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Temporal attention is not affected by working memory load
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1Department of Neurology, University of California San Francisco, San Francisco, CA 94158, USA

2Neuroscape, University of California San Francisco, San Francisco, CA 94158, USA

3Departments of Physiology and Psychiatry, University of California San Francisco, San 
Francisco, CA 94158, USA

Abstract

Temporal attention refers to the ability to orient attention in time, which serves to enhance 

performance such as target detection and discrimination and is a fundamental component of 

cognitive function. Although some research indicates that temporal attention ability is affected 

by working memory updating, it is unclear whether temporal attention is also affected by the 

availability of working memory stores. To address this, participants were presented a dual-task 

paradigm requiring zero, three, or six digits to be held in working memory while engaged 

in a temporally cued visual discrimination task. Results show that working memory load did 

not differentially affect the ability to benefit from predictive temporal cues during the visual 

discrimination task. This indicates that temporal attention is not affected by available working 

memory stores. Interestingly, posterior beta band (12–30 Hz) activity was differentially modulated 

by temporal attention and working memory load, such that it decreased prior to expected 

targets and increased with load. Analysis across participants indicated that those individuals who 

exhibited greater temporal attention-based modulation of beta activity (i.e., predictive < neutrally 

cued) displayed improved discrimination performance, but also yielded lowered working memory 

accuracy. Thus, the ability to benefit from temporal attention processes while multitasking comes 

at the cost of lowered secondary task performance. Together, these results indicate that available 

working memory stores do not affect temporal attention ability. Rather, limitations in divided 

attention ability result in a performance cost that prioritizes one task over another, which may be 

indexed by beta band activity.
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1. Introduction

It was shown over one hundred years ago that a predictable interval between a warning 

and a target stimulus results in speeded responses to the target (Woodrow, 1914). The 
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warning stimulus serves to cue the impending target and enables attention to be allocated in 

time when the cue-target interval, or foreperiod, is predictable. Whereas Woodrow (1914) 

demonstrated this temporal cueing effect with a consistent foreperiod duration, similar 

cueing effects have been observed when the cue predicts a foreperiod duration that varies 

on a trialwise basis (Coull and Nobre, 1998; Miniussi et al., 1999; Lange and Roder, 

2006). Thus, the deployment of temporal attention to facilitate performance is under flexible 

cognitive control, as opposed to a rigid process with a set optimal time course. Given the 

limitations of cognitive control processes (Grier et al., 2003; Dux et al., 2006; Endress and 

Szabo, 2017), it stands to reason that temporal attention is also limited. Yet, it is unclear to 

what extent temporal attention may be limited by concurrent cognitive processes, such as 

retaining a working memory load.

Indeed, there is some evidence that a concurrent working memory load negatively affects 

temporal attention. During a temporally cued target detection task, participants responded 

faster following valid temporal cues compared to invalid cues, but this validity effect was 

not present when participants were given a secondary task that required updating working 

memory (Capizzi et al., 2012). Furthermore, the contingent negative variation (CNV), as 

measured by electroencephalography (EEG), was modulated by temporal attention, but 

exhibited less temporal-attention based modulation during the dual task condition (Capizzi 

et al., 2013). It is important to note that during these tasks, participants were required 

to update working memory. Although the ability to update working memory is related to 

working memory capacity (Ecker et al., 2010), it remains unclear whether temporal attention 

was affected by limited working memory stores or by limitations imposed by updating 

working memory.

Whereas working memory maintenance and updating are thought to rely on distinct 

mechanisms (D’Esposito et al., 1999; Miller et al., 2018), both have been related to 

attention control (Engle, 2018). Moreover, many researchers consider the processes involved 

in working memory maintenance to be, in essence, attentional processes (Cowan, 1995; 

Kiyonaga and Egner, 2013). Thus, it is plausible that a concurrent working memory load 

may interfere with temporal attention ability. To address this possibility, the current study 

utilized a dual task paradigm that manipulated working memory load, with no requirement 

to update working memory, while participants simultaneously engaged in a temporally cued 

visual discrimination task. It was hypothesized that if temporal attention were affected by 

limitations in available working memory stores, then the ability to benefit from predictive 

temporal cues would diminish with increasing working memory load. Similarly, it was 

hypothesized that if a working memory load negatively affects temporal attention, temporal 

attention-based modulation of neural activity will be decreased.

Temporal attention is known to modulate neural activity during the foreperiod such that EEG 

measures of the CNV and alpha band (8–12 Hz) activity in posterior regions decrease up 

to the onset of the impending target stimulus (Miniussi et al., 1999; Los and Heslenfeld, 

2005; Praamstra et al., 2006; Rohenkohl and Nobre, 2011). As such, the CNV and alpha 

band activity during the foreperiod, prior to the target, served as our neural correlate of 

temporal attention. Additionally, theta band (4–8 Hz) activity was assessed because midline 

frontal theta oscillations have been associated with working memory maintenance (reviewed 
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in Hsieh and Ranganath, 2014), and this theta activity increases with an increased working 

memory load (Jensen and Tesche, 2002) and during multitasking performance (Anguera et 

al., 2013). Therefore, analysis of midline frontal theta activity will help index the extent 

to which participants engaged in the memory (dual) task paradigm. Finally, beta band (12–

30 Hz) activity was assessed because it has been associated with both temporal attention 

(Roelfsema et al., 1997; Androulidakis et al., 2007; Donner et al., 2009; Bauer et al., 2014; 

van Ede et al., 2014) and working memory maintenance (Siegel et al., 2009)(Deiber et al., 

2007; Zanto and Gazzaley, 2009; Chen and Huang, 2016). Given the sensitivity of beta band 

activity to both temporal attention and working memory load, beta band activity will be used 

as an index of the task-specific cognitive state (Engel and Fries, 2010).

It was hypothesized that if a concurrent working memory load negatively affects temporal 

attention, the benefits of temporally predictive cues on performance should decrease with 

increasing load. Concomitantly, increased load should increase frontal theta activity and 

lessen the temporally-cued based modulation of the CNV and alpha band activity. Similarly, 

because beta activity is modulated by both tasks, increased load-related beta activity should 

be associated with decreased temporal attention-based modulation in the beta band.

2. Methods

We report how we determined our sample size, all data exclusions (if any), all inclusion/

exclusion criteria, whether inclusion/exclusion criteria were established prior to data 

analysis, all manipulations, and all measures in the study

2.1 Participants

Twenty-five healthy young adults (mean age, 23.4 years; range, 19 – 35 years; 16 females) 

gave informed consent to participate in the study approved by the Committee on Human 

Research at the University of California in San Francisco. All participants had normal or 

corrected-to-normal vision and were screened to ensure they were healthy. Additionally, all 

participants were required to have 12 years minimum education. Participants were instructed 

to maintain their normal daily routine prior to the experiment, and not ingest more caffeine 

than normal and refrain from excessive drinking or illicit substances 24 hours prior to the 

experiment.

2.2 Stimuli and experimental procedure

No part of the study procedures or analyses was pre-registered prior to the research being 

conducted. Stimuli were presented through E-Prime software (Psychology Software Tools) 

run on a Dell Optiplex GX620 with a 22” Mitsubishi Diamond Pro 2040U CRT monitor. 

Participants were seated in a dark room, 100 cm from the monitor, with a chin rest. A white 

circle with a 7 cm inner (8 cm outer) diameter was centered on a black background during 

the experiment. Figure 1 depicts one experimental trial. Trials were blocked according to 

a visual working memory load condition that required participants to remember 0, 3, or 

6 digits while they performed a temporally cued target discrimination task. Each working 

memory load condition was presented in two blocks, for a total of 6 task blocks that were 
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counterbalanced across participants. Participants were instructed to fixate on a dot (0.5 cm 

diameter) located in the center of the circle.

The fixation period was between 1300 and 1800 ms (selected randomly) and was followed 

by 0, 3, or 6 numbers that were to be remembered (number load). The number load was 

presented for 2 sec and then a 100 ms cue appeared that contained one of three letters: 

S, L, or N. These letters indicated the duration of the foreperiod (S = short = 600 ms; L 

= long = 1400 ms; N = neutral = 600 or 1400 ms). Thus, only S and L cues predicted 

when the target would appear and will be referred to as PS (predictive short) and PL 

(predictive long), respectively. The neutral cues will be referred to as NS and NL, depending 

on whether the N preceded a short or long foreperiod, respectively. One of the four cue 

types (PS, PL, NS, NL) was selected randomly on each trial, each with a 25% probability. 

Following the foreperiod, a target appeared for 100 ms with either an x or a + inside the 

white circle, each with a 50% probability of occurrence. Participants were given a graphical 

depiction of the task (Figure 1), and were informed of the cue meaning, the timing of the 

task, and the block design. Therefore, prior to each block, participants knew in advance the 

amount of information to be held in working memory while engaged in the temporally cued 

discrimination task. Participants were instructed to respond with their thumbs as quickly and 

accurately as possible to the target by pressing the left button for x targets and the right 

button for + targets. Following the target response, if a number load was presented at the 

start of the trial, another number was presented until participants responded with a right 

button press for a match and a left button press for a non-match. Probe numbers always 

contained the same amount of digits as the number load. Non-matched probe stimuli (50% 

probability) only differed by one digit randomly selected. During each block, 160 trials were 

presented, yielding 40 trials for each of the four cue types per block.

2.3 Data acquisition

Data were recorded during six blocks (two per load condition) lasting ~10 min each, 

yielding 80 epochs of data for each cue type per condition. Electrophysiological 

signals were recorded with a BioSemi ActiveTwo 64-channel EEG acquisition system in 

conjunction with BioSemi ActiView software (Cortech Solutions). Signals were amplified 

and digitized at 1024 Hz with a 24-bit resolution and no on-line filter. All electrode 

offsets were maintained between ±20 mV. Data and study materials are available online 

(http://dx.doi.org/10.17632/j7cffjghsw.1). Experimental stimuli and presentation code are no 

longer available following a hard drive crash. For access to the raw EEG data, contact the 

corresponding author. Per conditions of our ethics approval, access will be granted to named 

individuals in accordance with ethical procedures governing the reuse of sensitive data. 

Specifically, requestors must complete a formal data sharing agreement that provides for 1) 

a commitment to using the data only for research purposes and not to attempt to identify any 

individual participant; (2) a commitment to securing the data using appropriate computer 

technology; and (3) a commitment to destroying or returning the data after analyses are 

completed.
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2.4 Data analysis

All data analyses were conducted in Matlab (Mathworks). Trials in which discrimination 

target responses occurred prior to stimulus onset or 2 standard deviations away from 

the participant’s mean response time were excluded from analysis (3.4% of all trials). 

Two participants were excluded due to mean response times exceeding 2 standard 

deviations away from the group mean. Raw EEG data were referenced to the average 

off-line. Eye artifacts were removed through an independent component analysis by 

excluding components consistent with topographies for blinks, eye movements, and the 

electrooculogram time series. Data were segmented into epochs beginning 200 ms precue 

onset and ending 800 ms post-target onset. To minimize spurious peak event-related 

potential (ERP) measures, epochs were low-pass filtered at 30 Hz with a zero-phase shift 

(noncausal) finite impulse response filter. Epochs that exceeded a voltage threshold of 

±75 μV were rejected. A 200 ms precue baseline was subtracted from each epoch before 

calculating the ERP. Analysis of the ERP focused on the contingent negative variation 

(CNV) in a posterior region of interest (ROI) by averaging over data from five central 

posterior electrodes (POz, Oz, Iz, O1, O2).

Although the CNV is often reported at frontocentral regions (Brunia and Damen, 1988), 

it may also be observed in posterior–central regions (Simson et al., 1977; van Boxtel 

and Brunia, 1994), which may reflect less motor-related expectation and more perceptual 

anticipatory processes in the visual domain (Ruchkin et al., 1986). Importantly, the CNV is a 

slow wave that becomes more negative in anticipation of an impending stimulus, which can 

serve as an index for temporal attention processes.

Spectral activity in the theta (4–8 Hz), alpha (8–12 Hz) and beta (12– 30 Hz) bands were 

acquired via complex Morlet wavelets (family ratio: fo/σf = 7) applied to the epoched 

data before low-pass filtering. Spectral power was calculated from the wavelet coefficients 

by averaging the magnitude of spectral activity over trials, effectively ignoring phase 

information (Tallon-Baudry and Bertrand, 1999). Spectral power was then normalized for 

each participant by calculating the z-score over time from data that was concatenated across 

all conditions and cue types. Normalized spectral activity in the alpha and beta bands 

was then analyzed in two posterior ROIs averaged over five electrodes from the left (O1, 

PO3, PO7, P7, P9) and right (O2, PO4, PO8, P8, P10) hemispheres. Electrodes for these 

ROIs were selected based on previous results from the same paradigm (Zanto et al., 2011). 

Additional support for these posterior ROIs stem from research indicating these regions 

exhibit a temporal attention-based modulation of alpha and beta band activity (Roelfsema 

et al., 1997; Bauer et al., 2014; van Ede et al., 2014), as well as a working memory load 

sensitivity of beta band activity (Deiber et al., 2007; Zanto and Gazzaley, 2009). Normalized 

spectral activity in the theta band was analyzed in a midline anterior ROI (AFZ, FZ, FCZ, 

F1, F2). This region was selected for analysis due to extensive research demonstrating 

sensitivity of midline frontal theta activity to working memory load (reviewed in Hsieh and 

Ranganath, 2014). For statistical analyses of both spectral data and the CNV, data were 

averaged in a temporal window during the foreperiod 250 – 50 ms before target onset. 

Statistical analyses for EEG as well as behavioral data used a repeated-measures ANOVA 

with a Greenhouse–Geisser correction when appropriate.
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To explore possible sources of spectral activity, data was submitted to exact low 

resolution electromagnetic tomography (eLORETA) as implemented through the sLORETA

Key software package (http://www.uzh.ch/keyinst/loreta.htm)(Fuchs et al., 2002; Pasqual

Morqui, 2002; Jurcak et al., 2007). To assess differences between conditions, a voxel-by

voxel comparison of EEG sources was performed within a time-frequency window of 

interest as noted above. To assess significant differences between conditions, the log of 

F-ratio was computed via statistical non-parametric analysis based on a permutation test 

(5000 iterations), which controls for multiple comparisons (Nichols and Holmes, 2002).

3. Results

3.1 Behavioral Data

All behavioral data is summarized in Table 1. Mean accuracy and response time data for 

the working memory task were each submitted to a repeated measures ANOVA with Load 

(3, 6 digits), Foreperiod (short, long), and Cue (Predictive, Neutral) as factors. Results from 

working memory accuracy data yielded a main effect of Load (F(1,22) = 68.14, p < 0.001, 

ηp
2 = 0.76) such that 3 digits (M = 92.5%; SEM = 0.9%) were remembered better than 

6 digits (M = 81.8%; SEM = 1.2%). No other main effects or interactions were observed 

(Foreperiod: F(1,22) = 0.16, p = 0.70, ηp
2 = 0.01; Cue: F(1,22) = 2.19, p = 0.15, ηp

2 = 

0.09; Load × Cue: F(2,44) = 0.26, p = 0.62, ηp
2 = 0.01; Load × Foreperiod: F(2,44) = 0.19, 

p = 0.67, ηp
2 = 0.01; Foreperiod × Cue: F(1,22) = 0.02, p = 0.88, ηp

2 = 0.001; Load × 

Foreperiod × Cue: F(2,44) = 0.67, p = 0.42, ηp
2 = 0.03).

Results from response time data yielded main effects of Load (F(1,22) = 58.24, p < 0.001, 

ηp
2 = 0.73) and Foreperiod (F(1,22) = 12.13, p = 0.002, ηp

2 = 0.36) such that responses 

were faster for 3 digits (M = 773 ms; SEM = 19 ms) compared to 6 digits (M = 1068 

ms; SEM = 35 ms) and faster following short foreperiods (M = 902 ms; SEM = 31 ms) 

compared to long foreperiods (M = 939 ms; SEM = 33 ms). No other main effects or 

interactions were observed (Cue: F(1,22) = 0.14, p = 0.71, ηp
2 = 0.01; Load × Cue: F(2,44) 

= 0.45, p = 0.51, ηp
2 = 0.02; Load × Foreperiod: F(2,44) = 0.01, p = 0.91, ηp

2 < 0.001; 

Foreperiod × Cue: F(1,22) = 0.04, p = 0.85, ηp
2 = 0.002; Load × Foreperiod × Cue: F(2,44) 

= 3.66, p = 0.07, ηp
2 = 0.14). Together, these results confirm our manipulation of task 

difficulty such that working memory accuracies are lower and response times are slower 

with a high digit load.

Mean accuracy and response time data for the target discrimination task were each 

submitted to a similar repeated measures ANOVA, except the Load factor included an 

additional level (0, 3, 6 digits). Results from discrimination accuracy data yielded a main 

effect of Load (F(2,44) = 11.98; p < 0.01, ηp
2 = 0.35) such that, surprisingly, no working 

memory load (M = 96.6%; SEM = 0.4%) elicited lower accuracy than a working memory 

load with 3 digits (M = 98.7%; SEM = 0.2%) or 6 digits (M = 98.3%; SEM = 0.3%). No 

other main effects or interactions were observed (Foreperiod: F(1,22) = 2.66, p = 0.12, ηp
2 = 

0.11; Cue: F(1,22) = 3.13, p = 0.09, ηp
2 = 0.12; Load × Cue: F(2,44) = 1.11, p = 0.34, ηp

2 = 

0.05; Load × Foreperiod: F(2,44) = 0.29, p = 0.75, ηp
2 = 0.01; Foreperiod × Cue: F(1,22) = 

0.28, p = 0.60, ηp
2 = 0.01; Load × Foreperiod × Cue: F(2,44) = 2.06, p = 0.14, ηp

2 = 0.09).
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Results from response time data yielded a main effect of Load (F(2,44) = 40.79, p < 

0.001, ηp
2 = 0.65) such that target discrimination responses were slower with no concurrent 

working memory load (M = 506 ms; SEM = 9 ms) compared to 3 digits (M = 433 ms; SEM 

= 10 ms; t(22) = 3.87, p < 0.001) or 6 digits (M = 442 ms; SEM = 10 ms; t(22) = 3.22, p 

= 0.003) in working memory. No response time difference was observed between 3 and 6 

digits held in working memory (t(22) = 1.71, p = 0.10). Furthermore, a main effect of Cue 

(F(1,22) = 11.23, p = 0.003, ηp
2 = 0.34) indicated responses were faster when the cue was 

predictive (M = 455 ms; SEM = 8 ms) compared to neutral (M = 465 ms; SEM = 8 ms). 

Importantly, an interaction between Cue and Foreperiod (F(1,22) = 16.06, p < 0.001, ηp
2 = 

0.42) replicated our previous findings that response times were modulated by cue type only 

for short (NS > PS; t(22) = 4.05; p < 0.001), but not long (NL = PL; t(22) = 0.27; p = 

0.79), foreperiod durations (Figure 2). In other words, response times were faster following 

short foreperiod durations that were cued (PS) compared to neutrally cued (NS), whereas no 

difference in response times were observed between cue types following a long foreperiod 

duration (NS = PS). The cueing effect has been previously observed to be exclusive to short, 

but not long, foreperiod durations because when a neutral cue is presented, it is understood 

that the foreperiod duration is long if the target does not appear after the short foreperiod 

duration (Miniussi et al., 1999; Zanto et al., 2011). Thus, all cueing effects were expected 

to occur during the short foreperiods. No other main effects or interactions were observed 

(Foreperiod: F(1,22) = 3.13, p = 0.09, ηp
2 = 0.12; Load × Cue: F(2,44) = 1.22, p = 0.31, ηp

2 

= 0.05; Load × Foreperiod: F(2,44) = 1.28, p = 0.26, ηp
2 = 0.06; Load × Foreperiod × Cue: 

F(2,44) = 1.13, p = 0.33, ηp
2 = 0.05).

Together, the behavioral results indicate that working memory performance declines with 

an increasing digit load, and such increased task difficulty actually improves target 

discrimination performance, presumably due to increased task engagement. Although Load 

did not interact with Cue, an ad-hoc analysis assessing the cue effect (predictive versus 

neutral) was conducted for each Load level during short foreperiod durations. In other 

words, NS was compared to PS for each of the three load conditions. This was conducted 

to ensure that load did not alter the cueing effect. Results confirmed the cueing effect (NS > 

PS) at each Load level (each p < 0.01) and, therefore, provided additional evidence that the 

ability to benefit from temporal attention was not affected by working memory load.

3.2 Contingent Negative Variation

To assess the CNV, posterior CNV amplitudes were submitted to a repeated measures 

ANOVA with Load (0, 3, 6 digits), Foreperiod (short, long), and Cue (Predictive, Neutral) 

as factors. Results showed a main effect of Foreperiod (F(1,22) = 16.00; p < 0.001, ηp
2 

= 0.42) such that the CNV was more negative during short foreperiods compared to 

long foreperiods. Additionally, an interaction between Cue and Foreperiod was observed 

(F(1,22) = 4.89; p = 0.04, ηp
2 = 0.18; Supplementary Figure 1a). Ad-hoc analysis of this 

interaction showed that the CNV was modulated by Cue (i.e., predictive more negative than 

neutral) more during short compared to long foreperiod durations (t(22) = 2.21; p = 0.04; 

Supplementary Figure 1b), as previously observed (Miniussi et al., 1999; Zanto et al., 2011). 

No other main effects or interactions were observed. Importantly, the main effect of Load 

(F(2,44) < 0.01; p > 0.99, ηp
2 < 0.001) and the interaction between Load and Cue (F(2,44) 
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= 0.72; p = 0.49, ηp
2 = 0.03) as well as Load × Cue × Foreperiod (F(2,44) = 0.83; p = 

0.44, ηp
2 = 0.04) were not significant. Furthermore, it should be noted that Load did not 

exhibit a main effect or any interactions when assessing the CNV in more fronto-central 

regions. Thus, a concurrent working memory load did not alter temporal attention processes 

as indexed by the CNV.

3.3 Alpha Band Activity

Normalized posterior alpha band activity prior to the target was submitted to the same 

ANOVA as the CNV with the addition of ROI (left, right hemisphere) as a fourth factor. 

A main effect of Cue (F(1,22) = 12.06, p = 0.002, ηp
2 = 0.35; Supplementary Figure 2) 

was observed such that alpha activity was more negative following a predictive compared 

to neutral cue. The main effect of ROI was trending toward significance (ROI: F(1,22) = 

4.05; p = 0.06, ηp
2 = 0.16), indicating greater alpha activity in the left, compared to right, 

hemisphere. No other main effects or interactions were observed (Foreperiod: F(1,22) = 

2.40; p = 0.14, ηp
2 = 0.10; Load × Foreperiod: F(2.44) = 0.11; p = 0.90, ηp

2 = 0.005; 

Foreperiod × Cue: F(1,22) = 2.89; p = 0.10, ηp
2 = 0.12; Load × ROI: F(2,44) = 1.27; p = 

0.29, ηp
2 = 0.05; Cue × ROI: F(1,22) < 0.01; p = 0.98, ηp

2 < 0.001; Foreperiod × ROI: 

F(1,22) = 0.45; p = 0.51, ηp
2 = 0.02; Load × Cue × ROI: F(2,44) = 0.26; p = 0.77, ηp

2 = 

0.01; Load × Foreperiod × ROI: F(2,44) = 0.50; p = 0.61, ηp
2 = 0.02; Foreperiod × Cue 

× ROI: F(1,22) = 0.36; p = 0.55, ηp
2 = 0.02; Load × Foreperiod × Cue × ROI: F(2,44) = 

0.39; p = 0.68, ηp
2 = 0.02). Most notably, the main effect of Load (F(2,44) = 0.69; p = 0.51, 

ηp
2 = 0.03) and the interaction between Load and Cue (F(2,44) = 0.28; p = 0.76, ηp

2 = 

0.01) as well as Load × Cue × Foreperiod (F(2,44) = 0.09; p = 0.91, ηp
2 = 0.004) were not 

significant. Thus, a concurrent working memory load also did not alter temporal attention 

processes as indexed by alpha band activity.

3.4 Theta Band Activity

Normalized anterior theta band activity prior to the target was submitted to the same 

ANOVA as the CNV. A main effect of Foreperiod (F(1,22) = 15.93, p < 0.001, ηp
2 = 

0.42) was observed such that theta activity was greater during short, compared to long, 

foreperiods. Additionally, an interaction between Load and Cue (F(2,44) = 4.82, p = 0.01, 

ηp
2 = 0.18) was observed. Post-hoc analysis of the interaction indicated that theta activity 

was greater following neutral, compared to predictive, cues when there was no working 

memory load (t(22) = 2.49, p = 0.02). However, no theta activity differences were observed 

between cue types with a concurrent working memory load (both p > 0.35). Interestingly, 

no differences between load levels were observed when comparing within cue type (e.g., 

predictive 0 load vs predictive 6 load; all p > 0.12). No other main effects or interactions 

were observed (Cue: F(1,22) = 0.27; p = 0.61, ηp
2 = 0.01; Load × Foreperiod: F(2,44) = 

0.28; p = 0.76, ηp
2 = 0.01). Of note, the main effect of Load (F(2,44) = 0.31; p = 0.73, 

ηp
2 = 0.01), the interaction between Cue and Foreperiod (F(1,22) = 2.81; p = 0.11, ηp

2 = 

0.11) as well as the Load × Cue × Foreperiod interaction (F(2,44) = 0.51; p = 0.61, ηp
2 = 

0.02) were not significant. The absence of a Load main effect coupled with the lack of a 

systematic difference between load levels within the Load × Cue interaction suggests theta 

was not sensitive to a concurrent working memory load. Moreover, Cue and Foreperiod 

did not interact as would be expected if theta activity were involved in temporal attention 
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processes. Therefore, midline frontal theta activity does not appear to provide much insight 

into the relationship between working memory load and temporal attention processes.

3.5 Beta Band Activity

Normalized posterior beta band activity prior to the target was submitted to the same 

ANOVA as the alpha band activity. A main effect of Load (F(2,44) = 3.23, p = 0.05, ηp
2 

= 0.13) was observed such that beta activity increased with increasing digit load (Figure 

3). Additionally, a main effect of Cue (F(1,22) = 14.57, p < 0.001, ηp
2 = 0.40) and an 

interaction between Cue and Foreperiod (F(1,22) = 6.04, p = 0.02, ηp
2 = 0.22) was observed. 

Ad-hoc analysis of the interaction showed that beta activity was modulated by Cue (i.e., 

neutral > predictive) only for short (t(22) = 3.46; p = 0.002), but not long (t(22) = 0.50; p 

= 0.62), foreperiod durations (Figure 4). Thus, beta activity was differentially modulated by 

temporal attention and working memory load, such that it decreased prior to expected targets 

and increased with load. No other main effects or interactions were observed (Foreperiod: 

F(1,22) = 0.90; p = 0.35, ηp
2 = 0.04; ROI: F(1,22) = 1.89; p = 0.19, ηp

2 = 0.08; Load × 

Foreperiod: F(2.44) = 1.16; p = 0.32, ηp
2 = 0.05; Load × ROI: F(2,44) = 1.00; p = 0.37, ηp

2 

= 0.04; Cue × ROI: F(1,22) = 0.45; p = 0.51, ηp
2 = 0.02; Foreperiod × ROI: F(1,22) = 0.12; 

p = 0.73, ηp
2 = 0.006; Load × Cue × ROI: F(2,44) = 0.18; p = 0.84, ηp

2 = 0.008; Load × 

Foreperiod × ROI: F(2,44) = 0.42; p = 0.66, ηp
2 = 0.02; Foreperiod × Cue × ROI: F(1,22) 

= 0.64; p = 0.43, ηp
2 = 0.03; Load × Foreperiod × Cue × ROI: F(2,44) = 0.31; p = 0.74, 

ηp
2 = 0.01). Most notably, the interaction between Load and Cue (F(2,44) = 2.36; p = 0.11, 

ηp
2 = 0.10) as well as Load × Cue × Foreperiod (F(2,44) = 0.97; p = 0.39, ηp

2 = 0.04) were 

not significant. As such, similar to the other neural metrics of temporal attention, working 

memory load did not affect temporal attention-based modulation of beta activity.

To address whether the cue-based modulation of beta activity affected discrimination 

performance, a regression analysis was conducted between the magnitude of beta 

modulation (neutral short – predictive short (NS – PS)) and the cued performance gains 

in discrimination response time following the short foreperiod durations (NS – PS), averaged 

over load. Results showed that participants who modulated beta band activity the most 

(NS > PS) exhibited the greatest benefit from predictive cues (r = 0.53, p = 0.009; 

Figure 5A). Based on the topographical distribution, this beta band modulation appears 

to arise largely from parieto-occipital regions (Supplementary Figure 3A), rather than 

from frontal or motoric regions. Source localization of beta band activity supports this 

assertion, and indicates cuneus/precuneus as the most likely source of this modulatory effect 

(Supplementary Figure 3B). Although the comparison of beta sources between NS and PS 

conditions was only trending toward significance (NS > PS, p = 0.10, Supplementary Figure 

3B), topographies and source localization data both support the assertion that cue-based 

modulation of beta activity arises from posterior regions.

As it was shown that beta activity increased with an increasing working memory load, 

it may be hypothesized that the magnitude of beta modulation during short foreperiods 

(NS – PS) reflect differences in working memory engagement, such that increased beta 

activity prior to expected targets indicates an engagement of working memory processes 

while decreased beta activity reflects a disengagement. Thus, increased beta modulation 
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(NS > PS) may reflect the difference in engagement / disengagement with working memory 

processes. To address this, participants were grouped by a median split of those who 

exhibited high (NS > PS) and low (NS ≈ PS) beta modulation averaged over load. Within 

group comparisons showed that those participants who exhibited high beta modulation (NS 

> PS) yielded lowered working memory accuracy following predictive cues compared to 

neutral cues (NS > PS, t(22) = 2.25, p = 0.03; Figure 5B), but this relationship was not 

observed in participants with low beta modulation (NS ≈ PS, t(22) = 0.53, p = 0.60; Figure 

5B). Although between group comparisons of working memory differences (NS – PS) did 

not reach significance (p = 0.11), this is most likely due to limited statistical power after 

dividing participants into subgroups. Overall, these results indicate that participants with 

high beta modulation disengaged working memory processes prior to discrimination. Thus, 

participants who exhibited greater beta modulation were able to enhance discrimination 

performance (Figure 5A) at the expense of working memory accuracy (Figure 5B). This 

indicates that the ability to utilize predictive cues is limited by divided attention ability, 

which prioritizes one task over another.

Together, results from beta band activity are similar to response time performance in that 

both are modulated by temporal attention and working memory load. The magnitude of 

beta modulation was related to performance such that those participants who modulated 

beta band activity in response to temporally predictive cues benefitted the most during the 

discrimination task, but exhibited declines in working memory performance. This suggests 

that the ability to utilize predictive cues is sensitive to divided attention ability, which yields 

a trade-off in performance as indexed by beta band activity.

4. Discussion

Here it was shown that a concurrent working memory load did not detrimentally affect 

temporally cued discrimination performance or neural markers of temporal attention as 

indexed by CNV and pre-stimulus alpha and beta band activity in posterior regions. 

These results indicate temporal attention ability is not affected by the availability of 

working memory stores. However, posterior beta band activity during the foreperiod was 

differentially modulated by temporal attention and working memory load, such that it 

decreased prior to expected targets and increased with load. Furthermore, participants who 

exhibited the greatest temporal attention-based modulation of beta activity displayed the 

greatest cue-based benefits in discrimination performance, but also exhibited lower working 

memory accuracy. Together, these results suggest that participants optimized discrimination 

performance at the expense of the secondary working memory task by disengaging working 

memory processes as indexed by anticipatory beta band activity. Thus, temporal attention 

appears to be sensitive to cognitive limitations, such as divided attention, but this is not due 

to limitations in available working memory stores.

Previous research has demonstrated that updating working memory disrupts temporal 

attention ability (Capizzi et al., 2012, 2013). Here, it was assessed whether a concurrent 

working memory load would similarly alter neural signatures of temporal attention as 

indexed by the CNV, alpha, and beta band activity during the foreperiod, but this 

was not observed. Although both working memory maintenance and working memory 
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updating have been related to attention control (Engle, 2018), they are thought to rely on 

distinct mechanisms (D’Esposito et al., 1999; Miller et al., 2018). As such, it is possible 

that temporal attention only shares cognitive resources with working memory updating 

processes. However, previous research into beat-based timing mechanisms have indicated 

temporal attention is not affected by working memory updating (Cutanda et al., 2015). 

Therefore, additional research will be required to ascertain the role of working memory 

updating in temporal attention processes.

Although beat-based timing mechanisms are thought to differ from duration-based timing 

mechanisms (Teki et al., 2011) as implemented in the current study, Cutanda et al. (2015) 

also demonstrated that the ability to benefit from predictive, beat-based timing cues was not 

affected by working memory load, in line with our current results. Thus, both beat-based 

and duration-based timing mechanisms likely do not share cognitive resources underlying 

working memory maintenance. As such, previous reports of age-related declines in utilizing 

duration-based (Zanto et al., 2010; Bollinger et al., 2011; Zanto et al., 2011; Padgaonkar et 

al., 2017) or beat-based (Zanto et al., 2019) timing information may not be fully attributed 

to limitations in available working memory stores. It is possible that temporal attention is a 

fundamental component of cognition, and as such, may either require little working memory 

resources or perhaps may be resistant to capacity limitations. Yet, a recent study using 

rhythmic sequences demonstrated that consecutive time intervals are allocated working 

memory resources, and memory for such intervals decline with increasing load (Teki and 

Griffiths, 2014). Therefore, it could be hypothesized that the ability to utilize temporal 

attention is not influenced by a concurrent working memory load when the contents are 

irrelevant to timing processes. However, when working memory stores are filled with 

timing-based information, capacity limitations may influence timing abilities.

The current data supports previous research indicating beta band sensitivity to working 

memory load (Deiber et al., 2007; Zanto and Gazzaley, 2009; Chen and Huang, 2016) and 

temporal attention processes (Roelfsema et al., 1997; Androulidakis et al., 2007; Donner 

et al., 2009). It could be argued that the observed modulation of beta activity by the 

current task demands reflects a measure of alertness, cognitive load, or a more general 

measure of cognitive state. Indeed, these results support a previously established relationship 

between increased beta oscillations and speeded response times (Kaminski et al., 2012), 

which were previously interpreted as a measure of alertness. In the current task, beta 

activity increased with working memory load, which resulted in speeded response times. As 

such, the increased beta activity could be interpreted as increased alertness, perhaps as an 

indication of an urgency to quickly finish the discrimination task in order to complete the 

working memory task before the contents were forgotten. However, this interpretation does 

not account for the beta modulation by the cues, where beta increased following NS cues, 

resulting in slowed response times.

Alternatively, it may be hypothesized that the increased beta activity during the neutrally 

cued short foreperiod may reflect increased cognitive load, as cognitive demand is thought to 

increase with increased temporal uncertainty (Vallesi et al., 2014). This would explain why 

beta activity was modulated as a function of temporal uncertainty (i.e., NS > PS) and also 

explain why beta activity increased with increasing working memory load. However, this 
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does not account for why participants with high beta modulation prior to the discrimination 

target exhibited lower working memory accuracy following predictive cues compared to 

neutral cues. If lowered beta activity following a predictive cue indicates lowered cognitive 

load, then it would be expected that working memory performance would be increased, not 

decreased as it was observed.

A more likely interpretation for the observed beta activity comes from research suggesting 

it reflects maintenance of cognitive state. Notably, pre-stimulus beta power has been 

associated with general control processes that can facilitate temporal integration based 

on expectation (Geerligs and Akyurek, 2012), which may help integrate subsequent audio

visual stimuli (Hipp et al., 2011; Keil et al., 2012). Given the various sensorimotor and 

cognitive control functions evoking beta band activity, it has been hypothesized that beta 

activity reflects maintenance of current cognitive state (Engel and Fries, 2010). In this 

light, the observed decrease of beta activity prior to discriminating expected targets may 

index a cognitive state that releases the contents of working memory in order to minimize 

the integration (or maximizing the segregation) of the stimuli from the two tasks. This is 

evidenced by decreased beta activity associated with lower working memory load as well as 

an inverse relationship of beta modulation between the discrimination and working memory 

tasks. This interpretation is modestly supported by source localization, which indicated that 

beta activity in cuneus/precuneus is lowered when anticipating a discrimination target. Given 

the role of cuneus/precuneus in working memory maintenance (van Snellenberg et al., 2015; 

Daniel et al., 2016), it is therefore not surprising that subsequent working memory declined 

when this region was disengaged. Indeed, the cuneus/precuneus is involved in working 

memory for relational (abstract) information that is not tied to the original sensory percept 

(Blacker and Courtney, 2016). Thus, beta activity modulation more likely reflects changes in 

cognitive state that disengages the relational content between tasks, rather than an indication 

of cognitive load or alertness.

It has been suggested that predictive timing operates by organizing low and mid-frequency 

oscillations (delta, theta, and beta activity) and by dissolving activity in the alpha band 

(Arnal and Giraud, 2012). The phase entrainment of low-frequency oscillations to external 

sensory cues can serve as an important and flexible mechanism for enhancing sensory 

processing (Cravo et al., 2013) and that temporal attention may utilize these low-frequency 

oscillations to modulate higher frequencies in the beta band (Cravo et al., 2011). Although 

the current analyses did not address potential cross-frequency coupling effects, these results 

contribute to a growing literature indicating beta band activity is a signature of cognitive 

state and that modulation of this beta activity may reflect engagement/disengagement 

processes associated with managing more than one task goal. Nonetheless, this interpretation 

is speculative and additional research will be required to confirm our results and help 

understand the role of beta oscillations in temporal attention and cognitive control more 

broadly.

As another means to explore the influence of working memory load on temporal attention 

ability, midline frontal theta activity was assessed. Results showed that theta activity was 

not systematically modulated by load as expected. Previous research has demonstrated that 

theta activity typically increases with an increasing working memory load (reviewed in 
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Hsieh and Ranganath, 2014). Although we observed a numerical increase in theta activity as 

load increased from zero to six items, this load sensitivity was not strong enough to reach 

significance. It could be argued that the lack of theta sensitivity to working memory load 

may stem from the blocked design, because prior research observing this effect often varies 

load on a trial-wise basis. However, block designs are capable of modulating midline frontal 

theta activity as a function of load (Gevins et al., 1997; Krause et al., 2000; Brookes et 

al., 2011). A more plausible explanation for the lack of theta modulation by load may be 

attributed to task prioritization. If participants made the discrimination task a higher priority 

than the working memory task, then working memory load would not affect the ability to 

capitalize on predictive cues, as observed. Furthermore, if the discrimination task were a 

higher priority, then contents in working memory would not have been maintained strongly, 

resulting in decreased sensitivity of theta activity to load, as observed. However, to fully 

ascertain whether this was the case, a single task version of the working memory task would 

be required in order to show that this task and these participants were capable of modulating 

theta based on load, and that the load-based modulation is decreased with the introduction of 

another task.

Conclusions

In summary, the current results indicate that temporal attention ability is not affected by a 

concurrent working memory load, at least when the contents are irrelevant to the timing of 

the discrimination task. This was evidenced by speeded response times following predictive 

temporal cues as well as cue-based modulation of the posterior CNV, alpha, and beta band 

activity, regardless of the concurrent working memory load. However, in anticipation of a 

discrimination target, posterior beta band activity was differentially modulated by temporal 

attention and working memory, such that beta decreased prior to expected targets and 

increased with a concurrent working memory load. Importantly, participants who exhibited 

the greatest temporal attention-based modulation of beta activity capitalized the most from 

the temporal cues via speeded responses to predicted discrimination targets. Yet, those 

benefits in discrimination performance came with a cost to performance on the secondary 

task, as evidenced by lowered working memory accuracy. Thus, decreased beta activity 

following predictive cues appears to disengage working memory mechanisms in lieu of 

a cognitive state that supports discrimination performance. Additional research will be 

required to understand what aspect of divided attention ability limits performance and drives 

participants to prioritize one task over another.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Experimental paradigm. Participants were given either zero, three, or six numbers to hold in 

working memory while engaged in a cued discrimination task. Cues indicated whether the 

foreperiod would be short (S), long (L), or neutral (N).
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Figure 2. 
Discrimination task response times. Following short foreperiods, participants exhibited 

faster response times when given a predictive (PS) compared to neutral (NS) cue. Following 

long foreperiods, no differences were observed between predictive (PL) and neutral (NL) 

cues. Asterisk indicates p < 0.05. Error bars indicate standard error of the mean.
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Figure 3. 
Effects of working memory load on beta band activity. (A) Beta activity prior to stimulus 

onset (white box) displayed for short foreperiods, (B) which increased with working 

memory load regardless of foreperiod duration. Asterisk indicates p < 0.05. Error bars 

indicate standard error of the mean.
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Figure 4. 
Effects of cue on beta band activity. (A) Beta activity prior to stimulus onset (white box) 

(B) decreased during short foreperiods following a predictive (PS) compared to neutral 

(NS) cue. No difference was observed during long foreperiods between predictive (PL) and 

neutral (NL) cues. Asterisk indicates p < 0.05. Error bars indicate standard error of the 

mean.
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Figure 5. 
Relationship between beta activity and performance. (A) Discrimination response time 

(RT) benefit from predictive cues was greatest in participants who exhibited the greatest 

beta activity modulation (i.e., Δ = NS – PS; r = 0.53, p = 0.009). (B) A median split 

of participants based on beta modulation shows that those who modulated beta activity 

the most (i.e., NS > PS) exhibited differences in working memory accuracy. Thus, 

participants who modulated beta activity based on cued information enhanced discrimination 

performance at the expense of working memory performance. Asterisk indicates p < 0.05. 

Error bars indicate standard error of the mean.
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Table 1.

Mean performance metrics. Numbers in parentheses represent standard error of the mean. PS = predictive cue, 

short foreperiod, NS = neutral cue, short foreperiod, PL = predictive cue, long foreperiod, NL = neutral cue, 

long foreperiod.

PS NS PL NL

Working memory accuracy (%)

Load 0 -- -- -- --

Load 3 92.1 (1.7) 92.5 (2.4) 91.9 (1.8) 93.6 (1.3)

Load 6 81.0 (2.4) 82.5 (2.4) 81.9 (2.4) 81.7 (2.6)

Working memory RT (ms)

Load 0 -- -- -- --

Load 3 760 (35) 750 (33) 787 (39) 794 (46)

Load 6 1041 (65) 1058 (71) 1089 (72) 1084 (74)

Discrimination accuracy (%)

Load 0 96.3 (0.7) 96.6 (0.6) 96.3 (1.0) 97.4 (0.7)

Load 3 98.3 (0.6) 98.8 (0.4) 98.9 (0.3) 98.8 (0.3)

Load 6 97.8 (0.7) 98.3 (0.5) 98.8 (0.4) 98.5 (0.6)

Discrimination RT (ms)

Load 0 499 (17) 519 (17) 502 (19) 505 (19)

Load 3 424 (21) 446 (20) 434 (20) 427 (20)

Load 6 438 (22) 460 (21) 434 (18) 437 (19)
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