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Although people typically use language to communicate 
with each other and to share their emotions, thoughts, and 
intentions, they can still communicate and express their 
selves via other means. Music is one such means (Glennie 
& MacDonald, 2005).

Although music and speech are systems with discrete 
representations, social functions, and structure Asaridou & 
McQueen, 2013(Besson et  al., 2011), they both rely on 
auditory signals with common parameters, e.g., frequency, 
duration, intensity, and timbre (Besson et al., 2011). Yet, it 
is not clear whether we process speech and music stimuli 
using the same cognitive and neural mechanisms. On one 
hand, neuroimaging studies show that common brain 
regions, such as the Brodmann Area 47 and the motor cor-
tex, are activated by both speech and music stimuli (Brown 
et  al., 2006; Levitin & Menon, 2003; Rimmele et  al., 
2021). On the other hand, other studies report brain asym-
metry, with the left and right auditory regions processing 
speech and melodic content, respectively (Albouy et  al., 
2020; Sidtis & Volpe, 1988).

If music and speech processing share common mecha-
nisms, one would expect that expertise in one of the two 
domains (e.g., being an expert musician) would influence 
the processing of the acoustic properties of sounds in the 
other domain (e.g., perceiving linguistic stimuli). Indeed, a 
study by Yu et  al. (2017) showed that musically trained 
participants outperformed non-trained individuals in music 
tasks that assessed the abilities of melodic and rhythmic 
analysis and in linguistic tasks that assessed semantic pro-
cessing abilities. Furthermore, the spontaneous activation 
of the bilateral precentral gyrus in resting fMRI data cor-
related with the performance on both melodic analysis 
tasks and semantic processing tasks, supporting the notion 
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that music and language depend on common brain mecha-
nisms. In line with this conclusion are results from other 
studies showing that, compared with non-musicians, musi-
cally trained individuals are better at processing pitch and 
detecting pitch changes in linguistic stimuli either in their 
native language (Schön et al., 2004) or in a foreign lan-
guage (Marques et al., 2007).

A study by Marie et  al. (2012) assessed not only the 
effects of musical, but also of linguistic expertise, on the 
detection of auditory changes. In one experiment, Finnish-
speaking and French-speaking participants with no-music 
education, as well as French-speaking musicians, were 
compared in a task for which they were instructed to 
watch a silent movie while ignoring the harmonic sounds 
of different durations (27 ms or 52 ms), frequencies,  
and intensities that were played. During this task 
Electroencephalography (EEG) data were recorded. In 
another experiment, participants were asked to pay atten-
tion to the sounds and report frequency and duration devi-
ations from standard stimuli (of a 75 ms duration). Overall, 
results from the two experiments showed that the musi-
cally trained French and the non-musically trained Finnish 
participants were better at detecting the duration changes, 
compared with the non-musically trained French (Marie 
et al., 2012). The authors attributed the advantage of the 
Finish participants to the fact that in the Finnish language 
duration is used phonologically and the meaning of other-
wise similar words changes based on phoneme duration. 
That is, Finnish words include various timing patterns that 
French words do not, and the experience (of the Finish-
speaking participants) with these patterns seems to 
improve timing skills that generalise to other types of 
stimuli. As these improved timing skills were also related 
to the musical expertise, because musically trained French 
outperformed the non-trained French the authors claimed 
that the comparable effects of linguistic and musical 
expertise, support the notion that the duration of speech 
and music are processed by the same mechanisms (Marie 
et al., 2012). Overall, past studies suggest that common 
cognitive and neural networks underlie the perception of 
speech and music stimuli, despite some evidence for the 
involvement of specialised areas of the brain in each type 
of stimulus (Albouy et al., 2020; Sidtis & Volpe, 1988). 
Extending past research, the goal of the present study is to 
explore whether time perception differs for music and 
speech stimuli by comparing directly the duration esti-
mates for both types of stimuli in the same task and with 
a large sample of musically trained participants. In con-
trast to the short (in the range of milliseconds) stimuli 
used by Marie et al., (2012), here we use durations that are 
in the range of seconds, with the rationale that in everyday 
life people are not exposed to music that has duration in 
the range of milliseconds. Plus, when people communi-
cate, they are typically exposed to speech for short, but 
not that brief, periods of time.

In the present study, we investigate whether biases in 
the duration estimates for these two types of audio stimuli 
can be accounted by a single general dimension of time 
perception, or instead by distinct music-specific and 
speech-specific time perception dimensions. In addition, 
we investigate whether the extend of one’s musical train-
ing is linked to time estimation performance, either for 
intervals containing music or speech.

Although the differences in the duration estimates of 
speech and music have not been investigated before, a 
number of past studies have examined the effect of music 
expertise on the ability to discriminate differences in the 
duration of other stimuli, by either comparing the perfor-
mance of musicians and non-musicians, or by taking into 
account the duration of the musical training. For example, 
Rammsayer and Altenmüller (2006) used a temporal dis-
crimination task in which participants were presented with 
two intervals (that were either empty or contained white 
noise) and were asked to indicate which interval was 
longer. Results showed that a group of musically trained 
participants, which consisted of professional musicians 
and graduate music students, estimated the durations more 
accurately compared with a group of non-trained partici-
pants (Rammsayer & Altenmüller, 2006). Similarly, in a 
study we conducted to assess the effect of tempo of music 
excerpts on their perceived duration (Plastira & 
Avraamides, 2021), we observed a positive correlation 
between the time reproduction accuracy of the musically 
trained individuals and the duration of their musical train-
ing (Plastira & Avraamides, 2021).

In the current study, we revisit the issue of the duration 
of musical training and its relation to time estimation by 
using a time reproduction task with not only music but also 
speech stimuli. Testing a rather large sample of musically 
trained participants allowed us to use Structural Equation 
Modelling (SEM) and analyse data with Confirmatory 
Factor Analysis (CFA) to build a measurement Model of 
Auditory Time Perception. Our reasoning is that if time 
perception of auditory stimuli relies on a general process 
that deals with both speech and music stimuli, the same 
pattern of biases (i.e., overestimation/underestimation of 
stimuli’s duration) should be found for the two types of 
auditory stimuli and, consequently, a single-factor model 
will account for the data. Alternatively, if the perception of 
time relies on processes that are distinct for music and 
speech processing, different patterns should be found 
across the two types of stimuli and a two-factor model 
would provide a better fit for the data.

The purpose of our experiment was to explore the pro-
cesses that underlie the perception of time and examine 
whether time perception of auditory stimuli relies on a 
general-purpose time perception mechanism or mecha-
nisms that are distinct for speech and music. Furthermore, 
we investigated (1) the effect of the type and the duration 
of auditory stimuli on the reproduction of their duration 



Plastira et al.	 1837

and (2) the effect of musical training and rhythm percep-
tion on the perception of time.

Methods

Participants

One hundred and eleven undergraduate students from the 
University of Cyprus participated in the experiment in 
exchange for course credit. Only students who received 
formal musical training for at least 1 month any time dur-
ing their life were eligible to register to the study. Fourteen 
participants reported that they did not receive any musical 
training, and they were excluded from the analyses. The 
final sample was, therefore, composed of 97 musically 
trained undergraduate students (72 female), aged between 
18 and 38 years (M = 20.84, SD = 3.69).

Materials

A time reproduction task was designed for the OpenSesame 
software (Mathôt et al., 2012) with music and speech audio 
files from our previous studies (Plastira &vraamides, 
2020, 2021) used as stimuli. To create the speech tracks in 
our previous work, we recorded a professional musician 
reading a simple text while keeping the tone and the vol-
ume of her voice steady. The recorded speech was then 
segmented and the pieces were randomly blended. This 
procedure yielded an audio track with no comprehensible 
content that was then cut into pieces of various durations. 
To create the music tracks, a simple piano musical piece 
with a small pitch range, which was equivalent to that of 
the speech recording, was selected with the help of the pro-
fessional musician. The musical piece was also segmented 
into different durations. For the purposes of the present 
study, we selected from the database of audio files speech 
and music clips with durations of 7, 8, and 9 s. All clips had 
identical volume. Seven different clips were used for each 
of the six unique combinations of type and duration. This 
resulted in a total of 42 different audio tracks presented in 
random order to each participant.

Procedure

Each participant was tested individually in a quiet labora-
tory. Participants were simply told that the study was about 
time perception with no other details provided. The experi-
ment started with a practice phase containing three speech 
tracks and three music tracks, each lasting 5 s. Participants 
were instructed to listen to each track and after its comple-
tion to press the space bar for a duration equal to the dura-
tion of the track. A speaker icon was displayed on a black 
background during the presentation of each track (Figure 
1). Once a track ended, the icon disappeared and the screen 
turned black, indicating to participants that they should 

begin reproducing the duration of the audio track by press-
ing the spacebar. After the end of the practice phase, the 
experimental phase began, which contained the 42 audio 
tracks that were selected for the experiment. As in the 
practice phase, the speaker icon appeared during the pres-
entation of each track and disappeared after its completion. 
Participants were asked to press the spacebar, as soon as a 
track ended and to keep it pressed for a duration equal to 
that of the track. Two seconds after releasing the spacebar, 
the next audio file was presented and the same procedure 
continued until all stimuli were presented and their dura-
tion was reproduced. To isolate any extraneous auditory 
cues, participants listened to the stimuli through a pair of 
Sennheiser HD201 headphones. In addition, participants 
were instructed not to count during the presentation and 
the reproduction of the duration of the audio files, as past 
research indicates that this is the most efficient way to pre-
vent a counting strategy during these tasks (Rattat & Droit-
Volet, 2012).

After the completion of the experiment, participants 
were asked to fill out a short questionnaire (Plastira & 
Avraamides, 2021), which asked them to rate on 5-point 
Likert-type scale their competence to follow a musical 
rhythm. In addition, they were asked to provide informa-
tion about the duration and type of their musical training.

Statistical analysis.  To carry out the statistical analyses we 
first computed the average reproduced duration of every 
combination of audio type and duration for each partici-
pant. Next, we computed the reproduction ratio using the 
formula: reproduction ratio = reproduced duration/actual 
duration. Based on this formula, a ratio of 1 indicates a 
perfect reproduction of the actual duration, while ratios 
greater than 1 indicate overestimation and ratios lower 
than 1 indicate underestimation. Six reproduction ratio 
variables, corresponding to the reproductions of music 
stimuli of 7 s, 8 s, and 9 s, and speech stimuli of 7 s, 8 s, and 

Figure 1.  Schematic representation of a trial in Experiment 1.
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9 s, were used in the analysis. Each reproduction ratio vari-
able was significantly correlated with all other reproduc-
tion ratio variables, with correlation coefficients ranging 
between .80 and .89 (Table 1). This strong and positive 
relationship between these variables suggests that partici-
pants who overreproduced the duration of one clip also 
tended to overreproduce the durations of the other clips. 
Similarly, for those underestimating a clip, there is a trend 
for consistent underestimation across all clips.

Analyses were carried out using the IBM SPSS 
Statistics 25 IBM Corp, 2017) and the JASP statistical 
software version 0.16.1 (JASP Team, 2022). For the main 
analysis, two competing measurement models were con-
structed, to examine, through CFA, whether the six 
observed reproduction ratio variables of Table 1 were 
related to a single latent variable (Auditory Time 
Perception) or to two latent variables (Music Time 
Perception and Speech Time Perception). Then, we used 
SEM to assess the effect of months of musical training on 
time perception. The CFA and the SEM analyses were con-
ducted using the maximum likelihood estimation method. 
Before building the models, the Mardia’s test was used to 
assess the assumption of multivariate normality. The test 
showed that the assumption was violated, χ2(120) = 244.33, 
p < .001, hence, the analyses were performed using robust 
maximum likelihood estimation with Mplus emulation in 
JASP (JASP Team, 2022).

Furthermore, a repeated measures Analysis of Variance 
(ANOVA) was carried out to examine the effects of audio 
type and duration on reproduced durations. Finally, corre-
lational analyses were performed to examine the relation 
between the reproduction ratio, the duration of musical 
training, and the self-reported ability to follow musical 
rhythm.

Measurement and structural models.  The fit of each model 
was assessed with the following goodness-of-fit indices 
and the following cutoff criteria: chi-square for which a 
p > .05 indicates a good fit, Goodness-of-fit Index (GFI), 
Comparative Fit Index (CFI) with values ⩾. 90 demon-
strating acceptable fit and ⩾.95 demonstrating a good fit; 

Tucker–Lewis index (TLI) which shows acceptable fit for 
values less than 1 but greater than .90, and good fit for 
values ⩾.95; Standardised Root Mean Squared Residual 
(SRMR) showing good fit for values ⩽.08; Root Mean 
Square Error of Approximation (RMSEA) showing accept-
able fit if ⩽.08 and good fit when ⩽.06, and closeness of 
fit (PCLOSE) with value >.50 showing high probability 
for RMSEA to be <.05 (Byrne, 2016; Kline, 2005; Sch-
neider et al., 2015). Finally, the Akaike Information Crite-
rion (AIC) and the Bayesian Information Criterion (BIC) 
indices were used to assess model fit. Low AIC and BIC 
values indicate better fit of a model to the data compared 
with a model with higher values (Burnham & Anderson, 
2004).

Results

Measurement model. CFA

A CFA was conducted, using the robust maximum likeli-
hood estimation method with Mplus emulation, to test a 
measurement model examining the relationship of the six 
observed variables and a latent variable named Auditory 
Time Perception (Single-factor Model) (Figure 2).

As shown in Table 2, not all fit indices were in the 
acceptable range for the Single-factor Model. Hence, a 
two-factor measurement model (Two-factor Model) was 
examined, with each factor having three indicators (Figure 
3). The reproduction ratio of the speech tracks were the 
indicators for the latent variable Speech Time Perception, 
whereas the reproduction ratio of the music tracks were the 
indicators for the latent variable Music Time Perception. 
The two latent factors were correlated. Fit indices showed 
that the Two-factor Model had a better fit to the data than 
the Single-factor Model (Table 2).

Table 1.  Means, standard deviations, and Pearson correlations 
for the reproduction ratio of each duration and audio type 
combination.

Variables Mean SD 1 2 3 4 5 6

1. ratio_music7s .75 .22 –  
2. ratio_music8s .74 .21 .89** –  
3. ratio_music9s .73 .22 .89** .88** –  
4. ratio_speech7s .86 .23 .82** .86** .80** –  
5. ratio_speech8s .82 .21 .82** .87** .84** .85** –  
6. ratio_speech9s .78 .21 .82** .86** .86** .88** .88** –

SD: standard deviation.
**p ⩽ 0.01.

Figure 2.  Single-factor measurement model with standardised 
estimates. This CFA model examined the relationship of the six 
observed variables and a latent variable named Auditory Time 
Perception.
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Robust maximum likelihood estimation on JASP

In addition, all item factor loadings of the Two-factor 
Model were significant (p < .001), ranging from .92 to .95 
for the factor Speech Time Perception and from .93 to .95 
for the factor Music Time Perception. The correlation 
between the factors Speech Time Perception and Music 
Time Perception was very high, .96 (p < .001).

Structural model. The effect of musical training

To examine the effects of the duration of musical training 
on Speech Time Perception and on Music Time Perception, 
a structural model was tested. The duration of the musical 
training of the participants, that ranged from 1 to 
228 months (M = 45.99, SD = 40.87) and the self-reported 
rhythm perception (M = 2.95, SD = 1.02), were added in the 
Two-factor Model, as predictors for both latent variables 
(Figure 4). The duration of musical training was signifi-
cantly correlated with the self-reported rhythm perception, 
Spearman’s rho = .37, bias-corrected and accelerated boot-
strap 95% confidence interval (BCa 95% CI = [.18, .54]), 

p < .001. The results of the structural model indicated that 
the duration of musical training had a significant positive 
effect on the factor Speech Time Perception (β = .28, 
p = .01) and on the factor Music Time Perception (β = .29, 
p = .02). On the contrary, self-reported rhythm perception 
did not have a significant effect either on Speech Time 
Perception (β = .05, p = .65) or on Music Time Perception 
(β = .09, p = .37).

Removing rhythm perception from the structural model 
yielded results that were similar to those of the structural 
model that included both predictors. There was still a sig-
nificant effect of the musical training on the factor Speech 
Time Perception (β = .31, p = .003) as well as on the factor 
Music Time Perception (β = .31, p = .006).

Repeated measures ANOVA

To examine the effect of the duration and the type of audio 
tracks on subjective time perception, we conducted a two-
way repeated measures ANOVA. Results revealed signifi-
cant main effects for duration, F(2,192) = 21.62, p < .001, 
ηp

2 = .18 and audio type, F(1,96) = 81.32, p < .001, 
ηp

2 = .46. The interaction between duration and audio type 
was also significant. Due to the violation of the normality 
assumption for this interaction, as revealed by the 
Mauchly’s test for sphericity, the Greenhouse–Geisser cor-
rection was applied, F(1.883, 180.803) = 7.02, p = .001, 
ηp

2 = .07.
Concerning the main effect of duration, results showed 

that the longer the actual duration of the audio track was, 
the more it was underestimated. Within-subjects contrasts 
revealed a significant difference between the reproduction 
ratio of audio tracks with a duration of 7 s and the repro-
duction ratios of the two other durations (7 s vs. 8 s: 
p < .001 and 7 s vs. 9 s: p = .001). In addition, the differ-
ence between the reproduction ratio of 8 s and 9 s audio 
tracks was also significant, p = .001.

Regarding the effect of the type of audio track, results 
revealed that the average reproduction ratio of the speech 
tracks was significantly greater than the average reproduc-
tion ratio of the music tracks. In other words, the speech 
tracks were overall reproduced as longer and more accu-
rately, compared with the music tracks.

Table 2.  Fit indices values for the measurement models estimated with the robust maximum likelihood method with Mplus 
emulation on JASP.

Model   x2 df GFI CFI SRMR TLI RMSEA PCLOSE AIC BIC

Single-factor 
Model

38.429*
(p < .001)

9 .980 .963 .018 .939 .184 RMSEA 
p-value
2.131e-4

-884.485 -838.140

Two-factor 
Model

18.498
(p = .02)

8 .991 .987 .012 .976 .116 RMSEA 
p-value
.058

-902.416 -853.496

GFI: Goodness-of-fit Index; CFI: Comparative Fit Index; SRMR: Standardised Root Mean Squared Residual; TLI: Tucker–Lewis index; RMSEA: Root 
Mean Square Error of Approximation; PCLOSE: closeness of fit; AIC: Akaike Information Criterion; BIC: Bayesian Information Criterion.

Figure 3.  Two-factor measurement model with standardised 
estimates. This CFA model examined the relationship of the six 
observed variables and two latent variables named Music Time 
Perception and Speech Time Perception.
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As seen in Figure 5, the interaction was driven by the 
presence of greater differences across the three different 
durations of the speech tracks compared with those across 
the three different durations of the music tracks. More spe-
cifically, the difference between the reproduction ratios of 
the speech tracks of 7 s and 9 s was significantly greater 
compared with the difference of the ratios of the music 
tracks of 7 s and 9 s, F(1,96) = 17.14, p < .001, ηp

2 = .15.

Repeated measures Analysis of Covariate 
(ANCOVA)

A repeated measures ANCOVA was also performed, con-
trolling for the effect of the duration of musical training 
and self-reported rhythm perception. The covariates of 
musical training and musical rhythm were mean centred 
across all participants (Schneider et  al., 2015). The 
Mauchly’s test for sphericity indicated that the assumption 
of normality for the duration × audio type interaction was 
violated, hence the Huynh-Feldt correction was applied. 
The results of the repeated measures ANCOVA indicated 
that there were significant main effects for duration, 
F(2,188) = 21.24, p < .001, ηp

2 = .18 and audio type, 
F(1,94) = 80.39, p < .001, ηp

2 = .46 and a significant dura-
tion × audio type interaction, F(1.96,184.05) = 6.93, 
p = .001, ηp

2 = .07 (Huynh-Feldt corrected). Results also 
showed that there was a significant effect of the duration of 
musical training covariate, F(1,94) = 7.15, p = .009, 
ηp

2 = .07, but no significant effect of the musical rhythm 
covariate, F(1,94) = .483, p = .49, ηp

2 = .01.

Overall, the results from the ANCOVA showing that 
there were significant main effects and an interaction of 
audio type and duration even after controlling for musical 
training and musical rhythm suggest that the findings were 
specific to the characteristics of the stimuli and not due to 
the skills of the participants.

Correlational analyses

Correlational analyses were performed to examine the 
relation between the mean reproduction ratio, the dura-
tion of musical training (in months), and the self-reported 
sense of musical rhythm. As already stated, the duration 
of musical training was significantly correlated with the 
self-reported sense of musical rhythm. Results also 
showed that the mean reproduction ratio was signifi-
cantly correlated with the duration of musical training, 
r = .31, BCa 95% CI = [.13, .49], p = .002. The duration of 
musical training also correlated significantly with both 
the mean reproduction ratio for speech, r = .30, BCa 95% 
CI = [.11, .46], p = .003, and the mean reproduction ratio 
for music stimuli, r = .31, BCa 95% CI = [.12, .49], 
p = .002. However, the correlation between the mean 
reproduction ratio and the self-reported sense of musical 
rhythm was not significant, rho = .18, BCa 95% CI = [˗.02, 
.36], p = .08. Finally, the self-reported sense of musical 
rhythm did not correlate significantly with the mean 
reproduction ratio for either speech, rho = .10, BCa 95% 
CI = [.01, .38], p = .06 or music stimuli, rho = .17, BCa 
95% CI = [˗.03, .37], p = .09.

Figure 4.  Structural model: this model examined the effect of duration of musical training (in months) and of rhythm perception 
(self-reported) on Speech Time Perception and Music Time Perception. In this model the duration of musical training and rhythm 
perception correlate.
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Discussion

The present study is the first that attempted to build a time 
perception model for musically trained individuals. To this 
end, we used a time reproduction task with both music and 
speech-like stimuli. Of great interest was also the exami-
nation of the effects of the duration of musical training and 
of rhythm perception on time estimation as well as the 
effects of music and speech on the perception of time.

First, to examine whether there is a general Auditory 
Time Perception or two audio-type-specific dimensions of 
time perception, we estimated measurement and structural 
models. To our knowledge, no previous study has attempted 
to explore these dimensions of time perception, although a 
number of studies have assessed the relation between 
speech and music processing and their underlying mecha-
nisms (Albouy et al., 2020; Koelsch & Siebel, 2005; Patel, 
2003; Yu et al., 2017).

Our results showed that a Two-factor Model had a bet-
ter fit to the data than a Single-factor Model. For the Two-
factor model, the three indicators of each of the two latent 
factors (Speech Time Perception and Music Time 
Perception) reflected its underlying construct and the fac-
tor loadings were all significant. We note, however, a very 
strong latent association between the two factors. As no 
previous research has examined a time perception model 
using speech and music stimuli, the rationale of moving 
from the Single-factor Model to the Two-factor Model was 
based on the model fit, on the fact that the items could be 
separated into two groups because they were indeed 
reflecting the perception of the duration of two different 
audio types, and on findings that different structures under-
lie the cognitive processing of music and speech (Asaridou 
& McQueen, 2013; Besson et al., 2011). The two dimen-
sions of Auditory Time Perception support the idea that 
time is experienced differently and may be processed by 
separate, but highly correlated, mechanisms for speech 
and music. Past research has shown that neural structures 
responsible for speech and music processing are at least 

partially overlapping (Koelsch & Siebel, 2005; Patel, 
2003; Rimmele et al., 2021). Furthermore, although music 
and speech are two qualitatively different auditory stimuli, 
they are both crucial means of communication and share 
acoustic features, like the pitch, the tempo, and the rhythm, 
that affect the way the communicated information is per-
ceived. All things considered, it is possible that the relation 
between Music Time Perception and Speech Time 
Perception is mediated by the commonalities in both the 
features and the processing of the two audio types, even 
though participants in the current study were instructed to 
pay attention to the duration of the stimuli and not their 
type.

Our findings also revealed a significant main effect and 
an interaction between actual duration and audio type, 
even when controlling for the effect of the duration of 
musical training and the self-reported rhythm perception. 
More specifically, the results revealed that as the actual 
duration of the audio tracks increased, the accuracy of the 
reproduced durations diminished. This result appears to 
support the notion that there is a greater underestimation 
for the duration of long compared with short stimuli 
(Brown, 1995; Lejeune & Wearden, 2009), a pattern that 
displays a quasi-Vierordt’s effect. Based on Vierordt’s law, 
short durations are overestimated, and long durations are 
underestimated. Our results demonstrate that although all 
our stimuli were underestimated, this underestimation 
became more pronounced as the actual duration length-
ened, exhibiting a Vierordt-like pattern. This duration 
effect was also observed in our previous studies that used 
speech stimuli (Plastira & Avraamides, 2020) or music 
stimuli (Plastira & Avraamides, 2021).

Furthermore, our results showed that there are differ-
ences in the way speech and music tracks are reproduced. 
Although the durations of speech and music tracks were 
overall undereproduced, the duration of the speech tracks 
was reproduced as longer than that of the music tracks. 
That is, speech tracks were reproduced more accurately 
compared with the music tracks. Previous studies that 
examined the effect of the presence of music in real-life 
situations, like in a waiting room environment or during an 
on-hold telephone queue, showed that a waiting time that 
includes music is judged as shorter compared with an 
empty waiting time (Guéguen & Jacob, 2002; North & 
Hargreaves, 1999). Our results extend these previous find-
ings by demonstrating that music tracks are reproduced as 
shorter compared with other types of stimuli as well.

One potential explanation for this finding is that less 
attention is focused on the timing process when music is 
played. In a past study, North and Hargreaves (1999) had 
participants estimate the duration of the time they waited 
in a laboratory for an experiment to start, when music or 
nothing was playing in the background. The results showed 
that the waiting time was underestimated more when 
music was playing, compared with the no-music waiting 

Figure 5.  Mean reproduction ratio as a function of actual 
duration (7–9 s) and audio type.
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time (North & Hargreaves, 1999). To interpret their results, 
the authors referred to the Attentional Gate Model and the 
internal mechanism that modulates human time percep-
tion, i.e., the internal clock (Droit-Volet & Meck, 2007). 
Based on these models, time is processed through three 
stages: a pacemaker that produces pulses, a gate that con-
trols the flow of pulses, and an accumulator that registers 
the number of pulses that pass through. The accumulated 
number of pulses corresponds to the perceived duration, 
such that more pulses lead to longer perceived durations. 
According to the Attentional Gate Model, attention plays a 
crucial role in the accumulation of pulses and thus in the 
perception of time duration. More specifically, the opening 
of the gate between the pacemaker and the accumulator of 
the internal clock can be modulated by attentional 
resources. When attention is directed towards the passage 
of time, the gate opens wider, allowing more pulses to 
accumulate and resulting in a longer perceived duration. 
On the contrary, when attention is directed towards exter-
nal stimuli, the gate narrows, resulting in the accumulation 
of fewer pulses and a shorter perceived duration. Based on 
this, North and Hargreaves (1999) argued that the atten-
tional resources were focused on the time during the no-
music waiting time and due to that, its duration was 
experienced as longer, compared with that of the music 
waiting time, during which the attention was focused on 
the music and away from time (North & Hargreaves, 
1999). These results suggest that maybe in our study too, 
participants underestimated more the duration of the music 
stimuli because they were more attentional capturing than 
the speech stimuli. The fact that music tracks are judged as 
shorter in duration than other types of sounds was also 
shown in the study of Droit-Volet et al. (2010), who sug-
gested that there is a relation between the melodic nature 
of music and the experience of the passage of time. In that 
study, music tracks played in minor and major key were 
both perceived as shorter in duration compared with con-
trol sine wave stimuli.

In spite of what has been reported before, in the com-
parison of reproduction accuracy of music versus speech 
stimuli, one would expect the musically trained partici-
pants in the current study to be more accurate at reproduc-
ing the duration of the former than the latter due to their 
experience with music reproduction. However, this was 
not the case. A possible explanation is that participants 
were just asked to reproduce the duration of the music 
tracks by pressing a key, following a procedure that does 
not correspond to the routines related to the musical train-
ing. Perhaps if they were asked to reproduce the tracks by 
playing them on a musical instrument they would perform 
more accurately. In addition, it’s possible that musically 
trained individuals are more accustomed to estimating and 
reproducing the duration of individual notes rather than the 
overall duration of a musical piece. This could explain 
why their performance on reproducing the duration of 

music tracks here did not surpass their performance on 
reproducing the duration of speech tracks. Overall, it 
seems that the expertise cannot explain the differences we 
observed in the reproduced durations of music versus 
speech.

In addition, it is worth considering the potential influ-
ence of cognitive load caused by the exposure to the 
scrambled speech and to the music stimuli. It is possible 
that, in the present study, participants actively searched for 
meaning in the scrambled speech clips, experiencing a 
higher cognitive load compared with the music stimuli. As 
previous research has shown, increased cognitive load can 
lead to shorter perceived durations (Ahn et al., 2006; Block 
& Gellersen, 2010; Khan et  al., 2006). However, our 
results showed that the music stimuli were estimated as 
shorter than the speech stimuli, suggesting that if there was 
any effect of cognitive load, it was masked by the effects 
of other factors with stronger influence on time 
estimation.

A potential account for the different duration estimates 
for speech and music is that there were differences in emo-
tional characteristics across the two types of stimuli. More 
specifically, one possibility is that the greater underestima-
tion of music than speech stimuli is linked to differences in 
elicited arousal by the two stimuli. Indeed, previous stud-
ies that assessed the effect of various stimulus properties in 
time estimation tasks, such as the music tempo (Droit-
Volett al., 2013; Plastira & Avraamides, 2021) and the 
speed of speech (Plastira &vraamides, 2020), suggest that 
subjective arousal induced by these features may influence 
the way the duration of the stimuli is perceived. Subjective 
arousal is typically believed to have an effect on the pace-
maker of the internal clock (Droit-Volet et al., 2013). More 
specifically, it is suggested that high subjective arousal 
speeds up the pacemaker of the internal clock leading to 
the accumulation of more pulses. Based on the internal 
clock model, the number of accumulated pulses defines 
the perceived duration of a stimulus (Zakay & Block, 
1995). That is, if the presence of an arousing stimulus 
increases the number of accumulated pulses, then its dura-
tion will be estimated as longer than that of a non-arousing 
stimulus (Droit-Volet et  al., 2013; Droit-Volet & Meck, 
2007; Schwarz et al., 2013).

The feelings of pleasantness induced by a stimulus 
presentation are also shown to have an effect on the per-
ception of time. In fact, the levels of pleasantness induced 
during an experienced duration are linked to the amount of 
attention allocated to time (Droit-Volet et  al., 2013). An 
unpleasant or not very pleasant stimulus directs attention 
to the passage of time, leading to a wide opening of the 
attentional gate, the accumulation of more pulses, and a 
longer perceived duration. On the contrary, a pleasant, 
attentional capturing stimulus appears to narrow the atten-
tional gate, resulting in a reduced accumulation of pulses 
and, consequently, shorter perceived durations.
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To examine whether our stimuli would induce different 
arousal and pleasantness feelings depending on their char-
acteristics, two follow-up experiments were conducted 
and are presented in the online Supplementary Material. In 
these experiments, an arousal rating task and a pleasant-
ness rating task were administered to two groups of par-
ticipants (n = 16 and n = 13, respectively). The results 
showed that music tracks were rated as less arousing and 
more pleasant compared with the speech tracks. Thus, 
results from these additional experiments seem to support 
the aforementioned theories and a possible relation 
between time estimates, arousal, and pleasantness ratings 
given for qualitatively different stimuli.

Our findings from the main experiment described here 
also indicated that there were greater differences between 
the reproduction accuracy of the shortest (7 s) and longest 
(9 s) durations for the speech compared with the music 
audio tracks, although speech tracks were reproduced sig-
nificantly more accurately than music tracks. Maybe the 
familiarity of musically trained participants with reproduc-
ing music durations made their reproductions of music 
tracks less prone to the increase of the actual duration, 
compared with speech tracks. This possibility can be 
explored further by experiments with longer actual dura-
tions of both music and speech tracks.

The present study also examined the relation between 
the duration of musical training, rhythm perception, and 
the perception of time. Previous studies also assessed the 
relation between musical training and time perception, 
with the use of different stimuli and tasks. Marie et  al. 
(2012), e.g., showed that musically trained individuals are 
better than non-trained individuals at detecting duration 
differences, when comparing harmonic sounds of different 
durations with standard ones. Similarly, Rammsayer and 
Altenmüller (2006) used a temporal discrimination task 
and showed that musicians are more accurate at estimating 
the durations of empty or white-noise intervals, compared 
with non-musicians (Rammsayer & Altenmüller, 2006). 
Furthermore, in our previous study where we assessed the 
perception of time of musically trained and non-trained 
participants with a time reproduction task that contained 
music stimuli of various speeds and durations (Plastira 
&vraamides, 2021), we found a positive relation between 
reproduction accuracy and the duration of musical train-
ing, as well as between reproduction accuracy and the self-
reported ability to follow a musical rhythm.

In the present study, we aimed to extend past results by 
testing a large sample of musically trained participants. 
When we examined the effects of musical training and 
rhythm perception on the two latent factors, Music Time 
Perception and Speech Time Perception, we found that the 
duration of musical training had an effect on both Music 
and Speech Time Perception, whereas self-reported rhythm 
perception had no effect. Our results also showed that 
although the duration of musical training had a significant 
effect on the reproduction ratio, rhythm perception did not. 

The absence of an effect of rhythm perception may be 
attributed to that the sample included only musically 
trained individuals who generally reported high rhythm 
perception, restricting thus variability in this measure.

Notably, the duration of musical training related to 
rhythm perception. This relation is described as bidirec-
tional in the literature (Hambrick et  al., 2016; Moreno 
et al., 2009; Schellenberg, 2015). On one hand, as musi-
cal training increases, it enhances rhythm perception 
skills. On the other hand, good rhythm perception skills 
can cause people to take up or continue taking music 
lessons.

Correlational analyses also indicated that individuals 
with longer musical training were also more accurate in 
their reproductions, compared with the individuals with 
shorter musical training. Nevertheless, in contrast to our 
previous work with only music stimuli (Plastira 
&vraamides, 2021), in the present study in which partici-
pants reproduced both music and speech, there was no sig-
nificant correlation between self-reported rhythm 
perception and reproduction accuracy. Overall, these 
results suggest that maybe the relation between rhythm 
perception and time perception is stronger when partici-
pants are exposed to music alone, than when exposed to 
speech alone or to both speech and music. To further 
examine this, in the present study we also investigated the 
relation between rhythm perception and the reproduction 
accuracy for music and speech, separately. The results 
showed that neither the reproduction accuracy of music, 
nor the reproduction accuracy of speech related to rhythm 
perception. Therefore, the differences in the results may be 
attributed to the fact that stimuli of different durations 
were used in the present study, compared with those used 
in the previous studies. Here, we only used audio files of 
three durations, 7 s, 8 s, and 9s, whereas previous studies 
used audio files of 2 s–8 s. Hence it may be the case that the 
relation between rhythm perception and reproduction 
accuracy is stronger for short durations, especially as far as 
music is concerned. Our results suggested that people with 
superior rhythm perception are more accurate than those 
with inferior rhythm perception at reproducing short but 
not long musical pieces. One explanation for this is that 
following a musical rhythm accurately requires remember-
ing short musical units. Finally, the absence of a relation 
between the reproduction accuracy of speech and the 
rhythm perception could be explained by that speech 
tracks do not consist of rhythmic components, tones, and 
beats that relate to the perception of rhythm.

In summary, in the present study we built for the first 
time a time perception model for musically trained indi-
viduals and provided evidence that different mechanisms 
can be responsible for perceiving and estimating the dura-
tion of music and speech. Moreover, we explored how 
musically trained individuals perceive time and we showed 
that their time estimation accuracy related to the duration 
of their musical training. Our results from the 
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first experiment showed that the duration speech is more 
accurately reproduced compared with music. Our supple-
mental experiments explored possible causes for these dif-
ferences and suggested that higher subjective arousal and 
lower pleasantness for speech stimuli could explain this 
pattern of results. Because in the present study we used 
scrambled speech, a future study may compare the effects 
of music and actual speech on the perception of time and 
examine whether the effects of the two types of stimuli are 
similar. Moreover, to enhance the validity and generalisa-
bility of our results, future studies may use speech and 
music stimuli that are matched for arousal and pleasant-
ness, based on ratings by a larger sample of participants. 
This would allow for a more comprehensive examination 
of the temporal processing of speech and music, of its rela-
tion with their emotional characteristics, and of how the 
durations are reproduced by both trained and non-trained 
individuals.

In conclusion, this study’s most notable discovery is 
that the processing of the duration of music and speech 
stimuli seems to rely on separate but related mechanisms. 
These mechanisms may be attributed to the unique acous-
tic and rhythmic characteristics of each stimulus, which 
influence their temporal processing. The presence of dis-
tinct regions in the brain for speech and music processing 
(Albouy et  al., 2020; Sidtis & Volpe, 1988) support the 
idea of separate mechanisms. On the contrary, the relation-
ship between the two mechanisms could be attributed to 
the fact that there is a partial overlap in the brain regions 
engaged in the processing of speech and music (Koelsch & 
Siebel, 2005; Patel, 2003; Rimmele et  al., 2021). 
Consequently, the findings of this study also support the 
idea that the processing of speech and music are interre-
lated and also connected to a general auditory processing 
ability (Asaridou & McQueen, 2013). Our results also 
extend past research on the role of domain expertise in 
time perception and they can be used as a basis for future 
studies on the topic.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with 
respect to the research, authorship, and/or publication of this 
article.

Funding

The author(s) disclosed receipt of the following financial support 
for the research, authorship, and/or publication of this article: 
This project has received funding from the European Union’s 
Horizon 2020 Research and Innovation Programme under Grant 
Agreement No 739578 and the Government of the Republic of 
Cyprus through the Deputy Ministry of Research, Innovation and 
Digital Policy.

ORCID iD

Miria N Plastira  https://orcid.org/0000-0002-4017-078X

Supplemental Material

The supplementary material is available at qjep.sagepub.com.

References

Ahn, H. K., Liu, M. W., & Soman, D. (2006). Memory for 
time: A cognitive model of retrospective duration and 
sequence judgments. https://papers.ssrn.com/sol3/papers.
cfm?abstract_id=897933

Albouy, P., Benjamin, L., Morillon, B., & Zatorre, R. J. (2020). 
Distinct sensitivity to spectrotemporal modulation supports 
brain asymmetry for speech and melody. Science, 367(6481), 
1043–1047. https://doi.org/10.1126/science.aaz3468

Asaridou, S. S., & McQueen, J. M. (2013). Speech and music 
shape the listening brain: Evidence for shared domain-gen-
eral mechanisms. Frontiers in Psychology, 4, Article 321. 
https://doi.org/10.3389/fpsyg.2013.00321

Besson, M., Chobert, J., & Marie, C. (2011). Transfer of training 
between music and speech: Common processing, attention, 
and memory. Frontiers in Psychology, 2, Article 94. https://
doi.org/10.3389/fpsyg.2011.00094

Block, F., & Gellersen, H. (2010). The impact of cognitive 
load on the perception of time. In Proceedings of the 
6th Nordic conference on human-computer interaction: 
Extending boundaries (pp. 607–610). https://dl.acm.org/
doi/10.1145/1868914.1868985

Brown, S. (1995). Time, change, and motion: The effects of 
stimulus movement on temporal perception. Perception & 
Psychophysics, 57(1), 105–116. https://doi.org/10.3758/
BF03211853

Brown, S., Martinez, M. J., & Parsons, L. M. (2006). Music 
and language side by side in the brain: A PET study of the 
generation of melodies and sentences. European Journal of 
Neuroscience, 23(10), 2791–2803. https://doi.org/10.1111/
j.1460-9568.2006.04785.x

Burnham, K. P., & Anderson, D. R. (2004). Multimodel infer-
ence: Understanding AIC and BIC in model selection. 
Sociological Methods & Research, 33(2), 261–304. https://
doi.org/10.1177/0049124104268644

Byrne, B. M. (2016). Structural equation modeling with AMOS: 
Basic concepts, applications, and programming. Routledge.

Droit-Volet, S., Bigand, E., Ramos, D., & Bueno, J. L. O. (2010). 
Time flies with music whatever its emotional valence. Acta 
Psychologica, 135(2), 226–232. https://doi.org/10.1016/j.
actpsy.2010.07.003

Droit-Volet, S., & Meck, W. H. (2007). How emotions col-
our our perception of time. Trends in Cognitive Sciences, 
11(12), 504–513. https://doi.org/10.1016/j.tics.2007.09.008

Droit-Volet, S., Ramos, D., Bueno, J. L., & Bigand, E. (2013). 
Music, emotion, and time perception: The influence of subjec-
tive emotional valence and arousal? Frontiers in Psychology, 
4, Article 417. https://doi.org/10.3389/fpsyg.2013.00417

Glennie, E., & MacDonald, R. (2005). Musical communication. 
Oxford University Press.

Guéguen, N., & Jacob, C. (2002). The influence of music 
on temporal perceptions in an on-hold waiting situa-
tion. Psychology of Music, 30(2), 210–214. https://doi.
org/10.1177/0305735602302007

Hambrick, D. Z., Ullén, F., & Mosing, M. (2016). Is innate talent 
a myth? Scientific American.

https://orcid.org/0000-0002-4017-078X
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=897933
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=897933
https://doi.org/10.1126/science.aaz3468
https://doi.org/10.3389/fpsyg.2013.00321
https://doi.org/10.3389/fpsyg.2011.00094
https://doi.org/10.3389/fpsyg.2011.00094
https://dl.acm.org/doi/10.1145/1868914.1868985
https://dl.acm.org/doi/10.1145/1868914.1868985
https://doi.org/10.3758/BF03211853
https://doi.org/10.3758/BF03211853
https://doi.org/10.1111/j.1460-9568.2006.04785.x
https://doi.org/10.1111/j.1460-9568.2006.04785.x
https://doi.org/10.1177/0049124104268644
https://doi.org/10.1177/0049124104268644
https://doi.org/10.1016/j.actpsy.2010.07.003
https://doi.org/10.1016/j.actpsy.2010.07.003
https://doi.org/10.1016/j.tics.2007.09.008
https://doi.org/10.3389/fpsyg.2013.00417
https://doi.org/10.1177/0305735602302007
https://doi.org/10.1177/0305735602302007


Plastira et al.	 1845

IBM Corp. (2017). IBM SPSS statistics for Windows (Version 
25). [Computer Software]. IBM Corp.

JASP Team. (2022). JASP (Version 0.16.1) [Computer soft-
ware]. Retrieved from https://jasp-stats.org/download/

Khan, A., Sharma, N. K., & Dixit, S. (2006). Effect of cognitive 
load and paradigm on time perception. Journal of the Indian 
Academy of Applied Psychology, 32(1), 37–42.

Kline, R. B. (2005). Principles and practice of structural equa-
tion modeling (2nd ed.). Guilford Press.

Koelsch, S., & Siebel, W. A. (2005). Towards a neural basis of 
music perception. Trends in Cognitive Sciences, 9(12), 578–
584. https://doi.org/10.1016/j.tics.2005.10.001

Lejeune, H., & Wearden, J. H. (2009). Vierordt’s The 
Experimental Study of the Time Sense (1868) and its leg-
acy. European Journal of Cognitive Psychology, 21(6), 
941–960. https://doi.org/10.1080/09541440802453006

Levitin, D. J., & Menon, V. (2003). Musical structure is processed 
in “language” areas of the brain: A possible role for Brodmann 
Area 47 in temporal coherence. NeuroImage, 20(4), 2142–
2152. https://doi.org/10.1016/j.neuroimage.2003.08.016

Marie, C., Kujala, T., & Besson, M. (2012). Musical and linguis-
tic expertise influence pre-attentive and attentive processing 
of non-speech sounds. Cortex, 48(4), 447–457. https://doi.
org/10.1016/j.cortex.2010.11.006

Marques, C., Moreno, S., Luís Castro, S., & Besson, M. (2007). 
Musicians detect pitch violation in a foreign language bet-
ter than nonmusicians: Behavioral and electrophysiological 
evidence. Journal of Cognitive Neuroscience, 19(9), 1453–
1463. https://doi.org/10.1162/jocn.2007.19.9.1453

Mathôt, S., Schreij, D., & Theeuwes, J. (2012). OpenSesame: An 
open-source, graphical experiment builder for the social sci-
ences. Behavior Research Methods, 44, 314–324.

Moreno, S., Marques, C., Santos, A., Santos, M., Castro, S. L., 
& Besson, M. (2009). Musical training influences linguis-
tic abilities in 8-year-old children: More evidence for brain 
plasticity. Cerebral Cortex, 19(3), 712–723. https://doi.
org/10.1093/cercor/bhn120

North, A. C., & Hargreaves, D. J. (1999). Can music move 
people? The effects of musical complexity and silence on 
waiting time. Environment and Behavior, 31(1), 136–149. 
https://doi.org/10.1177/00139169921972038

Patel, A. D. (2003). Language, music, syntax and the brain. Nature 
Neuroscience, 6(7), 674–681. https://doi.org/10.1038/nn1082

Plastira, M. N., & Avraamides, M. N. (2020). Distortions 
in time perception: How the production rate of linguis-
tic stimuli influences the perception of elapsed time. 
Timing & Time Perception, 8(2), 162–176. https://doi.
org/10.1163/22134468-20191173

Plastira, M. N., & Avraamides, M. N. (2021). Music tempo and 
perception of time: Musically trained vs nontrained indi-
viduals. Timing & Time Perception, 10(2), 142–157. https://
doi.org/10.1163/22134468-bja10042

Rammsayer, T., & Altenmüller, E. (2006). Temporal informa-
tion processing in musicians and nonmusicians. Music 
Perception: An Interdisciplinary Journal, 24(1), 37–48. 
https://doi.org/10.1525/mp.2006.24.1.37

Rattat, A.C.,&  Droit-Volet, S (2012). What is the best and easi-
est method of preventing counting in different temporal 
tasks?. Behavior Research Methods, 44, 67–80. https://doi.
org/10.3758/s13428-011-0135-3

Rimmele, J. M., Kern, P., Lubinus, C., Frieler, K., Poeppel, D., 
& Assaneo, M. F. (2021). Musical sophistication and speech 
auditory-motor coupling: Easy tests for quick answers. 
Frontiers in Neuroscience, 15, Article 764342. https://doi.
org/10.3389/fnins.2021.764342

Schellenberg, E. G. (2015). Music training and speech percep-
tion: A gene–environment interaction. Annals of the New 
York Academy of Sciences, 1337(1), 170–177. https://doi.
org/10.1111/nyas.12627

Schneider, B. A., Avivi-Reich, M., & Mozuraitis, M. (2015). A 
cautionary note on the use of the Analysis of Covariance 
(ANCOVA) in classification designs with and without 
within-subject factors. Frontiers in Psychology, 6, Article 
474. https://doi.org/10.3389/fpsyg.2015.00474

Schön, D., Magne, C., & Besson, M. (2004). The music of 
speech: Music training facilitates pitch processing in both 
music and language. Psychophysiology, 41(3), 341–349. 
https://doi.org/10.1111/1469-8986.00172.x

Schwarz, M. A., Winkler, I., & Sedlmeier, P. (2013). The heart 
beat does not make us tick: The impacts of heart rate and 
arousal on time perception. Attention, Perception, & 
Psychophysics, 75(1), 182–193. https://doi.org/10.3758/
s13414-012-0387-8

Sidtis, J. J., & Volpe, B. T. (1988). Selective loss of complex-pitch 
or speech discrimination after unilateral lesion. Brain and 
Language, 34(2), 235–245. https://doi.org/10.1016/0093-
934X(88)90135-6

Yu, M., Xu, M., Li, X., Chen, Z., Song, Y., & Liu, J. (2017). The 
shared neural basis of music and language. Neuroscience, 
357, 208–219. https://doi.org/10.1016/j.neuroscience.2017. 
06.003

Zakay, D., & Block, R. A. (1995). An attentional-gate model of 
prospective time estimation. In M. Richelle, V. D. Keyser, 
G. d’Ydewalle & A. Vandierendonck (Eds.), Time and the 
dynamic control of behavior (pp. 167–178). Universite de 
Liege.

https://jasp-stats.org/download/
https://doi.org/10.1016/j.tics.2005.10.001
https://doi.org/10.1080/09541440802453006
https://doi.org/10.1016/j.neuroimage.2003.08.016
https://doi.org/10.1016/j.cortex.2010.11.006
https://doi.org/10.1016/j.cortex.2010.11.006
https://doi.org/10.1162/jocn.2007.19.9.1453
https://doi.org/10.1093/cercor/bhn120
https://doi.org/10.1093/cercor/bhn120
https://doi.org/10.1177/00139169921972038
https://doi.org/10.1038/nn1082
https://doi.org/10.1163/22134468-20191173
https://doi.org/10.1163/22134468-20191173
https://doi.org/10.1163/22134468-bja10042
https://doi.org/10.1163/22134468-bja10042
https://doi.org/10.1525/mp.2006.24.1.37
https://doi.org/10.3758/s13428-011-0135-3
https://doi.org/10.3758/s13428-011-0135-3
https://doi.org/10.3389/fnins.2021.764342
https://doi.org/10.3389/fnins.2021.764342
https://doi.org/10.1111/nyas.12627
https://doi.org/10.1111/nyas.12627
https://doi.org/10.3389/fpsyg.2015.00474
https://doi.org/10.1111/1469-8986.00172.x
https://doi.org/10.3758/s13414-012-0387-8
https://doi.org/10.3758/s13414-012-0387-8
https://doi.org/10.1016/0093-934X(88)90135-6
https://doi.org/10.1016/0093-934X(88)90135-6
https://doi.org/10.1016/j.neuroscience.2017.06.003
https://doi.org/10.1016/j.neuroscience.2017.06.003

