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Sensory recalibration integrates 
information from the immediate 
and the cumulative past
Patrick Bruns & Brigitte Röder

Vision usually provides the most accurate and reliable information about the location of objects 
in our environment, and thus serves as a reference for recalibrating auditory spatial maps. Recent 
studies have shown that recalibration does not require accumulated evidence of cross-modal 
mismatch to be triggered, but occurs as soon as after one single exposure. Here we tested whether 
instantaneous recalibration and recalibration based on accumulated evidence represent the same 
underlying learning mechanism or involve distinct neural systems. Participants had to localize 
two sounds, a low- and a high-frequency tone, which were paired with opposite directions of 
audiovisual spatial mismatch (leftward vs. rightward). In accordance with the cumulative stimulus 
history, localization in unimodal auditory trials was shifted in opposite directions for the two sound 
frequencies. On a trial-by-trial basis, however, frequency-specific recalibration was reduced when 
preceded by an audiovisual stimulus with a different sound frequency and direction of spatial 
mismatch. Thus, the immediate past invoked an instantaneous frequency-invariant recalibration, 
while the cumulative past invoked changes in frequency-specific spatial maps. These findings suggest 
that distinct recalibration mechanisms operating at different timescales jointly determine sound 
localization behavior.

Cross-modal recalibration guarantees a continuous alignment of our senses and thus allows for a coher-
ent representation of the outside world. Recalibration comes into play whenever the sensory environ-
ment changes, for example, when we move from outside into a room, or whenever the sensory organs 
change, for example, when the sensory capacities decline as when we age1,2. The precise mechanisms of 
cross-modal recalibration are still not understood. Indeed there is a debate of whether representations 
in early sensory cortex3–6 or rather in multisensory association cortex7–9 are adjusted. Moreover, tradi-
tionally it has been assumed that sensory recalibration is only initiated after cross-modal mismatch has 
prevailed for a longer duration10, while more recent studies have suggested that recalibration is initiated 
instantaneously after a single exposure to a misaligned cross-modal stimulus11,12.

The present study used the ventriloquism aftereffect, in which repeated exposure to spatially mis-
aligned audiovisual stimuli induces a subsequent shift in unisensory sound localization13, to assess the 
mechanisms of cross-modal spatial recalibration. Based on the psychophysical finding that the ventril-
oquism aftereffect is specific for the sound frequency used during recalibration, it has been argued that 
spatial representations in tonotopically-organized auditory areas are cross-modally adjusted3–6. This is in 
line with the finding that the ventriloquism aftereffect is associated with a modulation of an early audi-
tory evoked brain potential around 100 ms after stimulus onset14, which likely has generators in auditory 
sensory cortex15,16. By contrast, the immediate visual bias of auditory localization observed during audio-
visual stimulation (the online ventriloquist effect) seems to occur later in the processing hierarchy17,18, 
possibly involving feedback influences from multisensory areas on secondary sensory cortices17,19–21. We, 
therefore, hypothesized that a recalibration of early sensory processing requires accumulated evidence 
of a consistent audiovisual spatial misalignment, while instantaneous recalibration following a single 
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exposure to a new mismatch of existing cross-modal correspondences is based on the same feedback 
mechanism that is active during the preceding audiovisual stimulation.

In order to test these assumptions, we reassessed the sound frequency-specificity of the ventriloquism 
aftereffect with a new paradigm. It was tested whether observers are able to simultaneously adapt to two 
opposing spatial relationships (i.e., aftereffects induced in opposite directions) when each is associated 
with one of two different sound frequencies. More important, the ventriloquism aftereffect was assessed 
on a trial-by-trial basis, allowing us to test whether the sound frequency-specificity of the ventrilo-
quism aftereffect, which would suggest a recalibration of spatial representations in early auditory cortex, 
varies as a function of the cumulative and immediate stimulus history. In particular, we expected that 
if the cumulative stimulus history results in a frequency-specific recalibration, localization responses 
should systematically differ between the leftward-adapted and the rightward-adapted sound frequency. 
An additional modulation of sound localization, depending on the direction of audiovisual spatial mis-
match in the directly preceding adaptation trial, would only be expected if the immediate recalibra-
tion effect is frequency-unspecific. If only the cumulative past, but not the immediate past, results in a 
frequency-specific recalibration, a parallel adjustment of two distinct spatial representations would be 
suggested.

Results
Participants performed a sound localization task, in which they indicated the perceived location of 750 Hz 
and 3000 Hz tones. The sounds were presented from one of six different azimuthal positions spanning 
± 22.5°, either alone (test trials to assess the ventriloquism aftereffect), or together with synchronous 
visual stimuli that were displaced by 13.5° to the left or to the right of the sound source (adaptation tri-
als). Importantly, the two sound frequencies were associated with a fixed audiovisual spatial relationship: 
For half of the participants, the 750 Hz tone was always presented with a visual stimulus displaced to the 
left and the 3000 Hz tone with a visual stimulus displaced to the right (750L/3000R), and vice versa for 
the other half of the participants (750R/3000L).

Localization Responses in Audiovisual Adaptation Trials.  In accordance with the audiovisual 
spatial mismatch, sound localization responses for adaptation trials were shifted toward the location 
of the concurrent visual stimuli, as indicated by a highly significant interaction of Group (750L/3000R 
or 750R/3000L) and Sound Frequency (750 Hz or 3000 Hz), F(1, 28) =  156.47, p <  .001 (see Fig.  1). In 
both groups, localization responses in audiovisual adaptation trials differed significantly between the 
two sound frequencies (both ps <  .001, Bonferroni-corrected), while the size of this difference did not 
differ between the 750L/3000R group (M =  19.9°, SEM =  2.3°) and the 750R/3000L group (M =  20.9°, 
SEM =  2.3°), t <  1. This visual bias of auditory localization reflects the well-known ventriloquism 
effect22–25 and verifies that the visual stimuli indeed changed the perceived sound location in audiovisual 
adaptation trials.
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Figure 1.  Localization responses in audiovisual (AV) and auditory-only (A) trials. Mean constant 
errors (i.e., the mean deviation of the spatial responses from the location of the sound source) across all 
loudspeaker locations are shown separately for the 750 Hz and 3000 Hz tones. The left panel shows the 
data for the subgroup of participants (n =  15) in which the 750 Hz tone was paired with a visual stimulus 
to the left and the 3000 Hz tone with a visual stimulus to the right (750L/3000R). Data for the subgroup of 
participants (n =  15) in which the 750 Hz tone was paired with a visual stimulus to the right and the 3000 Hz 
tone with a visual stimulus to the left (750R/3000L) are shown in the right panel. Negative values indicate 
constant errors to the left of the true stimulus location, and positive values indicate constant errors to the 
right. Error bars denote the SEM.



www.nature.com/scientificreports/

3Scientific Reports | 5:12739 | DOI: 10.1038/srep12739

Cumulative and Immediate Recalibration Effects.  Crucially, auditory localization was altered for 
the unimodal auditory test trials as well (see Fig. 1). The novel finding here is that a ventriloquism after-
effect emerged in opposite directions for the two different sound frequencies at the same time, as indi-
cated by a highly significant interaction of Group (750L/3000R or 750R/3000L) and Sound Frequency 
(750 Hz or 3000 Hz), F(1, 28) =  19.91, p <  .001. Post-hoc t tests showed that, in both groups, localization 
responses in unimodal auditory test trials differed significantly between the leftward-adapted and the 
rightward-adapted sound frequency (both ps <  .05, Bonferroni-corrected). The size of this aftereffect 
did not differ significantly between the 750L/3000R group (M =  3.1°, SEM =  1.0°) and the 750R/3000L 
group (M =  6.6°, SEM =  1.9°), t(28) =  1.64, p =  .112. There was no significant main effect or interaction 
involving Block in the overall ANOVA (all ps ≥  .266), suggesting that the size of the aftereffect did not 
change between the three experimental blocks.

To test whether adaptation to the cumulative stimulus history was further modulated by the imme-
diate stimulus history, we analysed localization responses in unimodal auditory test trials as a function 
of whether or not the immediately preceding audiovisual adaptation trial comprised the same sound 
frequency as the auditory test trial. We found that sound localization responses in unimodal auditory 
test trials were influenced by the sound frequency of the audiovisual stimulus and thus by the direction 
of audiovisual spatial mismatch in the preceding adaptation trial (see Fig.  2), as indicated by a highly 
significant three-way interaction of Group (750L/3000R or 750R/3000L), Sound Frequency (750 Hz or 
3000 Hz) and Adaptation Trial (same or different frequency), F(1, 28) =  19.01, p <  .001. Sub-ANOVAs 
showed that the two-way interaction of Sound Frequency and Adaptation Trial was significant in 
both groups (both ps ≤  .022). Accordingly, in both groups localization responses differed significantly 
between the leftward-adapted and the rightward-adapted sound frequency only in same-frequency 
trials (both ps <  .01, Bonferroni-corrected), but not in different-frequency trials (both ps >  .10, 
Bonferroni-corrected). Moreover, in same frequency-trials the difference between the leftward-adapted 
and the rightward-adapted sound frequency was also significantly larger than in different-frequency 
trials (both ps <  .05, Bonferroni-corrected). The size of this immediate recalibration effect did not vary 
between locations and/or groups (all ps ≥  .133).

Thus, while overall localization responses were shifted in the direction of audiovisual spatial mismatch 
that was associated with the sound frequency (see Fig.  1), reflecting the cumulative stimulus history, 
this effect was reduced in unimodal auditory test trials which followed an audiovisual stimulus with a 
different sound frequency and thus with the opposite direction of spatial mismatch (see Fig.  2). This 
modulation of the ventriloquism aftereffect reflects the immediate stimulus history and suggests that 
auditory localization was recalibrated on a trial-by-trial basis as well12.

To test for a possible relationship between immediate and cumulative recalibration effects, we cor-
related the individual values for these two measures. The immediate recalibration effect was calculated 
as the difference in the size of the aftereffect (i.e., rightward-adapted minus leftward-adapted sound 
frequency) between same-frequency and different-frequency trials. The cumulative recalibration effect 
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Figure 2.  Localization responses in auditory-only trials following an audiovisual (AV) trial with the 
same or different sound frequency. Mean constant errors (i.e., the mean deviation of the spatial responses 
from the location of the sound source) across all loudspeaker locations are shown separately for the 750 Hz 
and 3000 Hz tones. The left panel shows the data for the subgroup of participants (n =  15) in which the 
750 Hz tone was paired with a visual stimulus to the left and the 3000 Hz tone with a visual stimulus to the 
right (750L/3000R). Data for the subgroup of participants (n =  15) in which the 750 Hz tone was paired with 
a visual stimulus to the right and the 3000 Hz tone with a visual stimulus to the left (750R/3000L) are shown 
in the right panel. Negative values indicate constant errors to the left of the true stimulus location, and 
positive values indicate constant errors to the right. Error bars denote the SEM.
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was calculated as the overall difference in localization responses between the leftward-adapted and the 
rightward-adapted sound frequency across same- and different-frequency trials, as depicted in Fig.  1. 
The resulting correlation between these two measures was weakly negative (r =  − .25), but did not reach 
statistical significance (p =  .177).

Accumulation of Recalibration over Trials.  To test whether recalibration to the immediate past 
accumulated over trials, we additionally analysed the localization responses in unimodal auditory test 
trials as a function of the number of consecutive audiovisual adaptation trials with one sound fre-
quency (and thus direction of spatial mismatch) in the immediate stimulus history. As seen in Fig.  3, 
the influence of audiovisual adaptation trials with a sound frequency differing from the unimodal test 
sound increased over trials: The three-way interaction of Group (750L/3000R or 750R/3000L), Sound 
Frequency (750 Hz or 3000 Hz) and Consecutive Adaptation Trials (1, 2, 3, or 4) was highly significant, 
F(3, 84) =  13.97, p <  .001. By contrast, when the sound frequency in the unimodal auditory test trial 
matched the sound frequency of the preceding adaptation trials, recalibration to the cumulative past 
[Group x Sound Frequency interaction: F(1, 28) =  37.99, p <  .001] was not further modulated by the 
number of consecutive adaptation trials in the immediate stimulus history (see Fig. 3), F <  1. Thus, an 
immediate trial-by-trial recalibration, as reported by Wozny and Shams12, seems to be mainly triggered 
when the direction of spatial mismatch conflicts with the cumulative stimulus history.

The results shown in Fig. 3 suggest that within three to four consecutive trials of exposure to a con-
flicting direction of spatial mismatch in the immediate stimulus history, the cumulative recalibration 
effect was completely abolished. To make this effect comparable between groups, we calculated the size 
of the aftereffect (i.e., the difference between leftward-adapted and rightward-adapted sound frequency) 
for each number of consecutive adaptation trials. The resulting values were submitted to an ANOVA with 
the between-participants factor Group (750L/3000R or 750R/3000L) and the within-participants factors 
Adaptation Frequency (same or different) and Consecutive Adaptation Trials (1, 2, 3, or 4). This analy-
sis yielded a highly significant interaction between Adaptation Frequency and Consecutive Adaptation 
Trials, F(3, 84) =  8.48, p <  .001. This effect did, however, not differ between groups, as neither the main 
effect nor any interaction involving Group reached statistical significance (all ps >  .10). Follow-up pol-
ynomial contrasts showed that, across groups, the size of the cumulative aftereffect decreased over con-
secutive different-frequency adaptation trials with a significant linear trend, F(1, 28) =  35.92, p <  .001. 
By contrast, there was no significant linear, F(1, 28) =  2.83, p =  .104, or higher-order trend, Fs <  1, over 
consecutive same-frequency adaptation trials (see Fig. 3).

Figure 3.  Localization responses in auditory-only trials as a function of the number of consecutive 
preceding audiovisual (AV) trials with the same or different sound frequency. Mean constant errors (i.e., 
the mean deviation of the spatial responses from the location of the sound source) across all loudspeaker 
locations are shown separately for the 750 Hz and 3000 Hz tones. Upper panels show the data for the 
subgroup of participants (n =  15) in which the 750 Hz tone was paired with a visual stimulus to the left and 
the 3000 Hz tone with a visual stimulus to the right (750L/3000R). Data for the subgroup of participants 
(n =  15) in which the 750 Hz tone was paired with a visual stimulus to the right and the 3000 Hz tone with 
a visual stimulus to the left (750R/3000L) are shown in the lower panels. Negative values indicate constant 
errors to the left of the true stimulus location, and positive values indicate constant errors to the right. Error 
bars denote the SEM.



www.nature.com/scientificreports/

5Scientific Reports | 5:12739 | DOI: 10.1038/srep12739

Auditory Localization Performance in Comparison to a Naïve Control Group.  Finally, we com-
pared the auditory localization performance of the two experimental groups with a control group of 
naïve participants (N =  26) that performed the unimodal sound localization task without any audiovis-
ual adaptation. The results shown in Fig. 1 suggest that overall there was a slight leftward bias in sound 
localization responses, relative to the actual loudspeaker locations, in the 750R/3000L group, which was 
not apparent in the 750L/3000R group. Figure  4 compares the localization responses from these two 
groups and the control group at each loudspeaker location, separately for the 750 Hz and 3000 Hz tones. 
As can be seen, for both sound frequencies, localization responses were systematically shifted in opposite 
directions for the two experimental groups, depending on the adapted direction of audiovisual spatial 
mismatch, but followed a highly similar pattern across loudspeaker locations. Accordingly, the significant 
interaction of Group (750L/3000R or 750R/3000L) and Sound Frequency (750 Hz or 3000 Hz) reported 
above was not further modulated by Location (six levels: ± 4.5°, ± 13.5° and ± 22.5°), F <  1. In both 
groups, however, participants underestimated the eccentricity of the 3000 Hz tones compared to the 
750 Hz tones, as reflected by a highly significant interaction between Location and Sound Frequency, F(5, 
140) =  6.10, p <  .001. The same effect was observed in the control group that performed the unimodal 
sound localization task without any audiovisual adaptation (see grey lines in Fig. 4), F(5, 125) =  12.33, 
p <  .001.

To directly compare localization performance between the control group and the two experimental 
groups, the data from all three groups was submitted to an ANOVA with the between-participants factor 
Group (750L/3000R, 750R/3000L, control) and the within-participants factors Location (six levels: ± 4.5°, 
± 13.5° and ± 22.5°) and Sound Frequency (750 Hz or 3000 Hz). This analysis again yielded a significant 
interaction of Location and Sound Frequency, F(5, 265) =  16.55, p <  .001, and a significant interaction 
of Group and Sound Frequency, F(2, 53) =  12.92, p <  .001. However, neither the main effect of Group, 
F(2, 53) =  1.29, p =  .285, nor any other interaction involving Group, both Fs <  1, were significant. Thus, 
it seems unlikely that the underestimated eccentricity of the 3000 Hz tones, as compared to the 750 Hz 
tones, was due to the interspersed audiovisual adaptation trials in the experimental groups. Rather, the 
3000 Hz tone might have been more difficult to localize than the 750 Hz tone26, thus leading to a stronger 
visual bias22 in the two experimental groups. This might explain why the difference between the two 
experimental groups appeared to be more pronounced for the 3000 Hz tone compared to the 750 Hz 
tone (see Fig. 4).

Discussion
In this study, we tested whether or not instantaneous sensory recalibration and recalibration based on 
accumulated evidence represent the same underlying learning mechanism and, thus, might involve sim-
ilar or distinct neural systems. In the present paradigm, two sounds, a low- and a high-frequency tone, 
were paired with opposite directions of audiovisual spatial mismatch (leftward vs. rightward). In accord-
ance with this cumulative stimulus history, localization in unimodal auditory trials was shifted in oppo-
site directions for the two sound frequencies. On a trial-by-trial basis, however, this frequency-specific 
ventriloquism aftereffect was reduced when the sound was preceded by an audiovisual trial featuring the 
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Figure 4.  Mean localization responses per loudspeaker location in auditory-only test trials. Localization 
responses are shown separately for the two experimental groups 750L/3000R (orange) and 750R/3000L 
(blue), in comparison to a naïve control group (grey) that performed only the unisensory localization task 
without any audiovisual adaptation. The left panel shows the localization data for the 750 Hz tone, and the 
right panel shows the localization data for the 3000 Hz tone. Dotted lines indicate the actual locations of the 
loudspeakers.
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other sound frequency and direction of spatial mismatch. This immediate recalibration occurred despite 
the use of a different sound frequency in the audiovisual adaptation and the following auditory test trial.

The results of our new paradigm allowed us to reconcile two main research lines on cross-modal 
recalibration with conflicting results in the past: First, there has been mixed evidence regarding the 
sound frequency-specificity of cross-modal recalibration. Some studies reported that recalibration is 
specific for the sound frequency used during the cross-modal exposure phase, which suggests that rep-
resentations in early, tonotopically-organized auditory areas are adjusted3,4,6. By contrast, other stud-
ies reported complete transfer of cross-modal recalibration across sound frequencies, pointing to an 
involvement of non-primary and possibly multisensory brain areas7,8,27. Here we show that cross-modal 
recalibration alters both sound frequency-specific and sound frequency-invariant auditory spatial rep-
resentations within the same experiment. Second, our results confirm that cross-modal recalibration 
is triggered on a trial-by-trial basis11,12, but extend this finding by demonstrating that such immediate 
adaptations take into account the cumulative stimulus history. Taken together, this pattern of results 
suggests that sensory recalibration operates at different time scales and seems to involve at least partially 
distinct neural systems.

The cumulative stimulus history resulted in an independent recalibration of auditory localization for 
the two sound frequencies in opposite directions. This finding provides strong evidence for a cross-modal 
adjustment of spatial representations in frequency-specific neural populations, as typical for early auditory 
cortex3–6. It will be important to determine whether auditory localization can be independently recali-
brated based on other stimulus dimensions as well. Recent findings have shown that cross-modal timing 
perception of asynchronous auditory and visual speech components can recalibrate independently for 
different speakers (male or female) at the same time28. However, this effect might depend on lower-level 
mechanisms that allow for an independent recalibration at different spatial locations, rather than on 
higher-level binding of speaker identity, since the speech probes were presented at different spatial loca-
tions during the adapation phase29. Correspondingly, spatial recalibration in the ventriloquism aftereffect 
has been shown to be specific for the trained region of space9,30, but is not modulated by the semantic 
congruence of the auditory and visual stimuli31,32. Thus, cross-modal spatial recalibration appears to 
depend on lower-level sensory representations, in line with the frequency-specificity of the ventriloquism 
aftereffect that was induced by the cumulative stimulus history in the present study.

The sound frequency-specific adaptation to the cumulative stimulus history appeared to be complete 
within the first experimental block of around 80 bimodal adaptation trials, as there was no further 
increase in the magnitude of the ventriloquism aftereffect in subsequent blocks. This fast build-up of 
cross-modal recalibration is in line with previous studies showing that the maximum strength of recali-
bration was reached within only one to three minutes of exposure to a consistent audiovisual spatial 
mismatch33. Once acquired, it is assumed that cross-modal recalibration is relatively stable over time 
and does not dissipate unless the system is confronted with counterevidence4,33,34. Correspondingly, we 
observed a reduction of the cumulative ventriloquism aftereffect when the direction of audiovisual spatial 
mismatch in the immediate past conflicted with the cumulative stimulus history. Importantly, however, 
this immediate recalibration effect was independent of sound frequency and was not significantly corre-
lated with the sound frequency-specific ventriloquism aftereffect induced by the cumulative stimulus his-
tory. Thus, although recalibration to the immediate and cumulative past operated at short and partially 
overlapping time scales, they seem to depend on dissociable underlying mechanisms.

Adaptation to spatially mismatching audiovisual input in adulthood seems to predominantly depend 
on cortical processing35. This is in line with the observation that the influence of spatially mismatching 
visual stimuli on sound localization in the ventriloquist situation is mediated by pathways running from 
the visual cortex36,37 via parietal areas21 to the planum temporale in auditory cortex17,19,20. In princi-
ple, cross-modally induced changes in sound localization behaviour, as observed in the ventriloquism 
aftereffect, could be mediated by the same pathway as the online ventriloquist effect, namely feedback 
influences from multisensory parietal regions on secondary auditory cortex. Alternatively, sensory recali-
bration in the ventriloquism aftereffect might originate from changes in unisensory auditory representa-
tions38. The latter hypothesis implies that the online ventriloquist effect and the ventriloquism aftereffect 
are mediated by dissociable mechanisms, an assumption that is supported by several recent findings. 
Electrophysiological studies in humans have shown that repeated exposure to audiovisual stimuli with 
a consistent spatial mismatch affects stages in the auditory cortical processing stream that are earlier 
than those affected by the online ventriloquist effect14. Lesion studies in animals have suggested that 
recalibration might critically depend even on primary auditory cortical areas39. Moreover, it has been 
shown that the amount of cross-modal recalibration does not depend on the relative reliability of the 
auditory and visual stimuli during the learning phase40, whereas cross-modal integration in the online 
ventriloquist effect strongly depends on cue reliability22. Finally, audiovisual synchrony seems to be a 
prerequisite for the occurrence of the online ventriloquist effect25,41, whereas a spatial ventriloquism 
aftereffect has recently been observed after asynchronous audiovisual stimulation, suggesting that spatial 
feedback provided by the visual stimuli is the major driver of recalibration42.

The available evidence for a dissociation between cross-modal integration and recalibration pro-
cesses stems from studies that have looked at recalibration following repeated exposure to a consistent 
cross-modal spatial mismatch14,40,42. The present results extend these findings by showing that recali-
bration mechanisms following repeated exposure to a consistent cross-modal spatial mismatch are 
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dissociable from instantaneous recalibration mechanisms operating on a trial-by-trial basis and, thus, 
suggest that both mechanisms are at work in parallel. The immediate sound frequency-invariant adjust-
ment to cross-modal spatial mismatch which we observed on a trial-by-trial basis (see also12), similar as 
the online ventriloquist effect, is likely a result of feedback influences from multisensory parietal struc-
tures on auditory cortex17–21. However, adaptation to the cumulative stimulus history seemed to invoke 
changes in unisensory auditory spatial representations at an earlier, tonotopically-organized processing 
stage (see also3,4,6,14), possibly as a consequence of a repeated and consistent activation of recalibration 
via multisensory parietal structures. Thus, cross-modal recalibration might initially affect higher-level 
multisensory representations and then progress to lower-level modality-specific representations.

A continuous realignment and fine-tuning of modality-specific representations of space might be 
needed to achieve correct correspondence values across modalities, which would improve individual cue 
accuracy40. This assumption is supported by findings from blind individuals who show, if at all, constant 
biases in sound localization43,44, but overall equal or higher sound localization precision45. Similarly, in 
sighted individuals, a temporary absence of visual calibration induced by short-term light deprivation 
affects mainly sound localization accuracy, rather than localization precision46.

The idea that sensory recalibration starts via multisensory representations and ends up with a retun-
ing of sensory maps at earlier processing stages shares similarities with the reverse hierarchy theory of 
visual perceptual learning47. Visual perceptual learning has been defined as a long-term improvement, 
such as reduced detection or discrimination thresholds, in the ability to perform a visual task that results 
from training or exposure to a specific visual feature47–49. The reverse hierarchy theory states that per-
ceptual learning is a top-down guided process which starts at higher areas of the visual system and then 
progresses backwards to lower visual areas47. For example, after training on an easy visual orientation dis-
crimination task, learning might generalize across orientations and retinal positions, matching the spatial 
generalization in higher visual areas such as the inferotemporal cortex. With increasing task difficulty, 
learning becomes more specific to both orientation and retinal position, in line with an involvement of 
lower visual areas such as V4 or even primary visual cortex50. More recently, it has been suggested that 
learning at a higher cortical stage does not necessarily have to precede learning at lower cortical stages, 
but that both processes can occur flexibly and even in parallel51. Our results similarly show a parallel 
involvement of higher, sound frequency-invariant, and lower, sound frequency-specific, processing stages 
in cross-modal sensory recalibration. It might thus be speculated that perceptual learning within one 
sensory modality and recalibration across sensory modalities involve related underlying learning mech-
anisms, not disregarding that they represent clearly distinct processes.

In conclusion, our findings show that cross-modal spatial recalibration operates in parallel at different 
but partially overlapping time scales. While the immediate stimulus history causes an instantaneous, 
sound frequency-invariant recalibration of sound localization, regularities in the cumulative stimulus 
history simultaneously result in an adjustment of frequency-specific auditory spatial representations. We 
propose that instantaneous recalibration and recalibration based on accumulated evidence represent at 
least partially distinct processes that jointly determine sound localization behaviour.

Methods
Participants.  Thirty healthy adult volunteers (23 women and seven men), aged from 19 to 47 years 
(mean 25.2 years), took part in the main experiment. An additional group of 26 adult volunteers (18 
women and eight men), aged from 20 to 39 years (mean 26.3 years), performed a unimodal control task. 
All participants reported normal hearing and normal or corrected-to-normal vision, and all except three 
participants in the main experiment and one participant in the control experiment were right-handed by 
self-report. They received course credit or were compensated €7 per hour for their participation. Written 
informed consent was obtained from all participants prior to taking part. The study was performed 
in accordance with the ethical standards laid down in the Declaration of Helsinki. The procedure was 
approved by the ethics commission of the German Psychological Society (DGPs).

Apparatus.  Participants were seated in a dark, sound-attenuated room with their head immobilized 
by a chin rest. The apparatus consisted of six loudspeakers (ConceptC Satellit, Teufel GmbH, Berlin, 
Germany) that were located at ear level with eccentricities of 4.5°, 13.5° and 22.5° to the left and to 
the right side of the participants’ straight-ahead position (0°). The loudspeakers were attached to a 
semi-circular frame at a distance of 90 cm from the participants’ head position and were hidden from 
view behind a black, acoustically transparent curtain extending peripherally to 90° from the midline 
on both sides. For visual stimulation, a red laser pointer was projected onto the curtain at the level of 
the loudspeakers for 200 ms. The laser pointer was attached to a step motor which allowed stimulation 
at different azimuthal locations. The auditory stimuli were 750 Hz and 3000 Hz tones with durations of 
200 ms (including 5 ms linear rise/fall envelopes), which were presented at 65 dB(A), as measured at 
the participants’ head position. Stimulus intensity was varied over a 4 dB range for every stimulus pres-
entation to reduce any detectable differences in the loudspeaker transformation functions. Localization 
responses were made by means of a rotatable hand pointer that was mounted in front of the participant. 
The hand pointer consisted of a metal rod with a built-in response button. The azimuthal angle of the 
hand pointer was recorded from a potentiometer whenever the button was pressed.
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Design and Procedure.  In each trial of the main experiment, one of the two sound stimuli (750 Hz 
and 3000 Hz) was presented from one of the six loudspeaker locations, either alone or together with a 
synchronous but spatially displaced visual stimulus (± 13.5° offset from the sound source). Each com-
bination of sound frequency, location, and modality (auditory or audiovisual) was presented 20 times, 
resulting in 480 trials overall, which were subdivided in three blocks of 160 trials each. Participants were 
instructed to localize the perceived location of the sound source as accurately as possible in each trial, 
while ignoring concurrent visual stimuli in audiovisual trials.

Each sound frequency was paired with a constant direction of spatial mismatch in the audiovisual 
trials. For half of the participants, the 750 Hz tone was always paired with a visual stimulus to the left 
and the 3000 Hz tone with a visual stimulus to the right, and vice versa for the other half. Auditory and 
audiovisual trials were presented in a pseudorandom order, with the constraint that for each sound fre-
quency, half of the 120 unimodal auditory trials were preceded by an audiovisual stimulus featuring the 
same frequency, and half of the trials were preceded by an audiovisual stimulus featuring the other fre-
quency (disregarding any interjacent unimodal auditory trials). Moreover, out of the 60 unimodal trials 
per sound frequency which were preceded by a same-frequency audiovisual stimulus, in 15 trials each, 
only the last, the last two, the last three, or the last four audiovisual stimuli featured the same frequency 
and thus direction of spatial mismatch.

The control experiment was identical to the main experiment, except that only unisensory auditory 
trials were presented (20 trials per location and sound frequency), resulting in 240 trials overall.
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