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Reference Frame of the Ventriloquism Aftereffect
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Seeing the imageof anewscaster ona television set causesus to think that the soundcoming fromthe loudspeaker is actually coming from
the screen. How images capture sounds is mysterious because the brain uses different methods for determining the locations of visual
versus auditory stimuli. The retina senses the locations of visual objects with respect to the eyes, whereas differences in sound charac-
teristics across the ears indicate the locations of sound sources referenced to the head. Here, we tested which reference frame (RF) is used
when vision recalibrates perceived sound locations. Visually guided biases in sound localization were induced in seven humans and two
monkeys who made eye movements to auditory or audiovisual stimuli. On audiovisual (training) trials, the visual component of the
targets was displaced laterally by 5–6°. Interleaved auditory-only (probe) trials served to evaluate the effect of experience with mis-
matched visual stimuli on auditory localization. We found that the displaced visual stimuli induced ventriloquism aftereffect in both
humans (�peated pairings of spatially mismatched visual and auditory stim-uli produce a shift in perceived sound location that persists whenthe sound is presented alone (Canon, 1970; Recanzone, 1998;Woods and Recanzone, 2004). These effects pose a computa-tional puzzle because the brain uses different methods for local-izing visual and auditory stimuli: the retina provides a map of thevisual scene with respect to the eyes, whereas differences in soundloudness and arrival time across the two ears indicate the loca-tions of sounds with respect to the head (Brainard and Knudsen,1995; Razavi et al., 2007). Here, we tested which of these tworeference frames (RFs) is used by the brain when visual stimulirecalibrate perceived sound locations.

Persistent visually driven biases in perceived sound location
were induced in seven humans and two monkeys. Analogous
experimental procedures were used to assess the similarity of

audiovisual (AV) recalibration across species. Such comparisons
are important for determining whether physiological studies in
nonhuman primates can provide insight into multisensory spatial
processing in humans. Subjects made eye movements to audiovisual
or auditory-only (A-only) stimuli (Knudsen and Knudsen, 1985).
On audiovisual (training) trials, the visual component of the stimuli
was displaced laterally. Interleaved auditory-only (probe) trials
served to evaluate how exposure to mismatched audiovisual stimuli
affected sound localization.

First, we tested whether training in a subregion of audiovisual
space causes local, but not global changes in localization. We used
one initial eye fixation position on training trials and presented
the discrepant audiovisual stimuli from a restricted spatial range
(see Fig. 1 A, top). Because the aftereffect was spatially specific, we
could test the reference frame of the recalibration by shifting
fixation on probe trials. Specifically, on interleaved auditory-only
probe trials, we varied initial eye position with respect to the head
(which was fixed) and presented sounds from locations spanning
both the same head-centered locations and the same eye-
centered locations as on the training trials (see Fig. 1A, bottom).

If visually induced spatial plasticity occurs in a brain area us-
ing a head-centered RF, then shifts in perceived sound location
should occur only for sounds at the same head-centered locations
(in Fig. 1B, solid blue line matches the red line). Conversely, if
plasticity occurs in an eye-centered RF, then visually induced
shifts should occur only for sounds at the same eye-centered
locations (dotted blue line is shifted to the left of the red line). A
third possibility is that the neural mechanism involves an inter-
mediate mixture of both RFs (a “hybrid” frame). The predicted
outcomes for head- and eye-centered RFs are displayed in Figure
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1B, bottom, which summarizes the poten-
tial effect as the difference between the in-
duced bias on trials involving the training
fixation and the induced bias on trials in-
volving the nontraining fixation point (FP).

Materials andMethods
General methods. Subjects made eye move-
ments from a visual fixation point to a broad-
band noise delivered from loudspeakers in
darkness. On training trials (Fig. 1A, top), vi-
sual stimuli were presented simultaneously
with the sounds, using light-emitting diodes
(LEDs) displaced from the locations of the
speakers. On randomly interleaved probe trials
(Fig. 1A, bottom), only the auditory stimuli
were presented (50% of all trials).

Subjects. Seven human subjects (four fe-



keys) stimuli were presented in random order from different tar-
get locations. Performance on these control trials provided
baseline data on the performance of both the monkeys and the
humans on the auditory localization task (supplemental Fig. S2,
available at www.jneurosci.org as supplemental material). The
average SD of the A-only responses was 3.0° for the humans and
4.3 and 5.0°, respectively, for monkeys F and W.

Ventriloquism effect
An almost-complete ventriloquism effect was observed in the AV
training trials in both the humans and the monkeys. A connected
triplet of green symbols at the top of each panel of Figure 2 rep-
resents the responses to the AV training stimuli with a single
target speaker and the three different visual adaptor locations
(the actual target speaker location is not explicitly shown in the
figure but can be easily determined by finding, for each circle, the
nearest tick mark along the x-axis). For clarity, the symbols are
offset vertically, so that the visually induced shift appears as a tilt
in the triplet of symbols for each target location. In both species
and all conditions, the triangles are displaced toward the visual
adaptor, with the magnitude of the displacement at least 80% of

the imposed offset of the visual adaptor
relative to the auditory stimulus.

Ventriloquism aftereffect
Experience with spatially mismatched AV
stimuli caused both humans and monkeys
to mislocalize sounds in the direction of
the previously presented visual stimuli.
The red and blue symbols in Figure 2 show
responses to A-only targets starting at the
training and nontraining FPs, respec-
tively. As for the AV responses, the re-
sponses to the same A-only targets form
triplets in which the triangles are vertically
displaced from the corresponding circles
for clarity. In the training region and with
eyes at the training fixation, the effect of
interleaved, mismatched AV stimuli was
to shift the saccade endpoints to auditory-
only stimuli by up to 2.7° (or 54% of the
AV displacement) in humans and 1.4° (or
23%) in monkeys. Graphically, this can be



centered either. Specifically, if ventrilo-
quismarose in this reference frame, itwould
produce a much stronger aftereffect at the
three left-most locations in the nontraining
fixation data (blue symbols), as predicted by
the blue dotted line in Figure 1B; however,
this was not observed.

Reference frame of
visual–auditory recalibration
To analyze the effect that moving the eyes
from the training to the nontraining ini-
tial fixation position has on reference
frame of recalibration, Figure 3, top pan-
els, shows the magnitude of the aftereffect
after collapsing the data across the two di-
rections of the induced shift (note that no
main effect or interaction involving the
direction factor were significant in the
ANOVA analysis) (Table 1). In both spe-
cies, the peaks of the induced shift became
smaller and moved leftward when the ini-
tial fixation moved from the right, train-
ing FP, to the left, nontraining FP (Fig. 3,
top panels, compare red and blue traces).
Thus, the observed results are inconsis-
tent with visual–auditory recalibration
occurring in solely auditory, and head-
centered, brain regions. However, the left-
ward shift of the blue versus the red traces
was never as large as the angular distance
between the two fixation points, as would
be expected if the representation was
purely eye-centered.

To compare the current results more
directly to the predictions of the two mod-
els, a difference between the shift magni-
tudes from the two FPs was computed
(Fig. 3, black traces) and compared with
predictions based on the two models (Fig.
3, orange traces). Again, the results fall be-
tween the predictions of the two models, suggesting that both the
head- and eye-centered signals contribute to visual calibration of
auditory space, resulting in a mixed-reference frame representation.

Since the monkey ANOVA in Table 1 had only two subjects,
two additional one-way ANOVA analyses were performed sepa-
rately, one for each monkey, on the difference data shown by
triangles in Figure 3B. In this analysis, the only factor was the
target location, and the data from each block were treated as a
repeat. Again, these ANOVAs found a significant effect in both
monkeys.

Discussion
Here, we show that when humans or monkeys repeatedly per-
form saccades to an auditory target presented simultaneously
with a spatially displaced visual adaptor, a short-term adaptation
takes place. This adaptation causes auditory location judgments
to be biased toward the visual adaptor location, even on inter-
leaved trials on which no visual adaptor is present. Specifically,
saccades to auditory-only targets presented in an �20°-wide hor-
izontal subregion of space centered on the locations trained with
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F i g u r e 3 .M a g n i t u d e o f v i s u a l l y i n d u c e d s h i f t s i n a u d i t o r y s a c c a d e s ( t o p p a n e l s ) a n d c o m p a r i s o n o f t h e s p a t i a l c h a r a c t e r i s t i c s o f
t h e s h i f t s t o p r e d i c t i o n s b a s e d o n e y e - a n d h e a d - c e n t e r e d R F s ( b o t t o m p a n e l s ) . T h e g r a p h s i n t h e t o p p a n e l s s h o w t h e d i f f e r e n c e
b e t w e e n t h e s a c c a d e e n d p o i n t l o c a t i o n s o n a u d i t o r y - o n l y p r o b e t r i a l s i n t e r l e a v e d w i t h s p a t i a l l y d i s p l a c e d A V s t i m u l i ( F i g . 2 ,
t r i a n g l e s ) a n d t h e e n d p o i n t s o n p r o b e t r i a l s i n t e r l e a v e d w i t h a l i g n e d A V s t i m u l i ( F i g . 2 , c i r c l e s ) . D a t a a r e c o l l a p s e d a c r o s s t h e
d i r e c t i o n o f t h e A V d i s p l a c e m e n t a n d a c r o s s t i m e , e x c l u d i n g t h e f i r s t q u a r t e r o f e a c h b l o c k ( f o r m o r e d e t a i l e d t e m p o r a l a n a l y s i s , s e e
s u p p l e m e n t a l F i g . S 1 , a v a i l a b l e a t w w w . j n e u r o s c i . o r g a s s u p p l e m e n t a l m a t e r i a l ) . B o t t o m p a n e l s , T h e e f f e c t o f t h e i n i t i a l f i x a t i o n
p o s i t i o n o n t h e m a g n i t u d e o f t h e i n d u c e d s h i f t p l o t t e d a s t h e d i f f e r e n c e b e t w e e n t h e s h i f t s f r o m t h e t r a i n i n g a n d n o n t r a i n i n g F P s
( i . e . , e a c h b l a c k l i n e i n a b o t t o m p a n e l p l o t s t h e d i f f e r e n c e b e t w e e n t h e r e d a n d b l u e l i n e s f r o m t h e c o r r e s p o n d i n g t o p p a n e l ) . T h e
r e f e r e n c e f r a m e p r e d i c t i o n s ( o r a n g e l i n e s ) a r e b a s e d o n t h e t r a i n i n g F P r e s p o n s e s ( r e d l i n e s ) . A, A c r o s s - h u m a n - s u b j e c t m e a n s (� 1

S E M ) .B, A c r o s s - m o n k e y - s u b j e c t m e a n a n d i n d i v i d u a l m o n k e y d a t a .

T a b l e 1 . T h r e e - w a y r e p e a t e d - m e a s u r e s A N O V A s o f t h e h u m a n a n d m o n k e y d a t a

H u m a n s (n� 7 ) M o n k e y s (n� 2 )
F a c t o r d f FS i g n i f i c a n c e d f FS i g n i f i c a n c e

L o c a t i o n ( s p e a k e r s 1 Ð 9 ) 8 , 4 8 1 3 . 4 * * * 8 , 8 1 2 5 0 * * *
F i x a t i o n p o i n t o n A - o n l y t r i a l s ( t r a i n i n g v s n o n t r a i n i n g ) 1 , 6 2 8 . 8 * * * 1 , 1 1 4 . 0
D i r e c t i o n o f i n d u c e d s h i f t ( l e f t v s r i g h t ) 1 , 6 1 . 2 1 , 1 0 . 0 1
L o c a t i o n b y F P 8 , 4 8 5 . 4 7 * * * 8 , 8 6 . 8 6 * *
L o c a t i o n b y d i r e c t i o n 8 , 4 8 1 . 9 8 , 8 0 . 3 1
F P b y d i r e c t i o n 1 , 6 0 . 3 5 1 , 1 0 . 6 3
L o c a t i o n b y F P b y d i r e c t i o n 8 , 4 8 1 . 3 6 8 , 8 2 . 4 2 Significance levels are as follows: *p� 0.05, ** p� 0.01, and ***p� 0.005.13812¥J. Neurosci., November 4, 2009¥29(44):13809Ð13814 Kopcÿo et al. € Reference Frame of VisualÐAuditory Recalibration





tional behavioral and neurophysiological studies (e.g., looking at
the temporal profile of the ventriloquism aftereffect) are neces-
sary to fully understand the mechanism and brain areas underly-
ing the recalibration.
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