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Abstract 
Auditory spatial representations are constantly recalibrated 
by visual input. A prominent example is the ventriloquism 
aftereffect (VAE), in which brief passive exposure to audio-
visual stimuli with a consistent spatial disparity causes a 
corresponding shift in subsequent auditory localization. 
Similarly, exposure to spatially congruent audiovisual stimu-
li has been found to elicit multisensory enhancement (ME) 
in subsequent sound localization performance. Recent re-
search has indicated that these two effects might involve 
partially distinct neural mechanisms. Nevertheless, both 
VAE and ME have been thought to critically depend on 
multisensory integration of the audiovisual stimuli during 
the exposure phase. However, prior studies have not tested 
the possibility that participants might simply acquire 
knowledge about the locations of sound sources from the 
visual stimulus positions alone, independently of multisenso-
ry integration. To test this alternative account, we conducted 
an experiment in which participants localized sounds before 
and after exposure to unimodal visual stimuli presented at 
the same locations as the sound sources used in the pre- and 
posttest. No significant reduction of auditory localization 
errors was found after unimodal visual exposure, suggesting 
that higher-order visual location learning cannot adequately 
explain the ME. Instead, our findings support the notion that 
ME represents a unique instance of crossmodal recalibration. 

Introduction 
Perceptual processes remain highly adaptive throughout life. 
For example, in adult human participants, brief exposure to 
audiovisual stimuli results in an adjustment of subsequent 
unisensory sound localization [1]. Depending on the spatial 
configuration of the audiovisual stimuli, crossmodal learning 
can either result in a reduction of sound localization errors if 
the audiovisual exposure stimuli are spatially congruent 
(multisensory enhancement, ME), or it can result in a recali-
bration of the perceived sound location toward the visual 
side if the audiovisual exposure stimuli feature a consistent 
spatial discrepancy (ventriloquism aftereffect, VAE). In a 
recent study [2], we demonstrated that ME and VAE are 
differently affected by the temporal frequency with which 
the exposure stimuli are presented: Continuous audiovisual 
stimulation at a low frequency of two stimuli per second 
reliably induced both effects, whereas intermittent audiovis-
ual stimulation at a high frequency of 10 Hz selectively 
abolished the VAE but did not affect the ME. We concluded 
that this dissociation between VAE and ME suggests an 
involvement of partially distinct underlying neural mecha-
nisms in the two effects. The VAE likely depends on pro-
cessing loops in cortical networks which may be too slow to 

integrate the spatial attributes of audiovisual stimuli at fre-
quencies above 4 Hz [3], whereas ME induced by spatially 
congruent stimuli might be mediated by subcortical process-
es that do not require a time-consuming looping through 
distant neural circuits [4]. 

In a commentary on our original paper, Vroomen and 
Stekelenburg [5] raised the possibility that alternative and 
simpler explanations might account for the differential effect 
of temporal stimulation frequency on the VAE and ME, 
which would not necessarily require assuming dissociable 
underlying neural mechanisms. More specifically, they chal-
lenged our interpretation of the results on two accounts: (a) 
the VAE might generally be less reliable than the ME, and 
(b) the participants in our study might have simply acquired 
higher-order knowledge about the loudspeaker locations 
from the visual stimulus locations. In this view, multisensory 
processing of the audiovisual stimuli was equally impaired 
by the high stimulation frequency, but only the VAE (and 
not the ME) subsided because it was more vulnerable and/or 
because participants could not resort to visually acquired 
location knowledge in this condition. 

Based on the available evidence, we consider it as highly 
unlikely that the VAE indeed “declines faster, is easier to 
erase, requires more time to build up, or is just more difficult 
to measure” ([5], p. 3638) than the ME. The VAE has been 
replicated in numerous studies which have consistently 
shown that the effect builds up maximally within just a few 
minutes [6] and can persist even across days [7], making it a 
highly robust experimental paradigm in cognitive neurosci-
ence research (for a recent review, see [8]). By contrast, 
studies of the ME are relatively scarce and sometimes re-
ported improvements in sound localization only after exten-
sive training over several days [9]. The manifest conclusion 
that the VAE is actually more reliable than the ME is addi-
tionally reflected in the results of our previous study [2]: The 
effect size of the standard VAE (d = 1.61) was larger than 
the effect size of the ME (d = 0.64), and the evidence in 
favor of an effect that is larger than zero, as assessed with 
Bayesian statistics, was much stronger for the VAE (BF = 
2,244) than it was for the ME (BF = 5). 

An influence of higher-order knowledge about the loud-
speaker locations, which could theoretically be derived sole-
ly from the visual locations and without a need to integrate 
the audiovisual exposure stimuli, might, however, be less 
easily dismissed. On the one hand, it seems disputable why 
participants should infer the loudspeaker locations from the 
visual locations only in the ME but not in the VAE condi-
tion, given that they are usually unaware of the audiovisual 
spatial disparity. On the other hand, previous studies have 
indeed shown that visual observation of the loudspeaker 
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setup, even if available only briefly and prior to performing 
the sound localization task, can improve auditory spatial 
perception [10]. It is, however, unclear whether simple uni-
modal visual stimuli, presented at the locations of the loud-
speakers, would be sufficient to improve sound localization 
performance. Therefore, in the present study we tested the 
influence of unimodal visual exposure on subsequent sound 
localization in a sample of adult listeners. 

Method 
Participants 
The study included 14 healthy adults (mean age: 24.9 years; 
range: 20-38 years; 12 female and 2 male) who all reported 
normal hearing and normal or corrected-to-normal vision. 
All participants provided written informed consent prior to 
taking part in the study and received course credit or were 
compensated €7 for their participation. The experimental 
procedure was approved by the ethics commission of the 
German Psychological Society (DGPs) and the study was 
performed in accordance with the ethical standards laid 
down in the Declaration of Helsinki. 

Experimental Procedure 
The experiment was performed in a dark sound-attenuated 
chamber (4.70 x 2.35 x 2.25 m) which was treated with 
sound-absorbing acoustic foam panels (Illbruck, Pinta 
Acoustic GmbH, Maisach, Germany). As in our previous 
study [2], participants used a rotatable hand pointer mounted 
in front of them to indicate the perceived azimuthal location 
of 1000 Hz tones which were presented with a duration of 30 
ms at 65 dB(A) from six different loudspeaker locations 
spanning ±22.5° in 9° increments (15 trials per location). 
The loudspeakers (ConceptC Satellit, Teufel GmbH, Berlin, 
Germany) were mounted at ear level on a semicircular frame 
at a distance of 90 cm and were hidden from view by an 
acoustically transparent curtain that extended to ±90° from 
midline. 

The sound localization task was performed before and after a 
visual exposure phase (see Figure 1), in which unimodal 
visual stimuli (red LEDs) were presented at the loudspeaker 
locations (100 trials per location). Visual stimuli were pre-
sented at a rate of two stimuli per second and changed loca-
tions after every tenth stimulus. Participants had to detect 
rare deviant stimuli (1% of the trials) with a longer duration 
(490 ms instead of 30 ms) but did not engage in an active 
localization task in this phase of the experiment. 

Data Analysis 
Sound localization errors were quantified by subtracting the 
actual azimuthal auditory target location from the perceived 
location in each trial. Separately for the pretest and posttest, 
the following three localization performance metrics were 
derived from these single-trial localization errors: 

Absolute errors were calculated by averaging the absolute 
values of the single-trial localization errors. By disregarding 
the sign (i.e., direction) of the single-trial errors, the absolute 
error is sensitive to both the bias and the variability of the 
localization responses and, thus, represents a composite 
measure of both localization accuracy and precision. 

Constant errors were calculated by averaging the signed 
values of the single-trial localization errors. The resulting 

values indicate an overall bias of localization to the left 
(negative values) or to the right (positive values) of the actu-
al target locations and are, thus, considered a measure of 
localization accuracy. 

Variable errors were calculated as the mean of the standard 
deviations (SD) of the single-trial localization errors at each 
target location. The resulting values are an indicator of the 
variability of the responses and are, thus, considered a meas-
ure of localization precision. 

For each metric, posttest values were subtracted from pretest 
values to yield positive values for error reductions after the 
unimodal visual exposure phase. One-sample t tests were 
used to test whether changes in sound localization perfor-
mance were significantly different from zero. The t tests 
were additionally performed as Bayesian hypothesis tests in 
JASP (Version 0.18.1) using standard priors. The resulting 
Bayes Factors indicate whether evidence is in favor of the 
alternative hypothesis (BF10 > 1) or in favor of the null hy-
pothesis of no performance difference between pretest and 
posttest (BF10 < 1), respectively. 

 
Figure 1: Schematic illustration of the study design. Partic-
ipants performed a sound localization task before and after 
a unimodal visual exposure phase. Stimuli were presented 
from the same six spatial locations (±22.5°, ±13.5°, ±4.5°) 
in all phases of the experiment. 

Results 
In our previous study, we had defined the ME as a signifi-
cant reduction in the absolute localization error after expo-
sure to spatially congruent audiovisual stimuli as compared 
to pretest [2]. In the present experiment, we did not observe 
a comparable significant error reduction after unimodal 
visual exposure (M = 0.7°, SEM = 1.0; t13 = 0.77, p = .455, d 
= 0.21; BF10 = 0.35), despite similar statistical power as in 
our previous study. As would be expected if visual location 
learning had no effect on subsequent auditory localization 
performance, absolute localization errors numerically in-
creased in half of the participants, and numerically decreased 
in the other half (see Figure 2). 

Because the absolute error is a composite measure of locali-
zation accuracy and precision, we additionally tested for 
posttest changes in constant error (accuracy only) and in 
variable error (precision only). Constant errors numerically 
even increased from pretest to posttest (M = -0.5°, SEM = 
0.8), but this change was not significantly different from 
zero (t13 = -0.66, p = .520, d = -0.18; BF10 = 0.33). By con-
trast, variable errors numerically decreased from pretest to 
posttest (M = 1.7°, SEM = 1.2), albeit not significantly either 
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(t13 = 1.46, p = .168, d = 0.39; BF10 = 0.65). However, in 12 
out of 14 participants, variable errors were numerically low-
er at posttest (see Figure 2), which is significantly more 
participants than would be expected by chance (binomial 
test: p = .013). 

 
Figure 2: Changes in sound localization error after expo-
sure to unimodal visual stimuli relative to baseline. Positive 
values indicate error reductions (i.e., better performance) 
and negative values indicate error increases (i.e., worse per-
formance) at posttest. Bars indicate group means, and su-
perimposed dots indicate individual values. Three types of 
error measures were considered: absolute errors (reflecting 
accuracy and precision), constant errors (reflecting accura-
cy only), and variable errors (reflecting precision only). 

Discussion 
The present study investigated whether sound localization 
performance is affected by prior exposure to unimodal visual 
stimuli at the locations of the loudspeakers. Our findings 
demonstrate that unimodal visual exposure did not improve 
sound localization accuracy. Improved accuracy would, 
however, have been expected if participants had indeed 
obtained higher-order knowledge about the exact loudspeak-
er locations [5]. 

The present findings, thus, suggest that the ME after spatial-
ly congruent audiovisual exposure [2,4] depends on genuine 
multisensory integration processes, which, if identical to the 
ones underlying the VAE, should have been equally sensi-
tive to the manipulation of temporal stimulation frequency 
[2]. However, in our previous study [2] we found that pre-
senting the audiovisual exposure stimuli intermittently at a 
high frequency of 10 Hz, as compared to a continuous 
presentation at 2 Hz, selectively reduced the VAE but not 
the ME. Thus, any full-fledged account of this result pattern 
would need to assume dissociable underlying learning 
mechanisms for the VAE and ME. 

Electrophysiological studies of the VAE have shown that 
recalibration of auditory spatial representations after expo-
sure to audiovisual stimuli with a consistent spatial disparity 
involves cortical circuits. Initially, spatial representations in 
auditory cortex were modulated by spatially disparate visual 
input via feedback connections from parietal regions at 
around 250 ms post-stimulus [3,11]. After repeated audio-
visual stimulation learning progressed to earlier auditory 
cortical processing stages which indicated that the VAE 
involves an adjustment of auditory bottom-up processing 

[12,13]. This might explain why repeated audiovisual stimu-
lation at a frequency above 4 Hz (i.e., with less than 250 ms 
between individual stimuli) was unsuitable for inducing the 
VAE in our previous study [2]. 

Neuropsychological studies in hemianopic patients [4,14] 
have suggested the collicular-extrastriate pathway as a likely 
candidate for a neural mechanism that could underlie the 
spared ME in our high-frequency stimulation condition [2]. 
For example, hemianopic patients showed an ME after spa-
tially congruent audiovisual stimulation in their blind hemi-
field, whereas exposure to spatially discrepant audiovisual 
stimuli in their blind hemifield did not induce a VAE [4]. 
Residual multisensory functions in hemianopic patients 
likely involved the superior colliculus in the midbrain. Re-
ceptive fields of audiovisual neurons in the superior collicu-
lus might be sensitive to congruent audiovisual stimulation 
without requiring a time-consuming looping through distant 
neural circuits, thus rendering the ME independent of the 
stimulation frequency [14]. These findings suggest that, 
despite their superficial similarity, ME and VAE represent at 
least partially distinct crossmodal learning phenomena. Ul-
timately, a direct assessment of neural circuit activity is 
needed to verify this hypothesis. 

Taken together, the present findings showed that the influ-
ence of unimodal visual exposure on sound localization does 
not sufficiently explain the significant ME observed in pre-
vious studies after spatially congruent audiovisual exposure 
[2,4]. This suggests that the ME is a genuine crossmodal 
learning effect which is at least partially dissociable from 
crossmodal recalibration in the VAE. 
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