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Abstract  

When humans are accelerated along the body vertical, the right and left eyes show 

oppositely-directed torsional modulation (cyclovergence). The origin of this paradoxical 

response is unknown. We studied cyclovergence during linear sinusoidal vertical motion in 

healthy humans. A small head-fixed visual target minimized horizontal and vertical motion of 

the eyes and therefore isolated the torsional component. For stimuli between 1 and 2 Hz (near 

the natural range of head motion), the phase of cyclovergence with respect to inertial 

acceleration was 8.7 +/- 2.4 deg (mean +/- 95% CI) and the sensitivity (deg/s/g) showed a 

small but statistically significant increase with frequency. These characteristics contrast with 

those of cycloversion (conjugate torsion) during horizontal (interaural) inertial stimuli at 

similar frequencies. From these and previous results we propose that cyclovergence during 

vertical translation has two sources, one, like cycloversion, from the low-frequency 

component of linear acceleration, and another, which we term dynamic cyclovergence, with 

high-pass characteristics. Furthermore, we suggest that this cyclovergence response in  

humans is a vestige of the response of lateral-eyed animals to vertical linear acceleration of 

the head.  

Introduction 

The orientation of the eye in the orbit has three degrees of freedom: two determine the 

direction of gaze and the third, torsion, describes the rotation about the line of sight. For 

behaviors that require stabilization of images on the fovea, a unique torsional position is 

observed for each gaze direction (Donder’s Law) and according to Listing’s Law the rotation 

vectors describing eye positions in a head-centered frame lie in the displacement plane (DP) 

(Helmholtz 1867, Haustein 1989). This relationship is violated when dynamic visual stimuli 

generate a retinal flow with a torsional component (Cheung & Howard 1991) or when the 

head rotates about a naso-occipital axis (e.g., Baarsma and Collewijn, 1975; Collewijn et al., 

1985). 
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Although, in foveate species, compensation for translation does not require changes in 

torsion, cycloversion (Lichtenberg et al., 1982) and cyclovergence (de Graaf et al., 1996; 

Merfeld et al., 1996) are observed during linear displacements along the interaural (IA) and 

the vertical axes, respectively.  Cycloversion arises because, without semicircular canal 

activation, the low frequency components of the otolith signals are interpreted as 

reorientations with respect to gravity (Baarsma and Collewijn, 1975; Paige & Tomko, 1991; 

Angelaki, 1998; Raphan and Cohen, 2002; Merfeld et al., 2005; Zupan and Merfeld, 2005). 

So far, there is no explanation for cyclovergence during vertical translation. 

Disconjugate torsional components also appear with changes in gravity load (Diamond 

et al., 1991;  de Graaf et al., 1996; Clarke and Haslwanter, 2007) and lateral head roll tilts, in 

which both eyes counter-rotate in the same direction but with different amplitudes (Markham 

and Diamond, 2002; Pansell et al., 2003; Palla et al., 2006). 

Here we wish to discern the origin of cyclovergence during vertical linear motion. We 

consider several hypotheses. 1) and 2) relate to known kinematical relations, while 3) and 4) 

involve additional oculomotor signals. 1) Cyclovergence occurs because the DP of both eyes 

might show a small temporal divergence, which induces oppositely directed torsion with 

vertical eye movements. 2) DP might rotate temporally back and forth in response to vertical 

inertial acceleration. 3) Since the utricular maculae are not horizontal planes in the head and 

so are stimulated by vertical acceleration (Curthoys et al., 2009), the mechanism causing 

cycloversion during IA inertial stimulation could evoke cyclovergence during vertical inertial 

acceleration. 4) Cyclovergence is phylogenetically old. Rats, a lateral-eyed species, show a 

weak vertical eye response to inertial vertical acceleration (Hess and Dieringer, 1991). In 

frontal-eyed species the same head-centered axis of rotation leads to cyclovergence. 

To unravel these complexities of torsional motion of the eyes, we expanded on 

previous studies of cyclovergence in response to whole-body longitudinal sinusoidal motion. 

We used higher frequency stimuli, closer to those experienced during walking (Moore et al., 



 - 4 -  

2001); we measured the phase of cyclovergence, which was not reported before; and, in two 

of our three paradigms, inertial acceleration was earth-vertical, not earth-horizontal as in 

previous studies, and therefore the gravito-inertial vector (GIV) changed purely in magnitude. 

Preliminary data has appeared in abstract form (Olasagasti et al., 2008). 

Methods  
 

Equipment 

A six degrees of freedom motion platform (E-Cue 624x1800, FCS Control Systems 

B.V) was used for all experiments.  A chair was mounted on the platform, and the subject was 

secured with a 4-point safety harness, with straps over the shoulders and thighs, and subjects 

held onto a horizontal bar to provide additional stability. A thermoplastic mask, molded for 

each subject, secured the head to the back of the chair.  For experiments with the subject lying 

on their side, the same chair was rotated on its side and additional padding was inserted under 

the head and side of the body to increase stability.    

Three-dimensional movements of both eyes were recorded with dual-search coils 

manufactured by Skalar (Delft, Netherlands). Coils were calibrated in vitro on a gimbal 

system before each experiment (Straumann et al., 1995). A chair-fixed coil frame that 

produced three orthogonal magnetic fields with frequencies of 80, 96, and 120 kHz 

surrounded the subject’s head. A digital signal processor (Primelec, Regensdorf, Switzerland) 

computed a fast Fourier transform on the digitized search coil signal in real time to determine 

the voltage induced in the coil by each magnetic field. Eye position and motion platform 

signals were sampled at 1000 Hz and were digitized with 12-bit precision.  

Fixation targets were 0.25° diameter red light emitting diodes, which could either be 

shown continuously or blinked (2 s off, 20 ms on). 

 

Sign convention and nomenclature 
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 We use a right-handed reference system to describe rotations and translations with 

positive directions defined as follows: naso-occipital towards the front (x-axis), inter-aural 

towards the left ear (y-axis) and vertical upwards (z-axis). For rotations this corresponds to 

clockwise (as seen from the subject), downward and leftward eye movements respectively.  

As a result, the upward translation of the chair is positive but the upward eye rotation is 

negative.    

 Rotation vectors are defined in the standard manner, ur ˆ)2/tan(


 where û  is a unit 

vector representing the axis of rotation and   the angle of rotation. In the figures, to help 

visualization, we use a non-standard representation where ur ˆ '  . 

 Listing’s plane is defined in head coordinates and therefore we report torsion in head 

coordinates.  For far targets the deviation of the optic axis, which defines the retinal torsion, 

and the naso-occipital axis, which defines head based torsion, is small (about 2 deg for a 

target straight ahead at a distance of 1.4 meters).     

Since the otoliths, which function as inertial linear accelerometers, are equally 

stimulated by gravitational and linear acceleration, it is convenient to use the term gravito-

inertial vector (GIV) to refer to their combined effect. If g


is the gravitational vector and a


 

represents the acceleration of the head in space, the force sensed by the otoliths in the non-

inertial frame of the head is proportional to GIVa g a 
  

. When linear acceleration is earth-

vertical g


 and a


 are parallel and the GIV changes only in magnitude. This can be interpreted 

as a change in gravity-load. For sinusoidal motion at a frequency f , the vertical component of 

linear acceleration is related to vertical displacement ( ( )Hz t ) by 2( ) (2 ) ( )z Ha t f z t  , 

therefore the effective gravity-load is g-load = )()2( 2
tzfg H . That is, effective gravity 

decreases as chair goes up and increases as the chair goes down. The magnitude of linear 

acceleration is expressed as a fraction of ‘g’, the acceleration of an object in free fall (9.81 

m/s^2), which sets a natural scale.  
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Experimental paradigm  

Inertial stimuli were aligned with the participant’s longitudinal axis in two whole-body 

orientations: sitting upright (UP) or lying 90 degrees right ear down (RED). In all cases 

stimuli consisted of sinusoidal translations: earth-vertical in upright and earth-horizontal in 

RED.  

In a few of the recordings we used a third 3D coil attached to a bite-piece to measure 

residual head motion. Extraneous head rotation during vertical stimulation in upright was less 

than one degree of amplitude.  

Experiments were carried out in a dark room, and the only source of light was a chair-

fixed LED. In most of the experiments the LED was constantly on to suppress horizontal and 

vertical eye movements, but we also presented a flashing LED to some subjects.  

There were three stimulus paradigms, each with nine conditions (Table 1), three frequency 

values with three peak accelerations. The order of stimuli was randomized but was the same 

for every subject. 

None of the volunteers that participated in this study had any known vestibular 

deficits. 

 

Stimuli in Upright. Nine volunteers took part in these paradigms (5 female, 4 male).  Stimuli 

consisted of earth-vertical sinusoidal translations aligned with the participant’s longitudinal 

axis. Consequently the net gravito-inertial vector changed in amplitude but not in direction. 

Stimulus paradigm 1 (P1) included frequencies of 1.5, 1.75 and 2 Hz. In a follow-up paradigm 

we ran stimulus paradigm 2 (P2), in which we shifted the frequency range to include 1 Hz. 

For each frequency and peak acceleration the stimulus included 13 cycles. The LED was 

straight ahead at a distance of 1.43 m or 16 cm in front of the left eye in trials that control for 

target distance. 
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********     Table 1 here     ******* 

Stimuli in right ear down side position. Five participants (2 male, 3 female) lay on their side 

and underwent earth-horizontal inertial acceleration along their body vertical axis. Stimulus 

parameters were as indicated in the table under Paradigm 3.  The LED was constantly on in 

all cases. Because of the physical configuration of the apparatus, the LED was 80 cm straight 

ahead in RED.  

 

Control paradigm 

The majority of our experiments had a fixation LED to cancel horizontal and vertical 

eye movements during translational motion. To test a possible contribution to cyclovergence 

from the pursuit system, which is involved in VOR cancellation, we tested three subjects with 

stimuli ranging from visual only to vestibular only. With a fixation distance of 120 cm we 

presented the following conditions: 1) visually enhanced linear VOR (space-fixed target on), 

2) pure pursuit paradigm (chair stationary, laser dot moving with the amplitude and frequency 

of chair motion in vestibular stimulation), 3) linear VOR in complete darkness (fixation spot 

disappears during chair motion), 4) VOR cancellation (chair-fixed fixation dot on). 

Additionally we repeated the VOR cancellation condition with a fixation distance of 60 cm. In 

Figure 4 and in the results section these five paradigms are named C1 to C5. 

In each of the five conditions we presented two sinusoidal stimuli: one with an amplitude of 

6.9 cm at 1.25 Hz and the other with an amplitude of 3.5 cm at 1.75 Hz. In the conditions with 

chair translation peak linear acceleration was 0.4 g for both.  

   

Data collection and analysis   

Three-dimensional eye movements were recorded binocularly using the dual scleral 

search coil technique. The resolution of the system is 0.1°. All the data were analyzed offline 
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with custom scripts written in MATLAB. Voltage signals from the coils were transformed 

into rotation vectors and angular velocity was calculated. Time derivatives were calculated 

with a Savitzky-Golay filter of 3
rd

 order and 71 point size (71 ms) (Savitzky  and Golay, 

1964). Rotation vectors are defined in a chair-fixed frame, therefore calculated angular 

velocity corresponds to the motion of the eye in the chair. Since the LED moved with the 

chair, vertical and horizontal eye movements in the chair frame directly reflect the success of 

gaze stabilization. 

We studied the conjugate (CON) and disconjugate (DIS) components of angular 

velocity, 2/)( LRCON 


  and )( LRDIS 


  (subscripts R and L refer to right and 

left eye respectively). For the disconjugate component of torsional eye movements we will 

use the terms cyclovergence, disjunctive or disconjugate torsion interchangeably. 

For each experimental condition 11 cycles were aligned (the first and last were 

discarded because they corresponded to fade in and fade out cycles of the motion platform) 

and the median angular velocity was calculated. The median was chosen because it is robust 

to outliers such as artifacts due to blinks and saccades. For each eye and each component of 

angular eye velocity we obtained the median over a period and fit it to a sinusoid of the same 

frequency as the stimulus plus a constant.  

 ( ) cos(2 ) sin(2 )t A ft B ft C      
(1)  

The sinusoidal part can be represented by a vector with components ),( BA  or through the 

amplitude R  and phase  , )2sin()2sin()2cos(  ftRftBftA  , which are determined 

by the relations 22
BAR  , 22/)sin( BAA   and 22/)cos( BAB  .  The 

parameter C  is an offset for any constant drift in angular velocity. Since C was well below 1 

deg/s we could ignore it.  
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During this cycle chair linear velocity was )2sin( ftV   and linear acceleration was 

cos(2 ) sin(2 / 2)a ft a ft    . Therefore   represents the phase lag of eye velocity 

relative to chair velocity and / 2   the phase lag with respect to acceleration.  

Since stimuli include different peak accelerations we will characterize responses with a 

normalized sensitivity measure /S R a  with units of deg/s/g and the phase with respect to 

acceleration  ' / 2    . We refer to this as normalized response or sensitivity. 

If the sensitivity of the first harmonic does not depend on peak linear acceleration, it is 

possible to pool together trials with the same frequency but different peak accelerations. This 

was confirmed by a linear regression analysis (frequency and acceleration as regressors) 

performed on a subset of the data (all recordings with LED far and on, 16 recordings). The 

average coefficient for frequency was 0.7 and a t-test gave a p value of 3x10^(-7). The 

average coefficient for acceleration was 0.004, resulting in a p value of 0.81. Telford et al. 

(1997), looking at lVOR responses in monkeys, also concluded that to describe the main 

features of the lVOR responses it was possible to average over acceleration amplitudes. 

Baarsma and Collewijn (1975) found the same in rabbits.  

Averaged scores. Since the normalized response only changes with stimulus frequency, we 

calculated average response parameters of all conditions having the same frequency for each 

subject. To take the average, we went back to the vector representation of the response and 

calculated the average vector. From the average vector we again extracted the corresponding 

magnitude and phase.  

Relation between conjugate vertical ocular movements and cyclovergence. The components 

that modulated most were disconjugate torsional (cyclovergence) and conjugate vertical. To 

characterize the relation between the two, we computed the principal component in principal 

component analysis. The principal component corresponds to the direction with the maximum 

variance in two-dimensional scatter plots of conjugate vertical versus cyclovergence. This 

direction is given in degrees, with zero representing maximum variance along the vertical 
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component. Therefore, zero degree is interpreted as absence of cyclovergence related to the 

vertical component; reciprocally, ninety degrees would indicate cyclovergence in the absence 

of a vertical component.       

Quick phases of nystagmus. The direction of maximum variance in the scatter plots of 

cyclovergence and vertical was also computed for quick phases occurring during vestibular 

stimulation. Quick phases were isolated manually and represented by the calculated angular 

velocity rotation axis. For each quick phase we determined the cyclovergence and vertical 

component and subsequently the direction of maximum variance for the scatter plot.  

Estimated torsional modulation. Previous studies of cyclovergence reported the amplitude of 

torsional position. Since we analyzed angular velocity, we obtained an approximated value of 

torsional modulation ~ ( / 2 )dis disR f  . We also estimated the amplitude of the conjugate 

vertical amplitude as ~ ( / 2 )ver verR f  . To give an idea of the amplitudes of eye movements, 

we calculated the grand median over all subjects and trials corresponding to paradigm 1 in 

upright with the fixation point far and constantly on. 

 

Results 

The size of cyclovergence was small; the median of estimated amplitude over all trials 

in upright with frequencies between 1.5 Hz and 2 Hz was 0.5 deg and the amplitude of 

conjugate vertical 0.2 deg. Rotation vectors for both eyes as well as chair position traces are 

shown in Figure 1 for a typical trial in upright with the far LED constantly on. Eyes extorted 

for chair up (downward acceleration, less effective gravity) and intorted for down positions 

(upward acceleration, stronger effective gravity) and the torsional component was almost in 

phase with chair position.  

                             

****             Figure 1         **** 
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For further analysis we did not consider the components of rotation vectors, which 

describe position, but the components of angular velocity, which are independent of the 

chosen reference position. Figure 2 shows median angular velocity for a typical trial. Instead 

of right eye and left eye components, conjugate and disconjugate components are shown. As 

was apparent in Figure 1, the main modulating components are the disconjugate component 

for torsion, i.e. cyclovergence, and the conjugate component for vertical.  

                               

****              Figure 2         **** 

 

In the following we refer to normalized responses or sensitivities, in which the 

amplitude and phase of the angular velocity modulation are referenced to the amplitude and 

phase of inertial acceleration of the head as explained in methods. 

Figure 3 shows the inter-individual averages and 95% confidence intervals for the 

three experimental conditions.  The broad spread in phase values observed at 1 Hz is due to 

the low amplitude of the angular velocity signal (and resulting decrease in signal to noise 

ratio). There was a significant increase of normalized amplitudes of cyclovergence and 

vertical eye movements with increasing frequency. The change in normalized amplitude from 

1.5 Hz to 2 Hz (mean +/- 95%CI) in upright with a far target was 4 +/- 1 deg/s/g for 

cyclovergence and 0.8 +/- 0.5 deg/s/g for vertical. With the near target the differences were 3 

+/- 1 deg/s/g for cyclovergence and 3.4 +/- 1.6 deg/s/g for vertical. Finally in right ear down 

we found 4 +/- 2 deg/s/g for cyclovergence and 1.0 +/- 0.6 deg/s/g for vertical. 

The change of phase with frequency depended on the paradigm. In upright with far 

targets the phase of cyclovergence increased significantly with frequency. The difference 

between phase at 1.5 Hz and phase at 2 Hz was 4   2 deg. The change in the phase of the 

vertical component was not statistically significant -5   11 deg. In upright with the near 

LED, the observed differences were not significant; the difference was 3   5 deg for 
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cyclovergence and -4   8 deg for vertical. The same was true for subjects in right ear down 

side position; in which we found 11   20 deg for cyclovergence and 1   7 deg for vertical. 

  The increase in the sensitivity of vertical eye movements with frequency probably 

reflects the corresponding decreased effectiveness of the pursuit system in the cancellation of 

the lVOR.  On average the vertical component of angular velocity was slightly phase 

advanced with respect to chair linear velocity. When pooling trials during UP-far with 

frequencies higher than 1 Hz, the phase (mean  95CI) for conjugate vertical was -9   7 deg 

and that of cyclovergence 8     2 deg.  

                                    

****              Figure 3         **** 

 

When the LED was moved from 143 cm straight ahead to approximately 16 cm in 

front of the left eye, the conjugate vertical component showed an increase with the change in 

vergence, the mean increase in trials sharing the same inertial stimulus parameters was 11   

3 deg/s/g. Cyclovergence, however, remained at a similar level to that for far viewing.  

With subjects lying on the side (90 degrees right ear down), we also observed 

disjunctive modulation of both eyes, although in some subjects there was also a small 

conjugate component. The small conjugate component, however, could have come from small 

roll head movements within the fields. Because of the swing of the GIV in this position, head 

motion could not be suppressed as completely as in upright. As shown in Figure 3, 

cyclovergence in the right ear down position (data represented with circles) was comparable 

to that observed in the body upright position. Mean cyclovergence amplitudes and 95% CI at 

the frequencies tested were 9 +/- 4, 10 +/- 4, 13 +/- 6 deg/s/g at 1.5, 1.75 and 2 Hz 

respectively. 

We next assessed whether cyclovergence modulation was related to Listing’s plane. 

For far targets, if there is compliance with Listing’s Law, cyclovergence and vertical angular 
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velocity components are related by ~ 2 sin( / 2)dis ver DP   . With targets at 1.4 meters, DP , 

the temporal deviation of DP with respect to the naso-occipital axis, is small, 5DP    and 

thus we would expect verdis  1.0 . We took two approaches. One consisted of comparing 

trials in which the target was constantly switched on with trials in which it was flashing. We 

did this to find out whether, during cancellation of the translational VOR response, the 

vertical component is better suppressed than the cyclovergence component. If this were the 

case, the relative size of both components should change and reach values consistent with 

Listing’s Law during trials with the flashing target. Both cyclovergence and vertical 

sensitivities increased slightly 2 +/- 1 deg/s/g from 10 deg/s/g  to  12  deg/s/g,    and 2 +/- 1 

deg/s/g from 4 deg/s/g to  6 deg/s/g respectively. Even with a flashing target the 

cyclovergence component was still about twice the size of the vertical, and thus much larger 

than that expected from DP for a target at that distance ( verdis  1.0 ). In the second 

approach we compared the relation between the cyclovergence and vertical components 

obtained from the slow-phase angular velocity to those obtained from the saccadic (quick) 

phases during vestibular stimulation. If cyclovergence is a result of Listing’s Law we expect 

that the directions defined by the principal component of the scatter plots in both situations 

are close. The principal directions for slow phases and quick phases were calculated for each 

subject. The average and 95% CI of the orientation of the principal direction for quick phases 

was 14.1 +/- 3.0 deg and for slow-phases 71.1 +/- 6.7 deg. Therefore, the principal direction 

was close to the vertical eye movement axis for quick phases and closer to the cyclovergence 

axis for slow-phases. As long as eye orientation stays in DP, quick phases also stay in DP 

except for small transient blips (Straumann et al., 1995). Therefore, if slow-phase 

cyclovergence was the result of Listing’s Law, it should show a comparable orientation. Since 

this is not the case, this is further evidence that cyclovergence cannot be explained by 

Listing’s Law. 
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****              Figure 4         **** 

Lastly, we assessed whether smooth pursuit contributed to cyclovergence. In all the 

experimental conditions presented above, subjects were presented with an LED in a position 

fixed with respect to the head. In such cancellation paradigms, the LED light provides a 

pursuit signal that counters the vertical eye movement that would be evoked by the linear 

VOR in the dark. Figure 4 shows that cyclovergence was mainly related to the vestibular 

stimulus. Despite differences in the amplitude of the vertical component of angular eye 

velocity (circles, top row), cyclovergence amplitude (squares, bottom row) was comparable in 

all conditions with vestibular stimulation (all but C2). While cyclovergence amplitude during 

pursuit ranged from 0.1 to 0.6 deg/s, during vestibular stimulation it ranged from 2.2 to 7.0  

deg/s. We thus conclude that the main contribution to cyclovergence is of vestibular origin.         

 

 

Discussion 

During sinusoidal up-down inertial acceleration with a fixation target that minimizes changes 

in gaze direction, we found cyclovergence. The normalized response (amplitude divided by 

inertial acceleration) of cyclovergence showed an increase with frequency, and the phase with 

respect to inertial acceleration averaged 8 deg.  

 

Characteristics of Cyclovergence 

With upright subjects we found dynamic excyclovergence when the effective gravity 

load decreased. This is opposite the results of de Graaf et al. (1996), but in the same direction 

as those reported by Clarke et al. (2007) for static cyclovergence in weightlessness. Merfeld et 

al. (1996) used sinusoidal earth-horizontal inertial acceleration, which generates a swinging 

GIV in the sagittal plane when subjects lay supine. Since in our experiments the GIV changed 
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only in magnitude, not direction, we conclude that the swing of the GIV in the sagittal plane 

cannot be the only source of cyclovergence. When we compare our data with that of Merfeld 

et al. (their Table 1) it seems that we find a smaller amplitude. Due to considerably different 

methodology, however, we do not know if this difference is significant. 

Merfeld et al. (1996) also tested linear acceleration along the body vertical with 

subjects in the right ear down position and found cycloversion, which they assigned to the 

swinging of the GIV in the coronal plane. In the higher frequency range explored here we 

found that cyclovergence in the right ear down position was similar to that in upright (Figure 

3). It is possible that with the lower-frequency stimuli used by Merfeld cyclovergence was 

either not produced or so small relative to cycloversion that it could not be appreciated. It 

could be that low-frequency cyclovergence is associated with the swing of the GIV in the 

sagittal plane. However, pitch reorientations fail to evoke cyclovergence (Diamond et al., 

2006).  The discrepancies among these studies could be due to the different frequency ranges 

tested and the effects of different orientation of the head relative to the pull of gravity.  

What is the origin of cyclovergence? 

Extended Listing’s Law 

Cyclovergence evoked by motion along the vertical body axis with almost complete gaze 

stabilization and viewing of far targets is not consonant with our current understanding of 

what should be the eye movement response to head translation. Cyclovergence is only 

expected when focusing on near objects and accompanying larger vertical or vergence eye 

movements as determined by the temporal rotation of DP’s of the right and left eyes upon 

convergence (Mok et al., 1992; van Rijn and van der Berg, 1993).  

Fixation targets moving with the subject are used to minimize horizontal and vertical eye 

movements and isolate torsion. Since the suppression of horizontal and vertical eye 

movements is achieved by the smooth pursuit system, it was possible that cyclovergence was 
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not vestibular but associated with the pursuit command. Our control recordings in three 

stationary subjects showed no cyclovergence associated with pursuit of far targets (Figure 4), 

which points to a purely vestibular origin of the cyclovergence we found in response to head 

translation.   

We also found that cyclovergence during head translation had a similar size when fixating far 

and near targets (140 cm, 80 cm or 16 cm). This is in contrast with the characteristics of the 

linear VOR response in foveate species, in which the amplitude of the eye movement is 

modulated by the object’s distance.  

Clarke and Haslwanter (2007) found that, when the g-load changed from 1 g to 0 g, Listing’s 

plane of both eyes pitched backward and rotated temporally. These changes were more robust 

and bigger than those seen in humans during static pitch reorientations (Bockisch and 

Haslwanter, 2001). Since our stimulus was a dynamic change in gravity load (e.g., 0.5 g to 1.5 

g when up-down inertial acceleration is 0.5 g), it is possible that the orientation of DP 

modulates during up-down motion. DP modulates during earth-horizontal yaw VOR in 

monkeys, where the torsional component of fast phases depends on the position of the head 

with respect to gravity (Hess and Angelaki, 1997). Although we cannot exclude that the 

orientation of DP is modulating in response to the change in effective gravity load, the 

predicted relative size of the cyclovergence and vertical components of the slow phase would 

still be too small ( verdis  1.0 ) to account for the cyclovergence found here.  

 

Relation to cycloversion 

Conjugate torsional eye movements in humans are elicited during inertial interaural 

stimulation and have low-pass frequency characteristics (Lichtenberg et al., 1982). Since the 

utricular maculae are not perfectly horizontal (Naganuma et al., 2003), the same mechanism 

that generates conjugate torsion during interaural acceleration could in principle generate 

cyclovergence during body-vertical acceleration and so contribute a low-pass frequency 
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component to the cyclovergence found here. However, in the range of frequencies explored 

here we did not find a reduction of amplitude with frequency. Therefore, we propose that 

another source of cyclovergence exists, which we term dynamic cyclovergence, originates 

from stimulation of the saccules and, like the translational VOR is evoked by high frequency 

translations along the vertical axis of the head. 

 

Phylogenetic origin 

An intriguing possibility is that the cyclovergence described here is a relic from the VOR 

response of lateral-eyed animals to vertical translation, just as the small conjugate torsional 

eye movements observed in frontal-eyed animals during inter-aural translation have been 

interpreted as a phylogenetic remnant of the response of lateral-eyed animals to linear 

acceleration (Brodsky, 2002).  

Otolith-ocular reflexes in lateral-eyed species are comprised mainly of tilt responses 

(Baarsma and Collewijn, 1975; Maruta et al., 2001), but there are also small horizontal eye 

movements in response to inter-aural translation and vertical responses to high-frequency 

vertical stimuli (Hess and Dieringer, 1991). Although the latter have only been looked for in 

rats, it is possible that a rudimentary vertical linear VOR response is also present in other 

lateral-eyed animals. Compensatory ocular responses to vertical translation, though best 

defined in an eye-referenced frame, are likely implemented using the natural head-referenced 

frame provided by the semicircular canals, as has been suggested for smooth pursuit 

(Fitzgibbon et al., 1996). If the same basic central circuitry survives in frontal-eyed animals, 

the resulting eye motion would correspond to cyclovergence (Figure 5) as observed here, with 

elevation accompanied by intorsion and vice versa. This is because eye movement commands 

encoded in this reference frame lead to the same head-centered eye movements in all species 

even when the orientation of the semicircular canals, the optic axis and extra-ocular muscle 

insertions into the globe, vary across species. In this way, the same basic circuitry evokes eye 
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movements compensatory for head rotations in lateral- and frontal-eyed species (Simpson & 

Graf, 1981).  

The same idea applies to the apparent tilt responses observed during linear translations 

in the horizontal plane, which lead to a swing of the gravito-inertial axis equivalent to that of 

a head tilt. Apparent tilt responses are functional and of considerable size in lateral-eyed 

species (Baarsma and Collewijn, 1975; Maruta et al., 2001), but in frontal-eyed species they 

would interfere with stereopsis and are necessarily small (Collewijn et al., 1985; Paige and 

Tomko, 1991a,b; Angelaki, 1998; Misslisch et al., 2001; Brodsky, 2002). Disease may 

uncover these suppressed circuits, as exemplified by the ocular tilt reaction, which includes 

skew deviation, binocular cyclorotation and roll tilt of the head , “a phylogenetically old  

righting response  to a lateral tilt of the head” (e.g., Zee, 1996).  

Animals who are partially lateral-eyed also display appropriate compensatory 

responses to translational motion. In the case of naso-occipital and inter-aural translations, 

and a straight ahead target, the requirements are the same for frontal and predominantly 

lateral-eyed species: vergence for naso-occipital and horizontal ocular responses for inter-

aural translations. Both types are present in frogs (Straka and Dieringer, 2004), rats (Hess and 

Dieringer, 1991) and monkeys (e.g., Paige and Tomko, 1991). 

For a straight ahead target, only the components of translation along the vertical axis 

of the head require different compensatory eye movements in lateral- and frontal-eyed 

species. We speculate that the phylogenetically old central circuitry survives to some extent in 

parallel to an evolutionary newer circuitry subserving the translational VOR of foveate 

species where proper horizontal and torsion alignment become important for stereopsis. The 

cerebellum likely plays a role in the implementation of the necessary adjustments in the 

compensatory response to translation based on the needs of the fovea and successful binocular 

vision (Zee et al., 2002).  
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Summary  

We found cyclovergence during relatively high-frequency sinusoidal earth-vertical 

linear motion. This cyclovergence contains a high-pass contribution that, unlike ocular 

counterroll or the low-pass component of cyclovergence, is likely related to the translational 

VOR and not the orienting VOR. We propose that the high-pass contribution depends on the 

saccules and originates in the phylogenetically-older response of lateral-eyed animals to 

vertical inertial stimulation.  
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FIGURE LEGENDS 

Figure1:  

Typical traces of binocular rotation vectors. The magnitude of the rotation vector has been 

transformed to degrees of rotated angle. Traces have been displaced vertically to help 

visualization. The top trace of each component (T: torsion, V: vertical, H: horizontal) 

corresponds to the right eye and the bottom to the left eye. The topmost trace (C) shows the 

chair's vertical position (positive values up). Effective g-load is maximal when the chair is at 

the bottom (g-load = g+a) and minimum at the top (g-load = g-a) as explained in the methods 

section. As the chair goes up, decreasing g-load, both eyes move down (increased vertical 

component) and they extort. Stimulus was at 1.75 Hz and 0.7 g peak inertial linear 

acceleration. The LED was 143 cm straight ahead and continuously on. Dashed vertical lines 

indicate times when the chair was at its highest position.  

 

Figure 2: 
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Median conjugate and disconjugate angular velocity components (thin lines) and their first 

harmonic sinusoidal fits (thick dashed lines for conjugate and thick continuous lines for 

disconjugate components) for up-down stimulation at 2 Hz. The disconjugate torsional slow-

phase velocity is greater than conjugate vertical slow-phase velocity. (Subject CB) 

 

Figure 3: 

Inter-individual averages and 95% confidence intervals for response sensitivity (left column) 

and phase (right column). Sensitivity is measured as the peak angular velocity divided by 

peak inertial acceleration and phase is between angular velocity and inertial acceleration 

(positive values signal a lag with respect to chair acceleration). For vertical eye movements 

the phase for perfect compensation would be 90 degrees. Averages are given for different 

experimental conditions. Squares: subjects in upright and LED 143 cm straight ahead; 

diamonds: upright position and LED 16 cm in front of the left eye; circles: subjects 90 

degrees right ear down and LED 80 cm straight ahead. 

 

Figure 4: 

Dynamic cyclovergence is related to linear vestibular stimulation. The figure represents data 

from three subjects. C1 to C5 refer to the five visuo-vestibular conditions tested. With a target 

at a distance of 120 cm there were four conditions; C1 visually enhanced lVOR, C2 pursuit 

with a stationary subject, C3 lVOR in complete darkness, C4  lVOR cancellation. The fifth 

condition C5 was an lVOR cancellation paradigm with the target 60 cm away from the 

subject. The amplitude of the sinusoidal fit is shown in the top row for conjugate components 

and in the bottom row for the disconjugate components. Responses are considered negative 

when they are in counter-phase to head motion in vestibular conditions, and in phase with 

target motion in smooth pursuit conditions.  Stimuli were presented at two frequencies; 1.25 

Hz shown in the left column and 1.75 Hz, in the right column.  
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Figure 5: 

During up-down inertial acceleration lateral-eyed species show a small modulation of the 

angle of elevation of the eye with respect to the horizontal horizon. In the head frame of 

reference this is equivalent to a disjunctive torsional modulation of a frontal-eyed species. 

Eyes going down/up for the rabbit would correspond to eyes extorting/intorting for the 

frontal-eyed species. The figure represents the modulation during half a cycle of up-down 

sinusoidal motion and the expected modulation at three points: the highest point (lowest g-

load), the intermediate point (normal g-load) and the lowest point (highest g-load). 

 

TABLES  

 

Paradigm 1 Paradigm 2 Paradigm 3 

f (Hz) peaka   (g) f (Hz) peaka   (g) f (Hz) peaka   (g) 

1.5 0.42, 0.50, 0.57 1 0.24, 0.28, 0.33  1.5 0.45, 0.53, 0.62 

1.75 0.44, 0.55, 0.66 1.5 0.44, 0.53, 0.61 1.75 0.47, 0.59, 0.71 

2 0.43, 0.56, 0.70  1.75 0.47, 0.59, 0.70  2 0.45 0.60, 0.75 

 

 

Table 1: Summary of stimulus parameters. During paradigms 1 and 2 subjects were sitting 

upright and the net GIV changed only in magnitude. For paradigm 3 subjects lay on their right 

side so that the head interaural axis was earth-vertical. 
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