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Abstract

6

Research has demonstrated that the human cognitive system allocates attention most efficiently to a stimulus that occurs
in synchrony with an established rhythmic background. However, our environment is dynamic and constantly changing.
What happens when rhythms to which our cognitive system adapted disappear? We addressed this question using a visual
categorization task comprising emotional and neutral faces. The task was split into three blocks of which the first and the
last were completed in silence. The second block was accompanied by an acoustic background rhythm that, for one group
of participants, was synchronous with face presentations, and for another group was asynchronous. Irrespective of group,
performance improved with background stimulation. Importantly, improved performance extended into the third silent block
for the synchronous, but not for the asynchronous group. These data suggest that attentional entrainment resulting from
rhythmic environmental regularities disintegrates only gradually after the regularities disappear.

Introduction

Humans and most living organisms constantly deal with
changes in the environment that are either proactively
established or passively endured. For example, a constantly
flickering hallway light might suddenly disappear, a ticking
clock may be intermittently blocked out by street noise, and
a monotonous clattering of a shutter in the wind may be
interrupted by the creak of an opening door. Many studies
have demonstrated that rhythmic background activity can
facilitate performance in various perceptual decision making
tasks, even when the background rhythm is not attended to
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explicitly (Correa & Nobre, 2008; Doherty, Rao, Mesulam,
& Nobre, 2005; Jones et al., 2002).

How does a background rhythm facilitate performance?
One hypothesis discussed in the literature is that the rhythm
facilitates stimulus attention. Attention is known to enhance
perceptual processing by improving the signal-to-noise ratio
and contrast sensitivity, as well as by suppressing irrelevant
information (Desimone & Duncan, 1995). Attention can be
allocated based on spatial, feature, and object information
(Posner, 1980; Serences et al., 2004). In addition, attention
can be guided by temporal information, and this process
taps into the same frontoparietal network as spatial attention,
and activates motor areas in a preparatory fashion (Coull &
Nobre, 1998).

Crucially, attention is a limited resource that requires par-
simonious allocation (Kahneman, 1973; Wickens, 1991). It
has been suggested that rhythmic activity provides tempo-
ral cues that help align the peaks and troughs of fluctuat-
ing attention with the external regularities. This idea was
first put forward in the context of auditory processing and
the auditory dynamic attending theory (Jones & Boltz,
1989; Jones, 1976) and has since been applied to visual and
cross-modal perception more generally (Escoffier, Sheng,
Schirmer, 2010; Henry & Obleser, 2012; Lakatos, Karmos,
Mehta, Ulbert, & Schroeder, 2008; Schroeder & Lakatos,
2009).
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Investigations of the brain’s oscillatory activity (as
measured with the electroencephalogram) revealed
that the excitability or readiness of perceptual areas,
indeed, entrains to the temporal structure of external
events (Anderson, & Sheinberg, 2008; Besle et al., 2011;
Escoffier, Herrmann, & Schirmer, 2015; for a review, see
Schirmer, Meck, & Penney, 2016). Moreover, it seems
such entrainment benefits higher-order cognitive func-
tions. For example, variants of entrainment effects appear
to also play a role in speech (Brocard et a.l, 2013), for
which the tempo of spoken words as well as visually asso-
ciated facial features naturally exhibit a specific rhythm,
and perturbations of this rhythm reduce speech intelligibil-
ity (e.g., Smith, Delgutte, & Oxenham, 2002). This may
even hold true for vocal gestures in animals. For example,
Ghazanfar, Morrill, and Kayser (2013) demonstrated that
monkeys have a preference for lip-smacking—a perceptual
feature presumably linked to communicative signals—in
natural as compared to perturbed rhythms.

Research to date has focused on cognitive effects con-
current with an external rhythm. Hence, it is not known
whether these effects are tied to the external input, or
whether they persist for some time after the input is
removed. Such persistence would point to sustained
entrainment of internal rhythms that allow prospective
resource allocation independent of external stimulation.
Revealing such effects would necessitate new avenues for
theorizing on entrainment, e.g., how exactly the external
rhythm modifies internal processing. Furthermore, dis-
covering enduring facilitation by a previously presented
external structure may also be useful for application pur-
poses. To the best of our knowledge, there are no studies
that would provide mechanistic explanations for such a
putative effect, rendering the nature of this study explora-
tory. This study was designed to probe for sustained effects
after facilitating exposure to rhythmic background activity.

To address this question, we adapted a previous entrain-
ment paradigm using an auditory rhythm in the context
of face and house processing (Escoffier, Sheng, Schirmer,
2010; Escoffier, Herrmann, & Schirmer, 2015). In the
original paradigm, participants performed a simple vis-
ual perception task deciding whether a given image was
upside or inverted. Here, we opted for a facial emotion
recognition task to increase engagement with the stimulus
and to explore entrainment effects on higher-order evalua-
tive processes. Participants performed the facial emotion
task in three consecutive blocks of which the first and last
blocks were silent and the second block entailed a task-
irrelevant auditory background rhythm. We predicted that
this rhythm would facilitate task performance relative to
the first block when played in synchrony with the faces
and that this facilitation would sustain into the third block.
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Materials and methods
Participants

Forty-six participants gave informed consent. They were
recruited from the Western Sydney University. All partici-
pants reported normal hearing and had normal or corrected
to normal vision. Eight participants had to be excluded
because of technical difficulties (responses were not recorded
during one or more blocks). One participant reported not
hearing the background auditory rhythm during the experi-
ment, and one participant failed to complete the Musical
Ear Test (MET, Wallentin et al., 2010)—Subscale Rhythm,
a listening task assessing rhythmic ability. Of the remaining
36 participants (mean age: 30.1 years, SD: 7.8, 18 females),
18 were randomly allocated to the in-synchrony group, and
18 were allocated the out-of-synchrony group. There was
no significant difference between groups on the Musical Ear
Test—Rhythm (mean in-synchrony: 39.1, SD=3.9; mean
out-of-synchrony: 37.9, SD=5.6; t test p=.474).

Stimuli

We used 80 colored photos of Caucasian full-frontal faces
(MPI for Human Development FACE data base, Ebner, Rie-
diger, & Lindenberger, 2010). Forty faces (20 female) had a
neutral expression and the remaining faces (20 female) had
an angry facial expression. Presentation time of face stimuli
was 250 ms.

We used the auditory background rhythm created by
Escoffier, Sheng, and Schirmer (2010). The rhythm entailed
bass and snare drum sounds arranged to produce a four-beat
measure in which the fourth (final) beat was silent. Beats
within the measure were spaced at an interval of 750 ms
making a measure 3 s long. In the in-synchrony group,
images were presented on the silent fourth beat, whereas
in the out-of-synchrony group, they were presented 250 ms
earlier (for details, see Escoffier, Sheng, & Schirmer, 2010).

Design

The experiment consisted of three blocks during which
participants saw faces in random order and had to catego-
rize them as neutral or emotional. Blocks were presented
in a fixed order with the following background conditions.
The first block was performed in silence and served as pre-
rhythm baseline (Pre-beat); the second block was performed
with the auditory background rhythm and face onsets were
temporally aligned for the in-synchrony group and mis-
aligned for the out-of-synchrony group (Beat); the third
block was again performed in silence (Post-beat). Figure 1
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Fig.1 Design. Experimental procedure illustrated for the group with
synchronous beat presentations. 1 Face stimulus is presented at reg-
ular intervals (indicated by the arrow) and participants discriminate
its emotional expression. 2 Stimulus presentation is synchronized to
the fourth “silent” beat of a background rhythm (indicated in red). 3
Stimulus is presented again without background rhythm

illustrates the procedure for the in-synchrony group. Each
block had 80 trials (40 with angry, and 40 with neutral
faces). Each face was shown once to each participant in
each block and repeated twice across blocks. Blocks were
performed consecutively without breaks.

Task

Before the experiment, participants were informed that they
would be exposed to a task-irrelevant background sound dur-
ing the Beat block, and were asked to ignore it. Trials in
each block started with the presentation of a white fixation
cross at the center of the screen, followed by a face stimu-
lus presented in the center for 250 ms and by the return-
ing fixation cross. Participants were required to classify the
facial expression as quickly and as accurately as possible by
pressing one of two response buttons with their left or right
index finger. They were allowed 1000 ms to respond, starting
with the onset of the face stimulus. No feedback was given.
Overall, each trial lasted 6 s, and an algorithm was imple-
mented that waited for a trigger after exactly 6 s to start the
next trial, during this waiting time participants also saw the
fixation cross. The mapping between response buttons and
hands was counterbalanced across participants.

Auditory stimuli were delivered at a comfortable lis-
tening level over padded headphones. The task was pro-
grammed and presented using the Presentation software
package (Neurobehavioral Systems, Albany, CA) and took
place in a dimly illuminated room. The experiment lasted
12 min (4 min per block). Participants received a training
block of three trials (without the auditory rhythm) before the

experiment started, which could be repeated if necessary. At
the end of the session, participants completed the Musical
Ear Test—Rhythm. The overall procedure lasted for approxi-
mately 20 min including briefing, training, experiment, and
subsequent questionnaire.

Data analysis

Four specific time points were of particular interest, which
will be referred to as Baseline (end of Pre-beat block),
Entrainment (end of Beat block), Sustained (beginning of
Post-beat block), and Decay (end of Post-beat block).

To analyze our time points of interest, we built two linear
mixed-effects models (Bates et al., 2015). The first model
included the natural logarithm of reaction times (log-RT,
transformed because RTs did not have normal, but rather
lognormal distribution) to all correctly responded trials as
the dependent variable (DV) and group, block, and trial
number (centered and scaled) with all interactions as fixed
effects. As random effects, we included intercepts for par-
ticipants and by-participant random slopes for block, trial
number, and their interaction. Predicted log-RTs and confi-
dence intervals obtained from the model were subsequently
converted by exponentiation back to the millisecond scale.
A second model was a binomial generalized linear mixed-
effects model with raw accuracy as the DV (1 =correct,
O=incorrect) and the same structure of fixed and random
effects as the first model.

Missed trials were excluded from analysis. We coded
group and block using treatment contrasts, with in-syn-
chrony group and Beat block as baselines. P values for fixed
effects were obtained using Satterthwaite approximation to
degrees of freedom. Model assumptions were assessed via
plots of residual to fitted values and residuals Q—Q plots. We
used the models to estimate performance (RT and accuracy)
at the time points of interest (i.e., at the first and last trial
of each block) for each participant (i.e., based on random
intercepts and random slopes).

In addition to these two mixed-effects models done on all
trials, we conducted a few focused comparisons between the
specified time points of interest within a group and between
groups using two-tailed paired-samples 7 tests and Welch’s
t tests, respectively. P values are reported both uncorrected
and corrected using the Bonferroni-Holm procedure over
all 12 planned 7 tests. Normality and equality of variances
were assessed using the Shapiro—Wilk test and Levene’s
test, respectively. Effect sizes are expressed as Hedges’ g,
by which we mean an unbiased version of Cohen’s d (Cum-
ming, 2012). All confidence intervals were obtained via
bootstrapping (Kirby & Gerlanc, 2013). Bayes factors were
computed using a non-informative prior allowing for a wide
range of effect sizes, with a default scale of 0.707 (Rouder,
Speckman, Sun, Morey, & Iverson, 2009).
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Results
Accuracy

Discrimination accuracy was overall very high
(mean =94.9%, median =96.4%; see Fig. 2b). The logis-
tic mixed-effects model for accuracy revealed a marginal
effect of group (f = — 0.65, z = — 1.74, p=.081), indicat-
ing that the in-synchrony group tended to be more accurate
(mean=96.4%, median=97.0%) than the out-of-synchrony
group (mean =93.4%, median=95.3%). All other effects
were not significant (ps>0.1).

Reaction time

Visual inspection of the development of RTs in time (see
Fig. 2a) suggests that, indeed, for the in-synchrony group,
RT performance improvement achieved in the Beat block
was sustained at the beginning of the Post-beat block. At the
end of the Post-beat block, performance was comparable to
the Pre-beat block, i.e., indicating a return to baseline.

Overall, the mixed-effects model for RTs revealed
a significant main effect of block (F[2, 33.94]=8.63,
p<0.001) as well as an interaction of group and block
(F[2, 33.96] =3.45, p=0.043) and, more specifically, of
group and the Beat vs. Post-beat block contrast (f=0.067,
1[33.94] =2.63, p=.013). On average, individual median
RTs changed between Beat and Post-beat from 551 to
557 ms for the in-synchrony group, and from 562 to 598 ms
for the out-of-synchrony group. This indicates that after the
Beat block, response times increased more in the out-of-syn-
chrony group than in the in-synchrony group. There was also
a significant interaction of trial number and block and, more
specifically, of trial number and the Beat vs. Pre-beat block
contrast (=0.021, #[33.02] =2.05, p=.048) as well as the
Beat vs. Post-beat block contrast (=0.027, #{31.51]=2.79,
p=.009). This indicates that RT slopes changed significantly
from the first block to the second block (slopes went from
positive to negative) and from the second block to the third
block (slopes went back from negative to positive), as can
be seen in Fig. 2a. No other fixed effects were significant
(all ps>0.12).

Fig.2 Results. Development of a
performance (a reaction times 650 4 Group In-sync Out-of-sync
and b discrimination accuracy)
in time, per group, derived from
mixed-effects models. Shaded
areas depict bootstrapped 95%
confidence intervals obtained 600 - r\_\
using the bootMer function — e—
from the Ime4 R package g
(Bates, Maechler, Bolker, - /
& Walker, 2015), using 200 'n_c
simulations —
550 1 L —
500 1 ~~
b 1.001
"}—/ —— —
S . //’A
=
o
o
<
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As the next step, we analyzed the development of per-
formance in time. Descriptive statistics for the time points
are reported in Table 1. First, we explored group differences
in performance development during the Pre-beat block,
possibly pointing to a participant sampling bias. We com-
pared the change in RTs from the beginning to end of this
block between in- and out-of-synchrony groups. The dif-
ference was non-significant (#[31.9]=1.23, p=.23; Hedges’
g=0.40,95% CI =[- 0.27, 1.07]; BF,,=0.58).

Then, we examined whether the Beat block entrained per-
formance by comparing Baseline (end of Pre-beat block) and
Entrainment (end of Beat block) time points. For the in-syn-
chrony group, Entrainment RTs were significantly faster than
Baseline RTs (mean difference = — 34, 95% CI = [— 46,
— 17] ms; #[17] = — 4.49, p<.001, p; 1 = 0.003; Hedges’
g = —1.01, 95% CI = [- 1.74, — 0.50]; BF,,=99.7).
For the out-of-synchrony group, this effect was observed
before but not after p value correction, and the Bayes factor
favors its presence (M = — 34, 95% Cl = [— 58, — 8] ms;
f[17] = - 2.64, p=.017, ppoim = 0.11; Hedges’ g = — 0.59,
95% CI = [- 1.17, — 0.08]; BF,,=3.38). This effect
(decrease in RTs) was not significantly different between
the groups (#[27.2]=0.047, p=.96, p;oim = 1.0; Hedges’
£=0.02,95% CI = [- 0.62, 0.66]; BF;,=0.32). Possibly,
both groups benefited from the auditory background rhythm,
regardless of synchrony.

To answer our main research question, i.e., whether per-
formance gain was sustained after removal of the auditory
background, we compared the periods Entrainment and
Sustained (beginning of Post-beat block). While there was
no significant difference between these two periods for the
in-synchrony group (Mys = 1, 95% CI = [— 14, 15] ms;
f[171=0.10, p=.92, pyoim = 1.0; Hedges’ g=0.02, 95%
CI = [- 0.46, 0.50]; BF,;,=0.24), the out-of-synchrony
group significantly increased their RTs (Mg = 35, 95%
CI = [13, 55] ms; #[17]=3.14, p=.006, ppom = 0.048;
Hedges’ g=0.71, 95% CI = [0.19, 1.27]; BF,;,=28.13). This
group difference was marginally supported by a ¢ test and
corroborated the Bayes factor (¢[29.79] = — 2.55, p=.016,
DPhoim = 0.11; Hedges” g = — 0.83, 95% CI = [— 1.56,
—0.11]; BF,;=3.60).

Table 1 Reaction times

In-synchrony Out-of-synchrony

Baseline 582 [555, 609] 599 [566, 629]
Entrainment 549 [513, 585] 565 [514, 614]
Sustained 549 [521, 582] 600 [559, 635]
Decay 581 [551, 611] 618 [580, 659]

Mean reaction times in milliseconds and bootstrapped 95% Cls for
the mean for each group and time point

To further test whether auditory performance was sus-
tained in the in-synchrony but not the out-of-synchrony
group, we compared Sustained RTs with Baseline RTs.
The difference was significant in the in-synchrony group
(Mg = —33,95% Cl = [— 47, — 20] ms; #{17] = — 4.59,
p<0.001, ppom = 0.003; Hedges’ g = — 1.03, 95%
CI =[- 1.57, — 0.57]; BF,,=121.6). In contrast, for the
out-of-synchrony group, performance in Sustained was not
distinguishable from Baseline (M = 0, 95% CI = [— 11,
10] ms; /{17]=0.067, p=.95, pyoim = 1.0; Hedges” g=0.02,
95% CI = [— 0.48, 0.53]; BF,;,=0.24), and the change was
significantly different between the groups (z[31.4] = — 3.72,
p<.001, pyom = 0.007; Hedges’ g = — 1.21, 95%
Cl=[-1.94, - 0.51]; BF,,=41.3).

Finally, we tested whether performance decreased from
Sustained to Decay (end of Post-beat block). This was
clearly the case for the in-synchrony group (Mg = 31,
95% CI = [20, 45] ms; t[17] =4.68, p <.001, p,,;m, = 0.003;
Hedges’ g=1.06, 95% CI = [0.60, 1.60]; BF,,=144.4), but
was inconclusive for the out-of-synchrony group (M= 18,
95% CI = [0, 411; t[17]1=1.74, p=.10, pyoim = 0.50;
Hedges’ g=0.39, 95% CI = [— 0.12, 0.84]; BF;;,=0.85).
The difference between the groups were also inconclusive
(1[29.0]1=1.06, p=.30, pyom = 1.0; Hedges’ g=0.35, 95%
CI =[-0.33,1.07]; BF,,=0.50).

Taken together, both groups benefited from the auditory
rhythm, but differed in the temporal course of rhythm effects.
Whereas the in-synchrony group showed sustained perfor-
mance after thythm removal and a gradual performance dec-
rement in the Post-beat block, the out-of-synchrony group
showed a step-like performance decrement immediately
after rhythm removal, returning back to the Pre-beat base-
line. In addition to the interaction of mean block RTs and
group in the overall model, these effects are supported by
the Bayes factor, which quantifies the strength of evidence,
rather than just indicating significance by testing against a
null model.

Discussion

Our brain is able to adapt its processing to rhythmic pat-
terns in the environment, and several studies have dem-
onstrated that such an adaptation leads to faster and more
accurate performance (Correa & Nobre, 2008; Escoffier,
Scheng, & Schirmer, 2010; Doherty et al., 2005; Jones
et al., 2002). In this study, we investigated how the with-
drawal of an established rhythmic pattern influences
performance—would it drop back to baseline, or remain
sustained over a certain period of time? To this end, we
implemented three consecutive blocks, in which partici-
pants saw faces, and their task was to classify the expres-
sion (emotional or neutral). The second block exposed

@ Springer



Psychological Research

participants to an acoustic background rhythm, and the
face stimulus was either presented in or out-of-synchrony
with that rhythm. The first and third blocks were done in
silence.

Our first finding is a replication of previously reported
entrainment effects, i.e., a reduction of reaction time under
a background rhythm. Interestingly, we found no significant
difference between in and out-of-synchrony conditions.
While Escoffier, Sheng, and Schirmer (2010) have shown
a difference between in- and out-of-synchrony conditions,
facilitated performance has been demonstrated for out-of-
synchrony conditions (as compared to silent conditions)
as well. One reason may be that the rhythmic background
increases arousal, which is discussed as a potential mecha-
nism that contributes to facilitated performance in the con-
text of entrainment (Husain, Thompson, & Schellenberg,
2002). This effect may be exaggerated when using emo-
tional faces as in the present study, and thus overshadow
an entrainment effect that differentiates in- and out-of-
synchrony conditions. Another reason may be that in both
conditions, the rhythm allowed to temporarily predict the
onset of the visual stimulus. The visual stimulus was either
presented in synchrony with the beat or slightly too early,
but it was always predictable and triggered by an acoustic
event. This auditory temporal cuing may have facilitated
performance in both groups. While temporal predictability
triggered by the acoustic stimulation may account for the
lack of difference between in- and out-of-synchrony dur-
ing the Beat block, it cannot explain the differential effects
found in the Post-Beat block. Note that (1) stimuli in all
three blocks had a predictable onset, i.e., we did not use jit-
tered intervals or varied the length of stimulus presentation
(see Fig. 1). In addition, (2) during the Beat block, acous-
tic background stimulation increased predictability for all
events, even if, as in the out-of-synchrony condition, the
event was always presented 250 ms earlier than the onset of
the fourth silent beat. In other words, differences between
in- and out-of-synchrony conditions in the Post-beat block
cannot be explained by (1) general temporal predictability
effects, or by (2) acoustic predictability effects, or by a dis-
ruption of any of these processes.

Our second and main finding is that the in-synchrony
condition yielded sustained effects during the Post-beat
block. This effect is intriguing particularly because it does
not occur for the out-of-synchrony condition, which sug-
gests that rhythmic entrainment, rather than the mere pres-
ence of arousal or temporal cues, guides the allocation of
attention in a prospective manner. Note that our data clearly
speak against general learning effects over time in the Post-
beat block, because a general learning effect would result in
overall decreased reaction times, i.e., without a drop back to
baseline as observed for out-of-synchrony conditions during
the Post-beat block.
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Certainly, understanding the mechanisms underlying
rhythm effects requires further investigation. For exam-
ple, time—frequency analyses of the EEG and event-related
potential correlates might help to elucidate the neural
mechanisms underlying these sustained effects, and ena-
ble us to find predictors for its temporal course. So far, we
can conclude that rhythms affect our performance beyond
their physical presence. This key finding seems relevant for
a range of contexts in which rhythmic activity is used to
enhance performance. Some examples include physical exer-
cise (Karageorghis, & Priest, 2011), musically contingent
stepping-in-place training in Parkinson’s disease (Chomiak
et al., 2017), training phonological awareness in preschool-
ers (Degé & Schwarzer, 2011), or improving learning in
more general educational settings (Hallam, Price, & Kat-
sarou, 2002).

Acknowledgements We thank Peta Mills for the helping with the data
acquisition.

Compliance with ethical standards

Conflict of interest All authors declare no conflict of interest.

Research involving human and animal participants All procedures
performed in studies involving human participants were in accordance
with the ethical standards of the institutional and/or national research
committee and with the 1964 Helsinki Declaration and its later amend-
ments or comparable ethical standards. Informed consent was obtained
from all individual participants included in the study.

References

Anderson, B., & Sheinberg, D. L. (2008). Effects of temporal context
and temporal expectancy on neural activity in inferior temporal
cortex. Neuropsychologia, 46(4), 947-957.

Bates, D., Maechler, M., Bolker, B., & Walker, S. (2015). Fitting linear
mixed-effects models using Ime4. Journal of Statistical Software,
67(1), 1-48. https://doi.org/10.18637/jss.v067.i01.

Besle, J., Schevon, C. A., Mehta, A. D., Lakatos, P., Goodman, R. R.,
McKhann, G. M., Emerson, R. G., & Schroeder, C. E. (2011).
Tuning of the human neocortex to the temporal dynamics of
attended events. Journal of Neuroscience, 31(9), 3176-3185.

Brochard, R., Tassin, M., & Zagar, D. (2013). Got rhythm ... for better
or worse. Cross-modal effects of auditory rhythm on visual word
recognition. Cognition, 127(2), 214-219.

Buzsaki, G., & Draguhn, A. (2004). Neuronal oscillations in cortical
networks. Science, 304, 1926-1929.

Chomiak, T., Watts, A., Meyer, N., Pereira, F. V., & Hu, B. (2017). A
training approach to improve stepping automaticity while dual-
tasking in Parkinson’s disease. Medicine, 96(5), €5934.

Correa, A., Lupiafiez, J., & Tudela, P. (2005). Attentional preparation
based on temporal expectancy modulates processing at the per-
ceptual level. Psychonomic Bullentin & Review, 12(2), 328-334.

Correa, A., & Nobre, A. C. (2008). Neural modulation by regularity and
passage of time. Journal of Neurophysiology, 100, 1649-1655.

Coull, J. T., & Nobre, A. C. (19989. Where and when to pay attention:
the neural systems for directing attention to spatial locations and


https://doi.org/10.18637/jss.v067.i01

Psychological Research

to time intervals as revealed by both PET and fMRI. Journal of
Neuroscience, 18, 7426-7435.

Cravo, A. M., Rohenkohl, G., Wyart, V., & Nobre, A. C. (2013). Tem-
poral expectation enhances contrast sensitivity by phase entrain-
ment of low-frequency oscillations in visual cortex. Journal of
Neuroscience, 33, 4002—-4010.

Cumming, G. (2012). Understanding the new statistics: Effect sizes,
confidence intervals, and meta-analysis. New York: Routledge.

Degé, F., & Schwarzer, G. (2011). The effect of a music program on
phonological awareness in preschoolers. Frontiers in Psychology,
2, 124. https://doi.org/10.1525/mp.2011.29.2.195.

Desimone, R., & Duncan, J. (1995). Neural mechanism of selective
visual attention. Annual Review of Neuroscience, 18, 193-222.

Dobherty, J. R., Rao, A., Mesulam, M. M., & Nobre, A. C. (2005). Syn-
ergistic effect of combined temporal and spatial expectations on
visual attention.. Journal of Neuroscience, 25, 8259-8266.

Ebner, N. C., Riediger, M., & Lindenberger, U. (2010). FACES—
a database of facial expressions in young, middle-aged, and
older women and men. Development and validation. Behavioral
Research Methods, 42, 351-362.

Escoffier, N., Herrmann, C. S., & Schirmer, A. (2015). Auditory
rhythms entrain visual processes in the human brain: Evidence
from evoked oscillations and event-related potentials. Neurolm-
age, 111, 267-276.

Escoffier, N., Sheng, D. Y., & Schirmer, A. (2010). Unattended Musi-
cal Beats Enhance Visual Processing. Acta Psychologica, 135(1),
12-16.

Escoffier, N., & Tillmann, B. (2008). The tonal function of a task-
irrelevant chord modulates speed of visual processing. Cognition,
107, 1070-1083.

Ghazanfar, A, Morrill, R. J., & Kayser, C. (2013). Monkeys are percep-
tually tuned to facial expressions that exhibit a theta-like speech
rhythm. Proc Natl Acad Sci USA., 110, 1959-1963

Hallam, S., Price, J., & Katsarou, G. (2002). The effects of background
music on primary school pupils’ task performance. Educational
Studies, 28(2), 111-122.

Henry, M. J., & Obleser, J. (2012). Frequency modulation entrains
slow neural oscillations and optimizes human listening behav-
ior. Proceedings of the National Academy of Sciences, 109(49),
20095-20100.

Husain, G., Thompson, W. F., & Schellenberg, E. G. (2002). Effects of
musical tempo and mode on arousal, mood, and spatial abilities.
Music Perception, 20, 151-171.

Jones, M. R. (1976). Time, our lost dimension: toward a new theory
of perception, attention and memory. Psychological Rev, 83(5),
323-355.

Jones, M. R., & Boltz, M. (1989). Dynamic attending and responses to
time. Psychological Review, 96, 459-491.

Jones, M. R., Moynihan, H., MacKenzie, N., & Puente, J. (2002). Tem-
poral aspects of stimulus-driven attending in dynamic arrays. Psy-
chological Science, 13, 313-319.

Kahneman, D. (1973). Attention and effort. Englewood Cliffs: Prentice
Hall.

Karageorghis, C. L., & Priest, D. L. (2011). Music in the exercise
domain: a review and synthesis (Part II). International Review of
Sport and Exercise Psychology, 5(1), 67-84.

Kirby, K. N., Gerlanc, D. (2013). BootES: An R package for bootstrap
confidence intervals on effect sizes. Behavior Research Methods,
45(4), 905-927.

Lakatos, P., Karmos, G., Mehta, A. D., Ulbert, 1., & Schroeder, C. E.
(2008). Entrainment of neuronal oscillations as a mechanism of
attentional selection. Science, 320, 110-113.

Lakatos, P., Shah, A. S., Knuth, K. H., Ulbert, 1., Karmos, G., &
Schroeder, C. E. (2005). An oscillatory hierarchy controlling neu-
ronal excitability and stimulus processing in the auditory cortex.
Journal of Neurophysiology, 94, 1904-1911.

Large, E., & Jones, M. R. (1999). The dynamics of attending: How we
track time varying events. Psychological Review, 106, 119-159.

Nobre, A. C., Rohenkoh,l G., & Stokes, M. (2012). Nervous anticipa-
tion: Top-down biasing across space and time. In M. 1. Posner
(Ed.), Cognitive Neuroscience of Attention 2ed (pp. 159-186).
New York: Guilford Press.

Nozaradan, S., Peretz, 1., & Keller, P. E. (2016). Individual differences
in rhythmic cortical entrainment correlate with predictive behav-
ior in sensorimotor synchronization. Scientific Reports, 6, 20612.

Posner, M. 1. (1980). Orienting of attention. Quarterly Journal of
Experimental Psychology, 32(1), 3-25.

Rohenkohl, G., Cravo, A. M., Wyart, V., & Nobre, A. C. (2012). Tem-
poral expectation improves the quality of sensory information.
Journal of Neuroscience, 32, 8424-8428.

Rouder, J. N., Speckman, P. L., Sun, D., Morey, R. D., & Iverson,
G. (2009). Bayesian t tests for accepting and rejecting the null
hypothesis. Psychonomic Bulletin & Review, 16(2), 225-237.

Schirmer, A., Meck, W. H., & Penny, T. B. (2016). The Socio-Temporal
Brain: Connecting People in Time. Trends in Cognitive Science,
20(10), 760-772.

Schroeder, C. E., & Lakatos, P. (2009). Low-frequency neuronal oscil-
lations as instruments of sensory selection. Trends in Neurosci-
ence, 32(1), 9-18.

Serences, J. T., Schwarzbach, J., Courtney, S. M., Golay, X., & Yan-
tis, S. (2004). Control of object-based attention in human cortex.
Cerebral Cortex, 14(12), 1346-1357.

Smith, Z. M., Delgutte, B., & Oxenham, A. J. (2002). Chima-
eric sounds reveal dichotomies inauditory perception. Nature,
416(6876), 87-90.

Stupacher, J., Witte, M., Hove, M. J., & Wood, G. (2016). Neural
entrainment in drum rhythms with silent breaks: Evidence from
steady-state evoked and event-related potentials. Journal of Cogni-
tive Neuroscience, 28(12), 1865-1877.

Tal, I, Large, E. W., Rabinovitch, E., Wei, Y., Schroeder, C. E., Poep-
pel, D., & Golumbic, Z., E (2017). Neural entrainment to the
beat: The “missing-pulse” phenomenon. Journal of Neuroscience,
37(26), 6331-6341.

Wallentin, M., Nielsen, A. H., Friis-Olivarius, M., Vuust, C., & Vuust,
P. (2010). The musical ear test, a new reliable test for measuring
musical competence. Learning and Individual Differences, 20(3),
188-196.

Wickens, C. D. (1991). Processing resources and attention. In D. L.
Damos (Ed.), Multipletask performance (pp. 3—-34). London: Tay-
lor and Francis.

@ Springer


https://doi.org/10.1525/mp.2011.29.2.195

	When the rhythm disappears and the mind keeps dancing: sustained effects of attentional entrainment
	Abstract
	Introduction
	Materials and methods
	Participants
	Stimuli
	Design
	Task
	Data analysis

	Results
	Accuracy
	Reaction time

	Discussion
	Acknowledgements 
	References


