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SUMMARY AND CONCLUSIONS 

I + The kinematics of the human angular vestibuloocular reflex 
(VOR) in three dimensions was investigated in 12 normal subjects 
during high-acceleration head rotations (head “impulses” ) . A 
head impulse is a passive, unpredictable, high-acceleration (3,000- 
4,ooO”ls’) head rotation of - 10-20” in roll, pitch, or yaw, deliv- 
ered with the subject in the upright position and focusing on a 
fixation target. Head and eye rotations were measured with dual 
search coils and expressed as rotation vectors. The first of these 
two papers describes a vector analysis of the three-dimensional 
input-output kinematics of the VOR as two indexes in the time 
domain: magnitude and direction. 

2. Magnitude is expressed as speed gain (G) and direction as 
misalignment angle (6). G is defined as the rati of eye velocity 
magnitude (eye speed) to head velocity magnitude (head speed). 
Q is defined as the instantaneous angle by which the eye rotation 
axis deviates from perfect alignment with the head rotation axis in 
three dimensions. When the eye rotation axis aligns perfectly with 
the head rotation axis and when eye velocity is in a direction 
opposite to head velocity, S = 0. The orientation of misalignment 
between the head and the eye rotation axes is characterized by two 
spatial misalignment angles, which are the projections of S onto 
two orthogonal coordinate planes that intersect at the head rotation 
axis. 

3. Time series of G were calculated for head impulses in roll, 
pitch, and yaw. At 80 ms after the onset of an impulse (i.e., near 
peak head velocity), values of G were 0.72 5 0.07 (counterclock- 
wise) and 0.75 t 0.07 (clockwise) for roll impulses, 0.97 2 0.05 
(up) and 1.10 + 0 09 (down) for pitch impulses, and 0.95 t 0.06 
(right) and 1.i G 0.07 (left) for yaw impulses (mean 2 95% 
confidence intervals). 

4. The eye rotation axis was well aligned with head rotation axis 
during roll, pitch, and yaw impulses: S remained almost constant at 
-5- loo, so that the spatial misalignment angles were 55’. S was 
9.6 t 3.1 (counterclockwise) and 9.0 2 2.6 (clockwise) for roll 
impulses, 5.7 2 1.6 (up) and 6.1 It 1.9 (down) for pitch impulses, 
and 6.2 z 2.2 (right) and 7.9 IT 1.5 (left) for yaw impulses 
( mean t 95% confidence intervals). 

5. VOR gain ( y ) is the product of G and cos( S). Because S is 
small in normal subjects, y is not significantly different from G. 
At 80 ms after the onset of an impulse, y was 0.70 ? 0.08 (counter- 
clockwise) and 0.74 t 0.07 (clockwise) for roll impulses, 0.97 t 
0.05 (up) and 1.09 t 0.09 (down) for pitch impulses, and 
0.94 2 0.06 (right) and 1.00 ? 0.07 (left) for yaw impulses 
(mean t 95% confidence intervals). 

6. VOR latencies, estimated with a latency shift method, were 
10.3 t 1.9 (SD) ms for roll impulses, 7.6 t 2.8 (SD) ms for pitch 
impulses, and 7.5 5 2.9 (SD) ms for yaw impulses. 

7. We conclude that the normal VOR produces eye rotations 

that are almost perfectly compensatory in direction as well as in 
speed, but only during yaw and pitch impulses. During roll im- 
pulses, eye rotations are well aligned in direction, but are -30% 
slower in speed. 

INTRODUCTION 

From a geometric viewpoint, for the angular vestibuloocu- 
lar reflex (VOR) to stabilize retinal images during head 
rotations in three dimensions, it should ideally generate com- 
pensatory eye rotations that fulfil three criteria: I ) that eye 
velocity magnitude (eye speed) be equal to head velocity 
magnitude (head speed); 2) that the eye rotation axis be 
well aligned with, and oppositely directed to, the head rota- 
tion axis; and 3) that compensatory eye velocity be synchro- 
nised with head velocity. Any mismatch, either in the magni- 
tude or in the direction of eye velocity, will produce retinal 
slip during head rotation. 

Because the inputs and outputs of the VOR are not scalars, 
but three component vectors, evaluating total VOR perfor- 
mance requires measurement of the direction as well as the 
speed of both head and eye rotations (Tweed et al. 1994a,b). 
To do this, head and eye rotations should ideally be measured 
in three axes and analyzed as single vectors in three dimen- 
sions, and the results expressed as either rotation vectors 
(Haustein 1989) or quaternions (Tweed et al. 1990); for a 
recent review see Haslwanter ( 1995 ) . 

Crawford and Vilis ( 1991) and Tweed et al. ( 1994b) 
found that the eye rotation axis was almost perfectly collin- 
ear with the head rotation axis during low-frequency, low- 
velocity, sinusoidal yaw and pitch head rotations, and that 
it was slightly less so during roll head rotations. 

This study implements a vector analysis of the three-di- 
mensional input-output kinematics of the VOR during high- 
acceleration roll, pitch, and yaw head rotations and expresses 
this as two indexes in the time domain: speed gain (G) and 
misalignment angle (6). G is a measure of the speed of the 
VOR input-output kinematics in three dimensions; b is a 
measure of the angle by which the eye rotation axis deviates 
from perfect alignment with the head rotation axis-both 
referenced to head-fixed coordinates. With the use of this 
technique, we quantify in this paper the total VOR perfor- 
mance in normal humans, and in the companion paper the 
total VOR performance in subjects with unilateral vestibular 
loss and selective semicircular canal occlusion, during high- 
acceleration roll, pitch, and yaw head rotations. 
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METHODS 

Subjects 

We studied 12 normal healthy subjects (21-53 yr, 35 t 11 yr, 
mean t SD) with no history of vestibular disease. All the subjects 
gave informed consent. The protocol was approved by the Royal 
Prince Alfred Hospital Human Ethics Committee. 

Recording system 

Three-dimensional head and eye positions were measured with 
the use of the search coil technique (Robinson 1963) as described 
by Collewijn et al. ( 1985), with dual search coils (Skalar Delft, 
The Netherlands). One dual search coil was worn on the subject’s 
left eye and the other was mounted on the nosepiece of a spectacle 
frame worn by the subject. Special care was taken to ensure that 
this coil did not slip; the frame was secured tightly to the head 
with an elastic band and taped to the face, then held in place with 
an elastic cap. Subjects were seated with the head in the center of 
the 1.9 m x 1.9 m X 1.9 m magnetic field coils. 

After phase detection, eight output voltages from the head and 
eye coils were passed through antialias filters with a bandwidth of 
0- 100 Hz, and sampled at 1,000 Hz with the use of an IBM- 
compatible PC running under Windows 3.1. The recording system 
has a I6-bit resolution and its gains were adjusted to measure total 
angular of range 235”. The resolution of the recording system is 
>O. 1 min of arc. Data acquisition programs for the PC were written 
in LabVIEW ( Version 3.01, National Instruments). 

DAOS software running under TSX-plus on PDP-11/73 con- 
trolled the experiment and produced real-time displays of the dual 
search coil signals on an Amiga 1000 computerduring data acquisi- 
tion. Fixation spots produced by a solid-state red laser were rear- 
projected onto a 2 x 1.5-m screen positioned 94 cm in front of 
the center of the magnetic field via mirror galvanometers driven 
horizontally and vertically by the PDP- 11/73. 

Calibration of the system 

An in vitro calibration was carried out to determine the gains 
and offsets of the eye and head coil signals. Both coils were simul- 
taneously mounted on the Fick gimbal. The gimbal was moved in 
yaw, pitch, or roll calibration positions between 520” in 5* steps 
and the gains and the offsets for each coil were determined. We 
assumed that gains and offsets the eye coil were the same in vivo 
(i.e., with the coil on the eye) as during in vitro calibrations. 
Maximum errors and cross coupling were <2%. 

Experimentul protocols 

A head impulse is a passive, unpredictable, low-amplitude ( lo- 
20”), high-acceleration ( 3,000-4,000°/s2) head rotation in roll, 
pitch, or yaw. The impulses were performed with all subjects seated 
in the upright position and focusing on the fixation target. The 
terms roll, pitch, and yaw referred to the head impulse paradigms, 
with the direction of the impulse defined with reference to the 
subject. Each impulse paradigm was tested in two directions, with 
10 trials in each direction: I ) counterclockwise (CCW) and clock- 
wise (CW) in roll; 2) up and down in pitch; and 3) right and left 
in yaw. We referred to the three components of the head and 
eye rotations as the torsional, vertical, and horizontal components 
expressed with respect to the subject. CCW means that the upper 
pole of the head or eye is rotated toward the left, and CW means 
it is rotated toward the right. 

At the beginning of each experiment, the subject was seated 
such that the left eye was exactly in the center of the magnetic 
field and the head was secured in a head holder with a chin rest, 
and positioned such that Reid’s line (i.e., the line between the 

infraorbital margin and the upper margin of the external auditory 
meatus, World Federation of Neurology 1962)) was tilted -7’ 
nose-up above the earth horizontal as measured with a hand-held 
goniometer. The signals induced in the head coil in this position 
were taken as the zero head position. 

An in vivo eye coil calibration was performed with the subject 
fixating on a target as the target moved horizontally and vertically 
between t15” in 5’ steps. The horizontal and vertical coil signals 
were divided by the sine of the calibration angle, and linear regres- 
sion analysis were carried out to determine the gains and offsets 
of the coil signals. The calibration was considered satisfactory if 
the on-line display of the calibration did not show any artifacts 
such as blinks or saccades and the correlation coefficient of the 
linear regression analysis was 20.99. 

Before the onset of each impulse, when the operator had maneu- 
vered the head position to within 2 1.5’ torsionally, vertically, and 
horizontally from the zero head position, the PDP- 11/73 computer 
gave a prompt via a light-emitting diode panel to deliver the im- 
pulse. During this time the subject fixated on the target. Horizontal, 
vertical, and torsional head and eye positions were recorded during 
roll, pitch, and yaw impulses. Impulses were unpredictable in direc- 
tion and timing, to prevent the subject from making anticipatory 
eye movements. After each trial, the impulse was rejected if the 
maximum head position was >30” or if peak head velocity during 
the impulses was <100*/s. 

Data analysis 

The data were analyzed off-line on a DECstation 5000/240 
under Ultrix, with the use of ‘C’ and Splus, a statistical analysis 
and display package (Becker et al. 1988). For each impulse, 1,024 
ms of data were recorded. The three-dimensional positions were 
determined from the head and eye coil voltages. The orientation 
of the head or eye coils before the start of the impulses was calcu- 
lated with the use of the mean head or eye position during the 100 
ms just before the first impulse, as the subject was fixating on the 
target and the head was stationary. This was redetermined after 10 
impulses to confirm that the coil did not slip on the eye. Three- 
dimensional positions of the head and eye in space (in space-fixed 
coordinates) were first calculated as Fick angles and then expressed 
in rotation vectors (Haslwanter 1995; Haustein 1989). 

The orientation of the eye in the head was calculated from the 
gaze and head positions (Haslwanter 1995). In the following sec- 
tions, gaze position refers to the orientation of eye in space and 
eye position refers to the orientation of eye in head (in head-fixed 
coordinates). We deterrnined the head and gaze velocity (in space- 
fixed coordinates) and the eye velocity (in head-fixed coordinates) 
from the head, gaze, and eye positions. The time traces of head, 
gaze, and eye positions were differentiated with the use of the 
formula by Savitzky and Golay ( 1964) (APPENDIX ). Angular head, 
gaze, or eye velocity Is was determined from its corresponding 
rotation vector ? by the following equation (Hepp 1990) 

&j = 2* d d --‘r-kFX--F 
dt dt 

(1 -I- P2) 

where x denotes the vector cross product. 
We did not have to desaccade or remove any torsional fast 

phases from the eye velocity because these features were not pres- 
ent during this 100 ms of the impulse. Saccades made during yaw 
and pitch impulses, and torsional fast phases during roll impulses, 
usually occur 150-200 ms after the onset of the impulse. To avoid 
artifacts such as blinks, the head and eye positions and velocities 
of every impulse were visually inspected. We excluded the contri- 
bution of reflexes other than the VOR, such as cervicoocular reflex 
and smooth pursuit, by restricting our analysis to an interval of 
100 ms beginning 20 ms before the onset of the impulse, because 
both the cervicoocular reflex (Bronstein and Hood 1986) and pur- 
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Pitch plane Roll plane Yaw plane 

FIG. 1. A: head-fixed, right-handed coordinate system used to express 
angular eye position and eye velocity vectors. Positive directions of eye 
rotation are designated by the direction of the arrows. B: pitch plane is 
orthogonal to the interaural (Y) axis; roll plane is orthogonal to the nasooc- 
cipital (X) axis; yaw plane is orthogonal to the rostrocaudal (Z) axis. 

suit (Carl and Gellman 1987) have latencies > 100 ms. The veloc- 
ity was differentiated to obtain acceleration. 

We also analyzed the data spatially by projecting them onto the 
three coordinate planes called the roll, pitch, and yaw planes. The 
yaw plane is orthogonal to the rostrocaudal (Z) axis; the pitch 
plane is orthogonal to the interaural (Y) axis; and the roll plane is 
orthogonal to the nasooccipital (X) axis, as shown in Fig. 1. 

To determine the onset of the head impulse, the following steps 
were performed: a line was fitted to first 100 ms of the head velocity 
when the head was stationary. A second line was fitted to nine 
consecutive points of data whose central point was the point at 
which the head velocity reached loo/s after the initial stationary 
head position before the onset of the impulse. The onset of the 
impulse was defined as the point at which these lines intersected. 
Figure 2 shows the three-dimensional head, gaze, and eye positions 
and velocities during a roll impulse. The 100 ms of the impulse 
data used in the analysis is demarcated by the dotted lines. The 
arrows indicate the onset of head impulse at 20 ms from the first 
dotted line. 

One-dimensional VOR analysis 

We analyzed the data in one dimension to enable us to compare 
our results with previous studies. The terms roll, pitch, and yaw 
referred to the impulse paradigms and the three components of eye 
or head rotation vectors were the torsional, vertical, and horizontal 
components. In one-dimensional analysis, we used only one of the 
three components of the vector (head or eye position, velocity, 
and acceleration) for analysis. Therefore during yaw impulses only 
the horizontal head and eye components were analyzed and referred 
to as the yaw-horizontal VOR. Likewise the term pitch-vertical 
VOR meant that only the vertical component was analyzed during 
pitch impulses, and similarly the term roll-torsional VOR meant 
that only the torsional velocity component was analyzed during 
roll impulses (e.g., roll-torsional eye position refers to the torsional 
component of eye position measured during a roll impulse). This 
method is comparable with previous studies (Aw et al. 1994, 1995; 
Foster et al. 1994; Halmagyi et al. 1990; Maas et al. 1989; Seidman 
et al. 1995a; Tabak and Collewijn 1994). 

For each impulse, the data were plotted as a time series of 
position, velocity, and acceleration. Plots of eye velocity as a func- 
tion of its head velocity components were also displayed. The 
average eye and head velocity components were obtained by com- 

puting a polynomial fit to 10 trials in each direction with the use 
of the “lowess” procedure (Cleveland 1979, see APPENDIX) and 
then calculating their means + 95% confidence intervals in Splus. 

Vector analysis of the three-dimensional input-output 
kinematics of the VOR 

A three-dimensional vector is a quantity that possesses both 
magnitude and direction and can be represented in terms of its 
components parallel to the axes of a Cartesian coordinate system. 
These components or projections are the torsional, vertical, and 
horizontal components. Whereas in one-dimensional analysis only 
one of the three components of the vector is used, all three compo- 
nents of the vector are used in the three-dimensional vector analy- 
sis. This distinction is important when the compensatory eye rota- 
tion axis is misaligned with head rotation axis. In this case, two 
of the three components of the vector that are omitted in the one- 
dimensional analysis will provide the vital information on the total 
VOR performance. 

Vector analysis of the three-dimensional input-output VOR kine- 
matics was expressed as two indexes: magnitude as G and direction 
as S in the time domain. Mathematically, VOR gain (y) is equal 
to [G*cos (S)]. Figure 3 illustrates the terminology used in the 
vector analysis. To illustrate the relationship between G, 6, and y, 
consider the following example. If, during a horizontal head rota- 
tion, the VOR output is a compensatory horizontal eye rotation 
with the same speed as the head rotation, but in the opposite 
direction, G would be 1.0 and 6 would be 0”; therefore y = 1.0. 
However, if a horizontal head rotation results in a vertical eye 
rotation with the same speed as the head rotation, G would still be 
1.0 and 6 would be 90”, but y would be 0.0. Measuring only y 
here will lead to the erroneous conclusion that there is no response 
from the VOR, when in fact the VOR is responding in the wrong 
direction. In practice, retinal image slips occur if G is different 
from 1.0 or if 6 is different from 0”. 
SPEED GAIN. The magnitude of input-output kinematics of the VOR 
is expressed as G, which is defined as the ratio of the eye velocity 
magnitude (eye speed) in head-fixed coordinates to the head velocity 
magnitude (head speed) in space-fixed coordinates and is given by 

Roll Impulse 
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PIG. 2. Example of a roll head impulse showing 3-dimensional head, 
gaze, and eye positions and velocities. Eye signals have been inverted for 
illustration. Region demarcated by dotted lines is the region in the 1st 100 
ms used for the data analysis. Arrows: onset of head impulse, 20 ms from 
the 1st dotted line. Head, gaze, and eye positions are expressed as rotation 
vectors. 
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FIG. 3. A : vector analysis of the 3-dimensional input-output kinematics 
of the vestibuloocular reflex (VOR) showing speed gain ( G) , which is the 
ratio of eye speed to head speed, and misalignment angle (6). which is the 
instantaneous angle by which the eye rotation axis deviates from perfect 
alignment with the head rotation axis in 3 dimensions. B: spatial misalign- 
ment angles (broad arrows) are the projections of 6 onto 2 orthogonal 
coordinate planes that intersect on the head rotation axis, which show the 
orientation of 6 uniquely. C: shows the 2 orthogonal coordinate planes 
which 6 is projected onto during roll, pitch, and yaw impulses. The direc- 
tions of the positive spatial misalignment angles are shown by the direction 
of the broad arrows. 

G= L3 2 
I I 

w2.x + d,y + 4, 
al dw:., why + WL 

where the vectors are as follows: eye velocity 

and head velocity 

MISALIGNMENT ANGLE The direction of the input-output kine- 
matics of the VOR is expressed as 6, which is the instantaneous 
angle by which the eye rotation axis deviates from perfect align- 
ment with the head rotation axis in three dimensions. When the 
eye rotation axis aligns perfectly with head rotation axis and when 
the eye velocity is in a direction opposite to head velocity, S = 0 
(Fig. 3A). 

In three dimensions, it is incorrect to calculate an angle between 
two vectors referenced to two different coordinate systems, i.e., 
the head velocity referenced to space-fixed coordinates and eye 
velocity referenced to head-fixed coordinates. A convenient choice 

for a common reference system is the head-fixed coordinate system. 
Therefore, to determine 6, it is necessary to transform the direction 
of head velocity referenced to space-fixed coordinates, itr tpace, to 
be referenced to the same head-fixed coordinates as eye velocity 
(Tweed et al. 1994b). 

6 is calculated as the instantaneous angle in three dimensions 
between the inverse of the eye velocity axis and the head velocity 
axis by the use of the scalar product of two vectors, where S 
measures the smaller angle between the two vectors when their 
initial points coincide. The inverse of eye velocity ensures that 
S = 0 when the eye velocity axis aligns perfectly with the head 
velocity axis and eye velocity is directed opposite to head velocity 
(Fig. 3A). The head velocity with respect to head-fixed coordi- 
nates, is given by 

The head velocity (referenced to head-fixed coordinates) G pd and 
the rotation vector describing the current head position (referenced 
to space-fixed coordinates) ?h, are given by 

cpad = (ctyce. Rh)*Ah + (Rh X ct;pac”)*sin p 

- [iih x (Rh x cJy-)]*cos p 

where * denotes the dot product and x denotes the cross product, 
fib is a unit vector parallel to Ph and is given by 

n,=& 

and the inverse of the rotation angle from the reference position 
to the current head position is 

p = -2*tan-’ (I&l) 

SPATIAL MISALIGNMENT ANGLE. The orientation of 6 is charac- 
terized uniquely by two spatial misalignment angles that are projec- 
tions of the 6 onto two orthogonal coordinate planes that intersect 
on the head rotation axis during roll, pitch, or yaw impulses. 6 
alone does not define the orientation of the eye rotation axis with 
respect to the head rotation axis, but only indicates that the eye 
rotation axis lies on a cone with angle S around the head rotation 
axis (Fig. 3B). These spatial misalignment angles show the size 
and direction of the angular deviation of the eye rotation axis from 
the head rotation axis in the time domain. 

Figure 3C illustrates 1) the two orthogonal coordinate planes 
that intersect at the head rotation axis during roll, during pitch, 
and during yaw impulses; 2) the direction of the positive angular 
deviation of eye rotation axis from the head rotation axis during a 
roll-CCW, a pitch-up, and a yaw-right impulse. 

Relationship of y with G and S 

To compare our data with those from previous studies, y was 
also determined. The projections of velocity along the axes of the 
Cartesian coordinate system are measured as torsional, vertical, 
and horizontal components of this velocity. y is defined as the 
ratio of the inverse of the projection of eye velocity to the projection 
of head velocity and is given by 

y = cT*cos (6) 

y obtained during roll, pitch, or yaw impulses is termed as the 
roll-torsional, pitch-vertical, or yaw-horizontal y, respectively. 
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NC. 4. Method to determine VOR latency by shifting the eye velocity 

toward head velocity and measuring the least-squares difference between 
the head and eye velocities (gray region between points A and B). VOR 
latency is the shift in ms when the least-squares difference is minimum. 
The mean gain, after the latency shift, in the region between A and B is 
derived from a least-squares fit of the calculated gain in that region. 

Measurement of VOR latency 

VOR latency in normal subjects is estimated in one dimension 
by the use of the method illustrated in Fig. 4. Because the impulses 
were manually delivered and the onset of the impulses was not 
distinct, the use of a threshold value to calculate VOR latency is 
quite arbitrary. It can vary depending on the criterion used for 
setting the threshold (e.g., T, and T2 in Fig. 4) and, because the 
accelerations of these impulses are quite high, there is a possibility 
that the onset of eye velocity might be contaminated by mechanical 
factors such as eyeball inertia (Khater et al. 1993). 

VOR latency was estimated during the yaw impulses by analyz- 
ing the horizontal components of the eye and head velocities only. 
Similarly, during pitch impulses the vertical components of the 
eye and head velocities were used, and during roll impulses the 
torsional components of the eye and head velocities were used. To 
avoid the problems mentioned above, the region of the appropriate 
head velocity component between A and B (Fig. 4)) where A was 
2O”/s and B was 7O”/s, was used to derive the VOR latency during 
roll, pitch, and yaw impulses. 

To calculate VOR latency during yaw impulses, horizontal eye 
velocity was shifted at 1-ms intervals toward horizontal head veloc- 
ity. After each shift, the least-squares difference between the hori- 
zontal head and eye velocities (gray region in Fig. 4) was calcu- 
lated. The yaw VOR latency is the shift (ms) when the least- 
squares difference between the horizontal head velocity (a& and 
eye velocity (LZ~,~) is minimum. The mean gain at time (2) after 
the latency shift (1) is the least-squares fit of the gains between 
point A and B. This was done to show the influence of the latency 
on y during the early part of the impulse, and is given by 

Gain,(t) = w,z(t + 0 
wll,z(t) 

Similar procedures were repeated to estimate the individual VOR 
latencies and mean gain after the latency shifts during roll and 
pitch impulses. The roll, pitch, and yaw VOR latencies (mean -t 
SD) and mean gains after the latency shifts for the 12 normal 
subjects were then determined. 

Statistical analysis 
Means + two-tailed 95% confidence intervals with n - 1 degrees 

of freedom were calculated. Student’s t-test for differences between 
two means of independent observations was used to test for the 
difference between subject groups, and Student’s t-test for differ- 
ences between two means of dependent observations was used to 
test for the difference within the same subject group. A significance 
level of P = 0.05 was used in the statistical analysis (Winer et al. 
1991). 

Potential artifacts due to translations of head and eye coil 
Because our stimulus was a combination of rotation and a small 

translation of the head and eye coils, we measured the effects of 
static translation of the dual search coils. Static translation of 5 cm 
from the center of the magnetic fields along the left-right axis 
produced very small artifacts of =O.Ol”/cm for the horizontal sig- 
nal and =O.O2”/cm for the vertical and the torsional signals. Visual 
inspection of the coils during the roll, pitch, and yaw impulses 
confirmed that during a typical head impulse, the translation of the 
head and eye coils was only about 21.2 cm. 

Potential artifacts due to head coil stability 
To ascertain the possibility of movement of the head coil during 

the impulses, two subjects were tested with the protocol of roll, 
pitch, and yaw impulses, wearing the usual head coil on the specta- 
cle frame and also a coil on a dental impression bite bar (dental 
mould used: GC Hydrophilic Exaflex, GC Dental Industrial, Tokyo, 
Japan). The coil on the bite bar was positioned close to the head 
coil. Data from the two coils in the first 100 ms of impulses similar 
to that used in the data analysis were compared. Table 1 summa- 
rizes roll-torsional, pitch-vertical, and yaw-horizontal bite bar coil 
velocity ( wb) as a function of its respective head coil velocity (w,,). 
Perfect alignment between the two coils will result in least-squares 
fit of ( wbIwh) = 1 .O, with an intercept of 0.0. The mean difference 
between the bite bar coil velocity and the head coil velocity ( Wdiff ) 
calculated for both the subjects was ~3%. We found that there 
was no significant difference between the head coil velocities and 
its respective bite bar coil velocities (P > 0.05) during yaw, pitch, 
and roll impulses in the two subjects. 

RESULTS 

The normal responses were analyzed in three categories: 
1) in one dimension, to allow us to compare our results with 
previous studies; 2) in three dimensions with the use of the 
vector analysis, temporal-spatially; and 3) spatially, in three 
dimensions. 

One-dimensional VOR analysis 
In one-dimensional analysis, only the horizontal compo- 

nents of the position, velocity, and acceleration are displayed 

TABLE 1. Comparison of bite bar coil velocity with head coil 
velocity 

Subjects Roll-Torsional Pitch-Vertical Yaw-Horizontal 

wdwh 1.00 1.01 1.01 
Intercept - 1.04% 0.37”ls 1.63% 
Mean 
Wdlff 8.1% 6.0’1s 5.5”/s 

n = 2 Subjects. w,,, bite bar coil velocity; wh, head coil velocity; mean 
wdlff, mean difference between bite bar coil and head coil velocities. 
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FIG. 5. Compensatory eye rotation responses from a normal subject 
during roll, pitch, and yaw head impulses. Eye signals are inverted for 
illustration. Arrows: onset of the impulse. Head, gaze, and eye positions 
are expressed as rotation vectors. During roll impulses, the roll-torsional 
VOR gain (y) was -0.7. This resulted in a net eye position error as 
torsional head velocity increased, and a shift in torsional gaze position. The 
pitch-vertical and the yaw-horizontal y was close to 1 .O, so the compensa- 
tory pitch-vertical and yaw-horizontal eye positions closely mirrored their 
head positions during pitch and yaw head impulses, resulting in steady gaze 
positions and minimal eye position errors. 

during yaw impulses; likewise only the vertical components 
during pitch impulses and the torsional components during 
roll impulses. Figure 5 shows the profiles of head, gaze, and 
eye positions, velocities, and accelerations during roll-CW, 
pitch-down, and yaw-left impulses obtained from a normal 
subject. Figure 6 shows the normal responses to roll im- 
pulses. Figure 7 shows the means + 95% confidence inter- 
vals of the eye and head velocity as a function of time, and 
Fig. 8 shows the means + 95% confidence intervals of the 
eye velocity as a function of head velocity. 

The roll-torsional y was lower than the pitch-vertical and 
yaw-horizontal y (Figs. 6-9), which resulted in a net tor- 
sional eye position error of -30% during the first 100 ms 
of the impulse, increasing to -50% by the end of the impulse 
(Fig. 6). During the first 100 ms of the roll impulses, tor- 
sional eye velocity increased almost linearly with torsional 
head velocity (Figs. 7 and 8, left). The roll-torsional y in 
response to roll impulses was -0.7. Torsional eye positions 
generally reached a maximum of - 11” ( 10.2 + 2.2”, mean ? 
SD, for CCW impulses and 10.8 2 2.1”, mean ? SD, for 
CW impulses) (Fig. 6). In about half the trials, a torsional 
fast phase occurred - 150 ms after the onset of the roll 
impulse. This was after the end of the interval used for data 
analysis and did not contaminate the measures. The mean 
roll-torsional position gain at 230 ms from the onset of the 

Roll Impulses 

..- c -Without Fast Phase -With Fast Phase 
_ 1.0 ___* __.____________.___________ -._.--__.-..-._-.._-~--.~----.. 

0.0 h ____________ F ‘--------..,...-.- 4 h .._______________.______ _____. 

0 100 200 0 100 200 
Time (ms) 

FIG. 6. Typical examples of roll impulses, with (left) and without 
(right) a torsional fast phase, showing examples of torsional head, gaze, 
and eye positions and velocities. Borrom: means I? 95% confidence intervals 
of torsional position gains of 12 normal subjects with and without the 
occurrence of torsional fast phases. 

Pitch Yaw 

0 50 loo 0 50 loo 0 50 loo 
Time (ms) 

FIG. 7. Means 2 2-tailed 95% confidence intervals of time series of 
eye and head velocities in 12 normal subjects. Roll-torsional y remained 
almost constant at -0.7 for the duration of the impulse, but tbe pitch- 
vertical and yaw-horizontal ys increased to close to 1.0 for pitch and yaw 
impulses. 
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Pitch Yaw 

FIG. 8. Roll-torsional, pitch-vertical, and yaw-horizontal 
eye velocity as a function of its head velocity components in 
12 individual normal subjects (fop), and means + 2-tailed 
95% confidence intervals (bottom). Roll-torsional y re- 
mained at -0.7 for the duration of the impulse, but the pitch- 
vertical and yaw-horizontal ys increased from 0.8 to nearly 
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FIG. 9. Plots of means + 2-tailed 95% confidence intervals of a time 
series of G, 6, and y in 12 normal subjects. About 10 ms of the data close 
to the onset of head impulses are not displayed because division by small 
values of head velocity can lead to erratic results. Arrows: onset of the 
impulses. G remained almost constant at -0.7 throughout the roll impulse, 
but increased from -0.8 at close to the onset to nearly I.0 at close to the 
peak of the head speed during pitch and yaw impulses. 6 was small, -5- 
10” during roll, pitch, and yaw impulses. Consequently, eye velocity is well 

aligned with and directed opposite to the head velocity and the normal y 
is not significantly different from the respective G. 

In normal subjects (Fig. 9), the roll G remained -0.75. 
However, both the pitch and yaw Gs increased from 0.8 to 
close to 1.0 near the peak of pitch and yaw head velocities. 
The Ss were small, -5-lo”, and were comparable for roll, 
pitch, and yaw impulses. At low head velocity, S was -5”, 
but it increased at near peak head velocity to -9” for roll 
impulses and to -6” for yaw impulses. However, during 
pitch impulses, 6 was initially -lo”, decreasing to -6” at 
close to peak of head velocity. 

Because S was small for roll, pitch, and yaw impulses, y 

roll impulse was 0.43 2 0.08 (mean 5 95% confidence 
intervals) in trials with torsional fast phases and 0.54 + 0.10 
in trials without torsional fast phases. Regardless of torsional 
fast phases, torsional eye position drifted toward its initial 
position. 

The normal pitch-vertical and yaw-horizontal VOR were 
very similar in response. During pitch and yaw impulses, 
compensatory eye rotations closely mirrored the head rota- 
tions in position, velocity, and acceleration, resulting in a 
steady gaze with very small eye position errors (Figs. 5 
and 7). For yaw and pitch impulses, the compensatory eye 
velocity increased with head velocity and peaked at the max- 
imum of head velocity (Fig. 7). The pitch-vertical and yaw- 
horizontal y was close to 1 .O (Fig. 8). We did not observe 
any saccades during the 100 ms of the pitch or yaw impulse. 

Vector analysis of the three-dimensional input-output 
kinematics of the normal VOR 

Figure 9 shows the means + 95% confidence intervals of 
G, 6, and y during roll, pitch, and yaw impulses in normal 
subjects. Table 2 summarizes the values of G, S, and y near 
the onset of the head impulse (30 ms) and near peak head 
velocity (100 ms). Note that the onset of the head impulse 
is 20 ms from the beginning of the plot. The first 10 ms of 
data after the onset of the impulse (i.e., 30 ms from the 
beginning of the plot) were excluded because dividing small 
values of head velocity can lead to erratic results. 
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TABLE 2. Means 5 95% con$dence intervals of G, 6, and y in normal subjects 

Roll Pitch Yaw 

Normal At, ms ccw cw UP Down Right Left 

G 30 0.79 5 0.04 0.81 + 0.03 0.79 2 0.08 0.80 5 0.08 0.78 L 0.03 0.79 t 0.05 
100 0.72 t 0.07 0.75 5 0.07 0.97 5 0.05 1.10 5 0.09 0.95 2 0.06 1.01 2 0.07 

6, O 30 5.6 t 1.5 6.9 + 2.5 10.5 + 0.1 10.2 5 3.1 4.7 + 1.4 5.0 + 1.9 
100 9.6 2 3.1 9.0 ?I 2.6 5.7 + 1.6 6.1 + 1.9 6.2 + 2.2 7.9 + 1.5 

Y 30 0.78 + 0.04 0.80 z 0.03 0.80 + 0.05 0.70 + 0.08 0.79 5 0.04 0.70 5 0.05 
100 0.70 + 0.08 0.74 5 0.07 0.97 t 0.05 1.09 + 0.09 0.94 + 0.06 1.00 + 0.07 

Values in Roll, Pitch, and Yaw are means + SD. n = 12 Subjects. Onset of the impulse is at 20 ms 
gain; 6, misalignment angle; y, vestibuloocular reflex gain; CCW, counterclockwise; CW, clockwise. 

from the beginning of the data sample. G, speed 

was not significantly different (P > 0.05) from its corre- 
sponding G. These results show that the normal VOR pro- 
duces eye rotations that are almost perfectly compensatory 
in direction as well as in speed, but only during yaw and 
pitch impulses. During roll impulses, eye rotations are -30% 
slower in speed but are well aligned in direction. By estab- 
lishing these normal baselines, we can compare the effects 
of unilateral loss of semicircular function on the total VOR 
performance. 

Figure 10 shows the time series of the mean spatial mis- 
alignment angles, which are obtained from the projections 
of S onto two appropriate orthogonal coordinate planes for 
roll, pitch, and yaw impulses. The curved arrow shows the 
direction of the positive spatial misalignment angle during 
roll, pitch, and yaw impulses. Figure 10 also shows that the 
spatial misalignment angles in normal subjects were very 
small, 55”. These data confirmed that the compensatory eye 
rotation axis was well aligned with the head rotation axis in 
response to roll, pitch, and yaw impulses with small devia- 
tions from collinearity. 

Spatial characteristics of the VOR 

The spatial characteristics of the VOR during roll, pitch, 
and yaw impulses are illustrated in Fig. 11. It shows all the 
three components (horizontal, vertical, and torsional) of 
head and eye velocities from all 60 impulses in the roll, 
pitch, and yaw planes from one subject. Although each head 
impulse was mainly around a single roll, pitch, or yaw axis, 
it was not constrained to a single axis, because the impulses 
were delivered manually. The effect of this was that in the 
plots, the traces show a curve. If the eye velocity were ex- 
actly compensatory, then it too would show a symmetrical 
mirror image curve. 

The yaw and pitch plane views in Fig. 11, two top rows, 
show that during roll-CCW and -CW head impulses, vertical 
eye velocity was small, and that there were consistent hori- 
zontal components. The spatial orientations of the three- 
dimensional eye velocity responses closely mirrored the 
three-dimensional head velocity. The length of the eye veloc- 
ity vector was slightly lower because of a lower roll-torsional 
y of -0.7 during roll head impulses. During pitch head 
impulses, the compensatory eye velocity responses closely 
mirrored the corresponding head velocity, and the eye speed 
was close to the head speed, showing that the pitch-vertical 
y was close to 1.0 (Fig. 11, 3rd and 4th rows). Similarly, 

during yaw impulses, the eye velocities closely mirrored the 
head velocities (Fig. 11, 2 bottom YOWS). Because the yaw- 
horizontal y was close to 1.0, the eye speed was also close 
to the head speed. Irrespective of the small changes in head 
trajectory during high-acceleration head rotations, compen- 
satory eye velocity was oppositely directed and well aligned 
with the head velocity with small deviations. 

VOR latency 

We speculated that the initial value of 0.8 for G during 
pitch and yaw impulses might be caused by a latency be- 
tween eye and head velocity. To assess this possibility, the 
eye velocity was shifted backward in time to minimize the 
gray area indicated in Fig. 4 and gain was calculated from 
these shifted eye velocity traces. After the latency shift, we 
found a mean gain of 0.94 2 0.03 for yaw impulses, 
0.94 t 0.02 for pitch impulses, and 0.75 t 0.03 for roll im- 
pulses. The mean VOR latencies estimated in the 12 normal 
subjects were 10.3 t 1.9 ms for roll impulses, 7.6 2 2.8 ms 
for pitch impulses, and 7.5 t 2.9 (SD) ms for yaw impulses. 

DISCUSSION 

Vector analysis of the three-dimensional input-output VOR 
kinematics 

To provide a precise description of total VOR perfor- 
mance during head rotations, it is essential to analyze its 
input-output kinematics as three-dimensional vectors with 
magnitude as well as direction. By the use of a three-dimen- 
sional vector analysis, we were able to quantify the input- 
output kinematics of the VOR elicited by passive, high- 
acceleration head rotations, as vectors. Previous studies of 
the VOR during high-acceleration head rotations were re- 
corded and the data analyzed in only one dimension with y 
as the measurement index ( Aw et al. 1994, 1995; Foster et 
al. 1994; Halmagyi et al. 1990; Maas et al. 1989; Tabak and 
Collewijn 1994) and were therefore not able to determine 
the direction of the VOR output. 

Because the VOR operates in the time domain, time series 
analysis of the speed and direction of the VOR behavior 
may also show the asymmetries and axis misalignments that 
define processes underlying the physiological control of the 
reflex. This measurement of temporal-spatial misalignment 
is important if the eye rotation axis alignment changes with 
time, because temporal change can be missed if the misalign- 
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FIG. 10. Graph shows the time series of the spatial misalignment angles, which are projections of the 6 onto 2 orthogonal 
coordinate planes that intersect on the head rotation axis during roll, pitch, and yaw impulses. The terms counterclockwise 
(CCW) (- - -), clockwise (CW) (-), Up (- - -), Down (-), Right (- - -), and Left (-) refer 
to the directions of impulses. Drawings illustrate the 2 orthogonal coordinate planes onto which 6 is projected, and the 
direction of the positive angular deviation of eye rotation axis from the head rotation axis. The normal spatial misalignment 
angles during roll, pitch, and yaw impulses are ~5’. 

ment of the eye rotation axis is determined only with the 
use of spatial plots. 

Speed gains 

We found that normal pitch and yaw G was close to 1.0, 
whereas roll G was 0.7. This means that the normal eye 
speed responses are almost perfectly compensatory for the 
head speed during yaw and pitch impulses, but 30% slower 
during roll impulses. Because the normal roll, pitch, and 
yaw G was not significantly different from the respective y, 
normal G results can be compared with the y results from 
previous studies. 

There is a significant difference between the normal G in 
roll and that in pitch and yaw. Whereas pitch and yaw G was 
nearly 1.0, the roll G was only -0.7, and remained almost 
constant throughout the roll impulses. This finding is consistent 
with previous findings (Collewijn et al. 1985; Crawford and 
Vilis 1991; Leigh et al. 1989). Others have observed roll- 
torsional y of 0.4-0.6 with lower head velocity in complete 
darkness (Berthoz et al. 1981; Collewijn et al. 1985; Ferman 
et al. 1987; Leigh et al. 1989; Morrow and Sharpe 1993; Seid- 

man and Leigh 1989; Seidman et al. 1995a). Peterka (1992) 
measured roll-torsional y with 0.05 and ~-HZ sinusoidal rota- 
tions and repotted values ranging from 0.2 at the lower frequen- 
cies up to 0.8 at 2 Hz. 

The main frequency content of our roll impulses was -2- 
3 Hz, and the results are consistent with previous observa- 
tions for such frequencies (Collewijn et al. 1985; Ferman et 
al. 1987; Peterka 1992). The G of <l.O during the roll 
impulses produced a torsional eye position error of 30% and 
thus a significant shift in torsional gaze position. Because 
roll head movements do not cause much displacement of the 
fovea1 image on the retina, image slip occurs only at the 
retinal periphery. We speculate from a visual standpoint that 
a roll G of 0.7 is adequate to minimize fovea1 image move- 
ment. 

There are other differences between the VOR in response 
to roll impulses and to pitch and yaw impulses. We found 
that torsional eye position saturates at - 1 lo in response to 
any amplitude of roll head position. At the end of the roll 
impulse, the eyes would drift back toward the starting posi- 
tion. In about half the trials, a torsional fast phase occurred 
at -150 ms from the onset of the roll impulse. This is 
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peak of head speed. This lower gain during the early part 
of the stimulus is probably evidence of a VOR latency that 
produces a time delay. This speculation was supported by 
the calculation of the mean gains after the eye velocity had 
been shifted by the latency period toward the head velocity. 
For yaw and pitch impulses, the mean gains obtained after 
the latency shift were close to 1.0. 

ROLL PLANE PITCH PLANE YAW PLANE 

Alignment of normal eye rotation axes during head 
rotations 

The main finding of VOR vector analysis concerns the 
normal alignment of the eye rotation axes with respect to the 
head rotation axes during high-acceleration head rotations in 
roll, pitch, and yaw. We found that despite the small continu- 
ous change in head velocity trajectory, the S between head 
and eye velocities remained small and almost constant at 
-5- lo”, so that the spatial misalignment angles were 55”. 

These small deviations from collinearity during roll, pitch, 
and yaw impulses can easily be explained by the following 
reasons. Because the impulses are manually delivered, they 
are not precisely aligned along the X, Y, and 2 head axes. 
The resultant vector summation of torsional gain (0.7), ver- 
tical gain ( 1 .O), and horizontal gain ( l.O), could give rise 
to the small noncollinearity (Crawford and Vilis 1991; 
Tweed et al. 1994b). Seidman et al. (1995b) showed that 
the lateral displacement of the eye position from the axis of 
head roll rotations resulted in a small vertical displacement 
of the eye. Consequently, we consider that the small devia- 
tions from collinearity, present in our pitch and yaw impulse 
data, could also be due to displacement of the eye from the 
axis of head rotation. 

Because the roll-torsional y is only -0.7, whereas the 
yaw-horizontal and pitch-vertical y is close to 1.0, any 
oblique head movements between the roll and pitch (left 
anterior-right posterior or right anterior-left posterior) 
planes or between the roll and yaw planes will probably 
result in some misalignment of the eye rotation axis. With 
the use of y obtained from our present study and geometric 
calculations, we predict that during oblique head rotations 
halfway between the roll-pitch or roll-yaw planes the eye 
rotation axis would be misaligned by - lo”, its upper pole 
being shifted toward the pitch axis or the yaw axis, respec- 
tively. Because we did not study these types of oblique head 
rotations, the issue remains to be defined in future studies. 
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FIG. 11. Spatial plots of all 60 trials in a normal subject during roll, 
pitch, and yaw impulses. Torsional, vertical, and horizontal head and eye 
velocities are plotted in the roll, pitch, and yaw planes. Ten trials are 
displayed for each of the 2 directions of the impulses (e.g., both roll- 
CW and roll-CCW impulses). The plots show that the compensatory eye 
velocities closely mirrored the head velocities irrespective of the exact head 
trajectories during roll, pitch, and yaw impulses. Gs are close to 1.0 for 
pitch and yaw impulses, but only -0.7 for roll impulses. 

VOR latency 

Without means to fix head and eye coils rigidly to human 
subjects, measurement of VOR latency with the search coil 
technique is at best an estimate. A tiny amount of eye coil 
slippage is difficult to detect, because the eye coil need only 
rotate -0.17 mm to produce a slippage of lo in torsion, 
which is difficult to detect visually. Even with a bite bar, 
the stability of the head coil depends on the subject’s ability 
to maintain a firm bite during the head impulses throughout 
the 35-min test. In our experience, dentures and excessive 
salivation can result in bite bar dislodgment during the head 
rotations. 

VOR latency measurement might be more reliable in ani- 
mals, where the head coil can be fixed with skull bolts and 

qualitatively consistent with the results reported by Seidman 
et al. ( 1995a), who also used roll position-step head rota- 
tions. 

The patterns of normal VOR in response to pitch and to 
yaw impulses were qualitatively similar. G during pitch and 
yaw impulses was close to 1.0. Our present data on pitch 
and yaw G found values similar to those reported previously 
for y during yaw impulses (Halmagyi et al. 1990; Foster et 
al. 1994; Tabak and Collewijn 1994) and pitch impulses 
(Aw et al. 1994). During pitch and yaw impulses, compen- 
satory eye velocities closely mirrored the head velocities, 
resulting in minimal eye position errors. Examination of the 
temporal characteristics of pitch and yaw G showed that 
both increased from -0.8 at the onset to nearly 1.0 at the 
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the eye coil can be implanted surgically. Also, with skull 
bolts, the animal’s head can be given a stimulus with a 
higher jerk content (Khater et al. 1993). VOR latencies 
between 13 and 14 ms in cats (Khater et al. 1993 ) and in 
monkeys (Lisberger 1984; Lisberger and Pavelko 1986) 
have been reported. Values ranging from 4 to 15 ms have 
been reported in humans by various investigators (Johnston 
and Sharpe 1994; Maas et al. 1989; Tabak and Collewijn 
1994)) who also face the same problems of rigidly fixing 
the coils to the subject. 

Because our stimulus was manually delivered, we did not 
have a distinct onset of head velocity as shown by Johnston 
and Sharpe ( 1994). The time taken for our such stimuli to 
reach peak acceleration was longer than the supposed latency 
itself. Although our impulse stimulus is not ideally suited 
for the use of a threshold method to calculate VOR latency, 
which can give arbitrary results depending on the criteria 
used for setting the threshold to determine the onset of the 
stimulus and the response, our latency shift method was 
possible because of our high temporal resolution ( l,OOO-Hz 
sampling frequency) and signal-to-noise ratio (resolution 
>O. 1 min of arc). Values of 7- 10 ms obtained in this study 
are comparable with those reported for humans (Johnston 
and Sharpe 1994; Maas et al. 1989; Tabak and Collewijn 
1994). 

APPENDIX 

The Zowess procedure (Cleveland 1979) uses a robust locally 
weighted regression algorithm for smoothing a scatterplot, (xi ,yi), 
wherei = 1, . . . tz, in which the fitted value at xk is the value of 
a polynomial fit to the data with the use of weighted least squares, 
where the weight for (Xi,yi) is large if Xi is close to & and small 
if it is not. This procedure guards against deviant points distorting 
the smoothed points. The following parameters were used during 
the lowess procedure: fractions of data used for smoothing = 0.02, 
iterations = 3. Identical abscissa values were estimated indepen- 
dently. A cubic spline procedure was used to interpolate between 
the velocity data points to produce values at equally spaced incre- 
ments. 

Savit&y-Golay formula 

The Savitzky-Golay formula has been used for smoothing and 
differentiation of data with the use of the simplified least-squares 
procedures (Savitzky and Golay 1964) to obtain velocity from 
position data in these experiments. The formula uses a set of 2m 
+ 1 consecutive values in the determination of the least-mean 
fit through these values of a polynomial of degree y2 ( yt < 2m + 
1). This polynomial is of the form 

k=n 

J = c b,kik = bnO + b,,i + b,*i* + l l l + b,,i” (A0 
k=O 

The derivatives of the polynomial are 

df;=b +2b i+3b i*** 
di “I n2 n3 l + nb,,i”-’ W) 
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