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Introduction: Recent evidence suggests that the temporal expectations afforded
by a regular rhythmic structure operate independently from endogenous spatial
attention in simple reaction-time tasks. The most common manipulation followed
in previous studies consisted of presenting a target stimulus either “in-time” or
“out-of-time” (earlier or later) with a preceding rhythm. However, contrary to the
proposal of entrainment models predicting a behavioral advantage for in-time
compared to both early and late targets, responses were still faster for late targets,
according to the so-called “foreperiod effect”. This finding makes it difficult to
fully disentangle the impact of rhythm and the benefits afforded by the passage of
time on the relationship between rhythm-based temporal and endogenous spatial
attention.

Methods: To shed more light on this issue, we combined a spatial orienting task
with a rhythmic manipulation, in which two placeholders flanking the fixation cross
flickered at either a regular or irregular pace. Spatial orienting to the target location
was deployed by symbolic color cues that were displayed independently of the
rhythm (independent cues) or were integrated with the temporal rhythmic cues
(integrated cues). Crucially, for both independent and integrated cues, and for
regular and irregular rhythms, the interval between the rhythm and the target (i.e.,
the foreperiod) was kept fixed in Experiments 1-3 to control for the foreperiod
effect, while the effect of foreperiod was explored in Experiment 4.

Results: Results showed a more beneficial effect of rhythms with independent
cues as compared to integrated cues. Additionally, the benefit of rhythms was
slightly but significantly larger at valid, compared to invalid, spatial locations,
regardless of the foreperiod.

Discussion: Our results extend previous studies by showing that interactive effects

of rhythms and endogenous spatial attention may emerge in low-demanding
detection tasks.

KEYWORDS

endogenous spatial orienting, attention, entrainment, foreperiod, rhythm, temporal
expectations

1. Introduction

Selective attention is a crucial cognitive process to guarantee appropriate interactions
with the surroundings. Adaptive behavior in rich and dynamic environments relies on
efficient prioritization of some events amongst many others, which might be considered
distractors. Selective attention operates by means of orienting mechanisms that unfold
both in space and time. Directing attention to a specific region of space can enhance
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sensory processing at that location, producing faster response times
(RTs) and more accurate responses (see Chica et al., 2014, for a
review). In rapidly changing situations or dynamic contexts such
as driving, temporal orienting enables us to focus on specific
moments in time so as to enhance sensory processing during a
brief period (see Capizzi and Correa, 2018; Nobre and van Ede,
2018, for reviews). Orienting in time can be driven endogenously,
by symbolic cues (e.g., Kingstone, 1992; Coull and Nobre, 1998;
Capizzi et al., 2013; Weinbach et al., 2015; Coull et al., 2016),
or exogenously, by rhythmic sequences (e.g., Jones et al., 2002;
Sanabria et al., 2011; De la Rosa et al., 2012; Rohenkohl et al., 2012;
Breska and Ivry, 2018).

According to the Dynamic Attending Theory (DAT; Large
and Jones, 1999), rhythmic information may automatically entrain
periodic oscillations in the sensory systems leading to optimal
moments in time, in contrast with other less appropriate moments.
There is consistent evidence showing that sensory processing of an
event appearing at the “right” moment is enhanced: responses are
faster and more accurate (Sanabria et al., 2011; Rohenkohl et al.,
2012; Morillon et al., 2016; Breska and Ivry, 2021). In most of the
experimental settings employed to study rhythmic attention, the
target location is fixed, eliminating any form of spatial uncertainty.
However, in everyday life, or in more ecological situations, adaptive
behavior not only requires the selection of the optimal time window
for target appearance but also the optimal location in space. The
question of whether the underlying mechanisms of spatial and
temporal attention work independently or in a combined fashion
to improve behavior is still debated (Seibold et al., 2020; Boettcher
et al., 2022; Tal-Perry and Yuval-Greenberg, 2022).

The relation between spatial and temporal attention has been
mainly investigated in protocols where symbolic cues predict
both the target location and the most likely moment of target
onset. The literature points to independent processes serving
spatial and temporal attention in the context of detection tasks, as
revealed by independent and additive effects (Olk, 2014; Weinbach
et al., 2015). The pattern changes when the perceptual demand
associated to the task increases. For instance, Rohenkohl et al.
(2014) asked participants to discriminate the orientation of a
Gabor-patch stimulus that was preceded by an arrow-like cue.
The arrow direction predicted the Gabor location, whereas the
arrow color informed about the likely onset of the Gabor (800
ms/2,000 ms). Temporal expectations were only beneficial at the
attended location, in accordance with a previous study in which
visual rhythmic cues were used to deploy spatial and temporal
attention (Doherty et al, 2005). To account for the observed
results, the authors proposed a neurophysiological model of
spatiotemporal attention according to which temporal orienting
leads to time-specific synchronization of neural populations in
specific retinotopic receptive fields. The effects of temporal
orienting would thus be spatially constrained, at least when spatial
attention is endogenously driven by symbolic cues.

In the study by Rohenkohl et al. (2014), both temporal
and spatial orienting operated through endogenous symbolic
cues. A few studies have instead combined endogenous spatial
cues and rhythmic expectations. In the paradigm by Kizuk and
Mathewson (2017), a series of visual entrainers were flashed at the
alpha frequency band (every 83.33 ms, 12 Hz) to enhance sensory
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processing at specific moments in time (periodic fluctuations).
Targets were briefly flashed to the left or right location, either “in-
time” (83.33 ms or 166.66 ms) or “out-of-time” (41.66 ms or 125 ms)
with respect to the entrainers. Target location was predicted by
an arrow-like cue that was presented at the beginning of each
trial (before the entrainers). Interestingly, the authors observed
interactive effects between spatial orienting and entrainment, which
were indeed opposite to what could be predicted following the
neurophysiological model of spatiotemporal attention (Rohenkohl
etal., 2014): performance improved for targets appearing “in-time,”
compared to “out-of-time,” only at invalidly attended locations.

Two further studies supply the current debate over the
combination of endogenous spatial attention and rhythm-based
temporal expectations. Jones (2015; 2019 Experiment 1) showed
that orienting by means of endogenous spatial attention and
rhythmic sequences were independent and manifested themselves
in additive effects. In his work, participants detected (or
discriminated) a lateralized target that was preceded by a
synchronous rhythm. Spatial attention was directed to the left or
right location with symbolic cues (either color, sound, or touch
manipulations, depending on the experiment). The moment of
target appearance was also manipulated, as targets were presented
“in-time” or “out-of-time” (early or late) with the preceding
rhythm. In several experiments, with different sensory modalities,
Jones (2015, see also Jones, 2019) consistently demonstrated
independent effects between spatial and temporal orienting elicited
by rhythmic cues.

However, in the studies cited above, it is difficult to disentangle
the role of rhythm and foreperiod in temporal orienting. Targets
could indeed appear after variable delays (commonly called
foreperiods), giving the opportunity to build expectations on
the basis of elapsing time, which typically translates into better
performance at longer foreperiods, i.e, the foreperiod effect (Niemi
and Nédtanen, 1981; Capizzi and Correa, 2018). The foreperiod
effect is formally described by the hazard function (ie., the
conditional probability that an event will occur given that it has
not yet occurred; Janssen and Shadlen, 2005; Herbst et al., 2018;
Visalli et al., 2019, 2021). Both Kizuk and Mathewson (2017) and
Jones (2015) investigated the relationship between endogenous
spatial orienting and temporal expectations based on a mixture
of rhythmic information and the foreperiod effect. For instance,
as Kizuk and Mathewson collapsed intervals “in-time” with the
entrainers (83.33 ms and 166.66 ms), and intervals “out-of-time”
(41.66 ms and 125 ms), the effect of temporal orienting could have
resulted from both entrainment and elapsing time. With respect to
the study of Jones (2015), a pure effect of entrainment should have
led to a facilitation effect for “in-time” targets as compared to both
early and late targets (U-shaped performance). By contrast, there
was no evidence for an advantage of “in-time” targets as compared
to “late” targets, thus suggesting that temporal orienting could have
been masked by the foreperiod effect.

Considering that the relation between endogenous spatial
attention and rhythmic orienting remains poorly understood,
the objective of the present study was to further investigate the
combined effects of spatial and temporal attention. Temporal
expectations were generated by rhythms, rather than guided by
the hazard function. Targets were indeed preceded by a regular
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or irregular rhythm to enhance time-specific synchronization in
the former situation. Unlike previous studies, we used a fixed
foreperiod duration between the last rhythm and the target in order
to obtain a “pure” effect of rhythm on target processing. The fixed
duration was twice as long as the ISI used in the regular sequence
in Experiments 1, 2, and 3 (see Lange, 2010; Cutanda et al., 2015,
for a similar procedure) to obtain a “pure” rhythm effect and
to balance the weight of the foreperiod in regular and irregular
rhythm trials. In Experiment 4, the role of the foreperiod in the
combination of spatial attention and temporal expectations based
on rhythms was further explored (using a variable foreperiod of
400 ms and 800 ms). Cue color was used to manipulate endogenous
spatial attention in all the experiments, but the type of cue changed
between experiments. Besides controlling for the foreperiod effect,
we also manipulated how spatial and temporal information was
delivered. Previous studies on the relationship between rhythm-
based temporal expectations and endogenous spatial attention have
manipulated spatiotemporal information either with independent
or integrated cues. However, the precise role of this manipulation
has been somehow neglected in previous studies. In Experiment 1,
two independent cues were used to provide spatial and temporal
information, as in the study by Kizuk and Mathewson (2017). In
Experiment 2, spatial and temporal information was still conveyed
by independent cues but we used a central rhythmic cue to orient
attention in space (as in the studies by Jones, 2015, 2019), which
might facilitate the integration of spatial and temporal information.
Finally, in Experiments 3 and 4, we used a peripheral rhythmic cue
as the contour of the placeholder flickered in different colors to
provide both spatial and temporal information (hereafter referred
to as integrated cues).

2. Experiment 1: independent cues

The goal of Experiment 1 was to investigate whether target
detection could be enhanced by means of endogenous spatial
symbolic cues and visually-presented rhythmic sequences. Spatial
information was provided by manipulating the color of the fixation
cross, which predicted the target location on approximately 70% of
the trials (see Methods). Additionally, targets were always preceded
by a series of placeholders flickering either in a synchronous or
asynchronous pace (hereafter referred to as regular and irregular
rhythm, respectively). We aimed to test whether participants could
combine spatial endogenous orienting with rhythmic information
to enhance target detection while controlling for the foreperiod
effect. In this first experiment, two independent cues provided both
types of information independently.

2.1. Method

2.1.1. Participants

Thirty-eight undergraduate psychology students from the
University of Paul Valéry Montpellier (France) participated in the
study as part of a course requirement. All participants (in this
and the following experiments) had a normal or corrected-to-
normal vision, none of them was color-blind, and all gave written
informed consent before their inclusion. The studies had ethical

Frontiersin Cognition

10.3389/fcogn.2023.1191595

approval from the local committee (CER UPVM-n°2020-02) and
were conducted in accordance with the Declaration of Helsinki.

Three participants were excluded from data analysis due
to excessive responses to catch trials (> 40%). One additional
participant was excluded for low performance (>20% missing
responses), whereas another participant was excluded for low
compliance with task instructions (only one response on invalid
trials), leaving a final sample size of 33 participants (mean age
= 19.80 years, age range = 18-26 years, 3 males, 5 left-handed).
A posteriori sensitivity power analysis (G*Power 3 software; Faul
et al., 2007) showed that the sample size was adequate to detect
significant (¢ = 0.05) mean differences between two dependent
means (i.e., the main effect or the interaction effect of a 2-by-2
repeated measures ANOVA) with a medium effect size d = 0.5
(Cohen, 1977) and a statistical power of 0.80.

2.1.2. Apparatus and stimuli

The experiment was run on 22 Intel® Core™ i5-64002 Duo
personal computers in a group testing room at the University of
Paul Valéry Montpellier. Stimulus presentation and data recording
were controlled by E-prime v2 software (Schneider et al., 2002).
The viewing distance was approximately 60 cm. All stimuli were
presented against a gray background. Stimuli consisted of a fixation
point, two placeholders, and a target. The fixation point was a black
cross (0.38° x 0.38° visual angle) that was filled in with red or green
color to signal the likely spatial location of target appearance, or
with black color during the inter-trial-interval (ITT) (see below).
The placeholders were two gray circles (diameter: 0.21° of visual
angle; located 0.57° to the left and right of the fixation cross) whose
contours were lighter than the background gray color. The target
was a Gabor patch (0.17°) that could appear inside one of the
two placeholders. For comparison with future studies involving
discrimination requirements, the Gabor was tilted either 45° to the
left or 45° to the right, with each orientation equally likely to be
presented. Gabor patches were created in Matlab (version 2018a;
Mathworks Inc., Natick, MA) with a maximum contrast of 1.

2.1.3. Procedure and task

Figure 1 illustrates the timing and the sequence of events
in a given trial. Each trial started with the presentation of a
central fixation cross for a random duration ranging from 1,000 to
1,500 ms. The color of the fixation cross (green or red) indicated
the side (left or right) at which the target was more likely to occur
(cue colors were counterbalanced between participants). The (red
or green) fixation cross remained on the screen during the entire
trial. Next, a series of placeholders (six in total) were displayed
sequentially to create a rhythmic sequence. Specifically, each
placeholder’s presentation lasted for 50 ms and was spaced from the
other one by a blank inter-stimulus interval (ISI). The duration of
the ISI varied as a function of the rhythm condition used in the
trial, assuming either a fixed duration of 400 ms (regular rhythm)
or a random duration among the following values: 100, 250, 400,
550, and 700 ms (irregular rhythm). For both regular and irregular
sequences, the ISI between the last placeholder and the target (i.e.,
the foreperiod) was always 800ms (i.e., twice as long as the ISI
used in the regular sequence; see Lange, 2010; Cutanda et al., 2015,
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for a similar procedure). Therefore, both regular and irregular
rhythmic sequences comprised the same number of visual stimuli
(6 placeholder repetitions) and had an identical duration before
target onset, such that the only difference between the two
conditions concerned the regularity of the rhythm. After the
foreperiod elapsed, the Gabor stimulus appeared inside one of
the two placeholders for 100 ms. Participants had to respond to
the onset of the Gabor by pressing the spacebar on the computer
keyboard. A maximum interval of 1,500 ms was allowed to respond.
The ITI lasted for 1,000 ms. During the ITT, the color of the fixation
cross changed to black.

Participants were explicitly instructed to keep their gaze on
the fixation cross at all times. They were encouraged to use
the color of the fixation cross to predict the likely location
of target onset, whereas they were told that the preceding
rhythm was task-irrelevant and could therefore ignore it. The
task consisted of four blocks, for a total of 192 trials, equally
divided into regular and irregular rhythm conditions (96 trials
each). For each rhythm condition, 68 were spatially valid
trials (in which the Gabor stimulus appeared at the location
indicated by the color cue, 70.83%), 20 were spatially invalid
trials (in which the Gabor stimulus appeared at the opposite
location to the one indicated by the color cue, 20.83%),
and 8 were catch trials (in which no Gabor stimulus was
presented, 8.33%).

The experimental blocks were preceded by a short practice
session comprising two sequential parts. In the first part,
participants completed 10 trials to familiarize themselves with
the general task structure. No instructions about the meaning of
the fixation cross were provided. In the second part, comprising
10 extra practice trials, they were informed about the meaning
of the fixation cross color and instructed to use it to predict
the target location. After each practice trial, participants received
feedback on their reaction time (RT) performance; the French
translations for the expressions: “Correct!;,” “Correct! But try to be
faster” (for responses slower than 700 ms), “Pay attention! Target
absent” (for responses to catch trials), and “Too late! Be faster”
(for no responses), were displayed for 1,000 ms. No feedback was
given during experimental trials. The experiment lasted about
35 min.

2.1.4. Data analysis

Catch trials and data from the practice session were discarded
before any further analysis. Trials without responses, trials with
responses given during the foreperiod, and trials with premature
responses (i.e., RTs < 100ms) were excluded (0.6% of all the
trials). For each trial type, RT values more extreme than one and
a half times the interquartile range (i.e., the difference between
the upper and lower quartile) above the upper quartile or below
the lower quartile were identified as outliers (Borcard et al,
2011; see also Vallesi et al.,, 2022, for a similar approach) and
removed (5.75% of the remaining trials). Mean RTs were then
computed for each trial type and submitted to a repeated-measures
analysis of variance (ANOVA) with Validity (valid, invalid) and
Rhythm (regular, irregular) as within-participant factors (JASP
Team, 2022).
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2.2. Results and discussion

The ANOVA yielded significant main effects of Validity [F; 37
= 43.06, p < 0.001, n?p = 0.57], and Rhythm [F(; 3, = 29.67,
p < 0.001, n’p = 0.48], showing that participants were faster for
valid compared to invalid trials (M = 318 ms and M = 332ms,
respectively), and after the regular compared to the irregular
rhythm (M = 318 ms and M = 331 ms, respectively), (see Figure 2).
The Validity by Rhythm interaction was not significant [F(3;1) =
0.12, p = 0.74, ns, 1°p = 0.004].

Despite the lack of significant Validity by Rhythm interaction
in our data, we were interested in testing whether the effect of
rhythm was significant in both spatial conditions. Additional post-
hoc analyses, Bonferroni corrected, confirmed that the effect of
Rhythm significantly enhanced RTs both at valid and invalid target
locations (p < 0.001 and p = 0.04, respectively).

In sum, Experiment 1 suggests that endogenous spatial cueing
and rhythmic orienting can act independently to enhance target
detection and yield additive effects. However, the combination of
spatial and temporal attention might depend on how information
is conveyed by the cues and whether the integration of spatial and
temporal information is favored. When separate and dissociable
cues convey spatial and temporal information, one could argue
that spatial expectations might be generated first, allowing for
a later occurrence of rhythmic expectations that would develop
independently from spatial ones, thus limiting their interaction
(Mattler, 2003). Experiment 2 tests the possibility that rhythmic
cues could favor the interaction between spatial and temporal
attention by triggering the updating of spatial information at a
regular or irregular pace.

3. Experiment 2: independent
rhythmic cues

Experiment 2 was very similar to Experiment 1 except that
the endogenous spatial cue provided by the color of the fixation
cross was not steady but rather flickered at the same pace as the
placeholders (see Figure 1).

3.1. Method

3.1.1. Participants

Thirty-five new undergraduate psychology students took part
in the study, but only 31 were included in the analysis (mean
age = 20.26 years, age range = 18-30 years, 6 males, 6 left-
handed). Data from two participants were excluded for excessive
responses to catch trials (> 40%), whereas two additional
participants were discarded for the presence of a high proportion
of missing responses (> 20%). A posteriori sensitivity power
analysis (G*Power 3 software; Faul et al.,, 2007) showed that the
sample size was adequate to detect significant (o = 0.05) mean
differences between two dependent means (i.e., the main effect or
the interaction effect of a 2-by-2 repeated measures ANOVA) with
a medium effect size d = 0.52 (Cohen, 1977) and a statistical power
of 0.80.
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Fixed (400 ms)
or variable delay

(100/250/400/550/700 ms)

Foreperiod
800 ms in Experiments 1, 2 and 3
400 ms or 800 ms in Experiment 4

Target
100 ms

Response
Max 1500 ms

ITI
1000 ms

FIGURE 1

Illustrates the timing and the sequence of events in a given trial in Experiments 1-4. For Experiments 1 and 2, the color of the fixation cross oriented
spatial attention to the left or right side. The fixation cross was steady in Experiment 1 and flickered at the same pace as the rhythm in Experiment 2.
In Experiments 3 and 4, the fixation cross was presented in black (as in the figure) and the color of the placeholders changed to orient spatial
attention. Please refer to the main text for further details on each experiment.

3.1.2. Apparatus, stimuli, and procedure

The apparatus, stimuli, and procedure were the same as in
Experiment 1 with the following exception: the fixation cross
flickered at the same pace (regular or irregular) of the rhythm used
in a given trial. Participants were instructed that only the color
of the fixation cross, but not its flickering, was predictive of the
target location.

3.1.3. Data analysis

The same cleaning procedure (0.1% of rejected trials) and RT
outlier removal (4.32%) were applied to the data as in Experiment
1. A 2 x 2 repeated measures ANOVA was used on mean RTs,
with Validity (valid, invalid) and Rhythm (regular, irregular) as
within-participant factors.

3.2. Results and discussion
Replicating Experiment 1, the ANOVA yielded significant main
effects of Validity, F(;30 = 17.39, p < 0.001, n’p = 0.37, and

Rhythm, F(;30) = 52.59, p < 0.001, n’p = 0.63. As expected,
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mean RTs were faster for valid targets (M = 318 ms) compared
to invalid targets (M = 333 ms), and when targets were preceded
by the regular rhythm (M = 317 ms) compared to the irregular
rhythm (M = 334 ms). The Validity by Rhythm interaction was
not significant, F(; 39 = 1.69, p = 0.20, n’p = 0.05 (see Figure 2).
Post-hoc analyses, Bonferroni corrected, confirmed that the effect
of Rhythm significantly enhanced RTs at valid and invalid target
locations (p < 0.001 and p = 0.002, respectively).

To summarize, Experiment 2 showed again no evidence for an
interaction between spatial and temporal orienting. As expected,
target detection improved at validly attended (as compared to
invalidly attended) locations, and when preceded by a regular (as
compared to an irregular) rhythm. Despite the use of rhythmic
spatial cues, the two effects did not interact.

4. Experiment 3: integrated rhythmic
cues

In Experiment 3, spatial and temporal information was
conveyed by a single cue to emphasize their integration. According

to the adjusted expectancy model, the type of cues influences how
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expectations combine (Mattler, 2003), favoring additive effects with
independent and separate cues but leading to interactive effects
with an integrated cue. Rhythmic information was thus provided
by the flickering of the placeholders (triggering regular or irregular
rhythms) as in Experiments 1 and 2, but the placeholder color was
manipulated to endogenously orient spatial attention. Therefore,
a single signal, a red or green placeholder flickering, could serve
to anticipate both the moment in time in which the target was
presented and its location. We hypothesized that interactive effects
between endogenous spatial cueing and rhythmic orienting might
be observed when spatial and temporal information is integrated
using an integrated cue (Mattler, 2003).

4.1. Method

4.1.1. Participants

Fifty new undergraduate psychology students took part in
the study. Of these, six participants were excluded for excessive
responses to catch trials (> 40%), leaving a final sample size of 44
(mean age= 20.55 years, age range= 18-34 years, 7 males, 5 left-
handed). Note that more participants were included in Experiment
3 because of course requirements and enrollment rates. As in
the previous experiments, the sample size was adequate to detect
significant (a« = 0.05) mean differences between two dependent
means with a small/medium effect size d = 0.43 (Cohen, 1977) and
a statistical power of 0.80.

4.1.2. Apparatus, stimuli, and procedure

The apparatus, stimuli, and procedure were the same as in
Experiment 1 except for the following aspects. The fixation cross
was always presented in black, whereas the color (red or green)
of the placeholders predicted the target location. The placeholders
turned gray at the target onset. Participants were instructed that
only the color of the placeholders, but not their flickering, was
useful to anticipate the target location.

4.1.3. Data analysis

After the cleaning procedure (2.13 % of rejected trials) and
RT outlier removal (3.67 %), mean RTs were submitted to a 2
x 2 repeated measures ANOVA with Validity (valid, invalid) and
Rhythm (regular, irregular) as within-participant factors.

4.2. Results and discussion

Again, the ANOVA showed significant main effects of Validity,
Fa3) = 12.71, p < 0.001, n’p = 0.23, and Rhythm, F(; 43y =
13.15, p < 0.001, n’p = 0.23. Participants were faster for valid
(M = 331 ms) compared to invalid targets (M = 346 ms), and
when targets were preceded by the regular rhythm (M = 334 ms)
compared to the irregular rhythm (M = 343 ms). The Validity by
Rhythm interaction was not significant, F(; 43y = 1.35, p = 0.25,
n’p = 0.03 (see Figure 2). However, post-hoc analyses, Bonferroni
corrected, showed that the effect of Rhythm was significant only
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at valid target locations (p < 0.001), but not at invalid locations
p=0.

In Experiment 3, we expected to emphasize the integration
of spatial and temporal attention by using an integrated cue
that provided information about both the target location and the
moment of target appearance. Although we did not observe a
significant Validity by Rhythm interaction, additional explorative
analyses revealed that rhythmic information only improved
performance at valid locations. Overall, the present results hint at
the possibility that temporal orienting can be spatially constrained
when an integrated cue is used, in line with the neurophysiological
model of spatiotemporal attention (Doherty et al., 2005; Nobre
and Rohenkohl, 2014; Rohenkohl et al., 2014). In Experiment 4,
we aimed to further test this hypothesis in a design similar to the
one of Experiment 3 with a single rhythmic cue conveying both
spatial and temporal information. Moreover, we were interested in
controlling for another aspect common to the last three previous
experiments. That is, even if we employed one foreperiod for both
regular and irregular rhythms, one might wonder whether the use
of a long duration doubling the ISI of the regular rhythm (i.e.,
800 ms) might have somehow introduced some sort of temporal
preparation for the target in both regular and irregular rhythm
conditions, thus, mitigating general rhythmic effects. To strengthen
the reliability of the rhythm in Experiment 4, we intermixed two
foreperiod durations, one matching the regular rhythm (400 ms, “in
time”) and one doubling it (800 ms, “out of time”) on a trial-by-trial
basis. Our objective was to test whether the combination of spatial
and temporal attention could be enhanced when targets appeared at
the in-time critical foreperiod (400 ms) as compared to when they
appeared at the longer foreperiod (800 ms).

5. Experiment 4: integrated rhythmic
cue with variable foreperiod

In Experiment 4, we added an in-time critical foreperiod
(400 ms) in opposition to Experiments 1-3 in which targets were
only presented at a critical foreperiod that was a multiplication of
the in-time rhythm (two steps of the regular rhythms-800 ms).

5.1. Method

5.1.1. Participants

Forty-nine new undergraduate psychology students took part
in the study. Of these, six participants were excluded for excessive
responses to catch trials (> 40%), while one was excluded for
excessive missing responses (> 20%), leaving a final sample size of
42 (mean age= 20.21 years, age range= 18-35 years, 4 males, 4 left-
handed). As in Experiment 3, the sample size was adequate to detect
significant (o = 0.05) mean differences between two dependent
means with a small/medium effect size d = 0.44 (Cohen, 1977) and
a statistical power of 0.80.

5.1.2. Apparatus, stimuli, and procedure
The apparatus, stimuli, and procedure were the same as in
Experiment 3 except that two foreperiods of either 400 or 800 ms
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were used. For each rhythm condition, there were 36 valid-short
foreperiod trials, 36 valid-long foreperiod trials, 12 invalid-short
foreperiod trials, 12 invalid-long foreperiod trials, and 8 catch trials.

5.1.3. Data analysis

The same cleaning procedure (1.69% of rejected trials) and RT
outlier removal (6.21%) were applied to the data as in Experiment
1. A 2 x 2 repeated measures ANOVA was used on mean RTs,
with Validity (valid, invalid), Rhythm (regular, irregular), and
Foreperiod (short, long) as within-participant factors.

5.2. Results and discussion

As predicted, the ANOVA revealed significant main effects of
Validity, Rhythm, and Foreperiod [F(;,41) = 17.52, p < 0.001, n’p
=029, Fu = 3.98, p = 0.053, n?p = 0.09, F14) = 143.14,
p < 0.001, n’p = 0.78, respectively]. Targets appearing at the
attended location or after a regular rhythm were detected faster
than targets at the unattended location or after an irregular rhythm,
thus confirming efficient spatial and temporal orienting. Regarding
the foreperiod, participants were faster to targets appearing after
an 800 ms delay, compared to the 400 ms delay (M = 340 ms and
M = 370 ms, respectively). None of the other interactions reached
significance [F(141) = 2.06, p = 0.16, n’p = 0.05 for Rhythm x
Foreperiod; Fs<1 for Validity x Foreperiod and Validity x Rhythm
x Foreperiod], except for the Validity x Rhythm interaction that
was marginally significant [F(;4;) = 3.97, p = 0.053, n’p = 0.09,
see Figure 3]. Post-hoc analyses, Bonferroni corrected, revealed that
participants benefited from regular rhythm only on valid trials (M
= 349 ms and M = 359 ms, respectively, for regular and irregular
rhythm, p < 0.001). At invalid locations, rhythm did not enhance
target detection (M = 363 ms and M = 363 ms, respectively for
regular and irregular rhythm, p = 0.995).

In sum, Experiment 4 showed that endogenous spatial attention
and rhythm-based temporal expectations can interact under certain
situations in simple detection tasks. Importantly, this interaction
is independent of the foreperiod effect (no significant Rhythm
x Foreperiod and Validity x Rhythm x Foreperiod interactions).

Frontiersin Cognition

Performance benefits from regular rhythms were only observed at
valid locations, regardless of whether targets appeared at 400 or
800 ms after the last entrainer.

To clarify the impact of independent and integrated cues on
the combination of temporal and spatial attention, we conducted
a global analysis with the factor Cues manipulated between
participants (Independent cues by grouping Experiments 1 and
2 vs. Integrated cues by grouping Experiments 3 and 4) and the
factors Validity and Rhythm manipulated within participants.!
The analysis showed a main effect of Cue [F(j 145y = 12.5, p <
0.001, n’p = 0.08], suggesting that mean RTs were slower for
integrated compared to independent cues (M = 348 ms and M
= 325ms, respectively). As expected, the analysis revealed main
effects of Validity and Rhythm [F(y 148) = 63.17, p < 0.001, n’p
= 0.29 and F(j 145y = 74.04, p < 0.001, n’p = 0.33, respectively].
Interestingly, the Validity x Rhythm interaction was significant
[F(1,148) = 5.24, p = 0.02, n’p = 0.03] and was not qualified by
the Cue factor [F(;,145y = 0.98, p = 0.32, n’p = 0.007). These
results revealed that the effect of Rhythm was significant at both
valid and invalid locations (ps < 0.001, Bonferroni corrected post-
hoc), but was larger at valid locations compared to invalid locations
(see Figure 4). Additionally, the analysis highlighted a significant
Rhythm x Cue interaction [F(; 145y = 8.37, p < 0.004, n’p =
0.05]. Bonferroni corrected post-hoc comparisons confirmed that
although the effect of Rhythm was significant for both independent
and integrated cues (ps < 0.001), the effect was larger when
using independent cues. The interaction Validity x Cue was not
significant [F(y 148y = 0.36, p = 0.55, n°p = 0.002]. In short, the
present series of experiments reveals two main findings. First,
temporal expectations based on rhythms improve target detection
to a larger extent at validly attended locations (an effect that is
evident when a large number of participants are analyzed in a
simple detection task). Second, the use of integrated cues providing
both spatial and temporal attention reduces the beneficial effect of
temporal expectations based on rhythms.

1 As neither the interaction Validity x Foreperiod, nor the Rhythm x
Foreperiod interaction reached significance (ps > 0.15), in the former analysis,

we collapsed behavioral data for 400 and 800 ms in Experiment 4
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6. General discussion

The present study investigated the relationship between
endogenous spatial attention and rhythmic temporal expectations.
Across four experiments, participants detected a suprathreshold
Gabor target appearing after a regular or irregular rhythm, either at
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the left or right side of space. In Experiments 1 and 2, attentional
orienting in space and time was delivered by independent cues.
The color of the fixation cross remained steady throughout the
whole trial in Experiment 1, or flickered at the same pace as the
rhythm in Experiment 2 (central rhythmic cue). In Experiments
3 and 4, an integrated cue (the flickering of the placeholders
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with colored contours, see Figure 1) was employed to orient
spatial and temporal attention. Overall, target detection was
enhanced when targets were preceded by the regular compared
to the irregular rhythm and when presented at valid compared
to invalid locations. When considering Experiments 1 and 2
separately, our data suggest independent and additive effects of
endogenous spatial orienting and rhythmic temporal expectations
on target detection. However, a global analysis in which the four
experiments were collapsed as a function of cue type (Independent
in Experiments 1 and 2; Integrated in Experiments 3 and 4)
revealed two major findings. First, the data pointed to minor
benefits of temporal expectations when temporal information was
delivered by integrated cues (Experiments 3 and 4), as compared
to independent cues (Experiments 1 and 2). Second, temporal
expectations based on rhythms appeared to be stronger at valid
compared to invalid locations.

6.1. Independent vs. integrated cues

Extending previous studies, our results showed that the
advantage provided by regular rhythms depended on how the two
expectancies were generated. When cues consisted of two clearly
separable events, the effect of rhythm was maximized. However,
when the same cue was used to generate both expectancies,
temporal expectations were less beneficial. Our data are in line
with the idea of a general phenomenon of expectancy interaction
detailed in the Adjusted Expectancy model (Mattler, 2003, 2004),
according to which, cues are processed in parallel when consisting
of two separate pieces of information. Hence, failure to comply
with one expectation does not interfere with the remaining
cueing information. However, when the two pieces of information
are integrated, partial noncompliance disrupts the global cueing
effects. Previous studies on the impact of combined perceptual
expectancies in a broader perspective demonstrated reduced or
even absent spatial cueing effects on trials with an unexpected
target stimulus as compared to an expected target stimulus
(Klein, 1980; Lambert and Hockey, 1986; Klein and Hansen,
1987, 1990; Lambert, 1987; Kingstone, 1992). A similar result has
been observed with perceptual and motor expectancies (Mattler,
2003, 2004). The Adjusted Expectancy model (Mattler, 2003, 2004)
could account for the attenuated benefits afforded by rhythms
with integrated, as compared to independent, cues. However,
Kingstone (1992) proposed that crosstalk between expectations
led to favoring the more automatic information compared to a
more resource-demanding attribute. This view is hard to reconcile
with our findings given that rhythm-based temporal expectations
are supposed to be more automatically driven than endogenous
spatial attention. One could hypothesize that the cue associated
with task-relevant information, here the spatial information, is
prioritized when combining expectancies. In our study, integrated
cues did not impact the endogenous orienting of spatial attention
which was predictive of target location, in opposition to the
task-irrelevant rhythm. The integration process might depend on
the task relevance of spatial and temporal information. Overall,
these observations suggest a more global structural mechanism for
integrating expectations, beyond spatial and temporal orienting.
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6.2. Independent vs. interactive
contributions of spatial and temporal
attention

In the literature, there is compelling evidence that endogenous
spatial orienting operates independently of temporal attention
in low-demanding tasks, at least when using symbolic cues
or contextual associations (i.e. distribution of foreperiods). For
example, Weinbach et al. (2015) conducted a study in which
participants detected targets as fast as possible. In the first two
blocks, targets were preceded by a symbolic central cue that either
predicted the target location or the moment of target appearance.
In a third block, the cue predicted, as a function of its color and
shape, both the location and the moment of target appearance.
This study provided evidence for independent and additive effects
of spatial and temporal endogenous forms of attention. Olk
(2014) drew similar conclusions with pure symbolic cues that
predicted the target location, the moment of target appearance, or
both. More recently, the combination of endogenous spatial cues
and temporal expectations elicited by contextual associations was
also investigated (Tal-Perry and Yuval-Greenberg, 2022). In that
experiment, combining endogenous spatial cues with a blocked
manipulation of temporal expectations (i.e., different probability
distributions of the foreperiod were used between participants)
led to independent effects of spatial attention and temporal
expectations (foreperiod and sequential effects). These studies
demonstrate that spatial orienting is independent of temporal
expectations emerging from associative or contextual information
(symbolic cues, foreperiod, and sequential effects).

With respect to rhythm-based expectations, the picture is
less clear-cut with studies reporting either independent or
interactive effects of endogenous spatial attention and rhythmic
expectations (Jones, 2015, 2019; Kizuk and Mathewson, 2017).
Our results complement these observations by showing that
rhythmic expectations and endogenous spatial orienting can
combine interactively to foster target processing even in a simple
reaction time task with low perceptual demands. The benefit
afforded by regular rhythms was indeed larger in the attended
region of space. Yet, this effect only emerged when temporal
uncertainty was introduced by means of a variable foreperiod
(Experiment 4) or when collapsing the data of the four experiments,
but it still suggests that the interaction of spatial and temporal
attention might occur in a low-demanding context. Temporal
expectations based on rhythms facilitated target detection at both
attended and unattended locations in our study, but exerted
a larger effect in the attended region of space. The finding
that rhythmic temporal expectations can be spatially constrained
is consistent with the spatiotemporal neurophysiological model
of spatiotemporal attention (Doherty et al, 2005; Nobre and
Rohenkohl, 2014; Rohenkohl et al., 2014). This model assumes
that temporal orienting leads to time-specific synchronization of
neural populations in specific retinotopic receptive fields. The
present study extends this model by showing an interactive
contribution of spatiotemporal orienting to behavior, not only
when temporal expectations are endogenously driven by symbolic
cues but also when triggered by irrelevant synchronous rhythmic
cues. Interestingly, this neurophysiological model emphasizes the
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role of task demands in this interaction, as temporal expectations
are proposed to interact synergistically with spatial predictions to
improve perceptual discrimination of visual events (Doherty et al.,
2005; Rohenkohl and Nobre, 2011; Nobre and Rohenkohl, 2014;
Rohenkohl et al., 2014; van Ede et al., 2020). Overall, our findings
suggest that the proposal of the spatiotemporal view could likely
apply to simple reaction-time tasks in well-powered experiments
(see our global analysis). This observation raises questions about
the role of the motor system in the combination of spatial and
temporal attention. The contribution of the motor system in
predictive behavior, and more specifically in temporal expectations,
is not new to date and has been mainly investigated in the auditory
domain (Schubotz, 2007; Morillon et al., 2014; Morillon and Baillet,
2017). Recent evidence also suggests that temporal expectations can
enhance both motor preparation and perceptual discrimination as
a function of task demands in the visual domain (van Ede et al,,
2020). Here, we further show from a simple RT-task stressing
motor preparation that the motor system could play a role in the
combination of spatial and temporal attention.

Finally, with respect to our study, the interaction between
spatial and temporal orienting approached significance when
temporal uncertainty was introduced by using a variable foreperiod
(Experiment 4). Of importance, these interactive effects were
not modulated by the foreperiod, revealing that the orienting
mechanisms could persist over time. Of importance, these
interactive effects were not modulated by the foreperiod, thus
extending previous work (Jones, 2015; Kizuk and Mathewson,
2017).

In addition to the debate of independent vs. interactive
processes, further research should tackle the issue of the underlying
processes responsible for interactive effects. Kizuk and Mathewson
(2017) indeed reported interactive effects that are opposite to
our findings and to the predictions of the neurophysiological
model of spatiotemporal attention (Doherty et al., 2005; Rohenkohl
and Nobre, 2011; Nobre and Rohenkohl, 2014; Rohenkohl et al.,
2014). Participants localized toughly visible targets embedded in a
stream of entrainers displayed at a pace of 12 Hz. By manipulating
the foreperiod, targets appeared either “in-time” or “out-of-time”
with the entrainers. Unexpectedly, they provided both behavioral
and electrophysiological evidence for an enhancement of target
processing when targets were presented at the unattended region of
space (invalid with respect to a 70% validly colored cue). The study
confirmed previous EEG evidence that spatial attention triggers
more lateralized alpha power during the cue and target periods,
and it additionally suggests that rhythmic entrainment would more
easily modulate larger alpha power at the contralateral side of
target expectation. As a consequence, larger benefits of temporal
expectations are observed at unexpected regions of space where
spatial attention is expected to inhibit alpha oscillations (Klimesch
et al., 2007; Jensen and Mazaheri, 2010; Mathewson et al., 2011;
Jensen et al., 2014; Kizuk and Mathewson, 2017).

Taking into consideration previous models that account for
expectation combinations with various dimensions (such as space,
feature, or response; Kingstone, 1992; Mattler, 2003, 2004) could
help revisit these discrepancies by elaborating a more general
view. Further investigation is definitely needed to draw more
straightforward conclusions on the combination of spatial and
temporal attention. Current theoretical frameworks stipulate that
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the relation between temporal orienting and spatial attention
depends on perceptual task demands (van Ede et al., 2020). The
present study adds further insights into this issue by revealing
small but significant interactive effects in low-demanding detection
tasks, thus paving the way for future investigation on the role of
task demands in the relationship between spatial and rhythmic
temporal attention.
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