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Abstract
Previous studies have reported visual motion aftereffects (MAEs) following prolonged exposure to auditory stimuli depict-
ing motion, such as ascending or descending musical scales. The role of attention in modulating these cross-modal MAEs, 
however, remains unclear. The present study manipulated the level of attention directed to musical scales depicting motion 
and assessed subsequent changes in MAE strength. In Experiment 1, participants either responded to an occasional second-
ary auditory stimulus presented concurrently with the musical scales (diverted-attention condition) or focused on the scales 
(control condition). In Experiment 2 we increased the attentional load of the task by having participants perform an auditory 
1-back task in one ear, while the musical scales were played in the other. Visual motion perception in both experiments was 
assessed via random dot kinematograms (RDKs) varying in motion coherence. Results from Experiment 1 replicated prior 
work, in that extended listening to ascending scales resulted in a greater likelihood of judging RDK motion as descending, 
in line with the MAE. In contrast, the MAE was eliminated in Experiment 2. These results were internally replicated using 
an in-lab, within-participant design (Experiment 3). These results suggest that attention is necessary in eliciting an auditory-
induced visual MAE.
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Introduction

Musical understanding is indelibly shaped by language. It 
is difficult to imagine describing music without using direc-
tional terms (e.g., “the rising melody” or “the descend-
ing bassline”). Yet, this pitch-verticality association is by 
no means universal. There is nothing about increasing the 
number of oscillations of a soundwave (i.e., increasing 
frequency) that inherently maps onto perceived location 
in vertical space. To further illustrate this point, a speaker 
of Farsi would likely describe the same musical event in 
terms of thickness (e.g., “the thinning melody” or “the 

thickening bassline”), not verticality. Still other languages 
would describe pitch changes in terms of size, brightness, 
or even age (Fernández-Prieto et al., 2015; Marks, 1974; 
Zbikowski, 2008), and listeners who speak a language that 
describes pitch in terms of verticality (such as English) can 
readily understand these various pitch mappings (Eitan & 
Timmers, 2010).

Based on the observed flexibility of describing pitch 
changes along different dimensions (Eitan & Timmers, 
2010), one might reason that these linguistic labels have 
no direct consequence on listeners’ perceptions of pitch. 
However, many studies have demonstrated that well-devel-
oped, cultural metaphors for understanding pitch cannot 
be reversed and influence perceptual judgments (Melara & 
Marks, 1990; Melara & O’Brien, 1987), even under con-
ditions of linguistic interference (Dolscheid et al., 2013). 
In further support of the idea that conceptual metaphors 
for understanding pitch exist independently of language, 
studies have reported the presence of pitch-verticality 
mappings in prelinguistic infants, where preferential look-
ing was observed towards stimuli corresponding to both 
height-pitch associations and thickness-pitch associations 
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(Dolscheid et al., 2014). These findings imply that language 
might strengthen some pre-existing understandings of pitch 
changes, rather than creating entirely novel, arbitrary ones.

Due to the strength of the pitch-verticality metaphor in 
Western cultures, it is plausible that perceived motion in 
pitch (e.g., through ascending or descending musical scales) 
has potential consequences for visual motion perception 
(e.g., judging whether a visual object is moving up or down). 
In support of this idea, Maeda et al. (2004) showed that 
ascending and descending pitch sweeps can influence the 
perception of ambiguous visual motion in a congruent man-
ner. For example, listening to ascending tone sweeps made 
participants more likely to judge simultaneously presented 
ambiguous visual motion as ascending. These findings sug-
gest that auditory stimuli might influence vision at the per-
ceptual level, independent of factors such as eye movements 
and cueing. However, the demand characteristics in this 
kind of paradigm are potentially high, given that ascending 
pitches are associated with judging ambiguous visual motion 
as ascending. As such, it is unclear whether these findings 
are driven by perceptual mechanisms or post-perceptual 
decisions. To more strictly test whether pitch change influ-
ences the perception of visual motion at a perceptual level, 
researchers can take advantage of a non-intuitive perceptual 
illusion – the visual motion aftereffect (MAE).

MAEs are perceptual illusions resulting from prolonged 
exposure to a continuous stimulus with unidirectional move-
ment, in which static stimuli observed immediately follow-
ing motion adaptation are perceived as moving in the oppo-
site direction. For example, sustained fixation on a visual 
stimulus with continuous, unidirectional leftward motion 
would evoke a temporary rightward motion aftereffect (i.e., 
a perceived motion illusion in the opposite direction of the 
adapted stimulus). This effect has been documented after 
adaptation to visual stimuli conveying both real motion 
(e.g., Anstis et al., 1998), implied motion from static images 
(Winawer et al., 2010), and even linguistic descriptions of 
motion (Dils & Boroditsky, 2010). The ability of stimuli 
such as static images implying motion and motion language 
to elicit MAE-like effects suggests that MAEs might be 
elicited by a broader set of stimuli that depict motion more 
conceptually or abstractly.

Previous work has found that auditory stimuli with strong 
vertical directionality (ascending and descending musical 
scales) can elicit responses consistent with visual MAEs 
(Hedger et al., 2013). In this work, listening to several sec-
onds of descending and ascending musical scales made 
participants more likely to judge visual motion, presented 
via a random dot kinematogram (RDK; e.g., Newsome & 
Pare, 1988), as ascending or descending, respectively. These 
results suggest that the pitch-verticality metaphor has a per-
ceptual basis and can elicit similar perceptual judgments 
as adapting to real ascending or descending visual motion. 

However, in this study, participants were simply instructed 
to listen to the musical scales. As such, the role of attention 
in inducing this cross-modal MAE is presently unclear.

There are several reasons to predict that an auditorily 
induced visual MAE might be modulated by attention. Adap-
tation occurs at multiple levels of the visual system (Web-
ster, 2015), opening a role for the influence of attention at 
multiple processing levels. Additionally, previous work has 
found that attention enhances stimulus representations and 
low levels of the perceptual system (Carrasco et al., 2004; 
Yeshurun & Carrasco, 1998), which in the present context 
could potentially make the conveyed motion by ascending or 
descending musical scales more salient, thereby enhancing 
the cross-modal MAE. However, empirical work examining 
the role of attention in motion adaptation more specifically 
is mixed. One reason for these mixed findings may be that 
attention does not have a static effect in modulating percep-
tual processing over time. Specifically, Ling and Carrasco 
(2006) found that attention enhanced perceptual processing 
in early temporal windows, but actually inhibited perceptual 
sensitivity over sustained periods. In an experiment con-
ducted by Morgan and Solomon (2019), attentional distrac-
tion had no significant effect on motion adaptation strength, 
as measured by its duration and asymptote. As motion adap-
tation is thought to underlie MAEs, a similar result may be 
inferred in relation to MAEs. Based on this finding, it may 
be hypothesized that motion adaptation occurs at a preat-
tentive stage of visual processing. Conflicting research find-
ings suggest that attention magnifies the adaptation effects; 
this attention-adaptation relationship has been referred to as 
“adaptation gain” (Rezec et al., 2004). Bartlett et al. (2018) 
identified and controlled potential experimental factors that 
may have resulted in experimental inconsistencies in relation 
to the attention-adaptation relationship, but it is clear that 
the role of attention in MAEs – in particular, cross-modal 
MAEs – warrants further investigation.

The present study therefore aimed to conceptually repli-
cate the cross-modal MAE reported by Hedger et al. (2013) 
while additionally exploring the role of attention in induc-
ing this cross-modal MAE. At present, it is unclear whether 
attention modulates MAEs that are more conceptual in 
nature. In particular, the audiovisual nature of the MAE 
outlined by Hedger et al. (2013) might particularly rely on a 
participant attending to the perceived direction of the sound, 
as attention may be necessary to for successful integration of 
information across auditory and visual modalities (Spence 
& Frings, 2020). In support of this idea, prior research has 
reported that demands placed on attention can disrupt audio-
visual processing in domains such as speech (Alsius et al., 
2005). On the other hand, research has found that attention 
has little-to-no influence on other domains of multisensory 
integration, such as the ventriloquist effect (Bertelson et al., 
2000; Vroomen et al., 2001). These seemingly contradictory 
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findings have been explained in terms of different task 
demands – for example, considering whether the specific 
paradigm requires perceptual decisions in both modalities, 
compared to paradigms in which one modalities can be 
entirely ignored (Donohue et al., 2015). This suggests that 
the specific role of attention in audiovisual processing is 
complex and likely task dependent.

In the current experiments, we present participants 
with adapting stimuli in the auditory modality (continu-
ally ascending or descending musical scales) and measure 
responses to visual motion stimuli (RDKs) varying in motion 
coherence. Critically, we manipulate participants’ attention 
to these musical scales to assess the role of attention in elicit-
ing a cross-modal MAE. In Experiment 1, participants either 
are instructed to focus on the scales (control condition) or on 
a secondary auditory task, presented occasionally alongside 
the scales (diverted-attention condition). In Experiment 2, 
all participants engaged in a more continuously demanding 
secondary auditory task, providing a stronger attentional 
manipulation compared to Experiment 1. In Experiment 3, 
we manipulate attention using a within-participant design, 
using a controlled in-lab setting. We hypothesized that 
participants who focused attention on the ascending and 
descending auditory pitches would experience significantly 
stronger MAEs than those who are directed to attend to a 
secondary stimulus presented alongside the ascending and 
descending auditory pitches (i.e., diverted-attention condi-
tion in Experiment 1, all participants in Experiment 2, and 
trials in which participants divert attention in Experiment 
3). We additionally predicted a graded effect of attention, in 
that the less demanding attention manipulation in Experi-
ment 1 would not attenuate the MAE to the same degree as 
the more continuously demanding attention manipulations 
in Experiments 2 and 3.

Experiment 1

Method

Participants

We recruited 100 participants (control: n = 50; diverted-
attention: n = 50) from Amazon Mechanical Turk via the 
Cloud Research recruitment platform (Litman et al., 2017). 
Participants had to reside in the USA, have a minimum 90% 
approval ratings from prior Mechanical Turk tasks, and had 
to have passed internal attention checks administered by 
Cloud Research to be eligible to participate in the experi-
ment. Participants of all genders were included. Additional 
recruitment criteria were developed based on potential fac-
tors that may limit one’s attentional or perceptual (i.e., audi-
tory or visual) capabilities. Participants had to be between 

18 and 60 years old (M = 37.92 years old, SD = 9.68 years 
old, range: 20–59 years old), and additionally had to have 
normal (or corrected-to-normal) vision and hearing. The 
study excluded 16 participants on the basis of a failure to 
adequately perform practice or attentional components of the 
task (see Data exclusion for more details), leaving 84 par-
ticipants in the primary analyses (control: n = 46; diverted-
attention: n = 38). Out of the 84 assessed participants, 39 
(46.4%) reported prior musical training.

Materials

A letter of information was provided to potential participants 
with details about the current experiment, such as confiden-
tiality procedures, inclusion and exclusion criteria, contact 
information of the researchers, descriptions of the tasks 
involved in the experiment, and potential benefits, costs, and 
risks involved in participation. The letter of information did 
not mention motion perception, nor did it discuss MAEs, in 
an effort to mitigate demand characteristics.

The experiment was programmed in jsPsych 6 (de Leeuw, 
2015). The random dot kinematogram (RDK) stimuli were 
generated within jsPsych using a customizable plugin 
(Rajananda et al., 2018). Each RDK displayed 200 dots. 
Dots on each frame were either designated as coherent (i.e., 
moving in a consistent up or down direction) or incoher-
ent (i.e., disappearing and reappearing at random posi-
tions within the 500-pixel-wide square aperture). Although 
there are several ways to specify motion within RDKs, the 
designation of coherent and incoherent dots was assigned 
randomly on each frame and weighted based on the coher-
ence level for the present experiment. This manipulation is 
conceptually similar to the approach taken by Hedger et al. 
(2013). In the RDK Practice Task, dot coherence levels were 
high (90%, 70%, and 50% ascending/descending motion). In 
the Main Task, dot coherence levels were considerably more 
ambiguous (30% and 15% ascending/descending motion, as 
well as 0% coherence). The inclusion of some RDKs with no 
coherent motion (0% coherence) permitted the assessment of 
how musical scales influenced truly ambiguous RDKs with 
no genuine motion signal. Each RDK stimulus was 1,000 
ms in duration.

The musical scales used Shepard tones to elicit the per-
cept of continuously ascending or descending auditory 
motion (Shepard, 1964). Shepard tones are complex tones 
constructed via frequencies that are octave relations (i.e., a 
2:1 frequency ratio) of one another. Given that tones sepa-
rated by octaves belong to the same pitch class (e.g., 440 
Hz and 880 Hz would both be labeled as the note “A”), each 
tone by itself has a clear pitch chroma (e.g., A or C#) but is 
ambiguous with respect to pitch height (e.g., the adjacent 
octave above or below middle C on a piano). When Shep-
ard tones are used to play musical scales, which typically 
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contain small adjacent changes in auditory frequency, lis-
teners often report a perceptual illusion of a continually ris-
ing or falling auditory sequence, similar to the barber pole 
illusion in vision (Wallach, 1935). In this sense, Shepard 
tones are ideal stimuli for the present experiment, as they 
strongly evoke ascending or descending auditory motion 
yet control for several factors that would typically differ for 
ascending and descending scales (e.g., starting and ending 
frequencies).

Each Shepard tone was 166.67 ms in duration and con-
tained energy at five octaves – two octaves above and below 
a specified fundamental frequency. Three octaves of Shepard 
tones were stacked and arranged to create a chromatic scale 
with repeating notes, as informal pilot testing suggested that 
this construction resulted in the most consistent perceptions 
of continual ascending or descending motion. The Shepard 
tones were generated in Matlab (Mathworks: Natick, MA). 
Given that both the ascending and descending chromatic 
scales contained 24 notes, each scale was 4000 ms in dura-
tion. Details regarding the Shepard tones and chromatic 
scale construction are provided in Fig. 1.

The “noise bursts,” which were the focus of attention for 
participants in the diverted-attention condition, were 50-ms 
samples of pink noise. These were embedded in the Shep-
ard scales (-10 dB SNR) to make the attentional task more 
difficult and to also prevent distracting participants in the 
control condition, given that all participants heard the same 

sounds. There was a 50% probability of hearing a noise burst 
embedded within the Shepard scale on each trial in the Main 
Task. Participants accessed the experiment with their own 
computer device. Data processing, analyses, and visualiza-
tion was done in R/RStudio.

Procedure

The experiment was completed in two “runs” separated by 
condition. The diverted-attention condition was run first, and 
the control condition was run second. Both conditions were 
run within one week of each other, and participants who 
had completed the diverted-attention version of the experi-
ment were not eligible to participate in the control condition. 
This approach was chosen as opposed to randomly assigning 
participants to a condition to ensure that both conditions had 
equal sample sizes.

Participants were first presented with a letter of infor-
mation, which detailed the terms of the study. Those who 
decided to participate after reading the letter of informa-
tion clicked on a checkbox affirming their consent to par-
ticipate. Participants could not continue the study without 
checking the consent box on the computer screen. Par-
ticipants then completed several preliminary assessments, 
which were implemented to ensure adequate auditory cal-
ibration and to familiarize all participants with the RDK 
stimuli. First, participants heard a 30-second calibration 

Fig. 1  Depiction of the scales used in the experiment. Panel A pro-
vides musical notation for both the ascending (top row) and descend-
ing (bottom row) chromatic scales. Panel B provides the harmonic 
spectrum of a sample Shepard tone used in the experiment, with 

each adjacent peak being separated by one octave. Panel C provides 
a spectrogram of two consecutive descending scales. The vertical line 
at 4 s represents the point at which the scale repeats
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noise, root-mean-square normalized to the same level as 
the Shepard scales, and adjusted their computer volume to 
a comfortable listening level. Next, participants engaged 
in a simple loudness judgment task, which is meant to dif-
ferentiate participants using versus not using headphones 
(Woods et al., 2017). Following this auditory calibration, 
participants in the diverted-attention condition engaged in a 
“noise burst” practice task, which familiarized participants 
with the secondary task they would be completing during the 
presentation of the Shepard scales. This practice task fea-
tured short (50-ms) bursts of pink noise. These noise bursts 
were presented in either the left or right audio channel and 
participants had to determine whether the bursts were com-
ing from the left or right by pressing designated keys on the 
keyboard. Feedback was given after each response, for a 
total of 10 trials. The RDK Practice Task was completed by 
participants in both conditions to ensure RDK familiarity. 
The RDK Practice Task consisted of 12 trials and six kinds 
of RDKs, which varied on motion coherence (i.e., 90%, 70%, 
50%) and motion direction (i.e., ascending, descending). 
Participants judged whether the dots were moving primarily 
upwards or downwards by pressing the up and down arrows 
on the keyboard, respectively, and feedback was provided 
after each response.

After these calibration and practice assessments, partici-
pants were then presented with the instructions for the Main 
Task. In the diverted-attention condition, participants were 
told to respond with a key press whenever they heard a short 
noise burst, similar to those heard during the practice assess-
ment. Participants in the diverted-attention condition were 
alerted to the fact that these noise bursts would be embedded 
within musical scales but were told to ignore the musical 
sounds and focus on the noise bursts. Participants in the 
control condition, in contrast, were told to listen carefully 
to the musical scales, as the stopping of the scales was a cue 
that the RDK was about to be presented; the noise bursts 
were not mentioned. Thus, participants in both conditions 
were played the same auditory stimuli; the only difference 
was how participants were instructed to attend to the sounds.

The Main Task consisted of 100 trials (four blocks; 25 tri-
als per block). All trials in the Main Task followed an identi-
cal procedure: (1) Shepard scale, (2) RDK presentation, and 
(3) a forced-choice judgment about the motion of the RDK. 
Participants in the diverted-attention condition responded 
to noise bursts that were intermittently played during the 
Shepard scales (on average, 50% of Shepard scales contained 
a noise burst). The first trial in each block consisted of a 24-s 
Shepard scale, followed by an RDK, with subsequent trials 
in each block (i.e., trials 2–25) containing an 8-s Shepard 
scale (i.e., trials 2-25). RDK motion coherence and direction 
were manipulated such that there were five RDK conditions: 
(1) 30% coherence of descending motion, (2) 15% coherence 
of descending motion, (3) 0% coherence, (4) 15% coherence 

of ascending motion, and (5) 30% coherence of ascending 
motion. These five RDK types were randomly presented five 
times each within a block. Direction of musical scales was 
fixed within a block and was interleaved across blocks; par-
ticipants randomly received one of two orderings (descend-
ing-ascending-descending-ascending or ascending-descend-
ing-ascending-descending). Figure 2 provides an overview 
of the experimental paradigm.

Following the Main Task, participants completed a brief 
questionnaire. The questionnaire recorded sociodemo-
graphic information such as age, gender, and highest level 
of education achieved. Participants’ first language and up to 
two additional languages (including self-rated proficiency) 
were also collected, along with status of hearing aid use 
(yes/no) and musical background. Musical experience was 
assessed in terms of musical training (yes/no; number of 
years if yes) and self-reported musical skill on a 6-point 
Likert scale (1 = not skilled, 6 = highly skilled). Participants 
were then debriefed and paid for their participation.

Data exclusion

There were two considerations for removing participants 
from the main analyses. The first consideration was poor 
performance on the RDK Practice Task. Given that the 
tested coherence levels in the RDK Practice Task were 
higher than those used in the Main Task, poor performance 
on the RDK Practice Task would indicate that participants 
were unable to reliably perceive motion for all of the RDK 
stimuli in the Main Task. If participants were thus unable to 
achieve at least 75% accuracy (9 of 12 correct) on the RDK 
Practice Task, they were removed from further analyses. 
This consideration removed 15 participants (control: n = 4, 
diverted-attention: n = 11).

The second data culling measure only applied to partici-
pants in the diverted-attention condition, as it was concerned 
with “noise burst” detection in the Main Task. Poor per-
formance on this task was taken as evidence that partici-
pants did not successfully divert attention to detect the noise 
bursts, meaning these participants did not comply with the 
instructions. Performance was assessed in terms of d-prime. 
A hit was defined as a key press between 200 ms and 2,000 
ms after a noise. A key press that fell outside of this win-
dow was coded as a false alarm. The mean performance 
on the noise burst detection task was quite high (M = 3.16, 
SD = 1.40). Of the participants who passed the RDK Prac-
tice Task, one participant had a d-prime value below zero 
(-1.17), suggesting an inability to detect the noise bursts 
(i.e., logging more false alarms than hits). This participant 
was thus excluded from subsequent analyses. Thus, the final 
participant count was 84 (control: n = 46, diverted-attention: 
n = 38).
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The results of the headphone test were not used as formal 
exclusion criteria, but rather to get a sense of how many 
participants followed the researcher’s recommendation of 
wearing headphones. Based on a threshold of at least five of 
six correct responses, taken from Woods et al. (2017), 76% 
of the participants passed the assessment.

Data analysis

We constructed generalized linear mixed-effects models 
with probit links using the “lme4” package in R (Bates 
et al., 2015). The dependent variable was whether a par-
ticipant responded that the RDK was ascending or descend-
ing (arbitrarily coded as a 1 or 0, respectively). Each model 
included the interaction of condition (diverted-attention, 
control), scale direction (ascending, descending) and RDK 
coherence (-2, -1, 0, 1, and 2, with descending motion arbi-
trarily coded as negative and coherence levels recoded to 
facilitate model convergence). Participants were modeled 

with random intercepts. To assess the relative importance 
of scale direction and condition, we created two nested 
models from the full model described above - one without 
scale direction and one without condition. These models 
were then compared to the full model on the basis of cor-
rected AIC values (Akaike, 1998; Burnham & Anderson, 
2004), with negative values of this difference score (ΔAIC) 
indicating a better fit. The RDK term was initially modeled 
with a polynomial fit, allowing an examination of linear, 
quadratic, and cubic fits across RDK coherence. However, 
the linear fit of the RDK coherence provided the best fit of 
the data, with the additional higher-order terms resulting 
in a non-converging model and not providing a better fit 
(ΔAIC = 2.6). As such, all reported models use linear fits 
of RDK coherence. We additionally used the “MixedPsy” 
package in R (Balestrucci et al., 2022) to calculate the point 
of subjective equality (PSE) from the mixed-effects models. 
The PSE in the present context refers to the coherence level 
at which participants are equally likely to judge an RDK as 

Fig. 2  Overview of experimental paradigm. Panel A depicts the trial 
structure within each block. On each trial, participants heard either 
a descending or ascending musical scale for either 24 s (Trial 1) or 
8 s (Trials 2–25 in Experiments 1 and 2 and Trials 2–30 in Experi-
ment 3). This was followed by a 1-s fixation, which was then followed 
by a 1-s random dot kinematogram (RDK). There were five coher-
ence levels for the RDKs, and the ordering of RDK coherence lev-
els within a block was randomized. Following the RDK, participants 
provided a forced choice (up or down). Panels B, C, and D depict the 
block structure within Experiment 1, 2, and 3 (respectively) for the 

four blocks of the experiment (B1–B4). In Experiment 1, there were 
two possible block orderings, relating to whether participants would 
listen to ascending or descending scales first. In Experiments 2 and 
3, there were four possible block orderings, relating to both scale 
direction and audio channel of the scales (left or right; represented 
by the superscript L or R). In Experiment 3, participants always 
attended away from the ear containing the musical scales for B1 and 
B2 (denoted with +), and always attended to the ear containing the 
musical scales for B3 and B4 (denoted with *)
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ascending or descending. For ease of interpretation, the PSE 
values are reported as original coherence values (i.e., percent 
coherence) as opposed to the re-coded values (-2 to 2) used 
in the mixed-effects models.

To assess how variables from the questionnaire (spe-
cifically age, musical training, self-reported musical skill, 
and reported bilingualism) related to the present findings, 
we used the extracted participant slopes for scale direction 
from the full mixed-effects model described in the previous 
paragraph. We then assessed via Pearson correlations how 
this slope was associated with these measures, considered in 
terms of all participants, as well as split by condition. These 
correlations thus provide a sense of whether the relative 
magnitude of the scale direction effect was associated with 
these measured variables, as well as whether any observed 
associations differed as a function of condition. These analy-
ses are considered exploratory.

Results

Participants were more likely to report that an RDK was 
ascending as a function of RDK coherence, which demon-
strates that participants could correctly judge the motion in 
the RDK stimuli given the coding of descending RDKs as 
negative and ascending RDKs as positive (B = 0.54, SE = 
0.08, p < .001). Participants were also more likely to report 
that an RDK was descending for trials in the ascending scale 
blocks relative to trials in the descending scale blocks, as 

evidenced by a significant main effect of scale direction (B 
= -0.27, SE = 0.07, p < .001). This effect, which is plotted 
in Fig. 3, conceptually replicates Hedger et al. (2013). No 
other term was significant in the model, including the main 
effect, two-way, and three-way interactions including condi-
tion. Removing scale direction from the model resulted in 
a significantly worse fit relative to the full model (ΔAIC 
= 20.2). In contrast, removing condition from the model 
resulted in a better fitting model (ΔAIC = -6.2), which is 
perhaps not surprising considering (1) the non-significant 
effects of condition in the full model, and (2) the fact that 
AIC penalizes for extra fitted parameters.

The PSE analyses suggested that scale direction influ-
enced the coherence level at which participants were equally 
likely to judge an RDK as ascending or descending. When 
listening to descending musical scales, participants’ mean 
PSE was +3.11% (SE = 2.37%). The 95% confidence inter-
val included zero [-0.20, 7.74], suggesting that participants 
listening to descending musical scales were not indepen-
dently shifted from the objective null point (i.e., 0% coher-
ence) in terms of their PSE. However, when participants 
listened to ascending musical scales, their mean PSE was 
11.62% (SE = 3.28%). Unlike the descending musical scale 
condition, the 95% confidence interval did not include zero 
[5.17, 18.06]. Thus, the PSE analyses suggest that the effect 
of scale direction in the mixed-effect models is asymmetri-
cal, with ascending musical scales making participants less 
sensitive to ascending RDK motion. In contrast, descending 

Fig. 3  Influence of scale direction on visual motion judgments from 
Experiment 1. Error bars represent ± 1 standard error of the mean. 
Random dot kinematogram (RDK) motion coherence is plotted on the 

x-axis, with descending motion arbitrarily coded as negative. Control 
condition participants are plotted in the left panel, and diverted-atten-
tion condition participants are plotted in the right panel
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musical scales did not significantly shift participants’ points 
of subjective equality below 0% coherence.

The exploratory correlational analyses did not show any 
associations between the strength of the observed MAE 
(represented as the extracted participant slope for scale 
direction) and the analyzed variables (age, musical train-
ing, self-reported musical skill, and bilingualism). Table 1 
provides a summary of these analyses. In fact, the only sig-
nificant association observed was between musical training 
and self-reported musical skill. Thus, the relative degree to 
which participants were influenced by the musical scales 
appeared to be independent of age and self-reported music 
and language factors.

Discussion

In Experiment 1, participants listened to identical auditory 
stimuli but were instructed to attend to different features of 
the sound. Participants in the control condition were told 
to focus on the scales, whereas participants in the diverted-
attention condition were given a secondary task – detect-
ing and responding to noise bursts – and were told to focus 
on responding to these bursts while ignoring the scales. 
Although participants were overall less likely to report that 
visual motion was descending following prolonged expe-
rience listening to ascending scales, conceptually replicat-
ing the cross-modal MAE reported by Hedger et al. (2013), 
this effect was not modulated by attention in the present 
experiment. Thus, the present results suggest that the musi-
cal scales used in the current study were sufficiently strong 
to engender motion percepts, that these motion percepts 
influenced visual motion perception in line with MAEs, 
and that attention might not modulate the strength of this 
cross-modal MAE.

One unexpected finding from Experiment 1 was the 
asymmetry between ascending and descending musical 
scales in modulating visual motion judgments. Specifically, 
ascending musical scales significantly shifted participants’ 
PSEs from zero, whereas descending musical scales did 
not independently shift participants’ PSEs from zero. This 
asymmetry is particularly surprising as previous work has 

suggested that the descending musical scales’ elicitation of 
(descending) vertical motion is stronger than the elicita-
tion of (ascending) vertical motion from ascending musical 
scales (Eitan & Granot, 2006). One possible explanation is 
that participants had a general descending bias in judging the 
motion within the RDKs. Although such a downward bias 
may be grounded by a gravity prior (cf. Jörges & López-
Moliner, 2017), to our knowledge, a descending motion bias 
(relative to ascending motion) is not well documented in the 
literature, particularly for simple motion stimuli like RDKs. 
This asymmetrical effect would therefore benefit from future 
investigation.

Finally, there are several issues to consider before endors-
ing claims that attention does not influence the strength of 
the MAE. Most notably, Experiment 1 emphasized keep-
ing the auditory environments identical across conditions, 
likely at the expense of attentional difficulty. Noise bursts 
were chosen as it was expected that these relatively quiet 
and short bursts of sound would go unnoticed in the control 
condition. Yet, this approach may have ultimately resulted 
in similar attentional demands regardless of condition. As 
participants in the diverted-attention condition were specifi-
cally instructed to attend to the concurrent auditory stimuli 
(i.e., the noise bursts) without knowing the frequency of 
their presentation, this may have caused an attentional focus 
to all auditory stimuli, rather than the intended manipulation 
of selective attention to the noise bursts at the expense of the 
scales. Moreover, the control condition may have initially 
directed their attention to the scales, and implicitly diverted 
their attention to the brief noise bursts due to their novel, 
sudden, and unpredictable nature (cf. alerting attention; Fan 
et al., 2002). In sum, it is possible that both conditions may 
have had similar attentional demands in terms of focusing 
on the scales, albeit for different reasons.

As such, Experiment 2 was designed to provide a stronger 
test of whether attention is necessary in eliciting a cross-
modal MAE. By introducing a continuously demanding 
secondary auditory task (a 1-back task using spoken let-
ters) – presented in the opposite ear of the musical scales 
and played louder relative to the scales – we predicted that 
participants would show an attenuated or entirely eliminated 

Table 1  Exploratory correlational analysis of scale direction effect and survey measures

Note: The first value in each cell represents the overall correlation across all participants, the second value represents the correlation for the con-
trol condition participants, and the third value represents the correlation for the divided-attention participants. * p < .05 *** p < .001

Scale direction Age Musician Musical skill Bilingual

Scale Direction –
Age .03 / -.10 / .19 –
Musician .06 / -.07 / -.05 .07 / .01 / .18 –
Musical Skill .07 / .00 / .17 -.12 / -.19 / .01 .44*** / .33* / .56*** –
Bilingual .04 / .07 / .00 .09 / .03 / .16 .02 / -.03 / .08 .03 / .03 / .02 –
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MAE, even if they had explicit awareness of the musical 
scales in the unattended ear.

Experiment 2

Method

Participants

We recruited 50 participants (Mage = 38.22 years, SD = 9.42 
years, range: 23–59 years) from Amazon Mechanical Turk 
via the Cloud Research recruitment platform (Litman et al., 
2017). The recruitment criteria were identical to Experi-
ment 1. The study excluded 11 participants on the basis of a 
failure to adequately perform practice and attentional com-
ponents of the task (see Data exclusion for more details), 
leaving 39 participants in the primary analyses. Of the 39 
participants, 19 (48.7%) reported prior musical training. 
Participants who completed Experiment 1 were ineligible 
to participate in Experiment 2.

Fewer participants were recruited compared to Experi-
ment 1 because Experiment 2 did not contain a between-
participant condition. Thus, Experiment 2 was essentially 
treated as an additional between-participant attentional 
condition, for which we recruited n = 50 per condition in 
Experiment 1. It should also be noted that a bootstrapped 
power analysis (Supplemental Material) suggested that the 
achieved analyzable sample size of 39 could detect cross-
modal MAEs on 98.8% of simulations based on the data 
from Experiment 1.

Materials

The experiment was programmed in jsPsych 6 (de Leeuw, 
2015). The letter of information, RDK stimuli, and Shep-
ard scales were all identical to Experiment 1. Unlike 
Experiment 1, the Shepard scales were combined with 
strings of spoken letters. The spoken letters had an inter-
stimulus interval of 667 ms, meaning exactly 36 letters 
were presented for the longer, initial trial of each block 
and exactly 12 letters were presented for the subsequent 
trials in each block. One-third of the letters were targets 
(i.e., a repeat of the previous letter), and the remaining 
two-thirds of the letters were non-targets (i.e., a different 
letter compared to the previous letter). The spoken letters 
were adapted from prior n-back assessments using spoken 
letters (Jaeggi et al., 2010). The letters and the Shepard 
scales were combined dichotically with the letters being 
presented at a more favorable amplitude (+15 dB). We cre-
ated two versions of each stimulus – one in which the let-
ters were presented in the right channel, and one in which 
the letters were presented in the left channel. Similar to 

Experiment 1, participants accessed the experiment with 
their own computer device. Data processing, analyses, and 
visualization was done in R/RStudio.

Procedure

Participants underwent the same consent and auditory cali-
bration procedure as reported in Experiment 1. Following 
the auditory calibration, participants completed two prac-
tice tasks to familiarize themselves with the components 
of the Main Task. The first practice task introduced the let-
ter-judgment component of the Main Task. In this practice 
task, participants were told that they would be listening to a 
rapid stream of spoken letters and should press a designated 
key (spacebar) as quickly as possible whenever they heard 
a repeated letter. There were five practice trials, with each 
trial containing 12 spoken letters (four targets and eight non-
targets). Participants received feedback about their perfor-
mance, represented in terms of percentage correct, after each 
trial. The second practice task (the RDK Practice Task) was 
identical to the one described in Experiment 1.

After these calibration and practice assessments, par-
ticipants were then presented with the instructions for the 
Main Task. Participants were instructed that they would 
hear streams of spoken letters, similar to the letter-practice 
task, and should press the spacebar as quickly as possible 
whenever the current letter matched the previous letter. Par-
ticipants were alerted to the fact that the letters would be 
only presented to one ear and were told to focus solely on 
the letters.

Similar to Experiment 1, the Main Task consisted of 100 
trials (four blocks; 25 trials per block). All trials in the Main 
Task followed an identical procedure: (1) Shepard scale pre-
sented dichotically with spoken letters, (2) RDK presenta-
tion, and (3) a forced-choice judgment about the motion of 
the RDK. The first trial in each block consisted of a 24-s 
Shepard scale (and 36 spoken letters), with subsequent tri-
als in each block (i.e., trials 2–25) containing an 8-s Shep-
ard scale (and 12 spoken letters). RDK motion coherence 
and direction were identical to Experiment 1. In addition 
to interleaving musical scale direction across block (either 
ascending-descending-ascending-descending or descending-
ascending-descending-ascending, between-participant), the 
channel in which the letters were presented was also coun-
terbalanced across participants (left-left-right-right or right-
right-left-left), as depicted in Fig. 2B. Following the Main 
Task, participants completed an identical questionnaire as 
the one described in Experiment 1, with the exception of a 
single additional question. This additional question asked 
participants to describe what they heard in the study, to 
assess the extent to which participants reported noticing the 
Shepard scales in the unattended ear.
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Data exclusion

There were two considerations for removing participants 
from the main analyses. The first consideration was poor 
performance on the RDK Practice Task, using the same 
75% accuracy threshold as Experiment 1. This consideration 
removed ten participants. The second data culling measure 
was related to performance on the letter-judgment task in the 
Main Task. Poor performance on this task was taken as evi-
dence that participants did not successfully divert attention 
to the letter-judgment task, essentially meaning these par-
ticipants did not comply with the instructions. Performance 
was assessed in terms of d-prime. A “hit” was defined as a 
key press between 200 ms and 1,200 ms after the onset of 
the repeated letter. The upper limit of the response window 
was lowered relative to Experiment 1 given the continuous 
nature of the task, and was selected based on prior work 
using response times in the context of rapid and continuous 
presentations of auditory tokens (e.g., Batterink & Paller, 
2017). A key-press that fell outside of this window was 
coded as a “false alarm.” Of the participants who passed 
the RDK Practice Task, one participant had a d-prime value 
near zero (0.28), which was 2.82 standard deviations lower 
than the sample excluding this participant (M = 3.68, SD = 
1.20) and was the only d-prime below one (the next lowest 
value was 1.15). As such, this participant was excluded from 
subsequent analyses, leaving 39 participants in the sample.

The results of the headphone test were not used as formal 
exclusion criteria, but rather to get a sense of how many 
participants followed the researcher’s recommendation of 
wearing headphones. Based on a threshold of at least five of 
six correct responses, taken from Woods et al. (2017), 62% 
of the participants passed the assessment.

Data analysis

Similar to Experiment 1, we constructed generalized linear 
mixed-effects models with probit links using the “lme4” 
package in R (Bates et al., 2015). To assess the relative 
importance of scale direction, we created a nested model 
without scale condition and then compared this model to the 
full model on the basis of corrected AIC values. The PSE 
analyses were conducted in an identical manner to Experi-
ment 1, as were the exploratory analyses associating the rela-
tive effect of scale direction with the questionnaire variables.

We included two additional analyses in Experiment 2. 
First, we combined the present data with Experiment 1 to 
assess whether any differences in the relative magnitude of 
scale direction significantly differed from those observed 
in Experiment 1. Second, we used the additional question 
in which participants described their auditory experience 
to categorize participants based on their awareness of the 
Shepard scales. Specifically, participants were binned into 

three groups: (1) those who made no mention of the Shepard 
scales, (2) those who mentioned the Shepard scales but did 
not explicitly mention directionality (e.g., one participant 
described hearing faint “carnival music”), and (3) those who 
mentioned the Shepard scales and described them in terms 
of motion (e.g., using terms such as up, down, ascending, 
descending, or scales). This variable was then correlated 
with the extracted scale direction slope for each participant, 
similar to the other questionnaire variables to assess whether 
explicit awareness of the scale direction was associated with 
MAE strength.

Results

Mixed‑effect modeling of performance from Experiment 2

Participants were more likely to report that an RDK was 
ascending as a function of RDK coherence, which demon-
strates that participants could correctly judge the motion in 
the RDK stimuli given the coding of descending RDKs as 
negative and ascending RDKs as positive (B = 0.50, SE = 
0.09, p < .001). Unlike Experiment 1, there was no main 
effect of scale direction (B = 0.11, SE = 0.06, p = .061; 
Fig. 4). Indeed, the effect of scale direction was marginal 
and trending in the opposite direction (i.e., more likely to 
classify RDKs as ascending during ascending music blocks). 
There was also no interaction of RDK coherence level and 
scale direction (B = -0.01, SE = 0.04, p = .720). Removing 
scale direction from the model resulted in a nominally better 
fit relative to the full model (ΔAIC = -2.0).

Fig. 4  Influence of scale direction on visual motion judgments from 
Experiment 2. Error bars represent ± 1 standard error of the mean. 
Random dot kinematogram (RDK) motion coherence is plotted on the 
x-axis, with descending motion arbitrarily coded as negative
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Point of subjective equality analyses

The PSE analyses suggested that scale direction did not 
meaningfully influence the coherence level at which par-
ticipants were equally likely to judge an RDK as ascend-
ing or descending. When listening to descending musical 
scales, participants’ mean PSE was +4.60% (SE = 2.29%). 
The 95% confidence interval technically did not contain 
zero [0.12, 9.09]; however, the confidence interval func-
tionally included zero on the low end and additionally was 
in the opposite direction as predicted with the MAE (as 
descending musical scales made participants’ PSE shift 
toward weakly ascending RDKs). When participants lis-
tened to ascending musical scales, their mean PSE was 
1.35% (SE = 2.48%), and the 95% confidence interval 
included zero [-3.51, 6.21]. Thus, the PSE analyses sug-
gest that the musical scales did not meaningfully shift 
participants’ PSE values and, if anything, descending 
scales made participants’ PSE shift in an opposite direc-
tion as what would be predicted under the MAE.

Exploratory correlations among questionnaire variables

The exploratory correlational analyses did not show any 
associations between the influence of scale direction on 
RDK responses and the analyzed variables (age, musical 
training, self-reported musical skill, bilingualism, and 
explicit awareness of the musical stimuli). Table 2 pro-
vides a summary of these analyses. Similar to Experiment 
1, the only significant association observed was between 
musical training and self-reported musical skill. There 
was a marginally significant association in which musi-
cians were more likely to report greater detail about the 
unattended scales. However, no measure was associated 
with the relative influence of scale direction, which is 
perhaps not surprising as we did not observe an effect of 
scale direction as in Experiment 1.

Comparison of Experiment 2 with Experiment 1

In the model incorporating the data from both experiments, 
there was a significant interaction between scale direction 
and experiment (B = 0.31, SE = 0.07, p < .001), character-
ized by an attenuation of scale direction in Experiment 2 
relative to Experiment 1. The main effects of RDK coher-
ence (B = 0.37, SE = 0.01, p < .001) and scale direction (B 
= -0.21, SE = 0.04, p < .001) were also significant. Remov-
ing the term coding for experiment resulted in a significantly 
worse fitting model (ΔAIC = 10.1). Comparing the data 
from Experiment 2 to just the diverted-attention condition 
of Experiment 1 elicited the same effect - there was a sig-
nificant interaction of experiment and scale direction (B = 
0.32, SE = 0.08, p < .001). Thus, the effects of the present 
experiment represent a significant attenuation of the MAE 
compared to Experiment 1, even when limiting the analyses 
to participants who were given a secondary auditory task to 
divert attention away from the scales.

Discussion

Experiment 2 was designed to provide a stronger assessment 
of whether attention is necessary in eliciting a cross-modal 
MAE. Relative to Experiment 1, this was accomplished in 
three ways. First, the secondary auditory task was presented 
continuously alongside the musical scales, requiring con-
stant vigilance to the spoken letters. Second, the two sources 
of auditory information – spoken letters (to-be-attended) and 
musical scales (to-be-ignored) were spatially separated. 
Third, the relative amplitude for the two auditory streams 
was set to heavily favor the spoken letters (+15 dB relative 
to the scales).

The results of Experiment 2 suggest that attention is 
necessary in eliciting a cross-modal MAE. The overall 
effect of scale direction was not significant and was nomi-
nally in the opposite direction of an aftereffect – i.e., a 
slight bias to respond that RDKs were ascending follow-
ing exposure to ascending musical scales. This null effect, 
moreover, was contextualized by directly comparing the 

Table 2  Exploratory correlational analysis of scale direction effect and survey measures in Experiment 2

Note: “Describe scales” is a coded value representing the level of detail participants used in describing the unattended Shepard scales. + p < .10 
*** p < .001

Scale direction Age Musician Musical skill Bilingual Describe scales

Scale Direction –
Age .06 –
Musician .18 .19 –
Musical Skill .15 .10 .59*** –
Bilingual .02 -.14 .01 .16 –
Describe Scales .24 .20 .29+ .22 .17
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present results to those of Experiment 1. This analysis 
demonstrated that the more demanding attention manipu-
lation indeed resulted in a significant attenuation of the 
MAE, as observed in Experiment 1. Critically, the results 
from Experiment 2 cannot be explained by a simple failure 
of participants noticing the musical scales in the unat-
tended audio channel. A majority of participants (25 of 
39) explicitly mentioned the music when asked about their 
auditory experiences in the experiment, with over one 
quarter of participants (11 of 39) providing descriptions 
of the motion of this music without explicit prompting 
to do so. This reported level of awareness of the musical 
scales did not relate to the strength of the observed MAE 
(and if anything, as demonstrated by the nominally posi-
tive correlation in Table 2, greater awareness of the musi-
cal scales was associated with a pattern of results opposite 
of an MAE).

The results of Experiment 2 can also help contextualize 
the unexpected asymmetry between ascending and descend-
ing musical scales from Experiment 1. Despite the efficacy 
of the attentional manipulation in Experiment 2, suggesting 
that the musical scales did not have an influence on visual 
motion judgments, we still observed a downward motion 
bias, as seen in Fig. 4 and partially supported by the PSE 
analyses (in which participants needed ascending motion 
before being equally likely to judge an RDK as ascending 
or descending). These findings tentatively suggest that the 
asymmetry in ascending and descending musical scales in 
Experiment 1 may be best explained by a general bias to 
report that RDKs were descending in the present paradigm.

Although Experiment 2 suggests that attention is neces-
sary in eliciting a cross-modal MAE, there are some nota-
ble factors that limit this interpretation. First, Experiment 2 
changed the attention manipulation relative to Experiment 1 
by adopting a dichotic listening paradigm. This change was 
implemented in an effort to make the secondary task more 
demanding; however, it is unclear whether such a paradigm 
could ever elicit a cross-modal MAE (i.e., even when par-
ticipants were instructed to attend to the musical scales and 
ignore the spoken letters), given the steady presentation of 
spoken letters at a more favorable signal-to-noise ratio rela-
tive to the musical scales. Second, the continued use of a 
web-based sample in Experiment 2 limits the experimental 
control over the audiovisual setup of the experiment. This 
is particularly important in the context of sound calibration, 
as participants might have lowered their volume following 
the calibration (e.g., to quiet the volume of the spoken let-
ters), which could have made the musical scales not audible. 
These limitations are addressed in Experiment 3, which con-
tinues to use the dichotic listening paradigm to manipulate 
attention but (1) does so in a within-participant manner, and 
(2) uses an in-lab setup where audiovisual calibration can be 
monitored and controlled.

Experiment 3

Method

Participants

We recruited 25 participants (Mage = 23.52 years, SD = 
6.79 years, range: 18–44 years), and 22 participants were 
included in the primary analyses (see Data exclusion for 
details). Unlike Experiments 1 and 2, participants com-
pleted the study in-person, in a designated laboratory 
space. The lower sample size in the present experiment 
relative to Experiments 1 and 2 was determined by two 
primary factors. First, the shift to a within-participant, in-
person design was expected to increase statistical power 
to detect effects. Second, using a bootstrapping proce-
dure (see Online Supplemental Material), we determined 
that the minimum sample size to find significant effects 
of scale direction from Experiment 1 on at least 80% of 
bootstrapped simulations was 14. The present sample size 
of 22, assuming comparable effects of scale direction as 
what was observed in Experiment 1, detected significant 
effects of scale direction on 90% of bootstrapped simula-
tions. Participants were recruited from the larger Huron 
and Western University communities. If participants were 
enrolled in select courses, they could opt to receive course 
credit for participating; otherwise, participants received 
$15 CAD for completing the experiment.

Materials

The experiment materials were largely the same as those 
used in Experiment 2 with a couple of exceptions. First, 
the stream of spoken letters was embedded within multi-
talker babble (Wilson et al., 2012) at a favorable signal-
to-noise ratio (-15 dB). This was done to increase per-
ceptual load, which has been argued to be necessary for 
effective manipulations of selective attention (e.g., Lavie, 
1995, 2005), in part by discouraging dip listening during 
periods between the spoken letters (cf. Brungart, 2001). 
Second, given the within-participant design, we reimple-
mented the noise bursts task for blocks in which partici-
pants were instructed to listen to the ear containing the 
musical scales. The noise bursts were identical to those 
presented in Experiment 1 and were presented within the 
audio channel containing the musical scales.

Participants listened to the auditory stimuli through 
Sony MDR-7506 studio monitor headphones, connected 
to the testing computer via a Steinberg UR-12 USB audio 
interface. Moreover, we used a REED R8050 sound level 
meter to calibrate the volume of the sounds. The channel 
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containing the spoken letters and multitalker babble was 
calibrated to 70 dB SPL (A-weighting). At this level, it 
was confirmed through informal pilot testing (n = 5) that 
the musical scales were perceptible, including directional-
ity (ascending or descending).

Procedure

After providing informed consent, participants completed 
the letter repeat practice task practice and the RDK prac-
tice task in this order. The auditory calibration was removed 
from the present experiment given the in-lab setting, in 
which headphone use and volume calibration was done prior 
to participants arriving for the session.

Following these practice tasks, participants were intro-
duced to the main task, in a similar manner as Experiment 2. 
Participants were instructed that they would hear streams of 
spoken letters, similar to the letter repeat practice task, and 
should press the spacebar as quickly as possible whenever 
the current letter matched the previous letter. Participants 
were alerted to the fact that the letters would be only pre-
sented to one ear and that the letters would be embedded 
within a faint background babble and were told to focus 
solely on the ear containing the letters.

Participants then completed two blocks (30 trials each; 
six repetitions of each of the five RDK coherence levels in a 
randomized order) in which they responded to letter repeats. 
Participants always completed the letter repeat blocks first, 
as there was a concern that if participants attended to the 
musical scales first, this might lessen the effectiveness of the 
attentional manipulation (as participants would know that 
there were ascending and descending scales). Although this 
design choice meant that attentional manipulation was con-
founded with time a reanalysis of the results from Experi-
ment 2 suggested that the relative strength of the MAE did 
not change over the course of the experiment (see Online 
Supplemental Material). One block contained ascending 
scales, and the other block contained descending scales in 
the unattended ear (ordering counterbalanced across par-
ticipants). Additionally, the ear of the letter repeat task (left 
or right) was counterbalanced across participants but fixed 
throughout the experiment (e.g., letters would be heard in 
the right or left ear for the entirety of the experiment).

After completing the first two blocks of the experiment, 
participants were then introduced to the noise burst detec-
tion task. Participants first completed four practice trials, in 
which they were instructed to press the spacebar whenever 
they heard a noise burst embedded within a musical scale. 
No letters or multitalker babble were presented during the 
practice trials. Following practice, participants were given 
updated instructions for the main task, in which they were 
told to ignore the spoken letters, attend to the ear contain-
ing the musical scales, and press the spacebar as quickly as 

possible whenever they detected a burst. Participants com-
pleted two more blocks (30 trials each) of the main task 
while performing the noise burst detection task, attending 
to the same ear as the musical scales. Scale order (ascend-
ing first or descending first) was counterbalanced across 
participants. For the initial trial of each block (in which a 
longer musical scale was presented), there were four noise 
bursts. The timing of the bursts was pseudo-randomly deter-
mined (the first occurred between 1.2 and 4.8 s, the second 
occurred between 7.2 and 10.8 s, the third occurred between 
13.2 and 16.8 s, and the fourth occurred between 19.2 and 
22.8 s). For subsequent trials within each block, there were 
two noise bursts, also pseudo-randomly determined (the first 
occurred between 1.2 and 3.9 s, and the second occurred 
between 5.1 and 6.8 s). This pseudo-randomization was done 
(1) to ensure that the noise burst did not occur too close to 
the start or end of a musical scale, and (2) to prevent par-
ticipants from learning an exact pattern of when the bursts 
would occur.

Following the main task, participants completed a ques-
tionnaire identical to Experiment 2. Musical training was 
not analyzed in the present experiment as Experiments 1 
and 2 did not find any evidence of an effect of musical train-
ing. Due to a programming error, the questionnaire was only 
presented to 21 of 25 participants. Following the question-
naire, participants were debriefed and compensated for their 
participation.

Data exclusion

Participants were excluded if (1) they did not achieve at 
least 75% accuracy on the RDK practice task, (2) if their 
d-prime was lower than one for the main letter repeat judg-
ment task, and (3) if their d-prime was lower than one for 
the main noise burst detection task. Three participants failed 
to achieve the 75% accuracy threshold in the RDK practice 
task. All remaining 22 participants passed the 1-back letter 
repeat and noise burst performance thresholds, suggesting 
that they engaged with each task and effectively allocated 
attention to the appropriate ear. Mean performance (d’) on 
the letter repeat task was 3.43 (SD = 0.86), and mean per-
formance (d’) on the noise burst detection task was 4.17 
(SD = 0.83).

Data analysis

Similar to Experiments 1 and 2, we constructed general-
ized linear mixed-effects models with probit links using the 
“lme4” package in R (Bates et al., 2015). To assess the rela-
tive importance of scale direction, we created a nested model 
without scale condition and then compared this model to 
the full model on the basis of corrected AIC values. Unlike 
Experiment 2, the models contained an additional term 
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(within-participant) for the attention manipulation, specifi-
cally coding whether participants were attending to the ear 
containing the musical scales (yes, no). The PSE analyses 
were conducted in an identical manner to Experiments 1 
and 2.

Results

Mixed‑effect modeling of performance from Experiment 3

Participants were more likely to report that an RDK was 
ascending as a function of RDK coherence, which demon-
strates that participants could correctly judge the motion in 
the RDK stimuli given the coding of descending RDKs as 
negative and ascending RDKs as positive (B = 0.90, SE = 
0.13, p < .001). There were additionally main effects of scale 
direction (B = -0.58, SE = 0.11, p < .001) and attention 
manipulation (B = -0.50, SE = 0.09, p < .001), with both 
ascending musical scales and attending to speech associated 
with a lower likelihood of classifying RDKs as ascending. 
These main effects, however, cannot be meaningfully inter-
preted, as there was also an interaction of scale direction 
and attention manipulation (B = 0.77, SE = 0.13, p < .001). 
This interaction (Fig. 5) is best characterized as the predicted 
MAE pattern of results for the blocks in which participants 
attended to the channel containing the musical scales (i.e., 
contrastive influence of musical scale direction on RDK 
motion judgment), as opposed to no discernible influence 
of musical scale direction on RDK motion judgment for the 
blocks in which participants attended to the channel contain-
ing the spoken letters. There was additionally an interaction 

of attention manipulation and RDK coherence level (B = 
0.17, SE = 0.08, p = .030), characterized by a stronger lin-
ear fit for the trials in which participants attended to the 
channel containing the musical scales. No other term was 
significant in the model. Removing scale direction from the 
model resulted in a significantly worse fit relative to the full 
model (ΔAIC = 38.6).

Point of subjective equality analyses

The PSE analyses suggested that scale direction influenced 
the coherence level at which participants were equally likely 
to judge an RDK as ascending or descending, but only for 
the trials in which participants were attending to the chan-
nel containing the musical scales. For the trials in which 
participants attended to the channel containing the musical 
scales, participants’ mean PSE was -5.70% (SE = 1.91%) 
when listening to descending musical scales. The 95% con-
fidence interval did not contain zero [-9.44, -1.96]. When 
participants listened to ascending musical scales, their mean 
PSE was +6.65% (SE = 2.18%), and the 95% confidence 
interval did not include zero [2.38, 10.92].

For the trials in which participants attended to the chan-
nel not containing the musical scales, there was a small 
influence of scale direction on participants’ PSE values in 
the opposite direction of a MAE, similar to Experiment 2. 
When listening to descending musical scales, participants’ 
mean PSE was +4.27% (SE = 1.62%). The 95% confidence 
interval did not contain zero [1.09, 7.45]. When partici-
pants listened to ascending musical scales, their mean PSE 
was -0.53% (SE = 1.83%), and the 95% confidence interval 
included zero [-4.12, 3.06]. Thus, the PSE analyses repli-
cated what was observed in Experiment 1 for the blocks in 
which participants attended to the channel containing the 
musical scales and replicated Experiment 2 for the blocks in 
which participants did not attend to the channel containing 
musical scales.

Discussion

The findings from Experiment 3 suggest that attention is 
necessary in eliciting a cross-modal MAE from musical 
scales. When participants were attending to spoken letters, 
presented in the opposite ear of the ascending or descending 
musical scales, there was no clear effect of scale direction 
on visual motion judgments, similar to Experiment 2. In 
contrast, when these same participants shifted their atten-
tion to detecting intermittent noise bursts, presented in the 
same ear as the ascending or descending musical scales, 
we observed evidence for a cross-modal MAE, similar to 
Experiment 1. Additionally, the in-lab setting of Experiment 
3 provided assurances related to auditory volume calibration, 
headphone use, and consistent audiovisual hardware, that 

Fig. 5  Influence of scale direction on visual motion judgments from 
Experiment 3. Error bars represent ± 1 standard error of the mean. 
Random dot kinematogram (RDK) motion coherence is plotted on the 
x-axis, with descending motion arbitrarily coded as negative
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could only be inferred or could not be confirmed with the 
web-based samples of Experiments 1 and 2.

The results from Experiment 3 can also inform the unex-
pected asymmetry of musical scales observed in Experiment 
1. Unlike Experiment 1, we did not observe an asymmetry 
in musical scale direction influencing visual motion judg-
ments for blocks in which participants attended to the scales. 
Rather, ascending musical scales significantly shifted par-
ticipants’ PSEs below zero, whereas descending musical 
scales significantly shifted participants’ PSEs above zero. 
These findings suggest that the asymmetry from Experi-
ment 1 and the general downward bias observed in Experi-
ment 2 might have been in part due to the web-based nature 
of Experiments 1 and 2, in which there was definitionally 
greater variability in the presentation hardware of the visual 
stimuli. Thus, while the finding of a cross-modal MAE in 
Experiment 1 is encouraging for future web-based psycho-
physical research, having data from both online and in-lab 
samples may be advisable to resolve potential discrepancies 
or unexpected findings within the online sample.

General discussion

The present set of experiments assessed whether attention 
to musical scales is necessary in eliciting a visual MAE. 
In Experiment 1, we conceptually replicated prior work 
(Hedger et al., 2013), finding that participants were more 
likely to report that a visual RDK was ascending following 
descending musical scales. In Experiment 2, however, we 
found that this effect could be entirely attenuated when pre-
senting participants with a secondary auditory task requiring 
sustained attention. Importantly, the majority of participants 
reported hearing the unattended music in Experiment 2 and 
a sizable minority even described its motion properties (e.g., 
describing it as ascending or descending, without being 
explicitly prompted to provide information about the music’s 
direction). Yet, this level of awareness of the musical stimuli 
did not relate to the strength of the MAE, suggesting that 
the complete attenuation of the MAE in Experiment 2 can-
not be explained by participants not processing the musical 
scales – for example, due to energetic masking (Brungart, 
2001). In Experiment 3, we conceptually replicated the find-
ings from Experiments 1 and 2 using a within-participant, 
in-lab design, further strengthening the role of attention in 
eliciting a cross-modal MAE. Specifically, in Experiment 3, 
when participants attended to the ear containing the musi-
cal scales, we observed an MAE similar to Experiment 1. 
In contrast, when these same participants attended to the 
ear not containing musical scales, there was no discernible 
influence of musical scale direction on RDK motion judg-
ments. Taken together, the present findings replicate the 
music-induced MAE in an online (Experiments 1 and 2) 

and in-lab (Experiment 3) sample and further suggest that 
attention to the music is necessary to elicit the MAE.

These findings have implications for the understanding 
of musical pitch change as vertical motion. Although the 
pitch-verticality mapping is well documented, existing in 
some capacity among prelinguistic infants (Dolscheid et al., 
2014) and influencing perceptual judgments in both audition 
(e.g., Shu et al., 1993) and vision (e.g., Maeda et al., 2004), 
the present results suggest that pitch changes may not auto-
matically influence perceptual processing in line with this 
mapping. Thus, attention may be required to process pitch 
changes in a manner that measurably influences cross-modal 
perceptual decisions. In this sense, the present results may be 
aligned with recent work (Antović et al., 2020), suggesting 
that cross-modal understandings of pitch are best understood 
using a conceptual framework, based on abstract schemata 
rather than lower-level perceptual features. The present 
findings can also be integrated with neural investigations 
of how auditory signals influence visual motion process-
ing (Sadaghiani et al., 2009). Specifically, Sadaghiani et al. 
(2009) found that metaphoric auditory motion (ascending 
and descending pitch) fell between natural motion and lin-
guistically descriptions of motion in terms of representations 
in both lower-level perceptual areas and higher-level conver-
gence areas. Thus, this positioning of pitch changes in terms 
of both lower- and higher-level cortical activity suggests that 
attentional modulations may have varied effects in terms of 
influencing visual judgments.

The present results can also be interpreted in the broader 
context of the role of attention on perceptual processing. 
Attention has been shown to enhance perceptual processes 
across a variety of visual and auditory domains. In vision, 
attention has been shown to modulate visual contrast sensi-
tivity (Carrasco et al., 2004), perceived size of visual motion 
displays (Anton-Erxleben et al., 2007) and, most importantly 
for the present study, the perception of visual motion coher-
ence (Liu et al., 2006). In audition, attention has been shown 
to modulate aspects of auditory stream segregation (see Sny-
der et al., 2012 for a review), influencing the tracking of a 
conversational partner in background noise (Price & Bidel-
man, 2021), and even help differentiate neural responses 
to sounds with highly overlapping auditory feature spaces 
(Allen et  al., 2019). Although work in the visuospatial 
domain has convincingly demonstrated that these attentional 
effects operate at a perceptual (rather than a post-perceptual, 
response bias) level (e.g., Carrasco et al., 2004; Liu et al., 
2006; Yeshurun & Carrasco, 1998), the metaphoric depic-
tion of motion in the present set of experiments makes it 
less clear whether attention is changing perception directly 
as opposed to altering post-perceptual decision processes 
(cf. Prinzmetal et al., 2008; Schneider & Komlos, 2008). 
Gallagher et al. (2021) explored this question in the context 
of MAEs resulting from implied motion in static images, 
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concluding that the MAE is better explained by biasing 
decision making rather than changing perceptual process-
ing directly. Future work is needed to determine whether 
the present cross-modal MAE is best explained in terms of 
biasing decision making as opposed to altering perceptual 
processing more directly.

There are several limitations to consider in the present set 
of experiments. First, the online administration of Experi-
ments 1 and 2 necessarily increased variability in auditory 
and visual experiences relative to prior in-lab work (e.g., 
Hedger et al., 2013). Given this limitation, it is particularly 
notable that we observed results consistent with the MAE 
in Experiment 1. Additionally, this limitation was addressed 
in Experiment 3 using an in-lab sample, which suggests that 
future research in this area may benefit from online recruit-
ment, particularly if recruiting specialized populations (e.g., 
speakers of languages that do not use verticality as the pri-
mary metaphor for understanding auditory pitch). Second, 
the present experiments used fixed coherence levels for the 
RDKs across all participants, as opposed to individually 
calibrated RDK coherence values based on initial testing 
(cf. Hedger et al., 2013; Winawer et al., 2008). This likely 
resulted in increased variability in RDK responses, particu-
larly for participants that might have had higher coherence 
thresholds and would have experienced all coherence levels 
as essentially ambiguous. Despite this limitation, all ana-
lyzed participants passed an initial RDK practice and every 
model demonstrated clear separation of responses as a func-
tion of coherence level, demonstrating reliable motion per-
cepts at least considered at the aggregate level.

Although the present results highlight the importance of 
attention in eliciting a cross-modal MAE, there are several 
ways in which future research could help contextualize the 
present results. First, the current experiments cannot speak 
to whether attentional demands can modulate the MAE 
in a more graded fashion. Approaches that systematically 
vary the degree to which attention is engaged (e.g., perhaps 
through increasing the length of time between spoken letters 
in the case of an n-back) might allow participants increas-
ingly longer periods of time to process the musical scales, 
akin to the “glimpsing” model of speech perception in noise 
(Cooke, 2006) and possibly leading to an attenuated but sta-
tistically present MAE. Second, the particular nature of the 
attentional manipulation in Experiments 2 and 3 (consist-
ent monitoring of spoken letters) makes it unclear whether 
the MAE was disrupted due to the linguistic nature of the 
secondary task. Research in other perceptual domains (e.g., 
color perception) has shown that language-based perceptual 
differences – such as the differences in processing dark and 
light blue by Russian speakers compared to English speakers 
– are eliminated under conditions of linguistic interference 
(Winawer et al., 2007). In contrast, linguistic interference 
does not appear to have the same influences of attenuating 

or eliminating perceptual interpretations of pitch in terms 
of verticality (Dolscheid et al., 2013). As such, replicating 
the present findings with using non-linguistic tokens could 
help contextualize these prior results. Third, the successful 
replication of the music-induced MAE in an online format 
opens up possibilities for testing a more diverse participant 
pool varying in conceptualizations of auditory pitch (e.g., 
Farsi speakers who primarily conceptualize pitch along a 
thickness dimension).

Conclusion

The present experiments were designed to assess whether 
explicit attention to ascending and descending musical 
scales was necessary for eliciting a music-induced visual 
MAE. Across three experiments, using both web-based and 
in-lab samples, as well as using both between-participant 
and within-participant designs, we found evidence consistent 
with the claim that attention is necessary to elicit a visual 
MAE from repeated listening to ascending or descending 
musical scales. Overall, these results suggest that pitch-
verticality associations might not be automatic and appear 
to require some degree of attention. As such, the dominant 
association between pitch and vertical change found in West-
ern music may require sufficient attention to process and 
understand to influence motion perception.
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