain after thresholding and the pupil is
distinguished from these by connected area labeling (Sedgewick 1984).

To obtain the center of rotation, the imaged pupil edge is approximated by a circle
(the subject is looking straight into the camera). To compute the parameters of the
circle (center (xp ,p), and radius R), we applied the method of Chaudhuri and Kundu
(1993). This method is based on minimizing the least square error J, with

J = Ewi[(xi— 0)2+(yi—y0)2 _R2]2 M

(where the summation is over all edge points (x; , y;) with i = 1..n). This can be done
by setting the derivative of J with respect to xy, yy, and R to zero. Then x;, y;, and R
are given by:

BC -BC AC -AC. 1 2 2| (2
X, = 2 F Y oy =_YE TJ gapd R2=—2Wi(x‘xo)+(yi‘}’o)]()
© " 4B, 4B, * " AE-A3, wEe
where

WeTwm. Felswa.  5-iTw.
Ax = Ewi(xi_i)xl ’ Bx = EW,-(X,-'J_C)}’, ’ Cx = %E w,.(xi—f)(x,-z +y12 ) ’
Ay = Ewi(yl_y)xi ’ By = Ewi(yi—y)yi ’ Cy = ‘;‘E W,-(Y,-‘i)(xiz‘}’iz)

&)
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Video-oculography

Figure 1.3. Despite deformations of the pupil edge, caused by reflection
artifacts and a partial eye blink, the pupil has been localized successfully by
means of a reweighted least squares circle approximation to the edge
points. The raw thresholded pupil edge is marked by the frayed line,
whereas the fitted circle is shown as the thick solid line.
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Figure 1.4. Weights w; are assigned to the pupil edge points according to
their distance /d,/ tfo the previous circle fit, expressed in terms of the
standard deviation of these distances (o.;). Dubious edge points with a
distance /. d; / of more than 2o are excluded by setting the weight to zero.
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INlumination artifacts and eyelids may cause deformations of the imaged pupil edge
(Figure 1.3). The influence of these artifacts on the analysis can be reduced by
giving dubious edge points low weight values w;. Initially, it is not known which
edge points are dubious, and all weights are set to unity. Then, all edge points are
reweighted depending on their deviation from the fitted circle, and the calculation of
xg, ¥o and R is repeated. The most natural choice for the weights is the reciprocal of
the squared distance from the individual points (x; , y;) to the previously fitted circle,

ie. w;= 1/d7 with di= /((xi— x0)% + (yi— y0)?) — R. It is even better to exclude points
that clearly do not belong to the true pupil edge completely. An appropriate
weighing, as depicted in Figure 1.3, is then given by w; = 1-d/(20) for |d,| <20,
and w=0 otherwise, where the overall standard deviation & is considered explicitly
(6*=2d?/(n-1)). This procedure of fitting and weighing is executed eight times.

Polar transformation

Once the center and radius of the pupil have been determined, an annular iris area of
fixed width is selected (Figure 1.5A). The distance of this iris ring to the pupil
border can optionally be adjusted in the reference image to overcome reflection
artifacts. Once chosen, the distance to the pupil border is invariable for all
consecutive data images, so that the same iris area will be selected automatically,
irrespective of expansion or constriction of the iris due to variations in pupil size.
After Gaussian smoothing to avoid aliasing, the selected region is transformed into
polar coordinates, so that it is represented on a rectangular grid (Figure 1.5B):
rotation (OT) in the original image then corresponds with tranmslation in the
converted image (translation is computationally less expensive).

Let (r,4) denote the polar coordinates to which the points of the selected iris
region will be projected, » being the radius and ¢ the azimuth angle of each point,
and (xo ) be again the center of the pupil in Cartesian coordinates. Then the
relation between the transformed image I(r,#) and the original image F(xy) is
determined as follows:

I(r,0) = F(x0+rcosd, yo +rsind) 4)

The angle ¢ is quantized into 0.25° bins (rounded to the nearest pixel index), and the
radial extent of the annulus is sampled in 39 steps, which covers nearly half of the
iris width. Finally, the iris strip projects on a rectangle of 39x1440 bins (hereafter
treated as pixels again).
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Figure 1.5a. Selection of the area of interest. After the pupil center and
radius have been estimated, an annular band of fixed width is selected around
the pupil (between dotted circles). The distance between this band and the
pupil edge can be adjusted manually in the reference image, and will be held
constant for all data images.

I
Figure 1.5b. After transformation into polar coordinates the annular iris

band is represented by a rectangle. Here the rectangles of both a reference
(left) and a data image (vight) are shown of real eyes. For practical reasons
the rectangles are displayed in 4 segments of 90°. Adjacent segments
correspond with respect to their position in Cartesian coordinates. OT is
calculated by the translation of 36 landmarks (square masks) between these
rectangles. OT is -0.9° in this example.
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Normalization

Although great care is taken to guarantee constant illumination of the eye, the use of
a small light bulb may result in an illumination gradient (Figure 1.5A). Luminance
differences can also occur, e.g., by reflections from the headset. To eliminate these
luminance differences between images and to facilitate relocation of significant
points, two procedures are applied on the polar transformed iris images. First, the
gradient that occurs with radiant illumination is largely removed by a high-pass
moving average filter covering 40°, moving unidirectional along ¢, and effectively
eliminating structures larger than 63° (c.f. Faes et al. 1994). Second, by means of a
parameter-free histogram equalization, gray values are stretched to include the entire
gray scale, with exception of the maximum gray value. The latter is reserved for
identification of reflections, defined as pixels with original gray values above the
80™ percentile of the gray scale. In the following analysis reflection areas will be
excluded. Because the same iris area is selected in all images, this normalization
procedure will equalize gray values of corresponding structures.

Selection of significant points

In the iris of the reference image, significant points are selected which are to be
recognized in successive data images. A suitable method to find unambiguous
patterns was presented by In den Haak et al. (1992). Their method selects points at
junctions of distinct dark and bright structures (Figure 1.6). Following a path along
the sides of a small square (a "mask", typically between 10¥10 and 20*20 pixels)
centered at those points, the number of times the gray value increases or decreases is
counted (Figure 1.7). To be independent of noise, gray value transitions must
exceed a certain noise level. We chose the noise level to be the standard deviation of
gray values of the entire iris strip (which is a constant after the normalization step).
The significance of a mask is defined as the number of gray value transitions greater
than this noise level. We chose a mask size of 15*15 pixels, which is in correspon-
dence with the general size of the iris patterns as can be judged from Figure 1.4b. To
achieve a fairly homogeneous distribution of landmarks, the iris is divided into 36
sectors of 10° each, and for each sector the most significant structure is determined.
Masks which cover a reflection are ignored.

2 For an optimal histogram equalized image with gray values J, in the range [0,m] and ; in [L,N], each I occurs exactly
n = N/m times, and the average gray value I=%m Then
nm’® '

lN _ 1 m 1 nm 1
ot == (=T = > (I~ =m) w2 (I~ —miydl = 22 = 2
V=gl = 2'")”Noj( AR TR

In our case, m = 254, and thus o a constant of 73.3.
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Figure 1.6. This drawing shows that a mask covering a multiple ramification

of iris structures (b) can be successfully relocated because the precise location
of gray value transitions under the mask prevent it to move in any direction, as

opposed to a mask covering a more ambiguous structure such as an edge (a).
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Figure 1.7. The calculation of the significance of a mask. Following the gray
value profile along the sides of the mask, the number of gray value transitions
that exceed the noise level, are counted. The counted transitions here are a, b,

d, and e. The "up" transition c is ignored, because it is followed by another
"up" transition. (after: In den Haak et. al. (1992), by kind permission).
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Matching

Significant structures from the reference image are recognized in the data image by
template matching. Let M denote the border of a 15x15 square mask, centered at
some point in an iris image. Let I, and I, denote the gray values of the iris of the
reference image and data image iris respectively, as defined in equation 1. Then the
match error, E, for a significant point u=(r, ,¢,) in the reference image and a point
v=(r,,#,) in the data image, is defined as

E(u,v)= ZA!{Iu(u +2)—H(v+2)| 5)

This match error is simpler and computationally faster than the normalized cross-
correlation used by In den Haak et al. (1992). It is permitted because gray values of
corresponding iris structures in reference and data images have been normalized
beforehand by the histogram stretch. Furthermore, as a consequence of the
transformation to polar coordinates, iris structures retain their orientation in spite of
changing torsion angle.

For each point « in the reference image, a point v in the data image is determined
for which E is minimal. The difference in g-coordinates AD=¢,-@, of each pair
yields a measured torsion angle. In this way, up to 36 A®-values are obtained. To
reduce analysis time, searching is restricted to intervals of A® between +25°, since
OT never exceeds this range.

OT estimation

In determining the true torsion angle from these measurements, two problems arise.
First, mismatches should be excluded from the estimation process. Second, as
indicated by Hatamian and Anderson (1983) and Bos and De Graaf (1994),
misalignment of the pupil center with the true rotation center results in a measured
torsion angle, AD, that varies sinusoidally with the angular position ¢ of the land-
mark around the rotation center (Figure 1.8). The same problem occurs when the
imaged pupil shape is not circular, due to gaze shifts with respect to the camera
position. We can thus characterize the estimation problem as a sinusoidal fit,
eventually corrupted by outliers. Analogous to the circle fit procedure in the pupil
detection, we apply an iterative reweighted least squares approximation to the
measurements (¢4 ,A®D;), i=1..36 (see e.g. Hogg 1979):

AD®) =O +Csin(p +8) = © + Acos(d) + Bsin(p) (6)
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in which the regression coefficient @ estimates true torsion, C depends on the
amount of misalignment of the pupil center, and & depends on the direction of the
misalignment. Because of the linearity of the second notation, we estimate the
regression coefficients ®, 4 and B instead of ®, C and J. Estimates (¢,A®D;) are
mutually independent, as opposed to the edge points in the least squares fit of the
pupil circle. Therefore, a slightly different weighing rule is applied here. To make a
first estimate of the parameters in (6) without interference of outliers, an initial
unweighted fit is performed only to the central 50% of the ordered measurements.
Next, weights, w; , are assigned to all 36 measurements depending on their distance,
d; to the last fitted sinusoid, where here d;= A®(¢;) - AD;. The relationship between
d; and w; is given in Figure 1.7B. Weights are limited to unity when Id,l is smaller
than o (0®=Zd#/(n-1)). Obvious outliers with |d,| greater than 3o are rejected
(w=0). The reweighted measurements are input for another estimate of the variables
®, 4 and B given in equation 6. This procedure of weighting and fitting is iterated
three times, which is sufficient to achieve convergence.

The method was implemented on a PC (Intel 486, 66MHZz), in which the analysis
took about 7 s per image: digital image processing needed 4 s, where the remaining
time was consumed by operation of the video recorder, and storage and displaying of
the results.

Torsion angle (deg)
o
I

10},

90

]
180
Phi (deg)

1
270

1
360

Figure 1.8. Robust estimation of OT from individual determined torsion
angles. The 36 measured torsion angles (squares) depicted against the
angular position in the iris (¢) of the corresponding landmarks. Misjudgment
of the rotation center results in a sinusoidal variation of the measured torsion
angles about OT. Therefore, a robust sinus fit procedure is applied on the
measurements to estimate OT. In this figure OT amounts to -3.0 deg.
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Validation

The accuracy of the automatic system was first validated using the same set of
prepared images of an artificial eye as was used by Bos and De Graaf. The torsion
angle of this artificial eye could be set with an accuracy of 0.1°. The torsion angle
was varied in steps of 5° from -10° to +10°, and the angle between the line of sight
and the camera's optical axis was either 0° or 10°. In this way, ten data images were
prepared. The error in the computed OT for each image is shown in Figure 1.8. At
the most, this error was 0.11°, i.e. on the order of the precision of the setting of the
artificial eye itself.

1 ' 1 ' 1 ! L ! I
0.5+ 0O axial 4
A non-axial
=3 A
S o A
~ 0.0 a a a
o A A ﬁ
w
0.5+ -
I ! | N 1 L | — i
-10 -5 0 5 10

True Torsion (deg)

Figure 1.9. The error in automatically reproduced torsion angles in ten
images of an artificial eye. The squares and triangles denote that the
camera-visual axis was (° (axial) and 10° (non-axial), respectively.

Second, the system was validated by applying it to a set of 256 images of real eyes
obtained from 8 different subjects who had been positioned at various angles of
lateral body tilt. The system's reliability was evaluated by comparing the
automatically determined OT values with the results of three examiners who used the
semi-automatic method Bos and De Graaf (1994), which served as a reference.
Figure 1.9 shows that the results of both methods are in close agreement for the
entire series of observed torsion angles from -11.4° to 8.9° (for graphical
representation, the data have been sorted according to the mean of the OT values
estimated by the three examiners). Comparing the system’s value with the
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examiners' average, the inter-examiner variability should be taken into account. In
94% of the images, the difference between the automatically computed torsion
angles and the examiners' average was within two times the examiners' standard
deviation (0,.1). In the remaining 6% of the images, the automatic system failed to
find a reasonable match, resulting in a difference with the examiners' average of 1°
or more (Figure 1.10). This increased variability could be attributed to inadequate
focusing in these specific images, caused by large gaze shifts of the eye with respect
to the camera. In most of these cases, the inter-examiner variability exceeded the
practical accuracy of the semi-automatic method (0.25°) as well.

10 — Examiner range .
++++ Automatic

OT (deg)

I 1 | I L
0 50 100 150 200 250

Image index

Figure 1.10. Validation results with images of real eyes. OT was estimated
by both the automatic system and three examiners using the semi-automatic
system. The images have been sorted by the examiners' average. The
automatically computed OT values are depicted by dots, whereas the results
of the semi-automatic method are shown by the examiners' average plus and
minus the standard deviation (upper and lower solid line, respectively).

In conclusion, these results demonstrate that the automatic system determines OT in
an accurate and reliable way. Based on the overall correspondence with the semi-
automatic method, we conclude that with real human eyes, the practical reliability of
the system is 0.25°. The performance of the automatic system does not depend on
the amount of torsion itself. Coincidental mismatches can be detected as outliers in
time-series analysis because of the coherence of such an OT signal.
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Discussion

Automated video-based techniques described previously quantify ocular torsion with
cross-correlation of a narrow circular sampled iris pattern (Clarke et al. 1989;
Bucher et al. 1990). The method presented here uses an alternative strategy by
tracking a set of 36 landmarks, uniformly distributed over a wide annular iris strip.
As a result, the method is robust with respect to variations in pupil size, and it
enables correction for systematic errors due to misdefined pupil centers. Another
important feature of the system is that it autonomously selects landmarks as areas of
high interest, facilitating the relocation in the data images. Applied in this way,
pattern recognition by template matching is an effective tool for automatic
determination of ocular torsion. Although not real-time, the analysis is performed
automatically (hands-free) and considerably faster than the semi-automatic method
described by Bos and De Graaf (1994).

Because In den Haak et al. (1992) applied their algorithm of template matching in
Cartesian coordinates, the masks became distorted by rotation of the image, thereby
reducing the match performance. This problem does no longer exist in polar
coordinates. This was demonstrated by the consistency of the OT measurements
through a wide range of torsion angles in the validation studies.

To assess the accuracy of an OT measurement technique explicitly, the torsion
angle should be known. This was the case in the in vitro study with an artificial eye,
and the automatic system reproduced the torsion angle accurate to 0.1°. The
question whether the results are reliable in a practical sense was addressed by an in
vivo validation study taking real human eyes into consideration. Apart from some
mismatches, the computed results were indistinguishable from those of the reference
method with a general variability of 0.25°. This observation concerns individual
images, and may be improved by time-series analysis. Mismatches can be recogni-
zed as outliers and rejected by postprocessing. Consequently, also in static
conditions it is preferable to analyze a series of consecutive images, rather than a
single snap shot, to avoid the risk to rely on a coincidental mismatch.
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Chapter 2

Vestibular adaptation to sustained
hypergravity

Introduction

The aim of this experiment was to identify vestibular adaptation to hypergravity by
comparing ocular responses to body tilt and rotation, before and after an one-hour
+3Gx centrifuge run. Because the otolith organs are being stimulated by gravito-
inertial force, we expected to find changes in otolith-induced eye movements due
to adaptation to the new 3G level. For this purpose we measured the ocular torsion
(OT) response to static lateral body tilt (roll). This response, also indicated as
ocular counterrolling, is considered to reflect the function of the otoliths (e.g.
Colenbrander 1963; Miller 1962; Miller and Graybiel 1971). Hence it would
suffice to examine otolith adaptation in static conditions only. However, previous
experiments with prolonged centrifugation have shown that subjects experienced
the strongest after-effects during head movements, in particular when these head
movements were about an off-vertical axis (Bles et al. 1989; Bles and De Graaf
1993; De Graaf and De Roo 1996). This suggests a disturbed otolith-canal
interaction. Therefore we also registered the dynamic OT response (or torsional
VOR) during sinusoidal body roll, stimulating the otoliths and the semicircular
canals simultaneously. To distinguish the contribution of the otolith organs from
that of the semicircular canals, we measured the response to the same roll stimulus
in two conditions, once about an earth-horizontal axis (body upright), and once
about an earth-vertical axis (body supine). Thus the two conditions differed with
respect to stimulation of the otoliths. In the upright condition, the otolith input
from gravity was modulated because of the continuously changing head tilt.
Conversely, in the supine condition the otolith input remained constant since the
rotation was orthogonal to gravity.

In addition to these OT measurements we studied two more variables. First, in
another static tilt condition we asked the subjects to align a visual line with the
apparent vertical. This was done to relate possible otolith adaptation to alterations
in perception of the body orientation with respect to gravity. Second, we examined

Results of this study have been published in: Groen E, de Graaf B, Bles W, Bos JE (1996) Ocular torsion before
and after 1 hour centrifugation. Brain Res Bull 40(5/6):331-335.
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the horizontal VOR during earth-vertical rotation (yaw) to make sure that we did
not overlook adaptation in the semicircular canals. We had the notion that such
could be the case, since subjects previously reported illusory surround motion
during head movements about all three major axes, including the yaw axis.

Our hypothesis was that the centrifuge run would primarily affect otolith-
induced responses, ie. in conditions of static body tilt and body roll about an earth-
horizontal axis. More specifically, we expected that the sensitivity (gain) of the
otoliths would be reduced due to adaptation to the sustained high G-load.
Nevertheless, we did not rule out to find changes in canal-induced eye movements.

Methods
Centrifuge

The centrifuge was located at the Netherlands Aerospace Medical Centre
(NLRGC), next to the TNO Human Factors Research Institute where the
measurements took place. It had a free swinging gondola suspended to a 4 m long
arm. For the purpose of these experiments, the aircraft seat inside the gondola was
removed and replaced by a mattress, supporting the subject in supine position.
This was done to prevent blood pooling in the legs during the long duration
centrifuge run. The body was inclined forward over about 10° due to the
dimensions of the gondola. The centrifuge accelerated at 0.1 G/s* up to a resultant
G-force vector of 3G. Since the subject was supine and the free-swinging gondola
remained collinear with the resultant force, the stimulation was directed along the
subject’s x-axis (Figure 2.1). The subjects was asked to avoid head movements
during the run.

All subjects gave their informed consent before the experiment. Each subject
underwent a medical checkup. Details on medical monitoring during and after the
run were reported elsewhere (Bles ef al. 1989). There was continuous verbal
contact possible between subject and operator, who could also observe the subject
on a video screen. At any time the subject had the possibility to end the centrifuge
run by himself, or by asking the operator. Transportation between the TNO and the
NLRGC was done by car, although the subjects had to walk about 50 m inside each
institute, which included two staircases. In total 18 healthy subjects participated
in this experiment. Maximally two subjects were tested each day. The first subject
started between 9:00 and 9:30 am at the TNO institute, where OT was measured in
the tilt chair. These measurements took about one hour, so that the centrifuge run
could start around 11:00 am. During this run the tilt chair session with the second
subject was carried out, so that this subject’s centrifuge run could start shortly after
completion of the first.
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Figure 2.1. Diagram showing the supine position of the subject in the
gondola of the centrifuge. Because the gondola is free-swinging it aligns
itself with the resultant force F, which is the vector sum of gravity F, and
centrifugal force F,.

OT during static and dynamic tilt

OT was measured during passive static and dynamic body tilt about the naso-
occipital axis (roll, or x-axis). Subjects were seated in the TNO tilt chair, the
rotation axis being centered between both eyes. The subject’s head was supported
by a head rest, and the body was firmly strapped to the chair. Ocular torsion
measurements were performed once before (“pre-test”) and once after (“post-test”)
the centrifuge run. The post-test generally took place 20 min. after the centrifuge
run.
In the static tilt condition, subjects were seated upright and tilted to successive
angles of 10, 20, 30, 42, and 57° to the right (clockwise). OT was recorded on
videotape (see next section) after 20s of constant tilt, when the influence of the
semicircular canals was considered to have subsided. A video image of each eye
taken in the erect subject served as reference for the quantification of OT in tilted
positions. In the dynamic condition, OT was registered during ten cycles of
passive sinusoidal body roll at the frequency of 0.25 Hz and an amplitude of 45°.
First, this stimulus was applied in an upright body orientation (roll axis parallel to
the earth horizontal), and after a 5 min. rest, in a supine body orientation (roll axis
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parallel to the earth vertical). In the upright condition, oscillation was symmetrical
about the vertical (0° offset).

Video-oculography (VOG)

Eye movements of both eyes were recorded simultaneously on video tape by means
of two small CCD video cameras mounted to a head set and placed 2 cm in front of
the eyes, the optical axes approximately aligned with the visual axes. Except for a
point source of light, fixed to each camera for illumination of the eyes, the
measurements were performed in darkness under a hood. Subjects were asked to
look straight into the cameras, using a reflection dot on the camera lens for
fixation, so that horizontal and vertical eye movements were negligible. There
were no visual cues for orientation to vertical. The subjects were encouraged to
keep their eyes open and refrain from eye blinks during the actual eye movement
recordings.

For analysis of single shot images in the static condition, the semi-automatic
method described by Bos and De Graaf (1994) was used. The time series
recordings in the dynamic paradigm were analyzed with a sample frequency of 50
Hz, using the automatic method that we developed especially for this purpose
(Groen et al. 1996), as described in Chapter 1 of this thesis. For the analysis of the
dynamic OT response the first three cycles were disregarded to allow for build up
of the response. From the remaining seven periods two parameters were
calculated. First, the torsional VOR gain was calculated by dividing the amplitude
of the slow component velocity (SCV) by the amplitude of the stimulus velocity
(Vimax = 70%s). The SCV amplitude was obtained by a sinusoidal fit on the OT
signal after digital differentiation and interactive saccade removal (see Figure 2.4).
Second, the mean amplitude of the original OT signal was calculated to quantify
the total excursion range of torsional eye position, which we will refer to as OT-
range’. Whereas the SCV gain is related to the dynamics of the slow component
only, the OT-range also concerns the influence of saccades.

Subjective vertical during static body tilt

In nine subjects we measured the subjective vertical during static tilt in clockwise
direction. In this case, the camera in front of the right eye was replaced by a
miniature computer monitor. On this monitor a red line was presented at a virtual

? In the original paper of Groen ef al.(1996b) we incorrectly used the term “beating field” for the mean amplitude of
the nystagmus. The term beating field refers to the average size of the saccades (“beats™), whereas we were interested
in the displacement of the beating field (analogous to the gaze shift in optokinetic nystagmus). The displacement of
the beating field is the result of the combined effects of slow component and saccades, which causes the eyes to move
within a certain torsional excursion range. In Chapter 3 we will argue that this modulation of eye position more
correctly reflects an “offset” for the beating field.
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distance of 60 cm in front of the subject’s eye. The length of the line subtended a
visual angle of about 10°. The line could be rotated by means of a tracker ball
mounted on the armrest of the tilt chair. At each angle of static body tilt the
subject was asked to set the line parallel to the apparent vertical. The initial
position of the line was always upright in the coordinates of the monitor, which
was head-fixed and thus aligned with the subject’s z-axis. The angle between this
null position and the final setting by the subject will be referred to as the
“subjective vertical”. In this way, the subjective vertical gives a direct estimate of
the perceived body tilt. Because visual judgments of the vertical are confounded
by OT (Howard 1982; De Graaf et al. 1992), we corrected for the amount of
torsion that was measured in the right eye during the static OT trial.

Horizontal VOR during yaw rotation

Finally, we measured the horizontal eye movements in response to a velocity step
rotation about the vertical yaw in nine subjects. Horizontal eye movements were
recorded using Electro-oculography (EOG), as described by Bos and De Graaf
(1997). The stimulus profile consisted of an acceleration of 90°%s” up to a constant
velocity of 90°s (“velocity step”), which was maintained for 1 min. followed by a
deceleration to a stop. This profile was done for leftward and rightward rotation,
respectively, with a few minutes rest in between. The gain and dominant time
constant for the per-rotatory and post-rotatory phase were estimated by fitting a
single exponential function to the velocity signal after saccades had been removed
by means of a median filter with a time window of 500 ms.

Score  (Dis)comfort

0 No problems

1 Dizzy

2 Stomach awareness

3 Nausea

4 Very nauseated (edge)
5 Vomitirig

Table 2.1. Miscery scale (MISC)

Motion sickness symptoms (SIC)
From previous centrifuge experiments it is known that about 40-50% of all

subjects develop symptoms of motion sickness after a prolonged exposure to 3G.
This phenomenon was designated Sickness Induced by Centrifugation (SIC: Bles
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et al. 1989; Ockels et al. 1990; De Graaf and De Roo 1996). Since in the present
study we looked for the vestibular mechanism underlying the aftereffects of
centrifugation, including SIC, we asked the subjects to report their subjective
(dis)comfort at regular time intervals, before and after the centrifuge run. For this
we used a six-point scale (MIscery SCale, MISC), as shown in Table 1 (De Graaf
et al. 1992; Wertheim et al. 1992). A subject was considered to suffer from SIC,
when their maximum score was 3, 4, or 5.

Results

All 18 subjects who underwent the centrifuge run mentioned visual motion
illusions during head movements (oscillopsia) afterwards, similar to earlier reports
(Bles and De Graaf 1993). Six subjects developed serious symptoms of SIC after
the run, lasting between 2-6 hours. Due to technical problems with the tilt chair
we were not able to perform vestibular testing in two subjects after the centrifuge
run. Moreover, the dynamic OT could not be determined accurately in an
additional five subjects, because of various artifacts, such as “droopy” eye lids or
indistinct iris structures (dark brown eyes)'. The data of these subjects was
excluded from the analyses, so that the torsional VOR of 11 subjects will be
presented. This group included four of the subjects who suffered from SIC.

OT response during static tilt

The amplitude of OT showed large intersubject variability, which is common for
this response. Effects were tested using an ANOVA within subjects design
(factors: pre-post; left-right eye; tilt angle). There was a main effect for tilt angle
(F=61.33; df=4,40; p<0.001), and a main effect for pre/post-test (F=7.88; df=1,10;
p<0.05). The mean OT curves from the pre-test and the post-test are shown in
Figure 2.2 (pooled for both eyes, since the response was the same for both eyes).
On average, OT was 10% smaller in the post-test with respect to the pre-test.

Subjective vertical during static tilt

Figure 2.3 shows the mean setting of the visual line of nine subjects as function of
static clockwise body tilt. On the whole, subjects underestimated the angle of body
tilt (A-effect). More importantly, the performance did not change as a result of

4 The experiment was performed, and OT data were recorded while the software for OT analysis was still in
development. Therefore we did not know the criteria for succesful OT quantification, one of which is to illuminate
brown pigmented eyes with infrared light so that iris structures become more distinct.
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Figure 2.2. Mean OT response as a function of clockwise static body roll,
before and after the one hour centrifuge run. Positive OT values denote
anti-clockwise rotation (ie. compensatory to the tilt). The OT The response
was about 10% smaller in the post-test than in the pre-test. The bars indicate
standard errors of the mean (n=11).
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Figure 2.3. The mean subjective vertical as indicated by the setting of a line
to the apparent vertical, before and after centrifugation. The bars are the
S.E.M.(n=9). Line settings under the dotted line denote underestimation of
tilt (A-effect).
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centrifugation. Correction of the line settings with the corresponding OT data did
not change this result. The only main effect was for body tilt (F=105.12; df=4.32;
p<0.001).

OT response during dynamic tilt

The OT response to sinusoidal body roll in both body orientations is shown in
Figure 2.4 for one subject. The recordings show a compensatory “slow
component”, which appears to be interrupted by saccades more frequently in the
supine than in the upright orientation. This aspect will be discussed in more detail
in Chapter 3 of this thesis.

For all calculations, data from both eyes have been averaged. The group’s mean
values and standard errors of the mean are listed in Table 2.2. The pre-test SCV
gain was smaller in the upright condition than in the supine condition (Student’s t-
test, p<0.05). The mean gain was 0.31 in upright and 0.35 in supine. On the other
hand, the mean OT-range in upright was twice as large as in supine, due to a
difference in saccadic activity. In both conditions there was a mean phase lead of
about 40° of the response relative to the inverted stimulus (to account for the fact
that an ideal compensatory response would be in anti-phase with the stimulus).

Gain tVOR OT-range () Gain hVOR Tc hVOR (s)
Upright Supine Upright Supine Per-rot Post-rot Per-rot Post-rot
Pre-test 031001 0352001 7.8+05 3905 0594020 061018 15717 18.7+22
Post-test  0.3440.02 0352002 82407 3.0+1.8 0.60+0.15 063+0.15 12.8+]1.1 152%1.6

Table 2.1. Means and S.E.M. of the gain and OT-range of the OT response
(tVOR) to sinusoidal body roll, and the gain and time constant (Tc)
calculated from the horizontal VOR (hVOR) to yaw rotation.

Neither the OT-range nor the phase of the response were different between pre-test
and post-test. In the upright condition, all but one subjects showed a larger
response in the post-test than in the pre-test. The mean SCV gain increased from
0.31 to 0.34 (Figure 2.5a). In the supine condition, the averaged gain remained the
same (0.35). The individual responses, however, showed divergent behavior: the
gain increased in six subjects, remained constant in one subject, and decreased in
four other subjects. As a result, the apparent interaction in Figure 2.5a between
upright/supine and pre-test/post-test was not statistically significant (p=0.18). It is
interesting to note that the four subjects who showed a reduced gain, were also the
ones who suffered from SIC. In Figure 2.5b the same data are plotted again, but
now differentiated between those subjects with SIC symptoms and those without.
It can be seen that the gain increase was approximately parallel in both conditions,
except for the four SIC subjects.
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Figure 2.4. OT response of one subject to passive sinusoidal body roll (at
the frequency of 0.25Hz) about an earth-horizontal axis (“Upright”) and
about an earth-vertical axis (“Supine”). The original nystagmus (OT
position) is shown during five cycles, together with the corresponding
differentiated signal (OT velocity). The upper trace represents the stimulus
(body tilt versus time).

33



0.40

0.35

0.30

Gain slow component velocity

1

B © Supine _| —— not SIC
0-25 ® Upright ......
1 I 1 i
Pre-test Post-test Pre-test Post-test

Figure 2.5. a. Gain of slow component velocity of torsional VOR. Mean
values of 11 subjects in pre-test and post-test for upright and supine body
orientation (with contribution and without contribution of the otoliths,
respectively). The bars denote the S.E.M. In the pre-test the upright gain
was higher than the supine gain. The upright gain was significantly
increased in the post-test. The mean supine gain, however, remained
constant. b. The same torsional VOR data as in Fig. 2.5, but now
distinguished between the four SIC subjects (dotted lines) and seven non-
SIC subjects (solid lines). It appears that the SIC and non-SIC subjects
showed the same gain increase in the upright condition, but that the mean
gain of the SIC subjects dropped in the supine condition after
centrifugation, whereas the mean gain of non-SIC subjects showed a slight
increase. Bars are the S.E.M.

Horizontal VOR during rotation about yaw-axis

The mean gain and mean time constant of the per- and post-rotatory phase of the
horizontal VOR measured in nine subjects are listed in Table 1. The mean gain
was about 0.60 in the per- and post-rotatory phase, and was the same before and
after the centrifuge run. The dominant time constant (Figure 2.6), on the other
hand, was on average 3 s longer in the pre-test than in the post-test (F=29.21; df
1,14; p<0.001). Also, the time constant observed in the post-rotatory phase was
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generally longer than that observed in the per-rotatory phase (p<0.01). No
differences were found between subjects with SIC and subjects without.
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Figure 2.6. The time constant for the per- and post-rotatory phase of the
horizontal VOR induced by a velocity-step rotation about a vertical yaw-
axis. Data from leftward and rightward rotation have been averaged. The
mean time constant was 3s shorter in the post-test than in the pre-test.
Although the time constant was longer in the post-rotatory phase than in
the per-rotatory phase, both decreased by the same amount after
centrifugation.

Discussion

In this study we examined changes in vestibular parameters due to sustained
exposure to hypergravity in human subjects. In this way, we hoped to substantiate
the effects of postural instability and motion sickness which have been observed
after one hour centrifugation at 3G (Bles et al. 1989; Ockels et al. 1990; Bles and
De Graaf 1993; Albery 1994; Bles et al. 1995; De Graaf and De Roo 1996).
Because we expected that a high G-load would especially influence the otolith
function, we measured the OT response to static body tilt. Previous observations
pointed to alterations in the canal-otolith interaction, which is why we included the
OT response to dynamic body tilt. To verify that no direct changes in the
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functioning of the semicircular canals occurred, we also investigated canal-induced
horizontal eye movements. The major finding was that the gain of the static OT
response was consistently reduced by 10% after the centrifuge run of one hour.
The results from the dynamic OT measurements were less explicit. In both body
orientations the gain of the compensatory slow component was higher in the post-
test by about 10% in all subjects, except in the four subjects who suffered from
SIC. These subjects showed the same trend in the upright condition, but their
response was reduced in the supine condition. Finally, the gain of the horizontal
VOR remained constant after centrifugation, but the time constant was on average
3 s shorter in the post-test compared to the pre-test.

Unfortunately we had to disregard the OT data from five of the eighteen
subjects, mainly because the automatic pattern recognition algorithm to determine
OT was still in development at the time-of the data collection, and we did not know
the exact criteria for accurate analysis. All data were collected using a visible light
source, while dark brown pigmented eyes should preferably be illuminated by
infrared light, so that iris structures become more distinct.

Static OT

The OT response to static tilt suggests that the otolith function adapted to a higher
G-load by a gain reduction. It seems reasonable that otolith adaptation would
occur, since this sensory system must detect small linear accelerations against
relatively large background stimulation by gravity. Normally, the otolith system
operates in an invariant force field of 1G, with an optimally adjusted basic activity
(“set-point”) and sensitivity. Changing the background level of 1G will shift the
set-point away from its ideal position. Adaptation will restore the operational
range of the system within its normal limits. Thus, in a 3G environment the
otoliths would shift their set-point to a higher value. Assuming that re-adaptation
to normogravity is not immediately, the higher setting is likely to result in a
smaller response after centrifugation. The direction of the OT change (a decrease
in amplitude) in this experiment is in agreement with this.

From this reasoning we would expect that the static OT response would
increase after exposure to 0G (weightlessness). Previous studies on vestibular
adaptation to spaceflight, however, suggest the opposite (Vogel and Kass 1985;
Arrot and Young 1986; Hofstetter-Degen et al. 1993; Dai et al. 1994). This
discrepancy may be explained by the unique property of weightlessness that there
is no effective gravitational force to support spatial orientation. On earth, otolith-
induced OT is considered an orientational response which tends to maintain the
eye position with respect to gravity. In space, the otolith organs no longer register
gravity, but only receive stimulation from linear accelerations induced by head
movements. It has been postulated that in weightlessness all otolith signals
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become interpreted in terms of head translation. This is known as the “tilt-
translation reinterpretation theory” (Parker et al. 1985). Accordingly, the OT
response to head tilt is strongly reduced or absent in spaceflight (Hofstetter-Degen
et al. 1993; Clarke et al. 1993). Moreover, linear motion along the subject’s y-
axis, which normally induces OT, primarily produces horizontal eye movements
after spaceflight (Arrot and Young 1986). Hence, the effects of weightlessness on
the OT response presumably result from sensory-rearrangement which is related to
the reduced demand for orientational responses. The reduction in OT gain
observed in the present study may be based on a different mechanism, because in
hypergravity there is a gravitational force to allow for orientational responses. The
fact that we measured an effect during tilt about the subject’s x-axis, whereas the
resultant G-load was directed along the x-axis, implies that a central mechanism is
involved.

The effect on the OT response was not mirrored in the settings of a visual line
to vertical. Theoretically, a reduction in the sensitivity of the otolith system could
have consequences for the perceived angle of body tilt, and thus for the judgment
of the verticality of a line. According to the following reasoning, the perceptual
effect could even be larger than the oculomotor effect. Imagine that the subjective
vertical would depend entirely on the information provided by the otolith system.
Imagine also that a certain OT angle would strictly correspond to a certain angle of
body tilt specified by the otolith system. Then the expected change in the
perceived angle of body tilt could be obtained by looking at the post-test value of
static OT at a certain angle of body tilt, and finding the angle of body tilt which
produced the same amount of OT in the pre-test (by drawing a horizontal line
through an OT value in the post-test curve in Figure 2.2, and determining at which
angle of tilt the line crosses the pre-test curve). Nevertheless, there was no
connection between the two measures, as can be seen by comparing Figure 2.2 and
2.3. Other sensory senses, such as non-vestibular proprioceptors (De Graaf et al.
1992), may have compensated for the reduced otolith gain in the determination of
the subjective vertical. Previous centrifuge experiments have established an effect
on the control of postural balance, so that we can not eliminate the possibility that
reduction of the otolith gain (even if this is only 10%) has larger impact in
situations that require more active behavior than does passive static body tilt.
From this perspective dynamic SV measurements would have been useful.

Torsional and horizontal VOR
The profile of the centrifuge run consisted of a 30s acceleration up to a constant
velocity of about 150%s, which was sustained for one hour before the centrifuge

was decelerated to a stop in 30s. Thus there were only two brief periods of angular
acceleration, and we did not expect main changes in the functioning of the
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semicircular canals due to the centrifuge run. We did find a 10% increase of the
slow component gain of the torsional VOR. In all but the four SIC subjects this
trend was apparent in both body orientations, which excludes an otolithic origin
and argues for a change in the canal-induced VOR. The latter was not confirmed
by a change in the gain of the horizontal VOR. Spaceflight studies have provided
inconclusive evidence on the effects of an altered G-environment on the canal-
induced VOR. In the Spacelab-1 mission, Benson and Vieville (1986) did not
observe changes in the horizontal VOR gain in human subjects (during active and
passive oscillation). In monkeys, neither the horizontal VOR gain (Cohen et al.
1992), nor the vertical VOR gain (Dai et al. 1994) was found to be affected by
weightlessness. On the other hand, Berthoz et al. (1986) measured an increase of
the vertical VOR in humans on the first day after spaceflight. Clarke et al. (1993)
measured a reduction in the active torsional VOR in human subjects during the
first four days inflight, although Cheung et al. (1992) did not find any differences
in the torsional VOR during parabolic flight. One factor contributing to these
variable results may be the restricted number of subjects that is typical for studies
in space. Another explanation is that possible adaptation processes in the sensory
system may be concealed by the high plasticity of the VOR, as was suggested by
Dai et al. (1994). They did not find changes in the horizontal and vertical VOR
gain in monkeys after a two week spaceflight, while the activity of the primary
afferents of the semicircular canals was found to be increased in the same animal in
an accompanying study (Correia et al. 1994).

It is unlikely that the different post-test gain of the torsional VOR observed in
the SIC subjects in the present study, reflects a causal factor in the etiology of SIC.
First, the stimulus itself was not experienced as provocative. Second, the response
of the SIC subjects only differed from the other subjects in the supine roll
condition, in which the rotation was about an earth-vertical axis, whereas motion
sickness symptoms were induced by head movements about an off-vertical axis.
For that reason, a difference in the upright roll condition would have been more
compatible with the subjective reports. It is possible that the torsional VOR gain
in the SIC subjects was related to their state of alertness. Even though subjects
were encouraged to stay alert in all conditions, the measurement in a supine body
position in the dark may have invoked drowsiness especially in these subjects. In
contrast, the upright position may have provided sufficient arousal for a normal
response.

Surprisingly, the SCV gain of the torsional VOR in the pre-test appeared higher
in the upright condition than in the supine condition, suggesting that the otolith
function counteracted the canal-induced response. In view of the low gain of the
torsional VOR (the highest mean gain that we found was about 0.37) we had
expected that the combination of canal and otolith stimulation would yield a larger
response than canal stimulation alone. In another experiment we investigated this

38



Vestibular adaptation to hyper-G

response in more detail. The results of this experiment are described in Chapter 3
of this thesis. For now we will conclude that the otolith inputs have small and
variable effects on the magnitude of the slow component of the torsional VOR.
More important effects include modulation of the phase of the response at
frequencies below 0.2 Hz, and modulation of the OT range. Since both parameters
were unchanged after centrifugation, these otolith components provided no
evidence for otolith adaptation.

Finally, the decrease in the time constant of the horizontal VOR is interesting
with regard to a possible canal-otolith interaction. In general, the falling time
constant of the VOR for rotations about an earth-vertical yaw axis is longer than
the time constant of the signals from the semicircular canals, due to a brainstem
circuitry designated “velocity storage” mechanism (Raphan et al. 1979). The time
constant of velocity storage is affected by inputs from the otoliths. It can be
considerably reduced when the head is suddenly tilted (“tilt dumping” ), and it is
shorter during off-vertical axis rotations (Dai et al. 1991; Tweed et al. 1994b). It
is tempting to attribute the reduced time constant in the post-test to altered otolith
inputs that feed into the velocity storage mechanism. The static OT data may
confirm this. An interesting hypothesis is that, after the centrifuge run, the velocity
storage is inaccurately informed about the orientation of the rotation axis, and
erroneously “assumes” that the rotation is not about a vertical axis, resulting in a
shorter time constant. This can be visualized as if the system is incorrectly
spatially oriented because it is aligned with the resultant vector sum of actual
gravity and some “residual” +3Gx vector from the centrifuge run (like an inverted
G-excess phenomenon), until re-adaptation is complete. Psychophysical evidence
for this is provided by the sensation reported by most subjects, that they feel
inclined forward in the gondola after deceleration from a prolonged centrifuge run
(Bles and De Graaf 1993). This sensation normalizes only after a couple of
minutes, although even after 30 minutes a few subjects showed a measurable bias
of backward tilt when they were asked to align their body with vertical (Bles et al.
1989). Moreover, Dai et al. (1994) demonstrated in a spaceflight study that the
spatial orientation of the velocity storage mechanism is indeed capable to adjust to
the G-environment. At any rate, the shortened time constant is a strong indication
that the centrifuge run had consequences for the canal-otolith interaction.

Model for SIC

So far the only difference found between subjects who suffered from SIC and those
who did not, concerned the response to supine body roll. As explained above, we
do not see how this can play a role in the etiology of SIC. Instead, it is likely that
this difference was a consequence of their malaise, and not a cause. All other
parameters examined in the present study do not differentiate between SIC and
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non-SIC subjects, and therefore have no predictive value for the susceptibility for
SIC. Although the changes in ocular responses that we measured were relatively
small, they may explain the illusory surround motion during head movements. On
the other hand, the difference in magnitude of the effects that were subjectively
reported and the effects that were objectively registered may be due to different
time scales by which perceptual changes take place as compared to sensorimotor
changes. Indeed, it has been shown in human subjects living in an enclosed
rotating room, that perceptual and oculomotor reactions did not follow the same
course (Guedry 1991).

Based on the observation that after centrifugation visual motion illusions may
be induced by all head movements (including yaw-motion), but that motion
sickness symptoms are only provoked when the orientation of the head is changed
relative to gravity (roll and pitch), it was proposed that SIC is generated by
discrepancies in the internal representation of the vertical (the subjective vertical;
Bles and De Graaf 1993; Bles et al. 1997). This probably is a more accurate
interpretation than the commonly accepted “conflict theory” on motion sickness,
which states that motion sickness arises when the information from different
sensory systems is “at variance with one another or with what is expected from
previous experience” (Reason and Brand 1975).

The new model assumes that motion sickness only arises when there is a
conflict about the direction or magnitude of the subjective vertical. The subjective
vertical is determined based on the integrated information from the eyes, the
vestibular system and the non-vestibular proprioceptors. Normally the information
from these systems is congruent. However, when one or more of these systems
adapt to earth-anomalous gravity, this expectedly influences the computation of the
subjective vertical. It should be noted that an inaccurate subjective vertical does
not implicitly produce motion sickness. For instance, the present study
demonstrated that passive body roll in the dark was not experienced as
provocative, whereas active roll motion of the head in the light was. Furthermore,
static situations were not provocative at all. Apparently some self-generated action
is needed to perceive the discrepancy between the subjective vertical and the
reafferent feedback obtained by this action (De Graaf et al. in press). But even
then it is still unclear why some subjects suffer from SIC while others don’t. A
possible explanation is that, despite comparable physiological changes, subjects
may assign different relative weightings to the information provided by the various
sensory systems, leading to perceptual differences.

An alternative theory on the generation of space sickness is based on the
assumption that there are minor anatomical and physiological differences between
the left and right utricle (Baumgarten and Thiimler 1978). On earth, these
differences would be fully compensated for, but under hypo- and hypergravity
these differences would become pronounced, requiring new adjustments. During
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this process motion sickness may result. The asymmetry measured in OT during
parabolic flights may be a manifestation of this utricular imbalance (Markham and
Diamond 1991). We did not find (a change in) the asymmetry between the left and
right eye. Moreover, the OT response to static body tilt was similar in SIC and
non-SIC subjects, so that we did not verify an effect of hypergravity on utricular
imbalance, as a possible cause in the generation of SIC.

Conclusions

The results from this study suggest that the sensitivity of the otolith function was
reduced by 10% after a long duration +3Gx centrifuge run. This was observed by
a decrease in static OT amplitude. Although the effect was not present in the
corresponding static subjective vertical, it seems likely that a reduced otolith gain
has larger impact in dynamic situations, provoking postural instability and SIC.
According to a significant decrease of the time constant of the velocity storage
mechanism, centrifugation affected the otolith-canal interaction at a central level.
Admittedly speculative, this fits in the assumption that an earth-anomalous level of
gravity has consequences for the determination of the subjective vertical. The gain
of the torsional VOR was found to be augmented by 10% after centrifugation,
irrespective of body orientation with respect to gravity. Possibly, the observed
effects on the VOR may explain the sensations of illusory surround motion during
head movements. It is unclear, however, whether these small effects could induce
severe symptoms of SIC for several hours afterwards. The vestibular parameters
did not have any predictive value for the susceptibility to SIC.
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Chapter 3

Otolith contribution to the human torsional
vestibulo-ocular reflex

Introduction

The vestibular system contributes to the stabilization of the retinal image during
head movements by means of the vestibulo-ocular reflex (VOR). Whereas the
semicircular canals are clearly involved in the control of the angular VOR during
head rotation, the role of the otolith organs is more difficult to interpret. The
otoliths respond to linear accelerations, which may result from head translation,
but also from head tilt relative to gravity. Accordingly, “translational” and “tilt”
otolith-ocular responses (OOR) have been identified, each with different
spatiotemporal properties. It is illustrative for the ambiguity of linear acceleration
and tilt as stimulus for the otoliths, that tilt responses can be elicited by linear head
motion, and translational responses can be elicited by head rotation relative to
gravity. For instance, Paige and Tomko (1991a,b) distinguished translational
OORs and tilt OORs in squirrel monkeys during horizontal oscillation along
various body axes on a linear track. Translational responses included horizontal
and vertical eye movements during motion along the interaural axis and the dorso-
ventral axis, respectively. These eye movements were most sensitive to high-
frequency oscillations and were functionally compensatory to the linear motion of
the stimulus. Tilt responses included torsional and vertical eye movements during
motion along the interaural axis and the naso-occipital axis, respectively. In
contrast to the translational responses, the tilt responses were most sensitive to
lower stimulus frequencies and were not functionally compensatory to the motion
itself. This category of eye movements was designated “tilt” OORs because they
are normally associated with inclination of the head. In man, a well-studied tilt
OOR is ocular torsion in response to static head tilt in the roll plane (Miller 1962;
Belcher 1964; Bucher et al. 1992; Collewijn et al. 1985; Cheung et al. 1992). The
low-frequency dynamics of this response have been established in more detail
using linear acceleration along the interaural axis (Woellner and Graybiel 1959;
Colenbrander 1963; Hannen et al. 1966; Lichtenberg et al. 1982; De Graaf et al.
1996).

Adapted from: Groen E, Bos JE, De Graaf B. Contribution of the otoliths to the human torsional vestibulo-ocular
reflex. Submitted to Journal of Vestibular Research.
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It has been assumed that ocular torsion is determined exclusively by the shear
force along the maculae of the utricles, and not by the “swinging” of the resultant
gravito-inertial force relative to the head. Recently, however, it was suggested that
the ocular torsion response to interaural oscillation in man can be divided into a
component responding to linear motion and a component responding to the
swinging resultant gravito-inertial force (Merfeld et al. 1996). Correspondingly,
the steady state nystagmus observed during constant velocity rotation about an off-
vertical axis has been recognized as a third type of OOR, which reflects the ability
of the otoliths to estimate angular velocity from the rotation of the gravito-inertial
vector relative to the head (Guedry 1965; Benson and Bodin 1966; Angelaki and
Hess 1996a).

Basically, linear motion and constant velocity rotation about an off-vertical axis
are unnatural conditions for tilt OORs such as ocular torsion. The findings
obtained with these methods suggest that otolith-induced ocular torsion does exist
during rotations of the head in the roll plane, when the semicircular canals are
activated simultaneously. Nevertheless, there seems to be no decisive evidence
that such is the case in humans. Collewijn et al. (1985) studied ocular torsion
during active head roll, but did not determine the contribution of the otoliths.
Vieville and Masse (1987) made an attempt to isolate the contribution of the
otoliths from that of the semicircular canals, by measuring ocular torsion during
voluntary head movements in the roll plane (in only one subject), once with the
head erect, and once with the head prone. In the head-erect condition the motion
was about an earth-horizontal axis, modulating inputs from the otoliths and the
semicircular canal. In the head-prone condition the motion was orthogonal to
gravity, only stimulating the semicircular canals. In a frequency range from 0.1 to
0.4 Hz, the response gain was slightly higher and the phase lead smaller when the
head was erect compared to when the head was prone. Conversely, Tweed et al.
(1994) did not find a difference in three-dimensional VOR dynamics for
oscillations of 0.3 Hz about an earth-horizontal axis and about an earth-vertical
axis. However, taking the low-frequency characteristics of tilt OORs into account,
a frequency of 0.3 Hz may have been too high to reveal an otolith effect.

The goal of the present study was to investigate whether the otoliths improve
the low-frequency dynamics of the torsional VOR in human subjects. We focused
on the torsional VOR because it is considerably weaker than the horizontal and
vertical VOR (Crawford and Vilis 1991; Tweed et al. 1994), suggesting that
especially ocular torsion could benefit from assistance of the otoliths. We
compared the response to passive sinusoidal body roll about an earth-horizontal
axis and an about earth-vertical axis (in upright and supine body orientation,
respectively) in the frequency range from 0.05 to 0.4 Hz. At very low frequencies
the canal-induced VOR normally becomes less effective, showing a smaller gain
and a progressive phase lead (Carpenter 1988). Our main hypothesis was that the
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otoliths would enhance the gain and reduce the phase lead of the response in the
lower end of the frequency range.

In a previous study we measured ocular torsion during sinusoidal body roll at
0.25 Hz about an earth-horizontal and about an earth-vertical axis, and observed
that the torsional nystagmus contained less anti-compensatory saccades in the
former condition, which corresponded to larger amplitudes of ocular torsion
(Groen et al. 1996b). A similar finding has been reported for the vertical VOR in
rabbits (Barmack 1981). We believe that modulation of the saccadic activity in
vestibular nystagmus offers the possibility for the otoliths to control the position of
the eyes in space, and that this may be independent of effects on the slow
component (velocity) of the response. In addition to the slow component
dynamics, we therefore investigated the saccadic activity and the amplitude of
torsional eye position in the original nystagmus.

Methods

Subjects

Each of five healthy subjects, one female and four male, 28-37 years old,
participated in one experimental session of an hour with their informed consent.
Seated in a rotating chair, the subjects were sinusoidally rotated about their naso-
occipital (roll) axis. The subjects’ head was supported by a head rest, and the body
was firmly harnessed to the chair.

Stimuli

In total, there were six different stimuli of sinusoidal roll motion. Four of them
varied in frequency (0.05, 0.1, 0.2, and 0.4 Hz), but had a fixed amplitude (25°),
allowing for evaluation of the frequency response. Moreover, at the frequency of
0.2 Hz there were two additional stimuli with an amplitude of 12.5° and 50°,
respectively, so that the linearity of the response could be examined. Responses
were measured during ten cycles at most, with a maximum duration of one minute
(that is 3 cycles at 0.05 Hz, 6 cycles at 0.1 Hz, and 10 cycles at 0.2 and 0.4 Hz).
The same set of stimuli was applied in two different body orientations (Figure
3.1). In upright position, the rotation axis was earth-horizontal. Here, the stimulus
modulated semicircular canal and otolith inputs. In supine position, the rotation
axis was earth-vertical. Here, only the canal input was modulated. Thus, there
were 12 different conditions (six motion stimuli in two body orientations). To save
time of rearranging the chair between the two orientations, conditions were not
randomly applied. Instead, the stimuli were divided into two blocks of three, each
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of which was carried out in the upright orientation first, followed by the same
block in the supine orientation.

Eye movement recording

With two small synchronized CCD-cameras mounted on a head set, movements of
both eyes were simultaneously recorded on video with a sample frequency of 50
Hz. To avoid artifacts from movement of the cameras relative to the head, the head
set was attached to a dental frame with individual fit. Except for a point source
fixed to the camera, the measurements were performed in darkness. The subjects
were asked to gaze straight ahead into the cameras, using a reflection spot on the
camera lens for fixation. Thus “pure” torsional movements were measured. The
video recordings were digitized and analyzed off-line by means of the method
described in Chapter 1. The angle of ocular torsion was determined relative to a
reference image, arbitrarily chosen from the recording just prior to the stimulus
onset. The eye position signals were stored in separate datafiles, synchronized
with the corresponding stimulus signals (the actual rotation angle of the chair).

Analysis of the slow component

The datafiles were analyzed using an interactive computer program. First, we
determined gain and phase of the slow component velocity (SCV). For this, the
position signal was differentiated digitally, and saccades were removed by a
moving median filter with a window of 500 ms (the saccades were typically 100
ms of duration, or less). Subsequently, the amplitude and phase of the component
with the stimulus periodicity were estimated by means of discrete Fourier
transformation. The SCV gain was computed as the amplitude ratio of eye velocity
and stimulus velocity. The SCV phase was determined relative to the stimulus.
Positive values were used for a phase lead, where zero phase indicated perfect
compensatory eye velocity.

Although the gain and phase are interdependent parameters, we examined them
separately. This implies that an ambiguous phase of a small response may have a
disproportionate weight in the group’s average. Anticipating the results, however,
no data had to be excluded for this reason. First, all individual responses were
distinct enough to allow for reliable parameter estimation. And second, the
between-subject variability was small.

Analysis of eye position

In the absence of saccades, the behavior of the eye position would be directly
described by the SCV parameters. But in any nystagmus the excursion range of
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eye position is modified by saccades. To examine the effects of saccades, we
therefore determined the gain of torsional eye position, by averaging a number of
cycles of theoriginal nystagmus (including saccades) and measuring the amplitude
of the approximately sinusoidal result. Analogous to the determination of the SCV
gain, this amplitude then was divided by the stimulus amplitude to obtain the eye
position gain.

Figure 3.1. Two pictures showing the orientation of the TNO tilt chair for
whole body roll about (@) an earth-horizontal axis and about (b) an earth-
vertical axis. To illustrate the camera equipment for OT recordings, the
hood was removed in (a). The roll axis was more or less centered between
the eyes.
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The saccades themselves were characterized by their amplitude and incidence
(frequency). In general, the saccade amplitude is monotonously increasing with
peak velocity (Bahil et al. 1975, Lebedev et al. 1996), a rule which also holds for
torsional saccades (Collewijn et al. 1985). For technical reasons we took the
saccade peak velocity as a measure for their amplitude. The saccade frequency
was expressed as the number of saccades per second.

In general, the above analyses were performed on the entire response, with
disregard of the first cycle to allow the response to build up. Incidentally, one or
more cycles had to be ignored because of artifacts (e.g. eye blinks).

Hypothetical otolith response

Assuming additive contributions of the semicircular canals and the otoliths to the
slow component, we calculated a hypothetical otolith response as the difference
between the upright and the supine response. Instead of actually subtracting the
original signals, we calculated averages of the individual vector differences using
the available gains and phases of the SCV.

Results

Figure 3.2 shows 20 s periods of torsional nystagmus of one subject at different
stimulus frequencies, with a fixed amplitude of 25°. Data are shown in both the
upright and supine conditions. Similarly, Figure 3.3 shows data of the same
subject at different stimulus amplitudes, where the frequency is fixed at 0.2 Hz.
All responses feature an obvious sinusoidal “slow” component sharing the
periodicity of the stimulus. The amplitude of the nystagmus appears to increase
with increasing stimulus frequency and amplitude. In the next paragraphs the
contribution of the slow component and the saccades will be quantified.

Slow component velocity

In Figure 3.4a the SCV dynamics (gain and phase), averaged over all subjects, are
plotted versus stimulus frequency (with an amplitude of 25°). The data of both
eyes have been combined. The SCV gain increases significantly with stimulus
frequency (within subjects design ANOVA: F=34.87; df=3,12; p<0.01).
Furthermore, the average gain is significantly higher in upright than in supine
orientation (F=29.80; df=1,4; p<0.01). The linear relationship between the SCV
gain and the logarithm of the stimulus frequency (f) is demonstrated by the two
regression lines, plotted in the upper diagram of Figure 3a: yyprigne = 0.50 + 0.26
log(f), and ysupine=0.37 + 0.21 log(f).
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The corresponding phase characteristics, as presented in the lower diagram of
Figure 3.4a, reveal a significant interaction between body orientation and stimulus
frequency (F=11.07;df=3,12; p<0.01). In the supine orientation, at 0.05 Hz the
response leads the stimulus on average by 78°, which decreases slightly at 0.1 Hz,
and increases again up to 101° at 0.4 Hz. In the upright orientation, the average
phase lead is only 29° at 0.05 Hz, and successively increases to 99° at 0.4 Hz.
From 0.2 Hz and above, the phase leads in both body orientations are identical.

The hypothetical "otolith only" response, the vector difference of the upright
and supine response, is also depicted in Figure 3.4a (dotted line). The gain of this
response is about 0.1 for all frequencies, where the phase changes from a lag of
about 15° at 0.05 Hz into a lead of 90° at 0.4 Hz.

In Fig. 3.4b, the SCV gain and phase are plotted versus stimulus amplitude
(with frequency fixed at 0.2 Hz). There was no effect of amplitude, which implies
that the response behaves linearly in both body orientations for amplitudes from
12.5° to 50°. Again, there is a main effect of body orientation on the SCV gain,
which is consistently higher in upright than in supine (F=59.87;df=1,4;p<0.01).

Eye position

The three parameters describing eye position behavior are plotted in Fig. 3.5a for
increasing stimulus frequency, and in Fig. 3.5b for increasing stimulus amplitude.
The excursions of torsional eye position are invariably smaller than the
corresponding SCV gains. This confirms that the saccades are oppositedly
directed to the slow component, reducing the maximum amplitude of torsion. This
is best seen by comparing the upper diagrams of Figures 3.4b and 3.5b: the eye
position gain decreases significantly (F=64.78;df=1,4;p<0.01), whereas the gain of
the SCV remains constant with increasing stimulus amplitude. Parallel to this, the
average saccade frequency increases significantly with stimulus amplitude
(F=15.76;df=2,8; p<0.01), as does the peak velocity (F=49.84;df=2,8; p<0.01).
Similarly, the saccade frequency increases with stimulus frequency (F=29.28;
df=3,12; p<0.01), as does the peak velocity (F=23.24; df=3,12; p<0.01). In this
case, however, the gain of the eye position still increases, due to the increase in
SCV gain. From the original recordings, as shown in Figures 3.2 and 3.3, it is
evident that the saccadic activity is higher supine than upright. In fact, the
saccades seem to operate around an “offset”, which appears sinusoidally
modulated in the upright conditions, but seems about zero in the supine conditions.
Figure 3.5 shows that this can be attributed to a difference in the saccade
frequency, which is significantly higher in the supine than in upright orientation
(F=26.76; df=1,4; p<0.01). On the other hand, the saccade amplitude (or “beating
field”) is independent of body orientation, as is indicated by the average peak
velocity, which does not differ between upright and supine conditions.
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Figure 3.2. Twenty seconds of torsional nystagmus of one subject at four stimulus frequencies (fixed amplitude 25 °)
in the upright (left) and supine (right) orientation. The small markers below each trace indicate the moment of
maximum clockwise body tilt. Upward deflection of the eye position signal corresponds to counter-clockwise rotation.
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Figure 3.3. Twenty seconds of torsional nystagmus at three different stimulus amplitudes (with frequency fixed at
0.2Hz) in upright (left) and supine (right). Data are from the same subject as in Figure 3.2. The small markers below
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the traces correspond to maximum clockwise body tilt.



Stimulus frequency (Hz)

T
l ]
e
L>) /% ]
7]
£ i
©
&)
1
1
2
-;q %é R
Q
n
m —
(2]
©
=
o
o Supine
T e "otolith only™ 4 } o Uprr)ilg;‘ht i
I. | 1 L 1 | ,
0.05 0.1 0.2 0.4 12.5 25 50

Stimulus amplitude (deg)

Figure 3.4. The SCV dynamics, binocular data averaged over five subjects,
Jor the upright (filled circles) and supine conditions (open circles). In the
left column (a) the SCV gain and phase are depicted versus log stimulus
frequency. Here, the dotted line shows the hypothetical “otolith only”
response, calculated as the vector difference between upright and supine.
The solid lines in the gain plot (upper left diagram) are the fitted regression
lines: yyprign = 0.50 + 0.26 log(f), and yspine = 0.37 + 0.21 log(f). In all
other plots the connecting lines between data points are drawn. In the right
column (B) gain and phase are shown for the log stimulus amplitude.
Positive phase values indicate phase lead relative to a perfect compensatory
response. Error bars indicate S.E.M.
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Figure 3.5. The eye position parameters as they vary with log stimulus
Jrequency (a, left column) and amplitude (b, right column). The mean eye
position gain (upper diagrams), saccade frequency (middle diagrams), and
saccade peak velocity (lower diagrams) are shown for upright (filled
circles) and supine conditions (open circles). Error bars indicate S.E.M.

53



Discussion

In this study we compared the torsional VOR during oscillations about an earth-
horizontal and an earth-vertical roll axis, that is with varying and invariant otolith
input, respectively. We used passive body roll in order to minimize inputs from
the neck receptors. Therefore, the response differences between the two body
orientations were attributed to the contribution of the otoliths.

Slow component velocity

We found that in both body orientations the gain of the slow component velocity
increased with stimulus frequency. The gains observed were within the common
range of the human torsional VOR. For instance, the average SCV gain of 0.37 at
0.4Hz in the upright condition is similar to the value measured by Tweed et al.
(1994) at 0.3Hz. A further increase of the torsional gain up to 0.7 has been
reported for active head movements of 1 Hz (Collewijn et al. 1985; Vieville and
Masse 1987). The logarithmic relation between the SCV gain and the stimulus
frequency, suggested by our data, confirms these results.

In the present study, the gain was consistently higher, by an amount of 0.1, in
the upright orientation than in the supine orientation. In a previous study we
measured the torsional response in exactly the same way at the frequency of 0.25
Hz (Groen et al. 1996b). We then observed a higher gain in the supine conditions
compared to the upright conditions. Among the 11 subjects of the previous
experiment were the same five subjects of the present study. Although the
difference between the two conditions was significant for the entire group of 11
subjects, it was not for the subgroup of five subjects. Later we collected more
(unpublished) data of the same subjects, again at the frequency of 0.25 Hz, which
were consistent with the results described here. Considering these variable results
within subjects and the small effects, we do not believe that the otoliths contribute
significantly to improve the gain of the (torsional) VOR in humans. Other studies
have also failed to show a difference in SCV gain between earth-horizontal and
earth-vertical rotation (Tweed et al. 1994; Seidman er al. 1995). In this, humans
differ from lateral-eyed species, such as rabbits, where the otoliths almost
completely compensate for the reduced gain of the canal-induced VOR at very low
stimulus frequencies (Barmack 1981).

We adhere to a different conclusion with respect to the phase of the response: in
the lower frequency range, contribution of the otoliths had a significant effect on
the phase lead. At the frequency of 0.05 Hz the response to earth-vertical rotation
showed a phase lead of about 80°, which was only 30° in the response to earth-
horizontal rotation. Similarly, Vieville and Masse (17) reported that the phase lead
of ocular torsion during active head roll in their (only) subject was larger when the
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head was prone than when the head was erect. There is evidence that otolithic
control of the phase is not restricted to the torsional VOR. The same effect was
reported for the phase of the horizontal VOR in humans during barbecue spit
rotation (Benson 1970). Optimizing the phase therefore seems to represent a
general mechanism of the otoliths to improve the VOR dynamics.

In the present study, there are two otolith-induced responses under
consideration: a (position-dependent) response to head tilt, and a (position-
independent) response to the rotation of the gravito-inertial force relative to the
head (“tilt velocity”). With our experimental design however, it is difficult to
discriminate the two components in the calculated “otolith only” response. This
may explain why this response did not show the typical low-pass filter
characteristics, which have been described for tilt OORs (Paige and Tomko 1991a;
Hannen et al. 1966; Lichtenberg et al. 1982; De Graaf ef al. 1996; Merfeld et al.
1996). It is possible that the observed otolith effect on the phase of the slow
component exclusively resulted from the response to tilt velocity, as was argued by
Angelaki and Hess (1996a). Using sinusoidal rotation with an amplitude of more
than 360°, these authors demonstrated that it was the “tilt velocity” information by
which the otoliths improved the low-frequency dynamics of the angular VOR in
monkeys.

Theoretically, the reduction of the phase lead of the slow component may be
accomplished via the neural integrator (Robinson 1971), which converts eye
velocity signals into position signals. In their physiological range, the canal
afferents encode for angular head velocity, which is suitable to drive the
movements of the eyes, but needs to be integrated to hold the eyes in their new
position after cessation of the movement. At lower frequencies, the canal signal is
shifted toward acceleration (Férnandez and Goldberg 1971), as becomes clear in
the progressive phase lead of the VOR. To hold eye position then, the signal
would have to be integrated twice. Our data suggest that the otoliths provide
supplementary (tilt) velocity information that can be used to achieve this extra
integration step.

Eye position

Due to anti-compensatory saccades the eye position gain was invariably smaller
than the gain of the slow component. This effect was most noticeable in the
response to earth-vertical rotation: at all stimulus frequencies the nystagmus
consisted of more saccades in the supine condition than in the upright condition,
even though the corresponding SCV gain was higher in the latter. The amplitude
of the saccades was equally large in both body orientations, indicating that the
beating field itself was unaffected. Instead, it was the offset of the beating field
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that was sinusoidally modulated during earth-horizontal rotation. This resulted in
larger accumulation of ocular torsion in the upright orientation, illustrated by the
higher eye position gain. This confirmed our assumption that the otoliths modulate
torsional eye position by influencing the saccadic behavior. In contrast to the
observed effect on the phase of the slow component, the effect on the saccade
frequency reached over the entire frequency range, so that presumably the two
effects are independent.

We believe that modulation of the beating field offset is an instrument for the
otoliths to maintain eye position in space. It may well be that this is common to
any system associated with gaze stabilization, since it has been reported that the
incidence of anti-compensatory saccades in the ocular torsion response is reduced
in the presence of a visual scene (Collewijn et al. 1985). By the same token, our
results indicate that stabilization of the eyes-in-space is less important when the
rotation is independent of gravity. Here, the system seems inclined to compensate
for head velocity, irrespective of the orientation of the eyes. From this we
conclude that the canals are primarily concerned with stabilization of the retinal
image in head-centric coordinates, whereas the otoliths tend to anchor the
oculomotor coordinate system with respect to gravity.

Listing’s law

Although our study concerned one-dimensional eye movements, the above
described effects are relevant in the light of Listing’s law, which applies to three-
dimensional eye movements. According to this law, the eyes usually assume
positions that can be reached from a certain reference position by rotation about an
axis laying in a head-fixed plane. When this reference position is the primary
position, these axes lie in a plane (Listing’s plane) perpendicular to the gaze
direction (Tweed et al. 1990). As a result of the strategy as described by Listing’s
law, the oculomotor system tries to avoid torsional eye positions. This implies that
there is a conflict between minimizing the degree of ocular torsion and stabilizing
the position of the eyes in space. This raises an alternative explanation for the low
torsional gain of the VOR. Originally, it has been argued that a low torsional gain
is not necessarily inadequate, because torsional movements do not alter the
direction of gaze and thus preserve fixation on a stationary target (Seidman et al.
1989; Ferman et al. 1987). As a result, there would be little retinal slip in the
foveal area. However, these assumptions only hold when ocular torsion is
regarded as rotation about the line of sight, that is relative to the eye. There is
reason to believe that the torsional VOR should be regarded in head-fixed
coordinates, or, more precisely, in Listing’s coordinates (Crawford and Vilis 1991;
Tweed et al. 1994). In the view of these authors, the low torsional gain signifies a
trade-off between perfect (co-axial) compensation for head rotations and obeying
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Listing’s law. The compensatory slow component tilts the rotation axes of the eyes
out of Listing’s plane, which is subsequently restored by anti-compensatory
saccades. Our data confirm this behavior for the supine position. During earth-
horizontal rotation, however, the (now) varying otolith contribution complicates
the matter. It is questionable whether this otolith-induced ocular torsion should be
considered as a violation of Listing’s law. In fact, it may establish the link
between the eye in its head-centric orientation (according to Listing’s law) and the
eye in the orientation to the environment (i.e. to gravity). It has been hypothesized
that the static ocular torsion during head tilt may result from a shift of Listing’s
plane (Vilis 1993). Indeed, the rotation axes of voluntary saccades have been
shown to lie in a plane shifted in torsional direction when the subject is tilted
laterally (Crawford and Vilis 1991). Similar observations have been made for
static tilt in pitch (Haslwanter ez al. 1992). Recently, Angelaki and Hess (1996a,b)
found that in monkeys the otoliths did not only influence the slow component but
also the saccades of vestibular nystagmus. They argued that the orientation of
primary position is dynamically modulated by the otoliths. The modulation of the
beating field offset, observed in the present study, indicates that the otoliths serve
this function also in humans.

In conclusion, our data showed that the dynamic contribution of the otoliths
improved the human torsional VOR dynamics at low stimulus frequencies, mainly
by keeping the response in phase with the stimulus motion. In addition, the
otoliths reduced the number of anti-compensatory saccades in the nystagmus,
increasing the excursion range of torsional eye position. Through these effects the
otoliths achieve better stabilization of the eyes-in-space.
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“Those who are to participate in the apparent gyrations of the swing - and there may be quite a
number who enjoy it simultaneously - are ushered into a small room. From a bar crossing the
room, near the ceiling, hangs a large swing, which is provided with seats for a number of people.
After the people have taken their places, the attendant pushes the car and it starts into oscillation
like any other swing. The room door is closed. Gradually those in it feel after three to four
movements that their swing is going rather high, but it is not at all. The apparent amplitude of
the oscillations increases more and more, until presently the whole swing seems to whirl
completely over, describing a full circle about the bar on which it hangs. To make the thing more
utterly mysterious, the bar is bent crank fashion, so that it seems demonstrably impossible for the
swing to pass between bar and ceiling. It continues apparently to go round and round this way,
imparting most weird sensations to the occupants, until its movements begin gradually to cease
and the complete rotation is succeeded by the usual back and forth swinging, and in a few
seconds, as the children say, “the old cat dies.” The door of the room is opened and the
swinging party leaves. Those who have tried it say the sensation is most peculiar and the
deception perfect.”

“The haunted swing”

(from A.A. Hopkins. 1976. Magic, stage illusions , special effects and trick photography. A.A.
Hopkins. Dover Publications, New York)
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Chapter 4
Illusory self-tilt in a “Tumbling Room”

Introduction

Rotation of a visual display about an earth-horizontal axis induces a sensation of
continuous self-motion accompanied by a sensation of self-tilt in the opposite
direction, or equivalently an apparent tilt of the subjective vertical in the same
direction (Dichgans and Brandt 1978). The degree of illusory self-tilt is
determined by several factors. First, the effect increases with the area of the
rotating display, especially when the stimulus motion expands to the retinal
periphery (Held et al. 1975). Second, illusory self-tilt is a function of stimulus
velocity, but only up to about 40°/s (Held et al. 1975; Howard et al. 1988). Third,
the strength of the effect depends on the orientation of the head relative to gravity.
The effect is stronger when the head is tilted 90° to the side, or inverted, as
compared to erect (Young et al. 1975; Dichgans et al. 1975). Additionally, the
axis of rotation relative to the subject may be important too. It was found that
illusory self-inclination is larger for backward rotation of the scene about the
subjects’ y-axis (pitch) compared to forward pitch motion (Young ef al. 1975). In
general, the average maximum illusory body inclination does not exceed 20°,
which is attributed to the restraining influence of the otolith organs.

Furthermore, illusory self-tilt depends on the type of visual information in the
display. Three types of visual cues contribute to the sense of body orientation with
respect to gravity: visual motion, visual frame, and visual polarity. A visual frame
is a set of lines and surfaces that constitute a frame which is normally aligned with
gravity. Visual polarity comprises objects which show a identifiable “up” and
“down”. Visual motion alone can be obtained by rotation of a display with a
texture lacking visual frame and visual polarity cues. Most studies on visually
induced self-tilt have applied rotating displays textured with non-polarized dot
patterns. Recently, Howard and Childerson (1994) used a 7 feet cubic room, which
contained distinct cues for visual frame and visual polarity, and which rotated
about the subjects’ roll-axis. In total, 60% of the upright subjects reported a
compelling sensation of complete self-rotation, meaning that the information of the
graviceptive sensors was completely overridden by the dominant visual stimulus.
The other 40% of the subjects experienced a limited degree of self-tilt, either

Results of this study have been reported in: Howard IP, Cheung B, Groen E (1997) Disorientation training in non-
motion based simulator. DCIEM report W7711-5-7256.
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constant or alternating. During the latter, the subjects perceived self-tilt with the
body becoming erect each time a surface became horizontal. Some subjects noted
the feeling that they were supine and experienced self-rotation about a vertical roll-
axis.

The so-called “Tumbling Room” used by Howard and Childerson was rebuilt to
make it more realistic and provide it with a richer variety of polarized objects. The
study described here was performed using this new Tumbling Room, with the
following objectives: (1) Determine the percentage of subjects that perceive full
self-rotation when immersed in a highly polarized scene. (2) Examine the effects
of body posture on illusory self-tilt produced by rotation of the room (in the
previous study the subjects sat in an erect posture). (3) Compare the effects of
rotation of the room for different viewing directions of the subject relative to the
room (roll, pitch, or yaw). Because the results showed that the rotating Tumbling
Room was very effective in producing sensations of complete self-rotation, it was
of interest to know whether (4) static tilt of the room could induce sensations of
self-tift which exceeded previously reported illusory self-tilt in response to static
tilt of visual scenes. This question was addressed in an additional experiment by
testing erect subjects with rotation about the roll axis only.

Methods

Furnished room

The furnished room consisted of an 8 foot cubic frame lined with plywood on the
floor and foam plastic sheets on the walls and ceiling (Figure 4.1). One side wall
had a window with a lighted outdoor scene, a valance curtain and plants. The
opposite wall had an interior house door that allowed access to the room. The
walls were papered and decorated with pictures, hanging objects, and a bookcase
holding books, a teddy bear and three cups hanging from cup hooks. There was a
small kitchen table screwed to the floor, set with cutlery, plates, cups and saucers,
a bread basket and a box of tissues. Two wicker chairs either side of the table
completed the scene. The floor was carpeted and there were baseboards against
the walls, and additional floor details included waste baskets and slippers. All
objects were carefully held in place by either hidden bolts, glue or Velcro, so that
they stayed in place when the room rotated. In the center of the ceiling was a
simple 60W fluorescent light fixture with a plastic cover. Thus, the room provided
a clear visual frame and a rich variéty of visual information about which direction
was up and which direction was down.” ' '
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Figure 4.1. The interior of the furnished Tumbling Room (upper picture)
tilted 180°. A variety of objects was fastened to the walls and floor. The
room rotated about a fixed earth-horizontal axis (lower picture). By
changing the orientation of the chair, the effective rotation axis relative to
the subject could be varied between roll, pitch, or yaw.




Bearings were placed on the centers of an opposite pair of walls and the whole
structure was mounted on external brackets so that it could be rotated about a
horizontal axis passing through the center of the room. Room rotation was
generated by a computer controlled DC servomotor. The subject was strapped into
a seat supported on a 10 inch square boom which protruded through one wall along
the axis of rotation of the room. The chair could be removed and replaced by a
bed, which was suspended between the boom on one side and a shaft on the other
side of the room.

Constant velocity rotation of room

Profile

The room rotated about an earth-horizontal axis at a constant velocity of 30°s for 4
cycles over a period of 48 s. The initial acceleration and final deceleration were 5
°/s* applied over a period of 6 s. The lights were on all the time and the subjects
looked straight ahead at the center of the wall in front of them.

The first experimental variable was the rotation axis with respect to the subject.
The subject was placed in each of three postures so that the room rotated about the
subject’s roll, pitch, or yaw axis. For roll, the subject was looking along the axis of
room rotation. For pitch, the chair was turned so that the subject was facing the
side wall with the door. For yaw, the chair was replaced by the bed with the
subject lying along the axis of rotation of the room. The second variable was body
orientation. In roll, the subject was seated upright, tilted left ear down or right ear
down. In yaw, the subject was lying either in supine position, or with left ear down
or right ear down. In pitch, the subjects were seated upright or pitched backwards
90° into supine posture, but they were not pitched forward, since this would have
been an awkward position. Finally, the direction of room rotation was either
clockwise or anti-clockwise. The 16 conditions were arranged in blocks per
rotation axis. The order of conditions within each block and the order of blocks
was counterbalanced over subjects. Additionally, conditions were alternated for
direction.

Responses

Thirty-two subjects (of whom 12 were familiar with the purpose of the experiment)
were tested in each of 16 conditions. Subjects were asked to report their sensations
of self-tilt according to the following categories (Howard and Childerson 1994):
(a) “Full tumbling”, subjects felt as if they had rotated completely through 360°.
(b) “Alternating self-tilt”, subjects felt that they were rotating opposite to the room
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to a certain angle of self-tilt, then felt suddenly upright, and then began tilting
again. (c) “Constant self-tilt”, subjects felt inclined at a more or less constant
angle in the opposite direction of room motion. (d) “Supine”, subjects felt as if
they were lying supine, looking up at the rotating display that now appeared to be
rotating in a horizontal plane. (e) “No effect”, subjects did not experience self-tilt
but felt veridically upright.

The subjects were also asked to rate the magnitude of their sensations of self-
motion (vection) on a seven point scale (0 - only room motion; 1 - much more
room motion than self; 2 - more room than self; 3 - equal room and self; 4 - more
self than room; 5 - much more self than room; 6 - only self-motion).

Static tilt of room

Profile

The subject sat erect in the chair with the head near the center of the furnished
room. The room rotated about the subject’s roll axis and brought to rest at one of
four angles with respect to the vertical. While the room was moving, subjects kept
their eyes closed for a fixed time so that the duration of eye closure could not
indicate how far the room had moved. The angles of scene tilt were 0, 40, 80, and
120°, either clockwise or anti-clockwise. There were thus seven conditions, each
repeated four times per subject.

Response

Subjects indicated their subjective vertical by aligning two black one-inch diameter
discs (“indicator”) with the apparent vertical. The discs were placed on a
transparent circular disc about 1 foot in diameter which was mounted at its center
on a horizontal shaft protruding from the axis of room rotation in the facing wall,
about five foot in front of the subject. The setting of two dots was preferred to the
setting of a line because of possible tilt contrast effects between a line and the
room. The subject could set the disc to the desired angle by means of a servo
device which controlled a motor attached to the disc shaft. There was some
overshoot each time the disc rotated. However, subjects quickly learned to handle
the rotating device with a minimum of overshoot. Six subjects were tested in each
condition, making 168 randomized and counterbalanced trials.
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Results
Constant velocity rotation

The rotating room induced compelling sensations of self-rotation about an earth-
horizontal axis. Subjects were aware that the pressure sensations acting on the
five-point harness were not what they expected from full self-rotation but this did
not prevent them from feeling that they had rotated through 360°. After
completing the experiment, several subjects found it difficult to believe that they
had remained stationary and the room had been rotated. The percentages of the
different kinds of sensations produced by room rotation are set out in Figure 4.2
for each axis of rotation. There were no significant effects of the factors rotation
axis, body orientation, or direction of rotation on the type of self-rotation (tested
with Pearson’s Chi-square). In total, 83.8% of the 512 responses were “full
tumbling”; 8.4% were “alternating self-tilt”; 5.5% were “constant self-tilt”; and
23% were “no effect”. The number of subjects that accounted for these
percentages are shown above the bars in Figure 4.2 (in fact, these numbers indicate
how many subjects experienced the regarding sensation in at least one of the
trials). There were no “supine” responses.
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Figure 4.2. Percentage of all 512 responses (32 subjects in 16 conditions)
Jor each category of illusory self-tilt in the tumbling room for each axis of
rotation with respect of the subject’s body for a constant room velocity of
30%s. The numbers above the bars indicate the number of subjects who
experienced the corresponding sensation at least once.
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Mean vection magnitude over the 32 subjects for room rotation about the subject’s
roll, pitch, and yaw axes are shown in Fig. 4.3. Vection data were subjected to an
ANOVA (within subjects design). There were no significant effects of rotation
axis, body orientation, or direction of rotation. Vection was on average relatively
well saturated with an average of 4.6 (st. dev.1.8), which means that - except for
some residual sensation of room motion - most of the visual motion was attributed
to self-motion.

Vection magnitude
w
]

Pitch Roll Yaw

Figure 4.3. Mean vection magnitude in the tumbling room for each axis of
rotation with respect to the subject’s body during constant room velocity
of 30%s. Bars are standard errors of the mean (n=32).

Static tilt

The mean subjective vertical (constant error from true vertical) and the mean
variable errors (standard deviation) are shown in Figure 4.4. There was a
significant main effect of scene tilt angle on the subjective vertical (F=4.99; df=3;
p<0.05), but only between 0° and 40° (post-hoc Tukey: p<0.05). There was a non-
significant trend for the effect of room tilt on the variable error between the four
repetitions per condition (F=3.0; df=3; p=0.06). The data from the condition in
which the room was vertical show that the accuracy of the settings was quite good.
On average, the visual stimulus was set at -1.1°, that is, slightly anti-clockwise
from the true vertical. The precision was 1.5° (mean standard deviation).
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Figure 4.4. Mean constant error (a) of the vertical setting of the indicator
(subjective vertical) for each angle of room tilt (six subjects with four
measures per condition). Corresponding mean variable errors (b) of the
subjective vertical for each angle of room tilt. Bars are the standard
errors of the mean.

Figure 4.5 shows the distribution of all settings of the indicator to vertical. For 40°
of room tilt, some subjects aligned the indicator with the room, while others
showed only a tendency to align it with the room. In only one trial of one subject
was the indicator set in the opposite direction of the room. For larger angles of
room tilt, 80° and 120°, the response varied greatly between subjects. One subject
(S6) aligned the two dots almost exactly with the tilted room in all conditions.
Another subject (S4) sometimes reported that the indicator appeared vertical when
it was close to being aligned with the room and sometimes when it was close to the
actual vertical. There was no time limit in setting the indicator, and this subject
kept rotating it over large angles before making a decision. As a result, his settings
for 80° and 120° scene tilt were rather scattered. Two other subjects (S1, S3)
consistently set the indicator close to the true vertical. Finally, two other subjects
(S2, SS) seemed to use either the real floor or the surface that was closest to
horizontal as the apparent floor. This resulted in a bimodal distribution of their
responses which is reflected in the mean distribution settings over subjects in
Figure 4.6. The settings of the indicator for each subject are shown in Figure 4.5.
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direction of the room (with the exception of the upright room condition,
where the sign is not related to the room tilt, but illustrates the accuracy of
the indicator setting).
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Discussion
Constant velocity rotation

All subjects experienced complete self-rotation (self-tilt through 360°) in most of
the trials when exposed to rotation of the furnished room. Over 80% of the
responses were “full tumbling”. Subjects also experienced strong sensations of
self-motion (vection) whether or not they experienced full self-rotation. In the
furnished room used by Howard and Childerson (1994), 60% of subjects reported
full self-rotation. This room was smaller and contained less polarized visual
features. There have been no other scientific reports of sensations of full self-
rotation produced by visual stimulation alone in the presence of restraining
information from the otolith and somatosensory organs. People experienced full
tumbling in the “haunted swing”, a fairground device that was built towards the
end of the last century (Wood 1895). The room rotated about the pitch axis, while
the observers sat in a stationary gondola with their heads several feet below the
axis of rotation. In this case, the information of the otolith organs was not
necessarily contradictory with the simulated motion, since the resultant G-force
would have stayed approximately in line with the body axis when the gondola were
to have actually rotated. In the present study the observer’s head was near the axis
of rotation, so that during actual body rotation the otolith organs would have
indicated self-tilt. The high rate of full tumbling therefore demonstrates that
immersion in a rotating polarized scene can fully override the restraining otolith
organ and semicircular canal inputs.

There was no difference in incidence of self-rotation sensations between the
three axes of rotation: roll, pitch, and yaw. Nor was there a measurable effect of
body orientation with respect to gravity. Previous reports showed that vection
magnitude is larger for yaw rotation than for pitch, which in turn is larger than for
roll (Howard et al. 1988). Moreover, visually induced self-tilt and self-rotation
normally increase when the body is inclined to gravity (Young et al. 1975). The
reason that these effects were not found in the present study must be due to the
general effectiveness of the furnished room. Presumably the response was already
saturated in an upright body posture, and tilting the body could not add to this.

Static tilt

Subjects were most consistent in setting the visual display to the apparent vertical
when the furnished room was upright. The variable errors were comparable to
those reported by Witkin and Asch (1948). When the room was tilted 40° the
position of the apparent vertical shifted in the direction of room tilt and was equal
to room tilt for some subjects. For tilt angles of 80° and 120°, responses became
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highly variable. Subjects became confused and their disorientation sensations
were less stable. Some subjects fluctuated between two criteria of verticality: the
room, as indicated by the visual polarity, and the actual direction of gravity as
signaled from the otolith and somatosensory sense organs.

Asch and Witkin (1948a) had subjects stand in the laboratory and look into a
furnished room tilted 22°. Settings of a rod inside the room to the apparent vertical
were displaced on average 15° in the direction of room tilt. A simple tilted frame
produced an apparent tilt of only 6°. In the present experiment subjects were
immersed in the tilted room, and the angles of scene tilt were larger. This resulted
in larger effects. In a similar study, Howard and Childerson (1994) observed on
average only 15° at 40° of room tilt, with a maximum of 60°. At larger angles of
scene tilt, there was a strong tendency of the subjects to use the surface-closest-to-
horizontal as subjective floor. In the same study, results were compared to the
effects of a framed room without any polarity. The results were similar, except for
40° of room tilt, where subjects in the framed room took the diagonal (a 45° tilted
square frame may be seen as an erect diamond with a “vertical” at 45° intervals).

Conclusion

It is concluded that a static, richly polarized visual scene in which the subject is
immersed can induce illusions of self-tilt far greater than previously reported.
However, for most subjects, a static polarized room is not as effective as a rotating
room in inducing strong illusory self-tilt. The full self-rotation experienced by
most people when immersed in a richly polarized and moving visual environment,
such as the rotating furnished room, must represent the combined effect of motion,
visual frame and the polarity features in the room. With the rotating room subjects
were generally consistent in their responses and did not report the ambiguity that
they experienced in the static tilted room.
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Chapter 5

Influence of body roll on visually induced self-tilt

Introduction

A stationary observer exposed to a rotating scene experiences self-rotation, or
circularvection in the opposite direction and perceives the scene as stationary
(Fischer and Kornmiiller 1930). It generally takes 20-30 s for vection to reach its
full strength, which is ascribed to the absence of the vestibular inputs that would
accompany actual self rotation during this initial period (Dichgans and Brandt
1978). Because the semicircular canals do not respond to steady rotation of the
body, the relative motion of the visual surroundings is the only cue to steady
passive rotation about a vertical axis. Therefore, during circularvection about a
vertical axis there is a visual-vestibular conflict only at the onset of the visual
motion. Accordingly, the latency of circularvection can be shortened by an
impulsive rotation of the body in the same direction (Brandt ef al. 1974).
Circularvection about a horizontal axis is more complicated, because it affects
the perceived orientation of the body with respect to gravity. This not only
involves inputs from the semicircular canals, but also from the otolith organs. The
otoliths register the steady state orientation of the head relative to gravity, and thus
contradict visually induced sensations of self-tilt in a stationary observer. As a
consequence, rotation of the visual surroundings about a horizontal axis typically
produces a sensation of continuous self-rotation accompanied by constant illusory
self-tilt with a mean value of about 20° (Dichgans et al. 1972; Held et al. 1975).
Moreover, the magnitude of circularvection has been found to be smaller for
rotations about a horizontal axis than for rotations about a vertical axis (Held et al.
1975; Howard et al. 1988). Because of the persisting visual-otolith conflict, it is
questionable whether passive body rotation at the onset of the visual motion can
enhance visually-induced sensations of self-rotation and self-tilt about a horizontal
axis, as it does for circularvection about a vertical axis. In the present study we
addressed this question for rotation about the line of sight (roll axis) in an upright
observer.
In flight simulators with a motion base, vestibular onset cues are applied to
enhance sensations of self-motion. A motion base has limited travel and must be

Adapted from: Groen E, Howard IP, Cheung B. Effects of actual body roll on visually induced self-tilt. Submitted
to Journal of Vestibular Research.
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returned to its original position after a maneuver without disturbing the sensation
of self-motion. This is done by an acceleration below the vestibular threshold, a
procedure known as washout. We examined the effects of washout temporally
separated from the onset by delaying the restoration of the body position. The
effective vestibular stimulus to body roll can be decomposed into a rotation
component and a tilt component. It was hypothesized that the magnitude of
circularvection primarily depends on initial body acceleration in the washout
maneuver, whereas the extent of perceived self-tilt primarily depends on the angle
of body tilt. To investigate this hypothesis we exposed subjects to whole-field
visual rotation about the horizontal roll axis and superimposed two acceleration
levels of body roll, one above the vestibular threshold and one in the threshold
region.

Method
Stimulus

The subject sat inside a 9-foot diameter sphere lined with black dots on a white
surface. The seat was padded with “slow recovery” plastic foam and the subject
was constrained by a five-point harness and head rest with the head upright and
close to the center of the sphere. The sphere was illuminated by a 60 watt light
bulb placed above and behind the subject's head. The sphere and chair could be
rotated independently about the same earth-horizontal axis. The rotation axis
passed through the center of the sphere and was parallel to the subject’s roll axis
centered on the subject’s head. There were seven conditions (Table 5.1). The
effect of visual motion itself was investigated in one condition in which the sphere
alone rotated (“visual motion”). The effect of body motion was investigated in two
conditions, in which the subject alone rotated (“subject motion”). The effect of
washout was investigated in three “washout conditions”, in which both the sphere
and the subject rotated. In two washout conditions the washout was delayed for
40s (“delayed-washout”), and in the third condition the washout immediately
followed the onset (“immediate-washout”). Finally, the effect of body tilt without
washout was investigated in a condition in which the subject was tilted before the
sphere was accelerated, and restored to upright after deceleration of the sphere
(“pre-tilt”). The sphere accelerated at 3°s” until it reached a terminal velocity of
18%/s which was maintained for 80 s before deceleration. The subject was
accelerated at either 0.7°/s> (“subthreshold”) or 3°s® (“suprathreshold”). We
selected an acceleration of 0.7°s” because it is in the threshold region for detection
of self rotation about the roll axis and takes over 1 s to detect. An acceleration of
3%s? is detected in under 0.1 s (Gundry 1978).
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Condition

Onset

Washout

1 Visual-motion

Sphere accelerated at 3%s* to constant velocity of 18%s.
Chair stationary.

After 80s sphere decelerated at 3%s* to stop.

2 Subject-motion suprathreshold

Chair accelerated/decelerated at 3%s? to 15° of tilt (in 4.55).

Sphere stationary and visible.

After 40s chair accelerated/decelerated in reverse to the

vertical.

3 Subject-motion subthreshold

Chair accelerated/decelerated at 0.77%s* to 15° of tilt (in
8.8s). Sphere stationary and visible.

After 40s chair accelerated/decelerated in reverse to the

vertical.

4 Delayed-washout suprathreshold

Chair motion as in 2,
Synchronous acceleration of sphere to constant velocity of

18°%/s (acceleration of sphere relative to chair was 3°s?).

Chair motion as in 2.
Sphere motion relative to the chair kept constant at 18°s and
maintained for a further 40s.

5 Delayed-washout subthreshold

Chair motion as in 3.
Synchronous acceleration of sphere to constant velocity of

18%s (acceleration of sphere relative to chair was 3%s%).

Chair motion as in 3.
Sphere motion relative to the chair kept constant at 18%s and

maintained for a further 40s.

6 Immediate-washout

Chair motion as in 2.
Synchronous acceleration of sphere to constant velocity of

18%s (acceleration of sphere relative to chair was 3%s%).

Immediately after onset phase, the chair
accelerated/decelerated at 0.77°/s? back to the vertical.
Sphere motion relative to the chair kept constant at 18°/s and
maintained for a further 40s.

7 Pre-tilt

Chair motion as in 2.
After 20s the sphere accelerated at 3%s” to constant
velocity of 18%/s.

Sphere motion maintained for 40s and stopped. Subject
remained tilted 15° for a further 30s.

Table 5.1. Acceleration profile of chair and sphere in onset-phase and washout-phase in the concordant motion
conditions. Chair tilt was achieved by constant acceleration up to half the final tilt angle of 15° followed by
constant deceleration of equal magnitude.



The subject was accelerated and then decelerated to a tilt angle of 15°. This is
designated the onset phase of the washout trial. In the onset phase the sphere
accelerated in the opposite direction so that the acceleration of the sphere relative
to the subject was always 3°%/s’. In the delayed-washout conditions, the body tilt of
15° was maintained for 40s while the sphere rotated at a constant velocity of 18%s.
This is the post-onset phase of the trial. After 40s the subject returned to the
vertical with the same acceleration/deceleration sequence as in the onset phase.
Simultaneously, the sphere was accelerated/decelerated to keep its velocity relative
to the subject constant. This is the washout phase of a trial. After the subject came
to a stop in the upright position, the sphere continued to rotate at 18°%s for a further
40s. This is the post-washout phase of the trial. In the immediate-washout
condition, the suprathreshold onset phase was immediately followed by a
subthreshold washout phase, so that the subject was upright for the remaining 80s
of sphere rotation at 18%s. This condition most closely resembles washout
sequences used in flight simulators. Finally, in the “pre-tilt” condition the subject
was tilted to 15° about the roll axis with the sphere stationary. After 20s the sphere
motion was initiated and maintained at 18°s for 40s and stopped while the subject
remained tilted.

In the above washout conditions, the sphere and the subject rotated in opposite
directions. This was designated “concordant motion”, because both motions
produced sensations of self-motion in the same direction. We added two
“discordant motion” conditions, in which the sphere and the body moved in the
same direction. To keep the relative acceleration between the subject and the
sphere comparable to that in the concordant conditions, the sphere accelerated
faster than the chair, which created self-tilt in the opposite direction to the subject
motion. In one discordant condition the body was tilted at subthreshold
acceleration, and in the other at suprathreshold acceleration.

The velocity profiles of the subject and sphere for the concordant conditions are
set out in Figure 5.1. The corresponding position profiles of the subject are shown
in Figure 5.2. All conditions were performed with the light on. Each condition
was run twice, once for clockwise and once for anti-clockwise motion of the
sphere. The order of conditions was counterbalanced over subjects.

Responses

Subjects were asked to report verbally the magnitude of perceived body tilt and
vection. The reports were taken 20 s after each acceleration-deceleration onset
phase or restoration phase during the time of constant body posture and constant
sphere rotation. It was assumed that the post-acceleration effects of the
semicircular canals had faded after 20 s. The angle of self-tilt was expressed in
degrees by all but two subjects, who preferred to use a scale based on half-hour
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Figure 5.1. Velocity profiles of sphere (thin line) and chair (bold line) for
concordant conditions. To indicate relative velocity, the same sign is used
Jor sphere and chair velocity, although they rotated in opposite directions.
The supra- and subthreshold subject-motion conditions are not shown, but
the velocity profiles of the chair were the same as in the supra- and
subthreshold delayed-washout conditions, respectively. The arrows
indicate when the subject reported perceived self-tilt and vection. In all
but the pre-tilt condition, there were two test phases.
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Figure 5.2. Position profiles of the chair. In the supra- and subthreshold
conditions, the chair was tilted to 15° and kept in that position throughout
the 40 s post-onset phase, before the upright position was restored. In the
immediate-washout condition the chair was tilted at a suprathreshold
acceleration, and immediately tilted back to upright at a subthreshold
acceleration.

intervals of the hour hand of a clock. Vection was expressed by a five-point scale
as shown in Table 5.2. Subjects were also asked to keep a tactile rod aligned with
the perceived vertical. The rod was 20 cm long and placed to the side of the
subject’s right knee. The rod was not quite out of sight but subjects were asked not
to pay visual attention to it. The first movement of the rod indicated the latency of
illusory self-tilt at the beginning of each trial and the magnitude of rod tilt
provided a measure of the perceived vertical which could be related to the verbal
estimates.
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Vection value  Experience

0 All motion in the sphere

1 Sphere moves faster than subject

2 Subject and sphere move at same velocity in opposite directions
3 Subject moves faster than sphere

4 All motion in subject .

Table 5.2. The five-point vection scale

Results

Twelve subjects participated in the experiment, seven men and five women
between ages of 24 and 60. One subject had to withdraw because of developing
nausea. The data from another subject were excluded from the analysis because
she experienced full self-rotation in all conditions, probably because she confused
vection with illusory self-tilt. A third subject felt supine in about half of the
conditions, and the perceived tilt data were entered as missing. Her vection and
latency data were used.

Latency

The mean values and standard errors of the 10 subjects are shown in Figure 5.3 for
the latency of perceived tilt, as indicated by settings of the tactile rod. The latency
in the visual-motion condition was significantly longer than in the washout
conditions (within subjects design ANOVA; F=9.91; df=3,6; p<0.01). A post-hoc
Tukey test revealed a difference between the visual-motion condition and
suprathreshold delayed-washout condition and between the visual-motion
condition and the immediate-washout condition (p<0.05), but not between the
visual-motion and the subthreshold delayed-washout condition. There was no
difference in latency between the visual motion and the pre-tilt condition. The
latency was longer in the subthreshold subject-motion and washout conditions than
in the suprathreshold subject-motion and washout conditions (F=47.13; df=1,4;
p<0.01). There was no difference between the suprathreshold delayed-washout
condition and the immediate-washout condition.

There was no main effect of acceleration level of the subject on the angle of
perceived self-tilt in the post-onset phase of both subject-motion and delayed-
washout conditions. The magnitude of perceived self-tilt was greater in a tilted
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body position than in an upright body position, according to a significant
difference between the delayed-washout conditions and the visual-motion
condition (tactile rod: F=6.37; df=2,18; p<0.01; verbal estimate: F=7.22; df=2,18;
p<0.01). In the pre-tilt condition the angle of perceived tilt as indicated by the
tactile rod (but not the verbal estimate) was significantly greater than in the visual-
motion condition (F=20.15; df=1,9; p<0.01) and also greater than in the delayed-
washout conditions (F=4.47; df=2,18; p<0.05). However, in neither the delayed-
washout conditions nor in the pre-tilt condition, was perceived self-tilt greater than
the sum of the visual-motion condition and the suprathreshold or subthreshold
subject-motion condition, respectively. Perceived tiit in the immediate-washout
condition was not different from that in the visual-motion condition, indicating that
the effect of actual body tilt disappeared after washout.
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Figure 5.3. Mean latency of perceived self-tilt in the concordant-motion
conditions. The bars indicate standard errors of the means (n=10).
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Perceived self-tilt

The results for the magnitude of perceived self-tilt, as indicated by settings of the
tactile rod and by the verbal estimate, are shown in Figs. 5.4a and b, respectively.
Verbal estimates were consistently higher than estimates derived from settings of
the tactile rod. For instance, in the post-onset phase of the subject-motion
conditions the mean perceived tilt indicated by the settings of the tactile rod was
10.3°, while the verbal estimate amounted to 21.9° (F=15.12; df=1,9; p<0.01). In
general, the two measures varied in a similar way with experimental conditions.

In both subject-motion conditions, restoration of the subject to vertical resulted
in a significant decrease in perceived self-tilt to about zero (tactile rod: F=17.44;
df=1,9; p<0.01; verbal: F=27.96; df=1,9; p<0.001). In the delayed-washout
conditions, the perceived tilt was smaller in the post-washout phase than in the
post-onset phase for both verbal (F=20.0; df=1,8; p<0.01) and tactile judgments
(F=6.14; df=1,9; p<0.05), and was no longer different from the judgments in the
visual-motion condition. There was no effect of acceleration level on the
perceived tilt in the post-washout phase.

Magnitude of vection

The mean vection magnitudes are shown in Figure 5.5. In the post-onset phase
there were no differences between the various conditions. On average, vection
magnitude was about 2.5, indicating that the subjects experienced slightly more
self motion than sphere motion. Washout seemed to reduce the vection magnitude:
in the suprathreshold and subthreshold delayed-washout condition, the mean
values before washout were 2.4 and 2.7, respectively, and became 1.8 and 1.9 after
washout. This difference, however, did not reach significance.

Discordant conditions

Subjects were very confused in the discordant conditions. According to the verbal
reports, the direction of perceived body tilt was initially determined by the tilting
chair, but then quickly changed sign and became determined by the visual
stimulus. But even during the constant velocity phase, subjects did not have much
confidence in their judgments. They felt tilted to one side (visually induced) and
pressure to the other side. As a consequence, the subjects indicated that they were
guessing when they set the tactile rod to the vertical, and they often failed to move
it. Therefore, only verbal estimates were analyzed.

The magnitude of estimated self-tilt in the post-onset phase varied around zero
(1.9 3.5 in suprathreshold condition; -2.4 7.0 in subthreshold condition). This
suggests that the visual stimulus roughly canceled the self-tilt induced by the body
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Vestibular onset cue to self-tilt

tilt, which is about 20° according to the verbal estimate in the subject-motion
conditions. This value is similar to the experienced self-tilt in the visual-motion
condition. Thus, as in the concordant washout conditions, the combination of body
tilt and visual motion induced an effect no greater than the sum of effects produced
by the corresponding visual-motion and the subject-motion conditions. After
washout of the subject to the vertical, estimated self-tilt changed in the same
direction and was no longer different from that in the visual-motion condition (9.7
+3.2 in suprathreshold condition; 19.1 4.2 in subthreshold condition).
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Figure 5.5. Mean vection magnitude in the post-onset and post-washout
phases of the concordant-motion conditions. Vection was scored on a
scale of zero to four. The bars are standard errors of the means (n=10).
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There were no significant differences in vection magnitude between the concordant
and discordant combined-motion conditions. In the post-onset phase the mean
vection magnitude was 2.5+0.3 in the discordant suprathreshold condition, and
2.3£0.3 in the discordant subthreshold condition. After washout these values were
2.0+0.3 and 2.35+0.3, respectively, which is not significantly different from the
post-onset values.

Discussion

In this study we investigated whether passive body motion accompanying motion
of a visual scene about the horizontal roll axis affects the latency and magnitude of
sensations of self-tilt and self-motion (vection). The magnitude of perceived tilt
was greater when visual motion was accompanied by concordant tilt of the subject
than when there was only visual motion or only subject tilt. This is what one
would expect from addition of the response to body tilt and that to visual motion.
Because the magnitude of perceived tilt did not depend on the level of subject
acceleration, we conclude that the increase in perceived tilt was merely due to the
tilt component of the subject roll stimulus - and not to the rotation component.
Sensations of self-motion, as opposed to self-tilt, were not much affected by
whether visual motion was or was not accompanied by real self-motion or real self-
tilt.

There seem to have been few studies on the additivity of visual and vestibular
contributions to perceived self-tilt. It has been shown that the effects of a rotating
or tilted display on sensations of vection and self-tilt are larger when the head is in
a tilted position (Asch and Witkin 1948; Held et al. 1975; Bishof 1978; Young et
al. 1975). This non-linearity is attributed to the sensitivity of the utricles being
higher when the head is erect than when it is tilted. As a result otolith inputs
would be less reliable when the head is tilted, resulting in a lower weighting of
otolith inputs relative to visual inputs. We did not find that actual tilt facilitated
visually-induced self-tilt. When corrected for the response to real body tilt,
perceived tilt in the washout conditions was not different from that in the visual-
motion condition. It is likely that the angle of 15° was too small to produce
sufficient change in otolith sensitivity.

For rotation about the vertical yaw axis Zacharias and Young (1981) found that
the threshold for detection of self-motion was reduced when visual motion was
accompanied by real self-motion.  With vertical yaw motion, however,
semicircular canal inputs are involved but not otolith inputs. They proposed a
model in which visual and vestibular inputs are combined with weightings which
depend on whether visual inputs are consistent with vestibular inputs. Inconsistent
vestibular inputs were assigned higher weightings than consistent vestibular
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Vestibular onset cue to self-tilt

inputs. Our results showed signs of linear addition when visual and vestibular
inputs were consistent. However, when the two inputs were in conflict, the results
were so variable that the additive model could not be tested.

When the body was rotated along with the visual stimulus and then returned to
vertical, perceived self-tilt in the erect observer was the same as it would have been
if the body had not moved. Thus the effects of real self-tilt on the magnitude of
sensations of self-tilt persist when the body remains in a tilted position but do not
persist after the body has returned to the vertical. In the typical washout sequence
in a motion-base flight simulator, the body is returned to the vertical at near
threshold acceleration immediately after being accelerated with the visual scene, as
in our immediate-washout condition. Under these conditions, washout produces
only a momentary potentiation of sensations of self-tilt while the body is tilted, but
the effect does not outlast the washout procedure. From these results we expect
that when a motion base executes a series of washout movements in close
succession, the magnitude of illusory self-tilt will be larger than that produced by
visual motion alone.

The main effect of body roll was a reduction of the latency of detection of self-
motion. The latency of tilt sensations was shorter when suprathreshold body
motion and visual motion were combined compared with when the visual scene
alone was rotated, and was similar to the latency of indicating real body motion
alone. A reduction in latency in a flight simulator means that the subject will show
less phase lag in his response to the simulated motion. Gundry (1977)
distinguished between “maneuver motion” arising from the pilot’s control of the
aircraft, and “disturbance motion” arising from turbulence or aircraft failure.
There has been conflicting evidence about whether motion bases in flight
simulators improve pilot training, as reflected in transfer from simulator to actual
flight. In general, performance has been found to improve under disturbance
motion, but not under maneuver motion. When performance improved, pilot
reactions were more rapid and accurate with motion-based training than without
motion-based training (Caro 1979). In addition, learning time and error rate of a
visual tracking task improved when visual motion was accompanied by concordant
body motion. Since disturbance motion is imposed on the subject without
warning, responses should have longer latency than those to maneuver motion. In
maneuver motion, subjects can anticipate the motion of the aircraft and, under
these circumstances, latency will be short without a motion base. Also, with
disturbance motion, reaction time should be longer in the absence of real self
motion than in the presence of real self motion.

We used body roll as the vestibular onset cue for self-tilt. This paradigm is not
appropriate to simulate the vestibular stimulation arising from banked turns. A
banked turn of a real aircraft generates a centrifugal force in excess of 1g to which
the pilot’s body and the otolith organs remain aligned (Gilson et al. 1973). In real
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tilt of a motion base the otolith organs are displaced relative to gravity and there is
no g-excess. Similar differences between real flight and motion-base simulation
exist in pitch maneuvers (Cramer and Wolfe 1970). Differences of this type
probably account for why the pilot’s ratings of fidelity of motion sensations in a
flight simulator were not related to large changes in the motion of a motion base
(Bussolari et al. 1987).

The visual display used in the present study was lined with dots which gave no
indication of “up” and “down” (visual polarity). Visual motion alone of a whole-
field stimulus does not completely override the contradictory information from the
otolith organs in an erect observer, resulting in combined sensations of continuous
vection and limited self-tilt (Howard et al. 1988). To override the otolith inputs
completely, one needs a visual stimulus containing clear horizontal and vertical
lines (visual frame) and features with a top and bottom, such as chairs and tables.
Howard and Childerson (1994) showed that more than 60% of erect observers
reported sensations of head-over-heels rotation (360° of self-tilt) when placed
inside an 7-foot cubic furnished room with abundant visual polarity cues, rotating
about the line of sight. However, when exposed to static tilt of the furnished room
up to 120° the mean perceived self-tilt was at most 15°. The larger effects
produced by the moving room are presumably due to the combined effects of
motion, the visual frame and visually polarized objects. It therefore seems that the
most effective visual stimulus to induce apparent self-tilt in an upright observer is
a moving polarized scene. We conclude that apparent self-tilt can be enhanced by
a typical washout sequence of real body tilt, but only during the actual tilt. More
importantly, the latency of perceived self-tilt is greatly reduced when visual motion
is accompanied by suprathreshold body rotation. We found no effects of actual
body tilt on sensations of self-rotation.
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Summary

Chapter 1

In this chapter a new and automatic method was described to determine ocular
torsion (OT) from digitized video images (Video-oculography). We developed this
method based on the tracking of iris patterns. Instead of quantifying OT by means
of cross-correlation of circular iris samples, which is commonly applied, this new
method automatically selects and recovers a set of 36 significant patterns in the iris
by a technique of template matching. Each relocated landmark results in a single
estimate of the torsion angle. A robust algorithm estimates OT from this total set
of individually determined torsion angles, thereby largely correcting for errors
which may arise as due to misjudgments of the rotation center. In a prepared set of
images of an artificial eye the new method reproduced OT with an accuracy of
0.1°. In a sample of 256 images of human eyes, a practical reliability of 0.25° was
achieved.

Chapter 2

The objective of this experiment was to assess evidence for vestibular adaptation to
prolonged hypergravity in human subjects as to substantiate previously described
effects, such as postural imbalance and motion sickness (Sickness Induced by
Centrifugation, SIC). We measured the ocular torsion response in eleven subjects
during static and dynamic body tilt, once before and once after an one-hour
centrifuge run of +3Gx. The OT response to static tilt (in the range of 0 to 57° to
either side) showed a 10% decrease, suggesting a reduced otolith gain. The
otolith-canal interaction was examined by comparing the dynamic OT response to
sinusoidal body roll (frequency of 0.25 Hz and amplitude of 25°) about an earth-
horizontal rotation axis (stimulation of both otoliths and canals) and about an
earth-vertical rotation axis (stimulation of canals). After centrifugation, the gain of
the slow component velocity increased in both conditions in all but four subjects,
who showed a decrease in the supine condition (but not in the upright condition).
These four subjects developed symptoms of SIC, so that the different behavior of
their SCV gain was likely due to a declined state of alertness which specifically
may have occurred in the supine condition. In addition to the OT data, the
horizontal VOR was measured in response to a velocity step rotation about the
vertical yaw axis. The mean gain of the horizontal VOR was unaffected by
centrifugation, but the dominant time constant was significantly reduced. Because
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the time constant of the horizontal VOR is centrally controlled by the velocity
storage mechanism, this result provides evidence for vestibular adaptation at a
central level.

Chapter 3

In the experiment of Chapter 2 the dynamic OT response (or torsional VOR) was
measured to study possible effects of centrifugation on the canal-otolith
interaction. However, the response did not show a clear otolith contribution.
Supposedly, the stimulus frequency of 0.25 Hz had been too high to reveal an
otolith component. The response was therefore studied in more detail at a wider
frequency range. The ocular torsion response was examined during passive
sinusoidal body roll in five human subjects. To separate the otolith organ and
semicircular canal contributions, again the axis of rotation was varied between
earth-horizontal and earth-vertical. At a fixed amplitude of 25°, the stimulus
frequency was varied from 0.05 to 0.4 Hz. Additionally, at a fixed frequency of
0.2 Hz, the response was also measured at the amplitudes of 12.5° and 50°. The
results showed that the gain and phase of the slow component velocity (SCV) did
not depend on stimulus amplitude, indicating a linear response. Contribution of
the otoliths affected the ocular torsion response in three different ways. First, the
gain of the SCV was slightly but consistently higher during earth-horizontal
rotation than during earth-vertical rotation. In the supine orientation the average
gain increased from 0.10 to 0.26. In the upright orientation the average gain
increased from 0.14 to 0.37. Second and more substantially, modulation of the
otolith inputs improved the response dynamics by reducing the phase lead at
frequencies up to 0.2 Hz. Third, the nystagmus showed considerably less anti-
compensatory saccades in upright conditions than in supine conditions, even
though the SCV gain was lower in the latter. As a consequence, the average
excursion of torsional eye position was highest during earth-horizontal rotation.
This effect was observed in the entire frequency range. Thus, the otoliths did not
only control the torsional VOR at low stimulus frequencies by keeping the slow
component in phase with head motion, but also in a wider frequency range by
modulating the saccadic behavior as to increase the excursion range of torsional
eye position. We conclude that, during head tilt, the primary concern of the
otolith-oculomotor system is to stabilize eye position in space, rather than to
prevent retinal blur. This confirms that tilt otolith-induced ocular responses
subserve spatial orientation.
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Samenvatting

Chapter 4

This chapter describes a study on the effectiveness of a highly polarized visual
environment to induce sensations of self-motion and self-tilt in a stationary
observer. The subject were immersed in an 8 foot cubic room which could be fully
rotated about an earth-horizontal axis. The interior of the room was filled with
common visual features such as a door, a window, and a great variety of objects
which indicated up and down (visual polarity). When the room was tilted about
the roll axis of an erect observer it produced illusory self-tilt by virtue of its visual
polarity alone. Although the effect was larger than is known from the literature,
the experienced self-tilt did not linearly increase with room tilt. At higher angles
of room tilt (80 and 120°) the judgment of verticality became more variable and
depended less on the visual scene. The room induced complete self-rotation in
more than 80% of the cases when it was rotated at constant velocity about a
stationary subject in various body positions. This strong effect was attributed to
both its motion and its visual polarity.

Chapter 5

This chapter describes a study on the visual-vestibular interaction in the judgment
of the body orientation relative to gravity. Illusory self-tilt and self-motion
(vection) produced by rotation of a full-field non-polarized visual scene about the
subject’s roll axis was measured as a function of the presence or absence of actual
rotation of the subject during visual acceleration. Subject rotation was at two
levels of acceleration and with or without a delay between initial rotation and
subsequent return (washout) to the vertical position. In one set of conditions,
visual motion and self-motion were in opposite directions (concordant) and in
another set they were in the same direction (discordant). For concordant motion
the main effect of body rotation was to reduce the time taken by the subject to
indicate self-rotation. The magnitude of self-tilt was increased by actual body tilt
as could be expected from addition of the perceived actual body tilt and illusory
body tilt induced by visual rotation. This effect of augmented body tilt did not
persist after the body was returned to the vertical. The magnitude of vection was
not influenced by body rotation and washout. For discordant motion of the body
and the visual scene, subjects were confused and their responses were very
variable. This suggests a non-linear visual-vestibular interaction, in which
perceived self-tilt and self-motion are strongly determined by visual inputs, except
for discordant accelerations of the body and the visual surroundings. Then the
perception is determined by the vestibular inputs.
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Concluding remarks

In our daily lives, the omnipresent force of gravity helps the perceptual system to
integrate egocentric information arising in the eyes, head, and body into an
exocentric frame of reference. With the otolith organs in our inner ear, we possess
a sensory system that is specialized to detect gravity and thus to register the
orientation of our head in space. Still, the otolith organs do not have the exclusive
rights to graviceptive information. The visual and somatosensory system also
provide important “down” cues. In normal situations, these sensory systems
cooperate as silent partners, making it difficult to determine to what extent each of
them is responsible for our sense of orientation. In this thesis I examined the
contribution of the otolith system and the visual system to oculomotor and
perceptual behavior in two situations where these systems provide discordant
information.

First, in the centrifuge experiment described in Chapter 2, the approach was to
specifically modify the contribution of the otolith system by exposing subjects to
prolonged hypergravity. It was assumed that the vestibular system - the otolith
organs in particular - would adapt to this higher G-environment. Accordingly, the
otolith system would be “maladapted” to normal gravity for some duration
afterwards, thus providing incorrect information about the direction and magnitude
of gravity. This view was based on previous observations that centrifugation
causes postural imbalance and perceptual changes which may result in motion
sickness, similar to the symptoms of the space adaptation syndrome seen during
the first days of spaceflight. In the centrifuge experiment presented here, the
emphasis was on changes in the otolith-induced ocular torsion response in the need
of a quantification of vestibular adaptation. Eye movements were recorded on
video tape, and before I was able to “digest” the increasing pile of ocular torsion
data in a reliable way, a new automatic method for video-oculography had to be
developed first (Chapter 1). Typically, the amplitude of ocular torsion is rather
small in man. Hence, using this response in an attempt to relate the perceptual
consequences of centrifugation to vestibular adaptation felt like looking for a
needle in a hay stack, while in search of the hay stack itself. Nevertheless, the
measurements before and after the centrifuge run yielded consistent evidence for
otolith adaptation. Additional VOR measurements indicated that this adaptation
affected the canal-otolith interaction. Unfortunately I did not observe a direct
relationship between oculomotor and perceptual variables. This presumably stems
from the fact that the VOR was recorded during passive vestibular testing, while
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the perceptual consequences were most outspoken during self-generated
movements.

The second situation of discordant graviceptive information was created by
rotating the visual surroundings of a stationary observer about an earth-horizontal
axis (Chapter 4). Static tilt of the visual stimulus resulted in a limited degree of
illusory self-tilt, even though the subjects were actually immersed in a tilted
environment which was detailed with a rich variety of familiar and polarizing
objects. In the case of continuous rotation of the same visual stimulus, however,
subjects reported compelling sensations of head-over-heels rotation, irrespective of
their actual body orientation. Thus, to completely the override the restraining
otolith inputs one needs a rotating polarized scene, i.e. a combination of visual
motion and visual polarity information. In the rotating non-polarized sphere of
Chapter 5, it was shown that sensations of self-tilt are temporarily enhanced by real
body tilt. These effects do not persist after washout in which the body is returned
to vertical.

The former two situations were basically concerned with infersensory
processes. Chapter 3, on the other hand, dealt with intrasensory interaction within
the vestibular system itself. It focused on the relative contribution of the
semicircular canals and the otolith organs to the torsional VOR during sinusoidal
body roll. Here I learned that there is something peculiar about the torsional
component of eye movements. Several workers in the field of eye movements
have spent the last century or so to prove that during voluntary saccades the eyes
only assume positions which involve no torsion. This restriction is generally
known as Listing’s law. All situations which elicit ocular torsion have
consequently been labeled as violations of this law. That is bad news for someone
who spent more than a year developing a technique to measure ocular torsion! But
the case may not be lost yet. It has been argued that the low gain of the torsional
VOR in man reflects a conflicting situation for the oculomotor system. On one
hand the vestibular system demands to generate a collinear VOR (even if this
involves torsion), while on the other hand some “Listing’s operator” demands to
avoid torsion. The validity of Listing’s law has essentially been tested during
static conditions. The results of Chapter 3 indicate that we should consider the
possibility that, during head movements, Listing’s coordinates are dynamically
modulated by the otolith system. The otolith-induced component to the response
consisted of a modulation of torsional eye position, compensating for head
position, while the canal-induced component was clearly charged with the
compensation for head velocity. This finding reflects an important functional
difference between both vestibular subsystems: the semicircular canals operate in
head-centric coordinates, whereas the otolith organs provide a link to exocentric
coordinates by registering the orientation of the head relative to gravity. In
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Concluding remarks

conclusion, the semicircular canals can be considered as velocity detectors,
whereas the otolith organs can be described to be primarily position detectors.

To me, the most remarkable finding is that both the oculomotor and the
perceptual responses showed this position-velocity dichotomy. For instance, in the
torsional VOR this was visible as the modulation of the beating field (position),
superimposed on the slow component (velocity). Similarly, in the rotating sphere,
subjects simultaneously experienced a limited degree of self-tilt (position) and a
sensation of continuous self-motion (velocity). I believe that the effects observed
after centrifugation, or during spaceflight for that matter, can be attributed to the
otolith organs providing different position signals than would be anticipated based
on previous experience in the normal 1G environment. In this sense, the situations
of hypergravity and hypogravity are not essentially different. Until adaptation to
the new situation has taken place, which may last from several hours to several
days, both sensorimotor and perceptual responses will be inappropriate. It is,
however, important to note that adaptation in hypergravity may be accomplished in
a different way than adaptation in weightlessness. In hypergravity, there is still a
gravitational “down” - which is even stronger than normal - to allow for
(intrasensory) adaptation of the otolith system itself. For example, this can be done
by reducing the sensitivity, as is suggested by the results of the centrifuge
experiment in this thesis. In weightlessness, on the contrary, there is no
gravitational “down”, and position signals from the otolith organs are completely
missing. Here, (intersensory) adaptation may take place by replacing the otolith
signals by other sensory signals, for instance from the visual system. No matter
how adaptation is achieved, the result will be that the subject is able to function
optimally in the new environment. The sensory systems have become silent
partners again.
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Samenvatting

Zwaartekracht is een van de meest constante kenmerken in onze dagelijkse fysieke
omgeving, zowel qua grootte (1G) als qua richting (verticaal). —Door de
aanwezigheid van zwaartekracht kunnen we “onder” en “boven” in onze omgeving
onderscheiden. Een adequaat gevoel van oriéntatie op de zwaartekracht is van
belang voor onder andere een goed houdingsevenwicht. Onze ruimtelijke
oriéntatie ontstaat door de integratie van zintuiginformatie over de stand van de
lichaamsdelen onderling, en over de stand van het lichaam in de omgeving. Deze
informatie is afkomstig van verschillende zintuigsystemen. Bijvoorbeeld, de
proprioceptoren in de nek signaleren de stand van het hoofd op de romp, maar niet
de stand van het hoofd in de ruimte. Voor dat laatste zijn we aangewezen op de
otolietorganen (kortweg “otolieten”) en voor een belangrijk deel ook op het visueel
systeem. De otolieten maken onderdeel uit van het evenwichtsorgaan en kunnen
worden beschouwd als gespecialiseerde zwaartekracht-sensoren. Zij registreren de
hoek die het hoofd maakt met de verticaal. Doorgaans kan dit soort informatie ook
worden ontleend aan de visuele omgeving, die meestal duidelijk horizontaal en
verticaal georiénteerde structuren bevat. Dit proefschrift heeft betrekking op de rol
die de otolieten en het visueel systeem spelen in de oriéntatie op de zwaartekracht.
Dit gebeurt aan de hand van oogbewegingen (oogtorsie) en de waarneming van de
verticaal. Een probleem hierbij is dat, onder normale omstandigheden, de
oriéntatie-informatie van de verschillende zintuigen een grote mate van overlap
vertoont. Dat maakt het moeilijk om de individuele bijdrage van elk zintuig vast te
stellen. Daarom is een aantal experimentele situaties gecre€erd waarin de
verschillende zintuigen als het ware tegen elkaar zijn uitgespeeld.

Het promotie-onderzoek begon met een experiment waarin specifiek de werking
van de otolieten werd veranderd door ze te adapteren aan een hoger zwaartekracht-
nivo (hoofdstuk 2). Proefpersonen werden in een zogenaamde mensen-centrifuge
een uur lang blootgesteld aan een zwaartekracht van 3G, waarvan verondersteld
werd dat het vooral de otolieten stimuleert en de andere zintuigsystemen
ongemoeid laat. Eerder onderzoek had al uitgewezen dat een dergelijke
centrifuge-run consequenties heeft voor het houdingsevenwicht, en dat zich
naderhand bovendien symptomen van bewegingsziekte voordoen bij het maken
van hoofdbewegingen (Sickness Induced by Centrifugation, SIC). Deze effecten
werden toegeschreven aan otoliet-adaptatie, temeer daar hetzelfde soort
verschijnselen optreedt tijdens de eerste dagen van gewichtloosheid in een
ruimteviucht. Dat is eveneens een situatie waarin de otoliet-informatie afwijkt van
die onder normale 1G. De resultaten in hoofdstuk 2 laten zien dat er inderdaad
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sprake is van otoliet-adaptatie aan een zwaartekracht-nivo van 3G. Centrifugeren
leidt tot een reductie van de oogtorsie respons, achteraf gemeten in een draaistoel.
Oogtorsie is de (compensatoire) rotatie van de ogen om de visuele as die wordt
opgewekt door zijwaartse kanteling van het hoofd. De oogtorsie tijdens statische
kanteling wordt toegeschreven aan stimulatie van de otolieten. Derhalve duidt de
gevonden reductie in statische oogtorsie op een afgenomen gevoeligheid van de
otolieten. Aanvullende metingen van de horizontale vestibulo-oculaire reflex
(VOR) toonden voorts aan dat deze otoliet-adaptatie gevolgen heeft voor de
interactie tussen de otolieten en de halfcirkelvormige kanalen. Er werd geen
correlatie gevonden tussen veranderingen in oogbewegingen en het optreden van
SIC. Dit houdt vermoedelijk verband met het feit dat de oogbewegingen werden
gemeten tijdens een passieve draaistoel-test, terwijl de verschijnselen van SIC juist
werden waargenomen tijdens actieve hoofdbewegingen.

In een ander experiment werd de interactie tussen otolieten en
halfcirkelvormige kanalen in het genereren van oogtorsie nog eens apart onder de
loep genomen (hoofdstuk 3). In de literatuur bestaat een grote hoeveelheid bewijs
dat de otolieten verantwoordelijk zijn voor de statische oogtorsie tijdens statische
kanteling van het hoofd. Daarentegen is het nauwelijks bekend welke rol de
otolieten spelen bij de dynamische oogtorsie tijdens het roteren zelf. Deze respons
wordt doorgaans geheel toegeschreven aan de halfcirkelvormige kanalen. Niet
alleen vormen de kanalen het aangewezen zintuigsysteem om rotaties van het
hoofd te detecteren, maar ook is de amplitude van otoliet-geinduceerde oogtorsie
relatief klein (de maximale statische oogtorsie bedraagt gemiddeld ongeveer 6-7°
bij een kanteling van 60-90°). Om de otoliet-component in dynamische oogtorsie
boven water te krijgen werd de respons gemeten tijdens oscillaties rond een
horizontale as en rond een verticale as. In beide situaties is de stimulus voor de
kanalen identiek. De stimulus voor de otolieten verschilt echter wel. Bij rotatie
rond een horizontale as verandert de stand van het hoofd ten opzichte van de
verticaal. Dit wordt waargenomen door de otolieten, zodat in deze situatie zowel
de kanalen als de otolieten kunnen bijdragen aan de respons. Een rotatie rond een
verticale as is echter indifferent met betrekking tot de otolieten, zodat in dit geval
de respons volledig tot stand komt door stimulatie van de kanalen.

Vergelijking van beide situaties leert dat de dynamische oogtorsie respons op
twee belangrijke manieren wordt beivloed door de otolieten. Allereerst zorgen de
otolieten ervoor dat bij lage stimulus frequenties de respons beter in fase blijft met
de beweging van het hoofd. Daarnaast blijkt het aantal snelle slagen (saccades) in
de nystagmus onder invloed van de otolieten sterk verminderd: in de kanaal
respons worden de ogen vaker naar een nul-positie teruggezet dan in de
gecombineerde kanaal-otoliet respons. Het gevolg hiervan is dat er, ondanks een
nagenoeg gelijke oogsnelheid, een grotere amplitude van oogtorsie wordt bereikt
wanneer de otolieten “meedoen”. Als we er rekening mee houden dat de
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oogrotatie tegengesteld gericht is aan die van het hoofd (zeker omdat de otolieten
het verschil in fase bij lagere frequenties teniet doen), betekent een grotere variatie
van de oogstand in het hoofd een kleinere variatie van de oogstand in de ruimte.
Op deze manier dragen de otolieten bij tot een betere stabilisatie van oogpositie ten
opzichte van de omgeving. De kanaal respons lijkt er meer op gericht om
beweging van het beeld op het netvlies (retinale slip) terug te dringen, ongeacht de
positie van de ogen. Met andere woorden, de kanalen regelen de oogsnelheid in
een egocentrisch codrdinatenstelsel, en de otolieten bewaken de oogpositie in een
exocentrisch codrdinatenstelsel.

Het feit dat in de pure kanaal respons de amplitude van oogtorsie zo weinig
varieert, weerspiegelt een fenomeen dat in de wereld van oogbewegingen bekend
staat als de wet van Listing. Algemeen gezegd houdt deze wet in dat het
oculomotor systeem ernaar streeft om oogtorsie te vermijden. Dat lijkt op
gespannen voet te staan met bovenstaande conclusie dat de otolieten nu juist de
amplitude van oogtorsie vergroten. Mijn interpretatie is dat deze otoliet-
geinduceerde oogtorsie niet in strijd hoeft te zijn met de wet van Listing (zoals dat
volgens de gangbare opvatting het geval is). Integendeel, het heeft er alle schijn
van dat het “platform” (het codrdinatenstelsel) voor oogbewegingen door de
otolieten gestabiliseerd wordt ten opzichte van zwaartekracht.

In de experimenten van hoofdstuk 2 en 3 werden de oogbewegingen met behulp
van kleine cameraatjes op videoband opgenomen (video-oculografie). Achteraf
werden de opnames in de computer ingelezen om de oogtorsie te bepalen. Om dit
betrouwbaar en efficiént te kunnen doen, moest eerst een automatisch systeem
worden ontwikkeld (hoofdstuk 1). De methode berust op een elegant algoritme
dat zelfstandig een aantal karakteristicke structuren in de iris van een referentie-
plaatje opzoekt en deze vervolgens terugvindt in de iris van opeenvolgende data-
plaatjes. Door informatie verspreid over de hele iris te benutten, biedt deze
methode bovendien de mogelijkheid om te corrigeren voor fouten die ontstaan
door het foutief bepalen van het rotatiecentrum. Hierdoor wordt een praktische
betrouwbaarheid van 0.25° bereikt.

Tenslotte besteed ik in hoofdstukken 4 em 5 aandacht aan de visueel-
vestibulaire interactie bij de waarneming van de lichaamspositie ten opzichte van
de verticaal. Beweging van de visuele omgeving rond een stationaire persoon leidt
in het algemeen tot het gevoel van zelf-beweging (“vectie”) in tegengestelde
richting (zoals bekend van de sensatie dat onze trein vertrekt wanneer de trein op
een naburig spoor zich in beweging zet). Rotatie van de visuele omgeving om een
horizontale as leidt niet alleen tot een sensatie van continue lichaamsrotatie, maar
tegelijkertijd lijkt het alsof het lichaam over een vaste hoek is gekanteld. Deze
illusoire lichaamskanteling is doorgaans zeer beperkt, hetgeen wordt
toegeschreven aan de conflicterende otoliet-informatie die aangeeft dat de
lichaamspositie (ten opzichte van verticaal) in feite niet verandert. De resultaten
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van het onderzoek in een zogenaamde “tuimelkamer” (hoofdstuk 4) wijzen uit dat
de conflicterende otoliet-informatie kan worden overwonnen door het aanbrengen
van duidelijk herkenbare horizontale en verticale structuren (“visueel frame™) en
objecten met een duidelijke boven- en onderkant (“visuele polariteit”): in de
gemeubileerde tuimelkamer, die met constante snelheid ronddraaide, had ruim 80%
van 32 waarnemers het overtuigende gevoel volledig over de kop te draaien. Dit
maximale effect komt overeen met een lichaamskanteling van 360°. Opvallend
genoeg was het effect veel kleiner bij statische kanteling van de kamer. Bij
kantelhoeken boven 40° bleken de proefpersonen zeer verward: nu eens gebruikten
ze de echte kamervloer als referentie voor “onder”, dan weer beschouwden ze het
oppervlak onder hun voeten als “vloer”. Concluderend, de otoliet informatie kan
alleen overwonnen worden door een bewegende visuele stimulus die rijk is aan
visuele polariteit (en frame).

Om het gevoel van zelf-beweging te versterken maakt men in “motion-base”
vluchtsimulatoren vaak gebruik van kortstondige fysieke bewegingen aan het
begin van een (visueel) gesimuleerde beweging. Deze “onset-cues” moeten het
gemis aan vestibulaire stimulatie compenseren. Omdat een motion base simulator
maar een beperkte slag heeft, moet de simulator na de beweging weer worden
teruggebracht in de oorspronkelijke positie. Dit gebeurt meestal met een langzame
beweging om het effect van de onset cue niet kwijt te raken. Deze manoeuvre heet
“washout”, In hoofdstuk 5 wordt onderzocht of een onset cue het gevoel van
visueel-geinduceerde lichaamskanteling versterkt, en of dit effect beklijft na de
washout. Het lag in de bedoeling dit experiment uit te voeren in de tuimelkamer
van hoofdstuk 4, maar deze stimulus was zo krachtig dat'er geen onset cue nodig
was om een gevoel van kantelen te produceren. Daarom heb ik mijn toevlucht
genomen tot een grote witte bol (diameter 3m), die aan de binnenkant is voorzien
van een patroon van zwarte stippen. Rotatie van deze bol om een horizontale as
bevat uitsluitend visuele bewegingsinformatie (en geen frame of polariteit) en leidt
gemiddeld tot een sensatie van 20-30° lichaamskanteling. Het blijkt dat een onset
cue (15° echte lichaamskanteling) de waargenomen zelf-kanteling niet verder
vergroot dan zou worden verwacht op grond van optelling van de respons bij pure
visuele beweging en de respons bij pure lichaamskanteling. Dit resultaat is
onafhankelijk van de snelheid van de onset cue, en verdwijnt bovendien na de
washout. De voornaamste verdienste van een onset cue is dat het de latentietijd
voor zelf-kanteling sterk verkort.
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project. Gebruik makend van een buitengewoon verlof regeling werkte hij een jaar
als “pre-doc” bij Prof. Dr. L.P. Howard in het Human Performance Laboratory in
Toronto (Canada). Hier verrichtte hij de in dit proefschrift weergegeven studie naar
visueel-vestibulaire interacties, en bouwde hij mee aan een mock-up van het Space
Shuttle interieur. Deze moet gaan dienen als (des)oriéntatie-trainer voor
astronauten.
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