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Abstract While there is agreement that unilateral ves-
tibular deafferentation (UVD) invariably produces an
immediate severe horizontal vestibulo-ocular reflex
(HVOR) deficit, there is disagreement about whether or
not this deficit recovers and, if so, whether it recovers
fully or only partly. We suspected that this disagreement
might mainly be due to experimental factors, such as the
species studied, the means chosen to carry out the UVD,
or the nature of the test stimulus used. Our aim was to
sort out some of these factors. To do this, we studied the
HVOR of aert guinea pigs in response to low and high
acceleration sinusoidal and high acceleration impulses
after UVD by either labyrinthectomy or by vestibular
neurectomy. The HVOR in response to high acceleration
impulsive yaw rotations was measured before, and at
various times after, either unilateral labyrinthectomy or
superior vestibular neurectomy. Following UVD, there
was a severe impairment of the HVOR for ipsilesional
rotations and a slight impairment for contralesional rota-
tions, after either operation. This asymmetrical HVOR
deficit in the guinea pig parallels the deficit observed in
humans. Between the first measurement, which was
made 1 week after UVD, and the last, which was made 3
months after UV D, there was no change in the HVOR.
This lack of recovery was the same after labyrinthecto-
my as after vestibular neurectomy. The HVOR to low
and high acceleration sinusoidal yaw rotations were
measured after UVD, and the results were compared
with those in response to impulsive rotations. For low
acceleration sinusoidal rotations (250°/s?), the gain was
symmetrical, athough reduced bilaterally. As the peak
head acceleration increased, the HVYOR became increas-
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ingly asymmetric. The HVOR asymmetry for sinusoidal
rotations was significantly less than for impulsive rota-
tions that had the same high peak head acceleration
(2500°/<?). Our results show that the HVOR deficit after
UVD is the same in guinea pigs as in humans; that it is
the same after vestibular neurectomy as after labyrin-
thectomy; that it is lasting and severe in response to high
acceleration rotations; and, that it is more obvious in re-
sponse to impulses than to sinusoids.
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Introduction

In response to ayaw head rotation, the horizontal vestibu-
lar ocular reflex (HVOR) generates equal and opposite
eye rotations and thereby maintains a stable image on the
retina. There is general agreement that immediately after
unilateral vestibular deafferentation (UVD) there is a se-
vere deficit of the HVOR in animals and humans (see
Curthoys and Halmagyi 1995 for review). There is, how-
ever, no agreement about whether the HVOR recovers
and, if so, whether it recovers partially or fully. The truth
about the recovery of the HVOR after UVD is not only of
scientific interest but also of some clinical importance.

Testing the HVOR after UVD using only low acceler-
ation sinusoidal rotations shows that the HVOR largely
recovers, in humans (Baloh et al. 1984; Takahashi et al.
1984; Allum et al. 1988; Paige 1989; Fetter and Dich-
gans 1990), and in monkeys (Takahashi et al. 1977; Wolfe
and Kos 1977; Fetter and Zee 1988), whereas recovery
may be less complete in rabbits (Baarsma and Collewijn
1975), cats (Maioli et al. 1983) and guinea pigs (Vibert
et al. 1993). However, in response to high acceleration
impulsive rotations, the HVOR deficit clearly remains
even 1 year after UVD (Halmagyi et al. 1990; Tabak et
al. 1997b). So far, this type of stimulus has only been
used in human studies of HVOR recovery.



Our am here was to discover the extent to which
these differences in the data on the long-term recovery of
the HVOR after UVD could be due to the type of stimu-
lus used to test the HVOR, rather than to the species
used or the type of UVD performed. To do this, we stud-
ied the guinea pig HVOR in response to high accelera-
tion impulsive yaw rotations before and after unilateral
labyrinthectomy or superior vestibular neurectomy, and
in response to low and high acceleration sinusoidal yaw
rotations after labyrinthectomy.

Search coils were used to measure the HVOR in guin-
ea pigs that had undergone either a unilateral surgica
vestibular |abyrinthectomy, or a selective superior ves-
tibular neurectomy, excision of the superior portion of
Scarpa’s ganglion in addition to labyrinthectomy. Neu-
rons in Scarpa’s ganglion survive labyrinthectomy (Rich-
ter 1981; Schuknecht 1982; Jensen 1983; Sirkin et al.
1984; Fermin et a. 1989; Kevetter and Perachio 1994; Li
et a. 1995; Naito et al. 1995). It is possible that these
surviving ganglion cells affect the activity of ipsilesional
vestibular nucleus neurons and modify the HVOR. There-
fore, HVOR recovery might be greater following laby-
rinthectomy than after neurectomy, a surgical approach
that also deafferents the ganglion cells. For example,
Cass and Goshgarian (1991) using low acceleration sinu-
soidal rotations in cats found a larger HVOR asymmetry
after unilateral vestibular neurectomy than after unilater-
al labyrinthectomy.

The magnitude of the head rotation stimulus could in-
fluence the HVOR deficit measured after UVD. For ex-
ample, after unilateral labyrinthectomy in guinea pigs,
Vibert et a. (1993) found only a slight asymmetrical
HVOR gain response to low acceleration sinusoidal rota-
tions, whereas the HVOR was severely impaired and
asymmetrical in response to high acceleration velocity
steps (0300 °/s? at 1000 °/s?). In this study, we not only
compare directly the HVOR of guinea pigs in response to
low and high acceleration sinusoidal rotations, but also in
response to high acceleration impulses that are identical
to those previously used in the study of human HVOR af-
ter UVD (Halmagyi et al. 1990; Tabak et al. 19973, b).

Materials and methods

Subjects

Twenty-two normal healthy pigmented guinea pigs weighing be-
tween 600 g and 1000 g were tested. Seven animals underwent
surgery for unilateral superior vestibular neurectomy and 11 ani-
mals underwent surgery for labyrinthectomy. Four animals re-
mained bilaterally intact. The Animal Care and Ethics Committee
of the University of Sydney, NSW, Australia approved all proce-
dures used.

Surgical procedures

Head holder

Each guinea pig was anaesthetised with intramuscular injections
of Ketamil (ketamine hydrochloride, 100 mg/kg, Troy Laborato-
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ries) and Xylase Injection (xylazine, 4 mg/kg, Parnell Laborato-
ries). Once anaesthetised, the dorsal surface of the skull was ex-
posed and four small stainless steel screws (0-80 UNF x 1/8")
were implanted to anchor a plastic rod of square cross-section 20-
mm long and 3.3 mm on a side, embedded in dental acrylic. A
plastic rod was used because it is lightweight, non-ferrous and can
be mated to a larger-diameter plastic tube of sguare cross-section
(6.4x6.4 mm OD) that was attached to the restraining box. The
plastic rod was orientated parallel to the animal’s interaural axis
whilst the animal was positioned in a guinea-pig nose bar (40°
pitched nose down). The sguare-rod system provided a secure
means by which to fix the guinea pig in the test apparatus and pre-
vent head movement in yaw, pitch or roll. The orientation of the
rod also allowed a quick and effective way to position the guinea
pig so that the horizontal semicircular canals were approximately
earth horizontal (40° pitched nose down; Curthoys et a. 1977).
Following implantation of the head holder, the wound was sutured
and a subcutaneous injection of Marcaine (Astra Pharmaceuticals)
was injected around wound margins for management of post-oper-
ative pain. The animal was allowed to recover for at least 1 week
following the surgery.

Unilateral labyrinthectomy

A right unilateral labyrinthectomy was performed. Each guinea pig
was anaesthetised with intramuscular injections of Ketamil and
Xylase, as above. Following subcutaneous injection of xylocaine
(Astra Pharmaceuticals) to al wound margins, a midline incision
was made and the skin and tissue were retracted by blunt dissection
to expose the right temporal bone. A small hole was drilled into the
temporal bone to expose the junction of the horizontal and anterior
semicircular canals. Using a fine dental burr, the horizontal and an-
terior semicircular canal ampullae were opened and the contents
aspirated. The hole in the canals was then enlarged to alow remov-
a of the otolith maculae by fine probing and aspiration. Upon com-
pletion of the labyrinthectomy, the hole was sealed with dental
acrylic and the wound sutured. Animals recovered from the anaes-
thesiaunder aheat lamp, in afully-lit room.

Unilateral superior vestibular neurectomy

The same procedure as for a labyrinthectomy was employed. In
addition, the point at which the superior vestibular nerve left the
vestibule was identified and a hole drilled at that point to visually
expose the ganglion of the superior vestibular nerve. Using a fine
probe with a sharpened end and a fine-tipped aspirator, the gangli-
on was excised. Particular care was taken not to damage the brain-
stem or cerebellum.

Measurement of the static symptoms of vestibular compensation

Following UVD (labyrinthectomy or neurectomy), visual mea-
surement of spontaneous ocular nystagmus (SN), roll head tilt
(RHT) and yaw head tilt (YHT) were carried out every 10 h for
the first 50 h. For SN, the number of quick phase beats of nystag-
mus in a 15-s interval was counted by visual observation. Five
measurements of SN were made for each animal at each measure-
ment time and the mean calculated. Measurements were made in
light and were obtained without any restraint or physical contact
with the animal. Measurements were only made when the animal
remained completely still for the entire 15-s duration. Using a pro-
tractor, measurements of YHT and RHT were made, as previously
described (Curthoys et a. 1988). A 2-factor analysis of variance
(ANOVA) with repeated measures on time was used to compare
the results from the labyrinthectomy group to the neurectomy
group. Note that because the severity of the static symptoms that
follow UVD should diminish as afunction of time, factor B (time)
for the ANOVA is always significant and, therefore, not reported
in the results section.
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Measurement of the dynamic response before and after UVD
The recording system

Three-dimensional head and eye position were obtained using the
search coil technique (Robinson 1963), with the guinea pig’s eye
positioned at the centre of a 40-cm3 transmitter field that had alin-
ear region of approximately £30°. The Remmel system used a
non-resonant transmitter so that the detector signal was not sub-
stantially affected by metal in or near the transmitter field (Rem-
mel 1984). A combination coil consisting of two small detector
coils approximately 2 mm in diameter each, with ten turns of 20-
pum wire and a combined weight of less than 10 mg, was posi-
tioned on the locally anaesthetised cornea (Amethocaine Hydro-
chloride sterile ophthalmic drops, Smith & Nephew, Ltd) with a
drop of cyanoacrylate adhesive (Pronto CA8, 3 M) (Hess & Die-
ringer 1991).

The detector coils were hand wound from broken human
search coils, glued together with a small amount of epoxy (Aral-
dite, Selleys) and positioned orthogonally to one another. The
leads from the detector coil were tightly twisted to avoid artefacts
generated by the movement of loops in the lead wire during the
head impulse. The wire was fine and soft, even after twisting, so
the lead to the eye was not stiff enough to drag on the eye itself. A
second similar combination detector coil was fixed to the head
holder rod to measure head displacement.

With three transmission magnetic fields and two detection
coils each for head and eye, 12 anti-aliased output voltages were
sampled with 12-bit or 16-bit resolution at 1000 Hz. The raw sig-
nals were acquired and displayed by an IBM-compatible PC run-
ning LabVIEW 3.01 (National Instruments) from within Win-
dows 3.1.

Calibration of the recording system

An in vitro calibration of both the head and eye coils was per-
formed at the beginning of each recording day. The head and eye
coils were placed on a Fick gimbal at the centre of the transmis-
sion fields, and a calibration was performed by moving the gimbal
between +£20° in 10° steps for yaw, pitch and roll. To approximate
the exact position of the guinea pig during the testing session, the
calibration was performed using a guinea-pig skull with artificial
eyes. According to the right-hand rule, the calibration procedure
produced a positive voltage for yaw movements to the left, pitch
movements downwards and roll movements counter clockwise.
Many control calibrations were conducted without an animal to
ensure that artefacts did not contribute to the measured data. On a
number of testing occasions, the Fick gimbal was moved to vari-
ous known angles to assess the accuracy of the measurement sys-
tem. In addition, actual high acceleration angular rotations were
aso performed using the guinea-pig skull to replicate the actual
test. It should be noted that because we only measure the ocular
response during the first 100 ms, the maximum displacement of
the head and the point at which peak head velocity is achieved oc-
cur during the first 8° of the angular rotation. This is well within
the linearity range of our recording system.

Experimental protocol
Measurement of dynamic eye movement response

After at least 1 week of recovery time following surgical implanta-
tion of the head holder, guinea pigs were trained to sit quietly
whilst being firmly restrained by Velcro straps in a canvas bag that
was placed in a specialy designed Perspex guinea-pig holding box.
The body of the guinea pig was further restrained by encasing the
animal with foam rubber. Guinea pigs accept this mild restraint
well and will sit in such a bag for periods up to 1 h without show-
ing any sign of discomfort or distress. If the animal did show any
signs of distress, the testing session was terminated. The box was

positioned so that the midpoint between the two vestibular 1aby-
rinths of the animal was located over the centre of the axis of rota-
tion, whilst the eye was at the centre of the field. The guinea pig's
head was restrained by dliding a larger spring-loaded square plastic
tube over each end of the smaller head holder rod. The spring-load-
ed mechanism alowed a quick release should the guinea pig strug-
gle or show signs of discomfort. Once the guinea pig was comfort-
able with the restraining apparatus, a test session consisted of plac-
ing the detector coils onto the anaesthetised eye, restraining the
guinea pig as above and delivering either unpredictable, high-ac-
celeration head rotationsin light or sinusoidal stimuli in darkness.

When placing the coil on the guinea pig eye, care was taken to
place the coil over the centre of the pupil and to use the minimum
amount of glue. To minimise error in coil placement, a flashlight
was used to view the eye during the placement, highlighting the
centre of the pupil. To determine the position at which each im-
pulse began, the guinea pig was rotated and on-line voltages moni-
tored to ensure the optic axis was parallel to the field. This proce-
dure served to optimise the signal from the detector coils and
maximise their range of linearity within the angular limits set by
the Remmel system.

An IBM-compatible PC running LabVIEW (National Instru-
ments) was used to drive a velocity servomotor (ASR Servatron)
that delivered each impulse. Although we refer to this test as a
head impulse, unlike for the human equivalent of this test, the
guinea pigs are rotated en bloc. In order to ensure that each im-
pulse was unpredictable, the program randomly assigned the di-
rection of the impulse and the delay to onset. For the measurement
of the VOR response to impulses over time, each test impulse con-
sisted of atotal angular displacement of 18° with a peak head ve-
locity of 230°/s and a peak head acceleration of 3100°/s?. For each
animal, eye movement measurements were made prior to, 1 week
following, 8 weeks following and 12 weeks following UVD. All
sinusoidal tests were performed in darkness. To directly compare
the symmetry of the HVOR in response to sinusoidal stimulation
and high-acceleration impulses, five compensated guinea pigs (at
least 12 weeks post-labyrinthectomy) and four normal guinea pigs
experienced five sets of sinusoidal stimuli (five cycles each, all at
2 Hz) with an increasing amplitude. These different stimuli were
presented within the one testing session.

Data analysis of eye movement

Once the eye movement responses were obtained, data was trans-
ferred to a DEC Alpha station for off-line processing. For the data
acquired from the calibration procedure, a least-squares fit was
made to a sine wave for each channel of the form:

V=V,+Gsin (0+6y), )

where V is the measured signal in volts, V, is the offset, G is the
gain, 6 is the angle the jig has moved from the starting position,
and 6+ 6, is the angle between the detection coil and the transmis-
sion coil for that channel. The angle 6,, corresponding to the ini-
tial offset of the coil, was not used in calculation because it could
be found by other means.

The data were processed using a code written in the program-
ming language C and New S (Becker et al. 1988). Data for each
coil were calibrated by first subtracting V, and then dividing by G
for each channel, to give values of the form sin(6+6,). Using
Gram-Schmidt orthogonalisation (e.g. Anton 1984), each set of six
data points was converted to a rotation matrix. The data for the
first ten samples were averaged, and a reference rotation matrix
calculated from them. Rotation matrices for each point were then
divided by this reference matrix, so that al positions were given
with respect to the position at the start of the first test. Rotation
vectors were calculated from the rotation matrices according to the
Cayley formulae (Eg. 23 of Haslwanter 1995). Rotation vectors
for eye-in-head were calculated from those for gaze and head by
composition of rotation vectors (Eq. 24 of Haslwanter 1995).

The time derivatives of the rotation vectors for gaze, head and
eye-in-head were estimated by differentiating 21-point fits of qua-



dratic polynomials calculated using the method of Savitsky and
Golay (1964). Angular velocities were calculated from the differ-
entiated rotation vectors using Eq. 29 of Haslwanter (1995).

For analysis of eye movement data obtained in response to
head impulse stimuli, the following procedures were used. For
each impulse, head and eye coil position was acquired for 1000 ms.
To prevent contamination of eye movement responses with non-
vestibularly driven input, the analysis was restricted to the first
100 ms after the onset of the rotation (Halmagyi et a. 1990; Aw et
al. 1996 a, b; Tabak et al. 1997 a, b). To determine the point of on-
set for each rotation, the moment at which peak head velocity oc-
curred was identified, and the program counted back from this val-
ue until it reached the moment when the head velocity exceeded
the arbitrary threshold of 1.5°/s. The end of the impulse was de-
fined as either the moment of the peak head velocity or 100 ms af-
ter the onset of the head impulse, whichever came first. The re-
sults during the window defined by these criteria were used to pro-
duce eye velocity/head velocity plots and for the calculation of
HVOR gain. If a response was contaminated by a saccade, only
the data up until the peak slow phase eye velocity were used. Any
impulses deemed unacceptable (e.g. due to blinks) were excluded
from the final data analysis. The data for all acceptable impulses
were plotted as time series of eye and head position and velocity.

For each animal, eye velocity was plotted as a function of head
velocity for each trial. The data points for all ten impulses for a
test were combined and a single lowess curve fitted to all these da-
ta points to represent the animal’s overall HVOR performance for
that test. The lowess procedure is arobust locally weighted regres-
sion method used to smooth scatterplots (Becker et al. 1988;
Cleveland 1979). A spline fit was performed to interpolate the
smoothed lowessed data to even intervals of 0.5°/s. Average vec-
tors obtained in this way for each animal were superimposed and
the mean and 95% confidence intervals for al animals were then
calculated.

In previous studies, we have assessed HVOR gain by measur-
ing eye velocity/head velocity at an arbitrary high head velocity.
Such a single gain value does not deal with a considerable amount
of data. In order to provide a more complete representation, we
have used a linear regression fit to the eye velocity/head velocity
vectors for ipsilesional and contralesional rotations separately. The
slope of the line of best fit is a gain measure over a large range of
head velocities. The diagonal of these plots represents constant
HVOR gain of 1.0 at all head velocities.

For analysis of eye movement data obtained in response to si-
nusoidal rotations, the following procedures were used. Sinusoidal
data were desaccaded manually. Because saccades took up a large
percentage of each cycle, saccade data were removed completely
rather than being replaced with data interpolated from the slow
phases. To compare sinusoids to impulses and to quantify the re-
sponses to sinusoids at all accelerations tested, the various compo-
nents of each phase of the sinusoid were separated. To determine
the gain, least-squares fits of straight line were made to eye-in-
head velocity versus head velocity for each phase of the cycle for
which the absolute value of the velocity was increasing. These fits
were done only for data occupying 1/12 of a period on either side
of zero velocity, i.e. the portion of the sinusoidal waveform that is
approximately linear. In doing this, we were able to obtain gain
values for sinusoidal rotation that were directly comparable to the
impulse data.

Fig. 1 A-C Examples of the head rotation stimulus and the eye
movement response during a single rightward impulse in a naive
guinea pig (first testing occasion). The eye position and eye veloc-
ity records have been inverted for ease of comparison. During the
initial segment of the head impulse, eye position and eye velocity
closely match head position and head velocity. A Position time se-
ries. B The corresponding velocity time series. C Eye velocity vs
head velocity (velocity gain plot) for this impulse. A best-fitting
(lowest) line is superimposed on the raw data
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Fig. 2. A An example of ten individual impulses, five in each di-
rection delivered to an animal post-unilateral vestibular deafferen-
tation (UVD). Note the repeatability of the response. B The single
best-fitting lowess line to al the individual impulses

Results

Resolution of static symptoms; labyrinthectomy
Versus neurectomy

Following UVD, all animals exhibited typical static ocu-
lomotor and postural deficits with symptoms directed to-
ward the lesioned side. Ten hours after UVD, all guinea
pigs had close to 20 beats/15 s of SN in the light. Within
50 h following the lesion, SN had decreased to approxi-
mately 2—-3 beats/15 s. This is consistent with other re-
ports in the literature for the disappearance of SN in
guinea pig (e.g. Schaefer and Meyer 1973; Smith et al.
1986). There was, however, no difference between guin-
ea pigs that had undergone a neurectomy and those that
had undergone a labyrinthectomy, either in the frequency
of SN [F(1, 40)=2.43, P=0.15] or in the rate at which SN
diminished [F(4, 40)=2.47, P=0.06].

In the roll plane, all guinea pigs exhibited a head tilt
(roll head tilt, RHT) that was directed toward the side of
UVD. Although the measured RHT was higher at all
measurement times after UVD for the animals that had a
neurectomy, the large variation between animals rendered
any difference between the labyrinthectomy and neurec-
tomy groups non-significant [F(1, 40)=4.44, P=0.06]. At
50 h post-UVD, al animals had a residual RHT of be-
tween 5° and 20°, which remained throughout the course
of the experiment (3 months for each animal). The rate at
which RHT disappeared did not depend on the surgical
procedure used to produce the UVD [F(4, 40)=0.40,
P=0.81].
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In the yaw plane, all guinea pigs exhibited a head de-
viation (yaw head tilt, YHT) that was directed toward the
lesioned side. YHT gradually declined over 50 h for all
animals. There was no difference in YHT between the
animals that had undergone neurectomy or |abyrinthecto-
my [F(1, 40)=0.81, P=0.40]. There was no difference in
the rate at which YHT decreased between labyrinthecto-
my and neurectomy animals [F(4, 40) =0.43, P=0.79].

Recovery of the HVOR; |abyrinthectomy
Versus neurectomy

During the first 100 ms of each impulse in a normal
guinea pig, the position and velocity of the compensato-
ry horizontal eye rotation closely matches position and
velocity of the head rotation (Fig. 1). Figure 1 shows a
typical response to a single rightward head rotation, with
position (Fig. 1A), velocity as a function of time (Fig.
1B), and eye velocity as a function of head velocity (Fig.
1C). The line through the pointsin Fig. 1C is an example
of the lowess line that was fitted to each eye veloci-
ty/head velocity record. This line we call a velocity gain
vector — a response lying along the diagonal would have
againof 1.0.

For comparison with previous work in human (Hal-
magyi et al. 1990), the head velocity at 122.5°/s was
compared with eye velocity at 122.5°/s to obtain a gain
measure for 22 normal guinea pigs. The particular head
velocity chosen for HVOR gain calculations is fast
enough and late enough that any effects of VOR latency
and eyeball inertia are minimal. The HVOR gain for
rightward rotations was 0.89+0.09 (all gain vaues
throughout the report refer to gaintl standard deviation
of the mean) and 0.90+0.07 for leftward rotations. The
velocity gains for rotations in the two directions were not
significantly different from each other [T(21)=1.44;



Fig. 3 Changesin horizontal
vestibulo-ocular reflex
(HVOR) over time after unilat-
eral vestibular deafferentation
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P=0.166]. The HVOR gain for guinea pig was slightly
lower than that we reported for human (0.95+0.08 for ro-
tations toward the right and 0.93+0.08 for rotations to-
ward the left) (Halmagyi et al. 1990).

The pre-operative data obtained for the 18 animals
that subsequently underwent surgery for UVD is present-
ed in the first column of the top and bottom panels of
Fig. 3. The top row of each panel in Fig. 3 represents the
individual data for each animal and the bottom row rep-
resents the mean and two-tailed confidence intervals of
the velocity gain vectors. Note that for all normal ani-
mals, the data fall within atight band and the 95% confi-
dence intervals for the velocity gain plot for the two di-
rections of yaw rotation are therefore narrow and sym-
metrical for the two directions of head rotation. It isim-
portant to note that during the initial part of the response
there appears to be a near perfect VOR gain of 1 — both

-150 0

150

150

Head Velocity (deg/s)

before and after alesion. We attribute this part of the re-
sponse to coil inertia. By systematically increasing the
weight of the coil during a high acceleration impulse test
with a guinea pig, the initial artefact was enhanced.
However, even with an eye coil up to ten times heavier
than a typical coail, the gain values calculated were af-
fected only minimally. This inertia does, however, ob-
scure the onset of the VOR and so prevents accurate
measurement of the exact onset of the VOR,; for that rea-
son, we have not attempted to calculate VOR latency.
Animals were tested at 1, 8 and 12 weeks post-UVD
to assess the recovery of the HVOR over time. The data
are expressed either in terms of a velocity gain or direc-
tional deficit —a measure of HVOR asymmetry ([contra-
lesional HVOR gain —ipsilesional HVOR gain)]/[contra-
lesional HVOR gain + ipsilesional HVOR gain]). The
accuracy of this measure is dependent both on the good-
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Fig. 4. A, B Changes in the asymmetry of the horizontal vestibu-
lo-ocular reflex (HVOR) over time (as defined by directional defi-
cit). A Directional deficit over time for animals before, and at var-
ious times after, either a unilateral |abyrinthectomy (—e —) or a su-
perior vestibular neurectomy (--o --). B Directional deficit over
time for each individual animal before, and at various times &fter,
a unilateral labyrinthectomy. C Directional deficit over time for
each individual animal before and at various times after a superior
vestibular neurectomy. Note that a score of 0 represents a perfectly
symmetrical response and a score of 1 represents maximal asym-
metry

ness-of-fit of a straight line to the velocity gain plot and
on the repeatability of the response (see Fig. 2). Figure
2A shows superimposed plots of lowess lines from ten
impulses for a UVD animal during a single test session
(five impulses in each direction). Given that the stimulus
is motor driven and therefore highly repeatable, it is
clear that the eye movement responses for rotations in
each direction were also highly consistent (see Fig. 2A).
As Fig. 2B demonstrates, the single average lowess fit to
the ten individual impulses was representative of all the
impul ses.

Figure 3 depicts the gain velocity plots over time for
guinea pigs that either had a unilateral vestibular neurec-
tomy (top two panels) or a unilateral vestibular 1abyrin-

normal 1 week 8 weeks 12 weeks

Time Post Neurectomy

thectomy (bottom two panels). The top panel for each set
shows the individual raw data for each animal (averaged
over ten impulses) and the bottom panel shows the aver-
age data with 95% confidence intervals. After UVD,
there is a large decrease of HVOR gain for ipsilesiona
rotations. That is, the compensatory eye movement is of
much lower velocity than head velocity. For contralesio-
nal rotations, there was a small decrease in HVOR gain
compared with normal in both the labyrinthectomy and
neurectomy animals. The HVOR gain for both groups of
animals remains impaired up to 3 months post-UVD (see
also Table 1).

To appreciate the degree of asymmetry over time, the
directional deficit scores for each group were plotted as a
function of time (see Fig. 4A). There was no difference
in asymmetry between animals that received a labyrin-
thectomy and those that received a neurectomy [F(1,
32)=0.146, P=0.15] nor was there a change in asymme-
try over time [F(2, 32)=2.8, P=0.07]. There was no sig-
nificant difference between the two groups as a function
of time[F(2, 32)=1.13, P=0.34].

A plot of the individual data clearly demonstrates the
variability of the asymmetry over time, both between
and within animals, particularly for the labyrinthectomy
group (see Fig. 4B, C). It should be noted that, following
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Table1l Mean gain

( 1 standard deviation) Time post-UVD Neurectomy

Labyrinthectomy

for guinea pig in response to
impulse stimuli post-UVD

Ipsilesional gain

Contralesional gain  Ipsilesional gain Contralesional gain

1 week
8 weeks
12 weeks

0.21+0.07
0.22+0.06
0.22+0.11

0.86+0.12
0.79+0.05
0.83+0.12

0.20+0.13
0.29+0.14
0.27+0.13

0.80+0.11
0.76x0.12
0.78+0.13

Fig. 5A-D The guineapig hor- A

izontal vestibulo-ocular reflex 100 Lett
(HVOR) response to sinusoidal
rotations at a frequency of 2 Hz
with a peak head velocity of
60°/s and a corresponding peak
angular head acceleration of
750°/s2. A and C are time-do-
main plots, whereas B and D
are gain plots (eye velocity ver-
sus head velocity). Figures A
and B are the eye movement
responses measured from a
normal guinea pig: Figures C
and D are the eye movement
responses measured from a
compensated labyrinthectomi-
sed guinea pig
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labyrinthectomy and neurectomy, some animals show a
change over time. However, even in animals that do
show a change, the difference in overall response to the
two sides is still largely asymmetric. It is clear that there
is virtually no change in gain over time for rotations in
either direction for either group (Table 1).

HVOR to sinusoidal rotations versus HVOR to impulses

Figure 5 shows the velocity of the eye movement re-
sponse to a sinusoidal stimulus of 2 Hz with a peak head
velocity of 60°/s and a corresponding peak angular head
acceleration of 750°/s? for anormal animal (Fig. 5A) and

3000
Time (milliseconds)

T T T i

4000 -200 -100 0
Head Velocity (deg/s)

T T
100 200

a UVD animal (Fig. 5C). For comparison to the way in
which the impulse data is expressed, the sinusoidal data
is also expressed as an instantaneous time-domain plot.
That is, eye velocity is compared to head velocity on a
point-by-point basis (Figs. 5B, D).

For the normal animal, the head and eye traces essen-
tially lie over the top of one another and, as a result, for
the gain plot, the trace lies on the diagonal indicative of
a gain re-velocity of 1. When applying the formula de-
scribed in the methods section to obtain a gain value for
each direction of rotation, the gain for rotations to the
right was 1.01 and the gain for rotations toward the left
was 1.10. For the UVD animal, the amplitude of the re-
sponse is impaired as can be seen in Fig. 5C. In terms of
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the gain plot, athough the gain at this acceleration ap-
pears symmetrical, the trace is rotated dlightly away
from the diagonal, indicating that the gain re-velocity is
decreased for the rotation in both directions. The calcu-
lated gain value for ipsilesiona rotations in this animal
was 0.58 and 0.53 for contralesional rotations (Fig. 5D).
The shape of the gain plot also tends towards an ellipse
for the UVD animal, indicating that the eye movement
response is lagging behind the head movement. Also
note that, for the time—domain eye traces, part of the re-
sponse is missing, because al eye traces have been man-
ually desaccaded.

To summarise al of the sinusoid data, the response
for each animal that had a unilateral |abyrinthectomy

-50 0 50
Head vel (deg/s)

-60 0 50 -50 0 50

has been compared with a typical example of a normal
animal (Fig. 6). In Fig. 6, each row represents an indi-
vidual animal’s response to sinusoidal stimuli of differ-
ent values of peak angular head acceleration (as indi-
cated by the stimuli description in the top row). To
compare sinusoids to impulses and to quantify the re-
sponse to sinusoids at all accelerations tested, the vari-
ous components of each phase of the sinusoid were sep-
arated and a straight-line fitted to each phase of the cy-
cle for which the absolute value of the velocity was in-
creasing.

The straight-line fit was restricted to the portion of
the sinusoid that was mostly linear (see Methods). Be-
cause the beginning of the sinusoid stimuli is effectively
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Fig. 7 The gain of the horizontal vestibulo-ocular reflex (HVOR)
toward the side of the lesion (--e --) or toward the intact side (-m -)
to sinusoidal rotations of increasing peak head acceleration

an impulse, the first quarter cycle of the sinusoid was not
included in the analysis. For the normal anima the ve-
locity gain of the HVOR was always very close to 1 (see
Fig. 6). Following unilateral labyrinthectomy, the eye
movement response for al animals was impaired, al-
though there was a fair amount of variation between ani-
mals. At lower accelerations, the response appeared
symmetrical, although the gain for rotations in both di-
rections was lower than for the normal animal. For the
sinusoidal rotation with the lowest value of peak head
acceleration (250°/s?), the average HVOR gain for contra-
lesional rotations was 0.33+0.07 and 0.29+0.10 for ip-
silesional rotations (Fig. 7).

As the value of the head acceleration increased, the
eye movement response became increasingly asymmetri-
cal for UVD animals. For the sinusoidal rotation with the
highest peak head acceleration (2500°/s?), the average
HVOR gain for contralesional rotations was 0.68+0.10
and 0.44+0.07 for ipsilesional rotations. It is aso impor-
tant to note that all stimuli were delivered at 2 Hz, so
even at the lowest acceleration it was unlikely that any
eye movement responses were due to prediction.

To compare the change in gain over the different sinu-
soidal stimuli, a within-subjects repeated measures AN-
OVA was calculated for the sinusoid data for five UVD
animals (note that one animal did not complete all trials
within the same testing session and was therefore omit-
ted from the multiple comparison). As acceleration in-
creased, there was a significant increase in average gain
[F(4,16)=13.09, P=0.001] and a significant change in
gain for rotations to either side [F(1,4)=10.03, P=0.034].
There was a significant interaction between direction of
the rotation and acceleration [F(4,16)=3.69, P=0.026].
That is, the response became increasingly asymmetrical
as acceleration increased (see Fig. 7).
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To directly compare the HVOR to a sinusoidal rotation
and to a head impulse at a comparable high peak head ac-
celeration (2500°/<?), six UVD guinea pigs were subject
to both stimuli (note that the sixth additional animal, not
included in the above multiple comparison, did complete
both stimuli with the comparable peak head acceleration).
A directiona deficit value was calculated for each guinea
pig for both types of stimuli. Interestingly, at this value of
peak head acceleration, the directional deficit for the si-
nusoidal stimuli (0.21+0.15) was significantly less asym-
metric than the impulse of the same peak head accelera-
tion (0.42+0.08) [T(5)= 3.07, P=0.03]. Most of this im-
provement in directiona deficit for a response to a sinu-
soid versus an impulse can be attributed to an improve-
ment in gain for rotations toward the side of UVD.

Discussion

Our aim was to resolve the differences that exist in the
literature concerning the recovery of the HVOR after
UVD. We suspected that most of the reported differences
could be attributed to the type of the stimulus used to test
the HVOR, rather than to the species used or the type of
UVD performed.

Static vestibular compensation: 1abyrinthectomy
versus neurectomy

The disappearance of the static symptoms that follow
UVD has often been used as an index of vestibular com-
pensation. In guinea pig, the static symptoms that follow
UVD disappear within the first 52 h (Smith et a. 1986;
de Waele et a. 1989). In the present study, the rate at
which the static symptoms diminished were similar to
that previously reported for guinea pig (Smith et al.
1986; de Waele et al. 1989). We can therefore assume
that our measures of dynamic vestibular function, the
HVOR, are also indicative of a typical guinea pig re-
sponse after UVD. In addition, the rate at which the stat-
ic symptoms diminished did not depend on the type of
surgery used to produce UVD (labyrinthectomy or neu-
rectomy). Cass and Goshgarian (1991) also report no dif-
ference in cat in the pattern of SN after unilateral vestib-
ular neurectomy or labyrinthectomy. Although Li et al.
(1995) found the postural deficits in rat to be more se-
vere after neurectomy than after a labyrinthectomy, the
disappearance of the postural symptoms can be highly
variable (Sirkin et al. 1984; de Waele et a. 1993). In the
present study, there was also large variability between
animals in the compensation of the postural symptoms,
particularly in the compensation of RHT.

The HVOR to high acceleration stimuli

The HVOR in response to high acceleration head rota-
tions, before and after UVD, behaves the same way in
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the guinea pig as in human (Halmagyi et al. 1990; Aw et
a. 1996 a, b; Tabak et al. 1997 a, b). The guinea pig
HVOR is severely impaired for ipsilesional rotations and
only slightly impaired for contralesional rotations. While
this agrees with the results we obtained in humans (Hal-
magyi et al. 1990), Tabak et al. (1997b) report less of a
deficit for ipsilesional rotations and no deficit for contr-
alesional rotations. They attribute the difference between
the two studies to their use of a reactive torque helmet
that can deliver a constant acceleration. Although the
present study is not exactly comparable with these two
human studies, since the guinea pig is rotated en bloc,
we also used a constant acceleration. The results ob-
tained in guinea pig more closely resembled the deficit
observed in our human data (Halmagyi et al. 1990) than
the deficit observed by Tabak et al. (1997b). We do note
that our measure of eye velocity is contaminated initially
by coil inertia at the onset of the head rotation. This pre-
vents an accurate measure of latency of the VOR re-
sponse and could have a small effect on the absolute val-
ue of our gain measure (Tabak et al. 1997 a, b); however,
the most important thing to note is that the asymmetry of
the VOR response post-UVD is still profound.

Irrespective of small differencesin the gain of the re-
sponse following UVD in humans between Halmagyi et
a. (1990) and Tabak et al. (1997b), both studies report a
severe HVOR deficit that is still present long after UVD.
Similarly, in the present study, the guinea pig HVOR
deficit shows no recovery in the 3 months post-UVD and
it islikely, therefore, that the deficit in guinea pig is also
permanent. Although Vibert et al. (1993) used a lower
acceleration stimulus (1000°/s?), they too report that the
guinea pig HVOR remained severely impaired in re-
sponse to brief accelerations. In fact, Vibert et al. (1993)
justified the pooling of the results of 12 guinea pigs,
35-160 days post-UVD, into a single long-term group on
the grounds that there was no statistical difference be-
tween animals at the various test times. That is, after 1
month post-UVD, there was no further recovery of the
HVOR.

We cannot exclude the possibility that there was some
recovery of dynamic function in the first week post-
UVD, as noted by Fetter and Zee (1988) for monkey. In
the present study, the first measure of the HVOR to im-
pulse stimuli was not made until the end of the first week
post-UVD. Based on neural data obtained from guinea
pig (Smith and Curthoys 1988 a, b; Ris et a. 1995,
1997), we could expect a small improvement in gain for
contralesional rotations to have already taken place be-
fore our first measure. The most important thing to note
is that there would <till be a large asymmetry of the
HV OR when comparing rotations in either direction.

As with the recovery of the static vestibular function,
there was no difference in the recovery of dynamic ves-
tibular function (i.e. in the HVOR) between animals that
had a labyrinthectomy and animals that had a neurecto-
my. Therefore, in response to high acceleration impulse
stimuli, there is no recovery of the HVOR after 1 week
post-UVD and the type of UVD performed had no effect

on the HVOR deficit. In contrast, in response to low ac-
celeration sinusoidal stimuli, Cass and Goshgarian (1991)
report a greater HVOR asymmetry in cats after labyrin-
thectomy than after neurectomy and Vibert et al. (1993)
observed some recovery of HVOR function in guinea
pig. The results obtained from different studies appear to
depend on the type of stimulus used to test the HVOR.

The HVOR to sinusoidal rotation: a comparison
with high acceleration impul se stimuli

Several studies have concluded that there is almost com-
plete recovery of the HVOR to low angular acceleration
(see details in Introduction). We have previously argued
that any changes or improvements in dynamic function
that occur in response to low frequency stimulation may
be contaminated by other non-vestibular components
(Curthoys and Halmagyi 1992, 1995). By using high ac-
celeration stimuli and analysing the eye movement re-
sponse during the first 100 ms, it is argued that the re-
sponseis of purely vestibular origin.

We sought to compare directly the HVOR responses
to sinusoidal and impulse stimuli. It is important to note
that, for this part of the study, we did not seek to evalu-
ate whether there would be a difference between a
neurectomised or |abyrinthectomised animal in response
to a sinusoid, nor whether the response to sinusoidal
stimuli changed over time. For sinusoidal stimuli, fre-
guency was held constant at 2 Hz — a frequency high
enough to prevent prediction. Vibert et a. (1993) have
demonstrated that following UVD in guinea pig, there is
only a slight HYOR gain asymmetry in response to low
frequency sinusoids, whereas the HVOR to higher accel-
eration velocity steps is severely asymmetrical. Using a
sinusoidal stimulus and increasing the value of peak an-
gular acceleration, we have attempted to determine at
what values of peak head acceleration the transition from
symmetry to asymmetry occurs.

For a normal animal, the gain for sinusoidal rotation
for all values of peak head acceleration was close to 1
(Fig. 6). As can be seen in Figs. 6 and 7, there was vari-
ability between animals; however, it is clear from Fig. 6
and statistical analysis, that the HVOR response to low
acceleration sinusoidal stimuli was far more symmetric
than for high acceleration sinusoidal stimuli. In agree-
ment with Vibert et al. (1993), for low acceleration sinu-
soidal stimuli, the gain re-velocity was bilaterally de-
pressed. At the second lowest value of peak head accel-
eration, the gain for rotation toward both sides dramati-
cally increases (Fig. 7). For the following three highest
values of peak head acceleration, the gain for rotations
toward the contralesional side shows a slight improve-
ment, whereas the gain for rotations toward the ipsilesio-
nal side shows a dight decrease. For the largest ampli-
tude sinusoid the difference between the gain for rota-
tionsin either direction was maximal.

It has been suggested that for low-acceleration, low-
frequency stimuli, the apparent symmetry of response



may occur as aresult of factors such as the predictive na-
ture of the stimuli (see Curthoys and Halmagyi 1995, for
review). At high frequencies, sinusoidal stimuli will also
reveal an asymmetry between the two sides following
UVD (Istl et al. 1983; Hyden et al. 1988; Tabak et a.
1997b). We aimed to test directly whether the HVOR to
asinusoidal rotation would, in fact, produce the same de-
gree of asymmetry when both stimuli were matched for
the value of peak head acceleration. Whilst we acknowl-
edge that in comparing sinusoids with impulses we are
comparing two very different stimuli, we have used the
novel approach of presenting and analysing both types of
stimuli in the time domain.

It is of interest that, even when the value of peak head
acceleration is the same for both stimulus waveforms,
the response to sinusoidal stimuli is significantly more
symmetric. It is not the peak head acceleration itself, per
se, that determines the HVOR, but the way in which
peak head acceleration is achieved. Most of the improve-
ment of the directional deficit measured for the sinusoid
compared with the impulse can be attributed to an in-
crease in gain for rotations toward the ipsilesional side.
The validity of using a sinusoidal stimulus to measure
HVOR function following UVD in the clinic has recent-
ly been questioned. As in the present study, Tabak et al.
(19973, b) tested human subjects with both sinusoidal
oscillations and high acceleration impulse stimuli. Al-
though they did not analyse the symmetry of the eye ro-
tation to sinusoidal stimuli the same way we have, they
too report that assessment of the HVOR following UVD
is limited when using even high frequency sinusoidal os-
cillations. Foster et a. (1997) came to a similar conclu-
sion, also recommending the use of high acceleration im-
pulse testing instead of using traditional sinusoidal rota-
tions to quantify the HVOR following UVD.

In summary, following UVD, the HVOR in response
to high acceleration impulse stimuli was severely im-
paired in guinea pig. The HVOR deficit did not show
any recovery in the 3 months following UVD. We have
shown that the HVOR deficit is a direct result of the
UVD, irrespective of how the lesion was performed and
irrespective of the species. Assessment of the extent to
which recovery of HVOR function occurs can also de-
pend on the choice of test. At very low values of peak
head acceleration using sinusoidal stimuli, the HVYOR
was symmetrical. As the value of peak head acceleration
increased, the HVOR deficit became more noticeable.
However, the response to a head impulse test is signifi-
cantly more asymmetric than the HVOR to a sinusoidal
rotation, even when the value of peak head acceleration
is matched and the frequency is sufficient to prevent pre-
diction. From a clinical perspective, to fully evaluate
HVOR function following disease or deafferentation, it
is necessary to use tests that deliver natural stimuli in the
high dynamic range (Halmagyi et al. 1990; Foster et al.
1997; Tabak et al. 1997b). Interestingly, vestibular com-
pensation is often cited as a useful model of CNS plas-
ticity. While it iswell known that the static symptoms di-
minish rapidly following UVD, to refer to changesin dy-
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namic vestibular function following UVD as a form of
CNS plasticity may be misleading. It would seem that if
there is any significant recovery of the HVOR, it is spe-
cific for low-frequency stimulation.
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