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Abstract
The present study explored the effect of vocally expressed emotions on duration perception. 
Recordings of the syllable ‘ah’ spoken in a disgusted (negative), surprised (positive), and neutral 
voice were subjected to a compression/stretching algorithm producing seven durations ranging 
from 300 to 1200 ms. The resulting stimuli served in a duration bisection procedure in which partici-
pants indicated whether a stimulus was more similar in duration to a previously studied 300 ms 
(short) or 1200 ms (long) 440 Hz tone. Behavioural results indicate that disgusted expressions were 
perceived as shorter than surprised expressions in both men and women and this effect was related 
to perceived valence. Additionally, both emotional expressions were perceived as shorter than 
 neutral expressions in women only and this effect was related to perceived arousal. Event-related 
potentials showed an influence of emotion and rate of acoustic change (fast for compressed/short 
and slow for stretched/long stimuli) on stimulus encoding in women only. Based on these findings, 
we suggest that emotions interfere with temporal processes and facilitate the influence of contex-
tual information (e.g., rate of acoustic change, attention) on duration judgements. Because women 
are more sensitive than men to unattended vocal emotions, their temporal judgements are more 
strongly distorted.
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1. Introduction

Non-verbal signals are powerful elicitors of emotion. For example, vocal expres-
sions, depending on their acoustic properties and context, can trigger central 
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and peripheral nervous system changes in the absence of attentive processing  
(e.g., Brosch et al., 2008; Grandjean et al., 2005; Schirmer et al., 2005). Furthermore, 
they can serve as endogenous cues for attention and influence ongoing mental 
processes such as language and memory (Min & Schirmer, 2011; Schirmer, 2010). 
Here, we sought to extend current knowledge by examining the role of vocal 
expressions in time perception, thereby complementing earlier work on speech 
and timing as reviewed by Schirmer (2004).

Philosophers and psychologists have long been interested in the relation 
between emotions and time (e.g., James, 1890; Vierordt, 1868). Indeed, research 
revealed that time is perceived differently in an emotional as compared to neu-
tral context (Droit-Volet & Meck, 2007; Schirmer, 2011). For example, compared 
to neutral facial expressions, the duration of emotional facial expressions is typi-
cally overestimated indicating a speeding up of an internal clock (e.g., Droit-Volet  
et al., 2010b; Effron et al., 2006; Grommet et al., 2011; Tipples et al., 2013; this 
issue Droit-Volet et al., 2016; Eberhardt et al., 2016; but see Smith et al., 2011).

To date, few studies of emotions and time have used auditory materials or, 
more specifically, tackled time perception in the context of interactional sounds 
such as vocal or musical expression. One example is work by Voyer and colleagues 
who presented the word ‘bower’ spoken with an angry, happy, and neutral voice 
(Fallow & Voyer, 2013; Voyer & Reuangrith, 2015). They found that compared to 
the neutral condition, durations in the two emotional conditions were under-
estimated, suggesting that an internal clock slowed down. Musical expressions 
yielded similar results. In a study by Droit-Volet and colleagues (2010a), partic-
ipants listened to musical excerpts or to sine wave control stimuli that did not 
fit Western tonality and were thus perceived as less pleasant/emotional than the 
musical excerpts. The duration of musical excerpts, when compared to the control 
stimuli, was underestimated.

We set out to extend this literature and to address three outstanding issues. 
First, we were interested in understanding the temporal distortions obtained with 
dynamic interactional sounds. Specifically, we asked whether emotion-induced 
underestimations could be explained by the acoustic properties of dynamic 
sounds as well as the acoustic changes introduced by duration manipulations.  
In past studies, stimulus duration was manipulated by stretching and compress-
ing sounds (Fallow & Voyer, 2013; Voyer & Reuangrith, 2015) such that the rate of 
acoustic change was greater for short than for long stimuli. This gave listeners a 
cue to predict stimulus duration before stimulus offset. Moreover, if listeners used 
this cue they could be expected to judge emotional stimuli as shorter than neu-
tral stimuli because emotionality typically increases the rate of acoustic change 
(Banse & Scherer, 1996).

Second, we were concerned that research on the influence of emotions on 
time rarely combined behavioral measures with recordings of neural activity (for 
recent fMRI studies see Dirnberger et al., 2012; Tipples et al., 2013). Therefore, 
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we examined event-related potential (ERP) components previously implicated 
in vocal emotional and temporal processing. One such component, the P2, has a 
positive peak around 200 ms following stimulus onset. The P2 is modulated by the 
emotionality of vocal expression, although the direction of the effect varies among 
studies and the reason for the variation is unclear (Iredale et al., 2013; Kokinous 
et al., 2015; Paulmann & Kotz, 2008; Schirmer et al., 2013a). Additionally, the  
P2 has been implicated in the temporal comparison of two successive durations. 
Tones that marked the offset of the second duration elicited a larger P2 the more 
temporally different (i.e., shorter/longer) this duration was from the first duration 
(Kononowicz & Rijn, 2014). Thus, given its susceptibility to both emotional and 
temporal manipulations, the P2 may be a good candidate for revealing the interac-
tion of emotions and time.

Another ERP component of interest is a late negativity, called the N4, that 
peaks around 400 ms following stimulus onset. The N4 reflects the influence of 
vocal emotional expressions on language processing. Expressions that conflict 
with verbal emotion content increase N4 amplitude (Bostanov & Kotchoubey, 
2004; Schirmer & Kotz, 2003). Thus, the ERP for a positive word such as ‘success’ is 
more negative when heard in a negative as compared to a neutral or positive voice.

The N4 is part of a family of late negative deflections. It is, thus, related to the 
contingent negative variation (CNV), which emerges at about the same time to a 
warning stimulus that predicts an imperative stimulus (Tecce, 1972; Walter et al., 
1964) or to an imperative stimulus that subjects must time (Macar & Vitton, 1980; 
Ruchkin et al., 1977). In the context of some timing paradigms, CNV amplitudes 
are larger for longer than shorter stimuli. Thus, initially, the CNV was thought 
to reflect the accumulation of temporal pulses or ticks of an internal clock  
(Macar & Vidal, 2003). More recently, however, response preparation and tem-
poral decision-making are deemed more likely processes underpinning this com-
ponent (Kononowicz & van Rijn, 2011; Ng, Tobin, & Penney, 2011; van Rijn et al., 
2011). Together, N4 and CNV findings suggest that influences of emotions on time 
may be revealed by late negative aspects of the ERP.

The third issue of interest was the participants’ sex. Past research revealed that 
women are more sensitive than men to vocal expression (Schirmer & Kotz, 2003; 
van den Brink et al., 2010). For example, when watching a movie and passively 
listening to an auditory oddball sequence, women are more likely than men to 
show enhanced processing of emotional relative to neutral oddballs (Schirmer 
et al., 2005). When asked to judge the lexical or emotional properties of words, 
women are more affected than men by task-irrelevant vocal expressions (Schirmer 
et al., 2004). Additionally, women are more likely than men to adjust their attitude 
toward a word’s referent based on the tone of voice in which the word was heard 
previously (Schirmer et al., 2013a). Together, these and similar findings suggest 
that task-irrelevant emotional signals are more likely to impact ongoing cogni-
tive processes in women than in men. However, this possibility has rarely been 
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explored in the context of time perception (but see Chambon et al., 2008; Kliegl 
et al., 2015).

To address the three issues raised above, we presented the syllable ‘ah’ with a 
surprised, disgusted, and neutral voice in a temporal bisection paradigm. In line 
with past research, we stretched and compressed original voice recordings into 
seven durations and tested the following predictions. First, we expected emotional 
voices to be judged shorter than same duration neutral voices (Fallow & Voyer, 
2013; Voyer & Reuangrith, 2015). Second, if the rate of acoustic change rather 
than emotionality accounts for this effect, then measures of acoustic change  
(e.g., variation in pitch) should be greater for emotional compared with neutral 
voices and explain condition differences in timing. Alternatively, stimulus valence 
and arousal might predict temporal judgements. Third, we expected emotionality 
and duration manipulations to modulate and interact in the P2 and/or a late nega-
tive potential. Last, in line with earlier work on sex differences, we hypothesized 
that emotional expressions would be more likely to shape the temporal decisions 
and ERPs of female as compared to male listeners.

2. Methods

This research was approved by the Institutional Review Board of the National University of Singapore.

2.1. Participants

Twenty-eight participants, half female, were recruited for this research. The average age of females 
was 22.6 (SD 2.9) and that of males was 22.8 (SD 2.1). Participants self-reported to be free of hearing 
impairments and neurological conditions. All had normal or corrected-to-normal vision and were 
right handed. Participants were recruited via campus advertisements and reimbursed for their time 
at a rate of S$10/hr.

2.2. Stimulus Materials

The stimulus material for the training phase comprised two uniform amplitude 440 Hz sine wave 
tones of 300 and 1200 ms duration, respectively.

The stimulus material for the test phase comprised a set of vocalizations from five different 
speakers (two female) who each produced the sound ‘ah’ with a neutral, a disgusted, and a surprised 
intonation. On average, neutral sounds were 814 ms long (SD 578), disgusted sounds were 972 ms 
long (SD 365), and surprised sounds were 582 ms long (SD 181). Sound durations were subjected 
to an ANOVA with Emotion as a between items factor. The result was non-significant [F(2, 12) = 1.1,  
p = 0.35]. Apart from duration, we also analyzed pitch standard deviation because visual inspection of 
sound spectrograms suggested that the main acoustic change was a single rise/fall pattern that extended 
over the course of the syllable. As expected, an ANOVA with pitch standard deviation as the dependent 
variable revealed an Emotion main effect [F(2, 12) = 14.4, p < 0.001], indicating greater acoustic change 
for surprise relative to disgust [F(1, 8) = 5.1, p = 0.05] and for disgust relative to neutral vocalizations  
[F(1, 8) = 6.2, p < 0.05]. The means for these conditions are 112.5 Hz (SD 28.2), 57.4 Hz (SD 46.8), 
and 5.2 Hz (SD 3.6), respectively.

Using Celemony Melodyne2 (Hoenig & Neubäcker, 2005), the 15 unique vocalizations (five 
neutral, five disgusted, and five surprised) were compressed and stretched to 300, 378, 476, 600, 
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756, 952, and 1200 ms duration, yielding a set of 105 vocalizations. The Celemony algorithm was 
designed to enable duration changes without altering average pitch and short-term spectral features.

The original 15 vocalizations that formed the basis of this study were derived from a larger cor-
pus recorded from 33 speakers asked to say ‘ah’ with angry, disgusted, fearful, happy, sad, surprised, 
and neutral intonations. Recordings were made in a soundproof chamber and digitized at a 16 bits/ 
44.1 kHz sampling rate. The corpus was subjected to a rating study with 30 participants (12 female, 
average age 22.1). After listening to each sound, participants selected one of seven options (i.e., 
angry, disgusted, fearful, happy, sad, surprised, or neutral) on the screen or entered an expression via 
the keyboard when they believed none of the provided options was suitable.

Vocalizations with better than 50% accuracy (chance = 12.5%) were subjected to duration manip-
ulation in Celemony Melodyne2 and then evaluated by the present authors. After removing sounds 
audibly distorted by the manipulation, we identified two emotional and one neutral stimulus subset 
for which original, unmanipulated sources differed neither in duration nor in expression recogni-
tion accuracy (ps > 0.1). The amplitude of each selected sound was normalized in MATLAB using 
a root-mean-square (RMS) leveler (http://depts.washington.edu/phonlab/resources/rmsLeveler.m), 
which computes an RMS value for each sound and subsequently normalizes all sounds to the maxi-
mum RMS level detected. Acoustic analysis of the manipulated sounds ensured that mean pitch and 
pitch standard deviation were comparable across the different stimulus durations. Auditory samples 
are available here: https://dl.dropboxusercontent.com/u/24234612/DurationManipulationSamples 
_TimingNTimePerception.zip.

2.3. Procedure

Participants were tested individually. After arriving at the lab, they signed a consent form and com-
pleted a questionnaire that recorded basic personal data (e.g., sex, handedness, age). To prepare 
participants for the EEG, a 64-channel cap with empty electrode holders was placed on their head. 
Electrode holders were filled with an electrolyte gel and electrodes placed according to the modified 
10–20 system. Individual electrodes were attached above and below the right eye and at the outer 
canthus of each eye to measure eye movements. One electrode was attached to the nose for off-line 
data referencing. The data was recorded at 256 Hz with a Biosemi ActiveTwo system, which uses a 
common mode sense active electrode for initial referencing. Only an antialiasing filter was applied 
during data acquisition (i.e., sinc filter with a half-power cutoff at 1/5 the sampling rate). Following 
the EEG set-up, participants moved into the experimental chamber and sat down in front of a com-
puter screen at a distance of about 1.2 m. Then the experimenter assisted with the insertion of ear-
insert headphones for sound delivery.

After reading task instructions on screen, participants completed five blocks comprised of train-
ing and test phase. During training, they were presented with ten trials, half of which involved a 
short and half of which involved a long anchor duration. Each trial began with a fixation cross. After 
100 ms, the cross was accompanied by a tone at the offset of which participants pressed one of two 
buttons indicating whether the tone was short or long. Their response was followed by the words 
‘Correct’ or ‘Incorrect’, which remained on screen for 1500 ms. The fixation cross then reappeared 
for an inter-trial interval of random duration between 1000 and 3000 ms. Trials were presented in 
random order.

During the test phase, a fixation cross was presented on screen without interruption. Vocalizations 
were played in random order and participants classified each vocalization as being more similar in 
duration to the long or the short anchor from the training phase. The inter-trial interval was drawn 
randomly from durations between 1000 and 3000 ms. Each test phase started with a filler trial and 
was followed by 126 experimental trials. Across the five test phases, there were six presentations for 
each of the 105 vocalizations and 30 trials for each emotion by duration combination. Response 
button assignment was counterbalanced across participants.

http://depts.washington.edu/phonlab/resources/rmsLeveler.m
https://dl.dropboxusercontent.com/u/24234612/DurationManipulationSamples_TimingNTimePerception.zip
https://dl.dropboxusercontent.com/u/24234612/DurationManipulationSamples_TimingNTimePerception.zip
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After completion of the timing task, the experimenter removed the electrodes and cap and par-
ticipants washed their hair. Once finished, they returned to the experimental room and performed 
a short sound rating in which the 105 vocalizations presented in the timing task were played again 
in random order. After each vocalization, participants indicated whether the speaker sounded 
 disgusted, surprised, or neutral. Subsequently, they were given a five-point valence scale ranging 
from −2 (very negative) to +2 (very positive) and a 5-point arousal scale ranging from 1 (very weak) 
to 5 (very strong). After entering their ratings of a given vocalization, there was a 1500 ms interval 
before the next vocalization was presented.

2.4. Data Analysis

We converted the temporal judgements of each participant into the probability of choosing ‘long’ 
and fitted this probability to a logistic function using the glm function in R (R Core Team, 2015). We 
then subjected the resulting fit to the inverse.predict function in the R package chemCal to obtain a 
predicted duration value for a 0.5 probability of choosing ‘long’, which indicates the point of subjec-
tive equality (PSE). We determined the difference limen (DL) by identifying the predicted duration 
value for 0.25 and 0.75, subtracting the former from the latter, and dividing the result by 2.

EEG data was processed with EEGLAB (Delorme & Makeig, 2004). The recordings were re- 
referenced to the nose and subjected to low- and high-pass filtering with a half-power cut-off at 
30 and 0.1 Hz, respectively. The transition band was 7.5 Hz for the low pass filter (–6 dB/octave; 
221 pts) and 0.1 Hz for the high pass filter (–6 dB/octave; 16501 pts). The continuous data were visu-
ally scanned for non-typical artifacts caused by drifts or muscle movements. Time points containing 
such artifacts were removed. Infomax, an independent component analysis algorithm, was applied 
to the remaining data, and components reflecting typical artifacts (i.e., horizontal and vertical eye 
movements and eye blinks) were removed. Back-projected single trials were epoched and baseline-
corrected using a 200 ms pre-stimulus baseline and an 800 ms time window starting from stimulus 
onset. The resulting epochs were again screened visually for residual artifacts. ERPs were derived by 
averaging individual epochs for each condition and participant.

It was our intention to generate separate ERPs for long and short responses in order to explore 
temporal decision-making. However, the bisection curves were too steep, making it impossible to 
match trial numbers for the different durations and the two response types both when considering 
all durations and when considering duration subgroups (e.g., 600 and 756). Therefore, we generated 
ERPs based on stimulus duration irrespective of whether participants classified a stimulus as short 
or long. In this process, we excluded the 300 ms condition because this allowed us to explore ERP 
effects up to 378 ms that were unaffected by stimulus offsets. Additionally, we combined adjacent 
duration conditions to create three stimulus sets (short: 378/476, intermediate: 600/756, and long: 
952/1200) to simplify the analysis while increasing our signal-to-noise ratio. The comparison of 
these stimulus sets enabled us to explore effects associated with the rate of acoustic change, which 
was greatest in the short (compressed) and smallest in the long (stretched) stimulus condition.

We identified the latency ranges of target ERP components and submitted mean voltages from 
within these ranges to an Analysis of Variance (ANOVA) with Emotion (disgusted, surprised, neu-
tral), Duration (short, intermediate, long), Hemisphere (left, right), and Region (anterior, central, pos-
terior) as repeated measures factors and Sex as the between subjects factor. The factors Hemisphere 
and Region comprised average voltages computed across the following subgroups of electrodes: 
anterior left, Fp1, AF7, AF3, F5, F3, F1; anterior right, Fp2, AF8, AF4, F6, F4, F2; central left, FC3, 
FC1, C3, C1, CP3, CP1; central right, FC4, FC2, C4, C2, CP4, CP2; posterior left, P5, P3, P1, PO7, PO3, 
O1; posterior right, P6, P4, P2, PO8, PO4, O2. This selection of electrodes ensured that the tested sub-
groups contained equal number of electrodes, while providing a broad scalp coverage that allowed 
the assessment of topographical effects. If the number of follow-up tests of interactions and main 
effects exceeded the numerator of the degrees of freedom, test results were corrected for multiple 
comparisons using the False Discovery Rate (Benjamini–Hochberg procedure).
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3. Results

3.1. Behavioral Results

The group average probability of responding ‘long’, as well as the individual par-
ticipant PSE and DL values are presented in Fig. 1 for male and female partici-
pants separately. As can be seen from this figure, timing responses were overall 
less accurate and more influenced by emotion in female than in male participants. 
Moreover, only in female participants, disgust and surprise elicited fewer ‘long’ 
responses relative to neutral, pointing to an underestimation of time.

Figure 1. Group mean bisection response functions and individual DLs and PSEs for each emotion 
condition plotted separately for female and male participants. Error bars reflect the within-subject 
standard error. The dashed horizontal line in the lower right panel indicates the objective point of 
equality (i.e., equal arithmetic difference). Grey solid vertical lines in left and right lower panels 
mark the group median. This figure is published in color in the online version.
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To probe these visual impressions statistically, we subjected PSEs to an ANOVA 
with Emotion as a repeated measures factor and Sex as a between subjects  factor. 
We found significant effects of Emotion [F(2, 52) = 13.9, p < 0.0001] and Sex [F(1, 26) =  
8.3, p < 0.01] as well as an interaction [F(2, 52) = 3.3, p < 0.05]. In female par-
ticipants, the Emotion main effect was significant [F(2, 26) = 15.8, p < 0.0001]. 
Moreover, follow-up comparisons revealed a larger PSE for the disgust than the 
neutral condition [F(1, 13) = 20, p < 0.01] and for the surprise than the neutral con-
dition [F(1, 13) = 6.5, p < 0.05]. Additionally, the PSE was larger for the disgust than 
the surprise condition [F(1, 13) = 14, p < 0.01]. In male participants, the Emotion 
main effect was smaller, but nevertheless significant [F(2, 26) = 3.7, p < 0.05]. 
Although, neither the disgust nor the surprise condition differed significantly from 
neutral (ps > 0.1), they differed from each other [F(1, 13) = 14.8, p < 0.01]. As for  
females, the PSE was larger in the disgust than the surprise condition.

An ANOVA with DL as the dependent variable revealed a marginal Emotion 
effect [F(2, 52) = 2.4, p = 0.09]. All other effects were non-significant (ps > 0.1).

To determine how female and male participants perceived the sounds pre-
sented in this study, we subjected emotion recognition accuracy, valence, and 
arousal from the post-experimental rating to separate ANOVAs with Emotion and 
Duration as repeated measures factors and Sex as the between subjects factor. For 
accuracy, this analysis identified an Emotion main effect [F(2, 52) = 12, p < 0.0001] 
indicating that neutral expressions were recognized more accurately than disgust 
[F(1, 26) = 18.4, p < 0.001] and surprise expressions [F(1, 26) = 17, p < 0.001] 
which did not differ (p > 0.3). A marginal Emotion by Duration interaction [F(12, 
312) = 1.7, p = 0.06] hinted that disgust expressions were better recognized at 
longer durations, whereas surprise expressions were better recognized at shorter 
durations. However, as can be seen in Fig. 2, all conditions were recognized signifi-
cantly better than would be expected by chance (i.e., accuracy > 0.33).

An analysis of valence ratings revealed main effects of Emotion [F(2, 52) = 81, p < 
0.0001] and Duration [F(6, 156) = 2.4, p < 0.05] as well as an Emotion by Duration 
interaction [F(12, 312) = 3.1, p < 0.001]. Across durations, disgust expressions were 
more negative than neutral [F(1, 26) = 6.4, p < 0.0001] and surprise expressions 
[F(1, 26) = 142.4, p < 0.0001]. Additionally, neutral expressions were less positive 
than surprise expressions [F(1, 26) = 18.7, p < 0.001]. Disgust, but not neutral or 
surprise expressions (ps > 0.3), showed a Duration main effect [F(6, 156) = 6.1, p < 
0.0001], indicating that longer durations were perceived as more negative.

Analysis of arousal ratings revealed main effects of Emotion [F(2,52) = 264, 
p < 0.0001] and Duration [F(6, 156) = 10.8, p < 0.0001] as well as an Emotion by 
Duration interaction [F(12, 312) = 3.2, p < 0.001]. Across durations, neutral expres-
sions were perceived as less arousing than disgust [F(1, 26) = 213, p < 0.0001] and 
disgust expressions were perceived as less arousing than surprise expressions 
[F(1, 26) = 21.9, p < 0.0001]. Both disgust [F(6, 156) = 9.8, p < 0.0001] and sur-
prise expressions showed a Duration main effect [F(6, 156) = 8.2, p < 0.0001], 
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indicating that increased durations were associated with greater arousal ratings. 
The Duration effect was not significant for neutral expressions (p > 0.89).

To explore whether and how PSE effects may be explained by the role of 
 subjective item characteristics such as valence and arousal, we entered the PSE 
into two linear regression mixed effects analyses using the lme4 package in R. 
The first analysis had Sound Valence, Sex (deviation coded as −0.5 and 0.5), and 
their interaction as predictors. Subject intercept and Sound Valence slope were 
modelled as the random effect. The Sound Valence predictor was derived from the 
post- experimental ratings as the mean score for each emotion condition and 

Figure 2. Stimulus rating results for accuracy, valence and arousal. Plotted values are across 
participant averages. Error bars reflect the within-subject standard error. This figure is published in 
color in the online version.
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subject. The analysis revealed a significant effect of Sound Valence [t(14.9) = −4.2,  
p < 0.01; β = −0.039] and Sex [t(25.3) = −3.2, p < 0.01; β = 0.12] and a non-signif-
icant Sound Valence by Sex interaction (p > 0.48). In both males and females, less  
positive/more negative valence was associated with a larger PSE.

The second analysis had Sound Arousal, Sex (deviation coded as −0.5 and 0.5) 
and their interaction as predictors and subject intercept and Sound Arousal slope 
as the random effect. Again the Sound Arousal predictor was derived from the 
post-experimental ratings as the mean score for each emotion condition and sub-
ject. The analysis revealed a significant effect of Sex [t(42.5) = −4.1, p < 0.001; 
β = −0.21] and an interaction of Sound Arousal and Sex [t(45.1) = 2.1, p < 0.05; 
 β = 0.03]. The Sound Arousal effect was non-significant (p = 0.14). Follow-up anal-
yses of the interaction indicated that the Sound Arousal effect was significant in 
women [t(19.9) = 2.8, p < 0.05; β = 0.027], but not in men (p > 0.76). Women, but 
not men, showed a larger PSE with increasing stimulus arousal.

To explore the role of pitch standard deviation for temporal decisions, we con-
ducted a binomial regression mixed effects analysis with Duration, Pitch SD, and 
Sex (deviation coded as −0.5 and 0.5) as well as the interaction of Pitch SD and 
Sex as predictors. Subject intercept and Pitch SD slope as well as sound inter-
cept and Pitch SD slope were modelled as random effects. Participants' responses 
(0 = short, 1 = long) served as the dependent variable. As expected, the Duration 
effect was significant; the 300 ms condition differed from all other conditions 
(for all comparisons β > 1.18, Std Err < 0.27, z-value > 4.15, p < 0.0001) in hav-
ing a smaller number of ‘long’ responses. Importantly, the Sex effect (β = 1.5,  
Std Err = 0.43, z-value = 3.6, p < 0.001) and the Pitch SD by Sex interac-
tion were significant (β = −0.005, Std Err = 0.002, z-value = −2.28, p = 0.023). 
Follow-up analyses indicated that female participants tended to respond ‘long’ 
less frequently for stimuli with a greater variation in pitch (β = −0.004, Std Err = 
0.002, z-value = −1.84, p = 0.066). A similar effect was non-significant in male 
participants (p > 0.76).

3.2. Electrophysiological Results

As can be seen in Fig. 3, ERPs revealed modulations of the P2 and the following 
late negative potential (LNP).

To identify a P2 analysis window, we measured peak latencies between 150 and 
250 ms for each electrode, condition, and subject. We found an average peak at 
201 ms with an SD of 29 ms and centered on the peak a one SD wide analysis win-
dow ranging from 186 to 215 ms following stimulus onset. Mean voltages within 
this window were subjected to an ANOVA with Emotion, Duration, Hemisphere, 
and Region as repeated measures factors and Sex as a between subjects factor. The 
analysis revealed a significant interaction of Emotion and Region [F(4, 104) = 7.0, 
p < 0.0001] as well as Emotion, Region, and Sex [F(4, 104) = 3.1, p < 0.05]. These 
interactions are illustrated in Fig. 4.
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Figure 3. ERP traces illustrating the Emotion and Duration main effects averaged across male and 
female participants. Shaded areas indicate the analysis time window for the P2 and the Late Negative 
Potential, respectively. This figure is published in color in the online version.

Follow-up analyses in female participants indicated that the Emotion by Region 
interaction [F(4, 104) = 7.0, p < 0.0001] as well as the Emotion simple main effects 
over anterior [F(2, 26) = 4.7, p < 0.05], central [F(2, 26) = 4.6, p < 0.05], and poste-
rior regions [F(2, 26) = 4.8, p < 0.05] were significant. Over anterior [F(1, 13) = 6.3,  
p = 0.08; F(1, 13) = 3.8, p = 0.1] and central regions [F(1, 13) = 4.5, p = 0.08;  
F(1, 13) = 5.8, p = 0.08], surprised voices tended to elicit a larger P2 than  
neutral and disgusted voices. The P2 to neutral and disgusted voices failed to  
differ (ps > 0.1). Over posterior regions, disgusted voices elicited a smaller P2 than 
neutral [F(1, 13) = 10.4, p < 0.05] and surprised voices [F(1, 13) = 5.8, p < 0.05], 
but follow up analyses revealed no significant effects (ps > 0.1).

The LNP had an average latency of 448 ms (SD 94) and was fairly extended 
in time. Hence, we set our analysis window from 350 to 550 ms. As this win-
dow included stimulus offsets from the short duration condition, these stimuli 
were excluded reducing the Duration factor to two levels, intermediate and long. 
An ANOVA conducted on mean voltages within the analysis window revealed 
a signifi cant main effect of Duration [F(1, 26) = 9.1, p < 0.01] as well as signifi-
cant interactions of Emotion and Region [F(4, 104) = 3.8, p < 0.01], and Emotion, 
Duration, Region and Sex [F(4, 104) = 4.4, p < 0.01]. Effects are illustrated in Fig. 5.
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Figure 4. ERP traces illustrating the Emotion × Duration interaction for female (top) and male 
(bottom) participants. This figure is published in color in the online version.
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In female participants, the interaction of Emotion, Duration, and Region was 
significant [F(4, 104) = 4.3, p < 0.01]. Follow-up analyses indicated that the Emotion 
by Duration interaction was significant over posterior [F(2, 26) = 3.4, p < 0.05], 
but not anterior or central electrodes (ps > 0.1). Over posterior electrodes, LNP 
amplitudes were greater for long relative to intermediate durations in the surprise 
condition [F(1, 13) = 11.8, p < 0.05]. Long and intermediate durations elicited 
comparable amplitudes in the disgust and neutral conditions (ps > 0.1). Female 
participants showed a Duration main effect over central electrodes [F(1, 13) = 13.3,  
p < 0.01] whereby long durations elicited a greater LNP than intermediate dura-
tions. The Duration main effect was non-significant over anterior electrodes 
(ps > 0.1). In male participants, the interaction of Emotion, Duration, and Region 
was non-significant as were the Duration main effect and the Emotion by Region 
interaction (ps > 0.1).

To determine whether differences in overall ERP amplitude between men 
and women could account for these effects, we repeated the above analyses with 
 normalized values (i.e., mean-centered and divided by SD for males and females 
separately). This did not change the effects.

4. Discussion

This study explored the role of vocal emotions for the perception of time. In a 
duration bisection procedure, vocal emotions affected temporal estimates in 
female and male participants differently. Concurrently recorded ERPs revealed sex 
differences in the P2 and LNP reflecting an emotion main effect and an emotion 
by duration interaction, respectively. In the following sections, we discuss these 
findings in reference to our initial questions concerning the direction of emotion 
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Figure 5. ERP difference maps computed by subtracting the intermediate duration condition from 
the long duration condition within the LNP time window. This figure is published in color in the 
online version.
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effects on time, their neural correlates, and the role of sex (for evidence from non-
human animals see Cheng et al., 2008; Pleil et al., 2011).

4.1. Emotions — Speeding-up or slowing down subjective time?

Past research on the relationship between emotions and time relied on visual 
and, to a lesser extent, auditory stimulation. Visual studies typically employed 
facial expressions as well as picture sets like the International Affective Picture 
System (IAPS; Lang et al., 2008). Similarly, auditory studies employed vocal 
expressions (Fallow & Voyer, 2013; Voyer & Reuangrith, 2015) or music (Droit-
Volet et al., 2010a), but also more general affective sounds such as those from the 
International Affective Digitized Sound System (IADS; Droit-Volet et al., 2010b; 
Mella et al., 2011; Noulhiane et al., 2007; Wackermann et al., 2014).

Reported emotion effects on time varied. The majority of visual studies found 
emotional stimuli to be temporally overestimated relative to neutral stimuli 
(Droit-Volet & Meck, 2007; Schirmer, 2011), while only few studies found the 
opposite effect. In the auditory modality, results were fairly evenly divided. Voices 
or music revealed an underestimation, whereas sounds from the IADS revealed an 
overestimation. What causes this variability?

In the Introduction to this article, we speculated that sensory properties could 
be relevant. Specifically, we argued that the compressing/stretching manipula-
tions done for vocal stimuli, but not for visual material or sounds from the IADS, 
confound stimulus duration with the rate of acoustic change. Temporal decisions 
could thus be influenced by rate such that ‘fast’ stimuli are more likely to be judged 
as shorter than ‘slow’ stimuli. As emotional voices are often acoustically more 
variable than neutral voices, this variability rather than emotion may account for 
 differential temporal decisions (Banse & Scherer, 1996).

Our results provide some support for this supposition. We found that 
unmanipulated emotional expressions had greater pitch change than their 
neutral counterparts. Thus, for comparable durations, there was more going 
on in emotional relative to neutral sounds. Additionally, pitch change tended 
to be negatively associated with ‘long’ responses in female listeners. Thus, 
fewer long responses in the emotional relative to the neutral conditions may 
have resulted from the former having a greater rate of acoustic change (see 
Lake et al., 2014).

Given this finding, one may rightly ask whether the compression/stretching 
approach should be avoided in preference for the sound segmentation approach 
in the study of temporal perception. We believe that the two approaches are 
equally useful and problematic. Both reflect real-world interactions between 
stimulus duration and content and both necessarily create a confound. If stimu-
lus content is held constant, acoustic rate must vary. The same content plays out 
faster in shorter than in longer sounds. If acoustic rate is held constant, stimulus 
content must vary. Shorter sounds have less content than longer sounds. Thus, 
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whereas compression/stretching manipulations bias ‘short’ responses to emo-
tional stimuli, the sound segmentation approach can be expected to bias ‘short’ 
responses to neutral stimuli.

Notably, however, both approaches differ in their relation to an established 
 tendency to perceive high-content stimuli as longer than low-content stimuli of 
comparable duration (e.g., Eagleman, 2008; Liverence & Scholl, 2012; Wearden 
et al., 1999). If this tendency extends to vocal processing, then the compression/
stretching approach creates stimuli for which accurate duration judgements corre-
late negatively with an existing temporal bias (i.e., longer sounds have less content 
per temporal unit). In contrast, the segmentation approach would create stimuli 
for which accurate duration judgements correlate positively with an existing tem-
poral bias (i.e., longer sounds have more content). Moreover, the compression/
stretching approach may then be considered the stronger test as acoustic rate 
changes would need to overwrite an existing tendency to equate more content 
with longer duration. In other words, participants would need to learn within an 
experimental session that a fast rate of acoustic change (i.e., high content) is asso-
ciated with short instead of long durations and to allow this knowledge to inform 
their temporal decisions. As a cautionary note, however, it is unclear whether the 
tendency to perceive high-content stimuli as long is indeed ubiquitous. In the 
context of vocalizations, one may venture that it is absent or even reversed as 
emotional expressions with great acoustic change are often shorter than neutral 
expressions with little acoustic change (Banse & Scherer, 1996). Listeners may 
mentally represent such regularities.

Although a high rate of acoustic change may play a role in making vocalizations 
seem shorter, the present study implies that stimulus emotions are also relevant. 
We observed a negative relation between valence and the PSE, but a positive rela-
tion between arousal and the PSE. This accords with previous evidence highlight-
ing the importance of emotions for time. However, it contradicts a dominant 
theoretical view of how emotions interact with temporal processes. Specifically, 
the notion that emotion induced bodily arousal speeds up the ticking of an inter-
nal clock (Droit-Volet & Meck, 2007) is at odds with the present effects. To explain 
this contradiction, we propose that emotions first and foremost disrupt ongoing 
temporal processes and that, consequently, temporal decisions are inaccurate and 
prone to extraneous influences. In other words, unreliable temporal record tak-
ing falls back on temporal heuristics such that temporal judgments are biased by 
accessible information. For example, they may be biased by the extent to which 
a stimulus recruits attention. Positive surprise is arguably more attention captur-
ing and holding than disgust and may hence be perceived as longer (Curtis et al., 
2011; Lassalle & Itier, 2013). Although speculative, this interpretation agrees with 
other attempts to explain temporal distortions (e.g., Schirmer, 2011; Taatgen et al., 
2007; Zélanti & Droit-Volet, 2011; this issue Droit-Volet et al., 2016; Halbertsma & 
Van Rijn, 2016; Lake et al., 2016).
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4.2. Neural Correlates for the Influence of Emotions on Time

Looking at ERP correlates, the present study identified emotion effects in an early 
positive deflection, the P2, and a late negative potential (LNP). The P2 tended to be 
larger for surprised but was smaller for disgusted relative to neutral sounds. This 
effect mirrors the valence effect seen for the PSE suggesting that P2 amplitude reflects 
enhanced attentional engagement with the surprised sounds, but reduced engage-
ment with the disgusted sounds. This interpretation accords with the presumed 
functionality of both emotions as well as with previous research on their respective 
roles for attention (Curtis et al., 2011; Lassalle & Itier, 2013). Additionally, it agrees 
with research linking P2 amplitude to attention (Woldorff & Hillyard, 1991).

Emotion effects in the LNP interacted with the rate of acoustic change. Specifi-
cally, surprise evoked LNP differences between the intermediate and long/slow 
condition over posterior electrodes and thus extended a similar effect over central 
regions that was independent of emotion. Stimuli that, based on their acoustic 
rate, could be expected to last longer produced larger LNP amplitudes than stimuli 
that, based on their acoustic rate, could be expected to end sooner. The absence 
of this effect earlier in the ERP is likely due to a need for some processing before 
listeners could represent acoustic rate. Moreover, it indicates that access to such 
information was slower than access to vocal emotion and, hence, may have been 
strategic. Notably, the acoustic rate effect resembles previously reported CNV effects 
that emerge at a similar time with a similar topography (Macar & Vidal, 2003).

The present ERP results match the behavioral results imperfectly, because the 
two emotion conditions failed to differ consistently from the neutral condition and 
were seemingly unaffected by stimulus arousal. Moreover, a set of analyses cor-
relating ERP difference scores (disgust/surprise minus neutral) with PSE and DL 
difference scores was non-significant (omitted from result section in the interest 
of space). Thus, ERP and behavioral results appear to reflect somewhat different 
processes. Whereas ERP results are limited to the processing of acoustic rate and 
necessarily omit the comparison of short and long responses, behavioral results 
represent the end-product of all stimulus-related processes and are, perhaps, the 
‘richer’ measure. Nevertheless, our ERP results show that emotions interact with 
the processing of acoustic rate, which is known to play a role in timing (Liverence 
& Scholl, 2012; Wearden et al., 1999; for a review Eagleman, 2008). Moreover, they 
indicate that their interaction emerges after an initial emotion analysis reflected 
by the P2 and for a late negative potential that presumably marks temporal  
decision-making (Ng et al., 2011; Van Rijn et al., 2011).

4.3. Sex Differences in Emotion Are Relevant for Temporal Processing

The last issue tackled here concerns sex differences. Previous research showed that 
women and men have different emotion sensitivities (for a review see Schirmer, 
2013). For example, there is substantial evidence that social stimuli and the emotions 
encoded in them are more relevant to female than male individuals (Pasterski et al., 
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2005; Schirmer et al., 2007; Spreckelmeyer et al., 2009). In line with this, the women, 
but not the men, in this study showed a significant P2 and LNP effect reflecting the 
processing of task-irrelevant vocal emotions. Additionally, in women the PSE cor-
related with both stimulus valence and arousal, whereas in men the PSE correlated 
with stimulus valence only. These results suggest that, compared to men, women 
access emotional information more readily from social stimuli (Hung & Cheng, 2014; 
Schirmer et al., 2005, 2007) and are more likely to integrate this information with 
ongoing mental processes (Schirmer & Kotz, 2003; Schirmer et al., 2013a,b).

Importantly, these findings should not be taken to suggest that temporal distor-
tions from emotion are always greater in women than in men. As reviewed else-
where (Schirmer, 2013), there are stimuli more emotionally provoking to men than 
to women (e.g., erotica, mechanical objects, angry faces). Hence, sensitivity depends 
on the kind of stimuli that are used for research. The nature of these stimuli and 
their relevance to each sex must be considered if we are to better understand the 
relation between emotions and time. Additionally, the present sex effect should be 
viewed in light of women, but not men, judging durations as consistently shorter 
than they were. Possibly, ERP and arousal/PSE effects show only in the presence of 
such temporal underestimation. Future research should replicate their presence in 
women, but not men, while controlling for sex differences in temporal acuity.

4.4. Conclusions

To conclude, the present study replicates previous findings that emotional voices 
are perceived as shorter than neutral voices of comparable duration. Additionally, 
it adds to existing work by (i) establishing a clear link between this phenomenon 
and perceived stimulus emotionality, (ii) by identifying associated ERP effects in 
the P2 and LNP, and (iii) by highlighting processing differences between the sexes. 
Moreover, our behavioral and ERP results offer some suggestions as to why emo-
tions produce temporal distortions and why these distortions differ across studies. 
Specifically, emotions may disrupt time perception and increase the reliance on 
contextual cues or temporal heuristics (e.g., acoustic rate, attention).
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