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A B S T R A C T

Selective attention plays a key role in determining what aspects of our environment are encoded into long-term
memory. Auditory rhythms with a regular beat provide temporal expectations that entrain attention and facil-
itate perception of visual stimuli aligned with the beat. The current study investigated whether entrainment to
background auditory rhythms also facilitates higher-level cognitive functions such as episodic memory. In a
series of experiments, we manipulated temporal attention through the use of rhythmic, instrumental music. In
Experiment 1A and 1B, we found that background musical rhythm influenced the encoding of visual targets into
memory, evident in enhanced subsequent memory for targets that appeared in-synchrony compared to out-of-
synchrony with the background beat. Response times at encoding did not differ for in-synchrony compared to
out-of-synchrony stimuli, suggesting that the rhythmic modulation of memory does not simply reflect rhythmic
effects on perception and action. Experiment 2 investigated whether rhythmic effects on response times emerge
when task procedures more closely match prior studies that have demonstrated significant auditory entrainment
effects. Responses were faster for in-synchrony compared to out-of-synchrony stimuli when participants per-
formed a more perceptually-oriented task that did not contain intervening recognition memory tests, suggesting
that rhythmic effects on perception and action depend on the nature of the task demands. Together, these results
support the hypothesis that rhythmic temporal regularities provided by background music can entrain attention
and influence the encoding of visual stimuli into memory.

1. Introduction

At any given moment, our sensory system is bombarded by a wealth
of information in our environment, most of which we will not later
remember. Attention plays a critical role in selecting what environ-
mental information will be effectively encoded into long-term memory
and what information will be later forgotten (Chun & Turk-Browne,
2007; Craik & Tulving, 1975; James, 1890; Muzzio, Kentros, & Kandel,
2009). For example, when attention is directed towards specific spatial
locations in the environment, information appearing in those locations
is better remembered compared to information appearing in un-
attended locations (Turk-Browne, Golomb, & Chun, 2013; Uncapher,
Hutchinson, & Wagner, 2011; Uncapher & Rugg, 2009). Similarly, at-
tention directed towards specific object features or categories enhances
encoding of objects containing these features or categories (Aly & Turk-
Browne, 2016; Bollinger, Rubens, Zanto, & Gazzaley, 2010; Dudukovic,
Preston, Archie, Glover, & Wagner, 2011; Turk-Browne et al., 2013).

While the benefits of spatial, categorical, and featural attention for
episodic memory are well established, little is known about the mne-
monic benefits of attentional orienting in an additional domain: time.

1.1. Temporal orienting of attention

The ability to direct attention to specific moments in time plays a
critical role in adaptive behavior by enabling us to anticipate and
prepare for future events in our environment (Nobre & van Ede, 2018).
Attention can be directed to certain moments in time by explicit sym-
bolic cues that provide top-down predictions about the onset of relevant
events (Coull & Nobre, 1998; Cravo, Rohenkohl, Santos, & Nobre,
2017). Temporal orienting can also occur in a more involuntary,
bottom-up manner by temporal regularities present in the environment
(Large & Jones, 1999; Nobre & van Ede, 2018; Olson & Chun, 2001).
For example, rhythmic stimuli with a predictable temporal structure,
such as music, have been shown to dynamically bias the deployment of
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attention in a periodic fashion over time, such that peaks of attention
occur in phase with the rhythm (e.g., at predicted or strong beats) and
attentional troughs occur between these time points (Calderone,
Lakatos, Butler, & Castellanos, 2014; Jones, 1976; Jones & Boltz, 1989;
Large & Jones, 1999). Prior research has demonstrated that such
rhythmic temporal cues can facilitate perception and action, evident in
faster or more accurate discrimination and detection of targets that
appear at temporally-predicted moments (e.g., on-beat) compared to
temporally-unpredicted moments (e.g., off-beat) (Bolger, Trost, &
Schön, 2013; Gregoriou, Paneri, & Sapountzis, 2015; Jones, Moynihan,
MacKenzie, & Puente, 2002; Lakatos, Karmos, Mehta, Ulbert, &
Schroeder, 2008; Large, Herrera, & Velasco, 2015; Mathewson, Fabiani,
Gratton, Beck, & Lleras, 2010; Rohenkohl, Cravo, Wyart, & Nobre,
2012; ten Oever, Schroeder, Poeppel, van Atteveldt, & Zion-Golumbic,
2014). These results align with the Dynamic Attending Theory (DAT),
which proposes that the temporal structure of auditory rhythms can
entrain attention and direct processing resources to specific moments in
time (Calderone et al., 2014; Jones, 1976; Jones & Boltz, 1989; Large &
Jones, 1999).

Recently, several studies have demonstrated that the rhythmic en-
trainment of attention is not modality dependent and that auditory
rhythmic cues can bias the allocation of visual selective attention
(Barnhart, Ehlert, Goldinger, & Mackey, 2018; Bolger et al., 2013;
Escoffier, Sheng, & Schirmer, 2010; Jones, 2015; Miller, Carlson, &
McAuley, 2013). In one study, Escoffier et al. (2010) found that back-
ground drum rhythms can enhance visual discrimination (e.g., upright/
inverted decisions about pictures of faces). Perceptual discrimination
was faster for stimuli appearing in-synchrony with the background beat
(on-beat) compared to stimuli appearing in silence or out-of-synchrony
with the background beat (off-beat). In a follow-up electro-
encephalography (EEG) study, Escoffier, Herrmann, and Schirmer
(2015) found that on-beat stimuli were associated with enhanced event-
related potentials and changes in the phase of beta-band oscillations,
even in the absence of behavioral facilitation. This finding supports the
proposal that rhythmic temporal cues optimize perception and action
through the entrainment of neural oscillations, resulting in greater
firing rates and evoked electrophysiological potentials at predicted
moments in time, e.g., at times of musical beats (Escoffier et al., 2015;
Giraud & Poeppel, 2012; Haegens & Golumbic, 2018; Lakatos et al.,
2008; Nobre & van Ede, 2018; Schroeder & Lakatos, 2009; ten Oever
et al., 2017; Tierney & Kraus, 2013). Indeed, the rhythmic entrainment
of neural oscillations, and the resulting change in the gain or precision
of incoming sensory information at predicted times, has been proposed
to be a primary mechanism of attentional selection (Lakatos et al.,
2008). Given the importance of selective attention for memory, and
recent evidence suggesting that neural entrainment also supports the
encoding and consolidation of episodic memory (Koster, Martens, &
Gruber, 2019; Roberts, Clarke, Addante, & Ranganath, 2018; Wang,
Clouter, Chen, Shapiro, & Hanslmayr, 2018), this raises the possibility
that in addition to influencing sensory processing, rhythmic temporal
cues may also influence higher-order cognitive processes such as
memory.

1.2. Temporal attention and memory encoding

Despite strong evidence that attention plays a critical role in effec-
tive memory encoding, few prior studies have investigated the influ-
ence of temporal attention on episodic long-term memory. In the first
study to investigate this question, participants viewed sets of target
pictures (scenes) that appeared in either structured temporal sequences
(a repeating set of temporal intervals) or unstructured temporal se-
quences (a non-repeating set of temporal intervals) (Thavabalasingam,
O’Neil, Zeng, & Lee, 2016). Participants were either explicitly in-
structed to remember the pictures for a later recognition memory test or
were not instructed that a subsequent memory test would follow (in-
cidental encoding). In both cases, recognition memory (d') was

enhanced for pictures presented in the temporally-structured compared
to the temporally-unstructured condition. These results have recently
been replicated in a study by Jones and Ward (2019) in which pictures
of objects appearing in the context of a fixed ISI (600 ms) were better
remembered than those appearing in the context of a jittered ISI
(70–1120 ms). Together, these results suggest that rhythmic structure
can enhance episodic memory encoding. However, a between-subject
analysis of task order in the study by Thavabalasingam et al. (2016)
revealed that the difference between structured and unstructured
memory was only present in individuals who received structured en-
coding in the first task block (prior to unstructured encoding), whereas
participants who received structured encoding in the second task block
did not demonstrate differences in structured vs. unstructured memory
performance (e.g., did not demonstrate a drop in memory accuracy
between the first and second recognition memory test that would be
expected given the a build-up of proactive interference). This suggests
that items encoded within a rhythmic structure may be more resistant
to the build-up of interference caused by the accumulation of prior
learning. This result also suggests that the effect of temporal attention
on memory may be influenced by the broader pattern of temporal
regularities in the environment or top-down encoding strategies that
change over time (Speer, Jacoby, & Braver, 2003).

In contrast to these studies in which temporal cues were provided by
the target stimuli themselves, another recent study using background
temporal cues did not find significant effects of temporal expectations
on episodic memory (Kunert & Jongman, 2017). In this study, temporal
expectations were provided exogenously by background auditory
rhythms while participants encoded visually-presented verbal in-
formation (pseudowords). Pseudowords appeared at points either near
or distant from strong beats, as defined by the meter of the background
rhythm that consisted of a looped two-second pattern of one high tone
followed by seven low tones, thus creating one strong beat every eight
tones. Response times (RTs) for word/non-word judgments were faster
when stimuli appeared near a strong beat (the high tone) vs. far away
from the strong beat (midway between strong beats). However, the
timing of stimulus presentation at encoding did not affect performance
on a subsequent recognition memory test: stimuli that appeared closer
to strong beats were not better remembered than stimuli that appeared
farther from strong beats. The authors concluded that RT effects at
encoding may have simply reflected motor entrainment. Indeed, prior
evidence suggests that temporal attention can enhance early perceptual
as well as later decision and/or motor processes, and that the locus of
stimulus processing at which temporal attention operates depends on
the nature of the task demands (Correa, Lupiáñez, Madrid, & Tudela,
2006). More broadly, these results suggest that rhythmic effects on
perception and action at encoding do not always translate to effects on
subsequent memory.

Given the prior mixed results in the literature, additional research is
needed to determine the conditions under which rhythmic temporal
expectations may modulate memory. One possibility is that rhythmic
cues only affect long-term memory when they are provided by the to-
be-encoded stimuli themselves (unimodal cuing) (e.g.,
Thavabalasingam et al., 2016; Jones & Ward, 2019). When temporal
cues are integrated with the target stimuli themselves, they may be
obligatorily attended and have a stronger impact on performance
compared to background, cross-modal temporal cues which may be less
well attended (or even inhibited). In support of this possibility, prior
research has shown that neural responses to rhythmic stimuli are en-
hanced when rhythms are actively attended (Henry, Herrmann, Kunke,
& Obleser, 2017; Keitel, Thut, & Gross, 2017; Kim, Grabowecky, Paller,
Muthu, & Suzuki, 2007). Although prior research has demonstrated that
temporal expectations provided by background, task-irrelevant audi-
tory rhythms can still influence visual perception and action (Bolger
et al., 2013; Bolger, Coull, & Schön, 2014; Escoffier et al., 2010;
Escoffier et al., 2015; Miller et al., 2013), task-irrelevant temporal cues
may have less of an effect on higher-level processes important for
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memory encoding.
A second possibility is that the strength of the expectations provided

by task-irrelevant, exogenous temporal cues determines the degree to
which these expectations modulate memory encoding. The rhythmic
expectations provided by the auditory tones in the study by Kunert and
Jongman (2017) resulted in only a 7 ms RT facilitation (in the word/
non-word judgment task) for stimuli appearing close to vs. distant from
strong beats. Although this RT facilitation was statistically significant, it
is much smaller in magnitude compared to the ∼20 ms RT facilitation
observed in other studies reporting cross-modal rhythmic entrainment
(Bolger et al., 2013; Bolger et al., 2014; Escoffier et al., 2010). Back-
ground, auditory rhythms with a stronger perceived beat may exert a
stronger influence on visual memory. For example, rhythms provided
by instrumental music have been found to more effectively entrain vi-
sual attention compared to rhythms provided by simple isochronous
tones (Bolger et al., 2013). In addition, temporal orienting effects have
been shown to be stronger when temporal expectancy is manipulated
between blocks rather than within-blocks (Correa, Lupiáñez, Milliken,
& Tudela, 2004). In contrast to the studies by Thavabalasingam and
colleagues (2016) and Jones and Ward (2019), the study by Kunert and
Jongman (2017) used an intermixed design in which temporally-ex-
pected and temporally-unexpected stimuli occurred within the same
block of trials. This intermixed design may have diminished the
rhythmic temporal orienting effect and its effect on memory.

A final possibility is that the effect of temporal orienting on memory
may depend on the nature of the to-be-remembered information. In the
studies by Thavabalasingam et al. (2016) and Jones and Ward (2019),
participants encoded naturalistic visual stimuli (scenes/objects),
whereas in the study by Kunert and Jongman (2017) participants en-
coded novel visually-presented verbal stimuli (pseudowords). The ma-
jority of prior studies demonstrating mnemonic effects of selective at-
tention in the spatial or categorical/feature domains have utilized non-
verbal visual stimuli. Thus, it is possible that attentional orienting in the
temporal domain has a stronger effect on non-verbal information pro-
cessing.

To further investigate these possibilities, the current study ma-
nipulated temporal attention using background, instrumental music
with a steady beat and tested the effect of rhythmic temporal ex-
pectations on the encoding of non-verbal visual images (pictures of
faces). Temporal expectation was manipulated between blocks such
that visual images appeared either in-synchrony with the background
rhythm (on-beat), out-of-synchrony with the background rhythm (off-
beat), or in silence. In Experiment 1, participants viewed pictures of
faces and made gender decisions (male/female) about each face.
Participants then completed a subsequent test of recognition memory in
silence. If musical rhythm provides temporal expectations that mod-
ulate episodic memory encoding, subsequent memory should be greater
for faces occurring in-synchrony compared to out-of-synchrony with the
background beat.

Additionally, we were interested in whether any effects of rhythm
on subsequent memory would be influenced by individual differences
in beat perception or musical experience. Musical training has been
associated with superior beat perception and a greater ability to per-
ceive and predict events with a high degree of temporal accuracy
(Krause, Pollok, & Schnitzler, 2010; Repp, 2010; Wang, Ossher, &
Reuter-Lorenz, 2015). On this basis, we expected that the effects of
rhythm on memory would exhibit a positive relationship with an in-
dividual's ability to detect a musical beat as well as their amount of
prior musical experience.

2. Experiment 1A: memory task

2.1. Methods

2.1.1. Participants
Thirty-four right-handed, native English speakers (21 females; mean

age = 21 years, SD= 2, mean education = 14 years, SD= 1) partici-
pated in the study. One participant was excluded from the final analysis
due to poor performance during the study (encoding accuracy more
than four standard deviations from the group mean). Participants were
recruited from the Tufts University community and received either
course credit or monetary compensation for their participation. All
participants provided informed consent in accordance with the proce-
dures of the Institutional Review Board at Tufts University.

2.1.2. Stimuli
2.1.2.1. Auditory stimuli. Garage Band (Apple, USA) was used to design
two music tracks that lasted 135 s each at a tempo of 75 bpm (inter-beat
interval = 800 ms) and with a 4/4 metrical structure (i.e., 4 beats per
measure). Tracks were instrumental and were designed to have a clear
and steady beat and to sound naturalistic without being highly complex
in terms of melody, rhythm, or texture. Instrumentation samples in
Track A consisted of stock Garage Band loops and were comprised of a
“Basic Core Beat” as well as a “Forward Progress Guitar”, “Hourglass
Guitar”, “Brixton Lights Lead Guitar”, and “Digital Riff Guitar.”
Instrumentation in Track B also consisted of stock Garage Band loops
and was comprised of a “Basic Core Beat” as well as “Wurlitzer Classic”,
“Rise Up Piano”, “Rise Up Plucks”, and “Rise Up Bass.” The first eight
beats (two measures) in both tracks were composed of only the loop of
the “Basic Core Beat.” (Both tracks are available in the supporting
information.) Visual stimulus presentation always began in the third
measure. Each participant heard each of the two tracks, once in each
rhythmic condition (in-synchrony or out-of-synchrony), with the
assignment of tracks to conditions counterbalanced across participants.

2.1.2.2. Visual stimuli. Visual stimuli consisted of 180 color
photographs of emotionally-neutral, front-facing Caucasian or African
American faces (90 male, 90 female) taken from the Chicago Face
Database (Ma, Correll, & Wittenbrink, 2015). All individuals depicted
wore gray t-shirts and no make-up or jewelry. Additionally, males and
females were not distinguishable by hair length.

2.1.3. Procedure
2.1.3.1. Memory encoding. The experimental design is depicted in
Fig. 1. Instructions and five practice trials (in silence) were given
prior to the start of the experiment. Participants wore headphones and
the volume of auditory presentation was set to a comfortable listening
level and kept constant across participants. Participants were informed
that in some conditions, the visual presentation of faces might be
accompanied by music but were not otherwise instructed to pay
attention to the music. During encoding, visual stimuli (upright faces)
appeared one at a time in the center of a computer screen with a white
background. Face images were approximately 11.3 cm high by 17.8 cm
wide. Participants were instructed to decide as quickly and as
accurately as possible whether each face was male or female with a
button press. The purpose of using a semantic encoding task with
upright faces was to encourage deeper processing of the images than
would occur in purely perceptual task (such as the upright/inverted face
task used by Escoffier et al., 2010), so that participants would
remember enough faces for a meaningful subsequent memory
analysis. As we discuss below, this more complex semantic task did
not lead to a reaction time benefit for on-beat faces, but this limitation
was mitigated by the fact that we were primarily interested in
subsequent memory effects rather than decision-making processes at
encoding.

A total of forty faces was shown in each of three conditions (a un-
ique set of faces were used in each condition): (i) in-synchrony with the
beat of background music (on-beat), (ii) out-of-synchrony with the beat
of background music (off-beat), or (iii) silence. Conditions were blocked
to mirror the procedure used in the prior studies by Thavabalasingam
et al. (2016), Jones and Ward (2019), and Escoffier et al. (2010). In the
in-synchrony condition, the onset of each face was synchronized with
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the background beat. In the out-of-synchrony condition, the onset of
each face was shifted 450 ms after the beat. This delay in the off-beat
condition was chosen such that presentation of off-beat faces did not
align with a clear subdivision of the inter-beat interval. Faces were
shown for 750 ms with a jittered ISI between face onsets (M= 3.20 s;
SD= 0.66 s; range = 2.40–4.00 s). In the music conditions, faces did
not appear before the third measure of the music stimulus. The average
amplitude of the background music during the face presentation period
did not differ between the in-synchrony and out-of-synchrony condi-
tions across tracks. The same temporal structure of ISIs was used across
the in-synchrony, out-of-synchrony, and silent conditions. The order of
conditions and assignment of face stimuli to condition was counter-
balanced across participants.

2.1.3.2. Recognition memory test. Immediately after the encoding block
in each condition, participants were given a self-paced recognition
memory test in which they were shown the forty target faces from the
encoding block along with twenty novel foil faces. Participants were
asked to decide whether each face was previously seen during the
encoding block or not, and to indicate their confidence in each decision
(high or low).

2.1.3.3. Beat Alignment Test (BAT). Following the face memory task,
participants completed the Beat Perception portion of the Beat
Alignment Test (Iversen & Patel, 2008) to measure individual
differences in the ability to detect a beat. In the BAT, participants
listen to 36 instrumental musical excerpts sampled from a variety of
popular genres and judge whether or not a train of high-pitched
rhythmic beeps superimposed over the music are aligned with the
beat or not. The superimposed beeps in the off-beat trials contain either
a tempo error (too fast or too slow) or a phase error (too early or too
late) relative to the musical beat. BAT accuracy was calculated as the
mean percentage of trials correctly categorized for each participant.

2.1.3.4. Music questionnaire. Participants completed a written
questionnaire to assess their degree of musical experience. Years of
prior musical experience was quantified using the following question:
“Within the past 10 years, how many years of experience do you have
playing an instrument, singing, or participating in musical training?”

2.1.4. Analysis
We first analyzed our data using the frequentist tradition (e.g.,

ANOVA) with Greenhouse-Geisser correction where appropriate. For
encoding performance (male/female judgment), we calculated

accuracy (percent correct) and mean response times (RT) for correct
responses for each condition (in-synchrony, out-of-synchrony, silence).
Responses for which reaction times were more than two standard de-
viation from the condition mean were removed prior to analysis of RTs.
On average, this resulted in the removal of< 2 responses from each
condition. For memory performance, we calculated the proportion of
target faces correctly identified as previously seen during encoding
(Hits) and the proportion of novel foil faces incorrectly identified as
previously seen during encoding (False-Alarms). Recognition memory
analyses were collapsed over confidence ratings given the low number
of high-confidence trials and the fact that hit rates were at chance
across conditions when analysis was restricted to high-confidence re-
sponses. Hits and False Alarm values were normalized and used to
calculate d-prime (d') as a measure of one's ability to discriminate
previously encountered from novel faces.

To investigate the effect of rhythm on semantic decision times, RTs
were first subjected to a one-way ANOVA with Rhythmic Context (in-
synchrony, out-of-synchrony, silence) as repeated measures. Reaction
times in the in-synchrony condition were then compared to perfor-
mance in the out-of-synchrony condition using a one-tailed t-test to test
the a priori hypothesis that performance would be superior for stimuli
presented at temporally-predicted moments in time (Bolger et al., 2013;
Bolger et al., 2014; Escoffier et al., 2010). Reaction times in the in-
synchrony condition were also compared to performance in the silence
condition using a one-tailed t-test to test the hypothesis that RTs would
be faster in the in-synchrony compared to silence conditions (Escoffier
et al., 2010).

To investigate the effect of rhythm on memory performance, data
(d') were first subjected to a one-way ANOVA with Rhythmic Context
(in-synchrony, out-of-synchrony, silence) as repeated measures.
Performance in the in-synchrony and out-of-synchrony conditions was
then compared using a one-tailed t-test to test our a priori hypothesis
that performance would be superior for stimuli presented at temporally-
predicted moments in time (Thavabalasingam et al., 2016; Jones &
Ward, 2019). Importantly, the two music conditions are also matched
in terms of sensory input, attentional load, the potential for distraction
during encoding, and context-dependent effects on memory (e.g., po-
tential reductions in memory due to the mismatch in music context at
study and silent context test). Given that the silent condition is not
matched to the music conditions along these dimensions, and was not
present in the prior memory studies by Thavabalasingam et al. (2016),
Kunert and Jongman (2017), or Jones and Ward (2019), we did not
have a priori predictions about how memory performance in the music
conditions might compare to the silence condition.

Fig. 1. Experimental design. During
the encoding block of the memory task
(Exp. 1) and the perceptual task (Exp.
2), participants viewed pictures of faces
that either appeared on-beat, off-beat,
or in silence. All faces appeared for
750 ms. In the on-beat condition, faces
appeared in synchrony with the back-
ground beat of rhythmic, instrumental
music, whereas in the off-beat condi-
tion faces appeared 450 ms after a beat.
In the memory task (Exp. 1), partici-
pants received a subsequent memory
test in silence following the study
phase. The top of the figure shows an
example of the musical waveform
(black) and its amplitude envelope
(red). The timing of beats is marked by
inverted black triangles. Example face
stimuli are shown below the waveform,

with a thin arrow above each face showing the time of its temporal onset. On-beat, off-beat, and silent faces were presented in different blocks. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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Analysis was also performed using Bayes Factors (BF) to indicate the
relative support for the null hypothesis and the alternative hypothesis.
For the comparison of in-synchrony vs. out-of-synchrony RTs, the al-
ternative hypothesis was based on the 20 ms RT facilitation observed
for in-synchrony compared to out-of-synchrony stimuli in the percep-
tual discrimination study by Escoffier et al. (2010). A RT difference of
similar magnitude was also observed in the studies by Bolger et al.
(2013, 2014). For the comparison of on-beat vs. silent RTs, the alter-
native hypothesis was based on the ∼25 ms RT facilitation observed for
in-synchrony compared to silent stimuli Escoffier et al. (2010). For the
effect of rhythm on subsequent memory performance, the alternative
hypothesis was based on the incidental encoding difference reported by
Thavabalasingam et al. (2016) for temporally-structured compared to
temporally-unstructured stimuli (d' difference = 0.14). All reported
Bayes Factors were conducted using the Bayes Factor calculator asso-
ciated with Dienes (2008; http://www.lifesci.sussex.ac.uk/home/
Zoltan_Dienes/inference/bayes_factor.swf)/). Reported Bayes Factors
represent the evidence for H1 relative to H0 and are interpreted ac-
cording to Jeffreys (1961): values falling between 1 and 3 offer anec-
dotal support for the alternative hypothesis, values> 3 indicate sub-
stantial support for the alternative hypothesis, and values> 10 indicate
strong support for the alternative hypothesis. Exploratory analyses were
also performed on memory scores to compare performance in each of
the music conditions to performance in the silent condition.

2.2. Results

2.2.1. Behavioral performance during encoding
Before analyzing performance on the recognition memory test, we

first analyzed participants' performance on the gender categorization
task during encoding (Table 1). Accuracy was high across conditions
(M= 94%, SD= 5) and did not differ for stimuli presented in-syn-
chrony, out-of-synchrony, or in silence (F(2, 64) = 0.70, p= 0.50,
ηp2 = 0.02). Reaction times at encoding also did not differ for stimuli
presented in-synchrony, out-of-synchrony, or in silence (F(1.52, 48.64)
= 0.80, p= 0.43, ηp2 = 0.02). Direct comparison of performance in
the two music conditions did not reveal a significant RT facilitation for
stimuli presented in-synchrony with the background beat compared to
out-of-synchrony with the background beat (t(32) = 0.46, p= 0.33,
d= 0.08, BF10 = 0.50) and there was no difference in RT for stimuli
presented in-synchrony versus in silence (t(32) = 0.77, p= 0.45,
d= 0.13, BF = 0.91). Exploratory analyses indicated that there was
also no difference between out-of-synchrony and silent RTs (p > 0.25).

2.2.2. Recognition memory performance
Recognition memory performance (d′) is displayed in Table 1 and

Fig. 2. There was no main effect of Rhythmic Context when all three
conditions (in-synchrony, out-of-synchrony, silent) were entered into
ANOVA (F(2, 64) = 1.48, p= 0.23, ηp2 = 0.04). However, in line with

the findings by Thavabalasingam et al. (2016) and Jones and Ward
(2019), follow-up pairwise comparison revealed a significant difference
in memory for stimuli presented in-synchrony compared to out-of-
synchrony with the background beat (t(32) = 1.74, p < 0.05,
d= 0.30, BF10 = 3.09). Memory performance in both music conditions
did not differ from memory performance in silence (ps > 0.17).

We next conducted an exploratory between-subjects analysis re-
stricted to the data from the first block of the experiment to compare
memory performance for individuals who received on-beat, off-beat, or
silence conditions in the first experimental block. This analysis was
motivated by the between-subject effects observed in the study by
Thavabalasingam et al. (2016) and controls for potential changes in
participants' sensitivity to the background music over time (Mutschler
et al., 2010; Perez-Gonzalez & Malmierca, 2014) as well as test ex-
pectancy effects (e.g., the adoption of explicit encoding strategies after
participants become aware of the mnemonic demands of the experi-
ment) (Finley & Benjamin, 2012; Speer et al., 2003), both of which
could reduce the effect of rhythm on behavior in later blocks. The effect
of rhythm on memory during the first block of the experiment mirrored
the results from the experiment as a whole, with better memory for
faces presented in-synchrony with the background beat at encoding
compared to those presented out-of-synchrony or in silence (Fig. 3).
When memory scores from this analysis were entered into a one-way
ANOVA, there was a significant main effect of condition (in-synchrony,
out-of-synchrony, silence) (F(2,30) = 4.73, p= 0.02, ηp2 = 0.24). Di-
rect comparison of the in-synchrony and out-of-synchrony conditions
revealed a significant memory effect with greater memory performance
for stimuli presented in-synchrony with the background beat (t(19)
= 2.83, p= 0.01, g= 1.24). Memory performance in the silent con-
dition was greater than performance in the out-of-synchrony condition
(t(21) = 2.43, p= 0.02, g= 1.01) but did not significantly differ from
memory performance in the in-synchrony condition (t(20) = 0.95,
p= 0.35, g= 0.41). There was no main effect of Rhythmic Condition
on memory or memory difference for in-synchrony vs. out-of-synchrony
stimuli in the later blocks of the experiment (ps > 0.53; Fig. 3).

We next conducted a parallel analysis of RTs to explore whether
rhythmic effects on perceptual discrimination times would emerge
when analysis was restricted to data from the first experimental block.
While there was no main effect of Rhythmic Condition (p > 0.33) or
significant difference between in-synchrony vs. out-of-synchrony RTs
(p > 0.11), the direction of the effect was as expected, with numeri-
cally faster RTs for in-synchrony compared to out-of-synchrony and
silent stimuli. The effect of rhythm on RTs was more pronounced in the
first block of the experiment compared to later blocks of the experiment
(Fig. 3B).

Table 1
Descriptive summary of the results from Experiment 1A. Performance at en-
coding is described by decision accuracy and reaction time (RT) during the
semantic (male/female) task. Memory performance at retrieval is described by
proportion of Hits (pHits), proportion of False Alarms (pFA), and recognition
memory (d').

Encoding performance Retrieval performance

Accuracy RT (ms) pHits pFA d′

On-beat M = 0.95 M= 571 M= 0.63 M= 0.21 M= 1.26
SD= 0.05 SD= 170 SD= 0.13 SD= 0.13 SD= 0.53

Off-beat M = 0.94 M= 574 M= 0.61 M= 0.23 M= 1.10
SD= 0.06 SD= 173 SD= 0.11 SD= 0.12 SD= 0.47

Silent M = 0.95 M= 561 M= 0.63 M= 0.21 M= 1.24
SD= 0.04 SD= 160 SD= 0.11 SD= 0.11 SD= 0.47

Fig. 2. Recognition memory performance (d′) for Experiment 1A plotted as a
function of synchrony to background musical beat at encoding. Error bars in-
dicate SEM. *p < 0.05, one-tailed.
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2.2.3. Individual differences
We investigated whether the effect of temporal expectations on

memory was enhanced for individuals with superior beat perception or
greater musical experience. To do so, we first calculated a difference
score for each individual's memory performance by subtracting d′ in the
out-of-synchrony condition from d′ in the in-synchrony condition. We
then correlated this memory difference score with (i) BAT accuracy
(M= 81, SD= 14) as well as (ii) years of prior musical experience
(M= 6, SD= 4). Spearman correlations indicated that there was not a
significant association between the memory difference score and BAT
accuracy (rs(31) = 0.03, p= 0.44) or prior musical experience (rs(31)
= 0.16, p= 0.20).

3. Experiment 1B: memory task replication

Experiment 1A provided preliminary evidence that background,
auditory rhythms can modulate visual memory encoding and enhance
subsequent memory for stimuli presented in-synchrony compared to
out-of-synchrony with the background beat. Experiment 1B aimed to
replicate this result in an independent group of participants.
Participants performed a male/female decision task while viewing
pictures of faces that either appeared in-synchrony or out-of-synchrony
with the background beat of the same music stimulus used in
Experiment 1A. To more closely follow the procedures used in the prior
memory studies investigating rhythmic effects on memory (e.g.,
Thavabalasingam et al., 2016; Kunert & Jongman, 2017; Jones & Ward,
2019), and to focus on the primary effect of interest observed in Ex-
periment 1A (memory difference between in-synchrony and out-of-
synchrony trials), a silence condition was not included. This design also
enabled us to replicate the between-subject analysis of task order (e.g.,
on-beat encoding followed by off-beat encoding, and vice versa) con-
ducted in the study by Thavabalasingam et al. (2016).

3.1. Methods

3.1.1. Participants
Thirty right-handed, native English speakers (14 females; mean

age = 21 years, SD= 4, mean education = 14 years, SD= 2) partici-
pated in the study. Participants were recruited from the Tufts University
community and received either course credit or monetary compensa-
tion for their participation. All participants provided informed consent
in accordance with the procedures of the Institutional Review Board at
Tufts University. Three participants were excluded from the final ana-
lysis due to poor behavioral performance (accuracy lower than two
standard deviations from the group mean).

3.1.2. Stimuli
Auditory and visual stimuli were the same as used in Experiment

1A.

3.1.3. Procedure
The procedure of Experiment 1B mirrored that of Experiment 1A. A

total of forty faces was shown in each condition (in-synchrony, out-of-
synchrony) and participants made male/female judgements for each
face. A unique set of faces was used in each condition, with the order of
conditions and assignment of face stimuli to condition counterbalanced
across participants. Immediately after the encoding block in each con-
dition, participants were given a self-paced recognition memory test in
which they were shown the forty target faces from the encoding block
along with twenty novel foil faces. Participants were asked to decide
whether each face was previously seen during the encoding block or
not, and to indicate their confidence in each decision (high or low).

3.2. Results

3.2.1. Behavioral performance during encoding
We first analyzed participants' performance on the gender categor-

ization task during encoding (Table 2). Gender categorization accuracy

Fig. 3. Behavioral performance on Experiment 1A split by block and plotted as a function of synchrony to background musical beat at encoding. (A) Recognition
memory performance and (B) perceptual decision times. Error bars indicate SEM. *p < 0.05.
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was high across conditions (M= 97%, SD= 3) and was significantly
higher for stimuli presented in-synchrony (M= 98%, SD= 2) com-
pared to out-of-synchrony (M= 95%, SD= 3) with the background
beat (t(26) = 3.49, p= 0.002, d= 0.67). Reaction times at encoding
did not differ for stimuli presented in-synchrony or out-of-synchrony
with the background beat (t(26) = 0.40, p= 0.35, d= 0.08). Bayesian
analysis based on the RT advantage for in-synchrony compared to out-
of-synchrony stimuli reported by Escoffier et al. (2010) also favored the
null hypothesis (BF10 = 0.70).

3.2.2. Recognition memory performance
Recognition memory performance (d′) is displayed in Table 2 and

Fig. 4 and was collapsed over confidence ratings due to the low number
of high-confidence responses. In line with the findings of Experiment
1A, recognition memory was greater for stimuli presented in-synchrony
compared to out-of-synchrony with the background beat (t(26) = 1.79,
p= 0.04, d= 0.34). Bayesian analysis based on the subsequent
memory advantage for in-synchrony compared to out-of-synchrony
stimuli in Experiment 1A provided additional support in favor of the
alternative hypothesis (BF10 = 3.14).

To investigate possible order effects (e.g., Thavabalasingam et al.,
2016), recognition memory scores (d′) were next entered into a 2 × 2
mixed-effects ANOVA with Order (on-beat first, off-beat first) as a be-
tween-subjects factor and Rhythmic Context (in-synchrony, out-of-
synchrony) as a within-subjects factor. There was no main effect of
Order (F(1,25) = 0.56, p= 0.46, ηp2 = 0.02) nor Order x Rhythmic
Context interaction (F(1,25) = 1.09, p= 0.31, ηp2 = 0.04). However,
in line with the findings by Thavabalasingam et al. (2016), follow-up
pairwise comparisons revealed that memory performance was greater
for in-synchrony compared to out-of-synchrony stimuli in participants
who received in-synchrony encoding first (t(14) = 2.21, p= 0.02,
d= 0.57) and memory performance in these two conditions did not
differ in participants who received in-synchrony encoding second
(p= 0.36). This finding is consistent with the proposal that temporal

predictions can reduce the negative effects of proactive interference on
memory (Thavabalasingam et al., 2016). In addition, a parallel analysis
of RTs found that task order also influenced rhythmic effects on per-
ceptual discrimination times. There was a significant Order x Rhythmic
Condition interaction (F(1,25) = 20.962, p < 0.001, ηp2 = 0.46) and
RTs were significantly faster for in-synchrony vs. out-of-synchrony sti-
muli only in participants who received in-synchrony encoding first (t
(14) = 3.46, p= 0.004, d= 0.89).

3.2.3. Meta-analysis of Experiments 1A and B
We next conducted a meta-analysis of the data from Experiments 1A

and 1B (n = 60) to investigate the effect of background rhythm on
memory encoding with increased statistical power. Recognition
memory scores (d′) were entered into a 2 × 2 mixed-effects ANOVA
with Experiment (1A, 1B) and Rhythmic Context (in-synchrony, out-of-
synchrony) as a within-subjects factor. There was no main effect of
Experiment (F(1,58) = 1.02, p= 0.32, ηp2 = 0.02) nor Experiment x
Rhythmic Context interaction (F(1,58) = 0.21, p= 0.65, ηp2 = 0.004).
Importantly, there was a significant main effect of Rhythmic Context (F
(1,58) = 6.38, p= 0.02, ηp2 = 0.10), reflecting superior memory for
stimuli presented in-synchrony compared to out-of-synchrony with the
background beat. Bayesian analysis based on the subsequent memory
advantage for temporally-structured compared to temporally-un-
structured stimuli in Thavabalasingam et al. (2016) provided additional
support in favor of the alternative hypothesis (BF10 = 8.17).

4. Experiment 2: perceptual task

Experiments 1A and 1B provided novel evidence that background,
auditory rhythms can modulate visual memory encoding and enhance
subsequent memory for stimuli presented in-synchrony compared to
out-of-synchrony with a background beat. These results align with the
predictions of the Dynamic Attending Theory that rhythm can entrain
attention and enhance processing of stimuli that appear at expected
moments in time, and extend this effect to higher-level cognitive
functions such as memory. However, an unexpected finding of these
experiments was that rhythmic cues influenced subsequent memory
despite not having a significant effect on reaction times during en-
coding. This suggests that rhythmic effects on memory do not simply
reflect rhythmic effects on perception and action (Kunert & Jongman,
2017) and may have been due to several aspects of the experimental
design which differed from prior studies investigating auditory en-
trainment effects on behavior. First, participants in Experiment 1 per-
formed a male/female discrimination task that targets higher-level se-
mantic/conceptual features of the visual stimuli. In contrast, prior
studies demonstrating RT effects of auditory entrainment have used
perceptual/lexical discrimination or detection tasks (e.g., Bolger et al.,
2013, 2014; Escoffier et al., 2010; Kunert & Jongman, 2017). Temporal
attention has been shown to operate on multiple levels of stimulus
processing, including both early visual processing as well as later de-
cision and motor processing (Correa et al., 2006). Importantly, the
locus of stimulus processing at which temporal attention operates has
been shown to depend on the task demands, with effects on visual
processing (as measured by early event-related potentials) only occur-
ring when the task places high demands on perceptual processing
(Correa et al., 2006). Therefore, significant effects of background
rhythm on RTs may emerge in current paradigm with a task that orients
participants to lower-level perceptual features of the target stimuli.
Second, Experiment 1 contained intervening recognition tests between
each condition (in-synchrony, out-of-synchrony, silent), whereas prior
studies demonstrating auditory entrainment effects on RTs have used
intermixed or successive designs in which the presentation of stimuli in
each condition is not interrupted by intervening recognition memory
tests (e.g., Bolger et al., 2013; Bolger et al., 2014; Escoffier et al., 2010;
Kunert & Jongman, 2017). Our blocked design was motivated by the
prior memory studies by Thavabalasingam et al. (2016) and Jones and

Table 2
Descriptive summary of the results from Experiment 1B. Performance at en-
coding is described by decision accuracy and reaction time (RT) during the
semantic (male/female) task. Memory performance at retrieval is described by
proportion of Hits (pHits), proportion of False Alarms (pFA), and recognition
memory (d′).

Encoding performance Retrieval performance

Accuracy RT (ms) pHits pFA d′

On-beat M = 0.98 M= 561 M= 0.65 M= 0.20 M= 1.40
SD= 0.02 SD= 44 SD= 0.15 SD= 0.12 SD= 0.46

Off-beat M = 0.95 M= 566 M= 0.61 M= 0.22 M= 1.18
SD= 0.03 SD= 52 SD= 0.17 SD= 0.14 SD= 0.57

Fig. 4. Recognition memory performance (d′) for Experiment 1B plotted as a
function of synchrony to background musical beat at encoding for all partici-
pants (left), participants who received on-beat encoding prior to off-beat en-
coding (middle), and participants who received off-beat encoding prior to on-
beat encoding (right). Error bars indicate SEM. *p < 0.05, one-tailed.
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Ward (2019), as well as the finding by Correa and colleagues (2004)
that exogenous temporal orienting effects are larger when temporal
expectancy is manipulated between blocks rather than within blocks.
However, it is possible that this blocked design and the presence of
intervening memory tests in Experiment 1 changed participants' stra-
tegies or level of attention to the visual stimuli versus the background
beat over time, thereby affecting response times and reducing the
ability to detect effects of background rhythm on RTs. In support of this
possibility, rhythmic effects on RTs appeared strongest when analysis
was restricted to the first block of the experiment.

Experiment 2 was conducted to investigate whether effects of
rhythm on response times are evident using task procedures that more
closely match those used in prior studies demonstrating significant ef-
fects of auditory entrainment on RTs. Like in Experiment 1, participants
viewed pictures of faces that either occurred in-synchrony with the beat
of background music, out-of-synchrony with the beat of background
music, or in silence. However, rather than classifying each face as male/
female, participants performed the same perceptual classification task
used by Escoffier et al. (2010) that orients them towards lower-level
perceptual features of the target stimuli (upright/inverted task). In
addition, the perceptual task did not contain intervening recognition
memory tasks and our analysis focused on the effect of temporal reg-
ularities on RTs rather than memory. If our music stimuli create tem-
poral expectations that modulate attention and influence sensory pro-
cessing, we predicted that RTs would be faster for stimuli appearing in-
synchrony compared to out-of-synchrony with the background beat or
in silence (Escoffier et al., 2010). Furthermore, if the strength of these
rhythmic expectations and their effect on perception are influenced by
individual differences in beat perception or musical experience, per-
ceptual facilitation of in-synchrony stimuli should be greater in in-
dividuals with higher BAT performance or more years of musical ex-
perience.

4.1. Methods

4.1.1. Participants
Twenty-six right-handed, native English speakers (21 females; mean

age = 20 years, mean education = 14 years) participated in the study.
None of the participants had participated in Experiment 1.

4.1.2. Stimuli
The same auditory and visual stimuli were used as in Experiment 1.

4.1.3. Procedure
4.1.3.1. Perceptual discrimination task. Instructions and five practice
trials (in silence) were given prior to the start of the experiment.
Participants wore headphones and the volume of auditory presentation
was set to a comfortable listening level and kept constant across
participants. The experimental design was the same as the encoding
block in Experiment 1, with the exception that half of the face stimuli
were presented upside-down (order randomized) and participants were
instructed to decide as quickly and as accurately as possible whether
each face was upright or inverted with a button press. Participants were
informed that in some conditions, the visual presentation of faces might
be accompanied by music but were not otherwise instructed to pay
attention to the music. A total of forty faces was shown in each of three
conditions (a unique set of faces were used in each condition): (i) in-
synchrony with the beat of background music, (ii) out-of-synchrony
with the beat of background music, or (iii) silence. Conditions were
blocked to mirror the procedure used in Experiment 1 and in the prior
studies by Thavabalasingam et al. (2016), Jones and Ward (2019), and
Escoffier et al. (2010). In the in-synchrony condition, the onset of each
face was synchronized with the background beat. In the out-of-
synchrony condition, the onset of each face was shifted 450 ms after
the beat. This delay in the off-beat condition was chosen such that
presentation of off-beat faces did not align with a clear subdivision of

the inter-beat interval. Faces were shown for 750 ms with a jittered ISI
between face onsets (M= 3.20 s; SD= 0.66 s; range = 2.40–4.00 s). In
the music conditions, faces did not appear before the third measure of
the music stimulus. The average amplitude of the background music
during the face presentation period did not differ between the in-
synchrony and out-of-synchrony conditions across tracks. The same
temporal structure of ISIs was used across the in-synchrony, out-of-
synchrony, and silent conditions. The order of conditions and
assignment of face stimuli to condition was counterbalanced across
participants.

4.1.3.2. Beat alignment test (BAT). Following the perceptual
discrimination task, participants completed the Beat Perception
portion of the Beat Alignment Test (Iversen & Patel, 2008) to
measure individual differences in the ability to detect a beat.

4.1.3.3. Music questionnaire. Participants completed a written
questionnaire to assess their degree of musical experience. Years of
prior musical experience was quantified using the following question:
“Within the past 10 years, how many years of experience do you have
playing an instrument, singing, or participating in musical training?”

4.1.4. Analysis
Data analysis mirrored that performed on the data from the en-

coding block of Experiment 1. Accuracy (percent correct) and mean
response times (RT) were calculated for correct responses for each
condition (in-synchrony, out-of-synchrony, silence). Responses for
which reaction times were more than two standard deviation from the
condition mean were removed prior to analysis of RTs (< 2 responses
on average from each condition). Data were subjected to separate one-
way ANOVAs with Rhythmic Context (in-synchrony, out-of-synchrony,
silence) as repeated-measures factors. Performance in the in-synchrony
condition was then directly compared to that in the out-of-synchrony
and silence conditions using one-tailed t-tests to test the a priori hy-
pothesis that RTs would be faster for stimuli presented in-synchrony
with the background beat. Analysis was also performed using Bayes
Factors (BF) to indicate the relative support for the null hypothesis,
corresponding to in-synchrony and out-of-synchrony/silence scores
being equal, and the alternative hypothesis, corresponding to enhanced
performance for in-synchrony compared to out-of-synchrony/silent
stimuli. For the comparison of in-synchrony and out-of-synchrony RTs,
the alternative hypothesis was based on the 20 ms RT facilitation ob-
served for in-synchrony compared to out-of-synchrony stimuli in the
perceptual discrimination study by Escoffier et al. (2010). A RT facil-
itation of similar magnitude was also observed in the studies by Bolger
et al. (2013, 2014). For the comparison of in-synchrony vs. silent RTs,
the alternative hypothesis was based on the ∼25 ms RT benefit ob-
served for in-synchrony compared to silent stimuli Escoffier et al.
(2010). All reported Bayes Factors were conducted using the Bayes
Factor calculator associated with Dienes (2008) and represent the evi-
dence for H1 relative to H0. Exploratory analyses were also performed
using two-tailed t-tests to investigate whether reaction times to out-of-
synchrony stimuli differed from those to stimuli presented in silence.

4.2. Results

Results from Experiment 2 are presented in Fig. 5. Accuracy of
perceptual decisions was high across conditions (M= 93%, SD= 5)
and did not differ for stimuli presented in-synchrony, out-of-synchrony,
or in silence (F(2, 50) = 0.37, p= 0.70, ηp2 = 0.01). For reaction
times, there was a significant main effect of Rhythmic Context (F(1.51,
50) = 10.29, p= 0.001, ηp2 = 0.29). As hypothesized, responses to
stimuli presented in-synchrony with the background beat were sig-
nificantly faster (M= 546, SD= 104) than responses to stimuli pre-
sented out-of-synchrony with the background beat (M= 601,
SD= 125; t(25) = 3.45, p= 0.001, d= 0.68). The finding that RTs
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were faster for in-synchrony compared to out-of-synchrony stimuli
conceptually replicates the cross-modal RT facilitation reported in Es-
coffier et al., 2010, who used simple percussive patterns as rhythmic
stimuli. Bayesian analysis using the RT facilitation observed in the Es-
coffier et al. study confirmed that the data strongly favored the alter-
native hypothesis of faster RTs for in-synchrony compared to out-of-
synchrony stimuli (BF10 = 47.99). While responses to in-synchrony
stimuli were faster than responses to out-of-synchrony stimuli, re-
sponses to in-synchrony stimuli were not faster than responses to sti-
muli presented in silence (M= 789, SD= 118, t(25) = 0.74 p= 0.47,
d= 0.14, BF10 = 0.68). RTs to out-of-synchrony stimuli were sig-
nificantly slower than RTs for stimuli presented in silence (t(25)
= 3.49, p= 0.002, d= 0.68).

4.2.1. Individual differences
We next investigated whether the RT facilitation observed for in-

synchrony compared to out-of-synchrony stimuli was greater for in-
dividuals with superior beat perception or more musical experience
(Fig. 6). To do so, we calculated the difference in RT for in-synchrony
stimuli compared to out-of-synchrony stimuli and performed a
Spearman rank correlation to evaluate the relationship between this
perceptual difference score and (i) BAT accuracy and (ii) years of prior
musical experience. A significant positive association was found be-
tween this perceptual difference score and BAT accuracy (rs(24)
= 0.42, p= 0.02). A positive association was also found between the
magnitude of this perceptual difference score and years of musical ex-
perience (rs(24) = 0.36, p= 0.04).

5. General discussion

The present study sought to determine whether background tem-
poral regularities provided by the rhythmic structure of music influence
the cross-modal encoding of visual information into long-term memory.
In Experiments 1A and 1B, we observed superior subsequent memory
for visual stimuli that appeared in-synchrony compared to out-of-syn-
chrony with the background beat of instrumental music at encoding.
This supports Dynamic Attending Theory and reveals that in addition to
influencing how we perceive and react to information in our environ-
ment, rhythmic temporal expectations can also influence higher-level
cognitive processes such as memory. Surprisingly, this increase in long-
term memory was not accompanied by a significant reaction-time ad-
vantage for in-synchrony stimuli at encoding, which is interesting in
light of a critique of previous research showing faster RTs to on-beat
stimuli during perceptual tasks. Specifically, Kunert and Jongman
(2017) have suggested that these faster RTs might reflect enhanced
motor preparation, rather than enhanced attention, at time points co-
inciding with rhythmic beats, since beat perception (even without
movement) involves strong neural interaction between the auditory and
motor planning systems (Grahn & Rowe, 2009; Patel & Iversen, 2014;
Ross, Iversen, & Balasubramaniam, 2018). The results of our first ex-
periment, which show a memory difference for items presented on or
off the beat despite similar RTs to both types of stimuli at the time of
encoding, argue strongly against a purely ‘motor facilitation’ view of
beat processing.

In other words, rhythmic temporal orienting may affect information
processing at multiple stages of the information processing hierarchy,
and the effects of rhythm on memory may be not be transparently re-
lated to effects on perception. Indeed, in Experiment 2 we found sig-
nificant effects of rhythm on perceptual discrimination reaction times
when participants engaged in a task that emphasized lower-level per-
ceptual features of the target stimuli. Although overall mean RTs were
similar to those during the male/female task used in Experiment 1,
Experiment 2 aimed to replicate the perceptual tasks used by prior
studies that target lower-level features of stimuli (e.g., Escoffier et al.,
2010) which do not always result in faster overall RTs (Hanslmayr,
Spitzer, & Bauml, 2009; Otten & Rugg, 2001). This effect of rhythm on
perceptual discrimination aligns with the proposal that temporal at-
tention can operate on multiple levels of stimulus processing, de-
pending on the level of processing targeted by task demands (Correa
et al., 2006).

The finding that the effect of rhythm on RTs also emerged in the
context of a successive design in Experiment 2, in which stimulus
processing in each condition (in-synchrony, out-of-synchrony, silent)
was not interrupted by intervening recognition tests, is also of note.
Prior studies demonstrating RT facilitation for temporally-predicted

Fig. 5. Mean perceptual discrimination response time (RT) in Experiment 2
plotted as a function of synchrony to background musical beat. Error bars re-
present SEM. *p < 0.005.

Fig. 6. Relationship between the magnitude of the RT difference for on-beat versus off-beat stimuli (off-beat minus on-beat RT in ms) in Experiment 2 and (i) BAT
accuracy as well as (ii) years of musical experience.
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compared to temporally-unpredicted stimuli have used intermixed or
successive designs in which processing of these two types of stimuli was
not interrupted by intervening recognition memory tests (e.g., Bolger
et al., 2013; Bolger et al., 2014; Escoffier et al., 2010; Kunert &
Jongman, 2017). The presence of intervening memory tests in the de-
sign of Experiment 1 may have changed participants' strategies or level
of attention to the visual stimuli versus the background beat over time
and obscured potential effects of rhythm on RTs. Indeed, the effect of
auditory rhythm on RTs was greatest in Experiment 1 during the first
experimental block. In addition, the magnitude of the RT facilitation for
stimuli appearing in-synchrony compared to out-of-synchrony with the
background beat in Experiment 2 positively correlated with beat de-
tection performance and years of musical experience, while no such
correlation was observed for the memory difference in Experiment 1.
While these correlations should be interpreted with caution given the
small sample size, they align with the hypothesis that temporal ex-
pectations have multiple effects on information processing (Correa
et al., 2006) and influence lower-level visual perception as well as
episodic memory. Future studies should investigate these possibilities
and also explore whether the on-beat memory advantage remains when
the nature of the encoding shifts from a deeper semantic task to a
shallower perceptual task.

Although the importance of selective attention for memory forma-
tion is well established, prior studies have primarily focused on the
mnemonic benefits of directing attention to specific spatial locations or
object features/categories (Aly & Turk-Browne, 2016; Bollinger et al.,
2010; Dudukovic et al., 2011; Turk-Browne et al., 2013; Uncapher
et al., 2011). The current study reveals that attention at specific mo-
ments in time can also influence memory, and can improve memory
when to-be-encoded stimuli appear at points of high temporal ex-
pectancy (in-synchrony with background rhythms) compared to low
temporal expectancy (out-of-synchrony with background rhythms).
These findings highlight the importance of temporal attention for
memory encoding and converge with recent studies by
Thavabalasingam et al. (2016) and Jones and Ward (2019) in which
structured temporal frameworks during encoding were found to im-
prove recognition memory. An important difference between this and
the prior studies is that rhythmic temporal patterns in the current study
did not emerge from the sequence of time intervals between the onset of
the target stimuli themselves. Instead, temporal cues were provided by
background, task-irrelevant rhythms that appeared in a different
modality (auditory) than the target stimuli (visual), and visual long-
term memory was modulated by the synchrony of target appearance
with this background auditory beat. As such, the current results provide
novel evidence that memory encoding can be biased by cross-modal
temporal features of external environmental events, highlighting the
importance of external temporal regularities and temporal contexts for
internal information processing.

Although our findings converge with the prior findings by
Thavabalasingam et al. (2016) and Jones and Ward (2019) to suggest
that temporal cues can influence memory encoding, there are also im-
portant differences in the results across studies. In Experiment 1A, we
found that the effect of rhythm on memory was greatest between sub-
jects in the first experimental block. In contrast, Jones and Ward (2019)
did not find significant effects of block in their experiment and the
Thavabalasingam et al. (2016) study found that differences in tempo-
rally-structured vs. temporally-unstructured encoding was greatest be-
tween subjects in the second task block. However, it is important to
note that in the current study temporal cues were provided by cross-
modal cues that were task-irrelevant and occurred in the background.
Sensitivity to these cues may have decreased across blocks if partici-
pants habituated to the music or adopted explicit encoding strategies
that directed attention away from the background rhythm. In contrast,
the prior memory studies by Thavabalasingam et al. (2016) and Jones
and Ward (2019) used temporal cues that were integrated with the
target stimuli themselves and sensitivity to these cues likely did not

decrease (and may have even increased) over time. The block effects
observed in the study by Thavabalasingam and colleagues are also
consistent with the possibility that structured memory encoding pro-
tects memory from the build-up of proactive interference caused by the
accumulation of prior learning (which would result in a larger effect in
later experimental blocks when proactive interference is greatest). Al-
though we did not observe evidence of proactive interference in Ex-
periment 1A (e.g., performance on the silence condition did not de-
crease across blocks), it is interesting to note that we did observe order
effects that mirrored Thavabalasingam et al.'s results in Experiment 1B
when using a two-condition design that most closely matched the de-
sign of their paradigm. Specifically, we found that memory perfor-
mance was greater for in-synchrony compared to out-of-synchrony
stimuli in participants who received in-synchrony encoding first and
that memory performance did not differ between conditions in parti-
cipants who received in-synchrony encoding second. This finding is
consistent with the proposal that temporal predictions may reduce the
negative effects of proactive interference on memory (Thavabalasingam
et al., 2016).

Our finding that rhythm modulates both perception and memory
has implications for theories of attention. Specifically, the current re-
sults support the proposal put forth in the Dynamic Attending Theory
(DAT) that attention is not distributed evenly across time and that
rhythmic fluctuations in attention can entrain to external environ-
mental rhythms (Busch & VanRullen, 2010; Jones, 1976; Song, Meng,
Chen, Zhou, & Luo, 2014). According to DAT, peaks of attention occur
in phase with external rhythms and facilitate processing of stimuli oc-
curring at those peaks. Support for this proposal has come from prior
findings that auditory rhythms enhance target detection and dis-
crimination, in both the auditory and visual modalities (Bolger et al.,
2014; Bolger et al., 2013; Escoffier et al., 2010; Jones et al., 2002;
Kunert & Jongman, 2017). The finding of enhanced subsequent
memory (Experiment 1) and faster perceptual discrimination (Experi-
ment 2) for on-beat compared to off-beat faces both supports and ex-
tends DAT and highlights the importance of dynamic attending for
higher-order cognitive functions and the creation of lasting memory
traces.

The fact that the temporal cues in the current study were provided
by instrumental music is also of note. Music is a constant presence in
our everyday lives, yet the effect of environmental music on learning
and memory remains a matter of debate. While some studies have
found that background music facilitates memory (Ferreri, Bigand, Bard,
& Bugaiska, 2015; Proverbio et al., 2015; Simmons-Stern, Budson, &
Ally, 2010; Thompson, Moulin, Hayre, & Jones, 2005), other studies
have found that background music either impairs or has no effect on
memory performance (Reaves, Graham, Grahn, Rabannifard, & Duarte,
2016) (for one review of such contradictory findings, see Schellenberg
& Weiss, 2013). In the current study, we controlled for features of music
such as familiarity, arousal, emotional valence, and pleasantness, and
found that the specific timing of to-be-remembered information with
respect to the background beat influenced subsequent memory. This
result reveals that specific features of background music, such as
rhythm, may be particularly important when determining the effect of
music on memory, and emphasizes the power of rhythm to orchestrate
attention and influence information processing over time.

The use of more naturalistic, instrumental music in the current
study could have also potentiated the effect of rhythm on information
processing and partially accounted for the null finding in Kunert and
Jongman (2017) in which auditory entrainment was manipulated by
simple isochronous tone sequences. For example, instrumental music
may convey a stronger sense of beat or may elicit affective responses
that modulate memory (Vuilleumier & Trost, 2015). Indeed, the
rhythmic entrainment RT effect observed in Experiment 2 of the current
study (60 ms) was substantially larger than the 7 ms rhythmic en-
trainment effect observed in the prior study by Kunert and Jongman
(2017). Future studies should investigate these possibilities by directly
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comparing the effects of rhythms provided by naturalistic music versus
simpler tone/percussive sequences, perhaps while also measuring
physiological indices of arousal (such as galvanic skin responses or
pupillometry).

An important outstanding question is whether the effects of rhythm
on perception and memory in the current study reflect a processing
benefit for in-synchrony stimuli, a processing cost for out-of-synchrony
stimuli, or some combination of the two. Comparing performance in
these conditions to performance in the silent condition could shed light
on this question. In a prior study by Escoffier et al. (2010), perceptual
discrimination was faster for stimuli appearing in-synchrony with a
background beat compared to stimuli appearing in silence, suggesting
that rhythm confers a processing benefit for in-synchrony stimuli. While
we did not observe such RT facilitation compared to silence across any
of our experiments, recognition memory was numerically greater for
stimuli presented in synchrony with the background beat compared to
stimuli presented in silence in Experiment 1A (although this difference
was not statistically significant).

Our results could also be taken as evidence that behavioral differ-
ences between on-beat and off-beat stimuli may be driven by inter-
ference effect for off-beat faces. In support of this possibility, recogni-
tion memory was numerically lower for off-beat faces compared to
faces presented in silence, an effect that reached statistical significance
when analysis was restricted to performance in the first block
(p < 0.03). However, in both studies caution must be taken when
comparing the results in the music conditions to the silent condition
given that these conditions are not matched in terms of sensory input,
attentional load, or the potential for distraction. For example, the
presence of complex auditory information in the music conditions may
have interfered with the target processing or encoding efficiency more
broadly, but alignment of targets with the background rhythm in the in-
synchrony condition may have partially compensated for this distrac-
tion. Recognition memory performance for on-beat and off-beat stimuli
might have also been reduced compared to silent stimuli due to the
change between the encoding and retrieval contexts (music present at
encoding but not at retrieval), which was not the case for silent stimuli
(e.g., context-dependent retrieval effects). Importantly, the key results
of the current study involve the comparison of the two music condi-
tions, which differ only with respect to the timing of visual target
presentation. Future studies should explore the relative effects of mu-
sical rhythm on memory performance and perception using a control
condition that is more closely matched in terms of other contextual
factors (e.g., music without a clear beat) in order to determine whether
auditory rhythm confers processing benefits for temporally-predicted
stimuli and/or processing costs for temporally-unpredicted stimuli.

An additional outstanding question is whether the perceptual and
mnemonic effects observed in the current study reflect temporal or-
ienting effects due to rhythmic predictions (e.g., attentional entrain-
ment), or whether they can be explained by temporal orienting effects
due perceptual salience at the moment of target presentation. Although
stimuli presented in-synchrony and out-of-synchrony with the back-
ground beat were matched in terms of mean acoustic energy during the
face presentation period, the peak of acoustic energy occurred closer to
the onset of stimulus presentation of in-synchrony stimuli compared to
out-of-synchrony stimuli. This difference in acoustic saliency may have
served as an orienting cue that directed additional attentional resources
to stimuli appearing closer in time to the background beat. However,
one would predict that the presence of such a saliency effect would
have also influenced reaction times at encoding, yet there was not a
significant difference between RTs to on-beat versus off-beat faces in
the memory task. This question could be more directly addressed in
future studies by more closely matching the saliency of the background
beat across conditions (e.g., by displaying target stimuli on a synco-
pated beat which does not have an energy peak near the time of face
onset; Escoffier et al., 2010).

A final important outstanding question is the mechanism by which

beat-based temporal cues modulate visual memory encoding. One
possibility is that rhythmic structure of music facilitates perceptual
processing of visual stimuli appearing at peaks of attention aligned with
the background beat, and that memory is enhanced as a downstream
consequence of this perceptual facilitation. The perceptual facilitation
observed for on-beat compared to off-beat stimuli observed in
Experiment 2 is compatible with this explanation. Perceptual facilita-
tion for on-beat compared to off-beat stimuli has been associated with
neural entrainment and the reorganization of neural oscillations that
benefit stimulus processing at expected timepoints (Escoffier et al.,
2015). Neural entrainment to external rhythms has also been previously
demonstrated in the context of ecologically valid music (Tierney &
Kraus, 2015) and has been proposed to enhance perceptual processing
of visual stimuli by increasing the signal-to-noise gain of sensory re-
presentations, particularly when stimuli occur at predicted moments
(Cravo, Rohenkohl, Wyart, & Nobre, 2013; Rohenkohl et al., 2012).
Importantly, recent evidence suggests that manipulations of attention
strengthen the functional connectivity between regions important for
sensory and mnemonic processing (Cordova, Tompary, & Turk-Browne,
2016). However, an RT index of perceptual facilitation (i.e., RT ad-
vantage for on-beat vs. off-beat stimuli) was not observed during
memory encoding in Experiment 1. Of course, this does not preclude
the possibility that perceptual facilitation influenced memory encoding
in that experiment, given that perceptual facilitation may simply not be
detectable in a single behavioral measure of RT or may be obscured by
the semantic demands of the incidental encoding task. However, the
lack of perceptual facilitation in Experiment 1 could also suggest that
temporal attention can modulate memory through other mechanisms
that do not target sensory representations.

Indeed, it has recently been proposed that in addition to affecting
sensory representations, attention also more directly modulates
memory-related regions of the brain such as the medial temporal lobe
(MTL) (Aly & Turk-Browne, 2017). For example, attention has been
shown to affect the stability and reliability of MTL representational
states during long-term memory encoding, in addition to the overall
level of activity in the MTL (Aly & Turk-Browne, 2016; LaRocque et al.,
2013; Uncapher et al., 2011; Uncapher & Rugg, 2009). In addition, time
is known to be an important feature of MTL representations and MTL-
mediated episodic memory in particular (Eichenbaum, 2014; Howard &
Eichenbaum, 2013; Ranganath & Hsieh, 2016; Roberts, Libby, Inhoff, &
Ranganath, 2017) and recent work has suggested that the MTL is sen-
sitive to the temporal structure of the environment, and that temporal
regularities can shape stimulus representations in the MTL (Schapiro,
Gregory, Landau, McCloskey, & Turk-Browne, 2014; Schapiro, Kustner,
& Turk-Browne, 2012; Schapiro, Turk-Browne, Norman, & Botvinick,
2016; Turk-Browne, Scholl, Chun, & Johnson, 2009). Two prior fMRI
studies have demonstrated that the MTL represents information about
temporal structure defined by short duration (Barnett, O'Neil, Watson,
& Lee, 2014; Thavabalasingam, O’Neil, & Lee, 2018). Future studies
should test whether background, rhythmic temporal cues like those
used in the current study influence episodic memory encoding by
modulating time-related signals or representations in the MTL.

This study is not without limitations and care should be taken when
interpreting the results given the small effect sizes. It is important to
note that although a difference in memory performance was observed
for on-beat compared to off-beat stimuli in two independent samples,
the effect was small and there was substantial individual variability in
its magnitude. Future research should aim to replicate these results and
to further explore the factors that may influence the effect of back-
ground rhythms on memory. For example, the degree to which parti-
cipants actively attend to background rhythms may determine the
magnitude of the rhythmic effect on memory. Prior EEG studies have
found that neural entrainment to rhythm is strongly modulated by at-
tention, with greater neural entrainment observed when participants
actively attend versus passively listen to auditory rhythms (Henry et al.,
2017). In the current study, participants were not told to explicitly pay
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attention to the background music, and some individuals may have
actively inhibited it. Future research should investigate whether the
magnitude of effect of background rhythm on memory changes when
rhythms are more salient or task-relevant.

The presentation of stimuli in repeated study-test blocks may have
also reduced attention to the background rhythm. After the first study-
test block, participants were aware of the mnemonic demands of the
task and likely adopted explicit encoding strategies that directed at-
tention to the visual targets and away from the background music. Such
top-down attentional modulation may have reduced participants' sen-
sitivity to the background rhythms and the effect of bottom-up,
rhythmic attentional cues on memory encoding. Support for this pro-
posal comes from the finding that the effect of rhythm on memory was
greatest in the first block of Experiment 1, before participants were
aware of the mnemonic demands of the task. This could also provide a
possible explanation for why a significant effect of rhythm on memory
was not observed in the prior study by Kunert and Jongman (2017),
given that this prior study used a repeated testing paradigm in which
participants performed six study-test blocks and were aware of the
mnemonic demands of the task for the majority of the experiment.
Future research should investigate whether the effect of rhythm on
memory is potentiated in the absence of explicit encoding strategies, for
example by intermixing on-beat and off-beat stimuli within in a single
encoding block.

The effect of temporal attention on memory may have also been
influenced by individual differences in beat perception. Although per-
formance on the Beat Alignment Test did not correlate with the dif-
ference in on-beat vs. off-beat memory in Experiment 1, individuals
with greater beat perception demonstrated greater perceptual facilita-
tion for on-beat compared off-beat faces in Experiment 2. This suggests
that sensitivity to the underlying temporal rhythm present in the music
differs across individuals and may influence the strength of the tem-
poral predictions and their ability to facilitate memory encoding. In
support of this possibility, prior research has found that beat perception
varies widely across individuals and modulates neural responses in
circuits involved in processing rhythm, even when behavioral differ-
ences are not present across individuals (Grahn & McAuley, 2009).
Measuring such individual differences in sensitivity to an underlying
beat across a larger sample of participants, and how this variability
affects information processing and memory encoding in particular, re-
presents an important area for future research.

Finally, we note that our methods may prove useful in cross-species
research on beat perception. Recent neural research suggests that
monkeys can detect rhythmic patterns but do not sense a beat in
complex rhythms which give rise to a beat percept in humans (Honing,
Bouwer, Prado, & Merchant, 2018). Such research is relevant to ques-
tions about the evolutionary origins of beat perception in our species
(Patel, 2014). The current methods could be adapted to test beat per-
ception in monkeys by examining whether they show mnemonic ben-
efits for images shown on vs. off the beat of background rhythms in a
delayed visual match-to-sample task, a task at which monkeys are
known to be adept (Lind, Enquist, & Ghirlanda, 2015). Finding such a
benefit would provide evidence of beat perception in monkeys and open
novel avenues for investigating the neural mechanisms by which au-
ditory beat perception modulates long term memory for other in-
formation.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.actpsy.2019.102923.
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