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O Abstract — We measured post-rotatory nystag-
mus and sensations of body rotation in standing
subjects brought to rest in the dark after 3 min-
utes of each of the following conditions: 1) passive
turning about the mid-body axis, involving only
vestibular stimulation, 2) active turning about the
mid-body axis, involving both vestibular stimula-
tion and motor-proprioceptive activity in the legs,
and 3) stepping round while remaining facing in
the same direction on the center of a rotating plat-
form with the head held in a stationary holder (ap-
parent turning), invelving only motor-propriocep-
tive activity. The same acceleration—velocity profile
was used in all conditions. Post-rotatory nystag-
mus (slow phase) occurred in the same direction to
passive body turning and was reduced in velocity
after active body turning. After apparent turning,
nystagmus was in the opposite direction as at-
tempted body turning. Our theoretical analysis
suggests that nystagmus after active turning should
conform to the mean of the responses after passive
and apparent turning rather than to their sum.
The results conform more closely to the mean than
to the sum, but with greater weight given to vestib-
ular inputs than to motor—proprioceptive inputs.
Post-rotatory sensations of self-rotation were in the
expected opposite direction after passive turning
and were lower in magnitude after active turning.
After apparent turning, sensations of self-rotation
were in the same direction as those after attempted
turning—an effect known as the antisomatogyral
illusion. © 1998 Elsevier Science Inc.

[J Keywords — nystagmus; arthrokinetic
nystagmus; turning sensations; antisomatoegyral
illusion.
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Introduction

Passive rotation of the whole body in the dark
about the vertical mid-body axis (z axis) pro-
duces nystagmus with slow phase in a direction
opposite to body rotation and a sensation of
turning in the veridical direction. During be-
tween 30 and 60 s of rotation at constant veloc-
ity, both of these effects decay exponentially to
zero as the cupulas of the horizontal semicircu-
lar canals return to their resting position. When
the subject is decelerated to rest, the cupulas are
deflected in a direction opposite to the per-rota-
tory deflection. For about 30 s after the body
has come to rest, nystagmus occurs with slow
phase in the same direction as the previous rota-
tion, and subjects perceive themselves rotating
in the direction opposite to the original direction
of turning, a sensation known as the somatogy-
ral illusion. These post-rotatory effects also de-
cay exponentially as the cupulas return to their
resting position and the velocity-storage mecha-
nism discharges (1).

Correia and colleagues asked subjects to step
round actively for 8 turns while remaining in
the same spot (2). Upon stopping, about 75% of
subjects reported post-rotatory sensations of
turning in the same direction as the previous
turning. The investigators called this the antiso-
matogyral illusion. This experiment was repeated
by Guedry and colleagues, who also found an
antisomatogyral illusion and, in addition, found
that the gain of per-rotatory nystagmus was
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higher and that of post-rotatory nystagmus was
lower than the gain of nystagmus after passive
turning (3). Bles confirmed this finding (4). In
these experiments, subjects controlled their own
acceleration, deceleration, and velocity of body
rotation.

Guedry and colleagues explained the antiso-
matogyral illusion in terms of von Holst and
Mittelstaedt’s theory of reafference (5). They
argued that turning movements that people exe-
cute as they move about are typically under
180°. Under these circumstances vestibular sig-
nals correctly indicate the velocity of body rota-
tion, and there is little post-rotatory deflection
of the cupulas. Hence, vestibular signals indi-
cate the muscular effort required to bring the
body to rest, and the association between effer-
ence associated with stopping the body and re-
afferent stimulation from proprioceptors matches
normal expectations. In other words, proprio-
ceptive signals are fully accounted for in terms
of body deceleration and do not produce an illu-
sion of self-rotation. After prolonged active
self-rotation at constant velocity, the vestibular
signals indicate that the body is not rotating and
this leads to an underestimation of efference
needed to decelerate the body. This in turn leads
to a mismatch between afterence and reafferent
proprioception and an illusion of self-rotation.
We refer to this as the reafference-mismatch
theory. We do not adopt this theory of the anti-
somatogyral illusion, but simply define arthro-
Kinetic inputs as any efferent, afferent, or reaf-
ferent inputs arising from the motor and/or
proprioceptive systems that generate nystagmus
or sensations of self-rotation.

Guedry and Benson rotated blindfolded sub-
jects passively at 60%s in a rotating chair (6).
After 60 s, they were stopped passively or they
stopped themselves with their hands and/or feet.
The gain of post-rotatory nystagmus was not af-
fected by the manner of stopping. Post-rotatory
sensations of turning were in the opposite direc-
tion to the actual turning, but were only half as
strong after active stopping than after passive
stopping. In a second experiment, subjects ro-
tated themselves in the chair for 60 s by pushing
with their hands against the cylinder in time to a
metronome. This increased per-rotatory nystag-
mus and reduced post-rotatory nystagmus and
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further reduced the magnitude of post-rotatory
sensations of turning, especially when active
turning was accompanied by active stopping.
There were only a few reports of the antisomat-
ogyral illusion.

Bles and Kapteyn used two rotation condi-
tions (7). In the first condition, subjects walked
round the rim of a 1.5 m diameter stationary
platform while holding the arm of a chair which
accelerated at 20°/s2, maintained a velocity of
50°/s for 30 s, and then decelerated at 20°/s2, In
the second condition, subjects held the arm of
the stationary chair as they walked round the
rim of the platform as it rotated with the same
rotation profile as that used in the first condi-
tion. After actual stepping round, which gener-
ated both vestibular and proprioceptive inputs
from walking, subjects experienced self-rota-
tion in the same direction, the antisomatogyral
illusion, but the slow-phase of nystagmus was
in the opposite direction—the direction corre-
sponding to post-rotatory vestibular nystagmus.
After stationary stepping, which generated only
proprioceptive inputs, subjects experienced the
antisomatogyral illusion, but their nystagmus
was now in the same direction. The effects pro-
duced by apparent stepping round can be due
only to proprioception or motor efference asso-
ciated with stepping since the vestibular system
was not stimulated. Bles and Kapteyn did not
provide quantitative data.

Brandt and colleagues placed a stationary
seated subject in the dark at the center of a verti-
cal cylinder rotating at 10°s about a vertical
axis (8). The subject placed a hand on the sur-
face of the cylinder so that it rotated about the
shoulder joint at the same velocity as the cylin-
der. This induced nystagmus with slow phase in
the same direction as the arm tracking move-
ment with a gain of 0.5 and illusory self-motion
at about the same velocity as the cylinder, but in
the opposite direction. Both effects continued
for some time after the arm was removed from
the cylinder. They referred to these effects as
arthrokinetic nystagmus and arthrokinetic self-
motion. De Graf and colleagues reported arthro-
Kinetic pursuit eye movements induced by lin-
ear motion of the hand (9).

It is clear from the above evidence that ar-
throkinetic nystagmus in induced by motor—
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proprioceptive signals associated with active
body rotation in the absence of vestibular stimu-
lation. During active rotation of the body, ar-
throkinetic and vestibular nystagmus operate in
the same direction and produce a greater re-
sponse than either stimulus alone. In the post-
rotatory period after prolonged rotation, the
vestibular effects of deceleration produce nys-
tagmus opposite to the per-rotatory response,
but the aftereffects of active turning produce ar-
throkinetic nystagmus in the same direction as
the per-rotatory response. The two aftereffects
are therefore opposed and partially cancel, but
the net nystagmus is in the direction of vestibu-
lar nystagmus. The same is also probably true
of sensations of self-rotation, but there is little
quantitative data on this point.

Our purpose was to provide quantitative data
on the aftereffects of passive, active, and appar-
ent self-rotation, with greater control over the
motion of the head than in previous experi-
ments. A second purpose was to test whether ar-
throkinetic and vestibular nystagmus add in a
linear fashion so that their combined effects can
be predicted from the algebraic sum of the two
effects measured separately or whether the com-
bined effect is the mean of the separate effects.
Linear addition of sensory inputs is to be ex-
pected with an in-series, or nested, sensory sys-
tem (10). For instance, the position of the hand
with respect to the body is indicated by the alge-
braic sum of inputs from the nested set of arm
joints. However, in a multi-cue system, in which
distinct sensory sources provide parallel infor-
mation about the same judgment, one would ex-
pect signal averaging rather than addition. For
example, the apparent direction of a sound
source depends on the average of its position
signified by interaural time differences and its
position signified by interaural intensity differ-
ences. Vestibular and proprioceptive inputs are
sometimes linked in series. For instance, a judg-
ment of the velocity of passive turning of the
trunk about the z axis while the head is also be-
ing rotated on the same axis relative to the trunk
requires the algebraic summation of the inputs
from the semicircular canals and those from
proprioceptors in the neck or trunk. There is ev-
idence that these inputs are summed linearly
(11). But vestibular and proprioceptive inputs

may also be linked in parallel. For example, the
velocity of active self-rotation on a stationary
surface is indicated by inputs from the semicir-
cular canals, but is also indicated by motor—
proprioceptive inputs from the legs. In this case,
the sensory inputs provide independent assess-
ments of the same event, and the best estimate
is a weighted mean of the two inputs, with the
weights determined by the reliability of each in-
put as a function of time.

Methods
Apparatus

The subject stood in the dark on a turntable
I m in diameter with the head secured in a head
holder. The head holder and the turntable could
be rotated independently about the same verti-
cal axis by a pair of high-torque servomotors.
Optical encoders on the motor shafts registered
the absolute position of the turntable and head
holder with a resolution of 0.03°. The position
encoders ensured that the turntable and head
holder rotated in synchrony.

Three movement conditions were used to
evaluate the relative contributions of the vestib-
ular and motor—kinesthetic systems to the re-
sponses. In the passive rotation condition, the
turntable and head holder rotated in phase and
the subject made no voluntary effort to either
help or hinder the rotation of the body. This re-
sulted in stimulation of the semicircular canals
of the vestibular system, but no efference or re-
afference associated with voluntary motion. In
the active rotation condition the subject stepped
round on the stationary platform to keep pace
with rotation of the head holder. This resulted in
stimulation of both the vestibular and motor—
kinesthetic systems. In the apparent stepping
condition, the head holder was stationary, and
the subject stepped round in place to keep pace
with the rotating turntable. Thus, the subject
was on a rotary treadmill apparently stepping
around in a direction opposite to the rotation of
the turntable. The efference to the leg muscles
and the associated kinesthesis were similar to
those in the active condition, but the vestibular
system was not stimulated. During apparent
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stepping, subjects were able to keep their torsos
in line with their heads, even during the deceler-
ation phase. However, there was probably some
torque in the neck during deceleration, which
would add a component of proprioception from
the neck muscles. For all movement conditions,
the turntable and/or head holder was accelerated
at a constant acceleration of 28.5%s* for 2.5 s to
an angular velocity of 72°s, which was main-
tained for 180 s before the subject was deceler-
ated at 28.5%s? to a stop. The experimenter said
“stop” just as deceleration ended.

Post-rotatory Nystagmus

Post-rotatory eye movements and sensations
of self-rotation were measured on separate tri-
als. The subject was in complete darkness with
both eyes open. In eye-movement trials, post-
rotatory nystagmus was measured for 3 min-
utes, during which time the aftereffects decayed
to zero. The 3-minute period also served as an
interstimulus interval. The magnetic scleral
search coil technique (12) was used to record
movements of one eye. The instrument was cal-
ibrated by having the subject tixate 5 points be-
tween * 10° along both horizontal and vertical
axes. Positive angles refer to downward and
rightward gaze relative to the gaze straight
ahead position. The least squares criterion was
used to find the best-fitting linear relationship
between eye position and coil voltage.

Post-rotatory nystagmus was measured in
one female and three male subjects, ranging in
age from 25 to 67 years. Each subject partici-
pated in two eye movement sessions; one with
the search coil on the right eye and one with it
on the left eye. In each session, the three move-
ment conditions (passive, active, and apparent
stepping) were presented for both clockwise
and counterclockwise directions. The order of
presentation was randomized for each subject
and counterbalanced between sessions for each
subject. The head holder positioned the eyes
close to the center of the magnetic field pro-
duced by the field coils. Since the sensitivity of
the search coils is a nonlinear function ot angu-
lar displacement, we took care to return the
head to the same angular position after each ro-
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tation. This was achieved by use of the encoders
on the servo motors and an analogue signal
from a coil mounted on the subject’s head.

The horizontal and vertical eye positions and
the head position were stored on digital tape.
The data were digitized at 100 Hz with 12 bit
accuracy for off-line analysis by computer. Eye
velocity was obtained by digital differentiation
of the eye position record. Saccades and blinks
were removed from the record by automated fil-
tering combined with visual inspection.

Post-rotatory Illusory Rotation

Three female and 7 male subjects partici-
pated in the trials in which post-rotatory sensa-
tions of self-turning were measured. Their ages
ranges from 25 to 67 years. In each of two ses-
sions, the three movement conditions (passive,
active, and apparent stepping) were presented
for both clockwise and counterclockwise direc-
tions. The order of presentation was random-
ized for each subject and counterbalanced be-
tween sessions for each subject. Following each
rotation the subject called out the direction of
self-rotation and numerical estimates of its
magnitude, noting any changes in sensation as
they occurred. Before the first trial of a session,
subjects were passively rotated and instructed to
assign the value of 5 to the peak velocity of the
resulting sensation of post-rotatory turning.
Subjects used fractional estimates of velocity
when perceived velocity fell below 1. All re-
sponses were recorded on digital tape. The
responses were then played back, and the sign,
magnitude, and time stamp (relative to the end
of the rotation) recorded.

Results

The slow-phase velocities of post-rotatory
nystagmus were calculated for each subject for
each condition. Since there were no significant
differences between clockwise and counter-
clockwise directions, results for the two directions
were pooled. Figure 1 shows the beat-by-beat
velocity of the slow phases of post-rotatory nys-
tagmus for one subject. as a function of time af-
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ter stopping, for each type of turning. The
curves of mean slow phase velocity from the
four subjects as a function of time were each fit-
ted with a double exponential function as pro-
posed by Young and Oman (13). These curves
are shown by the dotted lines in Figure 2. After
passive turning of the body, the slow phase of
the initial nystagmus was in the same direction
as body turning and decayed exponentially to
zero after about 60 s (time constant 15.5 s) and
then reversed in sign to produce a weak second-
ary nystagmus. After active turning, the nystag-
mus was also in the same direction as body
turning, but its velocity was less than after pas-
sive turning, and it decayed to zero in about 45 s
(time constant 15.8 s). Similar values for the
two types of nystagmus were reported by
Guedry and colleagues (3). After apparent step-
ping, the slow phase of nystagmus was consid-
erably slower than in the other two conditions
and was in the opposite direction to the stepping
direction, defined as the direction in which the
subject would have turned if on a stationary sur-
face. It decayed to zero in about 45 s (time con-
stant 21.2 s), but less steeply than nystagmus in
the passive and active conditions, and it showed
evidence of a slight secondary nystagmus. Bles
and colleagues (14) reported a time constant of
20 s for nystagmus produced by apparent step-
ping and of 14 s for that produced by passive ro-
tation. The curve obtained by algebraic addition
of nystagmus velocity after passive rotation and
nystagmus velocity after apparent stepping is
shown as a faint continuous line. The curve ob-
tained by averaging these two velocities of nys-
tagmus is shown as a bold continuous line. Tt
can be seen that the velocity of nystagmus after
active rotation falls between these two theoreti-
cal curves and approaches the average-velocity
curve as the response continues.

The estimates of illusory body rotation that
subjects experienced in the post-rotatory period
were pooled into 0.5 s bins. Since there were no
significant differences between clockwise and
counterclockwise directions, results for the two
directions were pooled. Figure 3 shows the re-
sults for one subject. We derived mean esti-
mates of illusory body rotation for the four sub-
jects whose eye movements were recorded and
compared them with the mean estimates from

the full group of 10 subjects. Since there were
no significant differences between these two es-
timates, we felt justified in using the results of
the 10 subjects to compare with the eye move-
ment data. Figure 4 shows the mean estimates
of velocity of illusory body rotation for 10 sub-
jects as a function of time after body rotation
stopped for the 3 rotation conditions. Each
curve was fitted with a double exponential func-
tion, as shown in the figure. For the passive and
active turning, the illusory body rotation was in
the opposite direction to body turning. The time
constant for illusory self-rotation was 24.4 s af-
ter passive turning and 20.4 s after active turn-
ing. These values compare with values of 17 s
and 13 s, respectively, reported by Correia and
colleagues for an unspecified rate of decelera-
tion (2). After apparent turning, illusory body
turning was in the same direction as the step-
ping direction with a time constant of 5.3 s.

Discussion

We define the direction of nystagmus in
terms of the direction of the slow phase. Passive
rotation produced post-rotatory nystagmus in
the direction of the previous body rotation, the
direction expected from the effects of decelera-
tion on the semicircular canals. Active rotation
produced post-rotatory nystagmus in the same
direction as passive rotation, but with reduced
velocity. This suggests that post-rotatory vestib-
ular nystagmus is reduced by an opposite ar-
throkinetic nystagmus produced by aftereffects
of motor—proprioceptive stimulation. This inter-
pretation is supported by the fact that apparent
stepping produced post-rotatory nystagmus in
the direction opposite to that in which the sub-
ject had been attempting to turn, but with a
much lower velocity than nystagmus produced
by either active or passive turning. This is pure
arthrokinetic nystagmus, since the vestibular
system had not been stimulated. It confirms the
effect reported by Bles and Kapteyn (7).

We do not adopt Guedry and colleagues’ re-
afference-mismatch theory, described in the In-
troduction, since we do not see how it would ac-
count for an aftereffect of active or apparent
turning that outlasts the period of deceleration.
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