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position on the spatial representation of acoustic targetdleuro- . .

physiol.81: 27202736, 1999. Sound localization in humans relies on Th€ generation of a rapid eye movement (saccade) toward a
binaural differences (azimuth cues) and monaural spectral shapeMigual target involves not only the use of retinotopic visual
formation (elevation cues) and is therefore the result of a neutBput but also extraretinal signals such as changes in eye
computational process. Despite the fact that these acoustic cuespasition. This was demonstrated by Hallett and Lightstone
referenced with respect to the head, accurate eye movements cali®¥6), using the now classical visual double-step paradigm.
generated to sounds in complete darkness. This ability necessitateshtheir study showed that accurate saccades can be made to the
use of eye position information. So far, however, sound localizati@patial location of a briefly flashed visual target even when the
has been investigated mainly with a fixed head position, usualigtinal and spatial location of this target are dissociated due to
straight ahead. Yet the auditory system may rely on head moig intervening eye movement. In a subsequent study, Mays and
information to maintain a stable and spatially accurate representatigfarks (1980) showed that the saccadic system also compen-
of acoustic targets in the presence of head movements. We therelgiges accurately for disturbances in eye position, induced by
studied the influence of changes in eye-head position on auditopjicrostimulation of the monkey superior colliculus, just before
guided orienting behavior of human subjects. In the first eXper'me'&t'targeting saccade. This compensation in darkness does not
we used a visual-auditory double-step paradigm. Subjects made 3¢ o proprioception from extraocular muscles but, rather, on
cadic gaze shifts in total darkness toward brief broadband sou internal representation of the eye movement dérived f,rom
presented before an intervening eye-head movement that was evq eof

by an earlier visual target. The data show that the preceding displa@%?’(;cu'omomr command (efference copy) (Guthrie et al.

ments of both eye and head are fully accounted for, resulting Th . d nicelvin li ith the h hesi
spatially accurate responses. This suggests that auditory target in{&r- ese experiments seemed nicely in line with the hypothesis

mation may be transformed into a spatial (or body-centered) frame obinson 1975) that the saccadic system programs €ye move-
reference. To further investigate this possibility, we exploited tHB€Nts based on a target representation in head-centered coor-
unique property of the auditory system that sound elevation is etnates. This model accounts for the remarkable accuracy of
tracted independently from pinna-related spectral cues. In the absep@gcades to visual targets under open-loop conditions (i.e.,
of such cues, accurate elevation detection is not possible, even whédthout visual feedback) but also to sounds and somatosensory
head movements are made. This is shown in a second experinfgiinuli. Eye-position-dependent tuning properties of visual re-
where pure tones were localized at a fixed elevation that dependecceptive fields in the primate parietal cortex have been inter-
the tone frequency rather than on the actual target elevation, bpifeted as supporting evidence for this putative head-centered
under head-fixed and -free conditions. To test, in a third experimegisuomotor programming stage (Zipser and Andersen 1988).
whether the perceived elevation of tones relies on a head- or spaggsre recently, similar eye-position-dependent response prop-
fixed target representation, eye movements were elicited toward p [fies have been obtained also in other areas, such as primary
|

tones while subjects kept their head in different vertical positions. . . P—
appeared that each tone was localized at a fixed, frequency-depen%fesnl’faI cortex (Weyand and Malpeli 1993) and superior collicu

elevation in space that shifted to a limited extent with changes in hedF (Van Opsf[al etal 199.5)' .

elevation. Hence information about head position is used under static*n alternative hypothesis holds that the visuomotor system
conditions too. Interestingly, the influence of head position also dé@intains a retinotopic representation of the saccadic goal such
pended on the tone frequency. Thus tone-evoked ocular sacced the target coordinates are always relative to the most recent
typically showed a partial compensation for changes in static heagle position. According to this idea, information about inter-
position, whereas noise-evoked eye-head saccades fully compensagating eye displacements (i.e., the change in eye position,
for intervening changes in eye-head position. We propose that i2gther than eye position per se) are taken into accolirgés
auditory localization system combines the acoustic input with heagr 51 1981). This model was supported by recordings from the
Fos't'onf'”f?rma“o“ Itot?]r_lcode targets 't” a s.pa:!a' (or bOdy'Ce”terer%bnkey frontal eye field, demonstrating the presence of all
rame of reterence. In this way, accurate orienting responses may, gfzvant signals (i.e., both retinal error and saccadic displace-

programmed despite intervening eye-head movements. A concep{liem) (Goldberg and Bruce 1990).

model, based on the tonotopic organization of the auditory system,'i .
presented that may account for our findings. In the present study, we wondered in what frame of refer-
ence auditory targets are encoded when used as a goal for rapid

orienting eye-head movements (referred to as gaze saccades;

The costs of publication of this article were defrayed in part by the paymed-2€=— EYe-In-Space= eye-in-headt head-in-space). This is

of page charges. The article must therefore be hereby mareetiisemerit  NOt @ trivial problem because the acoustic sensory input is
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ~ represented tonotopically. Thus the positions of auditory stim-
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uli, in contrast to visual stimuli, are not represented by a place A
code to begin with. Instead, sound localization relies entirely B7 4
on implicit acoustic cues. Binaural difference cues, such as e
interaural level and timing differences (ILDs and ITDs), are Th .~ M2
used to extract sound-source azimuth, whereas elevation de- e
tection is based on the direction-dependent acoustic pinna ®
filters (the so-called head-related transfer functions or HRTFs) M1
(Batteau 1967; Hofman et al. 1998; Middlebrooks 1992; Old-
field and Parker 1984; Wightman and Kistler 1989; see a&
. . 40
Blauert 1996, for extensive review). 5
Note, however, that these acoustic localization cues are all

referenced with respect to the (in humans) head-fixed ears amd |« o ¢ 3 ¢ %

~
o

20

Eye-in-head El. (deg) O @ > E

thus define a Cartesian head-centered coordinate systéjn. 0 * 3 t ot o| head-fixed

Therefore to program an accurate auditory-evoked eye mo»%—

ment in darkness, the auditory signal must be transformed irfo-20 -20

an oculocentric motor command. For this, the audiomotﬁn 5000 Hz

system needs to account for the absolute eye position in the-40 -40

orbit. It now has been shown, for different species, that audi- -4 -20 0 20 40 -4 20 0 20 40
Target—in—space El. (deg) Head-in-space El. (deg)

tory-evoked saccades are indeed accurate, irrespective of initial

eye position [Jay and Sparks 1984 (monkey); Frens and Varic. 1. Rationale obxperiments &nd3 in this study.A: eye-head double-
Opstal 1994 (human)' Hartline et al. 1995 (cat)] step experiment. Subject initially fixates the straight-ahead fixation target, F,
. . ! L ’ with both eye and head. When this spot vanishes, 2 targets are presented briefly
As likewise proposed for the visuomotor system (see pr@-apid succession at randomly selected locations: a visual target, V, followed
ceding text), the audiomotor system could represent targetsyna white-noise auditory target, N. Subject has to generate 2 successive
a supramodal, e.g., space-fixed, reference frame. Howe\gyg-head movements in complete darkness: first to the site where the visual
when all acoustic localization cues are available, it is n get was flashed, then to the site where the auditory target was presented. If

. . . . - e subject uses only the head-centered acoustic informatforip program
possible to dissociate head-centered from spatial coordinaig 1 y te prog

- : e . e-2nd eye-head saccade starting at V, this movement will be incorrect, as
This problem is reminiscent of saccade control when the visuglicated by M. To perform accurately, the subject must account for the

target is continuously present: it is then impossible to decidigervening eye-head movement, M1, to program the correct movement, M2.
from behavioral data whether saccades are programmed onBhwith the head in the straight-ahead position, auditory-evoked eye move-

. . . . - ments toward a pure tone have accurate azimuth components, but the elevation
basis of oculocentric or craniocentric target coordinates. component of the saccade is unrelated to the real target elevation, due to the

) In the present paper, We_haVe studied this problem in tWgsence of adequate spectral cues (Frens and Van Opstal 1995; Middlebrooks
different ways. First, following the approach of Hallett and992). Latter is illustrated for 1 of our subjectdq; 5,000-Hz tone). Regres-

Lightstone (1976), we investigated whether the audiomotgen line: slopea = 0.03; biasb = 9.2°; correlation coefficient, = 0.19
system compensates, in complete darkness, for Changes in(k@ . C:_by presenting the tone at different spatla_l elevations, W|th the head
L. - . . in different vertical positions (eye and head aligned), 2 competing models
ar_ld head p05|_t|on in thabsenceof new acoustic cues (|.e., can be tested: If sounds are represented in head-fixed coordinates (i.e., based
without acoustic feedback). Toward that means, we tested ##® on head-centered acoustic cues), the saccade end points re. head will
orienting behavior of human subjects in a visual-auditory dotemain on the same horizontal line (here at elevation 9.2°), independent of
e g e e e ol o e ot camrad vt s oo oo e
COﬂSISted. of two SUbS.equent gye-head_ movements. The r ‘[ﬁ?’;ade endpoints will coFr)npensate for the shift in stgtic head position. Ir’1 that
nale of this paradigm is explained in FigAl case, the data will be aligned along a line with a slope-af
After looking at a fixation spot (F), the subject makes a gaze
saccade, M1, toward a flashed visual target (V). Just before tfriism monaural pinna-related spectral cues (see also preceding
eye-head movement, a brief auditory noise burst (N) is prext).
sented at a different site. The subject is required to look also ator spectrally rich acoustic targets (e.g., broadband noise
the spatial location of the acoustic target by making a secostiimuli), localization responses (measured with eye move-
gaze shift. Because of the initial eye-head saccade, there imi@nts) are accurate in azimuth and elevation (Frens and Van
dissonance between the spatial and head-centered coordin@estal 1995; Hofman and Van Opstal 1998). However, in the
of the acoustic target. Therefore if the subject relies only on tabsence of spectral elevation cues (e.g., pure tone stimuli),
initial, head-centered acoustic inpdth), the second responselocalization is accurate in azimuth but not in elevation (Frens
will be incorrect, as indicated by the dashed arrov2.Mow- and Van Opstal 1995; Hofman et al. 1998; Middlebrooks
ever, when the second response is spatially accurate, as ii@92). Nevertheless subjects appear to have a consistent spatial
cated by M2, the subject must have combined the acousgpiercept of pure-tone targets, although the perceived elevation
input with both eye- and head-movement signals. is unrelated to the actual stimulus elevation. This is illustrated
The successful completion of this double-step task, howevar,Fig. 1B, where it is observed clearly that the tone stimuli (5
does not necessarily require the use of a head-position sigk&lz) were localized at a fixed elevation. This behavior appears
Therefore to further dissociate whether auditory-evoked otb be frequency dependent in the sense that tones of different
enting relies on a head-position signal, rather than on a he&e@quencies are perceived at different elevations (Frens and
displacement signal, we also studied the influencestafic Van Opstal 1995). It has been proposed that this phenomenon
head orientation. Here we exploited the unique property of theay be understood from particular resonances in the pinna
auditory system that sound elevation is extracted independerithnsfer functions (e.g., Middlebrooks 1992).
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We reasoned that, by presenting pure tones in combinati®r= 0° is rightward from center and = 90° is upward. The entire
with various head positions, it should be possible to determifémisphere was braced with a thin black silk cloth that completely
whether this clear elevation percept is fixed relative to spacet&?Ckg,‘gotrhes‘t’,'renWIPf tgreesppﬁealfaer’nrt :&/etf;rlé“‘;ir g'fgrgggt'&% ggngrgté%ise-r
to the head. In the latter case, it is expected that tone-evokgud!tory stimull w resent u i
eye movements end at a fixed eIevatFi)on relative to the he g"'ps AD-44725) at an intensity of 60 dB SPL (measured at the

. . - . -~ _position of the subject's head). The speaker was mounted on a
independent of the static head elevation. As illustrated in F o-link robot, which consisted of a base with two nested L-shaped

1C, this would result in a horizontal line (“head-fixed”) whengms each driven by a stepping motor (Berger-Lahr, VRDMS5). The
the eye-in-head elevation of the saccade end points is plottedgsaker could be moved quickly (within 3 s) to practically any point
a function of the head-in-space elevation. On the other handoif a virtual frontal hemisphere, just distal from the LED hemisphere,
the acoustic signal is combined with head-position informatica a radius of 0.90 m from the subject’s eye. In earlier studies from our
to obtain a space-fixed target representation, subjects ngagup, it was verified that the sounds produced by these stepping
compensate for variations in static head elevation. As depicﬂ@QtOI’S did not provide any consistent localization cues to the subject
in Fig. 1C, the data then would scatter along a line with a slog&rens and Van Opstal 1995; Goossens and Van Opstal 1997).

of —1 (“space-fixed”). In other words, the tone-evoked ocular

saccades would end at a fixed elevation in space. Measurements and stimulus presentation

d ﬁpar't from Stthatitc C_uesf the aUdi-t]? 'y ﬁystem alst?] may uste he two-dimensional orientations (referred to as “positions”) of
dynamic CUés that arise from Specilic changes In the aCoUgfity, ¢ eye and the head were measured with the magnetic search-
input when the head moves relative to the sound source or Vb%?é induction technique (Collewijn et al. 1975). Subjects wore a
versa (Lambert 1974; Zakarouskas and Cynader 1991). SWgfral search-coil on their right eye as well as a lightweight helmet
dynamic cues could be particularly useful when the auditoyso g) with a small head-coil attached to it. The horizontal (30 kHz)
system was to combine them with head movement informatiaghd vertical (40 kHz) magnetic fields that are required for this method
We wondered therefore whether head-free gaze shifts towarete generated by two orthogonal pairs 0k33-m square coils that
sounds would be more accurate than head-fixed movememigre attached to the room’s edges.

We reasoned that such an improvement might be most appareritvo PCs (80486) controlled the experiment. One PC-486 (the

for pure tone stimuli that, under head-fixed conditions, canndfaster’) was equipped with the hardware for data acquisition
be localized in elevation at all (see FigB)L To test for this Metrabyte DAS16), stimulus timing (Data Translation DT2817), and

(
e ) igital control of the LEDs (Philips2C). Horizontal and vertical
possibility, we compared the accuracy of tone-evoked ga mponents of eye and head position were detected by phase-lock

shifts under head-fixed and -free conditions. mplifiers (PAR 128A and PAR 120), low-pass filtered (150 Hz), and
Our data mo_llcape that a head-position S|_gnal is used for au impled at 500 Hz per channel.
tory-evoked orienting of eyes and head. This suggests that acoushe other PC-486 (“slave”) controlled the movements of the robot
tic targets are represented in a spatial (or body-centered) frameud generated the acoustic stimuli. This computer received its com-
reference. Although head-movement signals, in principle, als@nds from the master PC through its parallel port. All sound stimuli
may be used to improve sound localization performance undéerussian white noise (GWN) and pure tones] were digitally synthe-
head-free conditions, we observed no difference in the accuracy@ed (Matlab, Mathworks), multiplexed with a 5-ms sine-squared
rapid head-free and -fixed orienting movements. onset and offset ramp, and st_ored_ on disk at a 5_O-kHz sampling rate.
During an experiment, the stimuli were loaded into the computer’s
RAM, passed through a 12-bit DA-converter (Data Translation
METHODS DT2821, output sampling rate 50 kHz), and via a band-pass filter
Subjects (Krohn-Hite 3343, 0.2-20 kHz) and an amplifier (Luxman A-331)
presented to the speaker (see also Goossens and Van Opstal 1997, for
Ten human subjects (9 male, 1 female; ages 22-52) participatedurther details).
the experiments. None of the subjects suffered from an oculomotor;Tone stimuli (see following text) always were measured just before
visual, or hearing problem, excepO (one of the authors), whose or immediately after each session by a microphone ¢Bamd Kjeer
right eye is amblyopic. All subjects had participated in previouBK4144) suspended at the position of the subject’s head. The micro-
oculomotor and acoustic localization studies, but six of the subjegifone signals were amplified (Bfuand Kjeer BK2610), band-pass
(JR, VG, AB, BB, PHandVC) were kept naive as to the purpose ofiltered (Krohn-Hite 3343, 0.2-20 kHz), and sampled at 50 kHz

the experiments. (Metrabyte DAS16). Power spectra were computed off-line to verify
that these stimuli indeed consisted of only a very narrow spectral peak
Experimental setup (width < 1/12 octave) without harmonic distortions. On two separate

occasions, we also measured the sound pressure evoked by the tone
Experiments were performed in a completely dark, sound-attergtimuli inside the ear canab(bjects JGand RV). In these tests, a
ated room (3x 3 X 3 m), in which the walls, ceiling, floor, and large small probe microphone (Knowles EA 1842) was connected to a
objects were all covered with black acoustic absorption foam (echdsxible silicone tube (diameter 1 mm; length 5 cm) that ended within
were absent from=500 Hz). The subject was seated comfortably in—2 mm from the eardrum.
the center of the room. Vision was binocular, the head was free to
move, and free-field listening was binaural. The ambient backgrou . .
noise level was 30 dB SPL (sound-pressure level; measured wit éperlmental paradigms
Briuel and Kjeer BK2601 sound amplifier). STANDARD PROTOCOL. An experimental session always started with
Visual stimuli [85 red/green light-emitting diodes (LEDSs) intensitytwo calibration experiments in which the subject had to align the eye and
0.3 cd/nf] were mounted on an acoustically transparent thin-wireead, respectively, with all 85 LED positions (see following text).
hemisphere with a radius of 0.85 m, the center of which coincidedIn the subsequent control experiment, the subject’s default sound
with the recorded eye. The subject’s right eye was aligned with thecalization performance was tested in the head-fixed (straight-ahead)
central LED. The other LEDs were positioned at polar coordinatesndition (Frens and Van Opstal 1995; Goossens and Van Opstal
R e [2,5,9, 14, 20, 27, 35] degb € [0, 30, - - -, 330] deg, where 1997). In this experiment, the subjects first fixated the central LED,
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and when this stimulus vanished, an auditory stimulus (broadband A
white noise; bandwidth, 0.2—20 kHz; duration, 500 ms) was presented

at a randomly chosen location & 48) within the two-dimensional .
oculomotor range£35° eccentricity in all directions). The subject NN N NN
was instructed to generate a rapid and accurate ocular saccade toward & @ F & @
the perceived auditory stimulus location without moving the head.

@ : :
| :

| F [
@,

After the calibration and control experiments were completed, one NN N NN "m e @
of three test experiments was performed (see following text). In these : Tm,
experiments, the subjects were always instructed to refixate the tar- F-Eye & Head Fixaon
get(s) as accurately and as promptly as possible. The subjects received V = Visual Stimulus
no feedback regarding the accuracy of their responses (i.e., neither N = Broad-band Noise T =Pure Tone
visual cues, nor verbal feedback) in any of these tasks, neither during
the experiments nor in prior sessions. | 1 1 e e
EXPERIMENT 1. This was a gaze double-step paradigm to investigate £y ] T
whether changes in eye- and head position are accounted for when ——/—f I
generating a saccadic gaze shift toward an auditory tasyegj€cts
JG, AB, BB, VCand PH). The rationale of this experiment is ex- EYE-HEAD MOVEMENT EYE MOVEMENT ONLY
plained in more detail in thevtrobucTioN (Fig. 1A). Fic. 2. Target configurations applied in the experimeAtsexperiment 1.

At the start of each double-step trial, the subject had to fixate tk¥ extinguishing the fixation spot (F), 1 of 4 peripheral visual stimuli (V) on
central LED (random presentation time 800—1,600 ms) with the hetg horizontal meridian (eccentricity+l4, +27] deg) was selected randomly
directed straight ahead. Then after 50 ms of darkness, two targets wil@ presented for 50 ms. Then after 100 ms of darkness, 1 of 6 possible
presented briefly at two different locations: a visual stimulus (LEB“ itory target positions (N) was chosen randomly within the same hemisphere

; - .as the visual target (Azimuth, [0:14, =27] deg; Elevation,=14°) and an
flashed for 50 ms), followed (100 ms later) by an acoustic Wh'te'no'ﬁgoustic target (broadband white noise) was presented for 50 ms. Subject made

burst (GWN; 0.2-20 kHz; 50 ms). The subject was instructed to firgh eve head movement toward the visual target followed by an eye-head
generate a horizontal eye-head saccade toward the extinguished viss@lade toward the perceived location of the auditory target. Note that both
target, followed by an accurate gaze shift toward the location of thggets were extinguished before or near the onset of the eye-head movements
auditory target. Subjects were encouraged to move their head rapi@iyen-loop condition)B: experiment 3Eye and head were aligned with 1 of
for both gaze shifts and were required to fixate the position of eaglight-emitting diodes (LEDs, F) at elevations [914, =27] deg. Then a tone
target with both the eye and the head. was presented for 500 ms at a randomly selected location (T). Subject made an
Figure 2A shows the different target configurations appliéai) ocular saccade_ toward the percgived target position without m0\_/ing the head.
together with the timing of the stimulus eventsotton). Note that " (he 1st version of the paradigniop leff, there were 18 possible target
both targets disappeared before or near the onset of the first eye-f{)eos' lons in space (Azimuth, {10, =20] deg; Elevation, [0;-10, 20, =30,

; deg) and the tone frequency was fixed during a recording session. In the
movement so that the subject could not rely on sensory feedbagky version of the paradigntop right), pure tones were interleaved randomly

After the presentation of a visual target on either the right or the l&fith broadband noise. In addition, the array of possible target locations shifted
side, the auditory target was presented at one of six locations on i head position, such that the targets £ 10) were presented at fixed
same side. In total, there were>2 (2 X 6) = 24 different target locations relative to the head (Azimutht 0, =15, +10] deg; Elevation-re-
configurations, which were interleaved randomly. A typical experhead, [0,=15] deg) for each of the 5 eye-head fixation points. For clarity, only
ment consisted of 144 double-step trials. the target configurations for the highest and the lowest eye-head fixation point
In subsequent single-step trials, the same brief white-noise buR& shown (dashed boxes).
was presented immediately after the central fixation LED extin- ) ) . ) . ) )
guished, and the subjects were required to generate an accutagse experiments is explained in more detail in the Introduction (Fig.
eye-head saccade to this peripheral stimulus. The stimuli were pteB andC).. . o .
sented randomly at the same 10 locations, and each target wakh each trial, a red visual fixation spot first was presented at one of
presented two or three times. five different locations on the vertical meridian, and the subject was

instructed to align both eye and head with this LED. Then after a

EXPERIMENT 2. This was a gaze smglt_e-stt_ep paradigm to te3Lndom fixation interval of 2-3 s, the fixation LED disappeared, and
whether the accuracy of tone-evoked orienting responses benelits

X an auditory stimulus (either a pure tone or broadband white noise) was
from the use of head movemensbjects MF, JGandNC). None of o
the subjects was naive as to the Bjurpose of thié'ls expe)riment. presented for 500 ms at a pseudorandomly chosen position. The

At the beginning of a trial, the subject aligned eye and head with tr§ubject was asked to make an accurate ocular saccade to the perceived

; e ; Sr tgrget location without moving the head.
straight-ahead fixation light. When this LED extinguished after 800—I the first version of this paradigm, the tone frequency (500, 1,000,

1,600 ms, a pure-tone acoustic stimulus was presented for 800 ms ¢ ) 3 \ ;

’ ’ . . e ,000, 5,000, or 7,500 Hz) was fixed during a recording session
a ranqlomly _selected perlphera_l location= 30 orn = 45) W'th'.n. the subjects JG, RV, JO JF&Z]d VG), and broagband noisegstimuli
two-dimensional oculomotor field. In the head-fixed condition, th N: 02_2’0 kHz) \;\/ere tested‘in separate control experiments
subject was required to make an eye movement toward the percei je,cts 'JG, R\andJO). The acoustic targets were presented at 18

position of the tone without moving the head. In the head-free co ffferent locations in space, yielding’s 18 = 90 different fixation/

?Agor;étrféi i?/lékéjetfgr;v;s Sgls(i?ig lgo nl\wlgkgpae Lai:‘?édiﬁgter uhcet%dn :av%(;?geg;ﬁ/\g §et combinations that were interleaved randomly. FigBrdepicts
about the speed and accuracy' of the head movements. In each recgth.. different fixation/target configuratiortsy{ lefy together with
: f_tfn timing of the stimulus eventddtton). Note that the randomiza-

tion of stimulus azimuth ensured that the apparent location of pure
ne targets was always unpredictable, irrespective of the head posi-
tion influence. This is easily understood if one recalls that the local-
EXPERIMENT 3. This was a static head-position paradigm to studigzation of target azimuth relies on interaural level and timing differ-
the effect of changes in static head position on the elevation perceptes rather than on the spectral properties of the stimulus (see
of pure tonesgubjects JG, RV, JO, JR, V@ndAB) and broadband INTRODUCTION).

noise gubjects JG, RV, JGand AB) as a control. The rationale of The results of these experiments indicated that the influence of head

ing session, three different tone bursts (750, 1,500, and 7,500
were interleaved randomly. Head-fixed and -free conditions wef
tested in separate sessions.



2724 H.H.L.M. GOOSSENS AND A. J. VAN OPSTAL

position depends on the applied frequency spectrumrsaeTs. To  tion, whereas head and gaze position both refer to the spatial
test this feature also in a different way, a second version of tieeordinate frame that is fixed to the laboratory room (see Fig. 3).
paradigm was used. In this version, four different tone stimuli (1,000,

2,000, 5,000, and 7,500 Hz) were interleaved randomly with broa -CCAD_E DETECT'QN AND S_ELECT'ON' Saccades were detected on
band white noise (1/3 of the trials) in each session. In addition, tH&e Pasis of the calibrated signals by a computer algorithm that applied
fixation/target configurations were such that all stimuli were presentggParate velocity and mean-acceleration criteria to saccade onset and
at fixed locationsi{ = 10) relative to the head for each of the fiveoffset, respectively. Markings were set independently for gaze- and
eye-head fixation conditions (yielding’s 10 = 50 different locations head-in-space signals. All detection markings were visually checked
in space). This is illustrated Fig.B2(top right), which depicts the and could be updated interactively by the experimenters to correct
respective target locations for the two most extreme eye-head fixatig#ccade recognition failures of the algorithm. To ensure unbiased
points. Altogether, there were & (5 X 10) = 300 randomized detection criteria, no stimulus information was provided to the exper-
stimulus/fixation/target conditions. The data were collected either iimenter.

two subsequent sessions on the same day (using left and right eyeSaccades associated with blinks, or with anomalous, multipeaked
subjects JGandAB) or in a single, relatively long sessior{5 min;  velocity profiles were discarded from the analysis. Also responses

subjects JGand JO). with first-saccade onset latencie80 ms, or>400 ms, were excluded
from the experiments 2and 3 data sets (mean latencies typically
Data analysis between 180 and 240 ms). For responses obtainezkperiment 1

CALIBRATION. Eye position in space (gaze) was used to quantify tHRESSions, markings were set at the beginning and end of the first and
acoustic localization percept of the subjects. In two dimensions, gag@cond gaze shift, which could each consist of more than one saccade
Gs, is the vectorial sum of eye position in the he&th, and head in (seeresuLTy. Responses with latencies (re, to the onset of the visual
space Hs (see also Fig. 3). Specific details of the calibration procéarget)<150 ms were discarded.

dures are provided in Goossens and Van Opstal (1997). Here, onlyaristics. The least-squares criterion was applied to determine the

brief summary is presented. r(t)_ptimal fit parameters in all fit procedures (sesuLTy. Confidence

First, the eye coil was calibrated with the head in a fixed, comfo Ilrmits of fit parameters were estimated by the bootstrap method (Press
able straight-ahead position by letting the subject fixate the 85 diffe  al. 1992: Van Opstal et al. 1995).

ent LEDs. Then the relationship between azimuth (A), elevation (E),

and the horizontal/vertical components of the eye-position signals

were determined off-line. This procedure yielded the eye position }

space, or gaz&s.The accuracy of this calibration method was bettei]%(tracted parameters

than 4% over the entire recording range46° in all directions). EXPERIMENT 1. The initial (0) and final (e) positions of gaze- and
Subsequently the head-coil signals were calibrated by measuringad-in-space were determined for each of the two gaze shifts.

various head positions in space using the results of the eye-goibm these, the gaze and head displacement veck@s<( Gs, —

calibration. Toward that means, the subject fixated a small spot at thg and AH = Hs, — Hs,) were calculated as well as the eye-in-

subject’s helmet) while directing the head at the different LED posipift. We also computed the gaze and head end ertEsahdHE)

tions. In this way, the raw head-in-space signals could be mapped\fify, respect to the auditory target. These errors were defined as the

the calibrated eye-in-space positions after subtraction of a constgpfarence between the target-in-space positits,and the posi-

offset Hs = Gs — Gg)). This offset,Gs,, equals the fixed eye position . ) o .
in the head and is measured when the head is straight-ahead " of the eye- and head-in-space, respectively, at the end of the

; _ _ _ : : ._'second gaze shifiGE = Gs,, — TsandHE = Hs, , — Ts). Gaze
gp?(fe Hso thenGs = Eh = Gs,). This procedure yielded head Inand head motor errorsGM and HM) were calculated for the

In this paper, “eye position” designates the eye-in-head pos§_econd response tovx_/ard the auditory target. Tht_ase motor errors
were defined as the difference between the target-in-space position

and the position of the eye- and head-in-space, respectively, at the
onset of the second gaze shiftNl = Ts — Gs,, = Tg,, and
HM = Ts — Hs,, = Th, ,). Note that these vectors indicate the
gaze/head movement that is needed to realign the eye/head with the
target position. Finally the initial target-re-head position of the

@ Target auditory stimulus was calculated from the head-in-space position
measured before the first movement and the known target-in-space
location (Thy,; = Ts — Hs, ;). See, for illustration, Fig. 7.

—_——

<— Elevation

EXPERIMENT 2. Spatial end points of primary gaze and head saccade
vectors were determined as well as the final gaze positions. The latter
measure included possible secondary saccades occurring after the
head movement.

<— Azimuth —>

Fic. 3. Relevant reference frames in this study. Schematic outline of tF&PERIMENT 3. Spatial end points Of_ primary OCl_J!ar saccades were
relations between the spatial (“space”), craniocentric (“head”), and oculadetermined as well as the actual static head position. From these, the
centric (“eye”) frames of reference. Spatial (or body-centered) frame @fnd positions of the eye-re-hedeh(= Gs — Hs) were computed. The
reference is fixed to the laboratory room. From the scheme, the followifgrget-re-head positions were computed from the measured head-in-
vectorial transformations are obtaingds = Eh + Hs, Th= Eh + Te,and space positions and the known target-in-space locatibhs=(Ts —

Ts= Hs + Th= Hs + Eh + Te.Note that eye and head are unaligned in thi . f L . . .
particular example. If the eye and head were aligned with the straight—ahjig' Note that for broadband noise stimuli, it is physically impossible

fixation point, the origins of the three coordinate systems would coinGde. [© generate an accurate ocular saccade when the target is presented
gaze_in_space or eye_in_spaﬁ)’eye_in_headHS' head.in.space‘l’sytarget. OUtSIde the OCU|0m0t0r I’ange. Therefore tl’la|S n WhICh the aCtua|
in-space;Te, target-re-eye or gaze motor errdrh, target-re-head or head target eccentricity, re, to the head exceeded 40°, were excluded from
motor error. the analysis.
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RESULTS location of the auditory target rather than to the shifted head-
centered position (dashed squares). In the two double-step
responses (Fig. 5A and D, top), for example, the head-

In this experiment, it was tested whether the audiomotéentered target position shifts (approximately) to a spatial
system uses eye-head movement information to maintain sfggation where auditory stimuli were presented during other
tial accuracy. trials (as in Fig. 5B andE). Nevertheless the subject’s second

Figure 4 shows two typical eye-head movement response®ire-head movement is clearly directed toward the site where
the double-step paradigm together with the applied target cahe noise burst actually had been presented before the first
figurations and associated stimulus timings. As explained b@eovement.
fore (seetropucTion and Fig. 1), the subject!G) had to  The impression gained from the data in Figs. 4 and 5 is that
orient eyes and head in turn to the two points in space whefg intervening eye-head movement elicited by the visual target
a visual target (V) and an auditory noise target (N) had be@itaken into account in programming the second gaze shift
presented successively in total darkness. The first gaze sfiffard the auditory stimulus. To further quantify this behavior,
toward the extinguished visual target results in at_:llsplacem% analyzed the horizontal components of head and gaze
of both the eye and the head, from the starting point (F) whetg, ements in more detail (see Fig. 7 for a schematic outline).
the acoustic target was last heard at position N to a new PORLLre 6 shows the results of this analysis for one of our

g]csﬁgt(i:s |(r\1/p))ut|f ttﬂf:- Ssue%jgﬁgvﬁzplgsrigg Wéﬁlghiggagt{;%ergg Hbjects gubject BB;data pooled for all target configurations).
X o Lo e may clearly observe (FigAp that the second, auditory-
spatial location, as indicated by the dashed square. Note, hcgg/- ked z:]/aze di)s/placemengs ign gouble—step tr@bsc(orrelatey

ver, that th n itory-evok ze shif r . . .
ever, that the second, auditory-evoked gaze shift appears tq | with the actual gaze motor errors (i.e., the required gaze

quite accurate in both examples, even though all movemel{{§ e :
were clearly executed under open-loop conditions. One a [sPlacement to end on target), indicating that these gaze shifts

may observe that each gaze shift could consist of more th4Rre all goa_l-dlrected. A_ similar observation can be made for
one saccade (see FigDtand that gaze is stabilized in spacdhe concomitant head-displacement components, although in
at end of each saccade, even when the head continues to nibife case the relation to head motor error is less tight (F8y. 6
toward the target location. The latter is due to the action of theFigure 6 also shows the horizontal head and gaze end error
vestibulo-ocular reflex, causing a counterrotation of the eye (hig. 6C andD) as a function of the first, visually evoked head
the orbit. displacement. If the initial head displacement had not been
To document the accuracy of the eye-head movementsaiccounted for, the data would be aligned along the diagonal.
this paradigm, Fig. 5 shows the spatial trajectories of gaZais is clearly not what happens. Full compensation requires
double-step responses to six different visual-auditory targée data to scatter around the horizontal line (0 error). Although
combinations for another subjecPHl). One may observe this does not occur precisely, the gaze end errors obtained in
readily that all second responses were aimed at the spatiable-step trails (Fig.B) were not very different from those

Experiment 1: visual-auditory double-steps

A C Hor

10 deg

\J F —_/—_——J*
Ver e’
LN I |
5 deg F V N 250 ms

B D Hor

F
110 deg

Ver

—

— Gaze
= Head

FIG. 4. Two typical eye-head double-step responses rperiment 1. AndB: 2-dimensional trajectories of gaze (thin traces)
and head (thick traces) movements in space. F, V, and N indicate positions of the fixation spot and the visual and auditory targets,
respectively. The auditory target consisted of broadband white noise. Note that the 2nd, auditory-evoked gaze and head movements
are directed toward the real, spatial location of the acoustic stimulus. If the 2nd eye-head responses were programmed purely based
on the head-centered acoustic input, the movements were expected to end near the dashe@ squaidegaze (thin traces) and
head (thick traces) position in space as a function of time. Timing of the different stimulus events is also shown. Note that the
auditory stimulus is extinguished before or near the onset of the 1st movegudject JG.
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FIG. 5. Maintenance of spatial accuracy in the double-step
paradigm.A-C. spatial trajectories of gaze (thin traces) and
head (thick traces) double-step responses in the left hemisphere.
Following a leftward response to the visual target (V), the
subsequent auditory-evoked movements ended near the audi-
tory noise target (N), presented at 3 different locations in space.
D-F: eye-head double-step responses in the right hemisphere.
In all cases the 2nd, auditory-evoked movements ended closest
to the sites where the acoustic stimuli were presented. Without
compensation for the intervening eye-head saccades, the second
movements would have ended at the wrong, head-centered
target locations (dashed squareS)bject PH.

N

C o F

measured in the single-step control conditi@® plotted at 0 ments of both eye and head, the second gaze sAiés)(were
initial head displacement). described as a function of the initial target-re-head position

When the gaze end errors were analyzed separately (@h,,), the eye-in-head position at the onset of the second gaze
movements toward acoustic targets in the left and right hemesponsekh, ,), and the initial head displacementH,) (see
field, small differences (mean 5°; P < 0.01) between the two Fig. 7):
conditions typically were observed (see e.g., left and right data
clusters inC). Roughly the gaze end points deviated slightly to
the right (positive end errors) when the initial head displace-
ment was to the left (negative values) and vice versa.

As may be inferred from the data in Figs. 4 and 5, the&here the superscript A refers to the azimuth component of
position of the eye and head in space are different at the enceath vector. Fit parameters, (b, and c) are dimensionless
the first gaze movement. Hence the eye and head are typicgi#ins, wheread is a bias (in deg).
unaligned (i.e., the eye is not centered in the orbit) at the onsetNote that if the changes in neither eye nor head position are
of the second eye-head movement. Therefore to determineatzounted for (i.e., response to site A in Fig. 7), the gaze
what extent the audiomotor system accounts for the mowdisplacement would only correlate with the initial target-re-

— Gaze
= Head

AGy =a-Thi + b-Ehy,+c-AH} +d 1)

5 40 2 & 40
g | A - 47| g |C
(] k=)

5 20 T 20
g §o§ @) o a8 FIG. 6. Scatter plots of auditory-evoked head and gaze re-
| ., &4 E 5 % o sponses irexperiment 1. Aand B: horizontal gaze and head dis-
2 0 geis w o = 2 @qé%o placement components plotted as a function of their respective
T . ° [ °¥8e motor-error components. Both single-step control respoges(
2} .o 5 2nd responses of the double-stey) are indicated. Note the high
a -20 3 u -20 correlation between gaze displacement and gaze motor error, indi-
H o o Single < cating that the second gaze shifts were goal-directed (see also Table
é p o Double o 1). The following correlation coefficients)( slopes 4), and biases

-40 -40 ined: -5 . = —26°

o 20 0 20 20 Yo 20 ) 20 20 (b) were obtained: Gaze: single-steps: 0.98,a = 0.97,b = 2.6°,

GAZE MOTOR-ERROR (deg)

INITIAL HEAD DISPLACEMENT (deg)

n = 30; double-steps: = 0.98,a = 1.11,b = 3.1°,n = 84; Head:
single-stepst = 0.97,a = 0.47,b = 6.8°; double-steps: = 0.73,
a = 0.62,b = 3.0°.C andD: horizontal gaze and head end errors

§ “ B 5 0 D with respect to the noise target are plotted as a function of the initial
RS ¢ 2 R horizontal head displacement. Single-step controls are plotted at 0
’E 20 o2 H x 20 ' initial head displacement. If the head displacement is not accounted
] o o 8o i o) o @‘ﬁég | for, the data are expected to align with the diagonal Line. Following
E £ ?c: %@%&’b o, errors (meant SD; positive when the movement ends to the right)
g 0 o s o ® w0 s o & were obtained for targets in left and right hemifields (i.e., left and
z H °§§ [a) H % o right data clusters i€ andD): Gaze: single-stepGE- = 3 + 4
%) ]° z . deg,GER = 3 = 3; double-stepsGE- = 6 = 3, GER = 0 * 4;
0 20 7 0 -20 Head: single-step$4E- = 16 + 7, HER = —2 + 6; double-steps:
2 & HE" = 9 = 5, HER = 0 = 5. Subject BB.
u I
T 40 —40

—40 20 0 20 40 40 20 0 20 40

HEAD MOTOR-ERROR (deg)

INITIAL HEAD DISPLACEMENT (deg)
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LA text). We suspect that this feature is due to the fact that our
LR ... B GE ¢ subjects were encouraged to make fast head movements (see
) L METHODS). In this respect, it may be noted in Figs. 4 and 5 that
: the first response typically also ended beyond the position of

the visual target (overshoots).

Experiment 2: tone-evoked eye-head saccades

B As was shown in a recent study by Frens and Van Opstal
'.: (1995), ocular saccades evoked by a pure tone have accurate
) OF azimuth components, but the elevation component is indepen-
dent of the actual stimulus elevation. The latter also is illus-
trated for one of our subjects in FigB1
Fie. 7. Analysis of the double-step responses. First and 2nd gaze displaceit is conceivable that the localization of tone stimuli might
ments were calculatedG, andAG,) as well as the actual gaze motor erorgmprove appreciably under head-free conditions. As explained

(GM) and the gaze end error6 ). Same parameters were computed for th ; . ; " :
concomitant head movements (eerHops for further details). Second gaze?n the nTrobucTion, the direction dependent pinna f||ter|ng

shift (AG,) was described as a function of the initial target-re-head positidMay give rise to specific changes in monaural sound intensity
(Th,,), the eye-in-head position at the onset of the 2nd gaze respehgg)( as a function of head position, resulting in otherwise absent
and the initial head displacementHi,) (seeEq. 1. In this hypothetical elevation cues. Therefore it was tested whether head move-

example, no compensation fAG, would yield a secondary gaze shif_t to site ents that are made during head-free gaze shifts would lead to
A. Compensation for eye position only, would yield a response to site B. FJW

compensation, for both eye position and head displacement, would yieIcPQ |mprovement of the subject’s localization accuracy in the
spatially accurate movement to site C. elevation domain.

The results indicate that the use of such head movements did
head positiond ~ 1, b = ¢ = 0). If subjects were to accountnot lead to a better localization performance when compared
only for eye position (Frens and Van Opstal 1994; Hartline etith the head-fixed condition. This is shown in Fig.A;D,
al. 1995; Jay and Sparks 1984), the movements would Wéich depicts the azimuth and elevation components of the
directed to the head-centered location of the acoustic targeimary gaze end points as function of the respective target
(i.e., response to site B in Fig. 7). In this case, a negatiecemponents for a 1.5-kHz tone. Instead, one may observe that
correlation with eye position is expected, but no correlatiahe head-fixed (Fig. 8 andD) and head-free (Fig. & andD)
with head displacemena 1,b ~ — 1, andc = 0). However, responses were quite comparable both in azimuth and in ele-
when the movements of both eye and head are accounted f@tjon. Similar results were obtained when final gaze end
that is, if the subject makes an orienting movement toward tpeints (i.e., after possible secondary saccades) were consid-
spatial target location (i.e., response to site C in Fig. 7gred. Note, however, that our subjects were instructed to make
negative gains are expected for both eye position and heag@id orienting movements; they were not allowed to make
displacement, and the value of these coefficiebtsarfd c) a variety of (slow) scanning head movements (“search
should be close te-1. As may be derived from Table 1, thisstrategy”). This is illustrated in Fig.B, showing examples of
is indeed what is observed. Thus the data are described uead and gaze trajectories obtained in the head-free condition.
cinctly by: AG, = GM,,; — AG,, where GM,,; is the gaze Interestingly, both the head and gaze trajectories tended to end
motor error with respect to the noise target during initiadt fixed, but different, elevations.
straight-ahead fixation antiG, the first gaze displacement. To quantify the tone-evoked responses in the elevation do-

The value of the gains for both the eye and head componentsin, linear regression lines were fitted to the ga@s (= a -
(b andc) appeared to be slightly lower thanl, indicating that TS + b) and head dataHs® = a - TS + b), respectively,
there was a small overcompensation. The latter explains tfielding slopesa (dimensionless) and biasbgin deg). Table
small deviations observed in the gaze end errors (see precedingsts these coefficients together with the correlation coeffi-

Ehy

AH;

TABLE 1. Multiple linear regression results of experiment 1

Horizontal Gaze Displacement

Target Eye Head Bias
Subject a=* SD r(a) b + SD r(b) c* SD r(c) d=+ SD n
JG 1.23+ 0.04 0.94 —1.26+ 0.08 -0.81 —-1.17+0.04 —-0.93 -0.4+0.4 141
AB 1.06* 0.03 0.96 —1.25+ 0.06 —0.88 —1.01£0.09 -0.71 5.2+ 04 119
PH 0.93+ 0.03 0.94 -1.30+0.10 -0.73 —0.96+ 0.03 —-0.93 1.8+ 0.4 150
VvC 0.83* 0.05 0.85 —1.11+0.08 -0.77 —1.02+ 0.04 -0.91 3.0£0.6 126
BB 0.99+ 0.04 0.93 —0.95+ 0.06 —-0.86 —1.25+ 0.09 -0.84 2.8+ 0.4 84

Multiple regression results afxperiment 1The actual gaze displacements toward the auditory stimulus were fitted as a function of initial target-re-head
position (Target), the eye-in-head position (Eye), measured at the beginning of the second gaze shift, and the initial head displacement Egeadn(see
Fig. 7; horizontal components only). Listed are the regression coefficients (siggesndc; bias:d in deg) and the partial correlation coefficient&), r(b),
andr(c)]. The overall correlation between data and model w&s96 in all subjects (not listed). Note that, for all subjects tested, there is negative dependency
on the actual head displacement and eye posifr (0.0001), and that the coefficierttsandc are close to-1, indicating that the actual movements of both
eye and head are accounted for in programming the second auditory gaze shift{sers).
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FIG. 8. Localization of pure tone stimuli (1,500 Hz) under head-fixed and -free condites. azimuth and elevation

components of primary gaze end points a function of the respective target components. Localization under head-fixed and -free
conditions is indistinguishable (see also Table 2). Obtained correlation coeffiaigrgtopes &), and biasesh) were Azimuth:
Head-fixedr = 0.93,a = 0.75,b = —4.7°; Head-freer = 0.95,a = 0.83,b = —2.2°; Elevation: Head-fixed: = 0.05,a = 0.04,

b = 15.6°; Head-freer = 0.09,b = 0.02,b = 14.4°.E: spatial trajectories of gaze (thin traces) and head (thick traces) movements

in the 2-dimensional plane. Interestingly, both gaze and head movements tend to end at fixed, but different elevations, despite the
fact that tone stimuli (T) were presented at 16 different locatiGuhject MF.

cients for all three subjects and both experimental conditionsrd broadband noise targets, with the head in the straight-
(1st and 2nd line of each entry). Note that the biades, ahead position, are accurate in all directions (e.g., Frens and
strongly depended on the tone frequency (particularlgub- Van Opstal 1995). Figure 9 shows that eye movements toward
ject NQ (see also Frens and Van Opstal 1995). This frequengyoadband noise bursts (500-ms duration) were also accurate
dependence, quite comparable in the two conditions, togeth@ien evoked from different static vertical eye-head positions
with the subject’s azimuth accuracy (not listed, but see Fig. @ee also Table 8. Similar results were recently obtained
A and B, for typical examples), clearly indicates that thgnger dynamic, head-free conditions (Goossens and Van Op-
elevation component of tone-evoked saccades is based ondfg 1997).
available acoustic input rather than on an a-specific orientingThese results may be expected because for broadband noise
strategy. Yet head-movement-related changes in sound intgfi, ;i 5 change in static head elevation also results in a
E'ty were S}ppalrently no(tjused tlo t|.mproveﬁ£h(_a retsponse_ acgurlﬁﬁ%nge of the head-centered spectral cues, revealing the actual
ecause the Sopes and correiation Coetlicients remaine CPaSFSet elevation relative to the head. Indeed this experiment is

to zero in the head-free condition. ceptually similar to a single-step visuomotor paradigm in
When the test stimulus consisted of broadband noise, inst&4CceP Y . 9 P P g
ich the retinal location of the target may change with eye

of a pure tone, gaze saccades with and without head move-"" . 7

ments were equally accurate in all directions (4 subjects: g&gsition but the actual retinal error will always equal the motor
not shown). This may not be too surprising because the locgTor needed to foveate the stimulus. However, when the
ization performance under head-fixed conditions is alreadfoustic targetis a pure tone stimulus, changes in head position

good for broadband stimuli (see following text) (Frens and vafeld no reliable changes in the elevation cues. This is clearly
Opstal 1995). shown inexperiment 2where subjects were unable to extract

sound elevation even when head movements were made
(Fig. 8).

When based only on the head-centered acoustic input, it

The results ofexperiment 1show that accurate auditory-therefore is expected that tone-evoked ocular saccades from
evoked orienting also includes the use of eye- and head-madidfferent eye-head positions in space (eye and head initially
information. In experiment 3,static head elevation wasaligned) end at a fixed elevation relative to the head (F@). 1
changed to investigate whether head position, rather than hétmvever, as illustrated in Fig. 20for a single-tone experi-
displacement signals, may be involved in the programming ofent with one of our subjects)@), the saccade trajectories
orienting movements toward acoustic stimuli. toward 5.0-kHz tone stimuli were neither parallel (which

Previous experiments have shown that ocular saccadeswould indicate an independence of head position) nor directed

Experiment 3: changes in static head elevation
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TABLE 2. Linear regression results of experiment 2
Gaze Elevation Head Elevation
Target Bias Target Bias
Subject Sound a=* SD b = SD r a=*= SD b = SD r n
JG 750 —0.01+£0.12 —11.5* 2.0 —0.02 48
—0.06* 0.10 -76*+16 —0.08 —0.01+ 0.05 —-2.8+0.8 —0.03 62
1,500 0.01*+ 0.11 —-6.8+1.9 0.02 47
—0.01+ 0.08 -33*+16 —-0.01 0.00x 0.04 0.1+ 0.9 0.01 62
7,500 —0.16+ 0.09 19.7+1.4 —0.30 45
—0.12+ 0.06 11.6x 14 -0.21 —0.03*+ 0.04 9.0 0.8 —0.08 60
NC 750 —0.01+ 0.07 —26.6* 1.5 —0.02 45
0.29+ 0.13 -20.2+ 24 0.32 0.13+ 0.06 -82+11 0.31 45
1,500 —0.02+ 0.04 —28.8*x 1.6 —0.04 47
—0.02+ 0.08 -30.8+ 1.7 —0.04 —0.03+ 0.04 -12.7+0.9 —-0.10 46
7,500 —0.07% 0.07 20.0+ 1.3 -0.13 46
—0.08+ 0.09 13.6x 1.8 -0.13 —0.00* 0.04 9.0+ 0.9 —0.02 45
MF 750 0.05+ 0.05 14.6+ 1.0 0.19 30
0.05+ 0.04 145+ 1.0 0.19 0.01+ 0.02 4.8+ 0.5 0.04 30
1,500 0.04*+ 0.03 15.6+ 0.7 0.05 30
0.02+ 0.05 14.4+ 0.9 0.09 0.02+ 0.02 5.5+ 0.4 0.17 29
7,500 0.02+ 0.13 —69*+24 0.04 30
-0.01+0.12 4.4+ 2.0 —0.02 —0.01+ 0.04 1.6£0.7 —0.06 30

Quantitative results oéxperiment 2In all cases, the azimuth accuracy was indistinguishable from the broadband-noise control condition (not shown).
Therefore only the elevation component of the head and gaze shifts is presented. Linear regression yielded) aashoas f, in deg), and a linear correlation
coefficient ¢). The results obtained under head-fixed and -free conditions are listed on the first and second line of each entry. Note in the gaze column, that
results are very similar for both conditions: slopes remain close to zero (no significant correlations) and the biases are approximately the aloeh&tot
the biases tend to increase with stimulus frequency. Small biases for head elevation imply that head movements were mainly horizontal, rabet. than ab

toward a fixed elevation in space. The latter could be expected

AZIMUTH ELEVATION in case of a spatial code for the auditory target. Instead the
40 . o eye-movement trajectories appeared to be in a direction that is
20 o 2 in between these two extremes.
- g This feature is quantified further in the scatter plot (Fig.
0 .’ b 10B), showing the eye-in-head elevation of the first-saccade
§’_20 g g end points as a function of static head-in-space elevation. As
= ! o4, £ was explained in thevtropucTion (Fig. 1C), a head-centered
Z -40 representation of the target would yield data points that scatter
g 0 around a horizontal line (i.e., fixed eye-in-head elevation;
2 . ¢ slope= 0). For a space-fixed representation, one would have
wl . : L o - . . .
W 20 . 2 expected an alignment of the data along the diagonal line with
Q A o slope—1 (i.e., full compensation). Instead it was found in this
S 0 b : * 3 experiment that the data points scatter around a line with a
S 20 . . 3 slope of—0.36.
o . . + To quantify the influence of head position, we described
o ~40 the measured eye-in-head elevati@h®) of the saccade end-
T 40 c points as a function of both the static head-in-space elevation
< . < s (HsF) and the actual target-re-head elevatidh)
w 20 ’ y °
>
W 4 Y Ehf=a-Hs"+b-Th® +c )
0] e ©
w
00 s * 3 with superscript E the elevation component of each vector, and
H E a—c the fit parameters of the multiple linear regression. A
-40 quantitative summary of the results for all experiments with

-40 -20 0 20 40 -40 -20 0 20 40 each subject is given in Table 3.
TARGET-RE-HEAD (deg) Table 3 lists the results obtained with broadband noise
Fic. 9. Localization of broadband noise targets from different vertical hegglimuli. In contrast to the tonejeVOked. responses, the noise-

positions. Plotted are the end point components of primary ocular saccagaoked responses were determined mainly by the actual target-
relative to the head (eye and head initially aligned). In contrast to the tone dggahead elevation, whereas the head-in-space elevation had
in Fig. 1B, localization performance is unaffected when the stimulus consi ; y ;

of broadband noise (duration 500 ms), even when vertical head positiorfﬁ?ye or no influence I() > a)' Also the biases;, were clqse to

zero for all three subjects. In fact, the data sets obtained from

changed (see also Tablé)3 Correlation coefficient > 0.95 in all panels. - >
Subject JG. subjects JGand RV were equally well described when head
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TABLE 3. Multiple linear regression results of experiment 3

Eye-in-Head Elevation

Head Target Bias
Subject Sound a=*= SD r(a) b = SD r(b) c*SD n
A. Noise
JG GWN —0.06* 0.04 —0.19 1.05+ 0.02 0.98 -1.7+0.6 71
RV GWN —0.10=* 0.03 —0.37 0.74= 0.02 0.96 -0.3+0.5 74
JO GWN —0.25* 0.03 —0.67 0.92+ 0.03 0.96 -0.7+0.3 88
B. Tones
JG 500 —0.29* 0.05 —0.51 0.05+ 0.03 0.20 1.7+ 0.6 88
1,000 —0.87= 0.06 —0.82 0.06*+ 0.03 0.19 -0.1+0.7 124
2,000 —0.03= 0.02 —0.14 0.01+ 0.01 0.08 -2.1+03 170
5,000 —0.35* 0.04 —0.65 0.03+ 0.02 0.13 10.6- 0.4 131
7,500 —0.70= 0.06 —0.80 0.00+ 0.03 0.01 17.9- 0.9 85
RV 500 —0.36* 0.04 —0.72 0.02+ 0.02 0.11 0.5£ 0.4 88
1,000 —0.28= 0.03 —0.76 0.00+ 0.01 0.01 —-23*04 84
2,000 —0.08+ 0.03 —0.27 0.01+ 0.02 0.04 0.0£ 0.4 85
5,000 —0.27=0.03 —0.76 —0.01+0.01 —0.06 24x04 85
7,500 —0.53* 0.07 —0.64 0.02+ 0.03 0.07 8.7+ 0.8 85
JO 500 —0.44=0.03 —0.89 0.03+ 0.02 0.26 2.7+ 0.6 49
2,000 —0.47= 0.02 —0.90 0.00+ 0.01 0.02 0.7 0.3 176
5,000 —0.50= 0.02 —0.93 0.04+ 0.01 0.27 13.5- 0.4 88
JR 500 —0.81* 0.07 —0.73 0.02+ 0.02 0.06 —-12.6+0.6 127
2,000 —0.87= 0.09 —0.75 —0.01+0.03 —0.03 -7.6+0.7 82
5,000 —0.22*0.16 —0.16 0.15+ 0.05 0.34 4.4:1.2 83
VG 500 —1.11= 0.09 —0.83 —0.02+ 0.04 —0.08 10.5£ 0.9 69
2,000 —1.03x0.12 —0.67 —0.09+ 0.04 -0.22 15+1.1 89
5,000 —0.23= 0.06 —0.36 0.03+ 0.03 0.11 13.4- 0.7 89

Multiple regression results @xperiment 3The vertical component of the saccade endpoint relative to the head was described as a function of both the vertice
head position in space (Head) and the actual target elevation relative to the head (Tarded) @ekisted are the linear regression coefficients (slopesd
b, biasc in deg) as well as the partial correlation coefficiem(®&)] andr(b)]. A: when the test stimulus consisted of broadband white noise, the saccade vector
was mainly determined by the actual target-re-head positica ). Only a small influence of head position was seesuhjects R\andJO (P < 0.01). Thus
the spatial accuracy of noise-evoked saccades was almost independent from the vertical headBegiteanthe test stimulus was a pure tone, the actual target
elevation was not a relevant factor in determining the saccade end point elevation. Instead the vertical saccade amplitude varied s@rifiGaBitlyvith
the vertical head position in almost all experiments. The 1% significance level was not reached for the 2-kHzubjects JGndRV and for the 5-kHz tone
in subjects JRandVG. The sign of the head-related ga@m,was always negative, suggesting that head-centered acoustic information and head position signals
are combined to yield a spatial representation of the acoustic target. Note however, that the head-related gains were typicallylbehde@nSo, a partial,
rather than full, compensation for head position was found. Note also that the gains and biases (coefficidigjsdepend strongly on the tone frequency.

position was excluded from the regression analysis (no diffdsiases of the linear regression lines clearly depend on the
ence between the 2 model;> 0.1). applied frequency. As was likewise found in the single-tone
Table 3B lists the results when the test stimulus was a pusxperiments for this particular subject (see TabR), 3he
tone. Note that in the far majority of these experiments, thegher frequency tones were localized at higher elevations
head-position related gain, was significantly different from relative to the head, and the responses toward these tones were
zero P < 0.01) and typically in betweer-1 and 0, whereas more strongly influenced by head position.
target elevation had no influenca ¥ b, andb ~ 0). Thus all Table 4 summarizes the results of the experiments with
subjects typically showed a partial rather than full compensasixed stimuli. Note that both the head-position related gain,
tion for changes in static head position. One also may obsewl/eand the biasg, clearly depend on the tone frequen®/<
a clear frequency dependence of the biasTypically, the 0.001;left column$ in each subject. One also may observe
high-frequency tones were perceived at higher elevations ththat the biasg, varied with frequency in a manner similar to
low-frequency tones when the head was oriented straight ahdlaat observed in the other tone experiments (Table 2 and
(see als@&xperIMENT 2, Table 2) (Frens and Van Opstal 1995)Table B) and that the head-position influence was always
More surprisingly, the head-position-related gainappeared smallest for noise-evoked saccades. However, the absolute
to depend on the applied frequency too, albeit not in a (simpMlues of head-position related gain, appeared to be
systematic way. somewhat different from those obtained in the single-tone
To study this frequency-dependent influence of head poskperiments (see TableB3 subjects JGand JO). On aver-
tion also under different conditions, we performed experimeragie, the gain varied more systematically with tone fre-
in which different tone frequencies were interleaved randoméuency, although 1.0 kHz tones still yielded a higher gain
with broadband noise (seeetHops). Figure 11 shows the than 5.0 kHz tonesR < 0.01) in subject JG.To test the
results of such an experiment witlubject JONote that also reproducibility of this finding, we repeated the mixed-stim-
under these mixed-stimulus conditions, both the slopes and thas experiment in this subject. Note that, except for the
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2.0-kHz tone, the regression results were virtually identical
for the two experiments. .
Unlike the noise-evoked responses, the tone-evoked rez
sponses were always equally well described by a linear regres-
sion model without target elevation (no significant difference@
P > 0.1). This indicates, of course, that there were no valig
spectral cues present in the tone stimuli as was verified also
measurements of the sound spectra (ge@ops). Note, how-
ever, that despite the lack of elevation cues, the subjects stﬁ B
had to rely on the acoustic input for adequate tone localizatiok
because target azimuth always was randomizedyseens). &
The azimuth accuracy thus provides a criterion to test, in each
individual experiment, whether the tone-evoked responses i@
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FIG. 10. Localization of 5.0-kHz tone stimuli from different vertical head
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Fic. 11. Frequency-dependent influence of static head elevation on tone-
evoked orienting. Similar results as in Fig. 10 were obtained when 4 different
frequencies (1.0, 2.0, 5.0, and 7.5 kHz) were interleaved randomly with
broadband noise. Note, however, that both the biases and the slopes of the
linear regression lines depend on the applied tone frequéhey 0.001; see
also Table 4)Subject JO.

To evaluate the azimuth accuracy in each experiment, we
guantified the measured eye-in-head end point azimuth as
function of the actual target-re-head azimu{ = a- TH* +
b). Table 4 (ight columnj$ lists the results of this analysis for
the mixed-stimulus experiments. Note that a high correlation
between saccade azimuth and target azimuf)][ was ob-
tained for both noise- and tone-evoked responses and that the
regression coefficients were comparable for all stimulus types.
Hence these data clearly indicate that the tone-evoked saccades
indeed were based on the available auditory input. Similar
results were obtained in all other tone localization experiments
(see e.g., Fig. 8) (see also Frens and Van Opstal 1995).

DISCUSSION

The present study set out to investigate to what extent the
auditory localization system accounts for intervening changes
in eye and head orientation when programming a goal-directed
gaze shift. The results of the double-step experiments indicate
that when the relevant acoustic cues have been provided, the
change in eye and head position is taken fully into account
(Figs. 4—6; Table 1), so that the subsequent gaze shifts of both
the eye and the head are toward the remembered acoustic target
position. We therefore conclude that the auditory system does
not maintain a static head-centered representation of acoustic
targets but instead uses accurate information about previous

positions in a representative single-tone experimAnspatial trajectories of movements of both the eye and the head. Both SlgnaIS are

ocular saccades elicited from 3 different vertical positions, with the he&eeded to ensure spatially accurate localization especially un-
approximately aligned (within 10°) during initial fixation. Note clear depeneler open-loop conditions.

dence of saccade direction on head positBnsaccade endpoint elevation \\e are confident that also the results of our tone localization
relative to the head is related to static head elevation in space. Correlat'g;s?perimemS reflect properties of the processes that underlie

coefficient:r = —0.70; Regression: slope —0.36, bias= 10.7°. Qualita-
tively similar results were obtained for the other frequencies tested (see T

ssRatially accurate orienting behavior for the following reasons.

3B). Subject JG. First, azimuth accuracy was maintained in all localization
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TABLE 4. Multiple linear regression results of experiment 3: mixed stimuli

Eye-in-Head Elevation Eye-in-Head Azimuth
Head Target Bias Target Bias
Subject Stim a=*= SD r(a) b = SD r(b) c*SD a=* SD r(a) b = SD n
JG 1,000 —0.57+ 0.09 —0.65 0.09+ 0.13 0.10 1.6:1.3 1.22+0.12 0.79 0.7+ 1.9 59
2,000 —0.59+ 0.08 -0.72 —0.02+ 0.08 —0.03 29+1.2 1.21+0.11 0.78 4.0-2.1 60
5,000 —0.50* 0.06 -0.79 0.00= 0.05 0.00 13.6£ 0.9 1.21+ 0.13 0.78 1723 52
7,500 —0.78+0.10 -0.74 —0.14+ 0.09 -0.22 1.2+ 1.6 1.36+ 0.08 0.88 6.2- 1.6 52
GWN —0.20* 0.05 —-0.38 0.84+ 0.09 0.67 -0.3%+1.0 1.26= 0.08 0.85 2.9-1.2 112
JG 1,000 —0.57+ 0.09 —0.65 0.10+ 0.09 0.16 2.6-13 1.36* 0.05 0.97 2.3-0.9 53
2,000 —0.48+ 0.07 -0.72 0.09+ 0.07 0.19 10.4- 1.0 1.29+ 0.05 0.97 45-0.8 50
5,000 —0.47+ 0.05 —0.80 0.03+ 0.05 0.10 14.7 0.8 1.28+ 0.05 0.97 2.1+ 0.9 50
7,500 -0.81+0.12 -0.73 0.11+ 0.13 0.12 7.4-2.0 1.26= 0.07 0.94 5.2+ 1.3 53
GWN —0.13*+ 0.04 -0.29 1.06+ 0.07 0.83 -48*+0.6 1.35*+ 0.03 0.98 1405 100
AB 1,000 —0.22+ 0.06 —-0.40 0.18+ 0.06 0.37 5.5-0.8 1.13+ 0.05 0.95 2.0- 0.7 60
2,000 —0.29+ 0.05 —0.64 0.11+ 0.05 0.32 11.4- 0.6 1.04= 0.04 0.96 2.4+ 0.6 58
5,000 —0.34+ 0.04 -0.75 0.03+ 0.03 0.11 19.1x 0.5 0.87+ 0.04 0.95 -0.8+0.6 56
7,500 —0.49+ 0.07 -0.71 —0.04* 0.04 -0.13 19.8+ 0.9 0.94+ 0.09 0.80 2715 49
GWN —0.17+ 0.06 -0.26 1.18+ 0.07 0.86 -5.4+0.6 1.25+ 0.02 0.98 6.7-0.4 110
JO 1,000 —0.43%+ 0.05 -0.78 0.05+ 0.06 0.11 1.5£0.9 1.12+ 0.04 0.97 -19+0.7 54
2,000 —0.55+ 0.04 —-0.90 0.05+ 0.06 0.12 11.7 0.9 0.87+ 0.04 0.95 1.7+ 07 50
5,000 —0.59+ 0.03 —0.95 0.02+ 0.04 0.07 20.7£ 0.6 1.02+ 0.06 0.90 6.1- 1.1 50
7,500 —0.70* 0.06 -0.87 0.08+ 0.09 0.12 22.651.3 1.17+ 0.07 0.93 3511 46
GWN —0.35+ 0.03 -0.77 1.06x+ 0.05 0.92 —-47+0.6 1.29+ 0.03 0.98 -48+0.5 99

Left frequency-dependent influence of head position also was obtained when different tone frequencies were randomly interleaved with broadtzied noise.
that both the head-position related gainand the biasg, tend to increase with tone frequen®ight to verify the accuracy of the azimuth response component,
the measured eye-in-head end point azimuth was described as a function of the actual target-re-head azimuth. Listed are the linear regneses(siopeffic
a, and biad in deg) as well as the correlation coefficienfd)]. Note that high correlations between saccade azimuth and target azimuth were obtained for both
noise- and tone-evoked saccades and that the regression coefficients were comparable for all stimulus types.

experiments (Figs. 8 and 9 and Table 4). Second, the biastarfget-re-headlh) with head-position signalsTé = Th + Hs;
tone-evoked saccades with respect to the head was frequesey e.g., Fig. 3). The latter may be derived from the vestibular
dependent, both iexperiment ZTable 2) and irexperiment 3 system, from proprioception, or from an efference copy of the
(Fig. 11, Tables B and 4). Finally, the influence of headmotor command. Regardless of intervening eye-head move-
position depended on the tone frequency, both under singigents, the end point of a movement is always specified by the
tone conditions (TableB) and under mixed-stimulus condi-space-fixed target representation. In a subsequent stage, the
tions (Fig. 11 and Table 4). These features cannot be undgkye control system uses information about the actual eye and
stood if the subjects would have followed an a-specifigead positions, to translate the desired gaze displacen@gt,
orienting strategy. In that case, the responses should have bggh appropriate motor commands for both the eye and head
idenftical for _aII tone stimuli irrespective of their frequency ang,qtor systems.
spatial location. _ _ _ In the displacement model (Fig. BR, however, the head-
‘Yet the finding that the two versions ekperiment Jielded  centered acoustic signals first are mapped into an oculocentric
slightly different quantitative results (Tables 3 and 4) suggesisterence frame by subtracting eye positidie & Th — Eh,
that also other nonacoustic factors than eye and head maigg Fig. 3) (see e.g., Jay and Sparks 1984). To compensate for
signals may play a role in auditory-evoked orienting. FQptervening eye-head movements, each gaze displacen@nt,
example,_|_t |s_conce|vable that the weights assigned to t[g?e subtracted from the oculocentric target coordinafBs,
head-position input may be modulated by the system’s confiz|ding an updated target representatide,(, = Te — AG)
dence in the available elevation cues. In the single-tone CQ@oldberg and Bruce 1990). This latter oculocentric signal

dition, no valid spectral cues were present, but when tongsecifies the desired gaze displacema@, (see legend Fig.
were interleaved with broadband noise, the average reliabilify for further details).

of the elevation cues was evidently different. As a conse- s outlined in thentrobucTion, comparable interpretations
quence, the overall head-position influence may have beenggle peen put forward in the oculomotor literature to explain
at different values for the two conditions. the spatial accuracy of head-fixed double-step saccades toward
COMPETING MODELS. Although feedback about eye-headextinguished visual targets (position model: Hallett and Light-
movements clearly is used by the audiomotor system, th®ne 1976; Mays and Sparks 1980; Robinson 1975; displace-
double-step data ofxperiment 1do not unequivocally show ment model: Goldberg and Bruce 1990rgkns et al. 1981). It
that acoustic targets are represented within a spatial framesbhbuld be realized, however, that a model relying only on a
reference. Two possible interpretations may follow from thegmze displacement signal (without accounting for the position
results. of the eye in the orbit and either the position or displacement
According to the spatial model (Fig. AR the auditory of the head) cannot readily explain why head movements are
system computes a target position in space-fixed coordinatgsal-directed when the eye and head are not initially aligned
Ts, by combining the head-centered acoustic cues (reflectiff§oossens and Van Opstal 1997). Under these conditions, the



INFLUENCE OF HEAD POSITION ON SOUND LOCALIZATION 2733

7.5 kHz; data not shown) (see also Frens and Van Opstal
1994). Our present data therefore provide strong support for
the idea that a signal about absolute head position, rather than
head displacement, is used in programming goal-directed eye-
head movements toward sound sources. However, to account
for the low-gain results of the tone experiments, the position
model of Fig. 12 has to be extended (see following text, Fig.
13, where the dashed box of Fig.A% detailed further).

TONE ELEVATION CUES. Tone stimuli do not contain sufficient
o spectral information to reliably determine target elevation rel-
B fJ—l i ative to the head. This leaves the auditory system with two
neural integrator |* potential alternative cues: reflections from shoulders and trunk
and changes in sound intensity (up +20 dB) due to the
Mg direction-dependent pinna filters (HRTFs). However, these
46 |- o ) cues are apparently of no use because subjects clearly perceive
refinctapic target ®  afixed target elevation when the head is kept in the straight-

representation

head motor
RN S, . system

Ts |

f auditory system K Eh

system

- 484 ahead position (Frens and Van Opstal 1995; see also Figs. 1
eulomtor and 8), despite large elevation changes of the tarj85¢().
464 T Indeed reflections from shoulders and trunk are expected to be
relevant only in the low-frequency range<250 Hz), and

Fic. 12.  Two possible interpretations of the double-step reséitspatial ~ without prior knowledge about the real source intensity and its
model. Acoustic localization cues that reflect the head-centered target coogfiistance to the head, there is no way the system can rely on
nates Th) are combined with a head-position signéls| to yield a spatial jntensity cues to detect target elevation under static conditions
target representatioril§) (see also Fig. 13 for more details on this stage). L
Downstream gaze control system uses the actual Eye gnd head Ks) When head movgment_s are mad.e' however, the resultlng
positions to translate the spatial (or body-fixed) target coordinates into a mo@tanges in sound intensity relate directly to the movement.
command that specifies the desired gaze displacem@y (B: displacement Such dynamic cues could provide, at least in principle, new
model. Head-centered acoustic signdl)(are transformed into an oculocen- cgnsistent information about the target elevation, especially
tric target representatiom€) by subtracting eye positiorEf). Each time the . . . !
eye moves, this oculocentric target representation must be updated by é’é!!i‘-e” they are Combmed. with signals from the head motor
tracting the gaze displacement@). Latter signal is derived from a so-called SyStem. Because our Sl_JbJeCtS reported t.hat the apparent loud-
resettable neural integrator that integrates a gaze-in-space velocity §ghal (Nness (perceived intensity) of a tone stimulus varied across
equal to the vectorial sum of eye-in-head velociBhY and head-in-space trials, it is conceivable that the direction-dependent variations
velocity (Hs) and must be reset fo 0 (“reset” signal) after each gaze shiftyiihjny the HRTFs would be sufficient to yield detectable cues

Updated retinotopic target representation specifies the desired gaze displace- . .
ment AG,). Note that this model does not use a representation of he)ﬁ?ﬁe” the head moves. Nevertheless it appeared that SUbJeCtS

position. In both schemes, the eye and head motor systems are driven by

an oculocentric 4G) and craniocentricAH) error signal, respectively (see HEAD POSITION EYE and HEAD
Goossens and Van Opstal 1997). Both signals are derived from the desired SIGNALS MOTOR SYSTEM

gaze-displacement commandQ), that is assumed to arise from the deep
——— o X\
>—/

eye and head move simultaneously in different directions dur-
ing single-step gaze saccades toward both visual and auditQry, .
targets.
Strictly speaking, neither the position model nor the dis-
placement model in their present form can account for the tone
localization data ofexperiment 3where the observed head-
position gains were typically in between the two extremes TONOTOPIC MAP
predicted by these conceptual models. An important feature ofic. 13. Conceptual Model. Head-centered spectral elevation cues arise
the displacement model, however, is that it does not use a h&au the direction-dependent pinna filter functions (HRTFs) and are analyzed
it - - - at a level where acoustic signals are represented tonotopically (Tonotopic
position Slgnal (See precedmg text and FlgB)LZTherefore p). Head-position information is proposed to act at this acoustic level and
accordlng to this model, nge tra]eCtor'eS elicited by pur? tor{é odulate all frequency channels in a frequency-specific manner (represent-
always are expecteq to be identical when eVO_ked from differefby the size of the arrows), which may be determined by the reliability of a
static eye-head positions. Yet, the data obtaineekiperiment given elevation cue in the HRTFs. Peak-firing rate of auditory neurons in the
3 clearly show that the eye-movement trajectories are rfgpotopic array could be influenced by changes in initial head position in a
; : : : : similar way as has been found in the visuomotor path H) =Fo- (1 +
invariant for the different head elevations (Fig AlOAlthough
. . a(f.) - H) with a(f.) a head-position gain that depends on the characteristic
the gains measured for the saccade elevation components ency of the particular cell, arfg is the peak firing rate of the cell at its
typically different from—1, they were always negative and, ircharacteristic frequency when looking straight ahé4e-(0). Weighted output
the far majority of cases, significant (Figs. 10 and 11, Tablekthe entire population of cells, rather than any single frequency band,

3B and 4) Furthermore Changing the initial vertical eye posqgntains spatially accurate information that is subsequently used to drive the
) Eéa and the head toward the acoustic stimulus position. When only 1 tone is
&

layers of the superior colliculus (e.g., Freedman and Sparks 1997; Freedman et
al. 1996).

2.0 kHz I
5.0 kHz

SPATIAL TARGET
REPRESENTATION

HRTFs and COCHLEA

tion with respect to the head while keeplng the head fixed att sented, the effective population gain of head position will be lower than 1.

straight-ahead position yielded no significant changes in this model is thought to embody the dashed box in FigA.1dicated
perceived sound elevatiosubjects JGndNC; 0.5, 2.0, and frequencies refer to the tone stimuli applied in this study.
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could not use this information either because their tone locairrelated to the orientation of the head. When head position is
ization responses did not improve under head-free conditiomscounted for within the auditory system, it may therefore be
(Fig. 8). Instead it was observed that the saccade endpdass surprising that the compensation for head orientation is not
elevations under head-free and -fixed conditions were qudptimal under these circumstances.
comparable (Table 2). Figure 13 proposes how the tone localization data could be
For broadband noise, we also obtained no improvemeaetonciled with the tonotopic organization of the auditory
(data not shown). These results are consistent with earlgistem. In this conceptual scheme, the head-centered spectral
findings reported by Whittington et al. (1981) for horizontatues are processed within the tonotopic auditory map, and it is
gaze saccades of the monkey. Nevertheless, previous studiesumed that head-position information is distributed over the
(Noble 1981; Perrott et al. 1987; Thurlow and Runge 196@ntire map. The activity of the narrowband cells may be
have demonstrated that in humans, head movements do aoodulated by head position, where the gain of the modulation
tribute to improve sound localization performance. Howeveis related to stimulus frequency (represented by different arrow
the head movements in the latter studies were slow compasgirks). Such modulation could be embodied by a similar mech-
with the saccadic head movements in the present experimeanrigsm as has been reported for various stages within the visuo-
and in the Whittington et al. study. This suggests that acoustimtor system, where a cell's peak firing rate is modulated by
feedback provided by slow head movements, in tasks ott@ranges in initial eye position (so-called “gain fields”) (e.g.,
than rapid gaze orienting, may be useful for sufficiently lonijm monkey posterior parietal cortex: Zipser and Andersen 1988;
stimulus durations. in monkey superior colliculus: Van Opstal et al. 1995). These
cells have been hypothesized to embody the transformation of

experiments demonstrate that a head position signal is usem visual target from an oculocentric (and retinotopic) refer-

the programming of auditory-evoked saccades. The quest%rﬁce fra”.‘e into a head-centered_representanon..

arises, however, why only a partial compensation for Chan%%fccordmg to the proposal of Fig. 13, the spa't|al'represen-

in static head position is found in these experiments (gai lon of the 50“’.‘0' results _from adequate _Welghtlng of the

between—1 and 0; Figs. 10 and 11, TableB and 4), activity of the entire population of such auditory cells rather
OWgn from any single frequency band. In case of a broadband

A remarkable feature is that the gains depend on the t ise stimulus, a large portion of the frequency map contrib-
frequency, albeit not necessarily in a simple systematic way ulus, a jarge p q y map .
tes to this weighting process, and responses are spatially

least this was clearly not obtained in the single-tone expe urate (i.e., full compensationéxperiment aind an almost
ments). One may realize, that this frequency dependence is ﬂ%ﬁy o P P

readily understood when the acoustic input first were mapp Hwevhe?adéﬁlosgol?m?taelg }Eﬁﬁgﬂmﬁnzhg E(SIT pgrilgzir:)?]&is
into a topographical representation of auditory space and th gever, y afi POpule
at a later stage, combined with a head-position signal. Rat gprwted, resulting in a smaller overall head-position influence

L : ., a lower head-position gain, which is frequency depen-
our findings may be explained more elegantly when the he . a . ,
position signal interacts already within the auditory syste £nY. Insubject JGfor example, 2.0-kHz tones yielded a low

instead of in the spatially accurate gaze motor-system ( d more variable head-position gain, which is symbolized

PR ere by a small synaptic efficacy of the head-position input
dashed box in Fig. 14). Thus we propose that (reafferent h]in arrowhead). The 7.5-kHz stimuli yielded a higher gain in

motor input acts at a sensory level where sounds are Sgns subject, and therefore this frequency band receives a
tonotopically rather than topographically represented. ronger head-position input (thick arrowhead),

Tonotopic representations are found throughout the audit

system (Irvine 1986; Popper and Fay 1992). A topographicN?t;e rtr?at th;s mé)i?erl does notTnheed ar][ielxpliici]t tIOFi)r?]grl?piHiC
map of auditory space so far has been shown to exist in ghgural map ot auditory space. ihe spatial signal, implicitly
resent in the population activity, combined with the frequen-

barn owl inferior colliculus (Knudsen and Konishi 1978) and in ii iaht it ld b d directly f
the superior colliculus of a number of mammalian speci g-lﬁpemhlc v&/elg INg patierns, cou'd be use ;recvy obcon-l
(cats: Middlebrooks and Knudsen 1984; ferrets: King a 5od|ngt e downstream motor systems (see also Van Opstal
Hutchings 1987; guinea pig: King and Palmer 1983). SuperiBP Hepp 1995).
colliculus neurons in monkey (Jay and Sparks 1984, 1987) andLUENCE OF EYE POSITION. Recently, Lewald and Ehrenstein
cat (Peck et al. 1995) change their auditory receptive fiel@5996) reported a frequency-dependent effect of static eye
with eye position, suggesting that at that level the auditoposition on auditory lateralization (i.e., left-right discrimina-
target has been transformed into oculocentric coordinatéien of dichotic stimuli). It was suggested that this effect could
Note, however, that the latter does not account for the spatialate to a remapping of the acoustic input into oculocentric
accuracy of auditory-evoked saccades, as demonstrated bydberdinates. In view of our present results, one should consider
gaze double-step experiments. Up to now, it is not knowan alternative explanation. Several studies report that there is a
whether an explicit auditory representation in spatial coordielation between eye position in the orbit and neck-muscle
nates exists. activity (e.g., Andre-Deshays et al. 1988; Lestienne et al. 1984;
For adequate two-dimensional sound localization, the huidal et al. 1982). It is conceivable therefore, that eye position
man (and monkey) auditory system requires a broadband away systematically influence proprioceptive head-position in-
tivation of many frequency channels to enable a reliable spdormation. Because a head-position signal clearly is used by
tral analysis of the pinna-based cues. This is clearly the casetfog auditory system, an effect of (initial) eye position on sound
broadband noise stimuli, which are indeed accurately localizkgtalization may come about in an indirect way. The idea that
under all conditions tested (Figs. 4—6 and 9; TablesALaBd neck proprioception is indeed important in spatial perception is
4). However, for tones, the spectral cues are incomplete asupported by studies showing that vibration of neck muscles

INFLUENCE OF STATIC HEAD POSITION. The results of the tone
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affects the perceived ‘“straight-ahead” direction, as well d®ens M. A. anp Van OpsTaL, A. J. Auditory-evoked saccades in two
visual orienting behavior (e.g., Karnath et al. 1994; Roll et al. dimensions: dynamical characteristics, influence of eye position, and sound
1991) source spectrum. IlNleural Mechanisms Underlying Gaze Contretlited

! ) by J. M. Delgado-Garcia, E. Godaux, and P. P. Vidal. Oxford: Pergamon,
SPATIAL ORIENTING AND CALIBRATION. In conclusmn, our data 1994, p. 329-339.
suggest a possible role for head-position information in tigens M. A. anp Van OpsTaL, A. J. A quantitative study of auditory-evoked
spatial representation of auditory targets. Such a sensorimotgiccadic eye movements in two dimensidbep. Brain Res107: 103-117,
transformation could be of benefit when the acoustic signal js-2%> , , .
used for controlling orienting movements of not only the e OLDBERG, M. E. AND BRUCE, C. J. Primate frontal eye fields. Ill. Maintenance

9 9 Yy y of a spatially accurate saccade sigalNeurophysiol64: 489-508, 1990.

E;jtnd head _bU_t also of Oth_er motor systems, such as the body aBgksens H.H.L.M. anp Van OpsTaL A. J. Human eye-head coordination in
limbs. If similar mechanisms also would apply to other senso-two dimensions under different sensorimotor conditidesp. Brain Res.
rimotor systems, a unified spatial representation could greatlyt14: 542-560, 1997.

simplify navigation and orienting within multimodal environ-CUTHRE, B. L., PORTER J. D.,AND SParks, D. L. Corollary discharge provides
accurate eye position information to the oculomotor syst8oience221:

ments. 1193-1195, 1983.

Another possible role for a head-position signal within thgaLerr, P. E. anp LicHTsTong A. D. Saccadic eye movements toward
auditory system could be related to the need for an adequatgimuli triggered by prior saccadegision Res16: 88106, 1976.
and continuous calibration of the acoustic localization cu&4RTLINE, P. H., AnDEY ViMAL, R. L., KING, A. J., KURYLO, D. D., AND

- orRTHMORE, D.P.M. Effects of eye position on auditory localization and
(both the spectral cues for sound elevation, as well as th%Ieural representation of space in superior colliculus of €atp. Brain Res.

binaural difference cues for azimuth detection). It has beenoa: 402-408, 1995.

shown that the visual system plays an important role in trainim@geman, P. M. anp Van OpsTal, A. J. Spectro-temporal factors in two-
the auditory localization system of young barn owls (Knudsendimensional human sound localizatidnAcoust. Soc. Aml03: 26342648,
and Knudsen 1985) and in the formation of the coIIicuIaHrolggs-

. . MAN, P. M., Van Riswick, J.G.A.,AND VAN OpsTAL, A. J. Relearning
aUdltory space maps of neonate ferrets (ng et al. 1988) aNndyund localization with new earblat. Neuroscil: 417-421, 1998.

guinea pigs (Withington_-Wray et al. 1990). At prgsent, it iFRVINE, D.R.F. Progress in Sensory Physiology. The Auditory Brainstem,
unknown which sensorimotor systems may be involved inedited by D. Ottoson. Berlin: Springer Verlag, 1986, vol. 7. _
calibrating the human auditory localization system. Indeed fé¥: M- F. anD Searks, D. L. Auditory receptive fields in primate superior

: - f . colliculus shift with changes in eye positioNature 309: 345-347, 1984.
spectrally rich sounds and sufficiently long stimulus duratloni’v, M. F. AND SPARKS, D. L. Sensorimotor integration in the primate superior

head movements also CO_U|d provide_ accurate spatial informaeojiiculus. I1. Coordinates of auditory signal. Neurophysiol57: 35-55,
tion about the target, which the auditory system could use ta9s7.
update its current internal representations. Such a mechanisReENs R., BECKER, W., AND KORNHUBER H. H. Natural and drug-induced

; ; ; variations of velocity and duration of human saccadic eye movements:
may be parthU|ar|y useful for the perlphery (Where visual evidence for a control of the neural pulse generator by local feedBaack.

spatial resolution is relatively poor) and for rear acoustic stim-cyperm 39: 87-96, 1981.
uli or in darkness (when vision is not possible). KARNATH, H. O., SEVERING, D., AND FETTER, M. The interactive contribution
of neck muscle proprioception and vestibular stimulation to subjective
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