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The time‑course of feature‑based 
attention effects dissociated 
from temporal expectation 
and target‑related processes
Denise Moerel1,2,4*, Tijl Grootswagers3,4, Amanda K. Robinson4,5, Sophia M. Shatek4, 
Alexandra Woolgar6, Thomas A. Carlson4,8 & Anina N. Rich1,2,7,8

Selective attention prioritises relevant information amongst competing sensory input. Time‑resolved 
electrophysiological studies have shown stronger representation of attended compared to unattended 
stimuli, which has been interpreted as an effect of attention on information coding. However, because 
attention is often manipulated by making only the attended stimulus a target to be remembered and/
or responded to, many reported attention effects have been confounded with target‑related processes 
such as visual short‑term memory or decision‑making. In addition, attention effects could be 
influenced by temporal expectation about when something is likely to happen. The aim of this study 
was to investigate the dynamic effect of attention on visual processing using multivariate pattern 
analysis of electroencephalography (EEG) data, while (1) controlling for target‑related confounds, and 
(2) directly investigating the influence of temporal expectation. Participants viewed rapid sequences 
of overlaid oriented grating pairs while detecting a “target” grating of a particular orientation. 
We manipulated attention, one grating was attended and the other ignored (cued by colour), and 
temporal expectation, with stimulus onset timing either predictable or not. We controlled for target‑
related processing confounds by only analysing non‑target trials. Both attended and ignored gratings 
were initially coded equally in the pattern of responses across EEG sensors. An effect of attention, with 
preferential coding of the attended stimulus, emerged approximately 230 ms after stimulus onset. 
This attention effect occurred even when controlling for target‑related processing confounds, and 
regardless of stimulus onset expectation. These results provide insight into the effect of feature‑based 
attention on the dynamic processing of competing visual information.

To interact effectively in our environment, we need to select relevant information from the continuous stream 
of incoming visual information. It is important to understand how selective attention influences different stages 
of perceptual processing, to gain insight into the mechanisms by which the brain prioritises the important 
information. Selective attention has been shown to involve a network of regions, involving frontal and parietal 
 cortex1–9, which has a top-down influence on processing in sensory cortex and  thalamus10–16. Single neurons in 
this network have been suggested to show adaptive  coding17,18 or mixed  selectivity19,20, as they adjust their tuning 
profiles to code for the features that are relevant for the current task demands. This network may in turn bias the 
response in regions such as visual  cortex21, boosting representations of attended features and suppressing those 
of unattended features. At the neuronal level, attention has been shown to affect the noise that is shared across 
the neuronal population, by reducing interneuronal  correlations22. In addition, attention has been shown to 
reduce the trial-to-trial variability of the neuronal  response23. Time-resolved electrophysiological methods such 
as electroencephalography (EEG) and magnetoencephalography (MEG) combined with multivariate decoding 
methods are well suited to capture these changes in patterns of neural population responses with high temporal 
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resolution. This method has been used to study which stage of perceptual processing is affected by selective 
attention. Manipulations of spatial attention result in a stronger neural response to stimuli at a cued compared 
to an uncued location, starting around 80–100 ms after stimulus  onset24–29. The time-course of feature-selective 
attention is thought to be slower compared to spatial attention, with stronger neural responses to the cued 
compared to the uncued feature around 100–150 ms after stimulus  onset30–33, but  see34). In addition, several 
studies have used multivariate decoding of time-resolved neural data to show that the coding of cued informa-
tion is sustained over time, whereas uncued information is represented only transiently and is not sustained over 
 time35–39. Although these previous studies have interpreted preferential coding of cued over uncued informa-
tion as an effect of attention, their findings could be influenced by two other potential processes: target-related 
processes and expectation effects.

Attention is often manipulated by making the cued stimulus a target, while the uncued stimulus is not. This 
means that target-related processes might influence neural responses—for the cued/target stimulus only—and 
this could drive differences in coding of cued and uncued information that are being attributed to attention. 
Here, we define target-related processes as all processes other than attention that might occur when respond-
ing to a target stimulus. Specifically, we consider visual short-term memory and decision-making as two target 
related processes that could confound attention findings. First, the cued target stimulus is often kept in visual 
short-term memory until the participant can make a decision. Second, the participant usually makes decisions 
about the cued stimulus, but not about the uncued stimulus. Critically, the stimulus feature (e.g., object shape) 
that is kept in visual short-term memory and used to make a classification decision is usually the same stimulus 
feature that is used in the decoding analysis. Either of these target-related processes could contribute to stronger 
information coding for the cued compared to uncued stimuli. A few studies have separated effects of attention 
from target-related processes by comparing the neural response to cued non-targets with uncued non-targets 
using either forward encoding  models40 or pattern  classification37,39. One such  study40 showed enhanced cod-
ing of stimuli that were task-relevant in one session but not in the other session. The authors did not analyse 
the neural response to targets, but rather to all non-target stimuli in the sequence, avoiding target-related con-
founds. However, the attended and unattended items were not present at the same time, but across different ses-
sions, which means these results might not generalise to attention effects when a distractor must be suppressed. 
Another  study37 presented stimuli at in the same task context, while also only analysing the neural response to 
non-targets. The results showed enhanced of coding of the visual information that was currently relevant for the 
task relative to irrelevant visual information. However, the authors used a task which required holding only the 
cued information in visual short-term memory, thus again requiring processes additional to attention. In our 
previous work, we showed enhanced coding of the cued compared to the uncued  orientations39, when followed 
by an orthogonal decision that was separated in time from the stimulus. However, here too participants had to 
keep the cued orientation in mind until the decision screen, which means that these results could also be partly 
driven by visual short-term memory. It is still unclear whether effects of attention on visual processing occur 
when we control for the influence of possible target-related processes.

In addition to target-related processes, the effects of selective attention on stimulus coding could be influenced 
by expectations about when a stimulus is likely to occur in time. Attention and temporal expectation could work 
together in an additive or interactive way to influence the processing of visual  information40–42. Here, we use the 
term attention to refer to the mechanism that prioritises stimulus processing based on motivational relevance, 
in line with Summerfield and  Egner43. In contrast, expectation refers to the mechanism that constrains visual 
interpretation based on prior  likelihood43. Specifically, temporal expectation refers to expectations about when 
something is likely to happen. Single unit studies in non-human primates have shown that temporal expecta-
tion can modulate the neuronal firing rate, with higher firing rates for relevant inputs at expected moments, for 
neurons in inferotemporal  cortex44 and  V145. This modulation could ultimately lead to improve the quality of the 
sensory  information46. Temporal expectation has been experimentally manipulated through different temporal 
structures, such as through the use of explicit cues, or implicitly learned temporal  rhythms47. Here we focus on 
implicitly learned rhythms of visual stimulus onset, as the explicit cues used to manipulate expectation can be 
very similar to those used in attention paradigms  (see48 for a discussion). Some studies have found evidence of an 
effect of temporal expectation, as manipulated through rhythms, on the efficiency of early visual  processing49,50. 
These studies found increased contrast sensitivity for visual stimuli presented at fixed compared to irregular 
 intervals49,50, which was associated with increased phase entrainment of 1-4 Hz  oscillations49. In addition, this 
entrainment was related to the behavioural discriminability of targets presented at a regular  interval49. Several 
studies have directly investigated the interaction between attention and expectation, but most of these studies 
focus on either spatial or stimulus feature expectations, that is, expectations about where or what, rather than 
when something will occur. These studies have found interactions between attention and  expectation40–42, as well 
as additive  effects42. There is currently no consensus on whether temporal expectation is a possible confound 
in attention research, as little is known about the interaction between attention and implicitly learned temporal 
expectations. The lack of consensus is apparent from the variability in whether or not attention researchers make 
sure the stimulus onset is unpredictable to avoid temporal expectation confounds.

In this study, we investigated the time-course of the effect of attention on the coding of visual information in 
the brain. We compared the coding of attended and unattended visual stimuli that were presented simultaneously 
in time and space, while (1) making sure the pattern classification could not be driven by target-related process-
ing, and (2) directly investigating the influence of temporal expectation. We recorded EEG data while participants 
performed a target detection task on sequences of central stimuli comprised of overlaid oriented blue and orange 
lines. We manipulated feature-based attention using colour: the participant was cued to attend to one colour 
orientation stimulus with another colour denoting a distractor, for each sequence. We used multivariate pattern 
analysis (MVPA) to compare the orientation coding of the same stimuli when they were attended or not. We 
controlled for effects of target-related processes by using a target detection task, where participants did not have 
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to retain the cued stimulus orientation over a delay period, and analysing only the responses to non-target stimuli. 
To examine the influence of temporal expectation on attention effects, we compared the orientation coding of 
stimuli presented at a constant (predictable) stimulus onset with that from varied (unpredictable) stimulus onset. 
Our results showed preferential coding of the cued compared to the uncued information emerging from about 
230 ms after stimulus onset. This difference is likely driven by the prioritisation of the task-relevant information 
through attention, as our manipulations made sure that target-related processes could not drive the classification, 
and it did not interact with temporal expectation.

Methods
Participants. Twenty healthy adults participated in this study (12 female/8 male; 19 right-handed/1 left-
handed; mean age = 23.80  years; age range = 18–59  years). All participants reported normal or corrected-to-
normal vision and normal colour vision. Participants were recruited from the University of Sydney and received 
$40 AUD for their participation. The study was approved by the University of Sydney ethics committee and 
informed consent was obtained from all participants. All methods were performed in accordance with the rel-
evant guidelines and regulations of the University of Sydney ethics committee and the Declaration of Helsinki.

Stimuli and design. The stimuli consisted of blue (RGB = 239, 159, 115) and orange (RGB = 72, 179, 217) 
oriented lines, overlaid at fixation, presented on a mid-grey background (RGB = 128, 128, 128) (Fig. 1A). The 
oriented lines were phase randomised over trials, had a spatial frequency of 1.15 cycles/degree, and were shown 
within a circular aperture with a diameter of 5.20 degrees of visual angle. There were 4 possible line orientations 
for the non-target stimuli, which were used for analysis: 22.5°, 67.5° 112.5°, and 157.5°. Orange and blue lines 
were always shown together, rotated 45° with respect to each other, resulting in 8 unique combinations of orien-
tations (Fig. 1B). These orientations were chosen to make sure they were orthogonal over attention conditions 
for the decoding analysis.

Participants were instructed to maintain fixation on a central bullseye throughout the entire experiment 
and to respond to a target presented at fixation using a button press response. The stimuli were presented in 64 
sequences (see Fig. 1C). At the start of each sequence, participants were shown the target stimulus. The target 
had a specific orientation (0° or 90°) and colour (orange or blue) and was counterbalanced over sequences. Par-
ticipants were instructed to attended to the lines in the target colour and ignore the lines in the other colour. The 
task was to press a button as soon as lines in the target orientation and colour appeared. The purpose of the task 
was to keep participants engaged, and to make sure participants attended to the lines of one colour, ignoring the 
other colour. In each sequence, the target orientation (0° or 90°) was paired with either 45° or 135° in the other 
colour. The target orientation could either be shown in the cued colour (target event), or in the uncued colour 
(foil event), and participants had to respond only to the target events. For instance, if the target was 90°-blue, the 
possible target stimuli for that sequence were 90°-blue/45°-orange, and 90°-blue/135°-orange, while the possible 
foils for that sequence were 45°-blue/90°-orange, and 135°-blue/90°-orange (see Fig. 1D).

Each sequence consisted of 104 non-target stimulus presentations. In addition, there were 1 or 2 target events 
and 1 or 2 foil events per sequence, counterbalanced over sequences. We added non-target padding trials at 
the start and end of each sequence as well as around targets and foils. The neural response of several stimulus 
presentations will overlap when stimulus presentations are very  brief51–55. The stimuli at the start or end of the 
sequence, or those that occur after a target, might have different processing compared to typical task-related 
processes. The padding trials were used to capture responses related to the processing of the target, or the start or 
end of the sequence, and were removed from further analysis. They were randomly drawn without replacement 
from the 8 possible trial types (Fig. 1B). There were 4 padding trials at the start and end of each sequence, 3 pad-
ding trials before each target and foil, and 4 after. The total number of stimulus presentations in each sequence 
ranged between 128 and 144, depending on the number of targets and foils in each sequence. All target events, 
foil events, and padding were removed, and only the 104 non-target stimulus presentations in each sequence 
were used for further analysis.

Each stimulus in the sequence was presented for 100 ms, while the interstimulus interval (ISI) duration 
was either 200 ms in the constant ISI condition or varied between 100 and 300 ms in the varied ISI condition 
(Fig. 1C). In the varied ISI condition, there were 13 possible ISIs, equally spaced between 100 and 300 ms, reflect-
ing the 60 Hz refresh rate of the monitor (i.e., 16.67 ms steps). We counterbalanced over sequences whether the 
ISI was constant or varied. Within a sequence, the 104 stimulus presentations were balanced for every combi-
nation of ISI before stimulus onset (13 for variable ISI condition) x orientation (4) x attention condition (2).

Participants completed 3 training parts during the EEG setup. Training parts 1 and 2 consisted of 4 sequences 
with 32 stimuli per sequence. In the first training part, participants only saw lines of the cued colour and the task 
was slowed down to 400 ms stimulus presentation and 400 ms ISI. In the second training part, the lines in the 
uncued colour were introduced, while the timing was kept the same as part 1. The third training part consisted 
of 8 sequences with 104 stimulus presentations per sequence. This training part was the same as the experiment: 
the stimulus presentation was sped up to 100 ms, and the ISI was either 200 ms (4 sequences) or varied from 
100 to 300 ms (4 sequences).

EEG acquisition and pre‑processing. We recorded continuous EEG data from 64 electrodes, digitised 
at a sample rate of 1000-Hz, using a BrainVision ActiChamp system. The electrodes were arranged according 
to the international standard 10–10 system for electrode  placement56 and were referenced online to Cz. We 
performed offline pre-processing using the EEGlab toolbox in  Matlab57, following an established pre-processing 
 pipeline37,58. We first filtered the data using a Hamming windowed FIR filter with 0.1 Hz high pass and 100 Hz 
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low pass filters, re-referenced the data to an average reference, and down-sampled the data to 250 Hz. We created 
epochs from -100 ms to 800 ms relative to stimulus onset.

Decoding analysis. We conducted 3 different decoding analyses, to test for (1) an effect of attention on 
orientation coding, (2) an effect of temporal expectation on orientation coding, and (3) an interaction between 
attention and temporal expectation. To investigate the time-course of the effect of attention on the coding of 
visual information in the brain, we collapsed the data over the different timing predictability conditions. We 
used MVPA to determine whether the pattern of activation across EEG channels carried information about 
the cued orientation and the uncued orientation for each time-point. Comparing the coding of the cued and 
uncued orientation allowed us to determine at which time-points an effect of attention occurred, as indicated 
by stronger coding of cued compared to uncued orientations. We used the CoSMoMVPA toolbox for MATLAB 
for all decoding  analyses59. For decoding of the cued orientation, we trained a regularised Linear Discriminant 
Analysis classifier to distinguish between orientations for each time-point in the epoch. Because the cued and 
uncued orientations were presented simultaneously, we made sure orientations were orthogonal over attention 
conditions. We did this by dividing the 4 possible cued orientations into 2 pairs, 22.5° vs. 112.5° and 67.5° vs. 
157.5°, and running the decoding analysis within a single pair. For instance, when the cued orientations were 
22.5° and 112.5°, the uncued orientations could be either 67.5° or 157.5°, each occurring equally often for each 
cued orientation (Fig. 1B). We averaged decoding accuracies across pairs, resulting in a chance level of 50%. 
We determined decoding performance for each individual participant using a leave-one-sequence-out cross-
validation approach, and then analysed the subject-averaged results at the group level. The decoding analysis of 
the uncued orientation was conducted in the same way. For plotting purposes, we bootstrapped 95% confidence 
intervals across participants using 10,000 bootstrap samples.

Note that we made sure that any difference in classification could not be driven by target-related processes 
in the following ways. First, we minimised effects of visual short-term memory by using a target detection task 
(effectively a “0-back” task), so participants did not have to retain the decoded stimulus orientation over a delay 
period. Participants did have to remember which was the target orientation (horizontal or vertical) for the 
duration of the sequence, but this could not drive the classification, as the target orientation was not informa-
tive about the decoded stimulus orientation. Critically, we only analysed the non-targets. Second, we made sure 
decision-making processes could not drive the classifier. Although a decision had to be made on each trial, it was 
a decision about whether the stimulus was a target. As we only analysed non-target trials, the decision was always 
the same for the analysed orientations (i.e., “not a target” decisions) and could therefore not drive the decoding. 
To examine the effect of temporal expectation, we split the data into the constant and variable ISI conditions, 
and performed the analysis described above separately for both the attention (cued or uncued) and temporal 
expectation (constant ISI or varied ISI) conditions, and then averaged across the cued and uncued conditions to 
obtain a single time-course of decoding accuracies per temporal predictability condition.

To investigate whether the effect of attention was (1) present, and (2) the same, for the two ISI conditions, we 
examined the orientation decoding accuracies separately for the different attention (cued or uncued) x temporal 
expectation (constant ISI or varied ISI) conditions.

Statistical inference. We used Bayesian statistics to determine the evidence for above-chance decoding 
(alternative hypothesis) and chance decoding (null hypothesis) for each point in  time60–63, using the Bayes Fac-
tor R  package64. We did this for (1) the orientation coding separated for the cued and uncued conditions, (2) the 
orientation coding separated for the constant and varied ISI conditions, and (3) the orientation coding separated 
for both the attention and ISI conditions. We used a half-Cauchy prior for the alternative hypothesis to capture 
directional (above chance) effects. The prior was centred around chance (d = 0, i.e., 50% decoding accuracy), 
and had the default width of 0.70763,65,66. We excluded the interval ranging from d = 0 to d = 0.5 from the prior to 
exclude irrelevant effect  sizes67.

We tested for an effect of attention for data combined across temporal predictability conditions, and separately 
for the constant and varied timing conditions, by calculating the difference between decoding accuracies for the 

Figure 1.  Experimental design. (A) The stimuli consisted of blue and orange oriented lines, overlaid at 
fixation. (B) There were 4 possible line orientations: 22.5°, 67.5° 112.5°, 157.5°. The blue and orange lines were 
always rotated 45° from each other, resulting in 8 possible combinations of orientations. We made sure the 
cued and uncued orientations were orthogonal in the decoding analysis by dividing the orientations into 2 
analysis groups, labelled Analysis group 1 and 2. The decoding was done within group. For example, for the 
cued orientation in Analysis group 1 we decoded 22.5° vs. 112.5°. The decoding of the uncued orientation was 
completed in the same way. For example, for the uncued orientation in Analysis group 1 we decoded 67.5° vs. 
157.5°. Note that for each cued orientation, both uncued orientations occur equally often and vice versa, which 
means that the other feature is not informative to the decoding analysis and cannot be used by the classifier. (C) 
Shows an example of part of a sequence. At the start of each sequence, participants saw the target colour and 
orientation for that sequence until they pressed a key to start. Stimuli were presented for 100 ms. Each stimulus 
consisted of lines of the cued and uncued colour. The ISI for the sequence was either constant at 200 ms or 
varied between 100 and 300 ms. (D) Shows an example of a target or foil event. In this example, the target is 
horizontal blue lines. The target is shown at the top (cued blue target orientation), and the foil at the bottom 
(uncued orange target orientation). Participants had to respond to targets but not to foils. The target and foil 
trials, along with 3 padding trials before and 4 padding trials after each target or foil, were not used in the 
analysis. Only the non-target stimuli were used in the analysis.

◂
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cued and uncued orientations. Because we had the a-priori hypothesis that the orientation coding of the cued 
orientation would be higher compared to uncued orientation, we used the same half-Cauchy (directional) prior 
described above, centred around 0, to test whether decoding accuracies of the cued orientation were higher 
than for the uncued orientation. We tested for an effect of temporal expectation by comparing the orientation 
coding of stimuli presented in the constant and varied ISI conditions, collapsed over attention conditions. We 
used the half-Cauchy prior described above to test whether orientation decoding accuracies in the constant 
ISI condition were higher than those in the varied ISI condition. To assess whether the effect of attention was 
different across the two ISI conditions, we compared the difference between decoding accuracies for the cued 
and uncued orientations directly for the constant and varied ISI conditions. Unlike the tests described above, 
we did not have an a-priori prediction about the direction of this effect. Therefore, we used whole Cauchy (not 
directional) prior for the alternative and excluded an interval ranging from effect size of − 0.5 to 0.5 from the 
prior to make it comparable to the other analyses.

Bayes factors (BF) above 1 indicate evidence in the direction of the alternative hypothesis, and Bayes factors 
below 1 indicate evidence in the direction of the null hypothesis. Bayes factors below 1/3 or above 3 are usually 
interpreted as substantial evidence, and Bayes factors below 1/10 or above 10 are usually interpreted as strong 
 evidence66. We used the conservative threshold of Bayes factors above 10 (strong evidence)66 to determine the 
onset time of above chance decoding. To avoid interpreting single time-points with evidence for above-chance 
decoding, when neighbouring time-points do not support this, we defined the onset time of above chance decod-
ing as the second consecutive time-point with a Bayes factor above 10.

Results
The purpose of the task was to make sure participants attended to the orientations in the cued colour, while 
ignoring the orientations in the other colour. The task was difficult due to its fast nature, ensuring participants 
had to pay attention. Responses within 2000 ms after the onset of the target or foil stimulus were counted as hits 
or false alarms respectively. Participants performed the target-detection task in the constant interval condition 
with a mean hit rate of 60.96% (SD = 11.60%, range = 36.73–85.42%), a mean false alarm rate on foils (target 
orientation in uncued colour) of 11.12% (SD = 6.46%, range = 0.00–28.26%), and a mean false alarm rate on 
the non-target trials of 0.34% (SD = 0.41%, range 0.00–1.68%). On the varied interval condition, participants 
had a mean hit rate of 58.06% (SD = 11.49%, range = 36.73–78.85%), a mean false alarm rate on foils of 9.89% 
(SD = 6.43, range = 0.00–25.00%), and a mean false alarm rate on non-target trials of 0.34% (SD = 0.45%, range 
0.03–1.95%). This indicates that the participants were engaged in the task and managed to discriminate between 
the orientations of the cued and uncued colour.

We decoded the cued and uncued orientations for each time-point to determine whether there is an effect of 
attention on the coding of visual information (Fig. 2A). There was strong evidence for above chance decoding of 
both the cued and uncued orientation from approximately 80 ms after stimulus onset (84 ms and 80 ms respec-
tively). There was strong evidence for an effect of attention, defined as stronger coding of the cued compared to 
uncued orientation, from 232 ms (Fig. 2B). This suggests the brain initially represented both the cued and uncued 
stimuli to a similar extent, but later prioritised the processing of the attended information.

The second aim of this study was to examine the influence of temporal expectation on the effect of atten-
tion. First, we determined whether there was a main effect of temporal expectation on the processing of visual 
orientation information, and then we tested whether there was an interaction between attention and temporal 
expectation. To determine whether there was a main effect of temporal expectation, we compared the decoding 
of orientation between stimuli presented in the constant and varied ISI sequences, collapsing across attention 
conditions. The decoding accuracies for the constant and varied ISI conditions are shown in Fig. 3A. We calcu-
lated the effect of temporal expectation as the difference between orientation coding for stimuli in the constant 
and varied ISI sequences (see Fig. 3B). There was no reliable effect of temporal expectation on the processing of 
visual information. Although a few time-points after 300 ms showed evidence for stronger orientation coding 
for the constant compared to varied ISI conditions  (BF10 > 10), most time-points after 300 ms showed either 
inconclusive evidence or strong evidence for no effect  (BF10 < 1/10).

To examine whether an effect of attention was present regardless of temporal expectation, we compared 
the decoding of the cued and uncued orientations separately for the constant ISI sequences (Fig. 4A) and the 
varied ISI sequences (Fig. 4B). We observed an effect of attention for both timing conditions, starting at 248 ms 
after stimulus onset for the constant timing condition, and at 232 ms after stimulus onset for the varied timing 
condition. We directly compared the effects of attention in the two different timing conditions, to examine the 
interaction between attention and temporal expectation (Fig. 4C). Although a few time-points showed evidence 
for a larger effect of attention in the varied ISI condition, no two consecutive time-points showed strong evidence 
 (BF10 > 10) for this difference, and the majority of time-points showed strong evidence for no effect  (BF10 < 1/10). 
Note that although the visual input was perfectly matched between the constant and varied ISI conditions until 
200 ms after stimulus onset, this is not the case after this time. While the next stimulus in the sequence was 
always presented 300 ms after the preceding one in the constant ISI condition, it was presented between 200 and 
400 ms after stimulus onset in the varied ISI condition (see grey line in Fig. 4A and grey shaded area in Fig. 4B). 
This means that masking by the next stimulus in the sequence occurred earlier in some of the varied ISI trials 
(and later in others) compared to the constant ISI trials.

Discussion
In this experiment we investigated the time-course of the effect of feature-based attention on visual informa-
tion processing. We controlled for effects of target related processes, such as visual short-term memory and 
decision-making, in the following ways. We controlled for visual short-term memory effects by using a target 
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detection task where participants did not have to retain the cued stimulus orientation over a delay period. We 
made sure decision-making processes could not drive the classifier by making the decision (i.e., target or not 
a target) orthogonal to the decoded stimulus orientations. Critically, we only analysed the non-target stimulus 
presentations. In addition, we investigated whether temporal expectation modulated the effects of attention on 
information processing by presenting the stimuli with either a constant (predictable) interval between stimuli 
of 200 ms, or a varied (unpredictable) interval between 100 and 300 ms. The results showed that whereas the 
cued and uncued visual input was initially coded equally from about 80–84 ms after stimulus onset, an effect of 
attention emerged from approximately 232 ms. After this time, the cued visual information was more strongly 
coded than uncued information. We observed this effect of attention, with a similar time-course, in both the 
varied and constant ISI conditions. These findings show that attention selectively enhances the relevant compared 
to irrelevant visual information, which is consistent with the role of attention in boosting and maintaining task-
relevant information. Importantly, this effect of attention on stimulus coding occurred even when we controlled 
for target-related effects and occurred regardless of whether the onset timing was predictable or not.

Our findings of an effect of attention on orientation coding are consistent with previous studies that used 
time-resolved methods in combination with MVPA. These studies found more sustained coding for the cued 

Figure 2.  Time-course of decoding accuracies of the cued and uncued orientations. (A) shows the decoding 
accuracy of the stimulus orientation over time, when the orientation was either presented in the cued colour 
(blue) or uncued (light green). The stimulus onset is marked with a vertical black line at 0 ms. Theoretical 
chance is 50% decoding accuracy, and shaded areas around the plot lines show the bootstrapped 95% confidence 
interval across participants (N = 20). Bayes factors are given below the plot on a log scale. Bayes factors below 
1/10 are shown in grey, indicating strong evidence for the null hypothesis. Bayes factors above 10 are shown 
in the plot colour (blue for cued and light green for uncued), indicating strong evidence for the alternative 
hypothesis. Bayes factors between 1/10 and 10 are shown in white. The cued orientation could be decoded from 
84 ms after the onset of the stimulus, and the uncued orientation from 80 ms after stimulus onset. (B) shows the 
effect of attention, measured as the difference in orientation decoding between the cued and uncued orientation 
(cued − uncued). The Bayes factors are given below the plot on a log scale. An effect of attention was present 
from 232 ms after stimulus onset.
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compared to uncued features and/or  objects36,37,39. In line with our previous  work39, we show that these effects are 
not contingent on confounding stimulus and decision. The current study builds on previous findings by showing 
that feature-based attention effects occur even when we control for target-related processing and ensure that 
decisions do not confound the stimulus classification, and that they occur regardless of whether the stimulus 
onset timing is expected or not. One difference with previous research is how long the cued information was 
maintained in the neural signal, as this appears to be sustained for a shorter period in this study compared to pre-
vious  findings36,37,39. This difference could be caused by a number of different processes. First, the masking of each 
stimulus by the subsequent stimulus occurs earlier in this paradigm compared to previous  experiments36,37,39,40, 
and masking has been shown to affect the coding of visual  information51. Secondly, this difference could be 
driven by the reduced requirement to maintain or manipulate the cued visual information, as this was a relatively 
easy target detection task. These different explanations are not mutually exclusive, and both seem likely to play a 
role. Although the decoding duration of cued information might be dependent on the study design, the effect of 
attention emerges at a similar time across studies, approximately 200–300 ms after stimulus onset. The similar 
timing of the emergence of preferential processing of the relevant compared to irrelevant information is in line 
with this effect being driven by attention. Our study adds to previous findings by unequivocally demonstrating 

Figure 3.  Time-course of decoding accuracies of the orientations presented at a constant and varied ISI. (A) 
shows orientation decoding accuracy of stimuli presented at a constant ISI (purple) or varied ISI (orange). 
Plotting conventions are the same as in Fig. 2. The orientations of stimuli presented at a constant ISI or varied 
ISI could be decoded from 88 and 84 ms after stimulus onset respectively. (B) shows the effect of temporal 
expectation, measured as the difference in orientation decoding between the stimuli presented at a constant 
or varied ISI (constant − varied ISI). The BFs are given below the plot on a log scale. There was no effect 
of temporal expectation on the coding of orientation information. A few time-points after 300 ms showed 
stronger orientation coding for the constant compared to varied ISI conditions, but the Bayes factors for most 
time-points in the 300 ms to 800 ms time-window either suggested inconclusive evidence or evidence for no 
difference.
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Figure 4.  Time-course of decoding accuracies of the cued and uncued orientations for the varied and constant 
ISI conditions. Plots show the decoding accuracies of the cued (blue) and uncued (light green) stimulus 
orientation over time for the constant ISI condition in (A) and the varied ISI condition in (B). The possible 
onset time(s) of the next stimulus in the sequence are indicated by a grey shaded line at 300 ms in (A) and a grey 
shaded area between 200 and 400 ms in (B). (C) shows the effect of attention on stimulus coding, calculated as 
the difference in decoding accuracy for the cued and uncued conditions, for the constant ISI condition (yellow) 
and the varied ISI condition (red). We observed an effect of attention for both timing conditions, starting at 
248 ms after stimulus onset for the constant ISI condition, and at 232 ms after stimulus onset for the varied 
ISI condition. We directly compared the effect of attention for the 2 different ISI conditions and found no 2 
consecutive time-points with  BF10 > 10. Plotting conventions are the same as in Fig. 2.
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the temporal dynamics of attention on the processing of visual information, without target-related processing 
confounds. In addition, our design allows us to study attended and unattended stimuli presented simultaneously 
in the same spatial location, in a fast and efficient paradigm.

In this study, we observed preferential coding of the attended information over the distractor information 
after 200 ms, suggesting that the attentional selection of the relevant colour feature biased visual processing at 
this time. A change in decoding could be driven by different factors. For instance, it could be driven by a reduc-
tion in trial-to-trial variability in the neural response, or by a gain in the neural coding of the stimulus features 
in the attended condition. The time-course found in this study suggests a top-down bias of attention on visual 
processing, in line with a large body of literature on non-human  primates1,68–71 as well as  humans72–76. The onset 
time of our attention effect is consistent with previous univariate work, which found effects of feature-based 
attention after 200 ms at anterior sites and 225 ms at posterior  sites77–79. In addition, the timing is similar to the 
N2pc component, associated with the selection of relevant information, and the distractor positivity  (PD) com-
ponent, associated with the suppression of irrelevant information, both of which are observed around 200 ms 
after stimulus onset in visual search  studies80–85. Our results show that the coding of the attended information 
is maintained after 200 ms, whereas the stimulus coding of the unattended information decreases after 200 ms. 
This could reflect the selection of the relevant information for further processing and/or the suppression of the 
distracting information and could therefore be associated with the N2PC and  PD components. The time-course 
of feature-based attention we have identified differs from univariate spatial attention studies, which found that 
spatial attention modulations can occur as early as 70-100 ms after stimulus  onset25–27,86–90. This difference is 
likely due to the necessity of some initial stimulus processing to identify the relevant feature before feature-based 
attention can be applied. Spatial attention, on the other hand, can be allocated to the location where the stimulus 
is likely to appear, even before the stimulus is  presented16,91,92. Here we looked at only attention to colour as a 
representation of feature-based attention, it is possible that processing of other features might differ slightly in 
time-course. The current work adds to the univariate findings by revealing what happens to both the attended 
and distractor information over time, even when both stimuli are presented simultaneously at the same location.

We found evidence that temporal expectation did not interact with the effect of attention on visual processing 
for the timescale used in this paradigm: a constant ISI of 200 ms and a varied ISI of 100–300 ms. The stimulus 
presentation duration was kept constant at 100 ms, resulting in a stimulus onset asynchrony of 300 ms, and 
200–400 ms respectively. This finding fits with findings from Smout and colleagues, who showed that expecta-
tion about stimulus identity did not interact with the effect of attention on stimulus coding. Our study adds to 
these findings by investigating the contribution of temporal expectation. It is possible that an interaction would 
occur when temporal expectations are violated, in line with the findings of Smout and  colleagues40, who found an 
interaction between attention and expectation about stimulus features on the processing of mismatch informa-
tion only. Future work could therefore compare a predictable timing condition to a condition where temporal 
expectation is violated, rather than a condition where there is no temporal expectation as in our varied condition.

We did not find a main effect of temporal expectation on orientation processing. Although a few time-points 
after 300 ms showed evidence for stronger orientation coding in the constant compared to varied ISI condition, 
likely driven by more sustained decoding of the uncued orientation in the constant condition, most time-points 
showed either inconclusive evidence or evidence for no difference. The difference in those few time-points is 
likely attributable to the difference in visual stimulation starting after 200 ms. The next stimulus, which is likely 
to cause masking, occurred earlier in some of the varied ISI trials compared to the constant ISI trials. One pos-
sible interpretation of the lack of an effect is that there must be certainty about the stimulus feature in order 
to prioritise processing a certain window in time. While the general shape and colours of the stimuli in our 
paradigm were expected, the task-relevant feature (orientation) was not. Another possible interpretation is that 
temporal expectation might not affect the early sensory response, but rather influences the later ‘decision’ stages 
of information  processing93. Several studies support this possibility, although these studies investigated expecta-
tions about spatial  location42, stimulus  features40,48,94 and motor  responses48 rather than temporal expectations. 
However, the lack of a main effect of temporal expectation does not seem in agreement with other studies that 
found evidence for enhanced visual processing for stimuli presented at a constant compared to varied  ISI49,50. One 
possibility for this difference is the difference in analysis methods. Whereas we used MVPA of EEG data to track 
the coding of visual information, previous studies have investigated the effect of implicit temporal expectations 
on phase-locking of  oscillations49 and  behaviour49,50. This means that our results are not directly comparable. 
Another possible explanation for the apparent difference between our results and other studies of the effects of 
temporal  expectation49,50 could be the timescale, as other studies have used a slower ISI in the predictable timing 
condition (400 ms compared to 200 ms), as well as a wider range of range of possible ISIs for the unpredictable 
timing condition (200–600 ms instead of 100–300 ms)49,50. It is possible that this, perhaps stronger, manipulation 
of temporal expectation would lead to different results in our paradigm, as this would give participants more time 
to process the current stimulus and prepare for the next stimulus. Another, not mutually exclusive, explanation 
is that the perceptual difficulty of the stimuli plays a role in whether temporal attention can affect the processing 
of visual information. Although our task was difficult due to its fast nature, the perceptual difficulty was low, 
as the non-targets were always rotated at least 22.5° from the target orientation and there was no added visual 
noise. This was not the case for some of the previous studies, where target orientations were embedded in visual 
 noise49,50. It is possible that the effect of temporal expectation may have a larger effect under conditions of high 
perceptual difficulty, when there is more to gain from attending precisely in time. Future work could disentangle 
whether temporal expectation effects are dependent on perceptual difficulty and longer time scales.

It is also important to consider different types of expectations. This study focused on expectations of when 
something will happen, which we term temporal expectation, but expectations about upcoming events often 
combine ‘when’ with ‘what’ and ‘where’. Some studies have found that temporal expectation can interact with 
spatial  expectation95, as well as expectation about object  features96. These results show that different types of 
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expectation can work together, with the largest effects when participants have an expectation about both where 
or what will appear and when. It is therefore important to note that in this study, participants had a spatial 
expectation about where the stimulus would appear, as this was kept constant. In addition, participants had an 
idea about the general shape and colours of the stimulus, but no expectation about what the orientation of the 
upcoming stimulus was. We therefore need to interpret the results of the temporal expectation manipulation 
keeping in mind there was also a spatial expectation and an object feature expectation about colour, but no object 
feature expectation about orientation. This could mean that an expectation about the relevant stimulus feature 
might be needed to observe an effect of temporal expectation on stimulus coding.

Taken together, our results showed that attention selectively enhanced the high-level processing of stimulus 
relevant features from about 232 ms after stimulus onset, without target-related processing confounds. The 
selection of task-relevant information occurred even when the stimulus presentation was fast and occurred 
regardless of whether the onset was temporally predictable or not. These findings reveal a detailed picture for 
the time-course of the prioritisation of task-relevant information, in the presence of competing information at 
the same time and location.

Data availability
The raw and pre-processed data are available via OpenNeuro (https:// openn euro. org/ datas ets/ ds004 043), and 
the analysis code is available via the Open Science Framework (https:// doi. org/ 10. 17605/ OSF. IO/ 5B8K6).

Received: 15 October 2021; Accepted: 28 March 2022

References
 1. Buschman, T. J. & Miller, E. K. Top-down versus bottom-up control of attention in the prefrontal and posterior parietal cortices. 

Science 315, 1860–1862 (2007).
 2. Lennert, T. & Martinez-Trujillo, J. Strength of response suppression to distracter stimuli determines attentional-filtering perfor-

mance in primate prefrontal neurons. Neuron 70, 141–152 (2011).
 3. Suzuki, M. & Gottlieb, J. Distinct neural mechanisms of distractor suppression in the frontal and parietal lobe. Nat. Neurosci. 16, 

98–104 (2013).
 4. Kamigaki, T., Fukushima, T. & Miyashita, Y. Neuronal signal dynamics during preparation and execution for behavioral shifting 

in macaque posterior parietal cortex. J. Cogn. Neurosci. 23, 2503–2520 (2011).
 5. Kamigaki, T., Fukushima, T. & Miyashita, Y. Cognitive set reconfiguration signaled by macaque posterior parietal neurons. Neuron 

61, 941–951 (2009).
 6. Ibos, G. & Freedman, D. J. Dynamic integration of task-relevant visual features in posterior parietal cortex. Neuron 83, 1468–1480 

(2014).
 7. Bichot, N. P., Heard, M. T., DeGennaro, E. M. & Desimone, R. A source for feature-based attention in the prefrontal cortex. Neuron 

88, 832–844 (2015).
 8. Kastner, S. & Ungerleider, L. G. Mechanisms of visual attention in the human cortex. Annu. Rev. Neurosci. 23, 315–341 (2000).
 9. Pessoa, L., Kastner, S. & Ungerleider, L. G. Attentional control of the processing of neutral and emotional stimuli. Cogn. Brain Res. 

15, 31–45 (2002).
 10. Chelazzi, L., Miller, E. K., Duncan, J. & Desimone, R. A neural basis for visual search in inferior temporal cortex. Nature 363, 

345–347 (1993).
 11. Luck, S. J., Chelazzi, L., Hillyard, S. A. & Desimone, R. Neural mechanisms of spatial selective attention in areas V1, V2, and V4 

of macaque visual cortex. J. Neurophysiol. 77, 24–42 (1997).
 12. Motter, B. C. Focal attention produces spatially selective processing in visual cortical areas V1, V2, and V4 in the presence of 

competing stimuli. J. Neurophysiol. 70, 909–919 (1993).
 13. Treue, S. & Maunsell, J. H. R. Attentional modulation of visual motion processing in cortical areas MT and MST. Nature 382, 

539–541 (1996).
 14. Brefczynski, J. A. & DeYoe, E. A. A physiological correlate of the ‘spotlight’ of visual attention. Nat. Neurosci. 2, 370–374 (1999).
 15. Gandhi, S. P., Heeger, D. J. & Boynton, G. M. Spatial attention affects brain activity in human primary visual cortex. Proc. Natl. 

Acad. Sci. 96, 3314–3319 (1999).
 16. Kastner, S., Pinsk, M. A., De Weerd, P., Desimone, R. & Ungerleider, L. G. Increased activity in human visual cortex during directed 

attention in the absence of visual stimulation. Neuron 22, 751–761 (1999).
 17. Duncan, J. An adaptive coding model of neural function in prefrontal cortex. Nat. Rev. Neurosci. 2, 820–829 (2001).
 18. Duncan, J. The multiple-demand (MD) system of the primate brain: mental programs for intelligent behaviour. Trends Cogn. Sci. 

14, 172–179 (2010).
 19. Fusi, S., Miller, E. K. & Rigotti, M. Why neurons mix: High dimensionality for higher cognition. Curr. Opin. Neurobiol. 37, 66–74 

(2016).
 20. Rigotti, M. et al. The importance of mixed selectivity in complex cognitive tasks. Nature 497, 585–590 (2013).
 21. Desimone, R. & Duncan, J. Neural mechanisms of selective visual attention. Annu. Rev. Neurosci. 18, 193–222 (1995).
 22. Cohen, M. R. & Maunsell, J. H. R. Attention improves performance primarily by reducing interneuronal correlations. Nat. Neurosci. 

12, 1594–1600 (2009).
 23. Arazi, A., Yeshurun, Y. & Dinstein, I. Neural variability is quenched by attention. J. Neurosci. 39, 5975–5985 (2019).
 24. Eason, R. G. Visual evoked potential correlates of early neural filtering during selective attention. Bull. Psychon. Soc. 18, 203–206 

(1981).
 25. Eimer, M. “Sensory gating” as a mechanism for visuospatial orienting: Electrophysiological evidence from trial-by-trial cuing 

experiments. Percept. Psychophys. 55, 667–675 (1994).
 26. Hillyard, S. A. & Münte, T. F. Selective attention to color and location: An analysis with event-related brain potentials. Percept. 

Psychophys. 36, 185–198 (1984).
 27. Mangun, G. R. & Hillyard, S. A. Spatial gradients of visual attention: Behavioral and electrophysiological evidence. Electroencepha-

logr. Clin. Neurophysiol. 70, 417–428 (1988).
 28. Neville, H. J. & Lawson, D. Attention to central and peripheral visual space in a movement detection task: An event-related potential 

and behavioral study I. Normal hearing adults. Brain Res. 405, 253–267 (1987).
 29. Rugg, M. D., Milner, A. D., Lines, C. R. & Phalp, R. Modulation of visual event-related potentials by spatial and non-spatial visual 

selective attention. Neuropsychologia 25, 85–96 (1987).

https://openneuro.org/datasets/ds004043
https://doi.org/10.17605/OSF.IO/5B8K6


12

Vol:.(1234567890)

Scientific Reports |         (2022) 12:6968  | https://doi.org/10.1038/s41598-022-10687-x

www.nature.com/scientificreports/

 30. Czigler, I. & Géczy, I. Event-related potential correlates of color selection and lexical decision: Hierarchical processing or late 
selection?. Int. J. Psychophysiol. 22, 67–84 (1996).

 31. Eimer, M. An event-related potential (ERP) study of transient and sustained visual attention to color and form. Biol. Psychol. 44, 
143–160 (1997).

 32. Heslenfeld, D. J., Kenemans, J. L., Kok, A. & Molenaar, P. C. M. Feature processing and attention in the human visual system: An 
overview. Biol. Psychol. 45, 183–215 (1997).

 33. Hillyard, S. A., Teder-Sälejärvi, W. A. & Münte, T. F. Temporal dynamics of early perceptual processing. Curr. Opin. Neurobiol. 8, 
202–210 (1998).

 34. Zhang, W. & Luck, S. J. Feature-based attention modulates feedforward visual processing. Nat. Neurosci. 12, 24–25 (2009).
 35. Battistoni, E., Kaiser, D., Hickey, C. & Peelen, M. V. The time course of spatial attention during naturalistic visual search. Cortex 

122, 225–234 (2020).
 36. Goddard, E., Carlson, T. A. & Woolgar, A. Spatial and feature-selective attention have distinct, interacting effects on population-

level tuning. J. Cogn. Neurosci. 34, 290–312 (2022).
 37. Grootswagers, T., Robinson, A. K., Shatek, S. M. & Carlson, T. A. The neural dynamics underlying prioritisation of task-relevant 

information. Neurons Behav. Data Anal. Theory https:// doi. org/ 10. 51628/ 001c. 21174 (2021).
 38. Kaiser, D., Oosterhof, N. & Peelen, M. The neural dynamics of attentional selection in natural scenes. J. Neurosci. Off. J. Soc. Neu-

rosci. 36, 10522–10528 (2016).
 39. Moerel, D., Rich, A. N. & Woolgar, A. Selective attention and decision-making have separable neural bases in space and time. 

BioRxiv https:// doi. org/ 10. 1101/ 2021. 02. 28. 433294 (2021).
 40. Smout, C. A., Tang, M. F., Garrido, M. I. & Mattingley, J. B. Attention promotes the neural encoding of prediction errors. PLOS 

Biol. 17, e2006812 (2019).
 41. Kok, P. et al. Attention reverses the effect of prediction in silencing sensory signals. Cereb. Cortex 22, 2197–2206 (2012).
 42. Zuanazzi, A. & Noppeney, U. Additive and interactive effects of spatial attention and expectation on perceptual decisions. Sci. Rep. 

8, 2 (2018).
 43. Summerfield, C. & Egner, T. Expectation (and attention) in visual cognition. Trends Cogn. Sci. 13, 403–409 (2009).
 44. Anderson, B. & Sheinberg, D. L. Effects of temporal context and temporal expectancy on neural activity in inferior temporal cortex. 

Neuropsychologia 46, 947–957 (2008).
 45. Lima, B., Singer, W. & Neuenschwander, S. Gamma responses correlate with temporal expectation in monkey primary visual 

cortex. J. Neurosci. 31, 15919–15931 (2011).
 46. van Ede, F., Chekroud, S. R., Stokes, M. G. & Nobre, A. C. Decoding the influence of anticipatory states on visual perception in 

the presence of temporal distractors. Nat. Commun. 9, 1449 (2018).
 47. Nobre, A. C. & van Ede, F. Anticipated moments: Temporal structure in attention. Nat. Rev. Neurosci. 19, 34–48 (2018).
 48. Rungratsameetaweemana, N., Itthipuripat, S., Salazar, A. & Serences, J. T. Expectations do not alter early sensory processing during 

perceptual decision-making. J. Neurosci. 38, 5632–5648 (2018).
 49. Cravo, A. M., Rohenkohl, G., Wyart, V. & Nobre, A. C. Temporal expectation enhances contrast sensitivity by phase entrainment 

of low-frequency oscillations in visual cortex. J. Neurosci. 33, 4002–4010 (2013).
 50. Rohenkohl, G., Cravo, A. M., Wyart, V. & Nobre, A. C. Temporal expectation improves the quality of sensory information. J. 

Neurosci. 32, 8424–8428 (2012).
 51. Robinson, A. K., Grootswagers, T. & Carlson, T. A. The influence of image masking on object representations during rapid serial 

visual presentation. Neuroimage 197, 224–231 (2019).
 52. Marti, S. & Dehaene, S. Discrete and continuous mechanisms of temporal selection in rapid visual streams. Nat. Commun. 8, 1955 

(2017).
 53. Grootswagers, T., Robinson, A. K., Shatek, S. M. & Carlson, T. A. Untangling featural and conceptual object representations. 

Neuroimage 202, 116083 (2019).
 54. Grootswagers, T., Robinson, A. K. & Carlson, T. A. The representational dynamics of visual objects in rapid serial visual processing 

streams. Neuroimage 188, 668–679 (2019).
 55. Mohsenzadeh, Y., Qin, S., Cichy, R. M. & Pantazis, D. Ultra-Rapid serial visual presentation reveals dynamics of feedforward and 

feedback processes in the ventral visual pathway. Elife 7, e36329 (2018).
 56. Oostenveld, R. & Praamstra, P. The five percent electrode system for high-resolution EEG and ERP measurements. Clin. Neuro-

physiol. 112, 713–719 (2001).
 57. Delorme, A. & Makeig, S. EEGLAB: An open source toolbox for analysis of single-trial EEG dynamics including independent 

component analysis. J. Neurosci. Methods 134, 9–21 (2004).
 58. Robinson, A. K. et al. Overlapping neural representations for the position of visible and imagined objects. Neurons Behav. Data 

Anal. Theory 4, 1–28 (2021).
 59. Oosterhof, N. N., Connolly, A. C. & Haxby, J. V. CoSMoMVPA: Multi-modal multivariate pattern analysis of neuroimaging data 

in matlab/GNU octave. Front. Neuroinformatics 10, 2 (2016).
 60. Dienes, Z. Bayesian versus orthodox statistics: Which side are you on?. Perspect. Psychol. Sci. 6, 274–290 (2011).
 61. Kass, R. E. & Raftery, A. E. Bayes factors. J. Am. Stat. Assoc. 90, 773–795 (1995).
 62. Morey, R. D., Romeijn, J.-W. & Rouder, J. N. The philosophy of Bayes factors and the quantification of statistical evidence. J. Math. 

Psychol. 72, 6–18 (2016).
 63. Rouder, J. N., Speckman, P. L., Sun, D., Morey, R. D. & Iverson, G. Bayesian t tests for accepting and rejecting the null hypothesis. 

Psychon. Bull. Rev. 16, 225–237 (2009).
 64. Morey, R. D. & Rouder, J. N. BayesFactor: Computation of Bayes Factors for Common Designs. (2018).
 65. Jeffreys, H. The Theory of Probability (OUP Oxford, 1998).
 66. Wetzels, R. et al. Statistical evidence in experimental psychology: An empirical comparison using 855 t tests. Perspect. Psychol. Sci. 

6, 291–298 (2011).
 67. Teichmann, L., Moerel, D., Baker, C. I. & Grootswagers, T. An empirically-driven guide on using Bayes Factors for M/EEG decod-

ing. Aperture Neuro.1(8), 1-10 https:// doi. org/ 10. 52294/ 82179 f90- eeb9- 4933- adbe- c2a45 45772 89 (2022).
 68. Buffalo, E. A., Fries, P., Landman, R., Liang, H. & Desimone, R. A backward progression of attentional effects in the ventral stream. 

Proc. Natl. Acad. Sci. 107, 361–365 (2010).
 69. Herrington, T. M. & Assad, J. A. Temporal sequence of attentional modulation in the lateral intraparietal area and middle temporal 

area during rapid covert shifts of attention. J. Neurosci. 30, 3287–3296 (2010).
 70. Ibos, G., Duhamel, J.-R. & Hamed, S. B. A functional hierarchy within the parietofrontal network in stimulus selection and atten-

tion control. J. Neurosci. 33, 8359–8369 (2013).
 71. Mehta, A. D., Ulbert, I. & Schroeder, C. E. Intermodal selective attention in monkeys. I: Distribution and timing of effects across 

visual areas. Cereb. Cortex 10, 343–358 (2000).
 72. Alilović, J., Timmermans, B., Reteig, L. C., van Gaal, S. & Slagter, H. A. No evidence that predictions and attention modulate the 

first feedforward sweep of cortical information processing. Cereb. Cortex 29, 2261–2278 (2019).
 73. Clark, V. P. & Hillyard, S. A. Spatial selective attention affects early extrastriate but not striate components of the visual evoked 

potential. J. Cogn. Neurosci. 8, 387–402 (1996).

https://doi.org/10.51628/001c.21174
https://doi.org/10.1101/2021.02.28.433294
https://doi.org/10.52294/82179f90-eeb9-4933-adbe-c2a454577289


13

Vol.:(0123456789)

Scientific Reports |         (2022) 12:6968  | https://doi.org/10.1038/s41598-022-10687-x

www.nature.com/scientificreports/

 74. Di Russo, F., Martínez, A. & Hillyard, S. A. Source analysis of event-related cortical activity during visuo-spatial attention. Cereb. 
Cortex 13, 486–499 (2003).

 75. Gomez Gonzalez, C. M., Clark, V. P., Fan, S., Luck, S. J. & Hillyard, S. A. Sources of attention-sensitive visual event-related poten-
tials. Brain Topogr. 7, 41–51 (1994).

 76. Lawrence, S. J., Norris, D. G. & de Lange, F. P. Dissociable laminar profiles of concurrent bottom-up and top-down modulation in 
the human visual cortex. Elife 8, e44422 (2019).

 77. Kenemans, J. L., Kok, A. & Smulders, F. T. Y. Event-related potentials to conjunctions of spatial frequency and orientation as a 
function of stimulus parameters and response requirements. Electroencephalogr. Clin. Neurophysiol. Potentials Sect. 88, 51–63 
(1993).

 78. Previc, F. H. & Harter, M. R. Electrophysiological and behavioral indicants of selective attention to multifeature gratings. Percept. 
Psychophys. 32, 465–472 (1982).

 79. Wijers, A. A., Mulder, G., Okita, T., Mulder, L. J. M. & Scheffers, M. K. Attention to color: An analysis of selection, controlled 
search, and motor activation, using event-related potentials. Psychophysiology 26, 89–109 (1989).

 80. Eimer, M. The neural basis of attentional control in visual search. Trends Cogn. Sci. 18, 526–535 (2014).
 81. Gaspelin, N. & Luck, S. J. The role of inhibition in avoiding distraction by salient stimuli. Trends Cogn. Sci. 22, 79–92 (2018).
 82. Gaspelin, N. & Luck, S. J. Combined electrophysiological and behavioral evidence for the suppression of salient distractors. J. Cogn. 

Neurosci. 30, 1265–1280 (2018).
 83. Hickey, C., Di Lollo, V. & McDonald, J. J. Electrophysiological indices of target and distractor processing in visual search. J. Cogn. 

Neurosci. 21, 760–775 (2009).
 84. Luck, S. J. & Hillyard, S. A. Electrophysiological correlates of feature analysis during visual search. Psychophysiology 31, 291–308 

(1994).
 85. van Moorselaar, D. & Slagter, H. A. Learning what is irrelevant or relevant: Expectations facilitate distractor inhibition and target 

facilitation through distinct neural mechanisms. J. Neurosci. 39, 6953–6967 (2019).
 86. Eimer, M. An ERP study on visual spatial priming with peripheral onsets. Psychophysiology 31, 154–163 (1994).
 87. Hopfinger, J. B. & Mangun, G. R. Reflexive attention modulates processing of visual stimuli in human extrastriate cortex. Psychol. 

Sci. 9, 441–447 (1998).
 88. Luck, S. J. et al. Effects of spatial cuing on luminance detectability: Psychophysical and electrophysiological evidence for early 

selection. J. Exp. Psychol. Hum. Percept. Perform. 20, 887–904 (1994).
 89. Mangun, G. & Hillyard, S. Modulations of sensory-evoked brain potentials indicate changes in perceptual processing during 

visual-spatial priming. J. Exp. Psychol. Hum. Percept. Perform. 17, 1057–1074 (1991).
 90. Mangun, G. R. R. & Hillyard, S. A. The spatial allocation of visual attention as indexed by event-related brain potentials. Hum. 

Factors 29, 195–211 (1987).
 91. O’Connor, D. H., Fukui, M. M., Pinsk, M. A. & Kastner, S. Attention modulates responses in the human lateral geniculate nucleus. 

Nat. Neurosci. 5, 1203–1209 (2002).
 92. Worden, M. S., Foxe, J. J., Wang, N. & Simpson, G. V. Anticipatory biasing of visuospatial attention indexed by retinotopically 

specific α-bank electroencephalography increases over occipital cortex. J. Neurosci. 20, 63 (2000).
 93. Rungratsameetaweemana, N. & Serences, J. T. Dissociating the impact of attention and expectation on early sensory processing. 

Curr. Opin. Psychol. 29, 181–186 (2019).
 94. Bang, J. W. & Rahnev, D. Stimulus expectation alters decision criterion but not sensory signal in perceptual decision making. Sci. 

Rep. 7, 17072 (2017).
 95. Doherty, J. R., Rao, A., Mesulam, M. M. & Nobre, A. C. Synergistic effect of combined temporal and spatial expectations on visual 

attention. J. Neurosci. Off. J. Soc. Neurosci. 25, 8259–8266 (2005).
 96. Warren, S. G., Yacoub, E. & Ghose, G. M. Featural and temporal attention selectively enhance task-appropriate representations in 

human primary visual cortex. Nat. Commun. 5, 5643 (2014).

Acknowledgements
This work was supported by an International Research Training Program Scholarships from Macquarie Univer-
sity awarded to DM, an Australian Research Council (ARC) Discovery Early Career Researcher Award awarded 
to AKR (DE200101159), ARC Discovery Projects awarded to TAC (DP160101300 and DP200101787) and to 
ANR and AW (DP170101840), and by the Medical Research Council (UK) intramural funding (SUAG/052/
G101400) awarded to AW. We would like to acknowledge the University of Sydney HPC service for providing 
High Performance Computing resources.

Author contributions
Conceptualisation: D.M., T.G., A.K.R., A.W., T.A.C., A.N.R.; Stimulus and task development: D.M.; Data acqui-
sition: S.M.S., D.M.; Formal analysis: D.M.; Writing (original draft): D.M.; Writing (reviewing and editing): all 
authors; Supervision: A.W., A.N.R.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to D.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

www.nature.com/reprints


14

Vol:.(1234567890)

Scientific Reports |         (2022) 12:6968  | https://doi.org/10.1038/s41598-022-10687-x

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

http://creativecommons.org/licenses/by/4.0/

	The time-course of feature-based attention effects dissociated from temporal expectation and target-related processes
	Methods
	Participants. 
	Stimuli and design. 
	EEG acquisition and pre-processing. 
	Decoding analysis. 
	Statistical inference. 

	Results
	Discussion
	References
	Acknowledgements


