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Coding head movement involves representing the head’s velocity and axis of rota-
tion. The neural representation can then be used to inform perceptual and motor pro-
cesses. An important motor response to head movement is the compensatory eye
movements evoked, one component of which is the vestibulo-ocular reflex (VOR).
Historically a three-neuron arc has been described as the core of the neural mecha-
nism underlying the generation of the VOR.1,2 Such a direct line between sensor (the
canals) and effector (the eye muscles) implies independent processing of the geo-
metric components of the three-dimensional VOR.3 A more flexible and robust rep-
resentation of the movement involves an interactive process in which the activity
coding movement in each direction is interpreted in the context of the activity of the
others. Many sensory attributes are coded by the activity of a small set of channels,4

and the closely constrained three-dimensional movement of the head could be effi-
ciently represented by such a system. Psychophysical methods have been developed
to investigate channel systems among which is adaptation. After adapting the re-
sponse to a particular stimulus, the effect on the responses to closely related stimuli
can often reveal a channel-coding system.5,6 Here we use an adaptation technique to
provide evidence for a three-channel model underlying the representation of head ro-
tation and generating the vestibulo-ocular reflex of each eye. These channels are
conceptually different from those proposed for coding head velocity ranges,7 as dis-
cussed elsewhere.8
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METHODS

The experiment was run in two sessions separated by at least two days. The first
session evaluated the eye movements evoked by rotation around eight test axes. Us-
ing the Tübingen Vestibular Research Stimulator and starting from upright, we ro-
tated seven subjects in yaw, pitch, roll and axes 45 degrees in between (FIG. 1A) in
the dark and measured the evoked eye movements with 3-D scleral search coils on
the left eye. We used 100 sec of sum-of-sines (0.032, 0.065, 0.13, 0.26 Hz, ± 20 de-
grees). In the second session, subjects were adapted to subject-stationary vision
viewed at 1 m during physical rotation (0.13 Hz; ± 100 degrees) in the plane of the
right-anterior, left-posterior (RALP) canal-pair. Under these conditions the vestibu-
lo-ocular reflex is suppressed9 and the reduced gain persists when performance is
measured subsequently in darkness.10 After the 30-minute adaptation procedure, eye
coils were placed on the left eye, and the VOR evoked by rotation about the test axes
measured in the dark. The data analysis method has been described elsewhere.11

RESULTS

The slow-phase component of the VOR induced by rotation before adaptation
was not always aligned with the stimulating axis and showed a variation in amplitude
and deviation that varied from axis to axis11 (FIG. 1B-D [solid circle and solid lines]
and FIG. 2 [“pre”]). After visually driven VOR gain reduction by stabilized vision
around the RALP axis, the response in the dark to rotation around the adapting axis
(indicated by thick arrows in FIG. 1) was reduced. However, changes in both ampli-
tude and alignment were also seen in response to rotation around other axes, most
notably roll. The differences between the before and after conditions are illustrated
in the bottom row of FIG. 1 B-D: clearly the largest effect is in response to roll rota-
tion. Notice that the response to pitch rotation, which, like roll, was only 45 degrees
away from the adaptation axis, was not significantly altered.

MODELING

The data were modeled with a three-channel model to code the orientation and
velocity of head rotation. Each of the three channels of this model represents a com-
ponent of the movement. They are not based on any anatomical features but are pro-
posed simply as an information-processing system. The head rotation is represented
as a three-dimensional vector of a length representing velocity. This vector is then
projected orthogonally onto each of the “channels.” Each channel has a gain by
which the projected component is multiplied and an orientation. To recover the head
movement, the activity in the three channels are taken as the coordinates. The output
is the vector sum of the three channels’ activity. 

In order to model the VOR before any adaptation, the orientations and gains of
the three channels were configured as free variables and the output of the model,
with a random initial configuration, was compared to the actual response for each
subject around each axis. Gain and orientations were varied systematically and the
process repeated until the output of the model best matched the data. The orientation
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and gains of the set of three channels that optimally reproduced all the major features
of the pre-adapt VOR, are shown in FIGURE 2. The prediction of this model of the
response to the eight axes used are shown as large open symbols on either side in the
columns labelled “pre.” There is a good correspondence.

Next the model was “adapted.” First the relative hypothetical activity of each of
the channels expected in response to the physical motion component of the adapting
stimulus was calculated given the gains and orientations of the channels obtained
from the best fit to the pre-adapted data.The relative gains of each channel were then
adjusted by an amount proportional to their relative activity during the adaptation ex-
perience to produce an “adapted” model. The response of the “adapted” model was
simulated by projecting each head rotation onto the “adapted” channels (FIG. 2). The
output of the adapted model showed an excellent fit to the adapted data, reproducing
all the major features.

The properties of the proposed channels (FIG. 2, center) do not correspond to ca-
nal or roll/pitch/yaw coordinates. They are far away from the planes of individual
canals, with one close to roll and the others forming an X approximately in Listing’s
plane,which can be expected to be tilted outwards since the eyes were likely verged
in dark at a distance roughly corresponding to the screen.12 A separate set of chan-
nels is needed for each eye since they are not in a plane orthogonal to the straight
ahead but are instead tilted outwards by about 20 degrees.

This study shows that the vestibulo-ocular reflex can be elegantly modeled by a
three-channel system. The proposed location of the channels correspond to emerging
studies indicating a neural coordinate system involving an axis close to roll13 and
Listing’s plane.14–16
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