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Rapid Adaptation to Auditory-Visual
Spatial Disparity
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The so-called ventriloquism aftereffect is a remarkable example of rapid adaptative changes in spatial
localization caused by visual stimuli. After exposure to a consistent spatial disparity of auditory and visual
stimuli, localization of sound sources is systematically shifted to correct for the deviation of the sound from
visual positions during the previous adaptation period. In the present study, this aftereffect was induced by
presenting, within 17 min, 1800 repetitive noise or pure-tone bursts in combination with synchronized, and
20° disparate flashing light spots, in total darkness. Post-adaptive sound localization, measured by a method of
manual pointing, was significantly shifted 2.4° (noise), 3.1° (1 kHz tones), or 5.8° (4 kHz tones) compared
with the pre-adaptation condition. There was no transfer across frequencies; that is, shifts in localization were
insignificant when the frequencies used for adaptation and the post-adaptation localization test were different.
It is hypothesized that these aftereffects may rely on shifts in neural representations of auditory space with
respect to those of visual space, induced by intersensory spatial disparity, and may thus reflect a phenomenon

of neural short-term plasticity.

Since the pioneering studies of Stratton (1896, 1897) and
Helmboltz (1867) a multitude of psychophysical investiga-
tions has dealt with the issue of human cross-modal adap-
tation (for review, see Harris 1965; Kornheiser 1976; Welch
1978). One of the various adaptive phenomena found in
those experiments is the so-called ventriloquism aftereffect.
In this perceptual effect, localization of sound sources is
systematically shifted after a period of exposure to a con-
sistent auditory-visual spatial disparity.

Until now, only few attempts have been made to dem-
onstrate the ventriloquism aftereffect. Adaptation with an
auditory-visual disparity implemented by prism lenses has
been shown to induce systematic errors in sound localiza-
tion that were in the same direction as the lateral displace-
ment of vision during the preceding adaptation period
(Canon 1970, 1971). This auditory shift was generally
smaller in amplitude than the angle of cross-modal disparity,
but could be increased by instructions requiring partici-
pants to attend to the visual stimuli during adaptation. The
effect occurred regardless of whether participants moved
or could see parts of their body. Radeau and Bertelson
(1977, 1978) have shown that synchronization of auditory
and visual input is a decisive factor, whereas the complexity
of the stimulus situation is not relevant for producing the
aftereffect. In this respect, the ventriloquism aftereffect dif-
fers from the ventriloquism effect (denoting bias of auditory
localization by simultaneously presented, spatially dispar-
ate, visual stimuli or even perceptual fusion of the two
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events), which can be additionally increased by cognitive
factors, such as the compellingness of a common cause of
auditory and visual events (for review, see Radeau 1994).
Moreover, it should be noted that the ventriloquism after-
effect also emerges when participants are aware of the spa-
tial discordance of the stimuli and may, consequently, be
independent of perceptual fusion with adaptation.

The ventriloquism aftereffect was also induced when
cross-modal disparity during the adaptation period was
implemented by manipulation of auditory spatial cues in
such a way that sound directions were laterally displaced
(by use of a pseudophone), whereas vision remained unin-
fluenced. Post-adaptive shifts of auditory localization found
in those experiments were opposite to the direction of
sound displacement (Held 1955; Kalil and Freedman 1967,
Canon 1970). Most importantly, in a recent study by Recan-
zone (1998) the ventriloquism aftereffect was shown to
occur after mere presentation of synchronized, spatially dis-
parate repetitive sound bursts and flashing light spots in
total darkness for a few minutes. Thus, taken together, it
seems that it is primarily the temporal correlation of the
spatially deviating auditory and visual repetitive events that
induces rapid development of a relative post-adaptive shift
of representations of auditory and visual space.

The origin of this psychophysical effect is still unclear.
However, there is evidence from experiments on owls,
reared with prismatic spectacles, that both midbrain repre-
sentations of auditory space and sound localization behav-
iour are shifted in the direction of visual displacement
(Knudsen and Knudsen 1985, 1989; Brainard and Knudsen
1993; Knudsen 1999; Hyde and Knudsen 2000, 2002;
Zheng and Knudsen 2001). These processes may rely on
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neural mechanisms on the basis of simple Hebbian learning
rules (Feldman et al. 1996; Knudsen et al. 2000; Luksch et
al. 2000). Even though these animal studies refer to long-
lasting reorganizations, partially restricted to specific sensi-
tive periods in development (Brainard and Knudsen 1995;
Feldman and Knudsen 1997; DeBello et al. 2001; for review,
see Sur et al. 1990), the concept that vision calibrates sound
localization may also apply to potentially rapidly induced
neural plasticity in the human cortex. Recanzone (1998)
proposed that such a form of rapid plasticity may be the
substrate of the ventriloquism aftereffect. This hypothesis
was based primarily on the author’s finding that the ven-
triloquism aftereffect was frequency specific as follows:
when pure tones were used as acoustic stimuli during ad-
aptation, the aftereffect fails to appear when sound local-
ization was later tested with tones that differred by two
octaves in frequency from the adapting stimuli. This fre-
quency specificity found at the perceptual level could be
related to the widths of frequency-tuning functions, mea-
sured in single neurons of the monkey primary auditory
cortex during perfomance of a sound-localization task.
However, Recanzone’s (1998) conclusions were based on
psychophysical experiments with a small number of partici-
pants and restricted stimulus conditions. Thus, because of
the high theoretical significance of this issue, it was essen-
tial to replicate those findings with a larger sample of par-
ticipants and greater variety of stimulus parameters. More-
over, a number of important questions still remained left
open, which the present investigation aimed to address.
For this purpose, an experimental design was chosen
that was generally similar to that used by Recanzone (1998),
but with some significant differences from that study. First,
the present study investigated post-adaptive shifts not only
in auditory, but also in visual localization. Second, post-
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adaptive localization was measured by a task of manual
pointing (for review, see Lewald et al. 2000), whereas both
a task of head pointing and a task of disparity detection
were used by Recanzone (1998). Third, the present task
required participants to attend to the visual stimuli during
adaptation, whereas participants in Recanzone’s (1998)
study attended to auditory stimuli.

There were four main experiments. In Experiment 1,
pulses of broad-band noise were presented 20° to the left or
right of synchronized light flashes during adaptation. Pre-
and post-adaptive localization performances were com-
pared (Figs. 1 and 2). Experiment 2 was a control experi-
ment in which auditory and visual stimuli were presented in
spatial alignment during adaptation. Finally, in Experiments
3 and 4, the acoustic stimuli were tone pulses, with either
the same frequency in all experimental conditions, or with
the frequency during the adaptation period differring from
the pre- and post-adaptation conditions. Assuming that neu-
ral circuits, composed of sharply frequency-tuned auditory
units, are involved in the ventriloquism aftereffect, the ex-
pectation was that this aftereffect would be demonstrable
only when sound localization is tested with the same acous-
tic stimuli as were presented during adaptation.

RESULTS

Experiment 1

Experiment 1 was designed to measure shifts in auditory
and visual localization induced by adaptation to auditory-
visual spatial disparity of 20° (Figs. 1 and 2). Figure 3 shows
individual data for two representative participants. In both,
pointing responses to acoustic targets were more to the left
after adaptation to +20° disparity (auditory stimuli to the
right of the visual stimuli) than those obtained after adap-
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Figure 1

Stimulus positions in Experiment 1. In the adaptation condition (A), sound stimuli were always 20° from visual stimuli. Positions

of active loudspeakers and light-emitting diods (LEDs) were varied between trials. Immediately after completion of the adaptation condition,
auditory (B) and visual localization (C) were tested by use of a pointing method. Trials with auditory and visual stimuli were presented in an

alternating sequence.
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Figure 2 Temporal sequence of stimuli and responses in adapta-
tion and localization conditions. (A) In adaptation trials, the spa-
tially disparate sound and light pulses were synchronized. Partici-
pants pressed a key as soon as the brightness of the visual stimulus
was reduced. (B) In localization trials, participants pointed with a
hand pointer toward the azimuthal position of the sound or light
source. Participants pressed a key to indicate the final adjustment
of the pointer.

tation to —20° disparity (auditory stimuli to the left of the
visual stimuli; paired #test, P <0.0001). In addition, there
were opposite trends for visual localization; responses mea-
sured after adaptation to +20° disparity were to the right of
those found after adaptation to —20° disparity (P <0.025). In
one of the two participants, visual and auditory shifts were
similar in magnitude (Fig. 3A). In the other participant, the
visual shift was close to zero, although still significant (Fig.
3B).

Figure 4 shows mean pointing responses for all partici-
pants, plotted as a function of stimulus azimuth. In all ex-
perimental conditons, data could be fit by regression lines
* >0.989; P <0.0001). In the pre-adaptation condition
(Fig. 4A,D), performance of the participants was similar to
that known from previous studies on auditory and visual
localization, with characteristic overestimations of both au-
ditory and visual eccentricities (for review, see Lewald and
Ehrenstein 2000; Lewald et al. 2000). In the two post-adap-
tation conditions (—=20° and +20° disparity), displacements
of the regression lines calculated from the data suggested
that sound localization shifted to the right of the pre-adap-
tation values after adaptation with —20° disparity (Fig. 4B)
and to the left after adaptation with +20° disparity (Fig. 4C).
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For visual localization, adaptation effects seemed to be re-
versed, although a clear shift was found only after adapta-
tion with +20° disparity (Fig. 4E,F).

Mean post-adaptive shifts averaged over all stimulus
azimuths are shown in Figure 5. As already suggested by the
analyses described above, there were significant systematic
shifts in auditory localization to the right (mean + 3.36°, SE
+ 0.93; paired #test, P =0.003) and left (mean —1.41°, SE
+ 0.64; P = 0.040) after adaptation to auditory-visual dispari-
ties of —20° and +20°, respectively. Also, a significant shift
in visual localization (mean + 1.71°, SE + 0.52; P = 0.006)
was induced by adaptation to +20° disparity, whereas only
an insignificant shift (mean —0.21°, SE + 0.61; P >0.05) oc-
curred after adaptation to —20° disparity. Even though the
amplitudes of auditory and visual shifts appeared to be
greater to the right than to left, these differences were not
significant (P >0.1). Differences between shifts induced by
adaptation to —20° and +20° disparities were significant
both in the auditory (mean 4.77°; P <0.0001) and in the
visual modality (mean 1.92°; P = 0.0009).

Experiment 2

Experiment 2 was performed to provide a control for Ex-
periment 1. In particular, Experiment 2 examined whether
presentation of visual stimuli in one hemifield may have any
influence on post-adaptive auditory and visual localization.
The main rationale was that possible effects of eccentric
gaze direction and spatial attention could not be excluded
in Experiment 1. For this purpose, conditions in Experi-
ment 2 were as in Experiment 1, with the single exception
that auditory stimuli were presented in spatial alignment
with the visual stimuli. That is, during adaptation, paired
sound and light pulses were presented together either to
the left or right.

Unexpectedly, small, but significant, effects were ob-
tained even under these control conditions. After stimulus
presentation in the right hemifield, both auditory and visual
stimuli were localized more to the left than after stimulus
presentation to the left hemifield (paired #-test; auditory:
mean difference 2.22°, P = 0.037; visual: mean difference
2.10°, P = 0.043; Fig. 6A). The most pronounced absolute
shift was found for visual localization after stimulus presen-
tation on the left side (mean shift +2.28°, P = 0.014).

The results obtained in Experiment 1 from the same
seven participants are shown in Figure 6B for comparison.
As in the complete sample of participants (see above), this
subgroup exhibited significant post-adaptive shifts in audi-
tory localization (—20° disparity: mean +2.59°, SE + 0.91°,
P =0.030; +20 disparity: —2.77°, SE + 0.67°, P = 0.0006),
with a clear difference of 5.36° between shifts obtained in
the two adaptation conditions (P <0.0001). Also, shifts in
visual localization were in the same direction as those found
for the whole group of participants (—20° disparity: mean
—0.66°, SE + 0.88°; +20 disparity: +0.53°, SE + 0.53°), even
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A B pure tones were used in the local-
N _ o ization conditions of Experiment
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E E nale for this experimental design
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Figure 3  Shifts in auditory and visual localization in two participants (A, B) after adaptation to 20°
auditory-visual disparity (Experiment 1). Final pointer positions obtained after adaptation with the
auditory stimuli presented to the right of the visual stimuli (+20° disparity) are plotted against the
respective positions measured after adaptation with the auditory stimuli presented to the left of the
visual stimuli (-=20° disparity). Data for auditory (@) and visual localization (O) were fit by regres-
sion lines. The shift of the regression lines for auditory localization in both participants to the right
of the diagonal (broken line) indicates that pointing responses to acoustic targets were more to the
left after adaptation to +20° disparity than those obtained after adaptation to —20° disparity. A slight
opposite trend was found for visual localization. Negative azimuths indicate stimuli to the left, and

positive azimuths stimuli to the right.

though this effect did not reach statistical significance
(P >0.1). To cancel any effects associated with the asym-
metric presentation of the visual stimuli, the differences
between normalized shifts measured in Experiments 1 and
2 for identical positions of visual stimuli were calculated. As
shown in Figure 6C, the post-adaptive shifts in auditory
localization were even stronger after this correction (-20°
disparity: 3.07°, SE +0.81°, P=0.009; +20° disparity:
-4.50°, SE + 1.05°, P = 0.005). However, no significant ef-
fects were apparent for visual localization (P >0.1).

Variation of Spatial Disparity

In addition to the Experiments 1 and 2 that used either 20°
disparity, or spatial alignment of auditory and visual stimuli
during adaptation, some further measurements were made
with adaptation to smaller disparities of 4° and 8°. Figure 7
shows the mean normalized auditory and visual shifts after
adaptation as a function of spatial disparity for one exem-
plary participant. There was a significant correlation, indi-
cating an increase of auditory shifts with increasing spatial
disparity (Spearman rank correlation coefficient 75 = 0.11,
P =0.036). No correlation was found for shifts in visual
localization (rg = 0.08, P >0.1).

Experiment 3
Whereas in the experiments described above, broad-band
noise was used as the standard auditory stimulus, 1-kHz
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As shown in Figure 8A, when
the stimulus frequencies in the ad-
aptation and localization condi-
tions were identical, the post-
adaptive shift in auditory localiza-
tion was similar to that found in
Experiment 1, but larger (cf. Figs.
5 and 6B). After adaptation to —20°
auditory-visual disparity, tones
were significantly localized more
to the right compared with adap-
tation to +20° disparity (mean difference 6.17°; paired #
test, P = 0.003). The largest auditory shift was found after
adaptation to —20° disparity (+4.13°, SE + 1.65°; P = 0.0406).
Only insignificant differences between shifts after adapta-
tion to —20° and +20° disparity were obtained for visual
localization (mean difference 0.24°; P >0.1).

In contrast, no significant effects at all were found
when stimulus frequencies in adaptation and localization
trials were different (Fig. 8B). After adaptation to 4-kHz
tones, localization of 1-kHz stimuli seemed to shift in the
opposite direction from that found after adaptation with
1-kHz tones, with an insignificant mean difference of 2.21°
between shifts after adaptation to —20° and +20° disparity
(P >0.1). Thus, these results generally resemble those ob-
tained in Experiment 2 when auditory and visual stimuli
were spatially aligned during the adaptation period (Fig.
6A).

Experiment 4

Pure-tone frequencies in Experiment 4 were reversed with
respect to Experiment 3. That is, localization of 4-kHz tone
pulses was tested after adaptation to 20° auditory-visual dis-
parity with either 4- or 1-kHz tone pulses. As in Experiment
3, significant shifts were measured when auditory localiza-
tion was tested after adaptation with auditory stimuli of the
same frequency, but not when adaptation and test frequen-
cies were different. In the first case (Fig. 9A), the magnitude
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Figure 4 Mean azimuthal angles (+ SE) of the pointing responses for all participants, plotted as a
function of stimulus azimuth (Experiment 1). Localization of auditory (A-C) and visual targets (D-F)
is shown prior to adaptation (A, F), after adaptation with auditory stimuli to the left of the visual
stimuli (-20°; B,E), and after adaptation with auditory stimuli to the right of the visual stimuli (+20°;
C,F). Data were fit by regression lines. Parameters of the resulting function y = ax + b and coeffi-
cients of determination for each fit are as given in the panels. Negative angles are to the left,

positive to the right.

of the post-adaptive shifts in auditory localization was
+5.02° (SE * 1.24°; paired #test, P = 0.007) for —20° dispar-
ity and —6.57° (SE = 1.90°; P =0.013) for +20° disparity
(mean difference 11.59°; P = 0.001); and in the latter case
(Fig. 9B), the mean difference of the auditory shifts after

L E A R N | N G

&

adaptation to —20° and +20° dis-
parity was only 0.40° (P >0.1).
Also, no significant effects of adap-
tation on visual localization were
found (mean difference for —20°
and +20° disparity 0.8°, P >0.1;
Fig. 9A,B).

DISCUSSION

The present results clearly confirm
earlier work on the ventriloquism
aftereffect by showing a post-adap-
tive shift in sound localization af-
ter presentation of synchronized
and spatially disparate auditory
and visual stimuli (Held 1955; Kalil
and Freedman 1967; Canon 1970,
1971; Radeau and Bertelson 1977,
1978; Recanzone 1998). The direc-
tion of this shift tends to correct
for the deviation of the sound azi-
muth from visual positions, thus
suggesting a shift in the internal
representation of auditory space
toward that of visual space. Most
importantly, the present study sug-
gests that the mere presentation of
synchronized sound bursts and
light flashes with consistent angu-
lar disparity in absolute darkness is
sufficient to induce this afteref-
fect. Moreover, Experiments 3 and
4 provided strong evidence for the
conclusion of Recanzone (1998)
that there is no transfer of the af-
tereffect across frequencies. As
will be discussed below in detail,
this finding suggests that the after-
effect may be related to rapidly in-
duced coordinate transformations
of brain representations of audi-
tory space, formed by neurons
that are tuned to specific frequen-
cies.

Even though a very small, but
still significant, aftereffect with
pointing to visual targets was
found in Experiment 1 (20° dispar-
ity), its occurrence in Experiment

2 (no disparity) suggested that it was not the adaptation to
auditory-visual disparity that shifted visual localization (Fig.
6). Rather, a different kind of adaptation aftereffect may also
have been involved that was induced by the eccentricity of
the visual stimuli, which resulted in a slight post-adaptive
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Figure 5 Mean normalized shifts (+ SE) in auditory (hatched bars)
and visual localization (open bars), averaged over all stimulus po-
sitions, after adaptation to auditory-visual spatial disparity (Experi-
ment 1; same data as in Fig. 4). Negative shifts are to the left,
positive to the right. Asterisks next to bars indicate significant dif-
ferences of pre- and post-adaptive localization; and asterisks next
to brackets indicate significant differences of the respective audi-
tory or visual shifts measured after adaptation to —20° and +20°
disparity.

shift in the representation of visual space opposite to the
side of stimulus presentation. The origin of this unexpected
effect, which may interfere with the genuine aftereffect of
cross-modal disparity, has to be clarified by future experi-
ments.

The magnitude of the present post-adaptive shift in
sound localization was generally within about one-third of
the adapting stimulus disparity, and, thus, roughly re-
sembled that reported by most earlier studies (Held 1955;
Kalil and Freedman 1967; Canon 1970, 1971; Radeau and
Bertelson 1977, 1978). However, in apparent contrast to
those investigations, as well as to the present one, Recan-
zone (1998) found post-adaptive displacements of apparent
sound locations of approximately the same magnitude as
that of the adapting cross-modal disparity (8°) when local-
ization was measured by a task of head pointing. On the
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other hand, when in Recanzone’s (1998) study sound local-
ization was measured by a task that only required detection
of spatial disparity, the aftereffect was incomplete, as it was
in the present study. Thus, it seems likely that the method
of head pointing used by Recanzone (1998) may have in-
volved additional factors that either increased or were su-
perimposed on the genuine ventriloquism aftereffect. In
contrast, in the present experiments, involvement of head-
motor or head-proprioceptive factors (Lewald et al. 1999,
2000) were excluded by fixating the participants’ head po-
sition. Because the method used here differed in many de-
tails from that used by Recanzone (1998), further discussion
of potential reasons for the obvious quantitative discrep-
ancy in the results would be too speculative. In any case, it
is clear that it was not the difference in the angle of adaptive
auditory-visual disparity that was relevant (see Fig. 7). Also,
additional experiments with ~30 min exposure to the ad-
aptative stimuli (data not shown) did not give any sugges-
tion of substantial increases of the magnitude of the after-
effect.

The present findings may be related to a rapid shift in
representations of acoustic space in the human brain, in-
duced by synchronized visual input. This hypothetical shift
is presumably restricted to those auditory neuronal circuits
that are selective for the frequency of the adaptive sound
stimuli. On the other hand, neurons that are tuned to fre-
quencies other than that used for adaption may have re-
mained unaffected by the adaptive stimuli. Thus, the pres-
ent data may predict the existence of visual input, includ-
ing spatio-temporal information, to spatially selective and
sharply frequency-tuned auditory neurons.

Which areas in the human brain are compatible with
these predictions? At first glance, one may assume that bi-
modal neurons, exhibiting spatio-temporal auditory-visual
interactions, could be involved in the ventriloquism after-
effect. This type of neuron has been found in many subcor-
tical and cortical areas, in the superior colliculus as well as
in frontal, temporal, insular, parietal, and occipital cortex
(e.g., Evans and Whitfield 1964; Morrell 1972; Fishman and
Michael 1973; Benevento et al. 1977; Fallon and Benevento
1977; Vaadia et al. 1986; Stein and Meredith 1993; Mazzoni
et al. 1996); and neuroimaging studies have indicated po-
tential correlates of these interactions in the human cortex
(for review, see Calvert 2001). However, sharp frequency
tuning (narrower than two octaves), as was predicted by
the present Experiments 3 and 4, seems to occur very rarely
(e.g., Fishman and Michael 1973; Benevento et al. 1977;
Middlebrooks and Knudsen 1984). Instead, bimodal neu-
rons are known to generally prefer nonrepetitive, complex
noise bursts (Wickelgren 1971; for review, see Knudsen
1983; Wallace et al. 1996). This makes it doubtful that this
type of neuron actually subserves the present perceptual
aftereffect, which appears to be even stronger with pure-
tone adapting stimuli.
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Figure 6 Mean normalized shifts (+ SE) in auditory and visual localization after presentation of
auditory and visual stimuli that were spatially aligned (Experiment 2). (A) Shifts measured after
stimulus presentation to the right (0° R) and to the left (0° L) of the participant’s median plane. (B)
Shifts in the same participants as shown in A, obtained after adaptation to auditory-visual spatial
disparity in Experiment 1. (O) Differences between normalized shifts measured in Experiments 1
(20° disparity) and 2 (0° disparity) with identical positions of visual stimuli. Conventions are as in
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Figure 7 Mean normalized shift (+ SE) in auditory (@) and visual
localization (O) for one participant, plotted as a function of audi-
tory-visual spatial disparity during adaptation. Results obtained af-
ter adaptation with auditory stimuli to the left and right of the visual
stimuli are combined. Positive shifts indicate that localization is
shifted toward the direction in which the auditory stimuli were
presented during adaptation, and negative shifts indicate a shift to
that side in which the visual stimuli have been presented during
adaptation.
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chronized visual input specifically
modulates spatial properties of
neurons in auditory cortex is,
however, pure speculation.

A further potential substrate
of the ventriloquism aftereffect
may be the inferior colliculus,
which is a center of integration of input channels and dis-
tribution of output lines, lying in the middle of bottom-up
and top-down processing within the auditory pathway
(Ehret 1997). In the inferior colliculus, auditory information
is integrated to create topographically organized maps of
both frequency and space, formed by neurons exhibiting
relatively sharp-frequency tuning and spatial selectivity
(Semple et al. 1983; Aitkin et al. 1984, 1985; Moore et al.
1984a,b; for review, see Konishi 1986). In the barn owl, the
topographical representation of auditory space in the exter-
nal subnucleus of the inferior colliculus homolog has been
shown to be calibrated by a visual instructional signal, origi-
nating in the visual map of the optic tectum, which arises
from topographic projections from the retina (Brainard and
Knudsen 1993, 1995; Feldman and Knudsen 1997; Hyde
and Knudsen 2000, 2002; Knudsen et al. 2000; Luksch et al.
2000; DeBello et al. 2001; Zheng and Knudsen 2001). In-
vestigations in mammals have been far less extensive, but
mechanisms similar to those in the owl may occur (King
1993; King et al. 2000). However, it should be emphasized
that these animal studies observed long-lasting neural reor-
ganizations that developed over weeks, whereas the pres-
ent perceptual adaptation effect emerges within minutes.
Thus far, neurophysiological data that could be related to
such a rapid plasticity of the processing of sound location in
the auditory system are not available, other than a quite
remarkable exception. Spatially selective responses to audi-
tory stimuli in the primate inferior colliculus, superior col-
liculus, and parietal cortex have been shown to be modu-
lated by changes in eye position, suggesting that an eye-
position signal (of unknown origin) is used to transform the
(originally head centered) auditory spatial cues into eye-
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Figure 8 Mean normalized shifts (+ SE) in localization of 1-kHz-
tone and light pulses after adaptation to auditory-visual spatial dis-
parity with either 1-kHz (A) or 4-kHz tone pulses (B). Conventions
are as in Fig. 5.

centered coordinates with changes in gaze direction (Jay
and Sparks 1984, 1987; Mazzoni et al. 1996; Stricanne et al.
1996; Groh et al. 2001). These findings provide evidence
that an extremely rapid plasticity of spatial representations
within the auditory system also exists. Possibly, short-term
(order: <1 sec), intermediate (order: minutes), and long-
term plasticities (order: weeks) are based on neural circuits
that integrate auditory, visual, and eye-position information,
to maintain a stable alignment of auditory and visual spatial
representations. The present, intermediate aftereffect could
reflect a first, preliminary stage of longer-lasting adaptive
processes that are of particular importance during develop-
ment, when head and pinnae grow and the relation of
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Figure 9 Mean normalized shifts (+ SE) in localization of 4-kHz-
tone and light pulses after adaptation to auditory-visual spatial dis-
parity with either 4-kHz (A) or 1-kHz tone pulses (B). Conventions
are as in Fig. 5.
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acoustic directional cues (interaural time and level differ-
ences, spectral cues) to the headcentric spatial coordinates
changes. In the adult, the functional significance may lie in
the maintenance of perceptual space constancy by perma-
nent visual calibration of sound localization.

MATERIALS AND METHODS

Participants

A total of 14 volunteers, 10 female and 4 male, with a mean age of
27.8 (range 21-42) participated in this study. None had any known
hearing deficiencies. The vision of all participants was either nor-
mal or corrected to normal by glasses or contact lenses. All were
naive with respect to the purpose of these experiments. All par-
ticipants completed the main Experiment 1, and a subgroup of
seven participants performed the remaining experiments. All indi-
viduals of the latter subgroup first participated in Experiment 1.
The sequence of Experiments 2-4 was balanced across subjects.
Initial practice trials on each of the different tasks were given prior
to the beginning of the experimental sessions.

Apparatus

The participant sat on a chair in an absolutely dark, sound-proof,
and anechoic room (5.4 x 4.4 x 2.1 m; Guski 1990). The partici-
pant’s head was fixed in a straight-ahead position by a custom-made
restraint that consisted of stabilizing rests for the chin, forehead,
and occiput. For auditory stimulation, a horizontal array of broad-
band loudspeakers (Visaton SC5.9; 5 x 9 cm) was mounted along
the arc of a circle (radius 1.5 m) at eye level and centered around
the midpoint of the participant’s interaural distance. This apparatus
consists of 91 loudspeakers, covering an azimuthal range of 180°.
However, only 11 loudspeakers were used in the present experi-
ments, 1 loudspeaker was straight ahead of the participant, 5 were
on the left, and 5 were on the right with constant angular separa-
tion of 4°. For visual stimulation, one white light-emitting diode
(LED; & 3 mm, ca. 5 mcd) was attached to the lower edge of the
chassis of each of the loudspeakers. The luminance of the LEDs was
so low that the participant could not see any details of the experi-
mental apparatus when visual stimuli were presented. A hand
pointer was mounted in front of the participant. The swivel pointer
consisted of a metal rod that the participant could rotate in the
horizontal plane. A key was mounted on the upper side of the rod.
The azimuthal angle of the pointer was recorded by a potentiom-
eter as soon as the key was pressed (for further details, see Lewald
et al. 2000). Negative angles of pointing are to the left, and positive
values are to the right.

Procedure for Experiment 1

Experiment 1 consisted of two sessions, conducted on different
days. Each session was subdivided into five blocks that alternately
used localization (blocks 1, 3, and 5) and adaptation conditions
(blocks 2 and 4; Figs. 1 and 2). In block 1 of session 1, the partici-
pant was instructed to point with the unseen hand pointer toward
either auditory or visual targets (localization condition; Fig. 1B,C).
Block 1 was composed of 98 trials (48 trials with presentation of
auditory targets and 48 trials with presentation of visual targets).
Trials with presentation of auditory and visual stimuli alternated.
The azimuthal positions of auditory and visual targets were varied
between trials following a fixed, quasi-random order from —12° to
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the left to +12° to the right of straight ahead. The auditory stimulus
was a sequence of twelve identical sound pulses of band-pass-fil-
tered frozen noise that were presented at a constant rate of 2 s™"
from one of the loudspeakers (cutoff frequencies 0.5 and 8 kHz;
sound pressure level 60 dB re 20 pPa; duration 100 msec; rise/fall
time 20 msec; Fig. 2B). The visual stimulus consisted of a sequence
of 12 light pulses (duration 100 msec), presented at a constant rate
of 2 s™! from one of the LEDs. Participants were instructed to direct
the pointer as accurately as possible toward the perceived auditory
or visual stimulus azimuth. As soon as the pointer adjustment was
finished, the participant pressed the key on the pointer. At the
moment the key was pressed, the stimulus disappeared. One sec-
ond later, the next trial began. In the cases in which the key was
pressed after presentation of the last sound or light pulse, the trial
was repeated automatically at the end of the block. The duration of
the block was usually ~10 min. After the block was completed, the
participant was allowed to rest for ~5 min.

In Block 2, auditory and visual stimuli were presented simul-
taneously with constant spatial disparity (adaptation condition; Fig.
1A). In each of a total of 50 trials, auditory stimuli were 20° to the
left of the visual stimuli; that is, the auditory azimuth was varied
between trials following a quasi-random order from —20° to —4° to
the left of straight ahead, and visual azimuth was varied from 0° to
+16° to the right of straight ahead. The auditory-visual bimodal
stimulus consisted of 36 synchronous noise and light pulses (dura-
tion of the pulse train 17.6 sec; all other parameters were as in
block 1; Fig. 2A). After 16, 20, 24, 28, or 32 pulses, the luminance
of the visual stimulus was reduced by 40%. The moment of the
change in luminance varied between trials following a quasi-ran-
dom order. The participant was instructed to press the same key as
used in block 1 as soon as the brightness changed, but was not
allowed to move the pointer. Thus, even though eye position was
not measured, one may assume that participants fixated the visual
stimulus during the adaptation period. This procedure was used
only to keep constant fixation and spatial attention to the visual
stimulus component, and results of this task were not analyzed
further. The duration of each trial was 20 sec. The complete block,
consisting of 1800 pairs of sound and light pulses in all, thus lasted
about 17 min. No instruction was given with respect to the audi-
tory stimuli. When questioned after completion of the experiment,
most participants reported that they were not aware of the spatial
disparity between the auditory and visual stimuli.

Block 3 was identical with block 1 and began immediately
after completion of block 2. Block 4 was presented after a rest of
about 5 min. Conditions in block 4 were as in block 2, with the
single difference that auditory stimuli were now 20° to the right
of the visual stimuli. Auditory azimuth was varied between trials
following a quasi-random order from +4° to +20° and visual azi-
muth was varied from —16° to 0°. The final block 5, following
immediately after completion of block 4, was identical to blocks 1
and 3.

Session 2 only differed from session 1 in that the sequence
of the blocks was reversed. That is, in block 2, auditory stimuli
were presented 20° to the right of the visual stimuli, whereas
in block 4, auditory stimuli were 20° to the left of the visual stim-
uli. The sequence of sessions 1 and 2 was balanced across partici-
pants.

Additional measurements were made with some of the par-
ticipants, using smaller auditory-visual disparities in the adaptation
condition (blocks 2 and 4). The position of the visual stimuli was as
in the main experiment, but auditory stimuli were either 4° or 8° to
the left or right of the visual stimuli.
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Procedure for Experiment 2

The main conditions of Experiment 2 were as in Experiment 1.
However, auditory and visual stimuli in the adaptation trials (blocks
2 and 4) were always presented in spatial alignment, with the visual
stimuli being in the same positions as in Experiment 1. That is, in
block 2 of session 1, the azimuthal position of the auditory-visual
stimulus pair was varied from 0° to +16° to the right of straight
ahead, and in block 4 from —16° to the left to 0°. In session 2, the
sequence was reversed.

Procedure for Experiment 3

Experiment 3 differed from Experiment 1 by the use of pure tones
as the auditory stimuli. In the localization condition (blocks 1, 3,
and 5 of sessions 1 and 2), the frequency of the sound stimulus was
always 1 kHz (all other parameters were as in Experiment 1). In the
adaptation condition with block 4 of session 1 and block 2 of
session 2, the frequency was also 1 kHz, whereas in block 2 of
session 1 and block 4 of session 2 it was 4 kHz. Thus, localization
of 1-kHz tones was tested after adaptation to disparity of visual
stimuli and auditory stimuli that were either identical or deviating
in frequency by two octaves.

Procedure for Experiment 4

The main conditions in Experiment 4 were as in Experiment 3.
However, localization of 4-kHz tones was now tested after adapta-
tion to auditory stimuli of either 4- or 1-kHz frequency. That is, the
frequency of the auditory stimulus in the localization conditions, as
well as in the adaptation conditions of block 4 of session 1 and
block 2 of session 2, was always 4 kHz, and in block 2 of session 1
and block 4 of session 2 it was 4 kHz.

Data Analysis

For the main analyses, final pointer positions measured in block 1
of each session were taken as the preadaptation reference values.
The differences between these reference values and the post-adap-
tation measurements of blocks 3 and 5 were calculated. Data for
related post-adaptation conditions obtained in different sessions
were pooled. Also, data for all stimulus azimuths were collapsed,
because relations of pointing responses and target positions were
shown to be approximately linear (cf. Figs. 3 and 4). Statistical
comparisons were made between the resulting mean normalized
shifts in azimuthal localization measured for different adaptation
conditions. Negative shifts in localization are to the left, positive
shifts to the right. Negative spatial disparities indicate that auditory
stimuli were presented to the left of visual stimuli during the ad-
aptation period; positive disparities indicate that auditory stimuli
were to the right of visual stimuli.
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