
RESEARCH ARTICLE

Attention and prediction modulations in

expected and unexpected visuospatial

trajectories

Kristen S. BakerID
1*, Alan J. Pegna2, Naohide YamamotoID

1, Patrick Johnston1

1 School of Psychology and Counselling, Faculty of Health, Queensland University of Technology (QUT),

Brisbane, QLD, Australia, 2 School of Psychology, Faculty of Health and Behavioural Sciences, University of

Queensland, Brisbane, QLD, Australia

* kristen.baker@hdr.qut.edu.au

Abstract

Humans are constantly exposed to a rich tapestry of visual information in a potentially

changing environment. To cope with the computational burden this engenders, our percep-

tual system must use prior context to simultaneously prioritise stimuli of importance and sup-

press irrelevant surroundings. This study investigated the influence of prediction and

attention in visual perception by investigating event-related potentials (ERPs) often associ-

ated with these processes, N170 and N2pc for prediction and attention, respectively. A con-

textual trajectory paradigm was used which violated visual predictions and neglected to

predetermine areas of spatial interest, to account for the potentially unpredictable nature of

a real-life visual scene. Participants (N = 36) viewed a visual display of cued and non-cued

shapes rotating in a five-step predictable trajectory, with the fifth and final position of either

the cued or non-cued shape occurring in a predictable or unpredictable spatial location. To

investigate the predictive coding theory of attention we used factors of attention and predic-

tion, whereby attention was manipulated as either cued or non-cued conditions, and predic-

tion manipulated in either predictable or unpredictable conditions. Results showed both

enhanced N170 and N2pc amplitudes to unpredictable compared to predictable stimuli.

Stimulus cueing status also increased N170 amplitude, but this did not interact with stimulus

predictability. The N2pc amplitude was not affected by stimulus cueing status. In accor-

dance with previous research these results suggest the N170 is in part a visual prediction

error response with respect to higher-level visual processes, and furthermore the N2pc may

index attention reorientation. The results demonstrate prior context influences the sensitivity

of the N170 and N2pc electrophysiological responses. These findings add further support to

the role of N170 as a prediction error signal and suggest that the N2pc may reflect atten-

tional reorientation in response to unpredicted stimulus locations.
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Introduction

Humans perceive their visual surroundings as a complete picture of the environment. In order

for visual perception to take place, the brain must use prior information (prediction) to simul-

taneously guide focus to task relevant information whilst suppressing irrelevant information

(attention). These two key characteristics of the visual environment are considered to influ-

ence successful visual perception. Attention involves enhancing task-relevant information in

the environment, whilst simultaneously suppressing irrelevant information [1, 2]. In vision,

the direction of attention refers to the prioritisation of visual objects, features or regions of

space which are relevant to the viewers’ internal and external goals [3]. Prediction in cognition

refers to the internal representations of stimulus likelihood based on prior experience [4]. Pre-

dictive coding models of perception stress the interplay of top-down and bottom-up signals in

resolving percepts [4–6]. Such models suggest incoming stimulus input is constantly checked

against predicted inputs; where a mismatch occurs, prediction error signals inform the updat-

ing of future predictions [5, 6]. In visual processing, this theory proposes an internal model of

a scene is generated in higher order visual cortical areas, which receive feedback from actual

visual input, turning the incorrect predictions into error signals. Subsequently, this leads to

continuously updated predictions in a recursive hierarchical fashion [4, 6].

A prominent approach to investigate the cognitive mechanisms associated with prediction

and attention in visual processing is to measure electrophysiological recordings time-locked to

stimulus onset, termed event-related potentials (ERPs). Here we consider two widely studied

visual ERPs–the N170 and the N2pc. The N170 has been of interest with respect to the process-

ing of faces, and as the first ERP component indexing “higher-level” vision [4, 7]. Recent evi-

dence has shown the N170 may be strongly modulated by violated expectations [8–11]. The

N2pc, a lateralised difference wave potential occurring slightly later than the N170, has been

traditionally associated with spatially selective attention, and is thought to index processes

relating to prioritised processing of attended stimuli. Since recent work has shown the earlier

occurring N170 is strongly modulated by predictions, here we address the question of whether

the attention-relevant N2pc might show similar sensitivity [8, 9, 11].

N2pc

The N2pc is a component considered to index attentional processes. The N2pc has been

observed to salient lateralised targets in competition with distractors, in the cerebral hemi-

sphere contralateral to the visual field of the target [12]. It is calculated as a contralateral-

minus-ipsilateral difference waveform, with the resultant difference waveform indicative of the

lateralised cognitive activity [13]. Initial evidence for the N2pc elicited to targets came from

studies which used different combinations of simple visual objects (such as letters, shapes, and

colours) with a target and distractor in opposing visual fields. Despite the presence or absence

of distractors the N2pc was elicited contralateral to target stimuli (e.g., [14–16]). This sug-

gested the N2pc is more dependent on target characteristics. Whilst the N2pc was initially

investigated in basic visual processing [12, 14, 17], more recently the N2pc has been identified

in studies of individual differences in attention as broad as rejection cues in low self-esteem

[18], detection of threat in social anxiety [19, 20], face processing after exposure to violent

video games [21], and fear related phobias [22].

Since the discovery of the N2pc a prominent view is this component reflects suppression of

neighbouring distractors in favour of enhancing identification of the target. This is analogous

to the spotlight metaphor of spatial attention where information in the beam of the spotlight

receives enhanced processing [23]. The N2pc component is thought to index the operations of

a spatial filter enhancing processing of a particular location in space whilst inhibiting the
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interference of surrounding distractors. This is supported by studies in which the N2pc was

elicited to prospective cues of targets [24], repeated rather than novel arrays [25], and expected

target locations marked by placeholder objects [26]. According to this idea, it would be

expected the N2pc would be larger to a cued stimulus landing in a predictable region as a filter

has pre-emptively been set up to accommodate expected processing in this location.

A contrasting view considers the N2pc to reflect the reorientation of attention. In one study

[27], two targets were shown in quick succession with the second target (T2) appearing in the

same or opposite visual field of the first target (T1). An attenuated N2pc was found to T2 when

it followed the same visual field as T1, however when T2 was in the opposite field a second

N2pc occurred. The N2pc has also recently been found to be elicited to orientation singletons

which swap as target and distractor between trials [28]. This evidence suggests the N2pc is

reflective of the reorientation of attention rather than an enhancement of sustained target pro-

cessing in a predetermined spatial location.

N170

The N170 is a negative deflection of the ERP response observed post stimulus onset at approxi-

mately 150 to 200 milliseconds (ms) in the lateral occipital region [29]. Early research examin-

ing the characteristics of the N170 focussed on its role in indexing stimulus category,

demonstrating an enhanced sensitivity to faces including configuration and emotional expres-

sion [30–33]. Other studies suggest that the N170 is not exclusively face-specific [34], with

recent evidence using face stimuli in addition to shapes, bodies, and nude statuettes demon-

strating the N170 could be an index of mismatches between prior expectations and actual stim-

ulus input in higher-level vision [9, 11]. Johnston and colleagues [9] demonstrated this in

experiments in which they reported a novel contextual trajectory paradigm, whereby partici-

pants observed sequences of images in either predictable or unpredictable conditions, with the

final step of unpredictable conditions violating the established order of the sequence of preced-

ing stimuli. Investigating both EEG and magnetoencephalography (MEG) responses, the N170

and M170 were larger in amplitude for unpredictable versus predictable stimulus onsets, irre-

spective of object category. Careful control of stimulus presentation ensured that these effects

must be due to contextually based expectations rather than final stimulus transitions them-

selves, as these were identical across conditions. Furthermore, N170 amplitudes to unexpected

stimuli have been found to be enhanced in a dose dependent manner, based on the strength of

accumulated evidence for the predicted outcome, and the degree to which the observed stimu-

lus differs from that outcome [11]. These studies support the idea the N170 is, at least in part, a

visual prediction error signal reflecting a conflict between internally generated predictions and

actual sensory input [9, 11]. In light of the recent findings of the N170 modulated by predic-

tion error processes, and given the close proximity in electrode sites (N170 often P7 and P8,

N2pc often PO7 and PO8), and time windows (N170 peaks at 170ms, N2pc generally varies

between 180-300ms) [29, 33] of the components, the question is raised, of whether the N2pc,

like the N170, might be modulated by stimulus predictability.

The present study

The present study was designed to determine the influence of expectancy violations of predic-

tion and attention in visual processing by analysing responses of the N170 and N2pc. To accu-

rately measure discrete early visual temporal processes, our paradigm combined predictable

and unpredictable visuospatial trajectories. Participants viewed a five-step sequential trajectory

of a cued shape and non-cued shape, which concluded in a predictable or unpredictable spatial
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location. This allowed us to attempt to dissociate processes indexed by the N170 and the N2pc

as markers of predictive spatial filtering or attention reorientation.

Based on previous findings, it was expected enhanced N170 amplitudes would exist for

unpredictable compared to predictable conditions–however, there have been no previous

studies examining whether or not this effect is modulated by attentional cueing. In relation to

the N2pc, to date, there have been no studies employing a contextual trajectory method that

induces (and violates) expectations regarding stimulus location. Therefore, it is not clear

whether the N2pc simply reflects the actions of an attentional spatial filter, or whether it might

also be modulated by expectancy violations. In accordance with the view that attention

increases the precision of prediction error signals, it was hypothesised we would observe

enhanced ERP amplitudes to cued versus non-cued and unpredictable compared to predict-

able stimuli, with the largest amplitude to unpredictable attended conditions [35–39]. On the

other hand, if a particular ERP component indexes either only locus of attention or a mismatch

between the observed and expected stimulus, then the ERP component should only be modu-

lated by one and not the other of these factors [40–42].

Method

Participants

Data were initially collected from 40 participants; however, four participants were excluded

from further analyses due to artefacts in the overall recording or in the electrodes of interest.

Thus, 36 participants remained in the sample aged from 17–60 years (M = 25.25, SD = 9.29, 26

females, 29 right-handed). As there is minimal research of the N2pc in relation to the predic-

tive coding theory, this sample size was based on previous studies that investigated predictabil-

ity effects on the N170 and N2pc [11, 27, 43]. Participants received a gift card or university

course credits for participation. All participants had normal or corrected-to-normal vision,

and no history of neurological conditions. Ethical approval was granted by Queensland Uni-

versity of Technology’s Research Ethics Committee, and participants gave informed written

consent.

Stimuli and paradigm

For each trial participants viewed a visual display consisting of three black shapes (circle,

square, and arrow), on a HP monitor with screen resolution of 1920x1080 pixels. The visual

display consisted of an arrow positioned in the centre, pointing at one of the simultaneously

presented shapes. The stimuli were arranged such that the circle and square were displayed in

one of 12 different possible positions in a circular array. The arrow was always centrally fixed

but varied in orientation in 30-degree increments, dependent on the shape it was pointing to.

The arrow stimuli subtended approximately 1.9˚ of visual angle, with circle and square stimuli

subtending 3˚, offset by approximately 1.8˚ from the central fixation point. The square stimuli

measured 225 x 225 pixels, the circle diameter 225 pixels, and the arrow stimuli 50 (length) x

24 (maximum width) pixels. Each sequence was made up of five trials whereby the first trial

began with the cued shape and non-cued shape appearing at any of the 12 possible positions,

followed by four additional steps in a clockwise or anti-clockwise trajectory circling around

the arrow. The orientation of the arrow varied such that it always pointed at the position of the

cued shape for each of the five steps in the sequence, except for the fifth step in unpredictable

conditions whereby the arrow continued in the expected trajectory and the cued shape or non-

cued shape moved back one position. Arrows cues have been found to automatically orient

attention, even when being uninformative or incongruent to the correct location of cues [44,

45]. Hence, in each sequence the shape the arrow was pointing to was considered the cued
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shape, whereas the non-cued shape was the opposing shape the arrow was not pointing to.

When the circle was the cued shape, the square was the non-cued shape and vice versa. As

such there were equal presentations of circles and squares as both cued and non-cued shapes.

Visual stimuli at the final step were situated with the cued shapes in the vertical midline and

the non-cued shapes laterally, or vice versa (cued lateral, non-cued midline).

A duplicate set of images with red dots placed in the centre of the arrow were produced for

red dot trials, which were to ensure participants’ gaze was maintained centrally throughout the

duration of the task [8–11, 46]. Participants were asked to press the spacebar as soon as the red

dot appeared. These trials appeared randomly in 10% of all five-trial sequences. The red dots

were sized 12 pixels in diameter. Participants were required to respond correctly to more than

90% of red dot trials as indication of sufficient attention to the task [9]. Red dot trials were sep-

arately coded and then subsequently discarded during EEG pre-processing. Refer to S1 Fig for

one example of the red dot trials.

For this study we decided upon four different conditions, in order to manipulate prediction

and attention in accordance with previous similar studies whereby attention is often manipu-

lated as attended and unattended conditions, and prediction manipulated as expected or unex-

pected conditions [35, 38, 40, 41]. Prediction was manipulated in either a predictable or

unpredictable fashion, and attention was manipulated via cued and non-cued conditions. As

such, there were four conditions termed predictable cued, unpredictable cued, predictable

non-cued, and unpredictable non-cued. These were named with respect to whether the final

location of either the cued or non-cued shape in the sequence was in a lateralised predicted or

unpredicted position. Each condition was equally divided on rotation direction (clockwise or

anti-clockwise), lateralised endpoint shape status (cued or non-cued), and endpoint position

(left or right visual field). The four conditions were equated in low-level visual properties of

the two shapes in the critical final trial, such that any differences in ERPs could be attributed to

the preceding steps. There were 480 five-trial sequences in total, consisting of 108 sequences

per condition and 48 red dot sequences. All conditions were presented randomly per partici-

pant. Each trial in the sequence was presented for 500ms, 0ms intertrial interval, and a 500ms

intersequence interval. Refer to Fig 1 for a visual depiction of each of the conditions.

Procedure. Participants were seated approximately 60cm in front of the computer screen,

fitted with the EEG cap and instructed to watch the sequence of images appearing on the

screen. EEG data were recorded from 64 channels, using the international 10–20 system for

electrode placement. Participants viewed a display of 480 sequences with each sequence con-

sisting of the presentation of five shape trials. Participants viewed four blocks of 120 sequences

each, with a break in between each block whereby they initiated the next block via button

press. To ensure gaze was fixated centrally, participants were informed to fixate on the centre

of the computer screen and respond via button press if a red dot appeared in the centre of the

arrow. Otherwise, no behavioural response was required while viewing the trials.

Data analysis

A BioSemi 64 channel amplifier recorded electrophysiological data at a sampling rate of 1024

Hz, using a common reference (CMS/DRL). EEG data was displayed to the experimenter on

the BioSemi acquisition program, Actiview [47]. Electrode offset was maintained below 20

mV. Pre-processing of EEG data was performed with the software BrainVision Analyzer 2

[48]. Following this, ERP waveform processing was undertaken with MATLAB [49] and

descriptive/inferential statistics with SPSS software [50].

Pre-processing. A band-pass filter between 0.1 to 30 Hz (24db/octave slope) with a notch

filter of 50Hz was applied. Artefact rejection was performed by applying criterion of Min-Max
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fluctuations of>500μV in 100ms intervals, marking 100ms before and 100ms after the event.

Visual inspection of the raw EEG data was then carried out and noisy electrodes were interpo-

lated using the spherical spline interpolation method. Due to excessive noise and EEG record-

ing artefacts, the aforementioned four participants were excluded at this stage with 36

remaining participants. Eye-blinks were identified and rejected with BrainVision Analyzer’s

Fig 1. Examples of all conditions. Example of one sequence for each of the four conditions. Stimulus duration as

indicated, 0ms intertrial interval, 500ms intersequence interval. Conditions are named with respect to lateralised shape

status in the fifth trial, as outlined in red. All conditions were equal in low-level visual properties of the two shapes

(excluding the arrow) in the critical final trial.

https://doi.org/10.1371/journal.pone.0242753.g001
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automated ocular correction procedure using independent components analysis. Data were

re-referenced to an average electrode. Next, data were segmented into 2600ms time-locked

epochs, beginning 100ms pre the first stimulus onset in the sequence and ending 500ms post

final stimulus onset. Separate epochs were created for each condition as to whether the final

stimuli were predictable or unpredictable, cued or non-cued, and lateralised shape ending in

the left or right visual field. Next, an average of each epoch was generated. Due to the absence

of an interstimulus interval final averaged waveforms were baseline corrected to the time

period of stimulus onset of -150ms to 0ms of the average of both the fourth and fifth step in

the sequence [9]. Grand average ERP waveforms were then generated from activity at electrode

clusters for each of the four conditions, also divided by visual field, resulting in eight separate

grand averages. Electrode clusters consisted of channels P5, P7, PO3, and PO7 for the left

hemisphere (LH), and electrodes P6, P8, PO4, and PO8 for the right hemisphere (RH). These

electrodes were chosen based on a review of typical sites of maximal N170 and N2pc responses

in previous literature [9, 20, 29, 51, 52]. N170 responses were measured by pooling activity for

both visual fields irrespective of the location of the final stimuli, for each condition. N2pc com-

ponents were generated by subtracting activity in the electrode cluster of the corresponding

ipsilateral hemisphere to stimulus presentation from activity in the contralateral hemisphere,

resulting in a difference waveform.

Results

Participants were included if they correctly identified>90% of red dot sequences. No partici-

pants were excluded on this basis, thus 36 participants remained. The remaining 36 partici-

pants achieved an accuracy rate of 98.43% correctly identifying red dot trials, with a mean

reaction time of 497.64ms (SD = 12.97ms). EEG data were comprised of ERP waveforms at the

fifth and final trial in each sequence, for each of the four conditions. The N170 peak-to-peak

amplitude was measured by subtracting the N170 inflection points maxima from the P1 inflec-

tion points minima, as per previous studies [8, 11]. N170 amplitudes were measured in the

time window 140ms to 210ms, and the P1 80ms to 130ms. The N2pc component was mea-

sured as the average amplitude between 200ms to 300ms post final stimulus onsets, as the dif-

ference wave (contralateral electrode cluster minus ipsilateral electrode cluster). All

amplitudes reported herein were measured in microvolts (μV).

To investigate the hypotheses two omnibus repeated-measures ANOVAs, one for N170

and another for N2pc, were performed, each with factors of expectation (predictable and

unpredictable) and shape status (cued and non-cued). Cook’s distance was calculated to iden-

tify potential outliers, with no outliers identified. The assumption of sphericity was met for

both ANOVAs.

N170

There was a significant main effect of expectation, F(1,35) = 8.62, p = .006, ηp
2 = .198. The

N170 amplitude was significantly larger (i.e., more negative) to unpredictable trials (M = -2.29,

SE = .24) compared to predictable trials (M = -2.02, SE = .20). There was a significant main

effect of shape status, F(1,35) = 7.70, p = .009, ηp
2 = .180, with cued trials eliciting a larger

N170 amplitude (M = -2.26, SE = .23) compared to non-cued trials (M = -2.05, SE = .21). The

interaction effect was not significant, F(1,35) = 0.37, p = .548, ηp
2 = .010. These results indicate

a larger N170 was elicited by lateralised cued shapes than lateralised non-cued shapes, and by

unpredictable trials than predictable trials, however the effect of (un)predictability on N170

was not greater when it was a cued than non-cued shape. Fig 2 illustrates the grand averaged

N170 scalp topographies and grand averaged waveform amplitudes.
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N2pc

There was a significant main effect of expectation, F(1, 35) = 4.98, p = .032, ηp
2 = .125. The N2pc

amplitude was significantly larger (i.e., more negative) to unpredictable trials (M = —.10, SE =

.08) compared to predictable trials (M = .19, SE = .12). There was no significant main effect of

shape status, F(1, 35) = 0.023, p = .881, ηp
2 = .001, and no significant interaction effect F(1, 35) =

1.48, p = .232, ηp
2 = .041. These results demonstrate larger N2pc components occur to unpredict-

able conditions, but this is not contingent upon cued or non-cued status. Refer to Fig 3 for visual

depictions of grand averaged ERP difference waveforms of the N2pc for all conditions.

Supplementary analysis

The main analysis was informed by literature with respect to the conventional measurement of

the N2pc in which a particular time window is often a priori specified as the focus of interest

Fig 2. Grand average N170 topographies and amplitudes. A) Scalp topographies across all electrodes during the N170 time

window for all conditions. From top to bottom: top, back, left, and right view. Heat map scales were set at -1μV minimum

and 1μV maximum for display purposes. B) Grand averaged mean N170 amplitudes (μV) for all conditions pooled across left

and right hemisphere electrode clusters. Error-bars denote 95% confidence intervals calculated for repeated measures using

the Cousineau-Morey Method [53]. C) Grand averaged waveforms pooled across hemispheres for all four conditions. Grey

panels indicate the time windows tested with P1 80-130ms, and N170 140-210ms. PN = predictable non-cued,

PC = predictable cued, UN = unpredictable non-cued, and UC = unpredictable cued trials.

https://doi.org/10.1371/journal.pone.0242753.g002
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ranging from 180-200ms to 300ms [12, 13, 54–57]. To explore the robustness of these findings

we conducted supplementary analyses adopting a temporal cluster permutation method [10,

58]. We constrained ourselves to examining subtraction waveforms across the pooled channels

which were the focus of the main analyses and performed temporal cluster t-tests comparing

(respectively) predictable versus unpredictable trials and cued versus non-cued trials. For each

of these comparisons, we first performed t-tests at each time point between -100 to 500ms fol-

lowing stimulus onset. We set a cluster-forming height threshold of t(35) = +/-2.02 (equivalent

to an uncorrected two-tailed alpha threshold of p<. 05) and treated consecutive time points

exceeding this threshold as forming temporal clusters. Cluster values were generated by sum-

ming the t-values associated with each timepoint within the cluster. These cluster values were

tested for significance against a null distribution of pseudo-clusters that were formed using a

sign-flip permutation method to the subtraction waveforms of unpredictable minus predict-

able conditions, and separately cued minus non-cued conditions. For each of 10,000 permuta-

tions, each subtraction waveform was sign-flipped (positive values become negative, and vice

versa) with a probability of p = .5. A t-test was then performed for each time-point, comparing

against an expected value of zero. Temporal clusters were defined in the same way as previ-

ously described, and the same manner of calculating cluster-values was applied. For each per-

mutation, the absolute value of the largest (positive or negatively valued) cluster value was

added to the null distribution (this maximal pseudo-cluster-value technique implicitly controls

for multiple comparisons [59]; also note that taking the absolute maximal value (positive or

negative) makes the selected alpha criterion two-tailed). We set the alpha criterion as p<. 05

(two-tailed, corrected for multiple comparisons), thus, any cluster value exceeding the value of

the 95th percentile of the null distribution was considered significant. For shape status (cued

versus non-cued trials) there were no clusters of time-points surviving the initial height thresh-

old. For predictable versus unpredictable conditions there was a temporal cluster between

173ms-239ms following stimulus presentation with a cluster value of summed-t = 183.22. The

95th percentile of the null distribution was summed-t = 30.34, thus, this value exceeds the p<.

Fig 3. Grand average N2pc amplitudes. A) Grand averaged N2pc amplitudes (μV) pooled across hemispheres for all

conditions (pooled contralateral activity minus pooled ipsilateral activity). B) Grand averaged ERP amplitudes (μV) of N2pc

difference waves for all four conditions. Error-bars denote 95% confidence intervals calculated for repeated measures using

the Cousineau-Morey Method [53]. Grey panels indicate the time windows tested of the N2pc component from 200-300ms.

PN = predictable non-cued, PC = predictable cued, UN = unpredictable non-cued, and UC = unpredictable cued trials.

https://doi.org/10.1371/journal.pone.0242753.g003
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05 threshold for significance. In fact, the estimated likelihood of a cluster of this magnitude

under the null hypothesis was p< .00013. Refer to Fig 4 for depictions of the grand averaged

waveforms and t statistics of predictable compared to unpredictable trials.

Fig 4. Temporal cluster permutation. A) Grand averaged N2pc amplitudes (μV) pooled across both predictable

conditions and both unpredictable conditions, and the subtraction (difference) waveform of unpredictable minus

predictable conditions. B) T statistics for the predictable and unpredictable conditions analysed with the temporal

clustering permutation method. The sole significant temporal cluster from 173ms to 239ms is denoted by grey shading.

https://doi.org/10.1371/journal.pone.0242753.g004
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Discussion

The aim of the present study was to investigate modulations of prediction and attention in

visual processing using expectancy violations by analysing responses of the N170 and N2pc.

We investigated the relationship between non-cued and cued stimuli using ERPs considered

responsible for indexing these cognitive processes. It was shown that the N170 was modulated

both by stimulus predictability (with larger amplitudes to unexpected stimulus locations) and

by stimulus cueing (showing a greater amplitude to cued stimuli). There was no evidence to

support an interactive effect of these factors. With respect to the N2pc, it was demonstrated

that stimulus predictability modulated the ERP amplitude (again, with larger amplitude

responses to unexpected stimulus locations), however, there were no effects of stimulus cueing,

and no interactions.

The result of the N170 being larger in unpredictable conditions compared to predictable

conditions support the view the N170 is in part reflective of a prediction error signal [9]. This

study also supports the notion the N170 is attention dependent too, with the larger N170

found to cued stimuli and the smaller to non-cued stimuli as noted in previous research with

N170 amplitudes modulated by cued stimuli [60–62]. This observation is not entirely unex-

pected since previous work [63] has shown both P1 and N1 ERPs to be enhanced by spatial

attention cueing. Interestingly though, the two factors of stimulus predictability and stimulus

cueing did not interact. This indicates, at this stage of processing at least, that the two processes

may be independent, and even subserved by different neural substrates.

For the N2pc, the component was larger to unpredictable conditions compared to their pre-

dictable counterparts. Indeed, for predictable conditions it is not clear there are N2pc compo-

nents, since the group means for the contralateral minus ipsilateral waveforms do not show a

negativity during the N2pc time window. We interpret this pattern of results to indicate that

the N2pc indexes processes relating to the reorientation of attention. Since there is no discern-

ible N2pc to stimuli in predictable locations, this rules out the possibility that the N2pc is

related to the pre-allocation of attention to specific spatial locations. Rather, the fact it is largest

to unpredictable stimulus locations favours the interpretation that attention is redirected.

These findings are consistent with other studies which found attenuation of the N2pc in a

primed location [27], and reorientation to stimuli of alternating salience status between target

and distractor [28]. The significant main effect for predictability demonstrates prediction

plays an important role in the elicitation of the N2pc, which should be taken into consideration

in future studies. This reiterates the importance of controlling for prior context and priming

existent in paradigms which could influence the electrophysiological activity in cued and non-

cued stimulus recognition. Given the observation of the N2pc to be modulated by attention

redirection, future research should investigate how the amplitude of the N2pc component

could be sensitive to manipulations of the dosage of violation, as previously found to vary for

the N170 component [11].

That there was no significant effect of shape status (cued versus non-cued) on the N2pc

component suggests the stimuli were not differentiated by attentional cued relevance. How-

ever, there was a main effect of shape status with the N170 which demonstrates differences

were detected between cued and non-cued stimuli. This finding of a main effect of the N170

suggests the cueing arrow stimuli in this paradigm were effectively manipulating endogenous

attentional relevance. Whilst predictability modulated N2pc amplitudes, but shape status

(implicit cued or non-cued) did not, this suggests the N2pc in this paradigm has been modu-

lated by redirection of attention irrespective of shape status. One possible explanation for this

considers previous research whereby stimuli evoked an N2pc when specific stimuli shapes

swapped between being targets and distractors on different trials [28]. Our results raise the
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question of whether previous findings may have been driven more by unexpected changes in

attributes of the target stimulus rather than simply the status of being classified as a “target”.

The prediction error promotion model [38] proposes attention functions by increasing the

precision (reliability) of prediction error signals [4, 37, 64]. This study lends support to the pre-

diction error promotion model, since larger responses were elicited to unpredictable (for both

the N170 and N2pc), and attended (only N170) stimuli, albeit not as an interaction. Under this

model attention increases prediction errors by ensuring attention is directed to the most

unpredictable (compared to predictable) of task relevant information to facilitate updating of

priors, in order to reduce surprise (aka future occurrence of prediction error) when encoun-

tered in future. By doing so, attention (by increasing prediction error processing) operates by

updating current statistical learning about goal-relevant information in the environment [38].

In other words, by updating our knowledge of the environment, we are strengthening associa-

tions between stimuli, making our future environment more “predictable”. This model is sup-

ported by previous studies involving multivariate pattern classifiers in fMRI [38], surprising

visual stimuli using EEG [36], as well as in auditory stimuli using EEG scalp and source data

[35]. By this view attention increases prediction error signals, and in doing so, enhances the

distinction between expected and unexpected stimuli [38].

The current results suggest that whilst prediction and attention do modulate the sensitivity

of ERP responses, it appears in this instance that endogenous cued stimuli separately influence

attention and prediction in visual processing due to the lack of an interaction effect. The

predictability effects on the N170 and N2pc are not contingent on the nature of endogenous

attention required for the stimuli in this particular paradigm. These results have implications

for future studies in using the N170 and N2pc for investigating the relationship between atten-

tion and predictive coding processing, as the N170 and N2pc appear not to reflect interactive

effects for attention and prediction. The possibility remains that the present attention manipu-

lation may not have been a sufficient manipulation as much as other visual studies using task

relevant stimuli requiring a behavioural response to targets such as an appearance of faces or

scenes [38] or a change in visual contrast [36]. Nevertheless, the motivation behind the cued

stimuli in the present study was to manipulate attention in a more implicitly salient manner

than in previous research.

Conclusion

This study demonstrates prediction by prior context should be considered when investigating

attention processes of the N170 and N2pc. The findings of this study reiterate the need to con-

tinue to control for prediction in attention components, as confirmed expectations demon-

strated a dampening in N170 and N2pc responses evidenced by reduced amplitudes in

predictable conditions. This research also highlights the value of prior context in influencing

the amplitude of the N2pc component. Whilst the complicated nature of a conjunction of fea-

tures and combination of attention and prediction factors encountered in daily life must be

acknowledged, this research has demonstrated investigating visual perception using singleton

feature stimuli assists by improving our knowledge of how attention and prediction direct pro-

cessing of visual information, and why some stimuli may capture attention more so than

others.

Supporting information

S1 Fig. Example of one red dot sequence. Example of one sequence for one of the red dot tri-

als as the vigilance task. Red dots appeared randomly on any of the five steps in the sequence,

as can be seen here on step three. Stimulus duration as indicated, 0ms intertrial interval,
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500ms intersequence interval. All red dot trials were equally balanced across conditions and

were discarded from EEG analyses on the basis of acting solely as a vigilance task to maintain

gaze.

(TIF)
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visual processing: effects of task-relevance and stimulus probability. Biological Psychology. 2017;

125:76–90. https://doi.org/10.1016/j.biopsycho.2017.02.009 PMID: 28257808

40. Kok P, Rahnev D, Jehee JFM, Lau HC, de Lange FP. Attention reverses the effect of prediction in

silencing sensory signals. Cerebral Cortex. 2012; 22(9):2197–206. https://doi.org/10.1093/cercor/

bhr310 PMID: 22047964

41. Hsu Y-F, Hamalainen J, Waszak F. Both attention and prediction are necessary for adaptive neuronal

tuning in sensory processing. Frontiers in Human Neuroscience. 2014; 8(152). https://doi.org/10.3389/

fnhum.2014.00152 PMID: 24723871

42. Rao RPN. Bayesian inference and attentional modulation in the visual cortex. Neuroreport. 2005; 16

(16):1843–8. https://doi.org/10.1097/01.wnr.0000183900.92901.fc PMID: 16237339

43. Allen-Davidian Y, Russo M, Yamamoto N, Kaufman J, Pegna AJ, Johnston P. Turning the face inver-

sion effect on its head: violated expectations of orientation, lighting, and gravity enhance N170 ampli-

tudes. Journal of Cognitive Neuroscience. 2021; 33(2):303–14. https://doi.org/10.1162/jocn_a_01656

PMID: 33284077

44. Tipples J, Johnston P, Mayes A. Electrophysiological responses to violations of expectation from eye

gaze and arrow cues. Social Cognitive and Affective Neuroscience. 2013; 8(5):509–14. https://doi.org/

10.1093/scan/nss024 PMID: 22345367

45. Tipples J. Eye gaze is not unique: automatic orienting in response to uninformative arrows. Psycho-

nomic Bulletin & Review. 2002; 9(2):314–8. https://doi.org/10.3758/BF03196287 PMID: 12120794

46. Johnston P, Molyneux R, Young AW. The N170 observed ‘in the wild’: robust event-related potentials to

faces in cluttered dynamic visual scenes. Social Cognitive and Affective Neuroscience. 2015; 10

(7):938–44. https://doi.org/10.1093/scan/nsu136 PMID: 25344945

47. BioSemi. Actiview. 7.07 ed2016.

48. GmBH BP. BrainVision Analyser 2. 2.1 ed2015.

49. Mathworks. MATLAB. 9.1 ed2019.

50. SPSS. 26 ed2019.

51. Zhang D, Zhou X, Martens S. The impact of negative attentional set upon target processing in RSVP:

an ERP study. Neuropsychologia. 2009; 47(12):2604–14. https://doi.org/10.1016/j.neuropsychologia.

2009.05.008 PMID: 19465037

PLOS ONE Attention and prediction in visuospatial trajectories

PLOS ONE | https://doi.org/10.1371/journal.pone.0242753 October 8, 2021 15 / 16

https://doi.org/10.1186/1744-9081-3-7
https://doi.org/10.1186/1744-9081-3-7
http://www.ncbi.nlm.nih.gov/pubmed/17244356
https://doi.org/10.1016/j.neuroimage.2005.07.041
http://www.ncbi.nlm.nih.gov/pubmed/16169749
https://doi.org/10.1093/cercor/bhg111
http://www.ncbi.nlm.nih.gov/pubmed/14704210
https://doi.org/10.1016/j.neuroimage.2007.10.011
http://www.ncbi.nlm.nih.gov/pubmed/18055223
https://doi.org/10.1038/nn1864
http://www.ncbi.nlm.nih.gov/pubmed/17334361
https://doi.org/10.1093/cercor/bhx087
https://doi.org/10.1093/cercor/bhx087
http://www.ncbi.nlm.nih.gov/pubmed/28402428
https://doi.org/10.1371/journal.pbio.2006812
http://www.ncbi.nlm.nih.gov/pubmed/30811381
https://doi.org/10.3389/fnhum.2010.00215
http://www.ncbi.nlm.nih.gov/pubmed/2293909669
https://doi.org/10.1523/JNEUROSCI.3308-13.2013
https://doi.org/10.1523/JNEUROSCI.3308-13.2013
http://www.ncbi.nlm.nih.gov/pubmed/24259568
https://doi.org/10.1016/j.biopsycho.2017.02.009
http://www.ncbi.nlm.nih.gov/pubmed/28257808
https://doi.org/10.1093/cercor/bhr310
https://doi.org/10.1093/cercor/bhr310
http://www.ncbi.nlm.nih.gov/pubmed/22047964
https://doi.org/10.3389/fnhum.2014.00152
https://doi.org/10.3389/fnhum.2014.00152
http://www.ncbi.nlm.nih.gov/pubmed/24723871
https://doi.org/10.1097/01.wnr.0000183900.92901.fc
http://www.ncbi.nlm.nih.gov/pubmed/16237339
https://doi.org/10.1162/jocn%5Fa%5F01656
http://www.ncbi.nlm.nih.gov/pubmed/33284077
https://doi.org/10.1093/scan/nss024
https://doi.org/10.1093/scan/nss024
http://www.ncbi.nlm.nih.gov/pubmed/22345367
https://doi.org/10.3758/BF03196287
http://www.ncbi.nlm.nih.gov/pubmed/12120794
https://doi.org/10.1093/scan/nsu136
http://www.ncbi.nlm.nih.gov/pubmed/25344945
https://doi.org/10.1016/j.neuropsychologia.2009.05.008
https://doi.org/10.1016/j.neuropsychologia.2009.05.008
http://www.ncbi.nlm.nih.gov/pubmed/19465037
https://doi.org/10.1371/journal.pone.0242753


52. Robitaille N, Jolicœur P, Dell’Acqua R, Sessa P. Short-term consolidation of visual patterns interferes

with visuo-spatial attention: converging evidence from human electrophysiology. Brain Research. 2007;

1185:158–69. https://doi.org/10.1016/j.brainres.2007.09.004 PMID: 17936730

53. Baguley T. Calculating and graphing within-subject confidence intervals for ANOVA. Behavior

Research Methods. 2012; 44(1):158–75. https://doi.org/10.3758/s13428-011-0123-7 PMID: 21858605

54. Hopf J-M, Boelmans K, Schoenfeld MA, Luck SJ, Heinze H-J. Attention to features precedes attention

to locations in visual search: evidence from electromagnetic brain responses in humans. The Journal of

Neuroscience. 2004; 24(8):1822. https://doi.org/10.1523/JNEUROSCI.3564-03.2004 PMID: 14985422

55. Hopf J-M, Luck SJ, Girelli M, Hagner T, Mangun GR, Scheich H, et al. Neural sources of focused atten-

tion in visual search. Cerebral Cortex. 2000; 10(12):1233–41. https://doi.org/10.1093/cercor/10.12.

1233 PMID: 11073872

56. Kiss M, Velzen JV, Eimer M. The N2pc component and its links to attention shifts and spatially selective

visual processing. Psychophysiology. 2008; 45(2):240–9. https://doi.org/10.1111/j.1469-8986.2007.

00611.x PMID: 17971061

57. Eimer M, Kiss M. Attentional capture by task-irrelevant fearful faces is revealed by the N2pc component.

Biol Psychol. 2007; 74(1):108–12. https://doi.org/10.1016/j.biopsycho.2006.06.008 PMID: 16899334;

PubMed Central PMCID: PMC2375010.

58. Simpson MIG, Johnson SR, Prendergast G, Kokkinakis AV, Johnson E, Green GGR, et al. MEG adap-

tation resolves the spatiotemporal characteristics of face-sensitive brain responses. The Journal of

Neuroscience. 2015; 35(45):15088. https://doi.org/10.1523/JNEUROSCI.2090-15.2015 PMID:

26558780

59. Nichols TE, Holmes AP. Nonparametric permutation tests for functional neuroimaging: a primer with

examples. Human Brain Mapping. 2002; 15(1):1–25. https://doi.org/10.1002/hbm.1058 PMID:

11747097

60. Carlson JM, Reinke KS. Spatial attention-related modulation of the N170 by backward masked fearful

faces. Brain and Cognition. 2010; 73(1):20–7. https://doi.org/10.1016/j.bandc.2010.01.007 PMID:

20207467

61. Holmes A, Vuilleumier P, Eimer M. The processing of emotional facial expression is gated by spatial

attention: evidence from event-related brain potentials. Cognitive Brain Research. 2003; 16(2):174–84.

https://doi.org/10.1016/s0926-6410(02)00268-9 PMID: 12668225

62. Mohamed TN, Neumann MF, Schweinberger SR. Perceptual load manipulation reveals sensitivity of

the face-selective N170 to attention. Neuroreport. 2009; 20(8):782–7. https://doi.org/10.1097/WNR.

0b013e32832b7e24 PMID: 19369907

63. Hillyard SA, Luck SJ, Mangun GR. The cuing of attention to visual field locations: analysis with ERP

recordings. In: Heinze HJ, Münte TF, Mangun GR, editors. Cognitive Electrophysiology. Boston, MA:
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