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Palla, A., C. J. Bockisch, O. Bergamin, and D. Straumann. Dis-
sociated hysteresis of static ocular counterroll in humans. J Neuro-
physiol 95: 2222-2232, 2006. First published December 7, 2005;
doi:10.1152/jn.01014.2005. In stationary head roll positions, the eyes
are cyclodivergent. We asked whether this phenomenon can be
explained by a static hysteresis that differs between the eyes contra-
(CE) and ipsilateral (IE) to head roll. Using a motorized turntable,
healthy human subjects (n = 8) were continuously rotated about the
earth-horizontal naso-occipital axis. Starting from the upright posi-
tion, a total of three full rotations at a constant velocity (2°/s) were
completed (acceleration = 0.05°/s?, velocity plateau reached after
40 s). Subjects directed their gaze on a flashing laser dot straight ahead
(switched on 20 ms every 2 s). Binocular three-dimensional eye
movements were recorded with dual search coils that were modified
(wires exiting inferiorly) to minimize torsional artifacts by the eyelids.
A sinusoidal function with a first and second harmonic was fitted to
torsional eye position as a function of torsional whole body position
at constant turntable velocity. The amplitude and phase of the first
harmonic differed significantly between the two eyes (paired 7-test:
P < 0.05): on average, counterroll amplitude of IE was larger [CE:
6.6 = 1.6° (SD); IE: 8.1 = 1.7°), whereas CE showed more position
lag relative to the turntable (CE: 12.5 = 10.7°; IE: 5.1 = 8.7°). We
conclude that cyclodivergence observed during static ocular counter-
roll is mainly a result of hysteresis that depends on whether eyes are
contra- or ipsilateral to head roll. Static hysteresis also explains the
phenomenon of residual torsion, i.e., an incomplete torsional return of
the eyes when the first 360° whole body rotation was completed and
subjects were back in upright position (extorsion of CE: 2.0 = 0.10°;
intorsion of IE: 1.4 = 0.10°). A computer model that includes
asymmetric backlash for each eye can explain dissociated torsional
hysteresis during quasi-static binocular counterroll. We hypothesize
that ocular torsional hysteresis is introduced at the level of the otolith
pathways because the direction-dependent torsional position lag of the
eyes is related to the head roll position and not the eye position.

INTRODUCTION

Compensatory steady-state eye positions, evoked by reori-
enting the head with respect to gravity and keeping the head
still, are static (velocity =~ 0°/s). When the head is tilted about
the naso-occipital axis, the head movement is called head roll
and the compensatory eye movements ocular counterroll (Na-
gel 1868). The vestibular signal that drives ocular counterroll
in static head roll positions or during very slow, i.e., quasi-
static, head roll displacements, is exclusively otolithic (Dia-
mond et al. 1979; Seidman et al. 1995) and predominantly
originates from the utricles (Diamond and Markham 1983;
Markham et al. 1973; Suzuki et al. 1969). Static (or quasi-
static) ocular counterroll (SOCR) compensates for only ~5-
25% of head roll, with the highest values around upright head
position (Averbuch-Heller et al. 1997; Collewijn et al. 1985;

Kingma et al. 1997; Krejcova et al. 1971; Ott et al. 1992;
Pansell et al. 2003; Schworm et al. 2002). Vision is not
hampered by the limitation of SOCR, because stereo acuity is
relatively tolerant to fluctuations of binocular disparity (Van
Rijn et al. 1994). It has been suggested that SOCR represents
a remnant from lateral-eyed animals or reflects a motor control
strategy related to spatial orientation (Angelaki and Hess
1996a,b).

SOCR is sustained during fixations, saccades, and smooth
pursuit eye movements (Haslwanter et al. 1992; Hess and
Angelaki 2003). It is likely that the tonic signal for SOCR is
provided by the neural torsional velocity-to-position integrator
(Crawford et al. 2003; Glasauer et al. 2001), whereas the
contributions of extravestibular signals, such as neck proprio-
ception (Ott et al. 1992) and vision (Diamond et al. 1979), are
small or absent. Recently, a decrease of SOCR during sus-
tained head tilt has been described (Pansell et al. 2005; Seid-
man et al. 1995; Yashiro et al. 1996). Whether this drift reflects
a deficiency in the neural torsional velocity-to-position inte-
grator (Seidman et al. 1995) or visual adaptation to spatial
verticality (Yashiro et al. 1996) is unclear.

Since the pioneering studies on SOCR in healthy human
subjects by Diamond and colleagues (Diamond and Markham
1983; Diamond et al. 1979) and Collewijn et al. (1985),
investigators have been hesitant in interpreting recorded tor-
sional disconjugacies between the two eyes. Diamond and
Markham observed the following pattern of SOCR during
quasi-static 360° whole body roll movements (velocity: 3°/s;
acceleration 0.21°/s%) (Diamond et al. 1979): 7) ocular coun-
terroll was not always conjugate, i.e., torsional differences
around 2° between the two eyes were not uncommon in
individual subjects; 2) there was more counterrolling of the
lowermost than of the uppermost eye; and 3) some subjects
showed consistent differences of ocular counterroll at specific
whole body orientations, which depended on whether this
orientation was reached by a right ear-down or left ear-down
rotation. In another study, the same authors found similar
disconjugacies of torsional eye position =4°, when subjects
were kept for 10 min in different whole body ear-down
positions =90° from upright (Diamond et al. 1982). Although
possible physiological mechanisms were considered by the
authors, the measured torsional disconjugacy was attributed
mainly to imprecision of three-dimensional eye movement
measurements. Collewijn et al. (1985), who were the first to
perform experiments on SOCR using dual search coils, also
came to the conclusion that binocular torsion in static head roll
positions was basically conjugate.
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HYSTERESIS OF STATIC OCULAR COUNTERROLL

Closer analysis of binocular SOCR increasingly cast its
conjugacy into doubt. In a monocular dual search-coil study,
Bockisch and Haslwanter (2001) recently observed a specific
pattern of SOCR asymmetry, in which consistently less ocular
torsion was noted when subjects were rolled toward the side of
the measured eye. This finding was ascribed to a mechanical
inhibition of search coil annulus intorsion by the nasally
exiting lead wire touching the lower lid. Using binocular
video-oculography, however, Pansell et al. (2003) and
Schworm et al. (2002) confirmed the observation that the
intorting eye shows less counterroll than the extorting eye at
static head roll positions =45° from upright. The same authors,
in addition, reported another interesting finding on SOCR: after
head reorientation from the 45° static head roll position, the
eyes did not completely rotate back to the initial torsional
position measured before the head tilt, but settled at a torsional
offset position in the direction of the previous counterroll
(Schworm et al. 2002). Taken together, the available data on
binocular counterroll are inconsistent and do not yet allow
conclusions on the significance and possible mechanisms of
cyclovergence during and incomplete reversal after ocular
counterroll. In particular, technical inaccuracies, different am-
plitudes of static head roll, and ongoing influences of dynamic
ocular responses evoked by rapid displacements between static
head positions might have influenced the outcome of the cited
investigations.

The purpose of our study was to carefully re-examine
binocular counterroll during static head roll. By using modified
dual search coils with wires exiting inferiorly, we reduced
torsional artifacts by the eyelids (Bergamin et al. 2002). Whole
body rotations on a motorized turntable avoided eye position
changes induced by the cervico-ocular reflex. Dynamic influ-
ences on static counterroll were excluded by recording eye
movements during very slow, i.e., quasi-static, continuous
turntable rotations. Finally, completing three full turntable
rotations allowed us to characterize the critical parameters of
initial and steady-state behavior of SOCR during whole body
roll.

Portions of this work were presented previously in a con-
ference proceeding (Palla et al. 2005).

METHODS
Definitions

We term ocular counterroll during constant-velocity whole body
rotation about the earth-horizontal naso-occipital axis as “quasi-static”
if the velocity is low (2°/s) and the initial acceleration to reach the
velocity plateau is below the detection threshold of the semicircular
canals (0.05°/s%). The direction of turntable rotation is defined from
the subject’s viewpoint: clockwise corresponds to a rotation beginning
with right ear moving down.

Subjects

Eight healthy human subjects (4 female; 30—42 yr old) participated
in this study. Informed consent of all subjects was obtained after full
explanation of the experimental procedure. The protocol was ap-
proved by a local ethics committee and was in accordance with the
ethical standards from the 1964 Declaration of Helsinki for research
involving human subjects.
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Experimental setup

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, Reeuwijk, The Netherlands). Subjects
were positioned so that the intersection of the interaural and naso-
occipital axes was at the intersection of the three axes of the turntable.
Pillows and safety belts minimized movements of the body. A
turntable-fixed aluminum coil frame (side length 0.5 m) surrounded
the head and generated three orthogonal digitally synchronized mag-
netic wave fields 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 <7% over a range of
+30° and with a noise level of <0.05° (root mean squared deviation).

Recording of eye and turntable rotation

Three-dimensional (3D) eye movements were recorded binocularly
with dual scleral search coils (Skalar Instruments, Delft, The Nether-
lands). In this study, we only report on torsional eye movements. To
minimize torsional artifacts by mechanical interaction of the nasally
exiting wire of the search coils with the upper and lower eyelids,
modified search coils with the wire exiting inferiorly (~6 o’clock)
were used. Coil modifications were performed with the technique
described by Bergamin et al. (2002).

Because the coil frame was firmly fixed to the turntable, we had to
derive the position of the head in space from the position signal of the
earth-horizontal axis about which the turntable rotated. To confirm
that the head was fixed to the turntable during full whole body
rotations about the naso-occipital axis, we attached a head coil on the
forehead in two subjects. The peak-to-peak torsional displacement of
the head in the coil frame did not exceed 0.5°. Eye and turntable
position signals were digitized at 1,000 Hz per channel with 12-bit
resolution and stored on a computer hard disk for off-line processing.

Experimental protocol

Starting from the upright position, subjects were rotated about their
earth-horizontal naso-occipital axis clockwise (CW) or counterclock-
wise (CCW) at a constant angular velocity of 2°/s. To reach this
velocity plateau, the turntable was accelerated by 0.05°/s*, which is
below the detection threshold of the semicircular canals (Diamond et
al. 1982; Shimazu and Precht 1965). The acceleration phase lasted
40 s. A total of three consecutive 360° turntable rotations were
performed before the turntable was stopped. To exclude ocular torsion
related to gaze direction, e.g., when Listing’s plane is not exactly
aligned with the frontal plane of the coordinate system, a space-fixed
laser dot was projected along the axis of rotation onto a spherical
screen at a distance of 1.4 m. 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. Experiments were performed in otherwise total
darkness.

To determine a possible dynamic contribution to quasi-static ocular
counterroll, seven subjects were additionally rotated at constant ve-
locities of 1, 4, and 8°/s in the CW direction. The initial turntable
acceleration was unchanged, i.e., 0.05°/s>. The velocity plateaus were
reached after 20, 80, and 160 s, respectively. Thus two consecutive
360° turntable rotations at constant velocity were performed before
the turntable was stopped. Two subjects were also rotated stepwise
between static whole body roll positions. The steps consisted of
velocity triangles with a peak acceleration of 10 or 0.05%/s?. The step
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