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Abstract 
 

Human beings have the capability of adapting to a task thorough mere repetition, becoming 

more efficient at with practice. Previous research found a link between visual search efficiency 

and EEG neurocognitive markers. Unknown remains to what extent the processes underlying 

these markers show reduction in energy consumption as search is optimized though exposure 

to task. In the present study we modified physical features of the target and distractor of the 

search to create fluctuations in the markers for attention allocation (N2pc) and feature 

processing (SPCN) that can then be related to energy expenditure though fNIRS. Results show 

that the modifications increase task difficulty and modify then N2pc, but we did not obtain an 

SPCN. Although more reduced than intended, the effects of our modifications could serve to 

regulate task difficulty and with it N2pc amplitude as required while measuring the 

hemodynamic response in order to investigate the causa relationship between the two. The 

hemodynamic response to the task that we recorded could serve to illuminate how efficiency 

is developed as a result of task exposure, since they are a crucial link between EEG components 

and energy expenditure. 
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Efficient Search: The Effect of Task Demands on Visual Search N2pc and 
SPCN 

The fact that we are able to improve task performance through training or repetition has 

been widely studied and robustly established in the past in several visual experimental contexts 

- like texture discrimination (Karni & Sagi, 1991), motion discrimination (Ball & Sekuler, 

1987), or visual search (Luck & Hillayrd, 1994). What has not yet been sufficiently clarified, 

however, is which mechanisms make it possible for an improvement in task performance to 

arise from continued exposure to the task. This study is about how task demands affect the 

cognitive processes that enable visual search. Additionally, brain energy expenditure will be 

recorded in order to, ultimately, draw conclusions about the spontaneous development of 

efficiency though exposure to task as described by van den Berg, Appelbaum, Clark, Lorist, 

and Woldorff (2016).   

The general term visual search refers to the task of finding a target object among 

distractors. In the everyday world, we perform a visual search when we scan a piece of food 

for patches of mold, or when we play a game of where’s Waldo. In the lab, a target figure is 

presented among distractor figures and participants are timed in the task of finding and 

reporting the target. Improved performance in the task means higher accuracy and shorter 

reaction times (RTs). The process of searching involves several neurocognitive sub-processes 

such as the preparation and allocation of attention, the processing of target features, the 

retention of the target in memory and the decision-making that leads to the final behavioral 

response (Nakayama & Martini, 2011). These sub-processes occur both through bottom-up 

information processing by the brain and though the influence of top-down (goal-driven) states 

(Corbetta & Shulman, 2002), which indicates that they are global phenomena as opposed to 

serial events that occur in a specific order (Nakayama & Martini, 2011).  
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Event related potential (ERP) studies have served, in the past, to approach the sub-

processes related to visual search. For example Green and McDonald (2008), though ERP 

research, showed that it is the parietal -and not the frontal- cortex which initiates attentional 

shifts. Specific ERPs are known markers for specific sub-processes, so that an 

electroencephalographic (EEG) recording of the subjects can provide information on the timing 

of each sub-process. In this way, An and colleagues (2012) showed that the N2- posterior-

contralateral negativity (N2pc) ERP, which is understood as a marker for the allocation of 

attention and can be measured on the occipital region contralateral to the target location 

(Hickey, Di Dollo & McDonald, 2009), increases in amplitude as adaptation to the visual task 

happens. Hamamé, Cosmelli, Henriquez and Aboitiz (2011) analyzed the development of the 

N2pc and the decision-making-related P3 ERPs in a visual search task and obtained equivalent 

results.(Huang et al., 2015) 

Along a similar line of research, van den Berg et.al (2016) analyzed an EEG dataset 

from a previous study of task learning over several sessions (Clark, Appelbaum, van den Berg, 

Mitroff, & Woldorff, 2015) with the purpose of tracking the within-session development of 

ERP markers for several neurocognitive events relevant in visual search. Their analysis of the 

temporal development of these components and of their correlations with correct trials (where 

the search target was correctly located and reported) suggests the adoption of a more efficient 

search strategy as time in session increases. Indeed, they describe a trend where later within a 

session, and looking at one trial at a time, markers for enhanced preparatory attention (less 

power in the alpha band) and enhanced stimulus processing (a more negative N100 ERP) 

predicted whether the trial was going to be correct. At the same time, the overall power in the 

alpha band increased later within a session and the overall amplitude of the N1 waves 

decreased. In other words, in relation to incorrect trials, correct trials are associated with less 

power in the alpha band and a larger N1 ERP, but in absolute terms, it seems to be the case that 
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the threshold amount of power in the alpha band that would yield a correct response increases, 

and, at the same time, the threshold amplitude of the N1 wave that would yield a correct 

response decreases. They interpret these results as indicating the likely implementation of a 

more efficient search strategy as time on task goes by. As time goes by, correct attention 

filtering and stimulus processing require less tweaking, and therefore, less effort to be carried 

out successfully. 

Additionally, Van den Berg et al. (2016) looked at post-stimulus ERPs related to 

attention allocation and target feature processing. These are the N2pc and the SPCN ERPs, and 

they are the focus of this study. The N2pc is a negativity that occurs during the N2 wave and 

is greater at posterior electrode sites contralateral to the target of attention. It is related to 

attentional orienting towards a target (Hickey et al., 2009). The sustained posterior contralateral 

negativity (SPCN, also known as the contralateral delay activity [CDA]) is a negativity which, 

like the N2pc, is measured contra-minus-ipsi lateral to the target and which is related to the 

usage and capacity of visual working memory (VWM) (Vogel and Machizawa, 2004). Van den 

Berg and colleagues found that the N2pc wave was larger and earlier for correct trials with 

smaller RTs and that, even after training, the variation in N2pc was predictive of RT. For the 

SPCN, which Van den Berg et al. interpret specifically as a marker of the processing of the 

orientation of the target (target feature), they found a negative correlation between its amplitude 

and RTs. This correlation disappeared with training, indicating, they interpret, that faster 

processing of the orientation of the target required less energy and predicted faster responses 

only before the participant had been trained for the task.  

Since the relationship of these two ERPs to task demands should be relatively easy to 

target, they have been selected for the purpose of this experiment. Ultimately, their fluctuations 

due to task demands should be compared to the fluctuations in energy expenditure occurring at 

the same time. In this way, a smaller SPCN wave could be causally related to faster, more 
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efficient processing compared to a larger SPCN wave on exactly the same task. Also, an N2pc 

wave that exhibits trial-to-trial variations in amplitude regardless of training could be causally 

related to the fact that post stimulus attention allocation still varies significantly per trial after 

training. The guiding research question, then, is whether specific task demands modify the 

N2pc and SPCN as expected.  

To test this, participants will engage in a search task analogous to the task by Van den 

Bert et al. (2016). They will have to locate a color pop-up target ellipse in an array of 

differently-colored ellipses and one distractor and report its orientation. During the task, 

participants’ EEG will be recorded and perceptual properties of the target and distractor ellipses 

will be systematically modified in order to vary the required attentional control and target 

feature processing required to complete the task. Specifically, the color of the target and 

distractor will be more similar in some trials than in others, making it more or less difficult to 

direct attention towards the target. Our hypothesis is that this will affect the N2pc component, 

making it larger for the trials where target and distractor are more similar. At the same time, in 

some of the trials all ellipses will be rounder than in others, making it more difficult to process 

information about the orientation of the target. Here, we predict that the SPCN will be larger 

for trials with rounder ellipses, where more effort is required to report target orientation.  

Along with EEG, functional near infra-red spectroscopy (fNIRS) will serve as a 

measure of energy consumption by the brain tissue. fNIRS provides a ratio of oxygenated to 

de-oxygenated hemoglobin (HbO to Hb) in the blood per cortex area as a function of time, 

which reflects the amount of energy spent by the brain area under the fNIRS probes. Combined 

with EEG, fNIRS can thus provide valuable information on the relation between ERPs and 

energy usage in the context of visual search. 

 Although fNIRS has been applied in the fields of cognitive developmental research 

(Quaresima, Bisconti, & Ferrari, 2012) and cognitive neuroscience in general (e.g. Cutini, 
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Basso Moro, & Bisconti, 2011), the concurrent recording of EEG and fNIRS has been limited 

to research on epilepsy (e.g. Obrig, 2014). Within cognitive neuroscience research, we could 

find only one study by Huang, Wang, Ding, Nui, Tian, Liu, and Song (2015) in which fNIRS 

and EEG were recorded together. Huang, et al. (2015) were able to predict the amplitude 

changes of the attention-allocation related N2pc by looking at the relative increase of HbO 

(energy expenditure) in response to a pre-stimulus cue. If variations on the relevant ERPs are 

correlated with variations on the hemodynamic response across trials, we can interpret the 

changes observed by Clark et al. (2015) as evidence of the optimization of the attention and 

feature processing sub-processes of visual search.   

 

Materials and methods 

Participants 

28 healthy first year psychology students (mean age 21.7, 9 female) with normal or 

corrected-to-normal vision participated in this study after giving informed consent. They were 

rewarded with course credit for collaboration. The experimental procedures were approved by 

the Ethical Committee Psychology (ECP) from the Behavioural and Social Sciences (BSS) 

faculty of the University of Groningen. Upon arrival, participants were explained the task, 

fitted the EEG-NIRS cap and asked to perform a brief practice version of the task to ensure 

that they understood the instructions properly. After the practice was over and their questions 

about the task had been answered, they started with the experiment. 

The search task and behavioural analysis 

The task was presented using OpenSesame software, version 3.2.4 Kafkaesque Koffka 

(Mathôt, & Theeuwes, 2012). Total experimental task time was 90 min, divided into four 20 

min blocks followed by one 10 min block with 5 min breaks in between. Participants sat about 
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60 cm away from the computer monitor while they performed the task and the chair in which 

they sat had no head restrain. Each trial started with a 100 ms presentation of an array of 48 

ellipses organized in three concentric circles as shown in figure 1, 46 of which were dark blue, 

one of which was a target pop-out ellipse and one of which was a distractor pop-put ellipse. 

 

All the ellipses in the array were oriented either horizontally or vertically at random. 

There was a white fixation cross in the centre of the screen which remained there for the entire 

duration of the block. The grey background colour also remained always on screen. After 100 

ms the ellipses disappeared and participants had 1 second to respond to the array using the 

computer’s keyboard. The task of the participants was to locate the target ellipse and report its 

orientation by pressing either L or A on a computer keyboard with their index finger, as quickly 

and accurately as possible.  

Figure 1.search array. Participants were asked to report the 
orientation of the target ellipse within one second of seeing 
the array. The color of the target ellipse (green or red) was 
counterbalanced across participants. The other pop-out 
ellipse in the array was a distractor and appeared always on 
the side opposite to the side of the target 
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All participants were exposed, in random order, to the same amount of trials from the 

four conditions that result from the modification of two independent, dichotomous variables: 

simcol and circle. Simcol refers to an array of ellipses where the color of the pop-out distractor 

ellipse is very similar to the color of the pop-out target, and its values are 1 (similar colors of 

target and distractor), and 0 (different colors of target and distractor). Trials where the color of 

target and distractor are similar should elicit a larger N2pc because it should take more effort 

to orient attention correctly. Circle refers to an array of ellipses that are rounder, more similar 

to a circle, and its values are 1 (rounder ellipses), and 0 (less round ellipses). Rounder ellipses 

should make it more difficult to discriminate the orientation feature of the target, therefore 

eliciting a larger SPCN. The four conditions are summarized in Figure 2.  

Participants could identify the target ellipse by its colour, which was either green or red 

for the five trials they were exposed to (target colour was counterbalanced across participants). 

They were instructed to fixate their gaze on the centre cross and to shift their attention covertly 

to the target. This made stimulus presentation more consistent and reduced EEG noise due to 

saccades towards the target. The associations of L and A with horizontal/vertical were 

counterbalanced between participants. After their response, participants received immediate 

feedback: “correct”, “incorrect”, or “TIMEOUT”. The interstimulus interval (ISI) were 

randomly selected from the right side of a normal distribution with mean 1.5 seconds and 

Figure 2. Conditions in the experiment. The target ellipses 
are the ones on the right of each cell. The conditions, from 
left to right, are “hard”, “simcol”, “”circle”, and “easy”.  
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standard deviation 5 seconds in order to make it possible to measure the hemodynamic 

response.  

Behavioural analysis. Behavioural data (RTs and accuracy) were analysed using 

repeated-measures ANOVAs with subject as a random factor in the statistical software analysis 

R. To create the ANOVAs we used mixed models from the package lme4 in R. We tested the 

effects of circle, simcol, and of their interaction first on RT and then on accuracy. We expected 

to find two main effects where simcol and circle each lead to longer RTs and reduce accuracy, 

but no interaction effect. 

EEG recording and analysis 

EEG was recorded in an electrically insulated, quiet and dimly lit experimental room using an 

Easycup EEG-fNIRS-µTMS cap with 32 EEG channels, (Brain Products, Gmbh) which 

covered the full head. All impedances were adjusted to below 5kΩ. EEG was digitalized at a 

sampling rate of 512 Hz, and horizontal and vertical EOG channels monitored eye movements. 

All channels were re-referenced to the algebraic mean of the two mastoid electrodes.  

Pre-processing. The EEG data were filtered offline using a zero-phase-shift finite-

impulse-response filter with 0.1 highpass and 30 Hz lowpass filter settings and epochs were 

extracted from -1 to 2 seconds surrounding presentation of the search array. Baseline correction 

was done by subtracting the mean amplitude at -200 ms before stimulus onset .  The data were 

then scanned for artefact rejection using a simple threshold of -120 to +120 µV.  

Data Binning. To create the different conditions, correct trials with no artefacts were 

selected from left and right electrodes on mirror positions – since the N2pc and SPCN are 

created by subtracting the activity ipsilateral to the target to the one contralateral. Table 1 shows 

which trials were binned together to create the relevant conditions.  
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Table 1 
 

 

Data binning for different conditions 
Condition Trials binned together 

easy correct trials where circle = 0 and simcol = 0. 

hard correct trials where circle = 1 and simcol = 1.  
col correct trials where circle = 1 and simcol = 0. 
circ correct trials where circle = 0 and simcol = 1.  

circle yes correct trials where circle = 1, irrespective of simcol. 
circle no correct trials where circle = 0, irrespective of simcol. 

simcol yes correct trials where simcol  = 1, irrespective of circle. 
simcol no correct trials where simcol = 0, irrespective of circle. 

 

 

EEG analysis. The N2pc and SPCN were extracted by calculating the contra minus 

ipsilateral voltages to the target ellipse on channels P7/P8, PO7/PO8, P3/P4, and O1/O2. Our 

hypotheses were tested using repeated measures t-tests to compare the mean amplitudes in each 

respective ROI/TOI. We compared conditions easy, hard, col and circ (figure 2), circle yes vs 

no (table 1), and simcol yes vs no (table 1). Furthermore we plotted the grand average at Pz 

and Oz. 

fNIRS recording  

fNIRS was recorded with the same cap as the EEG. A NIRScout system (NIRScout, 

NIRx, Canada) recorded the absorption of near-infrared light at wavelengths of 760 nm, and 

850 nm, with a sampling rate of 7.2 Hz. Eight source and eight detector optodes illuminated 

and recorded in a time-multiplexed, scanning fashion, forming a total of 16 channels. Two of 

the 16 channels were too shallow to measure activity in the cerebral cortex (short distance 

channels). They recorded the space between scalp and cortex and served to eliminate noise in 

Table 1.Main effects of simcol and circle on RT (in ms).  
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the signal. The remaining cortical channels were symmetrically arranged over the occipital and 

posterior parietal regions as shown in figure 3.1 

  

 

 

Results 

Behavioural results 

 Behavioural results. The data met all RM-ANOVA model assumptions. As shown in 

figure 4, both circle and simcol had a main effect on RT (simcol: F(1,13427) = 28.8298, 

p<0.001, circle: F(1,13427) = 30.5602, p< 0.001). This means that the average RT for the trials 

in which the ellipses were more circular was different than the average RT for the trials where 

the ellipses were less circular. Specifically, average RT was 12ms longer for more circular 

ellipses (t=4.309, p < .0001). A similar situation occurred when target and distractor had a 

similar color: average RT was 12 ms longer for more similar coloured target-distractor pairs 

(t=4.392, p < .0001). Figure 4 shows the differences in RT of these conditions. Additionally, 

                                                            
1 The analysis of the fNRIS data and its resutls will not be part of this report in this report. fNIRS is included in the introduction 

and methods as a sign that the student planned this research within a bigger project, and recorded the data as part of the thesis project. 

 

Figure 3. Optode placement on 
the left side of the head with 
sources and detectors in red, and 
channels in blue. Channel S2-
D2 was too long to be 
considered a channel. 

S4 

S3 
S1 

D1 
S2 

D3 

D4

D2 
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there was no interaction effect between circle and simcol (F(1,13427) = 0.4456, p = 0.504), 

meaning that the ellipses being more or less circular did not influence the effect that the changes 

in color of the distractor ellipse had on RTs, while at the same time, the changes distractor color 

themselves did not influence the effect that the circularity of the ellipses had on RTs.  

As for accuracy, there was only a main effect of simcol (F(1,57) = 13.51, p < 0.001), 

that is, mean accuracy of trials where target and distractor were of similar color was lower (by 

0.03% ) than where they were of dissimilar color. Circle and its interaction with simcol did not 

show any effect (circle: F(1,57) = 0.80, p = 0.374, n.s.; interaction: F(1,57) = 0, p = 0.994), 

meaning that the roundness of the ellipses did not change the accuracy of participants and that 

the effect of the color of the ellipses described above happened independently of the roundness 

of the ellipses. 

 

 

 

Figure 4.Main effects of simcol and circle on RT (in ms).  
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EEG results 

The grand average ERPs at Oz and Pz (Figure 6) display the expected components P1, 

N1, P2, N2 and P3, and no large scale differences between the four conditions easy, circ ,col 

and hard. On a smaller scale, the grand average wave collapsed over all conditions (figure 7– 

dashed line) shows an N2pc component which onsets at 150 ms and peaks at 250 ms. 

Furthermore, the pre-stimulus baseline in  on the same figure shows quite extensive amounts 

of power in the Alpha (8 to 14Hz) frequency range, suggesting that the rest of the ERPs are 

also contaminated with power on this band. There is no indication of a clear SPCN, the possible 

causes of which will be reviewed in the discussion. 

 Moreover, the N2pc is visibly smaller and later for the hard condition than for the other 

three conditions in the graph (easy, circ and col), whereas the differences in N2pc between 

these three conditions are relatively small in comparison. The N2pc components for easy and 

conditions 

Figure 5.Least  square means of RT RM-ANOVA for  conditions easy, circ, col, and hard.  
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for circ have the same peak amplitude, and visual inspection suggests that the onset is slightly 

later for the easy condition. The col condition has a slightly larger amplitude than circ and easy. 

In sum, the graph suggests that trials where target and distractor were rounder and of similar 

color produced a smaller and later N2pc than the rest of trials. A repeated measures t-test 

confirmed that there is indeed a difference between the hard and easy conditions (t(19) = -2, p 

= 0.06). 

Figure 8 depicts the effects of simcol and circle individually on the ERPs of interest. 

The graph shows how the average N2pc for trials where the ellipses were less round (grey) 

displays a smaller peak amplitude than that of the trials the ellipses were rounder (black) ( t(19) 

= -1.7, p = 0.12.). Analogously, the mean N2pc for trials where the target and distractor were 

of clearly different colours (red) shows a smaller peak amplitude than that of the trials where 

target and distractor had a similar color (blue) (t(19) = -1.1, p = 0.29).   
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Figure 6.Grand average waveforms at sites Pz and Oz. The components P1, N1, P2, N2, P3 are visible on both sites,
and the baseline period is quiet. There are no large-scale differences between the four conditions easy, circ, col and
hard

mean (P7/P8, P3/P4, PO7/PO8, O1/O2) 

Figure 7. N2pc for conditions easy, hard, circ, and col; and collapsed though all conditions (dashed line). Condition
hard shows a smaller and later N2pc than the rest. 
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Additional (exploratory) EEG results. During exploratory analysis, we discovered a 

pattern in the data that replicates previous findings on detection of task difficulty. Specifically, 

McKay, van den Berg, & Woldroff (2017) showed that an early frontal negative deflection is 

an indicator of detection of task difficulty. In our task, we can see an analogous frontal negative 

deflection at 200ms on the difference wave that results from subtracting the activity from hard 

minus the activity from easy trials (Figure 7, on top, blue line). Figure 8 shows the hard minus 

easy topographic plots in bins of 200 ms scaled from -1 to 1 µ. In it, there are the negative 

deflection at around followed by a late P3 component. 

 

 

 

mean (P7/P8, P3/P4, PO7/PO8) 

Figure 8. N2pc for conditions circle yes vs no and simcol yes vs no. There is no evidence of an SPCN. The peak
amplitudes of the harder conditions (simcol yes and circle yes) are smaller. t 
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Figure 9. Difference waves at Pz, FCz and O1/O2. There is a frontal (top panel, marked with an arrow) negative 
deflection on the hard minus easy (blue line) difference wave, which is an indicator of perceived difficulty related to 
hard trials (McKay et al. 2017)  

Figure 10. Topographic maps of the hard minus easy difference wave in bins of 200 ms and with a scale from -1 to 1 µV.  
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Discussion 

In the present study we investigated how task demands affect the cognitive processes 

that enable visual search. In order to do this we took the already existing visual search task 

from  Van den Berg et al. (2016) described above and modified the physical characteristics of 

target and distractor in order to regulate task demands. Specifically, we changed the roundness 

of target and distractor in order to modify the amount of work needed for target feature 

processing, and we changed the similarity in color of target and distractor in order to modify 

the work needed for correct attention allocation after stimulus onset. The purpose of these 

modifications was to create conditions with different amounts of demand (and different kinds 

of demand) on the subjects in order to discover how these demands affect behavioral and neural 

responses to the task. Ultimately, the aim is to correlate these changes with the change in energy 

expenditure on the same areas as measured though fNIRS  and follow-up on Van den Berg et 

al.’s  (2016) work by determining whether, and if so, how, efficiency develops over the course 

of one session as a result of exposure to the search task – that is, how participants adapt to the 

task as the session goes by.  

The main results of this study show that our task modifications affect the behavioral 

responses of the subjects while their effect on the neural responses is more complex and more 

subtle. Making target and distractor more similar in color caused participants to respond 12 ms 

slower on average, and the same was true for making the ellipses rounder – it resulted on an 

average RT that was 12 ms slower than for less round ellipses. Accuracy, on the other hand, 

was only affected by whether the color of target and distractor were similar or dissimilar to 

each other. For dissimilar target-distractor colors, participants’ accuracy improved 0.03% on 

average.  

As for the neural responses, the N2pc ERP component was the smallest  and latest for 

the hardest trials (where target and distractor ellipses were of a similar color and all ellipses 
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were rounder) while for the rest of color and roundness combinations it was about the same – 

and bigger than for the hardest trials. As shown in figure 8, there was also a difference in N2pc 

average amplitude for trials where target and distractor color was similar (bigger amplitude) vs 

when it was not, and there was an analogous difference between trials where ellipses were 

rounder (bigger amplitude) vs when they were not. We did not find a clear indication of the 

SPCN. 

The behavioral data seem to be mostly in line with the effect that we expected our 

manipulations to have. The manipulations in color and roundness of target and distractor were 

meant to make the search more difficult and in this way allow to see what the neural responses 

to these specific difficulties are. Indeed, when target and distractor were different form the 

original search setting used by Van den Berg et al. (2016), the RTs became significantly slower, 

showing that the task was more difficult. On top of that, the effect of roundness of ellipses 

(which was aimed to modify the work required for feature processing) did not interact with the 

effect of similarity of color (aimed to modify post-stimulus attention allocation). This is in 

accord with one important idea under our setup, namely, that feature processing and allocation 

of attention are separate processes represented by separate ERPs (as has already been 

demonstrated in the literature, i.e. Hickey et al., 2009 & Vogel and Machizawa, 2004) and 

which can be modified one at a time with the mechanisms we propose.  

It is important to note that accuracy was only affected by similarity in color and not by 

roundness of the ellipses. Moreover, a number of participants commented after the first practice 

trials that similarly colored distractors looked almost exactly like targets, but they never 

mentioned anything about the roundness of ellipses. Similarity of color is, then, a more 

disruptive modification than roundness of ellipses: it leads to more errors and its effect is large 

enough for participants to spontaneously report it. On the contrary, roundness of ellipses 
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modifies task demands but does not result in more errors. Their differing effects on accuracy 

seem then to be an indicator of the specific characteristics and strength of the modifications 

but, given the RT results, do not invalidate them as modifications on target feature difficulty 

and attention allocation difficulty. 

The neural responses to these modifications, nonetheless, do not mirror the 

modifications one-to-one. We encounter the clearest effect in terms of ERPs when comparing 

the hard and easy conditions. As show in figure 6, the hard condition (with longest RTs)  is 

clearly distinguishable from the easy one by a smaller and later N2pc, in line with the findings 

by van den Berg et al. (2016). The additional analysis also supports this interpretation: the 

presence of a negative deflection indicative of perceived difficulty not only replicates the 

findings by McKay et al. (2017), it highlights the fact that the easy and hard conditions in our 

task elicited different responses and were likely perceived by participants as easy and hard, 

respectively. Additionally, figure 8 suggests that not only similarity in color of target and 

distractor affect the N2pc, but also the roundness of the ellipses. The N2pc showed a smaller 

peak amplitude for rounder ellipses and more similar colors. The  fact that harder trials (rounder 

ellipses or more similar colors) elicit shorter N2pcs is in line with van den Berg et al.. (2016), 

however, the effect of roundness on the N2pc is unexpected and would suggest that rounder 

ellipses increase the effort needed for correct allocation of attention. Another possible, maybe 

more plausible, explanation could be that the N2pc response to the roundness of the ellipses is 

another instance of this component’s sensitivity to salient but task irrelevant objects (Hickey 

et al., 2006). In this case, salient but task relevant features. The effect should be replicated in 

order to extract further conclusions.   

In contrast with these N2pc patterns, we did not find a clear indication of an SPCN 

component, which is usually substantially smaller compared to the N2pc. One possibility is 
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that due to the noise level we were unable to discern an SPCN. As it is visible on the baseline 

period of figure 4, the data showed relatively high power on the 8 – 10 Hz alpha band, likely 

caused  by a combination of long ISIs (the longest were close to 8 seconds) and long block 

periods. These task characteristics may have made it difficult for subjects to stay focused and 

not become tired or drowsy which ultimately would have resulted in alpha contamination in 

the data. However, it is unlikely that this contamination together with other random kinds of 

noise alone account for the apparent absence of an SPCN component. Another, more likely, 

explanation for this absence is that, in spite of instructions to fixate their gaze on the cross in 

the middle of the screen, subjects produced horizontal saccades. These would have happened 

as the subjects endeavored to find the target and were thus correlated in time with the task.  

As such, future analyses should exclude trials that are contaminated by horizontal 

saccades - for example, by using a running window on the horizontal eye channel that detects 

when the difference between the minimum and maximum values within the window exceeds a 

given threshold. Moreover, Independent Component Analysis could serve to detect and correct 

eyeblinks in the trials which have them. Finally, if the task were to be replicated (conducted 

again), it could be modified to reduce alpha contamination. The long ISIs are necessary in order 

to be able to record the hemodynamic response in an event-related fashion, so they should not 

be changed mode than one second, which would not make enough of a difference. Instead, 

participant-timed small breaks could be allowed within one block after 7 minutes, so that 

participants do not have to stay concentrated for such large amounts of time per session.  

In spite of these potential improvements, the patterns we observe allow for two main 

conclusions: (1) Our modifications of the original task do make the task more effortful and (2) 

there is a neural response to this increase in difficulty which is in line with findings by van den 

Berg et al. (2016) with regards to N2pc timing and amplitude and with findings by McKay et 
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al. (2017) with regards to perception of difficulty. This last conclusion separates van den Berg 

et al. ’s findings from the possibility that the in-session attenuation effect was due to neural 

priming as described, for example, by Maccotta and Buckner (2004). 

The next step of analysis would be to combine these EEG data with the fNIRS data that 

were recorded at the same time over the same ROIs. Because we cannot confirm the specificity 

of our modifications in targeting respectively only the SPCN (roundness) and only the N2pc 

(similarity in color), but we do see a pattern in the N2pc, a first step would be to compare the 

changes in N2pc with the development of the hemodynamic response to the same stimulus. 

Since fMRI studies have already shown that there is increased activation in the visual cortex in 

the hemisphere that, given a cue, is expecting the target (e.g., Macaluso, Eimer, Frith, & Driver, 

2003,  Kastner & Ungerleider, 2000); it is of interest to observe the hemodynamic activation 

during the N2pc to relate it to its timing and amplitude in the absence of a cue and in a trial to 

trial fashion. The hypothesis in this comparison, therefore, would be that the N2pc at least 

partly explains the hemodynamic response that happens at the same time. If it does, we could 

conclude that the N2pc is at least partly is a reflection of energy expenditure and, therefore, 

smaller N2pc amplitudes would suggest less mental effort.  

Also, the hemodynamic response could be correlated with the pre-, and post- stimulus 

alpha activity. In the past, pre-stimulus alpha activity has been associated, through EEG-fMRI 

recordings, with a smaller visually evoked hemodynamic response if the stimulus was 

presented at the peak of the alpha cycle (Sheeringa et al., 2011), and different stimuli which 

happen within the same alpha cycle are merged in visual perception (Samaha & Postle, 2015). 

Given these findings, we expect the hemodynamic response to be partly correlated to pre-

stimulus alpha activity, meaning that alpha activity influences post-stimulus energy 

expenditure. Further, post-stimulus alpha activity has recently been described in a number of 
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experiments that used a similar search task as this one (Bachman et al., in press) ). An account 

of the relationship between post-stimulus alpha and the hemodynamic response could help 

relate it to pre-stimulus alpha and to other relevant ERPs in such a search task.   

Lastly, and inspired by the findings of Huang et al. (2015), it would be interesting to 

look for a pattern in the pre-stimulus hemodynamic response that allows to predict the 

subsequent N2pc amplitude. Huang et al. (2015) found a pre-stimulus hemodynamic pattern 

that emerged as response to a stimulus-related cue and through which they were able to predict 

the shape of the N2pc. Given that the N2pc is linked bottom-up task characteristics (e.g. Eimer 

& Kiss, 2010), it may be the case that pre-stimulus hemodynamic fluctuations are predictive 

of subsequent ERPs (or condition them in some way) independently from stimulus-related 

cues. If this were the case, investigating the cause of these pre-stimulus hemodynamic patterns, 

their trial to trial fluctuations and their role on adaptation to the search task would be an exciting 

next step. 

In conclusion, the present study opens up the possibility to understand the relationships 

of relevant search components like pre- and post- stimulus alpha, and the N2pc by taking 

hemodynamic fluctuations as a nexus between them. These fluctuations can in turn be 

understood as a measure of energy expenditure, which renders them a link not only between 

the components themselves but also between the components and their relation to adaptation 

to a task and the development of in-session efficiency through practice. The conclusions of the 

study itself add to this picture by validating a method to create controlled fluctuations in the 

N2pc that are related to task difficulty. These fluctuations can be used as a tool in further 

research to experimentally manipulate task difficulty in terms of post-stimulus attention 

allocation and make causal conclusions about what this does to the rest of the relevant 

components under study (e.g. hemodynamic response, alpha activity). With further analysis on 
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the dataset produced in this experiment, equivalent information about the SPCN could 

potentially be extracted.  
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