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ABSTRACT

In acute unilateral peripheral vestibular deficit, hori-
zontal spontaneous nystagmus (SN) increases when
patients lie on their affected ear. This phenomenon
indicates an ipsilesional reduction of otolith function
that normally suppresses asymmetric semicircular
canal signals. We asked whether head-shaking nystag-
mus (HSN) in patients with chronic unilateral
vestibular deficit following vestibular neuritis is
influenced by gravity in the same way as SN in acute
patients. Using a three-dimensional (3-D) turntable,
patients (N = 7) were placed in different whole-body
positions along the roll plane and oscillated (1 Hz,
T10-) about their head-fixed vertical axis. Eye move-
ments were recorded with 3-D magnetic search coils.
HSN was modulated by gravity: When patients lay on
their affected ear, slow-phase eye velocity significantly
increased upon head shaking and consisted of a hor-
izontal drift toward the affected ear (average: 1.2-/s
T0.5 SD), which was added to the gravity-independent
and directionally nonspecific SN. In conclusion, HSN
in patients with chronic unilateral peripheral vestib-
ular deficit is best elicited when they are lying on
their affected ear. This suggests a gravity-dependent
mechanism similar to the one observed for SN in
acute patients, i.e., an asymmetric suppression of ves-
tibular nystagmus by the unilaterally impaired otolith
organs.
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INTRODUCTION

A sudden unilateral peripheral vestibular deficit leads
to an asymmetry of tonic vestibular input signals and
thus spontaneous eye drift toward the ipsilesional
side. Patients avoid lying on their affected ear,
because the affected-ear-down position intensifies
the vertigo. In fact, an increase of spontaneous
nystagmus (SN) is observed in this position, indicat-
ing an enhancement of the horizontal semicircular
canal imbalance by the changed orientation of the
gravity vector relative to the head (Fluur 1973). Such
a modulation of canal-mediated SN by gravity strong-
ly suggests an interaction between otolith and
semicircular canal pathways.

In the course of vestibular compensation, the
velocity of spontaneous eye drift gradually decreases.
Patients with chronic unilateral vestibular deficit may
yet show some SN in darkness, but not during ocular
fixation in the light (Baloh and Honrubia 2001).
Nystagmus can still be detected, however, after
shaking the head rapidly over 20 to 30 cycles in the
horizontal plane (Kamei et al. 1964) or after whole-
body oscillation on a turntable about an Earth-
vertical axis (Fetter et al. 1990; Katsarkas et al.
2000). This so-called head-shaking nystagmus (HSN)
is considered to be a sensitive symptom for detecting
asymmetries in the vestibular system (Hain et al. 1987;
Fetter et al. 1990; Hain and Spindler 1993).

The presence of HSN reflects a directional imbal-
ance of the vestibuloocular reflex (VOR) in the high-
frequency range after unilateral vestibular lesions.
During high-acceleration head rotations, the VOR is
mainly generated by the excited side (Ewald 1892),
because the nonlinear pathway of the inhibited side
is driven into inhibitory cutoff (Lasker et al. 2000).
For nystagmus to appear after head oscillation has
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stopped, the directionally asymmetric response must
have been stored during head shaking to be dis-
charged thereafter. Therefore to elicit HSN, the
brainstem network that transiently accumulates the
vestibular velocity signals, the so-called Bvelocity
storage^ (Raphan et al. 1979), must be operative to
receive and perpetuate the input that predominantly
comes from the healthy ear (Fetter et al. 1990; Hain
and Zee 1992). Consequently, HSN generally beats
toward the healthy ear. Central mechanisms under
the control of the cerebellum, however, may lead to a
secondary phase of nystagmus in the opposite di-
rection or even a reversed nystagmus right from the
beginning (Asawavichiangianda et al. 1999).

We asked whether the primary phase of horizontal
HSN (HSNh) in patients with chronic unilateral
vestibular deficit after vestibular neuritis is influenced
by the orientation of the gravity vector and whether
such a gravity-dependent modulation would resemble
the one seen in horizontal SN (SNh) of patients with
acute unilateral vestibular deficit. This would indicate
that otolith-mediated mechanisms interfering with
the asymmetry of semicircular canal signals are the
same for both SNh and HSNh.

METHODS

Definition

The term Bhead-shaking nystagmus^ (HSN) was ap-
plied to describe nystagmus appearing after oscilla-
tion of the head in space. This broader definition of
HSN, which goes beyond head shaking on the trunk
at the bedside, is in line with the existing literature
and includes whole-body oscillation on a turntable
(Fetter et al. 1990; Katsarkas et al. 2000).

Subjects

Three-dimensional (horizontal, vertical, torsional)
eye movements before, during, and after head
shaking were recorded in seven patients (four male,
28Y77 years) with chronic unilateral peripheral ves-
tibular deficit after vestibular neuritis (Schuknecht
and Kitamura 1981; Arbusow et al. 2000). Another
four patients also participated in the study, but opted
not to complete the experimental protocol because of
nausea. The diagnosis was based on the patient’s
history and bedside testing. The clinical examination
was performed by an experienced neurootologist
(D.S.). Clinically, horizontal head-shaking nystagmus
under Frenzel glasses was present in all seven patients.
Quantitative head impulse testing with search coils
confirmed the unilateral peripheral vestibular deficit
(Aw et al. 1996). In six patients the deficit was right-

sided, in one patient left-sided. Because search-coil
head impulse testing is more sensitive than caloric
testing in chronic patients after vestibular neuritis
(Schmid-Priscoveanu et al. 2001), caloric irrigation
was not performed in all patients. The average
duration since the onset of the vestibular deficit was
3.5 years (range: 3 monthsY10 years). The comparison
group consisted of 12 healthy subjects (six male,
25Y59 years).

The subjects gave their consent to participate in
this study after being informed of the experimental
procedures. The protocol was approved by a local
ethics committee and was in accordance with the
ethical standards laid down in the Declaration of
Helsinki for research involving human subjects.

Experimental set-up

Subjects were seated upright on a turntable with three
servo-controlled motor-driven axes (prototype built
by Acutronic, Jona, Switzerland). The head was
restrained with an individually molded thermoplastic
mask (Sinmed BV, Reeuwijk, The Netherlands).
Subjects were positioned so that the center of the
interaural line was at the intersection of the three
axes of the turntable. Pillows and safety belts mini-
mized movements of the body. The chair was pitched
20- in the nose-down direction to position the lateral
semicircular canals approximately horizontal.

Eye and head movement recording

Three-dimensional (3-D) eye and head movements
were recorded with dual search coils (Skalar Instru-
ments, Delft, The Netherlands). The coil frame (side
length: 0.5 m) generated three orthogonal digitally
synchronized magnetic wave field signals of 80, 96,
and 120 kHz. A digital signal processor computed a
fast Fourier transform in real-time on the digitized
search coil signal to determine the voltage induced
on the coil by each magnetic field (system by
Primelec, Regensdorf, Switzerland). Coil orientation
could be determined with an error of less than 7%
over a range of T30- and with a noise level of less
than 0.05- (root mean squared deviation).

Search coil annuli were calibrated with a method
described elsewhere (Straumann et al. 1995). A dual
search coil was placed around the cornea of the right
eye after local anesthesia with oxybuprocaine 0.4%. A
second coil for measuring head movements was fixed
on the front teeth via silicon dental impression paste
(Blu-Mousse\ Classic, Parkell, Inc., Farmingdale, NY,
USA). Eye, head, and chair position signals were
digitized at 1000 Hz/channel with 16-bit resolution,
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and stored on a computer hard disk for offline
processing.

Experimental protocol

A chair-fixed laser dot was projected straight ahead
onto a tangent screen at a distance of 0.59 m in front
of the subject’s eyes. Every 2 s the laser dot was turned
on for a duration of 20 ms. Subjects were instructed
to look at the laser dot and to keep their eyes at this
position during the off periods. The short duration
of on periods ensured that the smooth pursuit system
was not activated.

The chair was rotated in the roll plane in 45- steps
from the left ear-down to the right ear-down position
(five positions: 90- and 45- left ear-down; upright; 45-
and 90- right ear-down). Each position was held for a
90 s period consisting of three phases: (1) 30 s of
stationary chair position; (2) 30 s of turntable oscil-
lation about the head-fixed vertical axis (approxi-
mately orthogonal to the lateral semicircular canals;
see Experimental set-up) with an amplitude of 10-
and a frequency of 1 Hz; (3) 30 s of stationary chair
position. Eye movements during the first interval cor-
responded to spontaneous nystagmus (SN), during
the second interval to the vestibuloocular reflex
(VOR), and during the third interval to head-shaking
nystagmus (HSN). Note that oscillating the subject
about the head-fixed yaw axis implied some degree of
perrotatory VOR dumping, except in the upright
position, in which the rotation axis was Earth-vertical
(Bockisch et al. 2003).

Data analysis

Search coil signals from the right eye and the head
were processed with interactive programs written in
MATLABi Version 6. 3-D positions of eye and head
were expressed as rotation vectors (Haustein 1989),
and corresponding 3-D velocities as angular velocity
vectors (Hepp 1990). The transverse plane of the
head-fixed coordinate system was aligned with the
Earth-horizontal with the head pitched 20- nose-
down. In this position, defined as upright, the hori-
zontal semicircular canals were approximately paral-
lel to the Earth-horizontal plane. For convenience,
the lengths of rotation vectors and angular velocity
vectors were given in degrees and degrees per second
(-/s), respectively. According to the right-hand rule,
eye rotations to the left, down, and clockwise from
the subject’s point of view are positive. To facilitate
the analysis, 3-D eye movement directions in the pa-
tient with the left-sided vestibular lesion were mir-
rored, as if the right ear had been affected by the
vestibular neuritis. This was accomplished by multi-
plying the horizontal and torsional eye and head
movement components by (j1). Thus in the analysis
of this patient’s data, it was as if the right side was the
affected side.

In each turntable position, eye movements during
intervals 10 s before and 10 s after head shaking were
analyzed by interactively selecting sections of slow-
phase eye movements between quick phases of nys-
tagmus. To determine the dynamics of the ocular
response during whole-body oscillation, eye velocity
was desaccaded by overlaying all cycles and comput-

FIG. 1. Three-dimensional position traces
(upper three panels: horizontal, vertical,
torsional) of the right eye in an upright sitting
patient (P.I.) with a right-sided peripheral
vestibular deficit. Eye movements to the left,
down, and clockwise, as seen by the subject,
are positive according to the right-hand rule.
Chair position (lowest panel) oscillated in
the horizontal direction only (1 Hz, T10-).
Traces are clipped 20 s before and 20 s after
the turntable oscillation.
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ing the median eye response (Schmid-Priscoveanu et
al. 2000). Then, horizontal eye velocity was plotted
against horizontal chair velocity. The slope of the
first-linear regression yielded the gain, its offset the
velocity bias.

RESULTS

Figure 1 shows three-dimensional (3-D) eye position
traces measured in an upright-positioned patient
with a right-sided peripheral vestibular deficit. Before
turntable oscillation, only a small drift was noted.
After oscillation, horizontal drift, directed toward the
affected right side, increased considerably more than
vertical and torsional drifts. Hence the resulting
Bhead-shaking nystagmus^ was mainly horizontal.

For the same example, average velocities of nystag-
mus slow phases before and after turntable oscilla-
tion are depicted in Figure 2. The largest change of
slow-phase eye velocity (averages connected by dashed
lines) occurred in the horizontal eye movement plane:
before head shaking, velocities scattered around zero;
after head shaking, the eyes drifted toward the right
side, i.e., the side of the vestibular lesion (unpaired
t-test: p G 0.01). Downward-directed vertical drift

increased slightly after head shaking, but data points
scattered widely (p = 0.09). Torsional drift was di-
rected counterclockwise before head shaking, but
reversed its direction after head shaking (p = 0.04).

Figure 3 shows average horizontal eye velocities
before (circles) and after head shaking (stars) in dif-
ferent whole-body positions along the roll plane in a
healthy subject (Fig. 3A) and in the same patient as in
the previous example (Fig. 3B). In the healthy subject,
the horizontal velocity of spontaneous drift and drift
after head shaking scattered around zero indepen-
dent of body position. In the patient, the horizontal
spontaneous drift did not modulate with gravity.
Horizontal drift velocity after head shaking, however,
showed a clear gravity-dependent gradient with an
increasing rightward drift from 90- left ear-down to
90- right ear-down. Accordingly, slow-phase eye veloc-
ity toward the affected right side was most prominent
when the patient was lying on the affected right ear.

Figure 4 depicts slow-phase eye velocity of all
patients in left ear-down, upright, and right ear-down
whole-body positions before and after head shaking.
For comparison, the differences of drift velocities
between the same conditions in healthy subjects are
also plotted. Recall that in all patients the right side
corresponds to the affected side, i.e., eye movement

FIG. 2. Average velocities of individual
slow phases (open circles) of nystagmus
before and after horizontal turntable
oscillation in the same upright sitting patient
as in Figure 1. Eye movement directions
according to the right-hand rule. Selected
slow phases were within 10 s before and
after turntable oscillation. Dashed lines
connect averages of data points before and
after turntable oscillation.

FIG. 3. Examples of average horizontal
slow-phase eye velocities before (circles)
and after (stars) horizontal turntable
oscillation in different body positions along
the roll plane. Eye velocity to the left is
positive. A Healthy subject (A.P.). B Same
patient as in Figures 1 and 2. Note the
increase of horizontal eye velocity toward
the affected right side after oscillation when
the patient is rolled toward the affected right
ear.
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data in the only one patient with a left-sided lesion were
mirrored (see Methods). Horizontal slow-phase eye
velocity in the upright and nonaffected (=left) ear-
down positions was not significantly different from zero
before (open circles; triangle K mirrored data point)
and after (stars; triangle K mirrored data point) head

shaking (ANOVA: phorizontal = 0.94). In the affected
(= right) ear-down position, however, head shaking
elicited a significant (paired t -test: p G 0.01) change
of horizontal slow-phase eye velocity toward the
undermost ear (average increase of slow-phase eye
velocity by head shaking: 1.2-/s T 0.5 SD). There was no

FIG. 4. Comparisons between average slow-phase eye velocities
before (open circles) and after (stars) horizontal turntable oscillation
in all patients in the non-affected ear-down, upright, and affected
ear-down positions. Eye movement directions according to right-
hand rule. In the ear-down positions, each data point on one side
corresponds to the average eye velocity measured in the 90- and 45-

body positions. In the one patient with a left-sided deficit (data
depicted as triangles), eye movement directions were mirrored, thus,
for analysis, the right ear was always the affected ear. Dotted lines
connect eye velocities of individual patients. D: Difference between
slow-phase eye velocities before and after oscillation. P: Average D
(T1 SD) in patients. N: Average D (T1 SD) in healthy subjects.
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significant effect of horizontal head shaking on slow-
phase velocity in the vertical and torsional directions
(ANOVA: ptorsional = 0.76; pvertical = 0.79). In the
healthy subjects, no significant differences between
drift velocities before and after head shaking (open
squares with error bars) were observed in any roll
body position tested.

We asked whether the influence of gravity on
ocular responses was not only apparent after, but also
during head shaking. Figure 5A shows average gain
values of the horizontal vestibuloocular reflex elicited
by horizontal turntable oscillation in the non-affected
ear-down and the affected ear-down positions. In all
patients, no significant differences were noted be-
tween the gains in these roll body positions. As
depicted in Figure 5B, the average offset of the fitted
sine to horizontal ocular velocity during horizontal
turntable oscillation was not different from zero in
both side positions.

DISCUSSION

This study analyzed the influence of gravity on three-
dimensional (horizontal, vertical, and torsional) slow-
phase eye velocity before and after horizontal head
shaking in patients with chronic unilateral peripheral
vestibular deficit after vestibular neuritis. Head shak-
ing was applied by whole-body oscillation about a
head-vertical axis that was oriented approximately
perpendicular to the lateral semicircular canals. We
emphasize that this type of head shaking does not
exactly represent the head shaking used at the
bedside. However, the aim of our study was to apply
the head shaking stimulus in a reproducible way in
different head roll orientations, which could not be
carried out if the head oscillation were performed by
hand.

In all roll positions, including upright, patients
showed horizontal eye drift both before (=horizontal
spontaneous nystagmus, SNh) and after (=horizontal

head-shaking nystagmus, HSNh) head shaking. Slow-
phase eye velocity of SNh scattered around zero and
the direction of nystagmus was independent of the
side of the vestibular deficit. In fact, average slow-
phase eye velocity among the seven patients was not
influenced by gravity (=no positional nystagmus) and
was not significantly different from zero in all body
positions, which was most likely the result of vestib-
ular compensation.

When horizontal head shaking was applied to
patients in the upright position, slow-phase eye
velocity did not significantly change from SNh. This
result is in agreement with the finding of Katsarkas
et al. (2000) that, in patients with unilateral periph-
eral vestibular loss, no consistent velocity bias toward
the lesioned side for peak velocities of oscillatory
head shaking G160-/s was elicited. However, when
head shaking was applied to patients lying on their
affected ear, we found a significant horizontal velocity
bias toward this side. Together with the observation
of unaffected horizontal slow-phase eye velocity by
head shaking when patients were lying on their
healthy ear, we can conclude that the head tilt toward
the affected side had a facilitating effect (Fig. 4).
Because of the dynamic restrictions of our turntable,
the peak velocity was lower than with manual head
shaking. This probably explains why turntable oscil-
lation did not elicit HSNh in the majority of upright-
seated patients, even when HSNh in the same
patients was visible under the Frenzel glasses after
manual head shaking in upright position. In addi-
tion, we cannot exclude that this difference between
turntable and manual head shaking might be attrib-
utable to the lack of proprioceptive neck signals
during the whole-body oscillation. In fact, the cervi-
coocular reflex is known to increase its gain in
patients with vestibular deficits (Heimbrand et al.
1996). Nevertheless, our study demonstrates that a
significant portion of head-shaking nystagmus
depends on vestibular stimulation.

The gravity dependence of HSNh in our chronic
patients is comparable to the gravity dependence of

FIG. 5. Parameters of sine fits through
desaccaded horizontal slow-phase velocity
during horizontal turntable oscillation.
Comparison between averages of individual
patients (open circles; triangle for mirrored
data in the one patient with a left-sided
deficit) in affected ear-down (AED) and
non-affected ear-down (NED) roll body
positions. D: Differences, P: Average
D (T1 SD), N: Average D (T1 SD) in healthy
subjects. A Gain. B Offset.
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SNh in acute patients, in whom horizontal slow-phase
eye velocity increases when they lie on the affected
ear. This indicates an interaction between otolith and
semicircular canal signals. The exact nature of this
interaction is still uncertain. Fluur’s hypothesis on
the gravity dependence of SNh in acute patients is
based on the presumption that otolith signals are
used by the central nervous system to reduce the
imbalance between semicircular canal signals (Fluur
1973). Because otolith signals are directionally polar-
ized, i.e., mainly responding to ipsilateral head roll
(Fernandez and Goldberg 1976), such an otolith-
mediated suppression of vestibular nystagmus is
weaker when the head is rolled toward the affected
ear, provided the otolith organs or otolith afferents
are impaired on this side as well. It is indeed likely
that the utricle has been at least partially afflicted in
our patients, because of the predominant involve-
ment of the superior division of the vestibular nerve
in vestibular neuritis (Fetter and Dichgans 1996). As
slow-phase eye velocities of both SNh and HSNh in-
crease when patients are positioned with the affected
ear down, we conjecture that the mechanisms of
gravity dependence for SNh and HSNh are similar,
i.e., the otolith-mediated suppression of asymmetric
tonic semicircular canal signals is more effective
when patients are lying on the ear that provides
normal otolith signals to the central nervous system.

We can only speculate at what level the modula-
tion of HSNh takes place. Because the gain of the
vestibuloocular reflex during head shaking did not
differ between different body positions along the roll
plane, the gravity dependence of HSNh cannot be
explained by a head-position-dependent variation of
vestibular input into velocity storage. Rather, otolith
signals seem to influence the velocity storage mech-
anism itself, most likely by shortening the time
constant (=dumping mechanism) via the vestibulo-
cerebellum, specifically the nodulus (Hain et al.
1988). In fact, our results suggest that the gravity
dependence of HSNh, and perhaps also of SNh,
represent an asymmetry of the cerebellar Bdumping^
mechanism as a result of a unilateral otolith deficit.

An alternative explanation of SNh and HSNh is
based on the gravito-inertial force (GIF) resolution
hypothesis by Merfeld and colleagues on how the
brain solves the tilt-translation dilemma (Merfeld
et al. 1993; Merfeld and Young 1995). These authors
propose an internal representation of gravity by the
central nervous system. Any difference occurring
between the GIF vector sensed by the otoliths and
the internal gravity vector is interpreted as a vector of
linear translation. Extending the GIF resolution
hypothesis to patients with unilateral peripheral
vestibular hypofunction, the observed gravity depen-
dence of SNh and HSNh can be predicted as follows:

If patients receive less otolith input when lying on the
affected ear, the difference between the GIF vector
and the internal vector (i.e., the estimated head-
horizontal translation in the direction of the upper-
most ear) is larger, which leads to an increase of the
horizontal slow-phase eye velocity (SNh in acute pa-
tients, HSNh in chronic patients) toward the under-
most ear.

As suggested by earlier experiments on static and
dynamic otolith-ocular reflexes in the roll plane in
the presence of unilateral peripheral vestibular
hypofunction, there is a central compensation of
the unilateral utricular deficit (Schmid-Priscoveanu
et al. 1999). This would explain our finding that, in
the chronic state of a unilateral vestibular deficit,
SNh was not significantly different between the two
ear-down positions. However, the gravity dependence
of HSNh in our chronic patients clearly indicates that
the central compensation of the utricular asymmetry
is incomplete, i.e., can be unmasked by dynamic
semicircular canal stimulation, if the canal signals are
asymmetrically impaired.

In conclusion, we have shown a clear modulation
of HSNh by gravity in patients with chronic unilateral
peripheral vestibular deficit due to vestibular neuri-
tis. The increase in horizontal slow-phase velocity of
HSNh, which appeared when patients were lying on
the affected ear, was the result of a head-shaking-
induced drift added to SNh. Thus the most efficient
body position to elicit HSNh, and therefore to
unmask the unilateral involvement of otolith organs
or their afferents, is the roll position with the affected
ear down. In this position HSNh may be present,
even if central compensation has already abolished
the gravity dependence of SNh.
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