
Abstract During transient, high-acceleration rotation,
performance of the normal vestibulo-ocular reflex
(VOR) depends on viewing distance. With near targets,
gain (eye velocity/head velocity) enhancement is mani-
fest almost immediately after ocular rotation begins. La-
ter in the response, VOR gain depends on both head ro-
tation and translation; gain for near targets is decreased
for rotation about axes anterior to the otoliths and aug-
mented for rotation about axes posterior to the otoliths.
We sought to determine whether subjects with cerebellar
dysfunction have impaired modification of the VOR
with target distance. Eleven subjects of average age
48±16 years (mean ± standard deviation, SD) with cere-
bellar dysfunction underwent transients of directionally
unpredictable whole-body yaw rotation to a peak angular
acceleration of 1000 or 2800°/s2 while viewing a target
either 15 cm or 500 cm distant. Immediately before onset
of head rotation, the lights were extinguished and were
relit only after the rotation was completed. The axis of
head rotation was varied so that it was located 20 cm be-
hind the eyes, 7 cm behind the eyes (centered between
the otoliths), centered between the eyes, or 10 cm anteri-
or to the eyes. Angular eye and head positions were mea-
sured with magnetic search coils. The VOR in subjects

with cerebellar dysfunction was compared with the re-
sponse from 12 normal subjects of mean age 25±4 years.
In the period 35–45 ms after onset of 2800°/s2 head rota-
tion, gain was independent of rotational axis. In this peri-
od, subjects with cerebellar dysfunction had a mean
VOR gain of 0.5±0.2, significantly lower than the nor-
mal range of 1.0±0.2. During a later period, 125–135 ms
after head rotation about an otolith-centered axis, sub-
jects with cerebellar dysfunction had a mean VOR gain
of 0.67±0.46, significantly lower than the value of
1.06±0.14 in controls. Unlike normal subjects, those
with cerebellar dysfunction did not show modification of
VOR gain with target distance in the early response and
only one subject showed a correct effect of target dis-
tance in the later response. The effect of target distance
was quantitatively assessed by subtracting gain for a tar-
get 500 cm distant from gain for a target 15 cm distant.
During the period 35–45 ms after the onset of 2800°/s2

head motion, only two subjects with cerebellar loss dem-
onstrated significant VOR gain enhancement with a near
target, and both of these exhibited less than half of the
mean enhancement for control subjects. During the later
period 125–135 ms after the onset of head rotation, when
VOR gain normally depended on both target location
and otolith translation, only one subject with cerebellar
dysfunction consistently demonstrated gain changes in
the normal direction. These findings support a role for
the cerebellum in gain modulation of both the canal and
otolith VOR in response to changes in distance. The
short latency of gain modification suggests that the cer-
ebellum may normally participate in target distance-
related modulation of direct VOR pathways in a manner
similar to that found in plasticity induced by visual-
vestibular mismatch.
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Introduction

The vestibulo-ocular reflex (VOR) stabilizes images on
the retina during both rotational and translational head
movement. Head rotation can be corrected by an equal
and opposite rotation of the eye, but eye rotation must
also be modified to compensate for head translation as
appropriate for the distance to the target. Previous work
has demonstrated that target distance modulates the VOR
during pure linear motion in both humans (Bronstein and
Gresty 1988; Paige 1989, 1991) and monkeys (Paige and
Tomko 1991; Tomko and Paige 1992). During rotation
about an axis eccentric from the labyrinths, these organs
sense angular acceleration, as well as linear acceleration
for which the ocular response must depend on target dis-
tance (Viirre et al. 1986; Gresty et al. 1987; Viirre and
Demer 1996). Although target distance influences only
the translational response of the VOR during sinusoidal
head rotation (Crane et al. 1997), during transient high
acceleration, target distance also modifies angular VOR
gain (Snyder and King 1992; Crane and Demer 1998b).
The estimate of target distance used by the VOR is influ-
enced by multiple factors, including vergence (Paige
1991; Snyder et al. 1992), accommodation (Yue et al.
1995), and target size (Busettini et al. 1991). Both the
short latency (Crane and Demer 1998b) of target dis-
tance modification and the behavior of vestibular nuclear
neurons (Chen-Huang and McCrea 1999) suggest that
target distance modifies properties of the disynaptic
VOR pathway. The mechanism of this modification is
not understood.

Two parallel channels normally modulate VOR gain
(defined as the angular eye velocity divided by angular
head velocity) in response to target distance. The first
channel modulates the semi-circular canal response and
increases VOR gain for near relative to far targets.
Significant near-target gain enhancement occurred with-
in 20 ms of head rotation at accelerations above 1600°/s2

in humans (Crane and Demer 1998b) and with accelera-
tions of 500°/s2 in the monkey (Snyder and King 1992).
This early enhancement was independent of the location
of the rotational axis within the tested range of 10 cm an-
terior to 20 cm posterior to the eyes. Later in the re-
sponse, VOR performance depends on both target dis-
tance and axis location via an otolith-mediated mecha-
nism. This second channel was apparent 30–45 ms after
head rotation in the monkey (Snyder and King 1992) and
under optimal conditions can also be detected in humans
within this interval (Crane and Demer 1998a). However,
when the canal and otolith stimuli act in an antagonistic
manner, as happens during rotation about an axis anterior
to the eyes, the gain decrease expected with a near target
due to otolith stimulation is not evident until 80–100 ms
after onset of head rotation (Crane and Demer 1998a).
Thus in normal humans and animals both linear and an-
gular VOR are modified by target distance. Studying
these target distance effects in patients with cerebellar
dysfunction may help elucidate whether these mecha-
nisms share a common target distance estimate.

Gain of the VOR is gradually modified under condi-
tions of visual-vestibular mismatch. After prolonged
wearing of magnifying spectacles, VOR gain changes
can be manifest as early as 40 ms after the onset of head
rotation in the human (Crane and Demer 2000), 19 ms in
the monkey (Lisberger 1984; Lisberger and Pavelko
1988), 13 ms in the cat (Khater et al. 1993), and 18–
20 ms in the goldfish (Pastor et al. 1994). This VOR ad-
aptation requires the cerebellum, since plasticity can no
longer be induced after cerebellectomy (Ito et al. 1974;
Robinson 1976; Lisberger et al. 1984; Michnovicz and
Bennett 1987), lesion of the climbing fiber pathway
(Haddad et al. 1980), or inhibition of simple spike output
by climbing fiber stimulation (Luebke and Robinson
1994). Modulation of VOR gain by target distance dif-
fers from magnification-induced plasticity in that gain
modification by target distance does not require a period
of training for expression. However, the latency of VOR
plasticity in animals is similar to target distance-related
VOR modification (Snyder and King 1992; Crane and
Demer 1998b). By testing the effect of cerebellar dys-
function on VOR modification, we sought to determine
whether the cerebellum has a common role in target dis-
tance determination and plastic modification of the
VOR.

Multiple forms of human cerebellar dysfunction oc-
cur. These include a group of usually autosomal domi-
nant cerebellar ataxias known collectively as olivoponto-
cerebellar atrophy (OPCA), involving cerebellar cortical
degeneration and atrophy of the inferior olivary nuclei
(Brown 1994). In the spectrum of OPCA is a group of
spinocerebellar ataxias (SCA) with well-characterized
genotypes. Several SCA mutations have been identified
and each mutation can produce a wide range of pheno-
types (Dürr et al. 1996; Geschwind et al. 1997a, 1997b).
All SCAs feature saccadic hypermetria, impaired smooth
pursuit and optokinetic nystagmus, and rebound and
downbeat nystagmus (Buttner et al. 1998). However,
Buttner et al. have found that VOR performance depends
on the specific mutation involved. In SCA III, VOR gain
was significantly subnormal in four of seven subjects,
and low normal in two others, while VOR gain was nor-
mal in all five subjects with SCA VI (Buttner et al.
1998). However, none of the subjects with SCA VI could
lower VOR gain into the normal range during VOR sup-
pression by visual fixation of a target moving with the
head (cancellation). Based on these results, Buttner et al.
conclude that SCA VI impaired cerebellar function only,
while SCA III also impaired vestibular function. In con-
trast to OPCA, Friedreich’s ataxia is usually autosomal
recessive and involves degeneration of the spinocerebel-
lar tracts and peripheral nerves, with variable cerebellar
involvement and relative sparing of brainstem function
(Brown 1994).

Previous data collected during sinusoidal head trans-
lation have demonstrated that humans with cerebellar le-
sions have low linear VOR gain not modifiable by target
distance (Baloh et al. 1995). One interpretation of this
finding is that the cerebellum is necessary for establish-
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ing the target distance estimate used by the linear VOR.
For near targets, the normal linear VOR gain is higher
than for far target viewing. The observed small VOR re-
sponse to pure linear motion in subjects with cerebellar
dysfunction could be explained by default of the central
target distance estimate to a fixed value similar to that of
a distant target. Another interpretation of low linear
VOR gain in subjects with cerebellar dysfunction might
be that normal cerebellar function is essential for inte-
gration of otolith afferent signals into the VOR. The cur-
rent investigation aimed to differentiate between these
two interpretations. More proximal targets also tend to
enhance VOR gain during transient, high angular head
acceleration. The possible finding of a deficit in target
distance modification of both the angular and linear
VOR during eccentric rotations would support a cerebel-
lar role in global target distance determination. Another
aim of the current investigation was to determine wheth-
er the effects of target distance and head translation on
the VOR occurred at a similar latency in subjects with
cerebellar dysfunction as compared to previously pub-
lished norms (Crane and Demer 1998b).

Materials and methods

Subjects

Eleven subjects with cerebellar dysfunction of mean (±SD) age
48±16 years gave written consent to participate in this study ac-
cording to a protocol approved by the Human Subject Protection
Committee in conformity with the tenets of the Declaration of
Helsinki (Table 1). The diagnosis was based on history, clinical
findings, and brain imaging by magnetic resonance (MRI) or com-
puted radiographic tomography (CT). Molecular genetic testing
for known causes of cerebellar dysfunction was performed in each
subject when a genetic cause was suspected. Using techniques pre-
viously described (Geschwind et al. 1997a, 1997b; Zhuchenko et
al. 1997), four subjects were identified with mutations for spino-
cerebellar ataxia (SCA) III and two had the mutation for SCA VI.
All subjects with cerebellar dysfunction had impaired visual pur-

suit. All but two (subjects 7 and 9) of these had normal binocular
alignment for the 500-cm distant target as tested by alternate cov-
er, but only six had normal convergence for the target 15 cm dis-
tant. Convergence insufficiency is a common finding in cerebellar
dysfunction (Rabiah et al. 1997) and may affect the ability to con-
verge sufficiently for near targets.

Subject 1 was a 53-year-old man with Friedreich’s ataxia who
exhibited slowly progressive limb ataxia, intention tremor, dysar-
thria, square-wave jerks with occasional saccadic hypermetria, but
no saccadic slowing or other brainstem signs. MRI showed that
the brain was normal. There was a family history of similar dis-
ease in two brothers, one sister, and a maternal cousin.

Subject 2 was a 48-year-old woman who had suffered episodic
dizziness and mild, slowly progressive gait and limb ataxia since
she was 19 years old. Her daughter (subject 5) was similarly af-
fected. The subject had bilateral horizontal gaze-evoked nystag-
mus, rebound nystagmus, and upbeat nystagmus in central gaze.
Brain CT demonstrated atrophy of the superior cerebellar vermis.
The near-point of convergence was remote.

Subject 3 was a 55-year-old woman with the SCA III genotype
who had gait ataxia and postural instability with eyes closed in the
Romberg position. She had gaze-evoked, downbeat, and rebound
nystagmus. Brief episodes of paroxysmal positional nystagmus,
predominantly torsional in one eye and vertical in the other, were
induced by the head-hanging to the right and left. There was a
static, direction-changing positional nystagmus beating to the right
in the right and right lateral position, and to the left in the left and
left lateral position. The static positional nystagmus was inhibited
by fixation. Caloric vestibular testing and MR images of the brain
showed no abnormalities.

Subject 4 was a 48-year-old man with the SCA III genotype
who developed gradually progressive ataxia at age 36 years. He
had horizontal gaze-evoked and rebound nystagmus with impair-
ment of fixation-suppression of the VOR. MRI of the brain re-
vealed no abnormalities except for focal widening of the subarach-
noid space near the left temporal lobe.

Subject 5 was a 22-year-old woman first noted to have gait
ataxia at age 1 year. Her mother (subject 2) and older sister were
similarly affected. She had postural instability in the Romberg po-
sition. Upbeat nystagmus was present in central gaze, increasing
in elevation and diminishing in depression. There was rebound
nystagmus and impairment of suppression of the VOR by visual
fixation.

Subject 6 was a 33-year-old woman with the SCA III genotype
with rapidly progressive ataxia since onset of symptoms at age 
24 years. She had finger-to-nose dysmetria, Babinski’s sign, and
could not walk. Gaze-evoked nystagmus and rebound nystagmus

Table 1 Subjects with cerebellar dysfunction. Summary of clini-
cal findings in the 11 subjects with cerebellar dysfunction. Sinuso-
idal VOR was normal unless otherwise noted. The nearpoint of
convergence was considered normal if it was 8 cm or closer. All

subjects had gaze-paretic nystagmus in lateral gaze (see Materials
and methods) and impaired visual pursuit (CCD congenital cere-
bellar dysgenesis, nonprogressive, SCA spinocerebellar ataxia,
OPCA olivo-ponto-cerebellar atrophy)

Subject Age at Age at Sex Diagnosis Convergence Nystagmus in Notes
testing diagnosis primary position
(years) (years)

1 53 25 M Friedreich’s ataxia Normal Mild horizontal a
2 48 19 F CCD Remote near point None b
3 55 40 F SCA III Normal None d
4 48 36 M SCA III Remote near point None b–d
5 22 1 F CCD Normal Up b, d
6 33 24 F SCA III Remote near point None b,c
7 57 40 M SCA III Esotropia Right b–d
8 44 27 F OPCA Normal None d, c, e
9 25 1 M Friedreich’s ataxia Unknown None c,e

10 66 46 M SCA VI Normal None
11 77 69 M SCA VI Normal Down e

a Pursuit only mildly impaired
b Low gain or qualitatively weak nystagmus response during
steady state rotational VOR testing

c Dysmetric saccades
d Increased phase lead during steady state rotational VOR testing
e Tested negative for SCA I, II, III, and VI
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were present. The patient also had fixation instability (square-
wave jerks) and limited gaze elevation. MR images showed that
the brain was normal. Autopsy of the patient’s similarly affected
sister showed degeneration only in the substantia nigra.

Subject 7 was a 40-year-old man with the SCA III genotype
and gait ataxia. There was bilateral horizontal gaze nystagmus but
rightward beating nystagmus in primary gaze. Saccades were slow
and dysmetric. There was an esotropia of 10–12° with horizontal
diplopia.

Subject 8 was a 44-year-old woman with autosomal recessive
OPCA who tested negative for SCA types I, II, III, and VI. She
had gait ataxia, dysarthria, and impairment of VOR suppression
by target fixation.

Subject 9 was a 25-year-old man with Friedreich’s ataxia who
exhibited tremor, dysarthria, and gait and limb ataxia. He exhibit-
ed gaze-evoked nystagmus, rebound nystagmus, delayed saccadic
initiation, and saccadic dysmetria. A right esotropia was surgically
corrected prior to the experiment. Brain CT demonstrated a Dan-
dy-Walker malformation.

Subject 10 had the SCA VI genotype and had experienced
slowly progressive limb and gait ataxia since age 46 years. He
complained of episodic vertigo; speech was dysarthric. There was
horizontal gaze-evoked nystagmus, as well as downbeating nys-
tagmus evoked by lateral and downward gaze; there was impair-
ment of VOR suppression by visual target fixation. MRI of the
brain demonstrated midline cerebellar atrophy. Other family mem-
bers were affected.

Subject 11 was a 77-year-old man with a sporadic SCA VI
genotype who first noted ataxia, oscillopsia, and dizziness at age
70 years. There was spontaneous downbeating nystagmus in cen-
tral gaze that increased in depression and with convergence, as
well as impairment of VOR suppression by visual target fixation.
Brain MRI showed mild to moderate atrophy of the cerebellar ver-
mis.

Apparatus

Details of the apparatus and techniques of transient VOR testing
were as previously described (Crane and Demer 1998b). In brief,
angular eye and head positions were measured with magnetic
search coils. Reference magnetic fields were generated by three
pairs of solenoid coils, each 2 m in diameter, and arranged to form
the sides of a cube (C-N-C Engineering, Seattle, Wash.). Single-
winding scleral magnetic search coil annuli were placed on the
right eye. Angular head position was measured with a search coil
mounted on a bitebar, custom-molded to the upper teeth of each
subject. The ocular coil was embedded in a suction annulus
(Skalar Medical, Delft, Netherlands) that adhered to one eye under
topical anesthesia (Collewijn et al. 1975). The suction seal of the
annulus to the eye was monitored and examined after the experi-
ment to verify that the coil remained in position. Horizontal angu-
lar positions were demodulated by a phase-angle method linear

over a range of ±100°. Since a previous study employing binocu-
lar recording indicated uniformly ideal vergence for all targets un-
der all conditions employed in these experiments (Crane and
Demer 1998b), monocular recordings were employed here. All
subjects were tested for convergence prior to rotational testing,
and some subjects with cerebellar dysfunction were not able to
converge to the 15-cm target. It is likely that these subjects had in-
sufficient convergence during the experiment.

Experiment control and data acquisition were performed by a
Macintosh Power PC-compatible computer running the MacEyeball
software package (Regents of the University of California). Eye
and head position data were displayed on a digital polygraph and
low-pass filtered over a bandwidth (4-pole Butterworth) of 300 Hz
before digital sampling with 16-bit precision at 1.2 kHz.

Stimuli were delivered by a 500-Nm rotator (Compumotor,
Rohnert Park, Calif.) as previously described (Crane and Demer
1998b). Subjects were securely strapped in a cushioned nonmetal-
lic chair affixed to the rotator (Crane and Demer 1998b). The head
was strapped to a nonmetallic head-holder padded with stiff con-
forming foam.

In addition to transient rotation, some subjects with cerebellar
dysfunction underwent caloric and steady state, sinusoidal yaw
vestibular testing using electro-oculography (EOG) with a band-
width of 0–40 Hz as previously described (Demer et al. 1987,
1989). Caloric testing was performed by measuring the maximum
slow component of evoked nystagmus during 40-s irrigation of the
external auditory canal with warm water at 44°C or cool water at
30°C. During sinusoidal testing, subjects were rotated in yaw in a
motorized chair in complete darkness at 0.05 Hz, 0.8 Hz, and, in
some subjects, 1.25 Hz (Demer et al. 1990). Responses were auto-
matically analyzed for VOR gain and phase (Baloh et al. 1980).
Fixation suppression of the VOR was tested by rotating the sub-
ject while viewing a target moving with the chair. Results of sinu-
soidal testing are summarized in Table 2. Due to uncertainties in
calibration arising from pathologic nystagmus, the subjects not
listed in Table 2 underwent qualitative data analysis only, although
unusual performance is noted in Table 1.

Initial VOR measurement conditions

For testing of the initial transient VOR, each 50-s trial consisted of
20 directionally unpredictable transient rotations (10 in each direc-
tion) administered in random order as previously described (Crane
and Demer 1998b). Targets were centered directly in front of the
right eye at distances of 15 cm and 500 cm. Although the laborato-
ry was illuminated between rotations to enable subjects to main-
tain an accurate memory of the target, the fluorescent room lights
were extinguished at a random interval 50–70 ms before onset of
each rotation. Subjects were instructed to maintain gaze on target
even when the lights were extinguished.

Eccentricity of the head relative to the axis of rotation was var-
ied by changing the location of the head-holder relative to the

Table 2 Sinusoidal VOR in subjects with cerebellar dysfunction.
Quantitative electro-oculographic data for seven subjects with cer-
ebellar dysfunction who underwent sinusoidal rotations. Values
exceeding ±1 SD from normal are denoted by an upward arrow or

downward arrow to indicate value relative to normal controls. Due
to uncertainties in calibration arising from pathologic nystagmus,
subjects not listed underwent qualitative data analysis only, with
unusual performance noted in Table 1

Subject VOR gain Phase (deg) Fixation suppression gain

0.05 Hz 0.8 Hz 1.25 Hz 0.05 Hz 0.8 Hz 1.25 Hz 0.05 Hz

1 0.45 0.97 n.d. ↑27 –2 n.d. ↑0.12
2 ↓0.11 0.72 ↓0.59 ↑32 ↑6 ↓–10 0.05
3 0.62 ↓0.38 0.94 11 ↓–12 ↓–17 n.d.
4 ↓0.31 ↓0.10 ↓0.11 ↑31 ↓–81 ↑32 n.d.
5 ↓0.11 ↓0.30 ↓0.53 ↑25 –2 ↑13 0.05
8 0.45 ↓0.58 n.d. 13 –4 n.d. ↑0.09
9 0.54 0.82 n.d. ↑33 –4 n.d. ↑0.77
Normal ± SD 0.50±0.15 0.81±0.19 0.95±0.16 10±4 0±4 0±4 0.03±0.02
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chair and by sliding the chair on a track attached to the motor hub.
Eccentricity of the rotational axis was defined relative to the mid-
point of the line connecting the centers of the eyes; positions ante-
rior to this are described as negative. Eccentricities of 20 cm and 
7 cm (posterior to the eyes) were achieved with the chair centered
over the motor axis while eccentricities of 0 cm (between the
eyes) and –10 cm (anterior to the eyes) were achieved with the
chair posterior to the motor axis. For eccentricities of 20 cm and 
0 cm the head was moved forward by 13 cm or 10 cm, respective-
ly, relative to the chair. The eccentricity of 7 cm, the mean dis-
tance between the eyes and otoliths (Crane et al. 1997), was de-
signed as an otolith-centered rotation.

Subjects were rotated at two peak accelerations. The larger
consisted of a 2800°/s2 acceleration to a velocity of 190°/s, which
rotated the head 40° in 250 ms. The smaller stimulus was an accel-
eration of 1000°/s2 to a peak velocity of 70°/s, which rotated the
head 14° in 250 ms.

Data analysis

Data were automatically analyzed using custom software written
using the LabView package (National Instruments, Austin, Tex.).
Events during which eye position varied by more than 0.2° in the
80 ms preceding head rotation were discarded as failures of fixa-
tion and not considered for further analysis. Events were also dis-
carded when the response was not typical for an individual when
compared with other trials within the same testing conditions.
Such atypical events were often due to sporadic saccades. How-
ever, trials including saccades were analyzed if a subject consis-
tently made saccades of the same latency and direction.

After differentiation, eye and head data were filtered using a
third-order low-pass Butterworth filter (0–50 Hz). Most results
were analyzed in terms of angular VOR gain, the ratio of compen-
satory eye velocity to head velocity. This approach normalizes the
effect of small variation in the head stimulus due to decoupling of
the head from the rotator. Gain was calculated instantaneously,

but, for intersubject comparison, gains were also averaged over
10-ms intervals.

Differences in gains between conditions were considered sig-
nificant when the standard error of the mean (SEM) did not over-
lap for the two conditions for a period of at least 30 ms (Crane and
Demer 1998b). The onset of these gain differences was defined as
the first time at which the SEMs no longer overlapped.

Results

Steady state angular VOR

Some subjects underwent steady state sinusoidal rotation
to test the VOR and its suppression by visual fixation.
Three of the seven subjects (2, 4, and 5) tested quantita-
tively had VOR gain at least one standard deviation be-
low the normal mean (Baloh et al. 1984) over the range

Fig. 1A–D Initial VOR in normal subject (A,B) and representa-
tive subject 10 (C,D) with cerebellar dysfunction (spinocerebellar
ataxia, SCA VI) during transient, whole-body rotation. Rotations
were about an axis 10 cm anterior to the eyes. Mean eye responses
for ten rotations are shown with dashed lines for two target dis-
tances. Error bands represent ±1 SE (often too close to the mean
to be visible). A and C represent peak head acceleration of
2800°/s2; B and D represent peak head acceleration of 1000°/s2. In
normal subjects, viewing the near target increased eye velocity
early in the response for the 2800°/s2 but not the 1000°/s2 peak
head acceleration. Later in the response for both peak acceleration
stimuli, eye velocity with the near target was reduced as compared
to the far target. In subjects with cerebellar dysfunction, these tar-
get distance effects were not observed
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of frequencies from 0.05 to 1.25 Hz (Table 2). Two addi-
tional subjects (6 and 7) had qualitatively subnormal
VOR gain. All of these subjects with subnormal VOR
gain had either congenital cerebellar dysgenesis of an
unknown genetic cause or SCA III.

Transient angular VOR

The underlying pathology of cerebellar dysfunction varied
among subjects. Given differences in pathology, variation
in VOR performance was expected. Despite variability,
the responses of all subjects showed common trends. In
each subject, head rotation was followed by compensatory
eye rotation in the appropriate direction (Fig. 1). Such re-
sults can also be expressed in terms of instantaneous VOR
gain as shown in Fig. 2. Subjects with cerebellar dysfunc-
tion exhibited reduced VOR responses as assessed either
as eye velocity (Fig. 1) or VOR gain (Fig. 2).

The pure angular VOR can be conveniently studied
during rotation about an axis centered between the oto-
liths, so that these organs sense only small accelerations
in equal and opposite directions. For this axis, angular
VOR gain for the distant target was lower in subjects
with cerebellar dysfunction than in control subjects dur-
ing the initial period of head rotation (Fig. 3A; 35–45 ms
after rotation onset). Subjects with cerebellar dysfunc-
tion also had lower VOR gain during the period 125 to
135 ms after the onset of head rotation (Fig. 3B).

Fig. 2A–L Effect of target distance and rotational axis eccentrici-
ty on mean VOR gain in control subjects and subjects with cere-
bellar dysfunction. Ten repetitions of transient peak head accelera-
tions of 2800°/s2 were averaged. Data from Fig. 1 are shown in A
and E. Thin dashed lines represent ±1 SE. Mean control response
is on the left (A–D) as redrawn from Crane and Demer (1998b),
and responses from two subjects with cerebellar dysfunction are
shown in the center panel and right panel (E–L). The rotational
axis of the head was located 10 cm anterior to the eyes (A,E,I),
centered between the eyes (B,F,J), 7 cm behind the eyes and thus
centered between the otoliths (C,G,K), or 20 cm behind the eyes
(D,H,L). In normal subjects, near-target viewing increased gain
early in the response independent of rotational axis. Later in the
response, gain for the near target was lower for axes anterior to the
labyrinths and remained high for axes posterior to the labyrinth. In
subjects with cerebellar dysfunction, these target distance effects
were not observed
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In normal subjects, VOR gain in the period 35–45 ms
from onset of head rotation was enhanced for near tar-
gets during 2800°/s2 peak head acceleration regardless of
rotational axis. To investigate target distance-related
modification of the purely angular VOR, gain in this
period was determined for rotation about a midotolithic
axis. With the near target, VOR gain of control subjects
was significantly (P<0.01) higher by 0.17±0.05 than
gain for the distant target during 2800°/s2 peak head ac-
celeration, but gain did not depend significantly on target
distance during 1000°/s2 peak head rotation. In subjects
with cerebellar dysfunction, gain in the period 35–45 ms
from onset of head rotation was lower than in control
subjects for both near and far targets, but not significant-
ly influenced by target distance for either peak head ac-
celeration.

The latency of the otolith-driven VOR usually ex-
ceeds 50 ms. Thus normal VOR gain during the 35- to
45-ms period was independent of axis location, although
gain was higher with near targets (Fig. 2), as summa-
rized in Fig. 4. For responses to the 2800°/s2 peak head
acceleration pooled over all rotational axes, subjects

Fig. 3A,B Mean VOR gain during an early (35–45 ms; A) and
late (125–135 ms; B) interval after onset of transient head rotation
for a target 500 cm distant. Data shown in A are means of all rota-
tion axes. B includes only the axis centered between the otoliths
(eccentricity 7 cm). Mean values (± SD) of 12 control subjects are
shown at far left. Subjects with cerebellar dysfunction typically
had lower VOR gain than controls during both periods

Fig. 4A–C VOR gain was not normally modified by target dis-
tance in subjects with cerebellar dysfunction. Values represent
mean (±1 SD) difference in gain between that measured for the
15-cm target distance minus that with the 500-cm target distance.
Control data from 12 normal subjects are presented at left. Error
bars are only shown when the mean value was based on more than
two rotations. A Target distance-related VOR gain difference
35–45 ms after the onset of head rotation. Mean of trials for all
four axes during 2800°/s2 peak head accelerations. All subjects
with cerebellar dysfunction had less VOR gain enhancement with
near targets than the mean control during this period. B,C Effect
of target distance on VOR gain 125–135 ms after head rotation
about an axis 10 cm anterior (B) and 20 cm posterior (C) to the
eyes. In this period, with near targets, control subjects decreased
VOR gain with the axis anterior to the labyrinth, and increased
VOR gain with the axis posterior to the labyrinth. Only one sub-
ject with cerebellar dysfunction (subject 3) demonstrated the nor-
mal pattern at both head accelerations



Discussion

In normal humans (Crane and Demer 1998b) and mon-
keys (Snyder and King 1992), VOR gain is modified by
target distance within the first 10 ms of eye movement,
and this early modification is independent of otolith
stimulation. The timing of this phenomenon is consistent
with target distance modification of the disynaptic angu-
lar VOR (Crane and Demer 1998b). The current data
provide evidence that the cerebellum is important in hu-
man target distance-dependent modification of VOR
gain. In most subjects with cerebellar dysfunction, target
distance had no effect on VOR gain in response to
2800°/s2 peak head acceleration. In the few subjects who
did show significant VOR modification by target dis-
tance, the effect occurred late in the response and was
often in a paradoxical, functionally inappropriate direc-
tion (Fig. 4).

The current study includes data from patients with
several types of cerebellar dysfunction, many of whom
are likely to have significant extracerebellar pathology.
A previous study has suggested vestibular nerve or nu-
clei involvement in SCA III, although SCA VI appears
to produce pathology limited to the cerebellum (Buttner
et al. 1998). Even so, the one patient with SCA VI (sub-
ject 10, data shown in Fig. 2E–H) demonstrated a clear
loss of target distance related modification of the VOR.
Since all the subjects with cerebellar dysfunction also
demonstrated either subnormal VOR gain or directional-
ly inappropriate gain change with target distance, the
cerebellum appears essential for normal VOR gain over
a range of target distances.

Cerebellar role in effects of target distance

Earlier behavioral data indicate that target distance nor-
mally modifies both the translational and rotational VOR
in normal subjects (Crane and Demer 1998b). The initial
effect of target distance is observed only during high
head acceleration and, since it occurs independent of
translation, it must originate in the semicircular canals.
A later effect modifies the translation-dependent otolith
VOR pathway (Snyder and King 1992; Crane and Demer
1998b). The early effect was never observed in subjects
with cerebellar dysfunction.

The short latency of target distance influence and the
necessity of cerebellar function can be reconciled if the
cerebellum modulates the responsiveness (i.e., sets the
gain) of neurons within the disynaptic VOR pathway.
Such a mechanism has been proposed to occur in VOR
gain plasticity. After exposure to mismatching of visual
and vestibular signals (i.e., as produced by wearing mag-
nifying spectacles), VOR gain changes to minimize reti-
nal image slip in humans (Istl-Lenz et al. 1985; Paige
and Sargent 1991), monkeys (Lisberger and Miles 1980),
goldfish (Pastor et al. 1994), and cats (Demer 1981;
Khater et al. 1993). This plasticity cannot be induced af-
ter the cerebellum has been deactivated (Demer and
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with cerebellar dysfunction demonstrated early VOR re-
sponses to target distance smaller than those of control
subjects. In only two subjects with cerebellar dysfunc-
tion (subject 1 with Friedreich’s ataxia and 11 with
vermian atrophy) did the early difference in gain with
the near versus far target exceed zero by even 1 SD 
(Fig. 4A). Mean VOR gain over the period from 35 to 
45 ms after the onset of 2800°/s2 peak head acceleration
for all subjects with cerebellar dysfunction did not sig-
nificantly (P>0.01) differ with target distance, being
0.5±0.3 for the near and 0.6±0.2 for the far target. At the
lower peak head acceleration of 1000°/s2, VOR gain av-
eraged 0.4±0.3 over this early period and did not depend
on target distance in either the control group or the group
with cerebellar dysfunction.

Otolith contribution to the VOR

Otolithic influence on the VOR can be assessed from the
variation in VOR gain in response to changes in target
distance during eccentric rotations producing significant
otolith translation. Otolith effects were consistently evi-
dent only 50 ms or more following onset of head rotation
in normal subjects. As shown in Fig. 2, during 2800°/s2

peak head acceleration VOR gain was initially higher
with the near than the far target regardless of the axis of
rotation. Later, VOR gain with the near target was influ-
enced by the axis of rotation. For axes anterior to the
otoliths (Figs. 1A, 2A,B), the VOR gain of normal sub-
jects with the near target declined with time to ultimately
become less than VOR gain with the far target. For axes
located between or posterior to the otoliths, the VOR
gain of normal subjects for the near target persistently
exceeded that for the far target. This was not the case for
subjects with cerebellar dysfunction (Fig. 2E–L), where
the effect of target distance was often subtle and difficult
to distinguish from random variation. When a later effect
of target distance was clearly present in a subject with
cerebellar dysfunction, it was typically either a decrease
in VOR gain for the near target independent of axis loca-
tion (subjects 4, 10, and 11), or effects of target distance
were only present at a single head acceleration or axis
location. When the rotational axis was anterior to the
eyes (Fig. 4B), 7 subjects with cerebellar dysfunction
(subjects 1, 3, 4, 5, 8, 10, and 11) exhibited the normally
expected decrease in VOR gain for the near target during
the period 125–135 ms from onset of head rotation.
However, when the axis was posterior to the otoliths
(Fig. 4C), only subject 3 (SCA III) exhibited the normal
increase in VOR gain for the near target. Thus, during
the 125- to 135-ms period, only subject 3 consistently
demonstrated the complete pattern of normal VOR gain
modification with target distance. Two additional sub-
jects (subjects 1 and 8) made gain modifications in the
correct direction in response to the 1000°/s2 peak head
acceleration only. One additional subject (subject 5) was
able to make gain modifications in the correct direction
only with the 2800°/s2 stimulus (Fig. 4B,C).



Robinson 1982; Luebke and Robinson 1994) or removed
(Ito et al. 1974; Robinson 1976; Lisberger et al. 1984;
Michnovicz and Bennett 1987), suggesting its key role in
plasticity. In animals the latency at which a plastically
modified VOR response can be discerned is within the
first 10 ms of eye movement (Lisberger 1984; Khater et
al. 1993; Pastor et al. 1994; Lasker et al. 1997). Due to
this short latency and based on examination of the
Purkinje cell activity, it has been suggested that synaptic
modifications underlying VOR plasticity occur in the
brainstem (Miles and Lisberger 1981; Lisberger 1984;
Peterson et al. 1996).

Despite the similarity between target distance-related
changes in VOR gain and plastic changes induced by
prolonged visual-vestibular mismatch, there are signifi-
cant behavioral differences between these two mecha-
nisms. The most notable difference is that plastic VOR
gain changes are only evident after a significant training
period, whereas the target distance-related change is ob-
served for the very first transient rotation (Snyder et al.
1992). It is unclear how this difference might be imple-
mented at the neuronal level. The neuronal mechanism
of VOR plasticity is not well understood and several
alternative or combined mechanisms are possible
(Peterson et al. 1996).

In addition to the early canal-mediated target distance
modification, the otolith VOR adjusts the response to
translation as appropriate to target distance. This linear
VOR can be detected at latencies as short as 25–60 ms in
humans during eccentric rotation (Crane and Demer
1998b). Even though the otolith response has a longer la-
tency during eccentric rotation, during pure translation a
linear VOR has been observed as early as 16 ms in the
monkey (Bush and Miles 1996). The influence of the
otolith VOR is most obvious during eccentric rotation
about an axis anterior to the otoliths (i.e., eccentricity of
–10 cm). In this case a near target normally causes canal
VOR gain to be higher early in the response, and the an-
tagonistic otolith-mediated VOR overcomes this increase
to reduce gain (as compared to a distant target) late in
the response (Fig. 1A). These findings suggest that, al-
though the otolith VOR may be detectable very early, its
influence becomes important after that of the semicircu-
lar canals. The longer latency suggests that the otolith
VOR is modulated outside the disynaptic VOR and
might even be influenced by a different target distance
estimate than that used by the canal VOR.

Findings in subjects with cerebellar dysfunction sup-
port the idea that the mechanism for target distance mod-
ulation of the VOR may be related but distinct for the ca-
nal and otolith pathways. The otolith pathway was cor-
rectly modulated by target distance for both anterior and
posterior axes during both head accelerations in only one
subject with cerebellar dysfunction (Fig. 4, subject 3),
but was observed only during particular measurement
conditions or head accelerations in others. The universal
absence of target distance modification in the early canal
VOR of subjects with cerebellar dysfunction, despite
some preservation of target distance effects in the later

response (as in subject 3), suggests preservation of target
distance influence on the otolith VOR even after target
distance effects on the canal VOR are lost.

Vergence angle is directly related to target distance
when the target is bifoveated, and it has been suggested
reasonably that vergence and the neural target distance
estimate are related (Busettini et al. 1991; Paige 1991;
Snyder et al. 1992). Although we did not measure ver-
gence in subjects with cerebellar dysfunction, directed
examination prior to the experiment indicated that all
subjects except for 7 and 9 had appropriate binocular
alignment for the distant target. All normal subjects and
at least six of the subjects with cerebellar dysfunction
(Table 1) had adequate convergence for the near target.
Under these near and distant target conditions, binocular
search coil recordings have demonstrated that normal
subjects maintain vergence near the ideal level through-
out the dynamic response to transient head rotations
(Crane and Demer 1998b). This is probably because the
visibility of the target until a few milliseconds prior to
transient head rotation allows appropriate vergence to be
established, and this established vergence is maintained
throughout the relevant interval of rotation. None of the
subjects with cerebellar dysfunction who had adequate
convergence could make normal target distance-related
modifications to VOR gain. This suggests that vergence
can be dissociated from a neural target distance estimate.
Consistent with the convergence insufficiency common-
ly associated with cerebellar dysfunction (Rabiah et al.
1997), subjects 2, 4, 6, 7, and 9 could not verge the near
target, and none of these subjects demonstrated correct
early or late VOR gain modification with target distance.
This implies a possible common pathology affecting
both vergence angle and the target distance estimate.
However, the performance of the subjects who could not
converge was similar to others with cerebellar dysfunc-
tion who could do so (Figs. 3, 4).

VOR in cerebellar dysfunction

Mean VOR gain was significantly lower in subjects with
cerebellar dysfunction than in normal subjects. There are
multiple explanations for this reduced gain. The mean
age of the control subjects was 25±4 years (Crane and
Demer 1998b), significantly younger than the mean
(48±16 years) for those with cerebellar loss. Human
VOR gain has been shown to decrease under some con-
ditions with advanced age (Wall et al. 1984; Demer
1994). However, the reported decrease in VOR gain with
age was largest and significant only during rotation at
frequencies of 0.01 Hz and lower (Wall et al. 1984) and
is therefore unlikely to have a major effect at higher
frequencies. In 25-year-old subject 9, VOR gain was
lower than the mean of those with cerebellar dysfunction
(Fig. 3) over both time intervals despite his youth, im-
plying that other factors are dominant. Some subjects
with cerebellar dysfunction also may have had extracere-
bellar pathology affecting the VOR such as involvement
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of the vestibular nucleus, as found with SCA III (Buttner
et al. 1998), or vestibular nerve, in Friedreich’s ataxia,
either of which could reduce VOR gain.

In all 11 subjects with cerebellar dysfunction, early
target distance-dependent VOR gain modification was
absent, and late target distance and translation-dependent
VOR gain modification was impaired. Based on these re-
sults, it can be concluded that the cerebellum is involved
in target distance determination in both the angular and
linear VOR.

It is impossible from behavioral data to distinguish a
remote target distance estimate from loss of otolith func-
tion, since otolith input to the VOR is normally scaled by
a factor roughly inversely proportional to target distance
(Paige 1991; Crane et al. 1997). Furthermore, otolith in-
put could be appropriately scaled to the correct target
distance, yet cerebellar pathology might prevent the
scaled signal from being integrated into the VOR. The
late VOR response in subjects with cerebellar dysfunc-
tion suggests that target distance-specific responses to
otolith translation are present in some individuals (i.e.,
subject 3) who lack an initial canal-mediated effect of
target distance. Possibly, the target distance effect can be
lost from the angular VOR but retained in the otolith
VOR, via separate mechanisms. However, normal target
distance modification of the canal VOR is a weaker ef-
fect than target distance modification of the otolith VOR,
so a similar degree of pathology of both might make the
former effect empirically undetectable in subjects with
cerebellar dysfunction. Thus the evidence for dissocia-
tion of the two effects is inconclusive.
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