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Research Article

Humans have the fascinating ability to mentally simulate 
sensory experiences at will, that is, to elicit mental imag-
ery. Mental imagery enables problem solving, adaptive 
behavior, and creativity; and the pictures, sounds, and 
tactile perceptions evoked in our mind’s eye are an 
integral part of our conscious experiences and of what 
it means to be human. Mental imagery has also been 
found to enhance ongoing perception. For instance, 
imaging a visual stimulus at a specific location facilitates 
the detection of an actual visual stimulus at the same 
location (Farah, 1985; Ishai & Sagi, 1994); and mental 
imagery in one sensory modality can influence percep-
tion of stimuli in other sensory modalities (Berger & 
Ehrsson, 2013, 2014, 2017; Lacey, Flueckiger, Stilla, Lava, 
& Sathian, 2010). Perceptually based theories of mental 
imagery (Kosslyn, 1994; Kosslyn, Ball, & Reiser, 1978; 
Kosslyn, Ganis, & Thompson, 2001) suggest that mental 
imagery utilizes some of the same cognitive processes 
(Farah, 1985; Schlegel et al., 2013) and brain mechanisms 
(Berger & Ehrsson, 2014; Ehrsson, Geyer, & Naito, 2003; 
Kosslyn et al., 2001) as actual perception. Thus, in many 

ways, mental imagery is similar to veridical perception 
(albeit less vivid); however, although it is clear that men-
tal imagery can influence ongoing veridical perception, 
whether it can induce plasticity in our cortical sensory 
systems across sensory modalities to change future per-
ception remains unknown.

One of the most basic forms of sensory plasticity is 
the cross-modal plasticity that underlies the continuous 
recalibration of the senses (Bavelier & Neville, 2002; 
Shimojo & Shams, 2001). Coherent perception of the 
world around us depends on the efficient integration 
of information from the different senses (e.g., vision, 
audition, and touch; Stein, Stanford, & Rowland, 2014; 
Wallace et al., 2004), and a prerequisite for successful 
multisensory integration is that the different senses are 
spatially and temporally aligned (i.e., well calibrated). 
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Abstract
Can what we imagine in our minds change how we perceive the world in the future? A continuous process of 
multisensory integration and recalibration is responsible for maintaining a correspondence between the senses (e.g., 
vision, touch, audition) and, ultimately, a stable and coherent perception of our environment. This process depends 
on the plasticity of our sensory systems. The so-called ventriloquism aftereffect—a shift in the perceived localization of 
sounds presented alone after repeated exposure to spatially mismatched auditory and visual stimuli—is a clear example 
of this type of plasticity in the audiovisual domain. In a series of six studies with 24 participants each, we investigated 
an imagery-induced ventriloquism aftereffect in which imagining a visual stimulus elicits the same frequency-specific 
auditory aftereffect as actually seeing one. These results demonstrate that mental imagery can recalibrate the senses 
and induce the same cross-modal sensory plasticity as real sensory stimuli.
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This ensures that the sounds and visual impressions 
from a single audiovisual event are perceived as occur-
ring at the same time and as originating from the same 
place; for example, hearing a bark and seeing a dog 
through a window are bound in space and time rather 
than perceived as separate perceptual events. However, 
active recalibration processes are needed to maintain 
spatiotemporal correspondence between the senses 
despite differences in the spatial and temporal precision 
of sensory signals, various forms of environmental 
noise, and differences in the growth and aging of our 
sensory organs and pathways.

One example of this type of active recalibration pro-
cess can be observed in the ventriloquist illusion (Alais 
& Burr, 2004; Howard & Templeton, 1966), in which 
the perceived location of a sound is shifted toward the 
location of a simultaneously presented but spatially 
disparate visual stimulus. Importantly, repeated expo-
sure to this illusion leads to the ventriloquism afteref-
fect, in which the mislocalization of auditory stimuli 
toward the no longer present visual stimulus persists 
even when the auditory stimuli are presented alone 
afterward (Frissen, Vroomen, & de Gelder, 2012; Kopco, 
Lin, Shinn-Cunningham, & Groh, 2009; Radeau & 
Bertelson, 1977). This spatial recalibration of unisen-
sory auditory perception in the ventriloquism aftereffect 
is demonstrative of visually induced plasticity of the 
auditory system (Recanzone, 1998; Woods & Recanzone, 
2004). This type of multisensory recalibration occurs 
between each of the senses (Bavelier & Neville, 2002; 
Harris, 1963; Stein & Stanford, 2008) and represents a 
basic form of sensory plasticity. Thus, in order to exam-
ine whether mental imagery can lead to cross-modal 
cortical plasticity, we examined whether imagined 
visual stimuli could lead to a visual-imagery-induced 
ventriloquism aftereffect in a series of experiments 
using a paradigm that brings together mental imagery 
and the ventriloquist illusion (Berger & Ehrsson, 2013, 
2014).

In our first experiment, we made use of a two-alter-
native forced-choice task in which we presented the 
participants with white noise bursts from five different 
locations (0°, ±8°, ±16°) in random order from behind 
a screen that was acoustically transparent but visually 
opaque. We instructed them to determine whether the 
sounds came from the left or the right of the central 
fixation point. These perceptual judgments were pre-
ceded by 30-s adaptation periods in which the partici-
pants repeatedly imagined a white disk flashing directly 
in front of them at a frequency of 1 Hz while a white 
noise auditory stimulus was presented simultaneously 
but in one of three different spatial locations (0°, −8°, 
or +8°; see Fig. 1). We hypothesized that if visual imag-
ery can induce a ventriloquism aftereffect, then we 

should observe a significant shift in the location where 
the participant can no longer distinguish between a 
sound that comes from the left and a sound that comes 
from the right—that is, the point of subjective equality 
(PSE) for sound localization—following leftward com-
pared with rightward adaptation. Specifically, we pre-
dicted that repeated exposure to an auditory stimulus 
presented to the right of the imagined visual stimulus 
(i.e., leftward adaptation) would increase the probabil-
ity of a leftward response for auditory stimuli presented 
alone from different locations along the azimuth, and 
therefore, a shift of the PSE for those auditory stimuli 
to the right. Conversely, we predicted that repeated 
exposure to an auditory stimulus presented to the left 
of the imagined visual stimulus (i.e., rightward adapta-
tion) would increase the probability of a rightward 
response for auditory stimuli presented alone from dif-
ferent locations along the azimuth, and therefore, a shift 
of the PSE for those auditory stimuli to the left. An 
additional experiment (Experiment 2) was conducted 
using real visual stimuli for comparison with the results 
from imagined visual stimuli.

We also designed additional experiments (Experi-
ments 3–6) to test whether the imagery-induced ven-
triloquism aftereffect depends on the sound frequencies. 
Previous studies have demonstrated that the ventrilo-
quism aftereffect does not transfer across disparate 
auditory frequencies (Recanzone, 1998; Woods & 
Recanzone, 2004). This is believed to be because early 
auditory areas are tonotopically organized; that is, dif-
ferent patches of cortex process sounds of different 
frequencies in a systematic spatial organization (Saenz 
& Langers, 2014; Shrem & Deouell, 2014). Consequently, 
the plastic changes in the spatial receptive fields of 
individual neurons in the early auditory cortex should 
be specific to the frequency band that was recalibrated 
during adaptation (Recanzone, 1998; Woods & Recanzone, 
2004). Thus, we hypothesized that if the imagery-induced 
ventriloquism aftereffect relies on the same cortical 
plasticity in the early auditory cortices as the classic 
ventriloquism aftereffect, then the imagery-induced 
aftereffect should be elicited only when the adaptation 
stimulus and test stimulus contain similar frequencies 
and should be eliminated when they contain different 
frequencies.

Method

Participants

One hundred forty-four participants in total participated 
in Experiments 1 through 6. Sets of 24 participants 
participated in Experiment 1 (mean age = 24.16 years, 
SD = 3.59; 16 females), Experiment 2 (mean age = 24.29 
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years, SD = 5.5; 12 females), Experiment 3 (mean age = 
27 years, SD = 6.7; 15 females), Experiment 4 (mean 
age = 24 years, SD = 3.87; 20 females), Experiment 5 
(mean age = 30.12 years, SD = 7.74; 13 females), and 
Experiment 6 (mean age = 25.89 years, SD = 4.75; 17 
females). All participants were recruited from the stu-
dent population in the Stockholm area, were healthy, 
reported no history of psychiatric illness or neurologic 
disorder, and reported no impairments of hearing or 
vision (or had corrected-to-normal vision). A sample 

size of 22 participants was predetermined to yield a 
power of 80% and to detect an effect of comparable 
size to previous studies using similar independent and 
dependent measures (Berger & Ehrsson, 2013, 2014). 
Therefore, data collection was stopped once the appro-
priate number of participants was reached and the 
experiment was fully counterbalanced. All participants 
provided written informed consent before the start of 
the experiment, and the Regional Ethical Review board 
of Stockholm approved the experiments.

Countdown 5–4 (2 s)

Adaptation Phase (30 s)

Countdown 3–1 and Cue (3 s)

5

3

Time

5 × per Adaptation Block

End Adaptation (2 s)

Test Phase 
10 Trials; 2 per 
Sound Location 
(self-paced)

or or

Rightward-
Adaptation Block

Leftward-
Adaptation Block

Same-Location-
Adaptation Block

Sound Left; –8°

Imagined Visual Stimulus Auditory Stimulus

Sound Right; +8° Same Location; 0°

Fig. 1. Schematic overview of the sequence of events within an adaptation 
block. Each adaptation block involved five repetitions of the sequence in the top 
part of the figure (150 exposure trials; 100 localization trials) with only one of the 
adaptation conditions (i.e., leftward, same location, or rightward) repeated dur-
ing the adaptation phases of that block. The order of the adaptation blocks was 
counterbalanced across participants. The cue phase of the countdown reminded 
the participants of the frequency, location, and content of the stimulus they were 
to imagine seeing at the end of the countdown and for the duration of the adapta-
tion phase. The bottom panel outlines the spatial relationship between imagined 
visual and real auditory stimuli during the adaptation phase of each block. Stimuli 
and angles are for explanatory purposes and are not drawn to scale.
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Experiments 1 and 2 materials  
and procedures

The auditory stimuli consisted of a white noise burst 
lasting 50 ms, with rise and fall times of 5 ms. Auditory 
stimuli were presented from five self-amplified monitors 
arranged in a semicircular array (0°, ±8°, and ±16°) on 
a shelf behind a black, acoustically transparent (but 
visually opaque) fabric. All visual stimuli were pre-
sented directly in front of the participant 0° from an 
EP1080 digital-light-processing overhead projector 
(Optoma, Fremont, CA; 3,600 lumens). The presentation 
of the auditory and visual stimuli was controlled using 
PsychoPy (Peirce, 2007) software on a 24-in. (60.96 cm) 
iMac computer. Eye position was monitored during the 
experiments with an eye-tracking system (see Eye Gaze 
Tracking and Analysis and Figs. S1–S3 in the Supple-
mental Material available online).

After the general experimental procedures were 
described to the participants, they sat with their head 
in a chin rest at a height of 115 cm, 113 cm from the 
acoustically transparent black screen that the visual 
stimuli were projected onto and 122 cm from the audi-
tory monitors. The participants were informed that they 
would hear sounds come from different locations 
behind the screen in front of them, and they would 
have to determine whether they heard the sound come 
from the left or the right of the fixation cross in the 
center of the screen. To familiarize the participants with 
the task and to be sure they were able to perform the 
auditory localization task, we had participants perform 
a practice session of 50 localization trials (10 per loca-
tion). Following the practice session, the participants 
completed the experiment. The adaptation phases were 
split into three blocks. The order of the blocks was 
counterbalanced across participants. Each adaptation 
block consisted of a countdown from 5, just above the 
fixation point. A white disk flashed (100 ms) on the 
screen on the fixation point at the same time as 3 
through 1 appeared in the countdown. In Experiment 
1, the participants were instructed that they should 
imagine seeing this white disk as vividly as possible at 
the same frequency and location as the disk presented 
at 3 through 1 in the countdown. Thus, the countdown 
was followed by a 30-s exposure phase with auditory 
stimuli presented at the same time as the imagined 
visual stimulus. 

In Experiment 2, the visual stimulus was actually 
presented, rather than imagined during the exposure 
periods, and participants were instructed to maintain 
their fixation (i.e., to look where the white disk was 
flashing). Auditory stimuli were presented either 8° to 
the left, 8° to the right, or in the same location as the 
real or imagined visual stimulus, in the right adaptation, 
left adaptation, or same-location-adaptation blocks, 

respectively. A red fixation-cross appeared at the end 
of 30 s. In Experiment 1, the red fixation-cross indicated 
that the participants should stop imagining the visual 
stimulus, and in both Experiments 1 and 2, it cued the 
participants to prepare to identify the location of the 
sounds. Following the red fixation-cross, a white fixation-
cross appeared, and there were 10 test trials (2 per 
auditory location), in which participants indicated 
whether they heard the sound come from the left or 
the right of the fixation-cross. The adaptation and test 
phases were repeated five times per block. Importantly, 
the fact that the predicted effects here are in the oppo-
site direction of the adapting auditory stimuli (i.e., a 
sound to the left of the centrally imagined visual stimu-
lus led to a rightward bias in auditory localization) 
obviates the concern that these results reflect implicit 
or explicit response strategies or could be explained 
by differences in executive attention rather than a genu-
ine cross-modally induced remapping of acoustic space 
perception. Additionally, eye-tracking data were col-
lected to confirm that the participants maintained fixa-
tion at the center of the screen during the adaptation 
phases of the experiments (see Figs. S1–S3).

Experiments 3 and 4 materials  
and procedures

A 4 kHz sine-wave auditory stimulus lasting 50 ms was 
used during the exposure phases of Experiments 3 and 
4. The auditory stimulus used during the test phases, 
however, was the same white noise auditory stimulus 
used in the exposure and test phases of Experiments 1 
and 2. All visual stimuli were the same as in Experiments 
1 and 2. The procedures of Experiments 3 and 4 were 
identical to those of Experiments 1 and 2, respectively.

Experiments 5 and 6 materials  
and procedures

A 4 kHz sine-wave auditory stimulus lasting 50 ms was 
used during the exposure phases and the test phases 
of Experiments 5 and 6. All visual stimuli were the same 
as in the experiments above. The procedures of Experi-
ments 5 and 6 were identical to those of Experiments 
1 and 2, respectively.

Statistics

For all experiments, a logistic regression was fitted to 
the localization data of each participant for each adap-
tation condition. From these fits, the PSE was calculated 
as the spatial location for which the probability of mak-
ing a rightward response was 50% for each participant. 
Repeated measures analyses of variance (ANOVAs) 
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were conducted for each experiment to assess whether 
there was a significant effect of adaptation condition 
(i.e., leftward, rightward, and same-location adaptation) 
on the participants’ PSEs. Planned comparisons between 
PSEs from the leftward- and rightward-adaptation con-
ditions were conducted to assess the presence or 
absence of a ventriloquism aftereffect. Complementary 
planned comparisons between the leftward- and same-
location-adaptation conditions, and between the 
rightward- and same-location-adaptation conditions, 
were then conducted to assess the directionality of 
the shift in the PSEs from the perceived center. All pair-
wise comparisons between adaptation conditions were 
Bonferroni-corrected for multiple comparisons.

Results

Experiment 1

A repeated measures ANOVA revealed a significant shift 
in the participants’ PSEs across the three adaptation 
conditions, F(2, 46) = 15.29, p < .001, ηG

2 = .17. A 
planned comparison between the participants’ PSEs fol-
lowing leftward adaptation and rightward adaptation 
was subsequently conducted to examine whether men-
tal imagery of a visual stimulus led to an imagery-
induced ventriloquism aftereffect; that is, whether 
repeatedly imagining a visual stimulus at the center of 

the screen while auditory stimuli were presented at the 
same time but 8° to the left (i.e., rightward adaptation) 
led to a leftward shift in the participants’ PSEs com-
pared with repeatedly imagining a visual stimulus at 
the center of the screen while auditory stimuli were 
presented at the same time but 8° to the right (i.e., 
leftward adaptation). This analysis revealed a significant 
difference between the participants’ PSEs following left-
ward and rightward adaptation, t(23) = 5.15, p < .001, 
d = 1.05, 95% CI = [0.194, 0.452] (see Fig. 2a). Further 
analyses confirmed that this imagery-induced aftereffect 
was the result of a significant shift of the participants’ 
PSEs to the left following rightward adaptation, t(23) = 
−2.75, p = .03, d = 0.56, 95% CI = [−0.224, −0.032], and 
to the right following leftward adaptation, t(23) = 2.98, 
p = .018, d = 0.61, 95% CI = [0.060, 0.330], compared 
with when the sound was presented in the same loca-
tion as the imagined visual stimulus (0°; see the Supple-
mental Material for additional analyses—all raw data 
and scripts used for statistical analyses are publicly 
available at https://osf.io/6htsx/).

Experiment 2

Consistent with Experiment 1, a repeated measures 
ANOVA revealed a significant shift in the participants’ 
PSEs across the three adaptation conditions, F(2, 46) = 
26.76, p < .001, ηG

2 = .25. Moreover, the results from 
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this experiment confirmed that real visual stimuli pre-
sented during the ventriloquism adaptation periods also 
led to a significant ventriloquism aftereffect, t(23) = 6.66, 
p < .001, d = 0.37, 95% CI = [0.262, 0.498] (see Fig. 2b; 
see the Supplemental Material for additional analyses). 
We then directly compared the strength of the ventrilo-
quism aftereffect from real visual stimuli in Experiment 
2 and the imagery-induced ventriloquism aftereffect 
from imagined visual stimuli in Experiment 1. The 
strength of the ventriloquism aftereffect was calculated 
for each participant as the average of the distance 
between the leftward- and same-location-adaptation 
PSEs and the positively scored distance between the right-
ward and same-location-adaptation PSEs, that is, 

aftereffect strength = (leftward-adaptation  
PSE − same-location adaptation PSE) +  

((rightward-adaptation PSE − same-location 
adaptation PSE) × –1)/2). 

Remarkably, there was no significant difference 
between the strength of the aftereffect for real visual 
stimuli and the strength of the aftereffect for imagined 
visual stimuli, t(46) = 0.67, p = .504, d = 0.19, 95%  
CI = [–0.056, 0.113]. Taken together, Experiments 1 and 
2 revealed that visual imagery led to a ventriloquism 
aftereffect, and one that was comparable in strength to 
the aftereffect produced by real visual stimuli.

Experiment 3

Experiment 3 examined whether the imagery-induced 
ventriloquism aftereffect on the white noise auditory 
stimuli used in the experiments above would be elimi-
nated when the adapted auditory stimulus was a 4 kHz 
tone instead of a white noise stimulus. In line with this 
prediction, no significant shifts in the participants’ PSEs 
between imagery adaptation conditions was observed 
when the auditory stimuli in the adaptation (i.e., 4 kHz 
tones) and test (i.e., white noise bursts) phases were 
different, F(2, 46) = .15, p = .86, ηG

2 = .002. Moreover, 
we found that the imagined visual stimulus had no mea-
surable ventriloquism aftereffect, t(23) = .21, p = 1.00,  
d = 0.04, 95% CI = [−0.115, 0.142], on white noise audi-
tory stimuli when the adapted auditory stimulus was a 
4 kHz tone (see Fig. 3a). We also directly compared the 
strength of the imagery-induced aftereffect from this 
experiment (Experiment 3), when the adapted auditory 
stimulus and the test stimulus were different, with the 
corresponding effect in Experiment 1, when these stim-
uli were identical (white noise stimuli). In support of 
our hypothesis, we found that the strength of the after-
effect was significantly stronger when the adapted audi-
tory stimulus and the test stimulus were the same 
(Experiment 1) than when they were different (Experi-
ment 3), t(46) = 3.5, p = .001, d = 1.01, 95% CI = [0.161, 
0.244].
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Experiment 4

Experiment 4 was conducted using real visual stimuli 
for comparison with Experiment 3. Although a repeated 
measures ANOVA revealed a significant difference in 
the participants’ PSEs following the different adaptation 
conditions in this experiment, F(2, 46) = 4.09, p = .023, 
ηG

2 = .028, a pairwise comparison between leftward 
and rightward-adaptation conditions revealed that there 
was no significant ventriloquism aftereffect on white 
noise following adaptation to a real visual stimulus and 
a 4 kHz tone, t(23) = 1.55, p = .402, d = 0.32, 95%  
CI = [−0.024, 0.172] (see Fig. 3b and the Supplemental 
Material for additional analyses).

Experiment 5

Experiment 5 was conducted to test the prediction that 
an imagery-induced ventriloquism aftereffect should be 
present when the test and adapted auditory stimuli 
were both 4 kHz tones. Confirming this prediction, 
together with the results of the preceding two experi-
ments, would conclusively demonstrate that the afteref-
fect depends on the congruency of the sound 
frequencies of the two stimuli. The results from this 
experiment showed a significant shift in the participants’ 
PSEs for the different adaptation conditions when the 
test auditory stimuli and the adapted auditory stimuli 

were both 4 kHz tones, F(2, 46) = 9.8, p < .001, ηG
2 = 

.097. Moreover, as predicted, a significant imagery-
induced ventriloquism aftereffect was present when the 
test auditory and the adapted auditory stimuli were 
both 4 kHz tones, t(23) = 3.91, p < .001, d = 0.80, 95% 
CI = [0.198, 0.642] (see Fig. 4a and the Supplemental 
Material for additional analyses).

Experiment 6

In this experiment, a repeated measures ANOVA 
revealed that there was a significant shift in the partici-
pants’ PSEs for a 4 kHz tone following the adaptation 
with a 4 kHz tone and real visual stimuli for the differ-
ent adaptation conditions, F(2, 46) = 13.13, p < .001, 
ηG

2 = .152. Consistent with Experiment 5, a planned 
comparison revealed that there was a significant ven-
triloquism aftereffect, t(23) = 4.37, p < .001, d = 0.89, 
95% CI = [0.252, 0.706], in Experiment 6 (see Fig. 4b). 
In summary, the results from Experiments 1, 3, and 5 
demonstrate that the imagery-induced aftereffect occurs 
only when the adapted auditory and test auditory stim-
uli are of a similar frequency. These results provide 
compelling behavioral evidence that the effect is driven 
by plasticity of tonotopically organized auditory repre-
sentations, likely in the early auditory cortex (for addi-
tional analyses supporting this conclusion, see the 
Supplemental Material).
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Discussion

The results show that mental imagery can induce central 
plasticity and recalibrate spatial representations of the 
senses. Therefore, imagined sensations not only have 
the capacity to influence ongoing perception in the same 
(Craver-Lemley & Reeves, 1987; Farah, 1989; Kosslyn 
et al., 2001) or different sensory modalities (Berger & 
Ehrsson, 2013, 2014, 2017; Lacey et al., 2010) but can 
also effectively reshape future perception of real stimuli 
through neural plasticity mechanisms across sensory 
modalities. The finding that a ventriloquism aftereffect 
can be triggered by visual mental imagery shows that 
mental imagery is capable of inducing a very basic form 
of cross-modal cortical plasticity. The fact that this effect 
depended on the specific frequency of auditory stimuli 
that were paired with the imagined visual stimuli during 
the ventriloquism phase suggests that both the classic 
ventriloquism aftereffect and the imagery-induced ven-
triloquism aftereffect rely on the plasticity of the tono-
topically organized auditory cortex.

This plasticity-inducing potential of mental imagery 
is consistent with the well-known efficiency of mental 
imagery training strategies in sports psychology and 
mobility rehabilitation after a stroke (de Vries & Mulder, 
2007; Driskell, Copper, & Moran, 1994) and indicates 
that these positive behavioral effects from mental imag-
ery training strategies may at least partially come from 
plasticity in central sensory representations (Striem-
Amit, Cohen, Dehaene, & Amedi, 2012). The imagery-
induced plasticity demonstrated here is also consistent 
with neuroimaging and neurostimulation studies that 
have shown changes in cortical activation or cortical 
excitability as a result of mental imagery (Cicinelli et al., 
2006; Page, Szaflarski, Eliassen, Pan, & Cramer, 2009).

From a broader perspective, our findings suggest that 
the basic plasticity that maintains the alignment of the 
senses for multisensory integration and perception is 
influenced by the contents of our mind. The present 
results also demonstrate that the contents of our mental 
images can integrate with signals from real incoming 
sensory signals to change our perception of external 
events. The ventriloquist illusion depends on the integra-
tion of visual and auditory signals and the formation of 
a coherent multisensory representation of a single exter-
nal audiovisual event. Importantly, the ventriloquism 
aftereffect occurs only after a period of repeatedly expe-
riencing the ventriloquist illusion, which is based on 
audiovisual integration. Hence, the observed visual-
imagery-induced aftereffects also provide conclusive 
evidence that the imagery-induced ventriloquist illusion 
involves the same multisensory integration mechanisms 
as the classic illusion involving real visual stimuli.

Three technical issues regarding the present work 
should briefly be discussed. First, white noise was cho-
sen for the main auditory stimuli for our experiments 
due to its high perceptual reliability for auditory source 
localization (Stevens & Newman, 1936). For this reason, 
unlike previous studies (Lewald, 2002; Recanzone, 
1998), the present experiments have demonstrated a 
lack of transference of the ventriloquism aftereffect 
(from both real and imagined visual stimuli) between 
one frequency and white noise rather than between 
two disparate frequencies. However, given that we 
found transference of ventriloquism adaptation between 
a tone of a single frequency (i.e., a 4 kHz tone) to a 
tone of the same frequency (Experiments 5–6) but a 
lack of transference between that same tone and audi-
tory stimuli comprised of the full frequency spectrum 
(i.e., white noise; Experiments 3–4), we expected the 
same lack of transference to be observed between two 
tones of disparate frequencies. 

Second, although the results of the imagery experi-
ments (Experiments 1, 3, and 5) and their consistency 
with the real visual stimulus versions of the experiments 
(Experiments 2, 4, and 6) presented here provide strong 
indirect evidence that the participants imagined the 
visual stimuli when instructed, this cannot not be 
directly verified. Future work may utilize neuroimaging 
techniques in order to independently verify that par-
ticipants follow instructions and imagine the visual 
stimuli as instructed. Third, regarding the generaliz-
ability of our results, we expected our results to gen-
eralize to any population of healthy participants with 
normal (or corrected-to-normal) vision and hearing, 
given the consistent pattern of results across several 
experiments for both real and imagined visual stimuli 
across a large participant pool. In light of previous work 
we have conducted on the integration of real and imag-
ined sensory stimuli for different combinations of sen-
sory stimuli (see Berger & Ehrsson, 2013, 2014, 2017), 
we also anticipated that these cross-modal adaptation 
effects from imagined stimuli would generalize to other 
perceptual paradigms in which mental imagery in one 
modality is known to change ongoing perception in 
another modality and cross-modal adaptation is 
expected to follow.

Collectively, the present results provide strong sup-
port for perception-based theories of mental imagery 
(Kosslyn, 1994; Kosslyn et al., 2001) by demonstrating 
that mental imagery can engage the same multisensory 
integration, multisensory recalibration, and cortical 
plasticity mechanisms as veridical perception. In sum, 
these findings have important implications for our 
understanding of cortical plasticity, mental imagery, and 
human perception.
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Supplemental Material: 

SI Materials and Methods 

Eye Gaze Tracking and Analysis. Eye position was monitored with an infrared camera pointed 

at the participant’s right eye using a head-fixed eye tracking system. The camera was mounted to 

the chin and forehead rest below the participant’s right eye. The X- and Y-coordinates of gaze 

position and pupil diameter were recorded at a frequency of 90 Hz using ViewPoint 

EyeTracker® software (Arrington Research, Scottsdale, AZ, USA). Gaze-position was recorded 

in normalized units relative to the visual field that spanned 50° in the horizontal plane and 15° in 

the vertical plane in front of the participant and was calibrated for each participant prior to the 

start of the experiment.  

     The raw eye-tracking data from the adaptation phases were filtered for eye-blink artifacts by 

removing all data-points corresponding to pupil diameters that exceeded ±3 standard deviations 

from the mean. Because the eye-tracking system was fixed and relied on a static head-position, 

head-movements over time during the nine-minute adaptation blocks could be misinterpreted as 

shifts in eye-gaze position. Therefore, the X-position and Y-position data points for each 

adaptation phase within a block were normalized to the mean gaze position during the 5 s 

countdown phase that preceded that adaptation phase. The countdown phase included a central 

fixation-cross followed by a flashing white disk in the same location the participants were 

instructed to imagine seeing the disk appear during the adaption phase. Additionally, it was 

constant in all conditions in all experiments, which made this period ideal for normalizing all 

subsequent gaze positions during the adaptation phases to assess any deviation from the central 

fixation point. Figures S1-S3 display the kernel density estimation heat maps of the gaze 

positions during the adaption phases for the three adaptation conditions across all six 

experiments. The mean X- and Y-gaze positions were then calculated for each condition for each 

participant and were used to assess whether there were any systematic differences in gaze 

position across the three adaption conditions in each experiment (see Figs. S1-S2). No eye-

tracking data was recorded for one participant in Experiment 1, and one participant in 

Experiment 3 (thus, there are 22 degrees of freedom in the ANOVAs conducted on mean X- and 

Y-position data from those Experiments).  All analyses and statistical tests of the eye-tracking 

and all other data were performed using the statistical software R (“R : A Language and 

Environment for Statistical Computing,” 2017). 

SI Results 

Additional Analyses for Experiment 1. An additional analysis was conducted to examine 

whether the strength of the leftward imagery-induced ventriloquism aftereffect (i.e., Aftereffect 

Strength for Leftward Adaptation = Leftward Adaptation PSE − Same Adapt. PSE) was 

significantly different than the strength of the rightward imagery-induced ventriloquism 

aftereffect [i.e., Aftereffect Strength for Rightward Adaptation Condition = (Rightward Adapt. 

PSE − Same Adapt. PSE)* −1]. A paired samples t-test revealed that there was no significant 

difference between leftward and rightward adaptation conditions [t(23) = −705, p = .48, d = .14, 

95% CI [−0.26, 0.13]].  

Additional Analyses for Experiment 2. Consistent with Experiment 1, we also found a 

significant shift leftward shift in the participants PSEs following rightward adaption [t(23) = 

−4.80, p < .001, d = .98, 95% CI [−0.283, −0.113]], and significant shift rightward  shift in the 

participants PSEs following leftward adaptation [t(23) = 3.25, p = .012, d = .66, 95% CI [0.066, 

0.298]] compared to the same location adaptation in Experiment 2. A paired samples t-test was 



also conducted to assess whether the strength of the ventriloquism aftereffect in the leftward 

adaption condition (i.e., Aftereffect Strength for Leftward Adaptation = Leftward Adaptation 

PSE − Same Adapt. PSE) was significantly different than the strength of the ventriloquism 

aftereffect for the rightward adaptation condition [i.e., Aftereffect Strength for Rightward 

Adaptation Condition = (Rightward Adapt. PSE − Same Adapt. PSE)* −1]. No significant 

difference between the strength of the leftward and rightward ventriloquism aftereffect was 

observed [t(23) = .197, p = .85, d = .04, 95% CI [−0.14, 0.18].  

 

Additional Analyses for Experiment 3. No shifts in the participants’ PSEs were observed 

following rightward adaption [t(23) = .34, p = 1.00, d = .07, 95% CI [−0.094, 0.131]] nor 

leftward adaptation [t(23) = .57, p = 1.00, d = .12, 95% CI [−0.084, 0.148]] compared to the 

same location adaptation in Experiment 3.  

 

Additional Analyses for Experiment 4. Although a repeated measures ANOVA revealed a 

significant difference in the participants’ PSEs following the different adaptation conditions in 

this experiment (see Experiment 4 Results in main text), it appears that this effect was driven by 

a significant shift rightward in the participants’ PSE following leftward adaptation (compared to 

same location adaptation)[t(23) = 2.79, p = .03, d = .57, 95% CI [0.039, 0.266]]. However, there 

was not a significant ventriloquism aftereffect (i.e., no significant difference between the 

participants’ PSEs following leftward vs. rightward adaptation; see main text for analysis) and an 

additional analysis revealed that there was no significant shift leftward [t(23) = 1.37, p = .54, d = 

.28, 95% CI [−0.040, 0.199]] for the participants’ PSEs following rightward adaption compared 

to same location adaptation when the adapted auditory stimuli were 4 kHz tones and the test 

stimuli were white-noise bursts. As in all previous experiments, all pairwise comparisons were 

Bonferroni-corrected for multiple comparisons. Furthermore, a comparison of the strength of the 

ventriloquism aftereffects from real stimuli between Experiment 4 (in which the adapted and test 

auditory stimuli were different frequencies) and Experiment 2 (in which the adapted and test 

auditory stimuli were the same) revealed that the aftereffect was significantly reduced in 

Experiment 4 [t(46) = −4.12, p < .001, d = 1.19, 95% CI [−0.228, −0.078]].  

Additional Analyses for Experiment 5. There was a significant shift rightward of the 

participants’ PSEs following leftward adaptation [t(23) = 3.70, p = .003, d = .76, 95% CI [0.098, 

0.347]] and a non-significant (i.e., did not survive correction for multiple comparisons) trend 

leftward following rightward adaption [t(23) = −1.82, p = .24, d = .76, 95% CI [−0.42, 0.027]] 

compared to the same location adaptation condition. Once again, the strength of the leftward 

imagery-induced ventriloquism aftereffect (i.e., Aftereffect Strength for Leftward Adaptation = 

Leftward Adaptation PSE − Same Adapt. PSE) was compared to the rightward imagery-induced 

ventriloquism aftereffect [i.e., Aftereffect Strength for Rightward Adaptation Condition = 

(Rightward Adapt. PSE − Same Adapt. PSE)* −1]. No significant difference between leftward 

and rightward adaptation conditions was observed [t(23) = −.18, p = .86, d = .03, 95% CI [−0.31, 

0.26]]. 

Additional Analyses for Experiment 6. As in Experiment 5, there was a significant shift of the 

participants’ PSEs following leftward adaptation condition compared to the same location 

adaptation condition [t(23) = 3.38, p = .003, d = .69, 95% CI [0.109, 0.451]], and a non-

significant trend leftward following rightward adaptation [t(23) = −2.29, p = .096, d = .47, 95% 

CI [−0.378, −0.018]] compared to the same location adaptation condition that did not survive 



correction for multiple comparisons. Once again, a paired samples t-test was conducted to assess 

whether the strength of the ventriloquism aftereffect in the leftward adaption condition (i.e., 

Aftereffect Strength for Leftward Adaptation = Leftward Adaptation PSE − Same Adapt. PSE) 

was significantly different than the strength of the ventriloquism aftereffect for the rightward 

adaptation condition [i.e., Aftereffect Strength for Rightward Adaptation Condition = (Rightward 

Adapt. PSE − Same Adapt. PSE)* −1], and no significant difference was observed [t(23) = −.63, 

p = .54, d = .13, 95% CI [−0.35, 0.19]].  

 



 

Figures S1-S3 

 

 

Fig. S1. Eye Tracking Data from Experiments 1 & 2. Heat maps with the kernel 

density estimation of gaze position for all subjects during adaptation periods from 

(A) Experiment 1 and (B) Experiment 2 for the same location, leftward, and 

rightward adaptation conditions. There was no significant difference in the mean 

gaze position across adaptation conditions in the horizontal [F(2, 22) = 0.44, p 

=.646, η2
G = .012] or vertical [F(2, 22) = 0.97, p =.38, η2

G = .024] planes in 

Experiment 1, and no significant difference in the mean gaze position across 

adaptation conditions in the horizontal [F(2, 23) = 1.38, p =.26, η2
G = .056] or 

vertical [F(2, 23) = 2.58, p =.09, η2
G = .039] planes in Experiment 2.  



 

 

Fig. S2. Eye Tracking Data from Experiments 3 & 4. Heat maps with the kernel 

density estimation of gaze position for all subjects during adaptation periods from 

(A) Experiment 3 and (B) Experiment 4 for the same location, leftward, and 

rightward adaptation conditions. There was no significant difference in the mean 

gaze position across adaptation conditions in the horizontal [F(2, 22)= 1.68, p = 

.20, η2
G = .040] or vertical [F(2, 22) = 0.9, p =.413, η2

G = .024] planes in 

Experiment 3, and no significant difference in the mean gaze position across 

adaptation conditions in the horizontal [F(2, 23) = 1.78, p =.18, η2
G = .024] or 

vertical [F(2, 23) = 1.84, p =.17, η2
G = .024] planes in Experiment 4. 



 

 

Fig. S3. Eye Tracking Data from Experiments 5 & 6.  Heat maps with the kernel 

density estimation of gaze position for all subjects during adaptation periods from 

(A) Experiment 5 and (B) Experiment 6 for the same location, leftward, and 

rightward adaptation conditions. There was no significant difference in the mean 

gaze position across adaptation conditions in the horizontal [F(2, 23) = 0.80, p = 

.46, η2
G = .019] or vertical [F(2, 23) = 2.65, p = .08, η2

G = .057] planes in 

Experiment 5, and no significant difference in the mean gaze position across 

adaptation conditions in the horizontal [F(2, 23) = 0.11, p = .89, η2
G = .003] or 

vertical [F(2, 23) = 64, p = .53, η2
G = 016] planes in Experiment 6. 

 
 


