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Abstract The coordination between eye and he&ky words Saccadic system - Auditory system -
movements during a rapid orienting gaze shift has bééaual system - Eye-head movements - Gaze control
investigated mainly when subjects made horizontalodels - Huma:s

movements towards visual targets with the eyes starting

at the centre of the orbit. Under these conditions, it_is

difficult to identify the signals driving the two motor sysintroduction

tems, because their initial motor errors are identical and

equal to the coordinates of the sensory stimulus (i.e. réi- this paper, human gaze saccades @E@eein-

nal error). In this paper, we investigate head-free gagmce=eye-in-head+head-in-space) are investigated in
saccades of human subjects towards visual as well astag-dimensions (2-D), in order to obtain more insight in-
ditory stimuli presented in the two-dimensional frontdb the signals controlling the eye and head motor sys-
plane, under both aligned and unaligned initial fixatidems. To that end, we have studied the influence of stim-
conditions. Although the basic patterns for eye and hadds modality (visual compared with auditory) on the re-
movements were qualitatively comparable for both stirsulting eye-head movement strategies. In addition, eye-
ulus modalities, systematic differences were also diead coordination was investigated under conditions in
tained under aligned conditions, suggesting a task-#diich eye and head were not initially aligned.

pendent movement strategy. Auditory-evoked gaze shifts

were endowed with smaller eye-head latency differences,

consistently larger head movements and smaller concd@ansorimotor transformations

itant ocular saccades than visually triggered movements.

By testing gaze control for eccentric initial eye positionk) 2-D, the sensorimotor transformations for the eye and
we found that the head displacement vector was besthead motor systems, associated with stimuli of different
lated to the initial head motor-error (target-re-headjodalities, are highly non-trivial. In order to illustrate
rather than to the initial gaze error (target-re-eye), these problems, the different coordinate systems that
gardless of target modality. These findings suggest anpifay an important role in gaze control to auditory and vi-
dependent control of the eye and head motor systemssbgl stimuli have been schematically depicted in Fig. 1.
commands in different frames of reference. However, weFor example, since in humans the ears are fixed with
also observed a systematic influence of the oculomotespect to the head, the position of an auditory target is
response on the properties of the evoked head madwdially encoded in a craniocentric frame of reference
ments, indicating a subtle coupling between the two sy$h). For that reason, the auditory spatial information
tems. The results are discussed in view of current egdees not necessarily correspond to the desired eye dis-
head coordination models. placement vectorT€). When generating an accurate eye
movement towards an acoustic stimulus, the oculomotor
system must therefore take the initial position of the eyes
in the orbit into account Te=Th-E). Behavioural
(human: Frens and Van Opstal 1994; monkey: Whitting-

H. H. L. M. Goossens[(]) - A. J. Van Opstal ton et al. 1981) as well as neurophysiological data (mon-
Bﬁﬁ/aer}tsmenc}folg i'_\fneed'ceérl]' FF’,th'gSé fgggllophysw& key: Jay and Sparks 1984, 1987; cat: Hartline et al. 1995;
6200 HByNijmejgen?Th’e Notherands: ' Peck et al. 1995) have shown that the oculomotor system
Tel.: +31-243614689, Fax: +31-243541435, indeed incorporates this required craniocentric to oculo-

e-mail: jeroen@mbfys.kun. centric transformation.
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1974; Guitton and Volle 1987; Laurutis and Robinson
1986; Pélisson et al. 1988; Zangemeister and Stark
1982a,b), cat (Blakemore and Donaghy 1980; Fuller et
al. 1983; Guitton et al. 1984, 1990) and monkey (Bizzi et
al. 1971, 1972; Morasso et al. 1973; Tomlinson and Bah-
ra 1986a,b Whittington et al. 1981). Initially, Bizzi and
colleagues (1971, 1972) proposed that head-free gaze
saccades are, like head-fixed gaze saccades, programmed
as an ocular saccade, independent of the occurrence and
size of a concomitant head movement. According to this
so-called oculocentric hypothesisthe vestibulo-ocular

5| reflex (VOR) would cancel any contribution of the head
A to the gaze shift by causing the eyes to counter-rotate by
the same amount.

Fig. 1 Relevant reference frames for eye-head coordination. Sche-, ; _
matic outline of the relations between the spatial, craniocentyic However, several experiments have shown that the ac

and oculocentric frames of reference for eye and head movem&i@§ Of the VOR is actually suppressed during gaze sac-
that are of interest in this study. From the scheme, the followigdes (human: Laurutis and Robinson 1986; Pélisson et

vectorial transformations are obtaine@=E+H, Th=E+Te; and al. 1988; Lefévre et al. 1992; monkey: Tomlinson 1990;
Ts=H+Th=H+E+Te. Note that in this specific example eye angomlinson and Bahra 1986b). These and other observa-
head are unaligned, sinoandf do not coincide.gCentre of spa- .. .
tial, or body, frame, o centre of the oculomotor rai@iR, £ fix- 1oNS (reviewed by Roucoux 1992) have led to the con-
ation point, fovea,G eye-in-spacefE eye-in-head,H head-in- Clusion that in humans and monkeys the oculocentric hy-
space,T target position,Ts target-in-spaceje target-re-eye or pothesis is strictly valid only for gaze shifts smaller than
gaze motor-erroiTh target-re-head or head motor-er' ar) ~10°.
It is well accepted in the oculomotor literature that,
If eye and head are both controlled by the same @dien the head is fixed, eye movements are guided by lo-
ulocentric motor commandT¢), as put forward by acal feedback of either current eye position (Robinson
number of gaze control models, this remapping of crE75) or eye displacement (e.g. Jurgens et al. 1981). As
niocentric into oculocentric coordinates would, in princan alternative for the oculocentric hypothesis, the con-
pal, be sufficient for accurate orienting gaze movemegeptual oculomotor model was extended to gaze control
in a multimodal environment. in the head-free condition (Guitton and Volle 1987; Lau-
Conversely, if the head motor system is to be canmtis and Robinson 1986). According to tigiaze feed-
trolled by an independent head motor-error commabdck hypothesjsan internally created, instantaneous
(Th), as suggested by recent data, such craniocentric-ggze motor-error is used to drive the oculomotor system.
ulocentric transformation would be inappropriate for tHa this way, the accuracy of gaze saccades can be main-
head motor system in the case of auditory targets. Mamned, regardless of head movements, even if the VOR
over, when orienting towards visual stimuli, the oculds suppressed during the movement.
centric retinal error signalT€) does not necessarily Note that the concept of gaze feedback by itself does
equal the desired head displacement vedth).(Conse- not specify the head motor command. However, it was
quently, the retinal error signal needs to be remappedpneposed, on the basis of gaze control studies in the cat,
to the appropriate craniocentric head motor commandthgt both the oculomotor system and the head motor
taking the initial eye position into accourfth=Te+E). system are controlled by the same internally created gaze
This means that the head motor system may be subjectedor-error signal (Galiana and Guitton 1992; Guitton et
to similar sensorimotor transformations as the oculomad- 1990). Several behavioural and neurophysiological
tor system. studies provide support for this so-calledmmon gaze
The problem of coordinate remapping has been mamedel(reviewed by Guitton 1992).
ly investigated under head-fixed conditions and little is Recently, however, this common drive theory has
known about eye-head movements during visualleen questioned on the basis of behavioural data ob-
evoked and auditory-evoked orienting behaviour whéained from both human and monkey studies. For exam-
the two motor systems are initially unaligned. To ogle, in humans, the direction and spatial trajectories of
knowledge, only Whittington and colleagues (1981) haege and head movements can be substantially different
compared visually evoked and auditory-evoked gaadien very large (>70°) gaze movements are made
shifts under head-free conditions in the monkey, but f@lenn and Vilis 1992; Tweed et al. 1995). Moreover, in
aligned conditions and horizontal movements only.  humans as well as in nonhuman primates, the latencies
of eye and head movements are not as tightly coupled as
in the cat (monkey: Phillips et al. 1995; human: Tweed et
Eye-head coordination studies al. 1995). And finally, whereas in cat several aspects of
eye and head metrics and kinematics appear to be strong-
The nature of combined eye-head movements has blyecorrelated (Guitton et al. 1984, 1990), they are so to a
studied extensively in human (Barnes 1979; Grestych lesser extent in monkeys (Phillips et al. 1995).
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Based on these data, it was thus argued that the two WQterials and methods
tor systems are rather controlled by independent driving
circuits, each having their own feedback mechanism. At¢perimental setup

cording to theseéndependent gaze modelthe eye and
9 P 9 e Y r@xperiments were performed in a completely dark, sound-at-

head motor system are driven by a gaze and head mc@#uated room (3x3x3 m). Acoustic reflections of sound frequen-

error signal, respectively. _ o cies above 500 Hz were strongly reduced by covering walls, ceil-
Such an independent control could in principle eig and floor, as well as large objects, with biack, sound-absorbing

plain the poorly correlated eye and head movement &ram. The background noise level was about 30 dB sound pressure
sets. On the other hand, since human subjects are abl&'g(SPL)-

execute gaze shifts with and without head movements at

will, there is an apparent need to incorporate at least $bjects

dependeninitiation mechanisms for the eye and head _ )

movement in any human gaze control model. |nde%ven healthy human subjects (one woman and six men) between

: . - ‘and 38 years old participated in the experiments. Subjects were
Ron and Berthoz (1991) have applied the notion of in thout any known uncorrected visual, auditory or motor disor-

pendent eye-head gating in order to explain dissociatRek, except for J.0., who is amblyopic in his right eye. Subjects

eye and head movements within the boundaries of thB., V.C. and P.H. were naive with regard to the purpose of this

gaze feedback hypothesis. investigation. During the experiments, subjects were comfortably
seated in a chair that provided good back support. Viewing was al-
ways binocular.

Head movement strategies

Auditory stimuli
I_n most studies concerning eye-head coordination, attgrl] itory stimuli (600 ms duration, 5 ms rise and fall time) con-
tion was focused on the control of eye movements aideq of band-pass-filtered (150 Hz—20 kHz, Krohn-Hite 3343)
the role of the VOR during gaze shifts within and beyoRghite noise, generated by a PC-80486 equipped with a digital-ana-
the oculomotor range (OMR). In those studies, horizdng (D/A) converter (Data Translation DT2821). Such broad-band

i i ici i ise stimuli are known to be well-localizable in 2-D (see Frens
tal gaze shifts were typically elicited with the eyes staft Van Opstal 1995). All sound stimuli were amplified (Luxman

ing near the centre Qf the orbit. Hovyever, as was poi_n ) to about 65 dB SPL at the position of the subject’'s head and
out by Volle and Guitton (1993), this does not permitciivered through a speaker (Philips AD44725, radius 43 mm) that
clear identification of the input signal to the head motogs mounted on a two-joint robot arm. This robot arm, equipped
system, since under these conditions the initial motor th stepping motors (type VRDMS; Berger Lahr), which were

; ; ; A 50 controlled by the PC-80486, could rapidly position the speak-
rors for eye and head are identical. In their one-dim anywhere on the surface of a virtual sphere (radius 0.90 m) cen-

sional study with human subjects, Volle and GuittQfbg at the subject's head. The speaker's frequency response was
(1993) showed that, when eyes and head are not initially corrected for, since deviations from a flat spectrum were with-
aligned, the head movement amplitude is better relatednt&0 dB.

the initial head motor-errofTf) than to the initial gaze

error (Te). Conversely, Delreux et al. (1991) reportegiga stimuli

that the amplitude of head movements in a sequence of

successive eye-head movements was better related/iseal targets (LEDs, 0.2° diameter as viewed by the subject, in-

. jire frame shaped as a half-sphere just proximal to the working
Clearly, the question of whether the head mot nge of the robot. The distance between the LEDs and the subject

system is driven by a target-re-head- or a target-re-eygs 0.85 m.

related command, is difficult to answer on the basis of

movements in one dimension. However, this problem can

be addressed more readily in 2-D. For example, if boffgasurements

eye and head are driven by a common gaze-error c@Brtions of both the right eye and the head (relative to space)
mand, it is predicted that the head movement will not tvere measured by means of the search-coil technique (Collewijn
directed towards the stimulus when the initial positiogsal. 1975). The head coil was mounted on top of a light-weight

; ; ; helmet (150 g) worn by the subject. Two sets of large coils
are unaligned (Fig.1). This follows from the fact that (i «3 m), attached along the edges of the room, generated the os-

2-D) the oculocentric gaze-error commarié)(and the gjjating horizontal (40 kHz) and vertical (30 kHz) magnetic

head motor errorTh) may be different, both in ampli-fields. These fields were homogeneous (deviations less than 10%)
tude and in direction. Alternatively, if guided by a crawithin a cube of 1x1x1 m centred at the position of the subject's
niocentric head motor-error command, head moveme%‘%%d and were not affected by the movement of both the robot arm

. . the speaker. In this way, the orientation of the eye and head
are expected to be goal-directed, regardless of the ini Id be measured without significant effects of eye and head-coil

eye position. _ ~ translations and without interference of the recording apparatus
A preliminary account of the experimental findingwith the acoustic stimuli. The spatial resolution of this method for
has been given in Goossens et al. (1995). both eye and head orientation measurements was better than 0.5°

over the entire recording range (+45°). Throughout this paper, the
term “position” will be used in the sense of orientation.

Timing of the stimulus events and data acquisition were con-
trolled by a PC-80386, equipped with a data-acquisition board
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(Metrabyte DAS16) and a digital I/O card (Data Translatioresenting either the horizontal or vertical position signal). Raw
2817). This computer communicated through its parallel port wiglye-coil signals were subsequently calibrated by applying the re-
the PC-80486 that controlled the auditory stimuli. Both eye asdlting feedforward networks. This algorithm could adequately
head position signals were amplified, filtered (low-pass 150 Hedpe with minor cross-talk between horizontal and vertical record-
and sampled at 500 Hz/channel. Sampling started 400 ms prioin® channels. Errors were 4% or less over the entire recording
the presentation of the peripheral stimulus and continued for 2 sstange (+45°). The result of this calibration procedure yielded the
eye position in space (gaZe; see also Fig. 1).
Head-coil signals were calibrated off-line on the basis of the

Calibration procedure fixation data obtained in the head-coil calibration experiment.
First, static head positions were calculated from eye positions rela-

Eye caoll tive to space (recorded with the eye coil) according to:

Subjects were asked to keep their head in a comfortable, straiEhTE-G_GO )

ahead position, hereafter called the neutral position, and to fixalgbreH represents the position of the head in sp&éhe posi-
series of LEDs. While fixating an LED, the subject pressed a byl of the eye in space (and fixed relative to the head)Gayttie
ton, which triggered the recording of the eye-coil signals (500 Bfset position of the eye in space when the head is in the neutral
duration). Fixation spots¢73) were presented at spherical polgiosition. Two other neural networks, similar to the ones used for
coordinatesRU [0, 5, 9, 14, 20, 27, 35]° and UJ[0, 30, gua eye-coil calibration, were subsequently trained to fit the head-
60...330]°, wherep=0° corresponds to a rightward position angj| data. Raw head-coil signals were calibrated by applying the
$=90° is upwardR is the eccentricity of the target relative to thgegyting feedforward networks. The result of this calibration pro-
central fixation spot. cedure yielded the head position in space (heagee Fig. 1)
Finally, the position of the eye relative to the head (Eyesee

) also Fig. 1) was obtained from eye position in spacand head

Head coil position in spacél according to:

Calibration of a 2-D head-coil in vivo is not a straight-forwar&=G-H 3

procedure. First, subjects are unable to hold their head in a pre%?eéause the axes of rotation of the eye and head do not coincide
fined position without artificial means. Second, there is no a pri : X J
knowledge regarding the geometric configuration of the axes :of Y€ 'S translatg?} V‘f]he?] thg head is rotated. Thus, wh?]n tQ.e eye
rotation of the head. In order to circumvent these problems, g@tes a target, with the head at an eccentric position, the direc-

. ; - " n of gaze can deviate slightly from the target direction when
gmglc?t/)?/dugng%g?k?ra:pegvgﬁr}c?)ti?g%r:]aelésl.d positions can be m g"mpared with the straight-ahead condition. Since the resulting

; ; P ; ; iations are small (up to about 3° for a 35° head eccentricity;
A light-weight aluminium pointer (length 40 cm) with a smalpevIa i . '
fixation spot at its far end was mounted on the subject's hel e, e.g. Collewijn et al. 1982), and because correction necessi-

When subjects keep fixating this head-fixed point, the eye positigheS assumptions regarding the geometry of the axes of rotation in
relative to the headE, remains fixed. Under this condition. the Nultiple dimensions, we have not attempted to correct for this mi-
eye position in spac& (measured with the eye coil), reflects th&'°" translation effect.

head position in spaceél, apart from a constant offs&®,, which
equals the eye position relative to the he@gkE). To measur&, . .
(typically less than 10° in both dimensions), subjects were aske{Perimental paradigms

to assume the neutral head position and fixate the head-mounte . . N
fixation point. In this specific conditiord=0 so thatG,=E=G. i gll experiments, subjects were asked to make orienting respons-

The neutral head position, which we regard as a behaviourally %ﬁ_t(_)wards perlphEraI targets as fastha_nd as accurately as pfpss_ﬂzle.

evant reference position, was reproducible within about24)( Ubj?.CtS were asked n'ct)|tq to moc;/(te tthelr b°d3(/j' bué no speci 'Cf '{;1
After recording the eye offset, the series of fixation spots wask-ctons weretglven with regard to the speed and accuracy ot the

presented once more and subjects were asked to roughly direc movements.

head-mounted pointer towards each subsequent LED ¥ixée

ing the head-mounted fixation paih this way we obtained a se-

ries of static head position recordings. Aligned experiments

In the first series of experiments (subjects N.C., M.F., J.G., B.B,,
P.H. and J.0.), head-free gaze movements towards auditory and vi-
sual targets were elicited. Subjects were instructed to align their
yes and head in a natural way with an initial LED at the straight-
I]ead position. After a random period of 800-1600 ms, this fixa-
jon spot extinguished and, simultaneously, a randomly selected
eripheral target was presented for 600 ms. Targets were presented
at spherical polar coordinat&sOd [2, 5, 9, 14, 20, 27, 35]° anpl
o [0, 30, 60...330]°. Thus, 84 visual and 84 auditory stimuli were
A=arcsin(sinR - cosp) (1) presented randomly interleaved, yielding a total numbera68
E=arcsin(sirR - cosp) different targets at unpredictable locations.
In between trials, and in complete darkness, the robot made
Both the A,E) and the R¢) coordinate systems have their origintwo successive movements, even when the stimulus in the next tri-
at the centre LED, such that (0,0) corresponds to the straigiitwas a visual target. These movements were such that the speak-
ahead fixation direction. In this way the azimuth and elevation &f was first moved to a random position and subsequently to the
target positions could be directly matched to the horizontal anew peripheral target postition. This procedure denied the subject
vertical eye-coil signals. of prior knowlege about target modality and excluded both visual
Two neural networks, one for each position component, wexed auditory cues regarding the new stimulus position. All sub-
trained to fit the raw fixation data to the target locations, usingexts reported the impossibility of identifying the stimulus loca-
back-propagation algorithm based on the gradient descent mettiol purely on the basis of the sounds produced by the robots’
of Levenberg-Marquardt (Matlab; Mathworks). Each of the nedtepping motors. In an earlier study, this was tested quantitatively
works consisted of two input units (representing the raw horizan- control experiments with several subjects (Frens and Van
tal and vertical signal), four hidden units and one output unit (reéppstal 1995).

Data calibration

Eye-coil signals were calibrated off-line on the basis of the fix
tion data obtained in the eye-coil calibration experiment. The a
muth &) and elevationE) of the target position relative to the ey
are related to the spherical polar angRs{) by:
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Unaligned experiments Data analysis

Auditory and visually evoked gaze shifts under aligned and uBaccade detection
aligned initial fixation conditions were measured in the second se-
ries of experiments (subjects M.F., J.G., B.B., P.H. and V.C.). Si8accades were detected off-line, on the basis of the calibrated sig-
jects were asked to first align their eyes and head with an initials, by a computer algorithm that applied separate velocity and
head-fixation spot. As soon as the head was aligned (+4° windovean acceleration criteria for saccade onset and offset. Gaze sac-
checked by the computer), the colour of this LED changed frarades, eye saccades and head saccades were separately detected,
orange to red. This indicated that the head had to be kept in kg different sets of criteria. Eye saccades were defined as the
current position. Subsequently, the head-fixation spot was extiapid movements of the eye relative to the head until the estimated
guished and a green gaze-fixation spot was presented. Subjectet of the VOR (see, e.g. Fig. 3). In this study, the onset of the
were instructed to foveate this new LED by a gaze shift withouV®R was considered to be the instant at which the eye starts coun-
head movement. Thus, by refixating on this gaze-fixation spot, tiee-rotating in the head or temporarily stabilizes in the orbit (see,
eyes and head were no longer aligned. In the aligned fixation chowever, Lefévre et al. 1992 for a more elaborate, model-based
ditions, the colour of the head-fixation spot simply changed froamalysis).
red to green. Then, after a random period of 800-1600 ms, theAll detection markings were visually checked by the experi-
gaze-fixation spot extinguished and, simultaneously, a randomignter and could be interactively changed, if necessary. This pro-
selected peripheral target was presented for 600 ms. During ¢kdure was especially important in the case of head saccades, be-
fast orienting response towards this target, subjects were allowadse the head, being a structure of considerable inertia, could
to move eyes and head. Aligned conditions were tested randostbrt in a more gradual fashion with sometimes low initial veloci-
interleaved with unaligned conditions. Auditory and visual stimties. In all cases, the head-saccadic epochs were therefore judged
li, however, were presented in separate experimental sessions. by the experimenter on the basis of both position and velocity pro-
Figure 2 illustrates the target configurations used in the uiles. To gain confidence in the reliability of our detection criteria,
aligned experiments. Head-fixation spots were presentBd20° a series of head movements40) was repeatedly detected, inde-
and¢ O[30, 120, 210, 300]°. In this way potential effects of inipendently, by two experimenters (five times each). This procedure
tial head position could be probed (see Results). In unaligned ciolicated that the uncertainty in head-detection markings, charac-
ditions the eyes were about 34° eccentric in the orbit, with ttexized by the mean standard deviation, was restricted to 8+5 ms
gaze-fixation spots aR=20° and ¢ O [60,, 150;, 240,, for head onsets and 17+13 ms for head offsets.
330,,(°, where the subscripts refer to the directipof the head-
fixation spots. For each of these starting conditions, targets were
presented aR=35° and¢ O [0, 90, 180, 270]° re straight-aheadMovement parameters
This configuration yielded a variety of initial gaze and head motor
errors between 20 and 55° in several directions. A dissociation Beveral parameters were extracted for each saccade vector (eye,
tween craniocentric and oculocentric target coordinates, by mebhead and gaze saccade): amplitugg direction §), peak veloci-
of direction, circumvents the problems involved in the interprets (V,,), mean velocity \;,,), duration D) and latency re stimulus
tion of head-movement amplitude. In total, there wer@2 differ- onset [). In order to describe spatial and temporal relations be-
ent conditions, each of which was tested three to five times. Afteleen eye and head saccades, additional movement parameters
a few practice trials prior to the recording session, all subjects psere defined: eye-head latency differened-£L,-L,), relative
formed well in this task. Only on rare occasions did subjects failége contribution to the total gaze displacemént=R/R,) and,
keep their head fixed when refixating the gaze-fixation spaimilarly, relative head contributiorC(=R/R;). BecauseC, and
Whenever this occurred, the trial was rejected. C,, are sensitive to noise for small gaze amplitudes, they were only
calculated foRg>5°. Note that usuaIIRe+Rh¢Rg, because the eye
and head saccades often end at different moments in time (see, e.qg.
Fig. 3). Thus, in generaG+C,z1.

Statistics

0 : ° Gaze movements with latencies exceeding 400 ms, as well as ex-
: ceptionally inaccurate movements, were excluded from the analy-
o : (o] sis. The least-squares criterion was applied to determine the best
data-fit in all fit procedures (see Results). The Monte-Carlo boot-
strap method was used to estimate the confidence limits of the fit
parameters (see, e.g. Press et al. 1992). In this method, one repeat-
G : ° edly performs the regression (e.g. 100 times) on randomly drawn
: samples (with replacement) of the original data set. The standard
o  [9 deviations are subsequently computed from the resulting set of pa-
: rameters. In this way, estimates of standard deviations may be ob-
tained without a priori assumptions regarding the underlying prob-

* f 1G'e;rzg:t ability distributions of the data.

1 Head

+<— Elevation —
*
*

+«— Azimuth — Results

Fig. 2 Target configurations in the unaligned experiments. Initial L .

fixation conditions and target locations applied in the unalignédigned fixation conditions

experiments (drawn to scale, with respect to a spatial coordinate

?FS@ZGOT); see text)Filled ﬂOtS d”]}_d'ct"?‘te thetstgggg;‘;'xa“%” Spotsin this section we will focus on eye-head coordination
=20°), open squaresre head-fixation spo , andaster- ; ; ;

iskscorrespond to auditory or visual target locatioRs35°). Cor- dgrlng auditory-evoked and V'Sl.Ja”y evoked mover_nents

responding gaze and head-fixation spots used in unaligned fixalthin the oculomotor range which were recorded in the

conditions are connected by line segmants aligned experiments (see Materials and methods). The
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Gaze
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Eye

150 deg/s

|10 deg 75 deg/s

Head

Fig. 3 Saccadic responses. Typical examples of a visually evolditory gaze shifts were also accomplished with a large
(left-hand tracep and an auditory-evokedright-hand tracey primary step during which both the eye and head move

oblique gaze shift towards a target Bt ¢)=(27,150)°. Both eye ; ;
and head were initially aligned with the straight-ahead fixati jjmultaneously and continuously towards the target.

spot. These plots also illustrate the applied saccade detection &%@Wever: the movements displayed in Fig. 3 also illus-
ria. The position Ist and 3rd columnand velocity 2nd and 4th trate some systematic differences that were found be-

column) traces are aligned with stimulus onset. Horizontal moveveen auditory-evoked and visually evoked responses.

ment componentsthin traceg are leftwards and vertical move-First one may notice that, in the auditory movement, the
ment componentsbfld trace$ are upwards. Saccade onsets arﬁj . ! !

offsets are identified bgotted lines Note the different scale for ead onset is less dela_yed with respect to th?_e_ye onset
head velocities. Note also that the head movement of the audi®@y that the head contributes already to the initial gaze
gaze saccade is larger and starts earlier re eye movement ahisglacement. Second, the amplitude of the auditory
than in the visual gaze sacc:de head movement is larger than the visual head movement.
Secondary gaze shifts, usually small ones, were fre-
guently observed (e.g. Fig. 3, left-hand columns). These
aim of these experiments was to determine in what senggective movements consisted of an ocular saccade that
the coordination between eye and head depends on tangest often made while the primary head movement was
modality. still continuing for a substantial period of time, after the
primary gaze saccade had ended. Occasionally, we ob-
served a slight reacceleration of the ongoing head move-
Response patterns ment in association with these secondary ocular saccades
(not shown). This reacceleration was best observed in
Figure 3 shows typical examples of a visually evokediditory-evoked responses, possibly because secondary
and an auditory-evoked coordinated eye-head movemeys® movements, although less frequently present in this
towards the same target locatioR, ¢)=(27,150)°. The condition, tend to be slightly larger. We have not analy-
dotted lines in each subplot indicate the onsets and s#4d these features in quantitative detail.
sets of the primary saccadic movement epochs (see alsth Figure 4, 2-D saccade trajectories of visually
Materials and methods). In response to the visual stinewoked (left-hand panel) and auditory-evoked (right-hand
lus, gaze is initially displaced by a saccadic eye moy&nel) primary gaze movements are plotted for a number
ment only. After a delay of about 50 ms, a saccadic hezfddifferent target locations (T). Note that the auditory
movement starts contributing to the movement as wejhze saccades end quite close to the targets. Comparing
At the end of the gaze movement, the eye velocity drauglitory and visual head saccades, it can be observed
and the eye starts to counter-rotate in the orbit at a velonee more that the auditory head saccades tend to be
ity equal to that of the current head movement, due to theger, although the gaze saccades in these particular ex-
action of the VOR. The onset of the counter-rotati@mples are larger too. Furthermore, notice the systematic
phase was usually quite abrupt, but frequently not symdershoot of the visual gaze saccades, whereas the audi-
chronized for the horizontal and vertical eye movemewotry gaze shifts are neither systematically hypometric nor
components (as in this case). hypermetric. Also note that the directions of eye and
The pattern of eye-head movements during auditohead saccades are very similar for all target directions.
evoked and visually evoked gaze saccades was compardn summary, the basic pattern of eye-head coordina-
ble. As illustrated in the right-hand panels of Fig. 3, atien during auditory-evoked and visually evoked move-
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Fig. 4 Saccade trajectories. Visual Auditory
Two-dimensional saccade tra- 30 30 "
jectories of visually evoked
(left) and auditory-evoked
(right) saccadesSolid, dashed 20r
and bold linegepresent the pri-
mary gaze, eye and head sac-
cade, respectively. Target loca-
tions (T) were equal for audito-
ry and visual movemer s
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Fig. 5 Eye and head saccade am- 40 40
plitude.Left Eye-saccade ampli- 5
tude as a function of gaze-ampli- 35 ° 'y 35
tude for visual ¢ircles) and audi-
tory (crossey movements. Note =30 OX 530
that the eye movements are sys- g x5 3
tematically larger in visual move- 25 S 225
ments (gaina,=0.91+0.01 vs s £ 2
0,=0.75+ 0.02; mean+SDRight £20 g%
Head-movement amplitude as a E 15 x <5
function of gaze saccade ampli- o (3 x B
tude for visual and auditory T 25
movements. Note that the head
saccades are systematically larger 5 5
in auditory movements (gain,= o Vis
0.32 £ 0.03 v&1,=0.66 + 0.03). of - < - * Aud .o £ - = -
Data from subject N.C., pooled Gaze Amplitude (deg) Gaze Amplitude (deg)

for three experiments and all tar-
get locations. See also Tabl= 1

ments is qualitatively comparable, but certain systematarried by an eye movement. Nevertheless, head move-
differences do exist. These differences will be quantifietents were nearly always made, even for these small

below. gaze shifts, as can be observed in Fig. 5, right hand
panel.
One may notice in Table 1 that the amplitude gain of
Modality dependence head saccades can vary substantially from one subject to

another. In particular subject B.B. made large head
Differences in eye-head contributiods.Fig. 5, the am- movements (gain more than 0.70), whereas subject P.H.
plitude of both visually evoked (circles) and auditorynade relatively small head movements (gain less than
evoked (crosses) eye (left-hand panel) and head (righ20). As is illustrated by the three data sets obtained
hand panel) primary saccades are plotted as a functiofrof subject N.C., the amplitude of head movements can
gaze amplitude. As can be readily observed, there waas®m vary from one experiment to another. In all experi-
distinct difference between the amplitude of visual amgents, however, the amplitude gain was lar§e0(001)
auditory head movements. The amplitude gain (slopefof auditory head movements with respect to the visual
the linear regression line) was higher for the auditofyead movements, except for subject J.G.
evoked head saccades (see also Table 1). By contrast, the
gain for auditory-evoked eye saccades was lower thanToning differencesFigure 6 (top panels, subject N.C.,
visually evoked eye saccades (see also Table 1). Nwbeled experiments) shows the relation between the la-
that this is not trivial, since the saccade-like portion tdncy of eye and head saccades for visual- (left-hand
the eye movement without including the VOR compepanel) and auditory-evoked (right-hand panel) move-
satory phase is plotted (see Materials and methods). Alsents. It is interesting to see that the latencies of eye and
note that there is a substantial amount of variability iread saccades are less correlated in visually elicited
the head movements for both stimulus modalities (seevements than in auditory-evoked responses. Also no-
also Discussion). For small gaze shif<1{5°) the am- tice that the slope of the linear regression line for audito-
plitude of the eye saccade is almost identical to the gagesaccades is closer to 1, whereas the slope for visual
amplitude, indicating that the gaze shift is predominangaccades is much smaller. A slope of 1 would indicate
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Table 1 Amplitude gain of eye and head saccades in auditory- A B C

and visually evoked primary gaze movements (data pooled for tar-

get direction). The listed gains (mean+SD) were obtained from a

linear regression between the component’'s amplitude and the gaze . f
amplitude (see Fig. 5). Note, that the gain is always high&f— Gh_v"‘/\x
(P<0.001) for visual eye saccades, as compared to the auditory eye_.: Eh

movements. By contrast, the gain for visual head saccades is lower :

(P<0.001, with the exception of subject J.G.) than for auditory th

head movements. The bottom row shows the mean (£SD) gains yn—- [“99 f ]mg oh

Subjects Eye Head

: Hh
Visual Auditory Visual Auditory ij\ Gv____f,_/\
Ev”;\/\‘ EV"“"‘E‘\/\"“——*—

N.C 0.95+0.01 0.83+0.02 0.18+0.03 0.62+0.03 . .

N.C 0.93+0.01 0.67+0.03 0.41+0.05 0.79+0.05 / __/‘—‘- Hv
N.C 0.89+0.02 0.73+0.01 0.42+0.04 0.61+0.04 Hv— Hy ——=

M.F 0.83+0.02 0.63+0.03 0.46+0.04 0.60+0.04

J.G 0.89+0.02 0.65+0.04 0.57+0.09 0.53+0.05 —

B.B 0.88+0.02 0.80+0.03 0.73+0.05 0.76+0.06 100 ms

P.H. 0.92+0.01 0.81+0.03 0.14+0.03  0.19+0.04 F
J.O 0.83+0.03 0.42+0.04 0.53+0.04 0.63+0.04

mean 0.89+0.05 0.69+0.13 0.43+0.20 0.59+0.18

Visual Auditory
500 500
Subject NC ° Subject NC><

2400 ® o 400 . X %

= © o ¥ XK X%, % Gv

13 e o XX N

c XX Ev

2 300 o 300 H

S X Z{( X; )

K x . . . .

2200 ° 200 2 S Fig. 7A-F Auditory-evoked responses. Six examples of auditory-
Lh=0.60 Le + 147 Lh=0.87 Le + 59 evoked gaze shifts with eye-head latency differences spanning the
r=061 x r=070 observed range (subject N.C.). Note that even though the head

100 200 300 400 500 Moo a0 =0 aco moo Mmay start slowly, the onset of head motidotfed line¥ can be es-
Eye Latency (ms) Eye Latency (ms) timated with reasonable accuraéy-C Head onset leads the eye
onset. Such long head-lead times were never observed in visually
100 100 evoked responses. Notice that the eye counter-rotates in the head,
All Sublect All Subi ’ prior to the onset of the gaze saccade, indicating an active VOR.
8 ublees 8 ublects ] D-F Head onset is synchronizeB)(or lags E, F) the eye onset.
The observation that the head may substantially lead (even for

2 small movements, as i andB) as well as lag the eye suggests

g 60 60 different saccade initiation mechanisms. For clarity, the sign of the

S horizontal and/or vertical movement components has been re-

O 4 40 versed in some of the responses and the traces have been vertically

shifted relative to each other. Time scale is identical in all p-inels
20 20
B0 100 o 100 200 Do T e 100 a0 that the head saccade starts at a fixed delay relative to the
Latency Difference (ms) Latency Difference (ms) eye saccade. From Table 2 it can be derived that these

Fig. 6 Eye and head latencjopHead latency against eye Iatenctiming effects were present in all subjects, except for
for visual- (eft) and auditory-evokedright) movements. Data)éubject P.H. In this subject the slope was larger for visual

from subject N.C.,pooled for three experiments and all target lofa0vements. _ .
tions. Note that the correlation coefficien} is significantly lower ~ The bottom panels of Fig. 6 show histograms of the
for visual responses f£0.61 vsr=0.70) and that the slope of theeye-head latency differencél(=L,-L,, positive when

regression line is closer to 1 in auditory responsgs(.60+0.06 ; i _ _
vs 0,=0.87£0.07, mean+SDBottomHistograms of eye-head Ia-the head lags the eye) during visual- (left-hand panel)

tency difference/iL, positive when the head lags the eye) for vind auditory-evoked = (right-hand panel) movements
sual (eft) and auditory-evokedight) movements. Data pooled for(Pooled for all subjects). These histograms clearly dem-

all subjects and target locations. Note that the head movenmmétrate that auditory head saccades tend to come earlier

tends to come earlier with respect to the eye-saccade onset in gaflitive to the onset of the eye movement than visual
tory-evoked gaze shiftA[,=63 + 36 vsAL_=28+39, mean+SD) . .
and that the head leads. the ey <0) moch more frequently head saccades. Note that in a substantial number of gaze

(n=119) than in visually evoked movements=11). Binwidth~ Shifts the head leads the eyBl €0). Although much
10 ms. See also Table: 2 more frequently observed in auditory movements
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Table 2 Latency data of visual- and auditory-evoked responseseans+SD. Note that in most subjects the slope and correlation
The first two columns list the latency relative to stimulus onset obefficient is higher for auditory-evoked gaze movements. Gener-
eye () and headl(,) saccades. The third and fourth column listlly, the slope differs from 1, indicating that there is no fixed delay
the slope of the regression lines and correlation coefficigite- between eye and head onsets. Also notice that the eye-head laten-
tween onset of the eye and head saccade. The last two columnsyligtifference is higherR<0.0001, with the exception of subject

the eye-head latency differena&L) and the number of responsedW.F.) for visual movements, which is mainly due to longer head
(n). The bottom row shows the values which were obtained katencies P<0.0001;

pooling the data from all experiments. Values are represented as

Visual Auditory
Ss Le(ms) L,(ms) Slope r AL(ms) n L.(ms) L,(ms) Slope r AL (ms) n
N.C. 235+38 298+38 0.71+0.10 0.73 54+28 161 234+43  270+46  0.72+0.09 0.67 36+36 155
N.C. 217+42 274+29 0.31+0.12 0.27 56%33 81 217+42  241+48 0.88+0.25 0.64 28+37 82
N.C. 230+£30 279+29 0.46x0.07 0.50 50+30 82 204+38 219+45 0.86+0.16 0.69 18+33 84
M.F. 18639 238+28 0.37+0.10 0.47 57+£33 82 192+54  249+69 0.97+0.14 0.77 59+44 77
J.G. 17128 250+38 0.38+0.13 0.28 79#41 82 195+62  216+#50 0.59+0.10 0.73 23+40 78
B.B. 224+39 306+35 0.40+0.08 0.49 80+39 82 244+44 276151 0.94+0.12 0.74 3735 80
P.H. 230+36 280+32 0.58+0.11 0.65 53%29 82 155+36  184+28 0.45%x0.16 0.54 30+29 80
J.O. 19719 27731 0.19+0.21 0.12 77+34 81 213+56  210+£51 0.72+0.09 0.84+34 80
mean 212+40 275+37 0.57+0.04 0.59 63+36 734 207+51 2364157 0.82+0.04 0.74 28439 716

(n=119), this was occasionally observed in visual mowdent, saccade initiation mechanisms for eye and head.
ments as wellr=11). Alternatively, one could argue that the observed differ-
Figure 7 shows six examples (Fig. 7A-F; subjeence in the timing of eye and head movements may be
N.C.) of auditory-evoked saccades with different eyattributed to a burst signal driving the head with a differ-
head latency differences over a range of amplitudes. Hm gain for the two stimulus conditions. If true, one
top row (Fig. 7A—C) shows movements in which theould expect different kinematic properties of the head
head onset (identified by the dotted lines) clearly presaevements during auditory and visual conditions.
eds the eye onset. Note that in these cases the eye initial-
ly counter-rotates in the orbit at a velocity equal to that
of the head movement. This is indicative for an actikénematics
VOR, because the fixation spot was no longer present.
Examples such as these were not seen in visually evokedrigure 8, the main sequence relations for gaze, eye
responses (see also Fig. 6). Figure 7D—F shows maoard head saccades are depicted for visually evoked (cir-
ments where the head onset is synchronized (Fig. 7Dxlas) and auditory-evoked (crosses) movements (one rep-
delayed (Fig. 7E,F) with respect to the eye onset. Suelsentative experiment, subject N.C.). These plots illus-
behaviour was most frequently observed, both in auditeate that there were only minor differences in the sac-
ry-elicited and visually elicited movements (see als@de kinematics under visual and auditory conditions. In
Fig. 6). auditory-evoked responses, the eye as well as the gaze
Table 2 lists latency data for each subject, as well ssccades are slightly slower. Saccade duration is only oc-
the pooled results for all subjects. The difference beasionally longer for auditory-evoked movements. In this
tween the eye-head latency difference in the two congéarticular experiment, the differences were statistically
tions, on average about 20-30 ms, is quite substantanificant £<0.01), but this was not consistent for all
since the durations of the recorded gaze saccades weexperiments.
the range of 50-200 ms (quantitative data in Fig. 8). The main sequence relations for auditory and visual
From the eye and head latency data presented in Tableead movements showed no systematic differences.
but also from Fig. 6 (top panels), one may infer that thiowever, they clearly differed from the main sequence
shift in eye-head latency difference is mainly due telations of the eye (and gaze) saccade. For instance, the
shorter head latencie®<0.0001) rather than to longeramplitude peak-velocity function for eye and gaze move-
eye latencies. In all our subjects, the shift in latency difients was well described by an exponential function,
ference was highly significantP€0.0001) except for whereas a linear fit was more appropriate for the head
subject M.F., who displayed no significant shift (see Taxovements (see also, e.g. Guitton and Volle 1987). Also
ble 2). An extremely large shift in eye-head latency difiote that there is a substantial amount of variability in
ference (on average 81 ms) was observed for subject il@. amplitude duration relationship, indicating that the
The frequently observed delay between head onkead movements are less stereotyped, both in auditory-
and eye onset has often been attributed to the fact #hatked and visually evoked gaze shifts. With respect to
the head is a structure of considerable inertia. Howeusoyizontal and vertical head-movement components dur-
the observation that the head may also lead substantigdty oblique saccades, we observed that the onsets and
(even for small movements such as those shownoiifsets of horizontal and vertical components were often
Fig. 7A,B) suggests different, perhaps modality-depesynchronized (see qualitative examples in Fig. 3).
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Fig. 8 Saccade kinematics. Duration and peak velocity as a fufigure 9, the relative contributions of the eye (Fig. 9A)
tion of amplitude for gazeeft), eye centrg, and headright) sac- and head (Fig. 9B) saccades are plotted as a function of

cades during visual-circles, solid fit liney and auditory-evoked _ : : _
(crosses, dashed fit linpsnovements. Notice the differences inthe eye-head latency difference for both auditory (cross

scale. Also note that both eye and gaze saccades are only slightly and vi_s_ual (circles) movements (data pool_ed for al_l
slower under auditory conditions (in complete darkness). Howd@arget positions). As can be observed, the relative contri-
er, differences in the kinematics of head movements, which comigtion of both eye and head saccades is related to the

potentially underlie changes in eye-head timing (see Fig. 6), wi _ ; it i ; e
not observed. Data from subject N.C. (one experiment), pooled é?re head latency difference. With increasing latency dif

all movement directions. Fit results: erence the relative contribution of the eye increases as
the eye starts earlier with respect to the head. By con-
- = —eRy8.1 . . . :
Gaze: Bv:i%ﬁg 3“;2‘;?8_22’;/10% trast, the relative contribution of the head decreases with
Da—3 o Va—473(1—eRe/7-8) increasing latency difference. Note that the influence of
Eye: DV;3:%+23 VV;425(1_eRe,9,g) the eye-head latency difference is substantially stronger
Da_l3 4228 Va_3 +16 for the relative contribution of the head (Fig. 9B) than
Head: {D;; 7_‘$hh+290 V;;4:g§hh+19 for the eye (Fig. 9A). It was verified that these influences

did not emerge from differences in target eccentricity (no
correlation betweeR, andAL, r=—0.07,P>0.1).
. We observed that the negative correlation between the
Eye-head coupling relative head contribution and eye-head latency differ-
) ence was consistent throughout all experiments. For
In summary, the data described so far suggest a modi@st subjectsnE4) this correlation was statistically sig-
tion of the eye-head coordination strategy for auditoryificant (P<0.005, correlationr between —-0.26 and
evoked and visually evoked responses. Auditory-evokeg 64) except for subjects J.Gr={0.06) and M.F.
gaze saccades tended to be endowed with larger hgado.08). Similary, the positive correlations between the
saccades, as well as smaller eye saccades, and the e eye contribution and eye-head latency difference
movement onsets for auditory gaze saccades had shqiige statistically significant?<0.0001,r between 0.39
latencies than those for visual gaze saccades. Althodgid 0.64) for all six subjects. In this analysis the auditory
these findings hint at the possibility of independent, tagihd visual data sets were pooled. This seems justified,
related control strategies for eyes and head, they do §iite the influence of eye-head latency difference is

yet rule out the hypothesis of a common gaze controli&fmparable for both conditions, as may be observed in
(see Introduction). For example, it is conceivable that qndg 9

ly the initiation of eye and head movements is controlle

separately for both systems. If guided by a common gaze

error signal, it is then expected that the metrics of ey@aaligned fixation conditions

and head will remain coupled, despite uncorrelated dif-

ferences in initiation. Therefore, in order to investigago far, we have described the results of experiments in
further whether eye and head share a common contrbich the eyes and head were always initially aligned.

mechanism, we studied the relative contribution of tidthough there were clear differences between the audi-
eye and head saccades as a function of eye-head latéorgyevoked and visually evoked movements, a more de-
difference (see Materials and methods for definitions). tmled analysis of the response patterns suggests that
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11 : ( : , , However, when the eyes and head are not initially
A aligned, single-step gaze shifts can be elicited, during
which the eye and head are simultaneously moving in
clearly different directions. This is illustrated by Fig. 10,
which shows a number of comparable visually evoked
(top panels) and auditory-evoked (bottom panels) re-
sponses. The left-hand panels in Fig. 10 show the 2-D
trajectories of eye, head and gaze movements. One may
notice that, apart from different movement directions,
neither the initial gaze nor the head movement is aimed
straight at the target, but instead follows substantially
: curved trajectories. Nevertheless, the overall gaze and
x M head movements appear to be goal-directed.
08% 50 o 50 100 150 200 The right-hand panels in Fig. 10 show the horizontal
Eye-Head Latency Difference (ms) and vertical eye-, head- and gaze-displacement compo-
nents as a function of time. The vertical displacement
signals clearly show that the onset of the head movement
B ‘ ' ' ' ' preceeded the downward-directed eye rotation by about
100 ms. In between head onset and downward eye rota-
tion, the eye is moving in an oblique upward direction,
as may be verified from the spatial trajectories, while the
direction of head motion is predominantly vertical. Since
1 the upward motion component of the eye cannot be at-
« tributed to the VOR (head moves upward too), this indi-
1 cates that the eye and head are indeed simultaneously
3 N x moving in different directions during the saccadic re-
x | sponse phase of the eye. This was the case in the large
| majority (more than 80%) of responses for all subjects.
% o 4 One may also observe in Fig. 10 that the horizontal
L0 °, head velocity, although opposite to the horizontal eye ve-
Eye_Hga d Latenzy Differerce (ms)15° 200 locity, remains low for the duration of the gaze saccade,
as if this head movement component is temporarily sup-
Fig. 9 Eye-head coupling. Relative contributions of the egg ( Pressed. This behaviour was typical for all movements in
(A) and head(@;) (B) as a function of the eye-head latency diffewhich either horizontal or vertical eye and head move-
ek locporily. Rt e Siencs i sl Benie adleqL components were oppositel directed
from tr?ree F()axperirr%/ents with subject N.C. It appears Gjade- AIthOUgh subjects had .the subjective impression that
creases as a function oAL (linear regression, slopetheir responses were variable, the actual response pat-
a,=—2.7+0.3 sl, mean+SD; pooled auditory and visual datajerns turned out to be surprisingly reproducible. In this
whereasC, increases withAL (0=1.0+0.1 s?). Note that the in- respect, it is also important to compare the auditory-
fluence is similar for auditory and visual conditii*ns evoked and visually evoked responses. One may notice
that these responses are quite similar, despite the fact
these differences may perhaps not be attributed to antlat under visual conditions the sensory signal for target
dependent control of the eye and head motor systdntation (i.e. retinal error) corresponds to the gaze motor
(see Fig. 9). As explained earlier (see Introduction), itésror, whereas under auditory conditions this code is re-
difficult to assess the driving signals for eye and hekded to the head motor error (see Introduction).
motor systems when they are initially aligned, since un-
der these conditions the motor errors for eye and head are
identical. In this section we will describe the results éfead displacement vectors
the unaligned experiments (see Materials and methods).
Figure 11 shows the head displacement components of
visually evoked gaze shifts as a function of horizontal
Response patterns and vertical head motor error (target-re-heledt) and
gaze motor error (target-re-eygentre. Aligned (ircles)
When the eye and head motor systems are driven byahd unaligned ofosse} fixation conditions have been
same command, the directions of eye and head saccaliated together. It can be readily observed that the head
should be similar. Under aligned initial conditions this @isplacement components are highly correlated with the
indeed the case (see Fig. 4). The small differencesh@ad motor-error components. By contrast, the correla-
movement directions could, at least in principle, be dtien with gaze motor error is low. Some caution is called
to differences in the motor plants. for with regard to the interpretation of these plots, be-
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Fig. 10 Unaligned eye-head
movements. Superimposed ex-
amples of visually evokeddp)
and auditory-evokecdbpttom)
movements, in which the eyes
and head were not initially
aligned. Data from subject J.G.
Theleft-hand panelshow the
trajectories of eyetlfin trace,
head bold tracg and gaze
movementsdashed track Ini-
tial positions of eye, head, and
gaze saccades are identified by
Eo, Ho andGo, respectively.
Theright-hand panelshow the
horizontal and vertical dis-
placement components as a
function of time. Note that both
auditory-evoked and visually
evoked responses consist of
single-step gaze shifts in which
the eye and head move simulta-
neously in different directions.
Also note that the overall gaze
and head movements are both
goal-directed, although initially
neither gaze, nor head move-
ments are aimed straight at the

target T

Fig. 11 Head displacement.
Horizontal and vertical head-
displacement components as a
function of horizontal and verti-
cal initial head motor-error (tar-
get-re-headgeft) and gaze mo-
tor-error (target-re-eyeentre.
The panels on theght show

the results of the multiple linear
regression analysis described in
the results (Eqg. 4). Data from
subject B.B., visual responses
only. Note that head displace-
ment components are well re-
lated to head motor-error (coef-
ficientsa=0.91 andd=0.51) but
hardly to gaze motor-error (co-
efficientsb=0.05 ande=0.06).
Also note that with respect to
head motor-error, the horizontal
gain @=0.91) is substantially
larger than the vertical gain
(d=0.51). See also Table: 3

cause the head and gaze motor error components wezgerformed a multiple linear regression analysis on the
not entirely uncorrelated (due to the spatial target conflgprizontal and vertical displacement components:
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Table 3 Horizontal and vertical head displacement componentsthe humber of saccades (pooled aligned and unaligned conditions).
a function of both inital headrti) and gaze motor-errof ). The Note that for all subjects the head displacement depends predomi-
listed values are the coefficierdasb, d ande (mean+SD) obtained nantly on the initial head motor-error (coefficiengs and d,

in the multiple regression analysis of Eq. 4. The offsetsdf are P<0.0001) and is hardly related to the initial gaze motor-error (co-
not tabulated, since they were always close to zero. The correlfficientsb ande). Only in a few cases is there some influence of
tion (r) between data and model is listed in each third colunm. initial gaze motor-error (*?<0.001 and P<0.05}

Subjects Horizontal Vertical
a b r d e r
Visual J.G. 0.75+0.02 0.08+0.02**  0.98 0.47+0.03 0.17+0.03**  0.96 119
B.B. 0.91+0.03 0.05+0.02* 0.98 0.51+0.03 0.06+0.03* 0.96 115
P.H. 0.49+0.04 0.02+0.05 0.91 0.27+0.02 0.00+0.03 0.85 83
V.C. 0.56+0.02 0.01+0.02 0.96 0.35+0.02 0.02+0.02 0.94 116
M.F. 0.65+0.04 0.07+0.05 0.95 0.43+0.04 0.12+0.04** 0.95 80
Auditory J.G. 0.83+0.02 0.02+0.02 0.99 0.66+0.02 0.09+0.02**  0.98 104
B.B. 0.92+0.02  -0.04+0.02* 0.99 0.53+0.04 0.06+0.04 0.94 122
P.H. 0.56+0.03 0.00+0.03 0.96 0.41+0.03 0.00+0.03 0.94 124
where the subscriptsandy refer to horizontal and verti- Gaze Endpoints Head Endpoints
cal components, respectively. The results of this analysis, ,
are illustrated in the right-hand panels of Fig. 11, where ¥ T
the actual horizontal and vertical head displacementgis,, ﬁj
. . . ()
plotted as a function of the corresponding head displace- a5 Te |<
ment components predicted by the model fit (Eqg. 4). Ofe of awT, iz e SRR MUy g
may observe that there is a good correlation between ga- ® 5 W C
ta and model. In addition, the gains with respect to gaze?° ?
motor error f andein Eq. 4) are small, when compared - T
with the head motor error gaina &éndd in Eq. 4). This
indicates that head movements are almost completely
guided by a command related to head motor error, rather
than by gaze motor error. 40 T T
Table 3 summarizes the results of all experiments. 3%& BE -
Note that the influence of gaze motor error is insignifg . : o, . & |»
cant, except for a few cases. In subject J.G., there is agle; e : % B O PO SO |-
tectable influence of vertical gaze motor error, both f@r R % o S
auditory and visual stimuli. It is also of interest to not&-zo o%
that the horizontal head motor error gahié systemati- ? T
cally larger than the vertical gaid)( In agreement with  -4° ‘
the results of the aligned experiments, both head motor —%o 26 o 20 40 20 20 0 20 40
error gains & and d) are larger for auditory-evoked Azimuth (deg) Azimuth (deg)

movements, when compared with visual saccades. ) _ - . -
P Fig. 12 Final gaze and head positions. Final positions of gaze

(left) and headr{ght) movements towards four different target lo-
) ) cations T). Auditory and visual responses are depicted intolpe
Movement end-points in space and bottom panelgespectively. Each symbol type indicates a dif-
ferent initial head positiorhold symbolsorrespond to unaligned

From Fig. 10 it may be inferred that, also under heaagation conditions, thin symbolsto aligned fixations (see also

-, . 2). Note, in thdeft-hand panelsthat auditory gaze saccades
free conditions, the gaze control system takeS.ChangeﬁlﬂTﬁe dark remain accurate, regardless of the starting positions of
initial eye position into account when generating an aglre and head. Also notice the clustering of the head endpoint data
ditory-evoked gaze saccade. This finding is further sub-heright-hand panelsaccording to inital head position, indicat-
stantiated in the left-hand panels of Fig. 12. These pl(lﬂg that head movements are not directed towards a fixed point in

. . . Space. Data from subject B 8.
show the final gaze positions (defined as gaze at the ahef
of the head movement) after visually evoked and audito-
ry-evoked gaze shifts for eight different initial fixation According to the results presented in Figs. 10-12,
conditions, towards the four different target locatiorreead movements are goal-directed, regardless of target
(see Materials and methods, and Fig. 2). Observe tmtdality. Note that, in the case of visual stimuli, this
regardless of the initial fixation condition, auditoryproperty requires that the gaze control system must take
evoked gaze shifts remain accurate, although they areeye position into account, since the oculocentric target
dowed with slightly more scatter than visually evoke@presentation (retinal error) has to be transformed into
gaze shifts. the appropriate craniocentric head motor error command
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Fig. 13 Oculomotor influence on head trajectories. Comparisgnovement trajectories. This feature is illustrated in
get""el.e” tgeq“"’ﬁ"gmenséona('jtralelc.tor'%s S(Olf. dhead rgof‘.’e”?e”ts ffy. 13 for a number of representative examples obtained
er aligned dashed tracésand unalignedsplid trace$ fixation : ; . ;
conditions. Each panel displays the trajectories of two head sfa{g-m three. pln‘ferent subjects, under both auditory an.d viI-
cades lfold trace$, starting at the same position, as well as tteal conditions. Each of these plots shows the trajecto-
trajectories of the corresponding eye saccattés {race$, which ries of two head and corresponding eye saccades towards
start either at the centre of the orbit or eccentrically. Initial poghe same target location in space (T), but from different

tions of the eye and head are identifiedBnyandHo, respectively. : .. e .
T represents the target location. Ttbp panelsshow data obtained initial eye positions (E0). One may observe that the (ini

from three subjects under visual conditions andubigom panels tial) head movement direction in the unaligned condi-
show comparable movements for each subject under auditory dd@ans deviates in a systematic way from the movement
ditions. Note that when the eye starts eccentrically in the orbit, #ligection in the aligned conditions. The effect appears to
(initial) head-movement direction deviates from the direction U i the direction of the concomitant eye displacement
der aligned fixation conditions. This deviation is typically in the . : .
direction of the concomitant eye saccide vector. This was observed both under auditory and visual
conditions, which excludes a sensory-related phenome-

non.
(see Introduction). Although the results of Fig. 11 and

Table 3 suggest that the head movement is indeed encod-
ed as a (Cartesian) fraction of the intial head motor erpjgcussion
(head displacement code), some caution is called for

with regard to this interpretation. In principle, the hearhe purpose of this study was twofold. The first objec-
movement vector could also be specified with respectiige was to quantify the differences and similarities of
the target in space (head end-position code; see Fig. 1gye-head coordination strategies for gaze saccades to-
~ If head movements are encoded as desired end-poj$ds auditory and visual stimuli. The second objective
in space, they should end at the same location relativgygs to test the predictions of current gaze control models

the target, regardless of initial head position. As is shoygge Introduction) in 2-D under different sensorimotor
in the right-hand panels of Fig. 12, however, this was n@nditions.

the case. Notice that the data are systematically clustered

according to initial head position, both for the auditory

and visual conditions. This indicates that head mowgodality-dependent coordination

ments are rather encoded as a head displacement com-

mand. As a result of differences in head movement strategy, the
pattern of eye-head coordination was systematically dif-
ferent for visual- and auditory-evoked orienting respons-

Head movement trajectories es. Mainly due to an overall reduction of head latency in
auditory-evoked movements, the eye-head latency differ-

Despite the fact that the overall head displacement tuemges were shorter in auditory-evoked responses. In ad-

out to be poorly related to the gaze motor error (séiion, the contribution of the eye saccade to the gaze

Fig. 11 and Table 3), we did observe a systematic infllisplacement was systematically reduced, whereas the

ence of the initial eye fixation conditions on the heantribution of the head was increased. Note, that the
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modality-dependent differences in eye-head coordinatioents. As was briefly mentioned above, the kinematic
strategy are present in a statistical sense, since bothpreperties of eye and head movements are both factors
sponse types are endowed with a substantial amounthatt contribute to their relative contributions in the gaze
variability, causing a large degree of overlap. shift. It would therefore be of interest to know whether
In this respect, our data are in good agreement wéihd how the kinematics of head movements associated
earlier reports in the literature, from which the pictusgith “natural” gaze shifts (Delreux et al. 1991) are dif-
emerges that the relative contributions of eye and hdacknt from those associated with “fast” gaze shifts (this
movements are quite variable, both within and accragedy, Volle and Guitton 1993), since, apparently, differ-
subjects. Moreover, the degree of eye-head coupling neay head-movement strategies may be involved.
depend on the task, as well as on experimental condition&lenn and Vilis (1992) reported, for very large
(e.g. Barnes 1979; review in Fuller 1992; Guitton amilique gaze saccadeR>70°), that the head moves pre-
Volle 1987; Zangemeister and Stark 1982a,b). These aodninantly horizontal and the eye in a more vertical di-
our findings are consistent with the notion that humaretion. In the aligned experiments, gaze shifts were elic-
(and non-human primates) have a large oculomotor raitgel to targets within the oculomotor range. We noted
(x45°), providing a substantial amount of flexibility irthat the directions of the eye and head movements were
response strategies when compared with, e.g. cats (£2@8}y similar (Fig. 4), even though the gains for the hori-
As noted in the Introduction, however, these apparaontal head movement components were found to be
differences in movement strategy are not necessarily sfightly higher than the gains for vertical head move-
compatible with the common drive hypothesis. Also ourents (analysis not shown). The segregation between
observation that the relative contributions of the eye anadrizontal and vertical head movement components was
head saccades to the total gaze shift are systematicalbre apparent in the unaligned experiments, in which a
related to the eye-head latency difference is compatildeger range of amplitudes was employed (Z855°).
with the common gaze model. The observed relatidn,these experiments, we obtained consistently different
however, was endowed with a substantial amount g#ins with respect to horizontal and vertical head motor-
noise, suggesting that other factors may also contribuigeror components (Fig. 11). This difference may relate to
Indeed, when taking additional movement parameteénge fact that the maximum range for head movement is
(mean velocities and amplitudes of eye and head) iatmout 80° horizontal and 50° vertical.
account in a multiple linear regression analysis, signifi- Similar to the findings reported by Tweed et al.
cantly better predictions for both the eye and head c¢h995), we also observed movements in which the initial
tributions were obtained for all subjects (data natotion of neither eyes nor head was directed towards the
shown). Although these findings indicate a certain derget. However, the initial deviations of the eye move-
gree of eye-head coupling, our unaligned experimentsgnts were not always in the vertical direction, as re-
however, clearly show that the common gaze hypothgssted by Tweed et al. (1995). Instead, deviations in the
is not tenable. horizontal direction were observed as well (Fig. 10), de-
pending on the target configuration. It is conceivable that
this discrepancy relates to motor constraints imposed by
Different eye and head motor commands the mechanical properties of the eye and head motor sys-
tems, which the gaze control system has to take into ac-
According to the common drive hypothesis, the eye aoaunt. However, in the Tweed study, it is difficult to dis-
head are both controlled by the same oculocentric gatieguish between motor constraints and volitional control
error command (Galiana and Guitton 1992; Guitton et atrategies, because their subjects made gaze movements
1990). Thus, both motor systems are expected to movepon verbal instructions to known target locations. Using
similar directions throughout the gaze saccade. In thech a paradigm, it is not clear to what extent the move-
aligned experiments this was indeed observed (Fig. #ents are guided by a remembered target position, the
However, the results of the unaligned experiments sheansory stimulus, or both.
that eye and head can also move in quite different direcDespite the fact that the head movement vectors were
tions (Figs. 10, 13), a finding that is incompatible withest described within a Cartesian, craniocentric frame of
the common drive hypothesis. reference with different gains for horizontal and vertical
In addition, the data presented in Fig. 12 suggest tbamponents (Fig. 11), we did observe clear and consis-
the end-points of head movements are not specified iteat influences of the oculomotor system on the head
space- or body-fixed frame of reference. Instead, headvement trajectories (Fig. 13). In head-restrained
movements were best characterized as displacement tecrans (Andre-Deshays et al. 1988), monkeys (Lest-
tors in a craniocentric frame of reference, regardlessi@fine et al. 1984) and cat (Vidal et al. 1982), the tonic
target modality (Fig. 11). level of electromyographic (EMG) activity in dorsal
These findings therefore corroborate the results rméck muscles has been reported to depend systematically
Volle and Guitton (1993), who tested horizontal gazm the position of the eye in the orbit. These EMG data
shifts in unaligned fixation conditions, but disagree wittuggest that the head motor system is also infuenced by
the findings of Delreux et al. (1991), who let their sula signal emanating from the oculomotor system. Such
jects make sequences of successive eye-head maweinnervation could explain why the (initial) movement
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direction of the head typically deviates in the directigurior to driving the eye premotor circuits. Alternatively,
of the concomitant eye movement (Fig. 13), but it doBsillips et al. (1995) suggested that the oculomotor
not explain why head movements are goal-directed system is independently driven by a saturated static gaze
unaligned fixation conditions. Apparently, the headisplacement command. Either way, since the eye may
motor system compensates for the initial direction estart at different positions in the orbit, the limitation of
-ror, since we frequently obtained substantially curveah oculocentric gaze displacement command does not, in
head movement trajectories that were goal-directgeneral, prevent the eye from running against the bound-
(e.g. Fig. 13, subject J.G.). We consider this finding as aties of the oculomotor range, unless the limits are ap-
additional indication that the head motor system igopriately adjusted by taking eye position into account
at least partly, controlled by an independent feedbaak well. Note, that the question of how appropriate limi-

loop. tations have to be set for the eye premotor system is not
trivial in 2-D.
A relatively simple solution to this problem would be
Neurophysiology the assumption that the oculomotor system is controlled

by a saturated target-re-head signal. This idea was origi-

Behavioural (head-free: this study; head-fixed: Frens amally proposed by Volle and Guitton (1987), but aban-
Van Opstal 1994; Whittington et al. 1981) as well aoned in later studies, because of the lack of evidence
neurophysiological data from monkey (Jay and Spaifiks a craniocentric target representation. Whether indeed
1984, 1987) and cat (Hartline et al. 1995; Peck et afe movements are controlled by a target in the head rep-
1995) have shown that the saccadic system incorporatsentation or a desired eye displacement signal, is still a
the craniocentric to oculocentric transformation that msatter of debate (see Van Opstal et al. 1995). However,
required to generate accurate eye movements towardsoam-experiments strongly support the possibility that the
ditory targets in darkness (see Introduction). This preead motor system is guided by a head motor-error sig-
cess has been shown to be almost complete at the leed¢l suggesting that the gaze control system may have
of the deep layers of the superior colliculus (SC). access to a craniocentric target representation.

Note, however, that our behavioural data indicate that,
apparently, the coordinate transformation from an oculo-
centric visual code into a craniocentric head motor co@aze control model
mand can be made too. This finding is difficult to inter-
pret in terms of current neurophysiological hypothesd® put our data in a coherent theoretical frame-work,
because so far no evidence for a head-centered taFjgt 14 proposes a simple 2-D gaze control model. We
representation feeding into the eye-head premotmtopted the basic outline of the conceptual gaze control
system has been reported. Instead, the motor SC $asema presented by Guitton and Volle (1987), but intro-
been implicated in the coordination of eye-head mowdiced a number of changes to accomodate our new find-
ments by sending a common oculocentric gaze-displaitgys. For a detailed description of the model the reader is
ment command to both the eye and head motor systeraterred to the legend of Fig. 14. Several features of the
Indeed, it has been demonstrated that electrical stimuteedel are particularly noteworthy.
tion in the SC of head-free cats (e.g. Roucoux et al.In the scheme of Guitton and Volle (1987), gaze shifts
1980) and monkeys (Cowie and Robinson 1994; Swe specified as a desired gaze position in spesesée
graves and Goldberg 1992; Freedman et al. 1996) yidiig. 1) and gaze accuracy is maintained by feedback of
coordinated eye-head movements. actual gaze position. By contrast, our schema proposes

In agreement with the hypothesis that the SC encodlest a collicular desiredisplacemensignal, AG, drives
a desired gaze displacement, Paré et al. (1994) recethitygaze control system, and that the eye and head motor
found that stimulation of the cat SC elicits fixed vect@mystems share a common gaze displacement feedback
gaze shifts when the head is unrestrained, provided thighalAg.
appropriate stimulus parameters are used. When the heatio accomodate our finding that head movements are
is restrained, however, stimulation at caudal sites yiellscoded in a craniocentric reference frame, regardless of
eye movements towards a fixed region in the orbit (sieeget modality, we adopted the proposal of Guitton and
also Roucoux et al. 1980). This region was located nedolle (1987), that the oculocentric gaze-error signg,
but not at, the physical limits of the oculomotor rangs. converted into a head motor-error sigmaj, by add-
Similar results have been recently reported for monkegg an efference copy of current eye positienNote,
(Freedman et al. 1996). These neurophysiological détat the gaze and head motor-errang @ndmy,) are ini-
are consistent with behavioural data from the cat (Guiglly identical to the oculocentric and craniocentric tar-
ton et al. 1990) and humans (Guitton and Volle 1983¢t coordinatesTé andTh; see Fig. 1), respectively.
which indicate that the actual command send to the ocuWhereas the head-neck system is directly controlled
lomotor system is neurally limited, rather than that they the dynamic head motor-erron,, this signal is first
eye movement is mechanically constrained. limited (Sat) before it is fed into the oculomotor system

Therefore, Guitton et al. (1990) proposed that the sas-a desired eye position signal in the omdyjtisee also
cadic system limits the dynamic gaze motor-error sigr@bitton and Volle 1987). This prevents the eye from run-
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Fig. 14 2-D gaze control model. Proposed 2-D gaze control Model Simulation Displacement
scheme, based on feedback of current gaze displacement (modj; : 20 I
fied after Guitton and Volle 1987). To yield a dynamic gaze error 2
signal,m,, the desired gaze displacemeh,, is compared with @ 0 £
the current gaze displacemefq. The latter is obtained by inte-2 20 20 R T I
gration (I; Laplace notation 1/s) of gaze velocify,by a resetta- § 2
ble neural integrator which is reset to zewsd)(after each saccade.'§ ol -40 <]
In this model,g is the sum of an eye velocity efference cogy ( * : sm—mmm-——-| 5
and a head velocity signaH) derived from the semicircular ca-§ : 0 J g
nals §CQ. Before driving the eye and head pulse generaRe( & -2 : 20 o
and PGh, respectively), the dynamic gaze errar,, is first con- = f B
verted into a dynamic head motor-error sigmaf, A saturated _4 0 Q

version of this head centered motor-ergyy,drives the oculomo- 0 20 P 20 40 0 200 400 800
tor system in a manner similar to Robinson’s local feedback mod- Horizontal Position (deg) Time (ms)

el. The eye pulse generator is driven until the dynamic eye motor
error,my, is zero. Note, however, that in this modglis a dynam-

ic signal too. As in the linear summation hypothesis, a neural esti-
mate of head velocityy*, interacts downstream from the eye pulse 1
generator, with the saccadic eye velocity sigalNote, however,
that h* is obtained by attenuation of the vestibularly generated3 o
head velocity signalH, as a function of dynamic gaze error. In 508 °
this way the VOR is partially suppressed during the gaze move§ | o
ment, which allows the head to carry the eye towards the targef °¢
The head pulse generator is driven by both an attenuated versigh
of m,, (where the gains are different for horizontal and vertical £ 0.4
head-movement components) and a collateral input from the ocus Rg = 20 deg
lomotor systemg,. Partially independent control of the eye and &’0_2
head motor systems is thus achieved by functionally separated © 20 40 60 &0 0 20 40 60 &0
feedback loops and separate gating mechar:isms Latency difference (ms) Latency difference (ms)
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Fig. 15 Simulation results. Théop panelsshow simulated eye
(thin tracey, head pold trace$ and gazedashed tracéstrajecto-

ning against its physical limits, regardless of the initides for one of the fixation conditions of the unaligned experi-

e . . ments. Note that the trajectories are very similar to the experimen-
eye position. Subsequently, is compared with CurrenttaI data shown in Fig. 10. Theottom panelsshow the relative

eye position in a manner reminiscent to the classic oebhntributions of eyel¢ft) and headright) movements for a 20°
lomotor “local feedback” model proposed by Robinsarblique gaze shift, as a function of the eye-head latency differ-

(1975), except that the input to the brainstem burst g&Ace, which was simulated by varying the timing of the triggers

: o sent to the eye and head pause cells. Note that the relative contri-
erator is now alynamicsignal too. The output of the Sat'bution of the head saccade decreases as a function of latency dif-

uration elementej) may therefore be conceived of as Rrence, whereas the relative contribution of the eye saccade in-
dynamic desired eye position in the head. creases
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It is important to realize, that in this way the eye arthrnes GR (1979) Vestibulo-ocular function during co-ordinated

i i i i _head and eye movements to acquire visual targets. J Physiol
head motor systems are equipped with functionally inde (Lond) 287:127-147

pendent feeqba.Ck I.OOpS that control their own trajec'[%}ﬁzi E, Kalil RE, Tagliasco V (1971) Eye-head coordination in
and kinematics in different frames of reference. ~monkeys: evidence for centrally patterned organization. Sci-
Another important feature of the model is that the ini- ence 173:452-454

tiation of eye and head movements is controlled by sepizi E, Kalil RE, Morasso P (1972) Two modes of active eye-
head coordination in monkeys. Brain Res 40:45-48

rate gatlng mechanisms. This provides an explanation é?e{temore C, Donaghy M (1980) Co-ordination of head and eyes
the poor time-lock between the eye and head movemeni, the gaze changing behaviour of cats. J Physiol (Lond)

onsets and for the observed differences between visuab00:317-335 _ _
and auditory gaze saccades. A similar modification rﬁ@lemjn H, Van der Mark l? J\e}nsen gJ (12737”465?(')% recording
in O numan eye movements. Vision Res . —
g.een propdosed bydRhon dand Berthoz (1991|) to dexpl_@ lewijn H, Conijn P, Tamminga EP (1982) Eye-head coordina-
issociated eye and head movements (see Introduction)yion in man during the pursuit of moving targets. In: Lenner-
We speculate that the independent trigger mechanismsstrand G (ed) Functional basis of ocular motility disorders.

may be implemented by different subpopulations of Pergamon Press, Oxford, pp 369-378

omnipause neurons (Pe and Ph) Cowie RJ, Robinson DL (1994) Subcortical contributions to head
. : movements in Macaques. |. Contrasting effects of electrical
Finally, note that the head-saccade generaR@hj stimulation of a medial pontomedullary region and the superi-

also receives a collateral inpugy)( from the oculomotor or colliculus. J Neurophysiol 72:2648—2664

system. This pathway constitutes a neural coupling ielreux V, Vanden Abeele S, Lefevre P, Roucoux A (1991) Eye-

tween eye and head that accounts for the observed influhead coordination: influence of eye position on the control of

ence of the oculomotor system on the head-neck motorhead movement amplitude. In: Paillard J (ed) Brain and space.
) . Oxford University Press, Oxford, pp 38-48

system. As far as we know, little data exist on the nati@edman EG, Stanford TR, Sparks DL (1996) Combined eye-

of this eye-head coupling pathway. In line with an earlier head gaze shifts produced by electrical stimulation of the su-

proposal of Galiana and Guitton (1992), we assume thatperior  colliculus in rhesus monkeys. J Neurophysiol

this collateral originates from the output of the oculomg. 18:927-952 Opstal AJ (1994) Auditory-evoked saccades in

tor bur_St generator (PGe). ' ' ' . two dimensions: dynamial characteristics, influence of eye po-

Preliminary computer simulations with the model in- sition, and sound source spectrum. In: Delgado-Garcia J, God-
dicate that, for unaligned initial conditions, the eye and aux E, Vidal PP (eds) Neural mechanisms underlying gaze
head movements are both goal-directed, and are in dif-control. Pergamon Press, Oxford, pp 329-339

: . : . ns MA, Van Opstal AJ (1995) A quantitative study of auditory-
ferent directions. The eye-head coupling induces cur éaevoked sacadic eye movements in two dimensions. Exp Brain

head trajectories that are qualitatively similar to the onesres 107:103-117
observed in our data. An example of a simulation wituller JH (1992) Comparison of head movement strategies among

our model is given in the top panels of Fig. 15, for initial Mammals. In: Berthoz A, Graf W, Vidal PP (eds) The head-

fixation conditions similar to those shown in Fig. 10 \n(eclf serlsbolrylrlnzotor system. Oxford University Press, New
. e orK, pp —

The bottom panels of Fig. 15 show the relative eygjier JH, Maldonado H, Schlag J (1983) Vestibular-oculomotor

and head contributions to the gaze saccade as a functiointeraction in cat eye-head movements. Brain Res

of the eye-head latency difference. In our model, the 271:241-250

change in head contributions is due to the neural e?@_liana HL, Guitton D (1992) Central organization and modeling
of eye-head coordination during orienting gaze shifts. Ann

head coupling&), which exerts a stronger influence on  acaqd scj 656:452-471

the head movement at short onset differences. Tdienn B, Vilis T (1992) Violations of Listing’s law after large eye
change in eye contributions is due a combination of two and head gaze shifts. J Neurophysiol 68:309-318

effects that depend on the ongoing head movement; ¢pssens HHLM, Cappaert N, Van Opstal AJ (1995) Eye-head

. . coordination in auditory and visual saccades (abstract). Eur J
modulation of the eye movement through the action of oy rosci [Suppl] 8:51

the VOR; and (2) gaze displacement, being the sumapésty MA (1974) Coordination of head and eye movements to
eye and head movement, is the controlled variable, notfixate continuous and intermittent targets. Vision Res
i 14:395-403
eye displacement. Guitton D (1992) Control of eye-head coordination during orient-
ing gaze shifts. Trends Neurosci 15:174-179
uitton D, Volle M (1987) Gaze control in humans: eye-head co-
ordination during orienting movements to targets within and
beyond the oculomotor range. J Neurophysiol 58:427-459
itton D, Douglas RM, Volle M (1984) Eye-head coordination in
i cats. J Neurophysiol 52:1030-1050
uitton D, Munoz DP, Galiana HL (1990) Gaze control in the cat:
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