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Medendorp, W. P., JAM. Van Gisbergen, S. Van Pelt, and comes from the vestibular organs. The semicircular canals
C.Q.A.M. Qlelen. Contexf[ compensation in the vestibuloocular refleﬁonvey information about the angular acceleration of the head,
during active head rotations. NeurophysioB4: 2904-2917, 2000. \yhjje the otoliths sense its linear acceleration. Because of

The vestibuloocular reflex (VOR) needs to modulate its gain depend- . : .
ing on target distance to prevent retinal slip during head movemerl terposed filters and time delays, it is understandable that the

We investigated gain modulation (context compensation) for binocd@in and phase delay of the VOR may be different (and below
lar gaze stabilization in human subjects during voluntary yaw a@ptimal) at various frequencies of head movements. In the
pitch head rotations. Movements of each eye were recorded, bbght, the availability of visual feedback allows additional input
when attempting to maintain gaze on a small visual target at straigftem the smooth pursuit and the optokinetic system. However,
ahead in a darkened room and after its disappearance (remembeede systems have low-pass characteristics and considerable
target). In the analysis, we relied on a binocular coordinate systgjfhe delays, which make them effective only at low frequen-
yielding a version and a vergence component. We examined heys (helow 1 Hz) or for periodic (e.g., sinusoidal) movements
gﬁqluee”;%e;g% tta;getaidr:s;?]'&cehsg’epgat%heege?seigen %n‘isg?exfr(% re predictive mechanisms can compensate for delays in
ge J p P I;_)etokinetic and VOR pathways.

VOR and compared the results to the requirements for ideal perf .
mance. Linear regression analysis on the version gain-vergence reldt has long been thought that the system accounting for the

tionship yielded a slope representing the influence of target proxim@@mMpensatory eye movements during head rotations is little
and an intercept corresponding to the response at zero vergefit@e than a simple reflex. However, studies in the last few
(“default gain”). The slope of the fitted relationship, divided by thelecades have made abundantly clear that the system needs
geometrically required slope, provided a measure for the quality obnsiderable sophistication to meet the objective of keeping the
version context compensation (“context gain®). In both yaw and pitdmage still on the retina whenever the head moves (for a
experiments, we found default version gains close to one even for feg/iew, see Collewijn 1989). While a default unity gain (i.e.,
remembered target condition, indicating that the active VOR for f%mpensatory angular eye velocity divided by angular head

targets is already close to ideal without visual support. In near tarqel) i) is appropriate for a far target, ideal binocular fixation
experiments, the presence of visual feedback yielded near unity con- !

text gains, indicating close to optimal performance (retinal slip4°/ fl N€ar Vision requires context-dependent_ gain adjustments
s). For remembered targets, the context gain deteriorated but was Sifitated by viewing distance, target eccentricity, and the loca-
superior to performance in corresponding passive studies reportedi@) Of each eye relative to the head rotation axis. That these
the literature. In general, context compensation in the remembefégtors are actually taken into account, at least partially, has
target paradigm was better for vertical than for horizontal head rotaeen established by a number of studies, mostly on passively
tions. The phase delay of version eye velocity relative to head velocigtated subjects (Blakemore and Donaghy 1980; Crane et al.
was small (-2°) for both horizontal and vertical head movements]997; Paige et al. 1998; Viirre et al. 1986). Studies of VOR
Analysis of the vergence data from the near target experimenmisponses to sudden passive head rotations have strongly sug-
showed that context compensation took into account that the two e@"e%ted that the system has a default gain setting that is subject

require slightly different VORs. In theiscussioy comparison of the , geyeral context-dependent corrections. As these corrections
present default VOR gains and context gains with data from ear:_'g

passive studies has led us to propose a limited role for effere écome more 2soph|st|cated, they |r|1IvoI\_/.e Ioné';er and Ioznger.
copies during self-generated movements. We also discuss how glays (range 20-100 ms) (see Collewijn ‘_”m Smeets O.OO’
analysis can provide a framework for evaluating two different hypoti<fane and Demer 1998; Crane et al. 1997; Snyder and King

eses for the generation of binocular VOR eye movements. 1992; Viirre and Demer 1996). These results suggest that
several parallel pathways are involved in the adjustment of
VOR gain.

INTRODUCTION In head movements during near vision, eye translations due

to an off-centric head rotation axis have to be taken into

The vestibuloocular reflex (VOR) stabilizes retinal imagesccount, and it is generally assumed that this information can
against rotational and translational movements of the headbia derived from otolith input. Accordingly, models of the VOR
space. The main contribution to gaze stabilization by the VORvariably contain a canal-driven path and an otolith-driven
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path to implement the various context-dependent gain adjuists were naive as to its purpose. All subjects were free of any known
ments. Opinions differ on the mode of cooperation of the twggnsory, perceptual, or motor disorders.
branches: both multiplicative interactions (Snyder and King
1992) and simple additive models (Crane and Demer 1998perimental procedure
Telford et al. 1996, 1998) have been suggested. »
The experimental data, which have been collected to vali-When describing eye and head movements, the present paper makes

date these models, almost invariably concern gaze stabilizatﬁ)ﬁ”d distinction between the terms “orientation” and “location.” The
. - ! . m “orientation” denotes angular rotations (in deg) of the eye or
in near vision under passive head movements. As a con%e d relative to a reference angle, whereas “location” refers to a

guence, 'there' is a lack of Qata _about the per'formance 1Qation (in cm) in a three-dimensional (3-D) Cartesian coordinate
humans in active movement situations. The working hypothggstem_
sis in this study is that the situation may be rather differen . . )
when head movements are generated actively by the subj§ tIrc])TRAK MEASUREMENTS. Head location and orientation as well

. . . e locations of the ears and eyes in space were recorded using an
rather than_lmposed bY the experimenter. Therefore the am ffOTRAK 3020 digitizing and motion analysis system (Northern Dig-
the study is to examine to what extent compensatory eygy This device operates by tracking infrared emitting diodes
movements can benefit from additional signals available in th&EDs), attached to the moving object, through a precalibrated space
context of voluntary head movements. During self-generateg means of three lens systems mounted on a fixed frame. To
movements, additional information sources about the mowetermine head location and head orientation, we constructed a helmet
ment (e.g., efference copies) have a potential to supplementwié four IREDs mounted on top and two IREDs mounted at the back
vestibular information, thereby optimizing stabilization. side. The total weight of the helmet, which was firmly fixed to the

The very few studies that have investigated human ga@ad throughout the entire experiment, wa®.25 kg. Since the

stabilization on near targets during self-generated head ro?gICTRAx system looked down from behind the subject, at a distance
tions have yielded conflicting conclusions. Active head mov%éapproxmately 8 m, the IREDs were visible within a work space of

s al ind both tali dat lati ft out 1.5 m. The locations of the eyes and ears were calibrated with
ments always induce both a rotalion and a transiation or i pect to the IREDs on the helmet as follows. Before the actual

eyes due to an off-centric location of the head rotation axiSperiment began, the subject faced therotrak camera while
relative to the eyes (see Medendorp et al. 1998). Consequenff¥aring the helmet with four additional temporary IREDs, one near
to correctly stabilize gaze in near vision during natural healle auditory meatus and one on each closed eyelid. The 3-D locations
movements, both the rotational and translational componentabfthese IREDs, which uniquely defined the location of the ears and
the head movement must be taken into account (Medendorgys relative to the helmet, were recorded together with the others for
al. 1999). Crane and Demer (1997) found no gain dependerdc® From then on, the temporary IREDs were removed, taking great
on target distance in darkness for targets at distances of 16 to ensure that the helmet remained stable on the head during the
150, and 500 cm during both active sinusoidal pitch and yaggtlre experiment. The recording system provided on-line information

. . out the 3-D location of the IREDs with an accuracy better than 0.2
head movements. Hine and Thorn (1987) and Hine (199 am. During the experiment, data were collected using a sampling

using eIeCtr.ooculographlc'(EQG) recqrdlngs, observed a gfﬁ'@quency of 100 Hz and stored on hard disk for off-line analysis.
increase with target proximity, both in darkness and in thethe coordinates of the IREDs were transformed to a right-handed
light. Thus there is little consensus that the VOR during acti@dy-fixed coordinate system whoXeY plane was aligned with the
movements is superior to that in passive conditions. Actuallstibject’s horizontal plane (see Medendorp et al. 1998). The positive
Crane and Demer (1997, 1999) have emphasized that the V®Rxis pointed forward, and the positiYeaxis was directed to the left
during active head movements is even inferior to its perfof-e., along the shoulder line), seen from the subject. Z4ais was
mance during passive head rotations. orthogonal to this plane and pointed upward according to the conven-
An adequate study on the human VOR in near vision duririigns of a right-handed orthogonal coordinate system. The origin of
self-generated head movements at various frequencies, re(%g _coordinate frame coincided with the center of the inter-aural axis

. . - . ) . -\hen the subject was looking straight ahead. From the helmet data the
ing technically demanding recordings of eye-head kinemati ¢ations of the ears and eyes in space could be computed for each

has not yet bgen QOne.l The present study. has.tned to fill t Stantaneous head posture by using the previously collected eye and
gap by investigating binocular gaze stabilization of humagy, cajibration data. The center of rotation of the eyes, which defines
subjects making voluntary horizontal and vertical head rotgeir real location, was assumed to be 1.3 cm behind the cornea. The
tions in yaw and pitch at various frequencies in a darkenegentation and location of the head were determined with respect to
room. Subjects were instructed to maintain gaze on a smwk head-reference posture adopted when the subject was fixating
target straight ahead at several distances, which disappeatetight ahead by calculating the transformation between the IRED
after a fixed time interval. We examined the effects of targications at the reference position and the IRED locations at the
distance and movement frequency on the gain of the VOR gg/rent head position using a least-squares algorithm (Veldpaus et al.
test the hypothesis that gaze stability is better for active mo\\/t%%). Although three IREDs would have been sufficient to determine

; : ; . : -the orientation of the head, additional visible IREDs improved the
ments in comparison with results of similar studies for passiy curacy of the algorithm. This consideration provided an additional

rotations. reason for mounting more than three IREDs to the helmet, rather than
just for visibility purposes only. With these precautions, head orien-

METHODS tations could be determined with an accuracy better than 0.2°.

Subjects COIL MEASUREMENTS. Binocular horizontal and vertical eye-in-

space orientations (i.e., gaze) were measured using the scleral search
Seven male subjects, between 20 and 55 yr of age, gave infornoed technique (Collewijn et al. 1975) in a large magnetic field system
consent to participate in the experiments. Six subjects were tes(B&mmel Labs). The system consisted of a cubic frame of welded
while making horizontal head rotations, and five subjects took part@uminum with a side length of 3.3 m, which produced three orthog-
the vertical head rotation experiment. In each experiment, four sulral magnetic fields at frequencies of 48, 60, and 80 kHz. The center
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of the cube was near eye level for subjects standing in the middleData analysis

the bottom of the cube. By using a large field system, we ensured that ) ) ) )

the eye coils only moved within a nearly homogeneous region of thePata analysis was performed using programs writteminLas
magnetic fields (30< 30 x 30 cm). In this way, the orientation of Software (The Mathworks). After low-pass filtering at 25 Hz, the
each eye could be measured accurately, unperturbed by eye-PBirIOTRAK data, obtained at 100-Hz.sampI|ng rate, were |nt¢rpolated
translations. After demodulation, the signals from the eye coils weégea“y to match the 500-Hz sampling rate of the search coil system.

o ) . librated eye-in-space orientation signals were low-pass filtered at
amplified and low-pass filtered (150 Hz) a_nd then sampled at 500 Hz (FIR filter, Matlab). Eye-in-head orientation was calculated by
per channel. Data were stored on hard disk for off-line analysis.

To calibrate the eye-coils, subjects adopted a straight-ahead h glii(ritlngsigigdro?;ﬁgrtglgg Lrgtmcc?r)r/]?r;lgt-esegctirgge(;]itrﬁg?\gioﬁglctﬂ)i/s
posture and fixated a series of randomly presented red light-emitti 9. !

) o . . traction is only allowed for one-dimensional conditions, which
diodes (LEDsn = 37), attached to a screen in front of the SUbJeC€Vere carefully observed in this study (error®.2°).

The LEDs were arranged in three concentric circles at differente_ . 0" 1tie o was performed on the eye-in-space orientation

eccentricities (10, 20, and 30°) with respect to the middle of th‘??qnals on the basis of separate velocity and acceleration/deceleration
t

fgftjalewcsttfu;)é?jsllo?:)éticoonnsqbclﬂIrg)%ttr?eek()acsat(lﬁgi?\ Oftrﬁgehsetllmgluiaﬁg?atti%l eria for saccade onset and offset, respectively. All detection mark-
Y 9 ngs were visually checked by the experimenter and could be inter-

data), we were able to compute the direction of the LEDs with reSp%cc%tively changed, if deemed necessary.

to the subject's eyes. In this way, both eye-coil signals could beThe signals required for perfect gaze stabilization were determined

ma}tched to the qorresponding verti_cal _and horizontal led Io_catiorbs.ing the instantaneous locations of both eyes with respect to the
This procedure yielded eye orientation in space (gaze). In this setp Yget (usingorToTRAK data), from which the ideal eye-in-space ori-

calibration errors were ically<0.5° on average; resolution was h . . - . h
typ ¥~ 9¢; entations could be calculated. Likewise, the ideal eye-in-head orien-

<(')I:\(/)v‘(1)°i3Cs in a master-slave arrangement controlled the ex erimetﬁfgon signals were also computed from treroTrax data.
9 P n the present study, we describe binocular gaze stabilization in a

The master PC was equipped with hardware for data acquisition of the_ . P R
search-coil measurements and visual stimulus control. The slave ro_llnati system that d'St'ngu.'Sh;S iye movement\'/s n dlrectlclm
contained the hardware and software from tireoTrAK System and v rs_lon) fom eye movements in dept (verge_n ce). ersion ang’e
collected the IRED data, synchronized with the eye-coil sampling (cpnjuggite part) was computed from left (L) and right (R) eye-in-head
' ‘orientation data as (b R)/2; vergence angle was calculated as-L
R). The vergence signal, the angle between the gaze directions of the
Experimental paradigm two eyes intersecting at the target, provided a measure of the fixation
distance of the subject. Vergence was expressedih, mr meter-

All experiments were performed in a completely dark room. suihgles (MAs), the reciprocal of flxa_tlon dlstancg (Telford et al. 1997).
jects were standing and were instructed to generate either horizof@f €xample, 4 MA would be required for fixating a target at 25 cm.
or vertical sinusoidal head rotations, in separate sessions, with 'dgal version and vergence angles were computed based on the
amplitude of about 10°. A metronome guided subjects to obtain heBlTOTRAK data, which provided information about the location of the
rotations at four different frequencies (0.25, 0.5, 1.0, and 1.5 Hz)¢ad, the eyes, and the target. _ S
Additionally, two subjects performed 3-Hz vertical head rotations, O the binocular analysis, eye and head orientation signals were
Before the actual measurement started, the subject practiced se gifally differentiated using a two-point differentiation technique to
trials to become familiar with the movement task. To ensure tiPtain velocity signals. Using the velocity signals, we performed the
correct movement frequency and amplitude, the subject recei@&Me analysis as described in Paige et al. (1998). Individual cycles in
feedback about his head movement during this practice period. ptp@ response traces were |de_nt|f|ed on the basis of the zero-crossings
feedback was given during the data collection. in the angular head velocity signal. We excluded cycles starting in the

During the head rotations, subjects were instructed to maintain gd¢at Sécond of the trial and those ending in the last second of the trial.
on an earth-fixed target. The target was at eye level in front of theso cycles that started within 250 ms after target switch-off were
cyclopean eye when the head was in the straight-ahead positiordifcarded from further analysis. In the remaining cycles, saccadic
consisted of a horizontalivertical array of four small LEDs. Th&POchs were identified in the eye velocity data, before the data were
subject was informed that, after a fixed time interval during the dagaibiected to harmonic analysis. A least-squares sinusoidal fit to the
collection for each condition, the target would disappear and that fdamental frequency, performed on each cycle excluding the sac-
had to continue to fixate the remembered target for the same tifRél€S, served as the basis to obtain the response parameters gain and
period. This time interval wa 9 s for the 0.25-Hz movement fre-Phase. Response gain was defined as the ratio of peak conjugate eye
quency ad 7 s for the other frequencies. Thus a 0.25-Hz trial lasté@locity (deg/s) and peak angular head velocity (deg/s). Response
18 s in total; the other trials took 14 s. Halfway through the remerkhase was taken as the_phase of conjugate eye velocity relative to the
bered target period, either the two horizontal, or the two vertical Lep¥ase of the head velocity. These response parameters of the recorded
of the target were relit for 20 ms. At the end of each trial, the subjegignals were compared with the ideal response parameters, to obtain
had to report the observed orientation of the two LEDs, which he wésMeasure for the performance in each subject. Furthermore, we
only able to do correctly when he had properly fixated the remertivestigated the effect of fixation distance by relating the vergence
bered target. In this way, we encouraged subjects to keep fixating #fgle (in MA) to the response parameters for each cycle.
remembered target. The target was presented at four different viewindfinally, to calculate the amount of retinal slip during each trial, we
distances of approximately 1.5, 1, 0.5, and 0.2 m. Since the subjé¥ tracted the actual gaze velocity signals from the required gaze
inevitably moved in space during a trial, the actual target distan¥glocity signal. The resulting signal was low-pass filtered at 10 Hz
varied by a few centimeters. During each trial, the movement of thEIR filter, Matlab) before taking the root-mean-square (RMS) veloc-
head and the responses of both eyes were continuously measuféf image slip (Crane and Demer 1997).
together with the location of the target. Some rest was provided
b_etween the .t\I.VO trials. The C(_)mplete exper_iment consisted of m']ematic Speciﬁcation of ideal VOR responses
different conditions (4 frequencies 4 target distances). Each con-
dition was tested more than once in most subjects. The total experifor the exceptional case that the rotation axes of the head and eye
ment lasted for about 40 min. Three subjects were tested on temincide, the ideal VOR gain for fixating a space-fixed target equals
different days to check day-to-day reproducibility. one, i.e., negative eye velocity equals head velocity. When the eyes
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are located eccentrically from the head rotation axis, the compensa-
tory eye movements have to account for the rotation of the head as g 2 ]
well as for the corresponding eye translations relative to the target. Of 3
course, when the target is far away, eye-translation effects are negli- 5
gible, and the ideal VOR gain would be one. When the target comes § o v
closer, it can be shown that the magnitude of the required compen- < _;oL ]
satory eye movement has a nonlinear relation with the distance of the : : LTARGET OFF ;
eye to the rotation axis (ocular eccentricity), as well as with target — “°f  ideal (from OPTOTRAK]
distance and target eccentricity (Hine and Thorn 1987; Viirre et al.
1986).

For small head rotations and for a target at straight ahead, the £,
required VOR gain can be approximated®y= 1.0 + r/D, with r the
distance of the eyes to the rotation axis &nthe distance of the target
to be fixated (Paige et al. 1998; Telford et al. 1998). Because in the 3of ‘ ' ' — ideal (from OPTOTRAK)]
present study the deviations from linearity remained snxafi% for — Mmeasured
target distance beyond 20 cm), we analyzed our data by fitting a W@WR
straight line to characterize both the ideal and measured gain-vergenc A
relationships, shown in Fig. 4. In this linear relationship, the slope
defines the additional compensation needed for the eye to incorporate ™ _s

he

(deg

IS
=) o
-3

gazfeD (deg)

the context aspect, whereas the intercept denotes the compensation f% 150
head rotation (Telford et al. 1998). >
3
_— 0
RESULTS 0
(@]
We will first describe the quality of gaze stabilization during  §-1sof
voluntary horizontal head rotations. To introduce the topic, we _ [ ‘ ' ‘ —epes ]
first examine the monocular signals by comparing the actual% T Interaural center
responses of each eye to the signals required for perfect stabi-G

lization. Subsequently, we express the data in terms of a%; °f

binocular coordinate system, using version and vergence, toc A

quantify the subject’s responses. = 5 ‘ . . ‘ .
4

6
time (s)
Qualitative observations Fic. 1. Gaze stabilization during active sinusoidal horizontal head move-

MONOCULAR SIGNALS. Figure 1 presents the results of a supfents (1 Hz) while fixating a target at approximately 20 cm. The5Jsshow

. . . . . . data for the visual target condition; the i#ss present data after target offset.
ject maklng rQUQ,th .SIHUSOIdaI horizontal head rotations p panel the head orientation (in deg) during the movemé&wacond panel
about 1 Hz while fixating a near target at about 20 cm. The daka measured eye orientation signal of the 2 eyes (bold) superimposed on the
were collected during the 6-s fixation period of a visual targeteal eye orientation signals (thin, basedanrToTrRAK measurements). When

followed by anothe 6 s when the subject was attempting tdhe target is visible, measured and required eye orientation signals match
ost perfectly. During the remembered target period, performance becomes

IOO.k at the remembered target_ location, I.'e" after the target ideal and several saccades can be identifieud panel the measured
switched off. Thetop paneldepicts the orientation of the headyaze (eye in space) excursions of the right (R) and left (L) eye together with

as a function of time. Theecond paneshows the measuredthe corresponding ideal signals. Although performance becomes worse after
orientations of the two eyes relative to the head during tltaget offset, considerable modulations in gaze can still be observed. & the
movement (bOId traces) Superimposed on the signals requit{gﬁpanelsposmve orientations |nd|cat¢ Ieftward rotations.panels 2and:_’>, '

f fact aaze stabilization (thin traces). which were co he zero baselines c_orrespond to Iooklng straight ahead of th_e eye Wthln the
or per g - ( )’ . . Mzad and of the eye in space, respectiveturth panel the negative velocity
puted on the basis of thertotrAk data, as explained in of each eye exceeds head velocity, thereby partially compensating for trans-
MmeTHoDs. During the visual target period, the measured ariation of the eyes due to the head movemBaottom panelthe linear velocities
required eye orientation signals match so closely that they &fdhe eyes and interaural center are in phase, indicating that the rotation axis
hardly distinguishable. Performance becomes clearly wor8gst nave been located behind the interaural ceSigbject SP.

during the remembered target period as indicated by the intthe gaze excursions still continue to realize a considerable
sion of small saccades or quick phases, which are most prgmercentage of what is required to maintain fixation of each eye
inent in the eye angular velocity traces (s&b pane). The on the near target. The fact that the VOR gain is larger than 1
bold traces in thethird panel illustrate the recorded gazeis illustrated in thefourth panel,which shows that the ampli-
signals of each eye (eye in space) together with the optintatle of the angular velocity of the eyes exceeds that of the
gaze signals (thin traces). The fact that optimal performankead. Thebottom panekhows the linear velocities of the two
necessitates gaze changes as a function of time, althoughapes along the (horizontal, body-fixef}axis direction to-
target is fixed in space, is due to eye translations with respegether with the linear velocity of the interaural center (i.e., the
to the near target. The eye translations result from the fact thatation midway between the 2 ears). The linear velocity of the
the head rotation axis is well behind the eyes during natues exceeds the velocity of the interaural center, simply as a
head rotations (Medendorp et al. 1998). In the visual targatnsequence of the larger distance of the eyes relative to the
period the measured gaze signals almost perfectly match Head rotation axis. Linear velocities of eyes and interaural
optimal gaze signals by compensating for eye translatiacenter are in phase due to the fact that the rotation axis is
Although performance becomes less ideal after target offsiicated behind the interaural center (about 0.5-1 cm).
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visual target remembered target

200

ideal

=
3 2%t measured
>
2
) 0
. FIG. 2. Top due to geometry requirements, the 2 eyes have
200 — right to move differently to keep them fixed on the tardeft( visual
B 0 05 1 150 05 1 15 target;right: remembered target). Same data as in Fig. 1. The
' ' ' ' measured eye signals follow the required patteniddle), both
time (S) in the visual and remembered target condition. When plotting

measured left-eye velocity vs. measured right-eye velocity,
small figure-8 loops appear, which follow the patterns (gray
lines) required for optimal performancbdtton).

200F —~ ideal
— measured

left eye vel. (deg/s)

-200 0 200 -200 0 200

right eye vel. (deg/s)

At first glance, thefourth panelsuggests that the angularalmost perfect match between measured and ideal version signals
velocities of the two eyes are virtually the same. However, am the visual target condition, but performance deteriorates after
closer inspection, subtle but consistent differences becotaeget offset. Thesecond panelllustrates the disconjugate or
apparent, as can be seen in Fig. 2. Tdpanelsllustrate that vergence state of the two eyes. Measured vergence shows mod-
ideally the angular velocity signals of both eyes must bdations that correspond nicely to required vergence in the visual
slightly different, which of course is valid for both the visuafarget condition. This panel shows a less ideal behavior and a clear
target and the remembered target condition. This differencevRygence drift after target offset. Note also that there is a striking
required due to the different locations of the two eyes relati@#®uble-frequency modulation of the vergence component, com-
to the target. Closer scrutiny of the actual data shows simil@red with the corresponding 1-Hz version modulation. Due to the
differences between the left and right eye traces. This efféetation of the head about a posterior axis, the eyes trace a circular
becomes more clearly visible when the angular velocity of tH&th in space, causing a variation in target distance during both the
left eye is plotted against that of the right eye. Small figurdeftward and the rightward movements of head rotation, which
eight patterns can be discerned in the data for both the visfigressitates a double-frequency modulation of the vergence com-
target and the remembered target condition, mimicking tf@nent. Thethird panel shows modulation of conjugate gaze
patterns (gray lines) required for optimal gaze stabilization (séection, which is roughly in line with the optimal gaze during
Fig. 2, botton). In this respect, the human data are in corraision of the target, but decays considerably in the remembered
spondence with the passive monkey data reported by Viirretatget condition. Thdourth panelshows that measured version
al. (1986). velocity exceeds angular head velocity both for a visible target
. . and after target offset. Thibottom panelshows that vergence
BINOCULAR SIGNALS. T view the data from a different perspecy q|ncity follows more or less the required velocity, albeit with a

tive, we expressed the eye orientation data in a binocular cootgh|| fime delay, again indicating that the left and right eye move
nate system by making a distinction between the conjugate Hﬂﬁerently.

(version) and the disconjugate part (vergence) in the movements
of the two eyes (seeeTHops). Figure 3 shows the data of Fig. 1
in this coordinate system. Thep panelshows the actual version
component of the eyes, which is superimposed on the ideallo characterize the stabilization performance of the version
conjugate response, computed fromdheotrak data. There is an component quantitatively, we parsed the data by stimulus

Quantitative analysis of VOR performance
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—aealromoPToTRAK)],  the data for the remembered target condition is larger com-

~
o
T

c — measured pared with that in the visual target condition. Thettom
g@ OI\/V\/\/\/\A/VV\AN panelsshow the phase of version eye velocity with respect to
5% head velocity, demonstrating that version eye velocity lags
= head velocity only by a small amount in both target conditions
-40 a—— | TARGET OFF . 1 (about 2°), which remains more or less constant across all

movement frequencies and vergence angles.

(]
(=]
T

WMW REGRESSION ANALYSIS. We performed a linear regression

i Y analysis to quantify the gain-vergence relationship (&e®i-

— ieal ops) (see also Paige et al. 1998). Since this analysis was done
on a cycle-to-cycle basis, the number of data points in the

regression is dependent on the movement frequency with

vergence
(deg)

" ideal (from OPTOTRAKY

o O
=

— measured higher frequencies yielding more data points during the same
recording time. As a consequence, the smaller data set for the
0.25-Hz movement frequency renders the computation of the
gain-vergence relationship for this frequency less reliable. The
of ‘ 4 solid lines in Fig. 4 {op) represent the gain-vergence regres-

L 1 L L

conj. gaze
(deg)

i
-

sions for this subject. The slope of the fitted line defines the
gain change as a function of vergence and characterizes the
VOR compensation for the fact that the eye translates with
respect to the target. The intercept determines the gain at zero
“ \ , vergence. The dashed lines (partly hidden) show ideal perfor-
150} . ‘ ‘ {1 mance. For all frequencies, the slope of the fitted line is steeper
doal for fixation of visual targets than after target offset, indicating
measured better compensation for eye translation in the visual target
condition than in the remembered target condition. Since sub-
jects had slightly different distances of their eyes relative to the
head rotation axis (due to a different head geometry), the slope
‘ corresponding to optimal performance revealed small varia-
6 8 10 12 tions among subjects. To normalize the amount of translation
time (s) compensation, we computed the ratio of measured slope and
Fic. 3. Binocular signals. Same data as Fig. 1 presented in a binocu@€al slope (based on theetotrAK data) for both target con-
coordinate system. Thep panelshows actual version (conjugate part) superditions. This ratio shall be termetbntext compensation gain
imposed on required version, computed usingdheoTraAk data. The modu- (context gain for short) to express how actual performance
lations in the measured vergence signal (disconjugate part) nicely match pares with ideal performance. Accordingly, perfect perfor-
required modulation2nd panels Thethird panel shows that the conjugate . .
movement of the eyes in space (i.e., conjugate gaze) is in close correspondén@éqce CorreSpondS to a context gain O_f 1.0. In the data of Fig.
to the required signal when the target is visible, but deteriorates after tardetthe context gain for visual targets varies between 1.1 and 1.0
offset. Thefourth and fifth panelsshow the velocity signals of version andacross frequencies. The context gain for remembered targets
vergence superimposed on the required velocity signals. The fact that vergefges well below unity, ranging from 0.4 to 0.6.
\é(ieflfg‘r:(let%tll;?nows required vergence velocity indicates that both eyes move The int(_arcept of the gain-_ve_rg_ence relationship corres_ponds
to the gain for a target at infinity. It represents the gain for
condition, movement frequency, and vergence angle, and gaitation compensation only, and will be calleléfault gain
culated gain (peak version velocity divided by peak heakhis default gain is closely related to the traditionally measured
velocity) and phase (phase difference between version velodt®R gain and should be equal to one in the ideal case on the
and head velocity). We first examined the gain and phasel@sis of geometric considerations (s&gHobps). As shown by
version as a function of fixation distance. To obtain the lattehe intercept of the regression lines at vergence zero in Fig. 4,
vergence was expressed in MA (segHops) (see also Telford the default gain insubject SPis indeed close to 1, ranging
et al. 1997). Figure 4 shows gain and phase as a functionbeftween 0.98 and 1.00 without a clear hint of dependence on
vergence for all movement frequencies testedibject SP either target condition (visual vs. remembered target) or move-
Open circles represent visual target data, whereas filled circhaent frequency.
correspond to data after target offset. For all movement fre-We also examined the relationship between VOR phase and
guencies, the gain data scatter along a straight line withvargence by performing a regression analysis. Note that ide-
positive slope, implying a larger gain for more nearby targe#dly, the phase angle should be zero. Bobject SPas shown
as required for perfect gaze stabilization. In the visual target Fig. 4 (botton), the mean phase delay was about 2° across
condition (open circles) the gain of the measured version egk frequencies, and the correlation between phase and ver-
movements is in close correspondence to the ideal gain (dasbedce in the visual target condition was only significant for
line; reconstructed fronorToTRAK data). Stabilization perfor- 1.0- and 1.5-Hz movement frequencies (1.0 Hz= —0.38,
mance for the remembered target condition (filled circle§)< 0.05,n= 122 and 1.5 Hzt = —0.40,P < 0.05,n = 178).
shows obvious context compensation (slope is positive), Hot the remembered target condition, we found a small but
the amount of compensation is clearly less. Also, the scattersagnificant correlation for the 1.5-Hz movement frequencs (

version vel
(deg/s)

vergence vel
(deg/s)

0 2 4
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1.0Hz

10 fo visual target
* remembered target

, phase (deg)

-
o

o] 2 4 6 0 2 4 6 0 2 4 6 0 2 4 6

vergence (MA)

Fic. 4. Gain fop) and phasehptton) during voluntary horizontal head rotations at various frequencies, plotted as a function
of vergence angle for both visual (open circle) and remembered (filled circle) target fixaiaoject SPThe gain data scatter
along a straight fit line with a positive slope, indicating a larger gain for nearer targets. The ideal required gain-vergence relationship
is given by the dashed line. Note that these lines were not obtained on an assumption or a direct measurement of the distances of
the eyes relative to the rotation axis. Using rroTRAK system, it was possible to determine the locations of subject’s eyes in
space with respect to the location of the target. Accordingly the ideal eye-in-space orientation was computed, and, in combination
with head orientation, the ideal vestibuloocular reflex (VOR) gain for that particular fixation distance could be determined. For
visual targets, the gains closely match the ideal gain. Although performance becomes worse after target offset, there is still a clear
amount of context compensation (slope of the fitted line positive). With regard to the phase behavior, the data demonstrate that
version eye velocity lags head velocity by only a limited amount for all movement frequencies.

—0.21,P < 0.05,n = 158). Unlike the gain, the phase was nobars represent the performance after target offset.fiftesix
significantly related to vergence (except in 1 subject) and wiblumn pairsshow the data from individual subjects, whereas
therefore be expressed by the average across vergence for @aetpopulation mean is given in treeventh columnin the

frequency and stimulus condition (target on/off). visual target condition, the figure shows quite some variability
_ _ among subjects for the lower frequencies, which is probably
Comparison of subject performance related to the small number of data points available for the

Figure 5 shows the context gain (with standard deviation) fST%gression analysis for lower frequencies (see above). This is

all subjects and all movement frequencies. The white b o reflected in the larger standard deviation in the data for
indicate performance in the visual target condition; the blai S Hz. On average, however, the context gain is near one for
all frequencies tested, indicating near-ideal gaze stabilization

on visual targets in this frequency range. It ranges from 6:98
0.22 (meant SD) at 0.25 Hz to 0.9% 0.12 at 1.5 Hz, with
an overall mean value of 0.95 0.03. An ANOVA did not
reveal a significant relationship between context gain and
movement frequencyH(3,15) = 0.59, P = 0.63]. For the
remembered target condition, the mean context gain (across all
frequencies) is 0.57 0.04. This value is far from ideal, but
still indicates the existence of a clear amount of context com-
pensation. As in the visual target condition, there is no signif-
icant relation between context gain and movement frequency
for the remembered target condition [ANOVAS,15)= 0.22,
P = 0.88]. The differences between the data in the visual target
and remembered target condition appeared to be highly signif-
icant [ANOVA F(1,23) = 46.1,P << 0.001].

Figure 6 summarizes all three response parameterstophe
panelshows the mean context gain, and thieldle paneblots
the default gain as function of movement frequency for both
visual and remembered target conditions. In the case of ideal
performance, we would expect a default gain of one (see
METHODS). The measured default gains appear to be close to one

subjects in all cases, indicating that the VOR had close to ideal default

FIG. 5. Context gains of all 6 subjects for horizontal head rotations. WhiSettlngs for targets at |_nf|n|ty, both for a visual and rerT_lembered
bars: visual target condition; black bars: remembered target condition. get. The default_gam had a mean Vall’.le of 0+98.01 in the
average context gain across all subjects is given ivthecolumnError bars  VISual target condition and 0.9% 0.01 in the remembered
depict SD. Ideal context gain (dashed line) equals 1.0. target condition when averaged across subjects and movement

context gain
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' just a limited amount of retinal slip{2—4°/s) (see Barnes and
l By = T ] Smith 1981). To explore this possibility, we computed the

amount of retinal slip on the basis of the required and measured

gaze velocity signals (seeeTHops). Figure 7 presents retinal
1 slip velocity (RMS value over the range 0—10 Hz) as a function
of vergence for each movement frequency pooling data from

o Visua At arget ‘ all subjects. The data reveal a positive correlation between

retinal slip velocity and vergence for both the visual target and
remembered target condition. The correlation varied between
0.6 and 0.71 for visual targets and ranged from 0.36 to 0.63
after target offset, and was highly significant in all conditions
(P < 0.01), yet significantly smaller than 1. In the presence of
visual feedback, retinal slip appeared to be smaller than ap-
proximately 4°/s. Without visual feedback, virtual retinal slip
velocity is larger, reaching values that would clearly blur
vision.

?f\f | VOR performance during vertical head rotations
We also tested five subjects making vertical head rotations.
We applied the same analytic approach as above by using the
binocular signals and quantifying the gaze stabilization perfor-
] > mance on the basis of the context gain, the default gain, and the
frequency (Hz) mean phase as a function of movement frequency. In short, the

context gain quantifies how well the subject compensates for

FIG. 6. Gaze stabilization performance for voluntary horizontal head rota- . . .
tions. Mean context gain, default gain, and phase (averaged across 6 subj slation of the eyes relative to the target and the default gain

plotted as function of movement frequency for both visual and remember€@Presents the gain at zero vergence, thl.J.S compensating_for the
target conditions. Errors bars indicate SD. Ideal performance would requi@tational aspect of the movement. Additionally, two subjects

context and default gains of 1.0, and a phase angle of 0°. performed vertical head rotations at a movement frequency of

. . . 3 Hz. The mean results are given in Fig. 8.
frequencies. The difference between the visual and remem- g g

bered target condition was not significant [ANOV#1,23) = visual target remembered target
1.87,P = 0.19]. Furthermore, an ANOVA revealed no signif-

T

context gain
o
o

default gain

o4
©
T

o
T

phase (deg)

I
o«
Qo

icant relationship between default gain and movement fre- | 025 H

guency in either target condition [visual target$3,5) = 0.39, °

P = 0.76; remembered targets(3,15) = 0.77,P = 0.52]. 5 , , v .
In the bottom panelof Fig. 6, we show the phase values | oo — Ty o] o == *

(meanst+ SD), averaged across all subjects, of version velocity
relative to head velocity for all movement frequencies. In '°| 0.5 Hz
virtually all subjects, we found a phase lag of version eye_ 1w
velocity relative to head velocity, but the phase lag was sma

in all conditions, with a maximum value of 4° Bubject AB. &
We did not find a significant relation between phase antf °
movement frequency, neither in the visual target conditiori sf 1 g Hz

5

[F(3,15) = 2.34,P = 0.11] nor in the remembered target's ,, *
condition [F(3,15)= 0.99,P = 0.42]. The differences between % * et .

the phase in the visual and remembered target condition are not ®
significant [ANOVA F(1,23) = 1.61,P = 0.22].

. ) Bl 15H
Retinal slip o ‘
Up to this point, we analyzed the subject’s stabilization S
performance using eye-in-head and head velocity signals. As — 3
shown in Fig. 6, we found small phase differences between ¢ 2 4 6 0 2 2 6
negative eye angular velocity and head angular velocity in both vergence [MA]

CF’”teX_t conditions. The_se phase d'fferences_ may not be negllr'le. 7. Retinal slip velocity [root-mean-square (RMS) value] of the version
gible since the phase differences ShOWn in Figs. 1 amaBd]ls _ component as a function of vergence angle for various movement frequencies.
3) between measured gaze and optimal gaze seem consisStetetthat vergence signals were left out of consideration. Pooled data from all

and significant. In principle, such a phase difference betwegfbiectsLeft visual target conditiorRight rgmlemg‘f/re‘(’dt""t:ggtl.Cor)‘di“ﬁ”' For

; ; : argets, retinal slip velocity remains below 4°/s (dotted line), whereas for
m.easured gf”‘ze ar!d ideal .gaze CQUId induce conslderable reﬂﬁrﬁi‘mbered target it reaches values that would clearly blur vision. Fitted lines
slip (even with optimal gains). This could affect visual percepayeal a significant positive correlation between retinal slip velocity and

tion of the target since visual acuity is compromised already byrgence angle.
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‘ ' ‘ Finally, the bottom panelshows the phase of version eye
l*‘L\L’—A\g 1 velocity relative to head velocity, indicating a phase lag in the
range between 1 to 4° in all conditions tested. In general, the
differences in phase between visual and remembered target
conditions are not significant [ANOVA(1,4) = 0.96,P =
o visual target 0.38]_. In comparison to the results of the horiz_ontal heaql
® remembered target . ‘ rotation experiments, there are no systematic differences in

phase either during visual target fixatid(],41) = 3.8,P =

‘ ' | | 0.12], or in the remembered target conditid¥(1,41) = 4.1,
T M I P = 0.10].
I\m DAY-TO-DAY REPRODUCIBILITY. To check day-to-day repro-

ducibility, we repeated the entire vertical head rotation exper-
iment in two subjects KM and AB). Although some small
intrasubject differences in context gain and phase could be
observed, the data of the experimentday 2were generally
similar in both subjects and showed the same tendencies as in
ol ] the first experiment.

gain

context
)
Q

default gain

o
©

DISCUSSION

phase (deg)

Recapitulation of main results

]
o

1 2 3 In this study we investigated human gaze stabilization in
frequency (Hz) near vision during self-generated head rotations in pitch and

Fic. 8. Gaze stabilization performance for voluntary vertical head rotyaw to characterize the quality of context compensation in the
tions. Results from 5 subjects in the same format of Fig. 6. Data at 3-FHgstive VOR. Our approach was to accurately measure both the
movement frequency are from just 2 subjects. Ideal performance would redyiigiocular gaze signals and the head angular velocity to deter-
context and default gains of 1.0, and a phase angle of 0°. . . . .

mine the gain and phase of the VOR, using a binocular coor-

The top paneldepicts the context gain as a function oflinate system. Since we also measured the translation of the
movement frequency. In the visual target condition, the conteayes relative to the target, the requirements for ideal VOR
gain is not significantly different from one for movementgperformance could be established. In this fashion, we were able
=1.5 Hz ¢-test,P < 0.05) indicating a near ideal stabilizationto quantify the effects of target distance and the availability of
performance. In the two subjects who performed 3-Hz moveisual feedback on the gain and phase of the VOR for various
ments, the results indicate a clear decrease in context gain ton@ement frequencies.
value near 0.75. The context gains in the remembered targeThe results demonstrate that, for frequencies up to 1.5 Hz,
condition are significantly lower than those in the visual targédte VOR for both pitch and yaw movements behaves nearly
condition [ANOVA F(1,4) = 21.7,P < 0.01]. In the dark, for perfectly in the presence of visual feedback. In its absence,
frequencies=1 Hz the context gain scatters around a value &fOR behavior is clearly less perfect, indicating the loss of a
about 0.8 and decreases to about 0.5 for the 3-Hz movemeisual component. However, a significant influence of target
frequency. So, just as for horizontal head rotations, therepeoximity could be clearly established, even in the absence of
context compensation for vertical head rotations both with angsual feedback.
without visual feedback of the target. In the visual target As expected on theoretical grounds, the gain of the VOR
condition, the differences in context compensation betweappears to be linearly related to target distance, as derived from
vertical and horizontal head rotations are not significamergence angle. A linear regression on the gain-vergence rela-
[ANOVA F(1,41) = 1.47, P = 0.47]. Strikingly, context tionship yielded a positive slope, indicating that VOR gain
compensation in the dark is significantly better for vertical thancreased with target proximity. Relating this slope to the slope
for horizontal head rotations [ANOVA-(1,41) = 14.3,P < required for ideal stabilization provided a measure for the
0.001]. amount of context compensation (context gain) in the VOR.

The default gain remains close to one, as shown in tfide intercept obtained from the regression yielded the VOR
middle panelof Fig. 8. In both target conditions (visual andresponse at zero vergence (default gain) and specified the gain
remembered), the default gain (averaged across subjects) isafdhe VOR for fixation on targets at infinity.
significantly different from one, for any of the frequencies The context gain was near one under visual feedback, and
tested {-test, P > 0.05). Across frequencies, however, asignificantly smaller in darkness. In darkness, context gains
ANOVA revealed significant differences between the defaultere higher for vertical (near 0.8) than for horizontal head
gains in the visual and remembered target condition [ANOV#otations (about 0.6). For both movement situations and target
F(1,4) = 7.8, P < 0.05]. Furthermore, with respect to theconditions, the default gain was close to one, indicating that the
results of the horizontal head rotation experiment, the diffeactive VOR has almost ideal default settings for targets at
ences in default gain for horizontal and vertical head movafinity, even in the absence of visual feedback. In the next
ments appeared to be significant for the visual target conditisactions we relate our results to previous active and passive
[F(1,41)= 8.2, P = 0.01], but not for the remembered targestudies, review possible mechanisms for context compensation
condition [F(1,41)= 2.1,P = 0.32]. in the active VOR, and discuss how our analysis may provide

0
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a framework to explore current hypotheses concerning mdmrizontal head rotations (yaw) the location of the head rota-
ocular/binocular VOR control. tion axis remains fixed at a point about 1 cm behind the center
of the interaural axis. For vertical head movements the situa-

Relation to previous studies on voluntary head movementstion is even more complex since the head rotation axis, located
below the interaural center, does not stay fixed, but moves up

The first question to be faced is how our findings relate to thgyq gown along the neck by an amount dependent on move-
results of previous active studies. As we noted in th&o- ant amplitude.

pucTion, the existing literature is divided about the question of
whether the human active VOR shows context compensati®/@R STUDIES IN FAR VisioN. Despite these reservations, to
The gain increase observed by Hine and Thorn (1987) for bafeperly relate our results to the results of passive studies, we
visual and remembered near-target viewing during natural hehould compare all three measures; context gain, default gain,
izontal head rotations is consistent with the present findingsand phase. Studies on the gain and phase of the VOR in far
the sense that both studies found context compensation. Hagion, where context compensation is not needed, can be
ever, their measurements, based on monocular EOG recaedated to our default gain and phase results. The general
ings, without documenting the complete kinematics of the eygcture emerging from these studies is that for both horizontal
and head motion, did not allow them to relate the actual gain{Pabak and Collewijn 1994) and vertical (Demer 1992; Demer
ideal VOR gain. In other words, the precise value of context al. 1993) head rotations the passive default VOR gain is
gain in their study remains unknown. In the present study Wse to one in vision, closely resembling the active default
collected all relevant eye-head kinematics data, which allowggins. In contrast, the passive default VOR gain is usually
us to specify the requirements of the VOR on a moment-t8g|o\ unity in darkness, while the active default gain remains

moment basis for each eye separately. close to compensatory. The fact that the active default gain was

q Qranz at‘r?d Dt_emer_ (199'7(1), Im(_ataf]urlng the gain of thetv?é?ose to one in all conditions tested in this study indicates that
uring both active sinusoidal pitch and yaw movements far, " dependent on visual mechanisms.

targets at distances of 500, 150, and 100 cm, did not fin . . . .
relationship between VOR gain and fixation distance in dark- ith regard to the phase behavior, most passive studies
orted rather small phase lags (at least for the movement

ness. At first glance, this may seem to contradict the res#r?? S A
from our study, but closer inspection of the data resolves t{[S9UENCies in our study) for both directions of head move-
discrepancy. With the smallest target distanéd mn used in ment, which do not deviate from the results of the present
the study by Crane and Demer, compensation effects are just°Y In other words, the phase results of our active study are
too small to reveal a systematic relationship. This is illustratd}pt Petter than those in passive studies. For a more extensive
in Fig. 4, where data from targets beybhm (vergence values Iscussion with _rega_rd to the interpretation of the phase delays,
<0.1 MA), considered in isolation, would not support th§€€ Section entitieBinocular control of the VOR.

claim of an overall systematic gain-vergence relationship duerIZONTAL VOR STUDIES IN NEAR VISION. Natural head rota-

to scatter of the data. We conclude that the results of thiens always involve eye translations, which require the ideal
present study, establishing context-compensation in the activ®R gain to vary with the location of the axis of rotation and
VOR, clarify the confusing picture emerging from the previougiewing distance. Recalling our findings of a clear amount of

active VOR studies. context compensation, default gains near one, and small phase
delays both in vision and in darkness, we continue our com-
Relation to passive studies parison by concentrating on the VOR in near vision starting

with horizontal movements. Several passive studies have
Another obvious question that needs to be addressedsi®wwn that target distance significantly influences the gain of
whether the VOR is better for active head movements than fitne VOR during eccentric head rotations (Crane et al. 1997,
passive head movements and, if so, in which respect. We &myder and King 1992; Viirre et al. 1986). These results are
aware that comparing our results with those of correspondiggalitatively in correspondence with the present results. Al-
passive studies should be done with caution, because the though a thorough quantitative comparison is difficult, we
swer obtained may well depend on the nontrivial question afade an effort to roughly estimate the values of the context and
how the proper control experiment should be designed. In fadgfault gain during eccentric head rotations (i.e., rotation axis
the perfect passive VOR control experiment for our study m&0 cm behind the eyes, which is about 12 cm behind the
even be hardly feasible. For example, passive studies involviomliths) using the VOR data of Crane et al. (1997). In that
whole-body rotations avoid proprioceptive inputs from necktudy, both gains are near 1 for vision, whereas in the dark the
muscles and motor efference copies to the VOR, which miggains clearly decreased to values of 0.14 for context gain and
be available during active head rotations. Unfortunately, ma&97 for the default gain (estimated at 1.2-Hz movement fre-
passive studies in which the head was rotated on the trugkiency). Paige et al. (1998) took precautions to rotate their
either manually (Thurtell et al. 1999) or by a helmet motasubjects passively about the natural yaw rotation axis, taken to
(Tabak and Collewijn 1994; Tabak et al. 1997), did not focuse a few millimeters behind the otoliths. They reported that
on near vision aspects in the VOR. The recent head-on-truvlOR performance was nearly perfect with visual feedback,
rotation study by Collewijn and Smeets (2000) is a rare excegonsistent with the present results. In the dark, however, these
tion. A further point concerns the location of the passivauthors found no evidence for context compensation in the
rotation axis, which is unlikely to match the natural location gbassive VOR (context gain was actually negative) for low
the head rotation axis unless special precautions are taken (érgquencies. In darkness, we found a clear amount of context
Paige et al. 1998). Medendorp et al. (1998) showed that fosmpensation, possibly suggesting that during self-generated
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head rotations in yaw additional nonvestibular signals mayverse target distance to account for the observed VOR re-
come into play in human gaze stabilization. sponses in near target viewing (Crane and Demer 1999; Crane
VERTICAL VOR STUDIES IN NEAR VISION. S0 far, passive studies €t al. 1997; Paige et al. 1998; Telford et al. 1997; Viirre and
on the VOR in near vision allowing a direct comparison witfPemer 1996; Viirre et al. 1986). Telford et al. (1996, 1998)
our natural pitch rotations are not available. Even the stuéfjvestigated the VOR responses in monkeys during angular,
performed by Viirre and Demer (1996) does not resembligear, and combined stimulation, and concluded that the canal-
natural pitch movements, since they measured the VOR gaiiolith contributions add linearly (see also Crane and Demer
for near targets during passive vertical rotations around rote899). The various passive studies suggest that VOR context
tion axes along the anterior-posterior axis, whereas durinogmpensation is only a very modest fraction of what would be
natural pitch rotations these axes are located in a vertical plafseded in ideal circumstances. This suggests that the canal-
in the neck region (Medendorp et al. 1998). In the light, thedtolith contribution is limited.
context and default gains were about 0.7 and 0.9, respectively, .
which tend to be lower than the values found in our study. ﬁ1¥FEREN_CE COPY SIGNALs. The fact that active VOR perfor-
the dark, the two studies differ more strikingly. Even thougf@nce in the dark is much better than in passive studies
Viirre and Demer (1996) reported a slight dependence of the9gests that nonvestibular signals may help the VOR to in-
VOR gain on target distance, overall performance was pogiease its performance (Barr etal. 1976). Nqnvestlbular5|gnals
with overall gains even remaining well below 1.0. By estimasuch as efference copy signals may explain why the context
tion, their context gain was near 0.2 and the default gain ab@#in and the default gain are higher for active than for passive
0.73 (at 1.2-Hz movement frequency). By contrast, we foudad movements. Several studies interpreted the role of effer-
near-unity default gains and evident context compensati@nce copy signals during active eye-head coordination as pre-
even higher than the amount of compensation for horizontdictive signals, which might be maintained also in darkness.
head rotations, which clearly indicates that the active VORhese studies showed that predictability (or efference copy)
performs better for vertical head movements than the passingroves the compensatory eye movements in healthy normals
VOR. . _ _ (Schwarz and Tomlinson 1979), in patients with vestibular
_In conclusion, both the active and passive VOR behaygthology (Dichgans et al. 1973), and in monkeys (Dichgans
similarly in the presence of visual feedback. In the dark, thg al. 1974). Finally, the effect of proprioceptive input from the
active VOR clearly performs better both with regard to thgeck on gaze stabilization in humans is rather weak and may

default gain and the context gain. In the next section we Wilot be helpful for vestibularly controlled eye movements
address possible mechanisms that allow the active VOR (iSichgans et al. 1973; Mergner et al. 1998).

achieve its superior performance. .
SUMMARY DIAGRAM. To conclude our comparison of VOR

. L performance in both active and passive movement conditions,
Mechanisms for context compensation in the VOR we have added a graphical sketch to highlight possible mech-

An important aspect in comparing performance of the acti@isms underlying the active/passive differences in vision and
and passive VOR concerns context compensation. We niywdarkness (see Fig. 9). In general, both passive and active

briefly discuss three different mechanisms for VOR contegfudies show the same results for the VOR in vision (spe

. . ave values near 1, graphically depicted as lines with equal
VISUAL CONTRIBUTION. Our experiments with a remembere

target have revealed a sizeable amount of context compe
tion. Yet, the finding that context compensation is better faf
visual targets than for remembered targets implies the invol

ment of visual contributions during near visual target fixationg,

) < . i .somewhat lower (sebottom panels In the scheme, this dif-
(Barnes 1993; Barnes et al. 1978; Koenig et al. 1986; Tomlifscance s attributed to a modest contribution of efference copy

son et al. 1980). A limitation of visual tracking systems like thg-L nals in the active VORbpttom leff. The main portion of the
optokinetic system and the smooth pursuit system is that thgliz, it gain, however, is due to a contribution from the canals.

gain is not perfect and that they are slow. A nonunity SMOORY the schemes emphasize, there are also active-passive dif-

pursuit gain (Barnes .1993.) might explair! the. small re'tir'1 rences in context compensation. The active context gains in
image slip, observed in this study, especially in near VisiQfrkness are about three times larger (near 0.6) than corre-

where retinal target velocity increases (Fig. 7). Considering,,qing passive context gains (near 0.2). The different slopes
that smooth-pursuit cannot be maintained for moretha in ¢ the active and passive VOR portray this difference in

darkness, other mechanisms must have been responsibleqfafieyt compensation performance. The passive context gains

maintaining a fair amount of context compensation in the the dark may reflect canal-otolith interaction contribution

remembered target experiments. (indicated by “otoliths” in the diagram). The increase in active

CANAL-OTOLITH INTERACTION.  Earlier studies have already ex-context gain in the dark is credited again to a contribution of
tensively discussed how purely vestibular mechanisms cefference copy signals. The remaining difference between
increase the gain of the VOR for near targets. During natuMOR performance in the dark and in the light, we suggest, is
head rotations, eye translations occur simultaneously with othte to visual tracking systems (indicated by “visual”). The

lith translations (sebottom paneln Fig. 1), since the rotation scheme implies that this visual contribution is clearly larger

axis is located eccentrically from both the eyes and the otolittduring the passive VOR in near vision where the putative
Several studies have suggested that otolith input is scaled wefference copy contribution is lacking.

ositive (ideal) slopes and intercepts at 1.0. In darkness, dif-
énces between the active and the passive VOR become
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ACTIVE PASSIVE tive to the target, due to its eccentric location relative to the
head rotation axis. As a consequence, eye velocity now has to
exceed head velocity by an amount depending on target dis-
oot tance. This increment in eye velocity causes a change of gaze,
hence the term gaze velocity, i.e., eye-in-head veloeity
————gams  VISION  —head velocity— gaze velocity.
The picture emerging from Figs. 4, 6, and 8 is that the VOR
canals has a default setting, with a value close to one, which com-
o efference. pensates for head velocity in the far-target condition. Near
targets require an additional boost in gain, which manifests
itself as conjugate gaze velocity (see Fig. 3). In other words,
the gaze velocity signal is a direct expression of the context
ferer®” compensation component, and it is the time lag in this signal
N L ——  DARK that can give us a measure qf compensation latency.

Earlier passive VOR studies have suggested that context
compensation involves delays that are quite considerable com-
pared with the latency of the default VOR, which is about 8 ms
(Collewijn and Smeets 2000). The implementation of context-

inverse target distance dependent corrections comes in after longer delays (range

FIG. 9. Summary diagram of signals contributing to the VOR in active an%o_lOO ms) (Collewijn and Smeets 200.0; Crane and Demer
passive movement conditions. In vision, the active and passive VOR beha@98; Crane et al. 1997; Snyder and King 1992; Viirre and
similarly and are nearly perfectop). The active and passive VOR diverge inDemer 1996). In the context of the present study, it is inter-

darkness lfotton). The fact that the active default gain is larger than th‘ésting to check whether these delays may be shorter in our
passive default gain is attributed to a small contribution by efference CO%&Ner moving subjects

signals (“efference”) to the rotational VOR. The main default gain comes fro
tﬂe canal Con”“i““?”;?nt?sea\{tﬁgug‘é’it%af:?ng?’(;‘t%el‘irt‘ﬁ'isr:gé;ré‘;;r?;a(""g’;'lﬁﬁsf TENCY ASPECTS OF CONTEXT COMPENSATION IN THE ACTIVE
f/vr?ors)gsstl)\;ﬁr%ﬂ:igr): isginsufficient for perfect performance. The active conte PR. We _analyzed the time delay of the Con]ugate gaze sig-
gain in our dark experiments, found to have a higher but still imperfect gaif@l, both in the presence and absence of a visual target by
is thought to express an additional contribution by efference copy sign@@mputing the time shift to obtain optimal correlation with the
e o e kg mechanisms o ot o o, Rl eqired response (i, the peak in the cross-covariance
by “visual’). The different fhotors need not simgly add linearly. fithction). Only trials yielding significant correlation® (<

0.05) were considered in the analysis. For visual targets, the
Binocular control of the VOR conjugate gaze delay was 2221 ms. For remembered targets

Our presentation of the experimental data has relied mairﬁ&s value remains more or less the same yielding"285 ms. .
on a description in terms of a binocular coordinate syste r value of 28 ms is in the same range as found by previous
ssive studies (Collewijn and Smeets 2000; Crane and Demer

yielding version and vergence signals. This descriptive apgqa. . : VT
proach by itself says nothing about the problem of how tnﬁggs, Crane et al. 1997; Snyder and King 1992; Viirre and

. . emer 1996).
VOR in each eye may be controlled by the brain. Before we The fact that we actually have two eyes at different loca-

can address this issue, it is important to establish which VerSit%hs, implies that a single signal cannot meet the geometrical

and vergence S|gngls should b? expected if the VOR Weuirement for each eye separately: this requires independent
ideal. We first consider the version component on which R modulations in the two eyes that vary on a moment-to-

have focused our quantitative analysis, so far. This analySiz, et pasis. These different VOR modulations were indeed

following the approach used by others before (Paige et E served in the present study. They are expressed in the
199.8)’ has quanpﬁed the gain of context compensation in t 8uble—frequency modulations of the vergence signal (Fig. 3)
active VOR bqt is not very revealing "’.‘bOUt the latency of th nd in the loops shown in Fig. 2, superimposed on the gener-
near-vision adJL_Jstment_s_. The reason IS that the Iaten_cy of ﬁ/ much larger common modulations in the version signal.
;’E:ﬁfg} S'g;lilcg fﬁ;?g{g?}i W(')tp tsv%ntjﬁé;?'?npeg?a;glg_ ptrei'hus this study has clearly demonstrated the existence of both
y cy ying sig : .nﬁe common and the disjunctive part of context compensation.
default VOR component with a very short latency (Collewur\lNe checked the time delay of the vergence component using

and Smeets 2000), and a signal \.N'th a longer Iqtency MAL same correlation analysis approach. For visual targets, the
incorporates the context compensation. As the amplitude of erage vergence delay was 133 ms. This rather short

former is generally much larger than that of the latter, the tim rgence delay indicates that this compensation effect cannot

delay of the context-gain component is hard to determine. Jve been visually mediated. Also the fact that the vergence

get a better picture, it is necessary fo look at the dynanW?odulation persisted at least partially in the dark, with an

be?gvi'”OJ sct)rf at’[zeh%(\)/\r/]tttla’])i(; %%'2] Cgrql:?]?nc%nljlént;zoéaetlgqéte d s average delay of & 26 ms argues against a visual contribu-
P P » SYhn. The conjugate gaze delays that we found were somewhat

pose we had only a single eye. When looking at a target, ger than those of vergence, both in vision and in darkness.
optical infinity, its velocity would have to compensate for hea

velocity with unity gain for the eye to remain perfectly stabiMONOCULAR OR BINOCULAR VOR CONTROL: MODELING ASPECTS.
lized in space. In that case, gaze velocity is zero. For a néaw far, the terms version and vergence in the present paper
target, the eye should also compensate for its translation rél@ve been used in a merely descriptive sense, carefully
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