






closely aligned. When the eyes were looking down, there
was a greater torsional eye velocity (the axis shifted down-
ward), even though the axis of head velocity did not change.

As for the head-fixed chair rotations, this shift of the eye
velocity axis was much larger in the patient than in the
normal subject.
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FIG. 3. Determination of tilt angle slope.
A: representative linear regressions are shown
for 1 normal subject and 1 patient for chair
rotation data during the interval 270–280 ms
after stimulus onset (during the period of
constant chair velocity). Each individual
point represents the instantaneous tilt angle
(arctangent of the ratio of torsional to hori-
zontal eye velocity) at 1 time point during
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Tilt angle slopes for head impulses were determined using
eye velocity data from the interval 80–90 ms from head
impulse onset, which was near the time of peak head velocity.
As for chair rotations, tilt angle slopes were higher in the
patient group than in the control subjects (Fig. 6). This differ-
ence in slopes between groups was highly significant (P �
0.005, Wilcoxon rank sum). The absolute magnitude of the
slopes, however, was smaller in both groups of subjects than
for the chair rotations.

D I S C U S S I O N

Here we have shown that cerebellar disease has a major
effect on the 3-D kinematics of eye velocity during rotation of
the head around the yaw-axis. Compared with normal subjects,
there is substantially more eye-position-dependent torsional
velocity. This new finding supports a central role for the
cerebellum in the control of 3-D eye position during the
RVOR.

Two additional, and potentially related, aspects of eye-
velocity kinematics did not require an intact cerebellum. First,
in our cerebellar patients, as we have shown for normal
subjects (Tian et al. 2006), the axis of eye velocity evolved
over time during rotation of the head. Remarkably, at the onset
of head rotation, eye velocity was nearly head-fixed, i.e., there
was little eye-position-dependent torsion. Second, consistent
with the combined results from prior studies (Misslisch and
Tweed 2001; Palla et al. 1999; Thurtell et al. 1999; Tian et al.
2006; Walker et al. 2004a), the dynamics of the stimulus
affected the kinematics of eye motion. In both patients and

normal subjects, responses to head impulses were more head-
fixed than responses to lower-acceleration chair rotations. We
will discuss all these results in light of prior work regarding the
kinematics of the RVOR, the possible relationship to LL, and
the cerebellar contribution to control of the axis of eye rotation
during head rotation.

Torsion, the RVOR, and LL

Misslisch et al. (1994) showed that the axis of the RVOR, in
humans, depends on orbital position, but it does not obey LL.
For low-frequency stimuli, the eye-velocity axis tilts �25% of
the orthogonal gaze angle; this is half of what LL predicts
(Tweed and Vilis 1987). Misslich et al. (1994) suggested that
this represents a compromise between LL and the head-fixed
axis of an ideal RVOR. Subsequent studies have suggested that
many other variables, such as the frequency and/or acceleration
of the stimulus, species, and the visual environment during
head rotation, can influence the eye-velocity axis (e.g., Miss-
lisch and Hess 2000; Palla et al. 1999; Thurtell et al. 1999; Tian
et al. 2006; Walker et al. 2004a).

Here we focused on the temporal dependence of RVOR
kinematics (Tian et al. 2006). Using transient stimuli, the
RVOR axis evolved over time: the early response (from the
point at which it could be reliably measured, �50 ms from the
onset of chair rotation) is nearly head-fixed; thereafter eye-
position-dependent torsion increases with time, reaching a
plateau at about the time that steady-state head velocity is
reached. Temporal dependence of RVOR kinematics was re-
ported by Thurtell et al. (1999) but not by Crane et al. (2006).
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The results of our studies and those of Thurtell et al. (1999)
support the hypothesis that the early RVOR is close to head-
fixed, i.e., the response axis is not modulated by orbital
position. We show here that this property of the initial RVOR
does not require an intact cerebellum, suggesting that it is
mediated by elementary RVOR pathways within the brain
stem.

Origin of eye-position-dependent torsion

What implications do our findings in the RVOR have for an
understanding of the control of ocular torsion by the brain?
Over the last two decades, a general consensus has emerged
that ocular kinematics are determined by a combination of
neural innervation and the mechanical constraints of the orbital
pulleys, the connective tissue sleeves that determine the pulling
directions on the globe of the extraocular muscles (Angelaki
2003; Angelaki and Hess 2004; Crawford et al. 2003; Demer
2006; Demer et al. 1995; Klier et al. 2003, 2006; Misslisch and
Hess 2000; Misslisch and Tweed 2001; Quaia and Optican
2003; Smith and Crawford 1998). Important questions remain,
however, regarding the interaction between 3-D neural signals
and orbital mechanics, including which brain areas are impor-
tant for the calibration of the neural component. Our data here
in cerebellar patients do not address directly the mechanisms
responsible for LL as the RVOR does not follow LL. They do,
however, provide new and important information regarding the
neural control of RVOR kinematics, and they show that the
cerebellum plays a critical role in this process, particularly just
after the initial response to head rotation (see also: Cerebellum
and the axis of eye rotation during the RVOR).

The RVOR, unlike saccades and pursuit, is inherently 3-D
(Tweed 1997). Semicircular canal afferents carry signals that
encode 3-D angular head velocity. This alone, however, would
not necessarily be sufficient to generate a head-fixed eye
velocity. A recent study found that eye movements generated
by direct abducens nerve stimulation follow the “half-angle
rule,” i.e., they obey LL (Klier et al. 2006). This suggests that
the ocular pulleys confer a default orbital-position dependence
to the pulling directions of the eye muscles and hence an
eye-position-dependent torsion. To compensate for this im-
posed eye-position-dependent torsion, the RVOR would need
to incorporate eye-position information itself into the eye
muscle innervations. An innervation that was eye-position
invariant, even though 3-D, would not suffice.

An important question then is how such eye-position com-
pensation might be achieved by the RVOR. Originally it was
suggested that the pulleys might move posteriorly in the orbit
during head rotation (Demer et al. 2000; Thurtell et al. 1999,
2000), but this was shown unlikely to be feasible and at odds
with other experimental data (Angelaki 2003; Crane et al.
2005; Misslisch and Tweed 2001). Alternatively, there might
be a neurally generated torsional signal, dependent on eye
position, that is sent to the cyclovertical eye muscles to coun-
teract the effects of pulleys. Such a signal, however, has not
been found on primary motor neurons during eye movements
(Ghasia and Angelaki 2005). It is conceivable, however, that
the eye-position dependence of the 3-D neural signal might not
be readily seen in the responses of individual neurons (Smith
and Crawford 2005). Clearly more information is needed to
resolve the seeming discrepancies between neural recordings
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and the measured 3-D kinematics of eye movements during
head rotation.

Cerebellum and the axis of eye rotation during the RVOR

A role for the cerebellum and its brain stem connections in
the control of eye-position-dependent torsion (e.g., in the case
of fixation, LL) is supported by several prior studies. The
caudal nucleus reticularis tegmenti pontis (cNRTP), which
projects to the cerebellum, is necessary for the correction of
torsional errors that occur during saccades (Van Opstal et al.
1996). Moreover, spontaneous nystagmus in cerebellar disease
violates LL (Glasauer et al. 2003; Straumann et al. 2000).

Our data indicate that the cerebellum also has a large effect
on eye-position-dependent torsion in the RVOR, not on the
initial eye-velocity axis but rather on its evolution over time.
How might this happen? One possibility is that, similar to the
role of the cNRTP for saccades, the brain monitors changes in
torsional orientation of the eyes during the RVOR and imposes
eye-position-dependent torsion to prevent the eyes from drift-
ing too far from Listing’s plane. The function of the cerebellum
might then be to modulate this effect to achieve the compro-
mise between the competing goals of keeping eye positions in
LP (half-angle rule) and maintaining retinal stability of the
visual image (head-fixed axis) (Misslisch et al. 1994). Without
the cerebellum, there is no such compromise. Alternatively, the
evolution of kinematics could reflect the activity of the veloc-
ity-to-position ocular motor neural integrator (Crawford 1994;
Glasauer et al. 2003). Indeed the cerebellum and the flocculus
and paraflocculus in particular play a key role in the function
of the ocular motor integrator (Zee et al. 1981).

In conclusion, in spite of the uncertainty of neural mecha-
nisms, our findings here strongly support the idea that the
cerebellum is directly involved in the 3-D control of the RVOR
in response to abrupt head rotations. Except perhaps for the
very early portion of the response—the initial 50 ms or so,
when the axis of eye rotation is close to head-fixed – the
cerebellum controls the relationship of eye-velocity axis to the
position of the eye in the orbit. This behavior complements the
previously shown roles of the cerebellum in processing canal
inputs to determine the 3-D axis of head rotation (Walker and
Zee 2005) and controlling the axis of the RVOR in response to
sustained, lower-frequency rotational stimuli (Angelaki and
Hess 1995; Walker and Zee 1999; Wearne et al. 1998).
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