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Abstract

Sustained attention is a fundamental cognitive ability that in-
fluences various aspects of human functioning. Studies of the
neural correlates of attention commonly treat sustained atten-
tion as an isolated construct, however in any ecological con-
text, sustained attention interacts with other executive func-
tions such as inhibition of interference and processing of com-
plex hierarchical stimuli. We have thus constructed a protocol
to probe the interplay between these cognitive processes during
visual attention task. We contrast putative typical vs atypical
attention by comparing 18 healthy participants with 53 adults
with Attention-Deficit/Hyperactivity Disorder, for whom dif-
ficulties with sustained attention are a core symptom and thus
constitute a natural experiment condition. Our behavioural and
brain-imaging analyses demonstrate distinct neural patterns in
bottom-up visual processing and attention allocation mecha-
nisms in ADHD and Control groups, highlighting different
cognitive strategies utilised by adults with ADHD and healthy
participants in tasks requiring sustained attention.

Keywords: ADHD; attention deficit hyperactivity disorder;
sustained attention; illusory contours; inhibition of interfer-
ence, EEG.

Introduction
Sustained attention is continuous and self-directed awareness
of a subset of stimuli, that occurs when responding to approx-
imately uniform task stimulation (Robertson & O’Connell,
2010). Maintaining attention is a universal challenge for in-
dividuals, and variations in sustained attentional performance
are to be expected. Studying deficits in sustained attention
can help to pinpoint the underlying neural and cognitive pro-
cesses, leading to a more nuanced understanding of sustained
attention, which is of primary importance as clinical patholo-
gies of attention are recognised as a growing problem in chil-
dren and adults (for US Centres of Disease Control demo-
graphic statistics, see CHADD (2017). The ability to sustain
attention involves resisting neuro-energetic fatigue and dis-
traction, both of which have been implicated in hypotheses of

ADHD and reflected in patients’ EEG signal (Gumenyuk et
al., 2005; Killeen, Russell, & Sergeant, 2013; Russell et al.,
2006). Impairments in the ability to summon glucose for ox-
idative metabolism, crucial for restoring ion gradients in the
fronto-parietal system, can also lead to increased likelihood
of attentional lapses, slowed response times, and heightened
variability (Killeen et al., 2013).

Measurement and testing of sustained attention is of-
ten done with a computerised continuous performance test
(CPT). While ’gold standard’ CPTs aim to isolate sustained
attention as a top-down mechanism through controlled, repet-
itive classification tasks with limited perceptual complexity,
it’s essential to recognize that sustained attention is not iso-
lated in ecological contexts. Sustained attention integrates
with other executive functions and relies on lower-level per-
ceptual processing. In this study, an exploration of two crit-
ical ecological attention demands is presented: (a) success-
ful attending may require inhibition of interference; (b) nat-
ural target stimuli are complex and often noisy. To examine
these interactions of attention, we conducted an experiment
to probe ecological sustained attention and its neural corre-
lates by measuring ADHD and healthy participants with high-
resolution electroencephalography (EEG) while they perform
a novel CPT, which uses gestalt-image targets, primed by
Congruent or Incongruent distractors.

Methods
Participants
We recruited 53 adults (25 males, age M=36.26, SD=10.22)
diagnosed with either ADHD (n=44) or ADD (n=9) – we
refer to both as ADHD group – and 18 adults (6 males,
age M=32.78, SD=10.82) with no diagnosed neuro-cognitive
deficits or ongoing medication for ADHD/ADD as a healthy
control group. All participants had normal or corrected-to-
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normal vision. The groups did not differ in terms of age, gen-
der, or handedness. The control group size was about 40%
of the size of the ADHD group, and thus the statistical power
of our tests is not substantially affected by this size disparity
according to White (2018).

Inclusion criteria for the ADHD group were: (1) pre-
existing diagnosis of ADHD/ADD, (2) no neurological diag-
noses, (3) age between 18 and 60, (4) scores on Adult ADHD
Self Report Scale (Kessler et al., 2005) and Brown ADHD
scale (L. Davenport & Davis, 2011) indicating the presence
of ADHD, and (5) an IQ score of at least 80 using WAIS IV
measured by a qualified psychologist (Wechsler, 2012). A
consulting psychiatrist followed DIVA guidelines to confirm
the existing ADHD/ADD diagnosis, or not.

Participants provided written informed consent before en-
tering the study. The protocol followed the Declaration of
Helsinki, and ethical approval was obtained from The Ethical
Committee of the Hospital District of Helsinki and Uusimaa,
28/03/2012, 621/1999, 24 §.

PSICAT protocol

Primed Subjective Illusory Contour Attention Task (PSICAT)
protocol retains the standard repetitive classification-task
structure, and adds complex target stimuli preceded by either
Congruent or Incongruent interference primers. Primers are
attention-grabbing but irrelevant to the task, and in a strategic
sense should be ignored, because only target-recognition de-
termines performance. As targets, PSICAT uses the Kanizsa
subjective contour illusion (Shape; see Figure 1), which is
a perceived polygon induced by collinear ‘Pac-Man’ shapes
at the vertices. When the Pac-Man shapes are not collinear,
the stimulus forms a nonShape target. PSICAT is a two-
alternative forced-choice task, where the response is a left or
right hand button-press to the presence or absence of a Shape
in Kanizsa stimuli. The classification required by the task
involves discrimination of gestalt images from images with
identical visual features but no gestalt property. Congruency
of primers creates a task-irrelevant probe condition. Thus,
PSICAT protocol consists of 2 × 2 conditions: Congruent
Shape, Incongruent shape, Congruent nonShape, Incongru-
ent nonShape. PSICAT consists of five blocks of 110 trials,
with a one minute rest break between each block.

Example trials are shown in Figure 1. Each trial consists of
a preparatory fixation cross, primer-target pair, and inter-trial
interval (ITI). Fixation lasts 100 ms; primers are flashed for
150 ms; targets are held until the participant responds ( 750
ms on average in this study); and ITI is 500 ± 100 ms (var-
ied to minimise presentation expectancy which reduces trial
effects). Thus an average trial should last 1.5 sec, giving an
estimated protocol duration of 22 minutes. PSICAT protocol
was designed by Cowley (Cowley, 2018) and is available as
an open-source code repository at the following url, allow-
ing researchers to reuse and adapt it to their requirements.
https://github.com/zenBen/Kanizsa Prime/

Figure 1: Schematic of the stimuli and protocol structure used
in PSICAT. Stimuli are exemplified top left by a triangular
Kanizsa subjective-contour-illusion target, displayed white-
on-black; with the respective Congruent red-line primer. PSI-
CAT protocol was designed by Cowley (Cowley, 2018).

Behavioral analysis
Exploratory analysis revealed the substantial decrease in RTs
in the first block of experiment followed by relatively stable
performance in subsequent blocks. We attribute this decline
to participants’ adaptation to the experimental design and
stimuli. Subsequently, we categorised our data into learning
period (Block 1) and sustained performance period (Blocks 2
to 5). This paper primarily focuses on the sustained attention
mechanisms which distinguish ADHD and Control groups,
thus, the sustained performance period will be the one of in-
terest.

Linear mixed effects model (LMM) was used to analyse
participant-wise reaction time (RT) change over time. We fit-
ted LMM with RT as the DV, and group (ADHD, Control),
block-wise Trials (bwTrial) (1 to 110), Block (2 to 5) and
their interaction, as the predictors. RT variable with skewed
distributions was log-transformed. Subjects’ ID was used as
a random factor to account for potential variability between
Subjects that is not explained by fixed effects. We also added
a random intercept for the interaction between Block and
Subject and bwTrial and Subject, allowing for variability in
baseline performance across different combinations of Block
and Subject and bwTrial and Subject, respectively. To com-
pare the evolving variances between the groups across the
time, we fitted LMM with SD as a DV, and group (ADHD,
Control), block-wise Window (bwWindow) (1 to 87), Block
(2 to 5) and their interaction, as the predictors. To obtain
SDs we first applied the Subject-wise rolling window of SD
across trials in each separate Block and calculated the mean
of the SD windows across Subjects. SD variable with skewed
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Figure 2: Spatial and temporal activations shown by grand average ERPs (calculated for ROIs) and associated whole-head scalp
maps (calculated for the time window of curve testing). Each plot shows the average ERPs responses (solid lines) of the ADHD
(red) and Control (blue) groups. The mean responses are surrounded by the MWE confidence bands of the time series. The
grey significance lines at the bottom of each plot denote time points where group ERPs were drawn from different distributions.
Black significance lines indicate time points where differences met a stricter significance criteria.

distribution was log-transformed. Random effects were used
as in previous model for RT. Post-hoc pairwise comparisons
between groups across different blocks were conducted us-
ing generalized linear hypotheses test (”glht” from the mult-
comp package). To account for multiple testing, we ad-
justed the p-values using Holm-Bonferroni method. Joint
tests (”joint tests” function from the emmeans package) were
conducted to assess the combined significance of model co-
efficients in the LMM model.

The ex-Gaussian distribution has been proposed for mod-
eling RTs, especially in ADHD patients who tend to have
more abnormally slow responses which are associated in the
tau component of the ex-Gaussian distribution (Lee, Mum-
ford, Romero, & Lamme, 1998; Dawson, 1988; Burbeck &
Luce, 1982). Thus, we advanced our analysis by calculating
Subject-level ex-Gaussian parameters for RT data and fitted
them in a LMM with mu, sigma and tau as the DV, and Group
(ADHD, Control), Block (2 to 5) and their interaction, as the
predictors. Tau variable with skewed distributions was log-
transformed. We added a random intercept of Subjects’ ID
and a random slope for the Block.

EEG measurement and analysis
EEG was measured using Biosemi ActiveTwo equipment
with 128 active electrodes mounted on a cloth headcap with
equiradial positions. The data was preprocessed using Com-

putational Testing Automated Preprocessing toolbox (CTAP)
(Cowley, Korpela, & Torniainen, 2017; Cowley & Korpela,
2018), based on EEGLAB (Delorme & Makeig, 2004) for
Matlab. The data was then low-pass filtered at 45 Hz and
high-pass filtered at 2 Hz. Each participant’s continuous
EEG and EOG data was decomposed using the FastICA al-
gorithm (Hyvarinen, 1999). Independent Components (ICs)
statistically similar to the CTAP-detected blinks were re-
moved (Cowley et al., 2017) . ERPs were generated from
the EEG data using Matlab, time-locked to the target onset of
hit trials only (excluding error trials). Continuous EEG was
split into 750 ms epochs, with 100 ms pre-stimulus baseline,
primer lasting 150 ms, and 500 ms after target stimulus on-
set. Epochs were baseline-corrected with respect to the mean
voltage of the 100 ms period preceding the primer onset. Af-
ter baseline-correction, a 20 Hz low-pass filter was applied
for visualisation and testing. Analyses focused on three ROIs
(denoted using 10-5 system labels mapped from the Biosemi
128 channel): frontal at F4, F4h, Fz, F3h, F3, AFF4h, AFz,
AFF3h, parietal at P3, P1, CPPz, P2, P4, PO3, POz, PO4 and
occipital I1, OI1, O1, POO3, POOz, Oz, OIz, Iz, I2, OI2, O2,
POO4. The electrode locations were chosen a priori based on
previous research (Hanslmayr, Sauseng, Doppelmayr, Sch-
abus, & Klimesch, 2005; Hanslmayr et al., 2007; MacDon-
ald, Lepage, Eden, & Eichenbaum, 2011; Mathewson, Grat-
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ton, Fabiani, Beck, & Ro, 2009).
Minimum-width envelopes (MWEs) confidence bands

were calculated to examine temporal characteristics of the
ERP waveform and to define whether ERPs are drawn from
separate distributions. To track the changes in processing
over time we compared MWEs between ADHD and Control
groups in the Block 2 vs Block 5. The set of topographic
maps were built to represent the distribution of corresponding
electrical potentials across the occipital, parietal and frontal
regions of interest (ROI). We selected time ranges based on
morphology of MWE waves in the corresponding areas.

Results
Behavioral results
LMM results reveal main effect of bwTrial (t(26550)=3.52,
p.adj<.01) and three way interaction Group-Block4-bwTrial
(t(22240)=4.89, p.adj<.001), but no main effect of Group or
Block on RT. Post-hoc analysis based on generalized linear
hypotheses test demonstrated that for ADHD group RTs in
Block 2 and 3 were significantly different from Block 5 (z =
3.43, p.adj<.05, Cohen’s d = 0.10 and z = 3.13, p.adj<.05,
Cohen’s d = 0.09, respectively). For Control group no differ-
ences were found in performance between blocks.

Our analysis of RT variability revealed the main effect of
Group (t(15510) = -6.34, p.adj<.001), bwWindow (t(15520)
= 6.15, p.adj<.001), interactions Group-Block3 (t(15520)
= 4.06, p.adj<.001) and Group-Block4 (t(15520) = -4.86,
p.adj<.001), and three way Group-Block4-bwWindow inter-
action (t(15440) = 6.94, p.adj<.001) on SD. The effect size
for Group, as indicated by Cohen’s d, was 0.39, suggesting a
medium effect. Joint tests and post-hoc analysis revealed sig-
nificant differences between the groups in SD in all Blocks
(Block 2: F(1, 13529) = 235.07, p.adj<.001, Cohen’s d =
0.41; Block 3: F(1, 13535) = 119.30, p.adj<.001, Cohen’s d
= 0.32; Block 4: F(1, 14756) = 23.44, p.adj<.001, Cohen’s d
= 0.41; Block 5: F(1, 14670) = 49.97, p.adj<.001, Cohen’s d
= 0.45).

Ex-Gaussian analysis of response timing variables demon-
strated no main effect of Group on mu and sigma. We found
main marginal effect of Group on tau (t(204) = -1.93, p<.01).
The effect size for Group, as indicated by Cohen’s d, was
0.52, suggesting a medium effect. After adjusting for mul-
tiple comparisons, the observed differences in tau were no
longer statistically significant.

Neural results
Analysis of MWEs in the occipital area of the brain revealed
significantly reduced activity in reaction to primer in ADHD
group in comparison with CTRLs 50-120 ms after the on-
set of primer (see Figure 2). Later on, de-synchronisation
demonstrated by the Control group around 200-250 ms after
the primer onset (50-100 ms after the target onset) drove the
significant differences between ADHD and Controls in the
corresponding time period. Comparison across the time of
experiment revealed differences between the groups across

Figure 3: Spatial and temporal activations shown by grand
average ERPs in Occipital ROI and associated whole-head
scalp maps calculated for the time window of curve testing.

longer periods of epoch in Block 5 in comparison to Block
2. Topographic maps in occipital area demonstrated positive
lateral activations in 65-125 ms after primer onset time range
present in both groups but stronger for Controls. Stronger
negative activation was evident in Control group in compar-
ison with ADHD in 50-100, 140-190 and 230-300 ms time
periods of interest. In the same time ranges Control group
showed increased intensity of negative activation in Block 5
in comparison to Block 2 (see Figure 3).

Figure 4: Spatial and temporal activations shown by grand av-
erage ERPs in Frontal ROI and associated whole-head scalp
maps calculated for the time window of curve testing.

In the frontal ROI Controls demonstrate negative deflec-
tion peaking around 300 ms after target onset (see Figure 2).
Weaker and delayed in latency peak is noticeable in the
ADHD group, driving the significant differences between
the groups. ADHD group demonstrated overall enhanced,
although not significant, positive activity in comparison to
Controls from 250 ms after the target onset. The compari-
son across blocks revealed differences between ADHDs and
Controls in Block 5 and absence of such in Block 2. To-
pographic maps showed stronger positive activation within
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Figure 5: Spatial and temporal activations shown by grand av-
erage ERPs in Parietal ROI and associated whole-head scalp
maps calculated for the time window of curve testing.

ADHD group rather than in Control in 220-290, 290-350 and
400-500 ms time ranges, though more prominent centrally
in the latter one. Both groups slightly increased intensity of
positive activation from Block 2 to Block 5 in two latest time
ranges of interest (see Figure 4).

In parietal ROI differences between groups were present
intermittently throughout the whole length of the epoch, with
the most prominent ones corresponding to negative peaks in
around 20, 110 and 300 ms demonstrated by Control group
(see Figure 2). ADHD group had a similar morphology of
the MWE wave but with delayed latency of peaks and weaker
activation, especially for the last negative peak around 300
ms after target onset. Similar to the other ROIs, in pari-
etal area differences between the groups were present across
longer periods of epoch in Block 5 in comparison to Block 2.
Topographic maps revealed negative activation present only
in Control group in 0-50, 80-130 and 250-330 time ranges,
which was stronger in Block 5 in comparison with Block 2.
Positivity was prominent for ADHD patients in (350;500),
while Controls demonstrated weaker activation in the same
time range. Positivity intensified in Block 5 in comparison
with Block 2 for ADHD group (see Figure 5).

Discussion
The current study investigated ecological sustained atten-
tion and its neural correlates in individuals with ADHD and
healthy participants while they perform a novel CPT, which
uses Kanizsa shape illusory contours. Our results revealed
significant differences in neural and behavioral responses be-
tween ADHD and Control groups, highlighting distinct cog-
nitive processes and compensatory mechanisms in individu-
als with ADHD.

According to the analysis of speed and variability of per-
formance, ADHD group performed at the same speed but
with significantly less consistency in comparison with Con-
trols. However, while Control group did not reduce its RTs
over Blocks, ADHD group performance in Block 5 was
significantly faster than performance in Block 2 and Block
3. Thus, ADHD group was gradually improving its perfor-

mance throughout the experiment, while Controls reached the
plateau of performance already by Block 2.

Results of ex-Gaussian analysis revealed subtle differences
between groups in the number of attentional lapses (tau pa-
rameter). Other variables (mu and sigma) did not demon-
strate between-group differences. Presumably, ADHD group
reaches equivalent performance speed at the expense of con-
sistency of its responses, driven by occasional attentional
lapses. A possible explanation is related to post-error perfor-
mance, intended to improve performance on subsequent trials
(Rabbitt, 1966). In our experiment this phenomenon might be
represented as more focused performance after the period of
mind wandering, which helps ADHDs to keep the overall per-
formance on the same level as Controls. This result goes in
line with previous research (Kofler et al., 2013; Russell et al.,
2006; Tarantino, Cutini, Mogentale, & Bisiacchi, 2013; Ep-
stein et al., 2010). According to the large-scale meta-analytic
review of 319 studies individuals with ADHD did not evince
slower mean RT after accounting for RT variability, whereas
substantial deficits in RT variability persisted even after ad-
justing for mean RT (Kofler et al., 2013). In another study
(Leth-Steensen, Elbaz, & Douglas, 2000) increased variabil-
ity in a simple reaction time task in children with ADHD was
primarily associated with heightened tau parameter, with no
significant differences in mu and sigma compared to typically
developing controls. Gmehlin et al. (2014) proposed that oc-
casional prolonged RT indicated by tau parameter may be
linked to deficits in sustained attention. It is thus crucial to
stress the importance of ex-Gaussian distribution in compari-
son with conventional measures of central tendency.

Neural results provide insights about cognitive mecha-
nisms underlying behavioral outcomes. In the occipital area
of the brain ADHD demonstrated reduced activation in early
ERP components in response to primers in comparison with
Control group. According to the previous literature (Lee et
al., 1998; De Valois, Albrecht, & Thorell, 1982; Pollen, 1989)
approximately 40 ms after stimulus onset individual V1 neu-
rons in occipital area recognize simplest object features and
can discriminate small changes in visual orientations, spe-
cial frequencies and colours. Smaller amplitudes in ADHD
group in response to simple visual stimuli around 65-125 ms
in our experiment might represent impaired bottom-up mech-
anisms in visual processing in adults with ADHD. While vi-
sual detection of object is an automatic process, full percep-
tual completion of gestalt stimuli implies awareness and feed-
back from higher visual areas back to lower ones. First, stim-
uli are recognised automatically in V1/V2, then sent forward
to lateral occipital complex (LOC) to synthesise illusory con-
tours, segment it and assign boundaries, and later sent back
to V1/V2 to fill in details, complete the figure percept, and
integrate contextual information (Koivisto, Railo, Revonsuo,
Vanni, & Salminen-Vaparanta, 2011; Rao & Ballard, 1999).
This two-stage model is also consonant with several stud-
ies (Keane, Paterno, Kastner, & Silverstein, 2016; Marini &
Marzi, 2016; Wokke, Vandenbroucke, Scholte, & Lamme,
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2013), which argue that the full perceptual completion of il-
lusory contours happens only 160 ms after stimulus onset.
In our experiment, differences between ADHD and Controls
were found 200-250 ms after primer onset, which might rep-
resent the later discrimination stage of visual processing.

Most long-lasting differences between the groups, across
the length of the epoch, were found in parietal ROI. Parietal
cortex is playing an important role in spatial integration, al-
lowing the brain to combine information from visual features
to form a coherent spatial representation, and object recogni-
tion, helping individuals identify and categorize visual stim-
uli. In our experiment the largest in amplitude negative peak
according to its location and latency might correspond to the
N2pc component of ERPs. In line with its function, the am-
plitude of N2pc component response was related to the condi-
tion of Congruency rather than to Shape of the target, and was
more prominent in Incongruent trials. While Control group
demonstrated prominent negative deflection in the time range
of interest, for ADHD group the N2pc component appeared to
be less amplitudinal, creating statistical differences between
the groups. N2pc amplitude reduction may represent salient
stimulus categorization deficit in ADHD subjects (Lazzaro,
Gordon, Whitmont, Meares, & Clarke, 2001; Kaur, Singh,
Arun, Kaur, & Bajaj, 2019). Furthermore, there is evidence
that ADHD patients have manifested significantly less theta
rhythm and event-related desynchronisation during inhibition
and response trials, during visual continuous performance test
(Nejati & Ghayerin, n.d.). This fact goes in line with lengthy
reduced activation among ADHD participants in our experi-
ment.

Late non-lateralized ERP enhancements in frontal area of
the brain are associated with processes such as decision-
making, attention allocation, and cognitive control (P3 com-
ponent; Kutas, McCarthy, and Donchin (1977); Kok (2001);
Polich (2007). P3 component has been shown to be con-
sistently smaller in children and adults with ADHD than
in Controls over different modalities (Hasler et al., 2016;
Senderecka, Grabowska, Gerc, Szewczyk, & Chmylak, 2012;
Spronk, Jonkman, & Kemner, 2008). The P3 amplitude
reductions are linked with diminished facilitation of stimu-
lus processing, attention deficits or inappropriate attentional
resources allocation (Baijot, Deconinck, Slama, Massat, &
Colin, 2013; Overtoom et al., 1998; Kaur et al., 2019). Some
studies also revealed delayed latencies of both negative and
positive ERP components in fronto-central area of the brain
in individuals with ADHD (Sokhadze et al., 2012). For ex-
ample, Sokhadze and colleagues in their ERP study of atten-
tional regulation in ADHD, ASD and typical children during
Kanizsa shape categorization task demonstrated that differ-
ences between ADHD and typical controls were mostly man-
ifested in prolonged latencies of ERP. Although in our ex-
periment delayed latencies in P3 ERP component found its
confirmation, the activation itself was increased in ADHD
group starting from 250 ms after target onset. This reflects the
differences in how cognitive control mechanisms are modu-

lated in two groups during visual attention tasks. This result
suggest a possible compensatory mechanism or neural effi-
ciency strategy to cope with cognitive challenges. Interest-
ingly, there were no differences between the groups in early
stages of experiment, but they arose closer to the end of task.
It seems that the need to utilize different cognitive mechanism
grows over time.

In sum, deficient bottom-up visual processing in ADHD
group might prevent them from successfully processing
Kanizsa shape primers, which in turn leads to an observed
deficit in the categorization of salient stimuli and processing
of Congruency later on. This is reflected in weaker nega-
tive activations in comparison with Control group in parieto-
occipital area in response to Incongruent trials. Neverthe-
less, ADHD group managed to maintain the same speed of
performance as the Control group, presumably due to de-
veloped compensatory mechanisms. On behavioral level,
ADHD demonstrate higher variability than the Control group,
driven from occasional periods of mind wandering; on neu-
ral level ADHD group mobilize high-level attentional mech-
anism in a greater extent than the Controls do. It is reflected
in increased positive activation in late ERP components in
frontal area of the brain. Interestingly, on the latest stages
of the experiment we found more neural differences between
groups. We might presume that divergences in neural activity
become increasingly pronounced over time as the need to em-
ploy distinct cognitive mechanisms rises in the ADHD group
in order to behaviorally perform at the same level as the Con-
trols.

Conclusion
The study demonstrates that adults with ADHD exhibit sig-
nificant cognitive and neural differences compared to a Con-
trol group in processing visual stimuli during ecologically-
valid sustained attention task. The differences between
ADHD and Control groups were established both in bottom-
up visual detection and more conscious top-down attentional
mechanisms, requiring integration and categorisation of vi-
sual stimuli. The reason presumably lies in compensatory
mechanism used by ADHD group to behaviorally perform on
the same level as Control group. Over time neural activity
divergences become more pronounced between the groups,
indicating the growing need for ADHD group to employ dis-
tinct cognitive mechanisms over the length of experiment.
This research contributes to a deeper understanding of the
neurobiological underpinnings of visual processing and sus-
tained attention, by leveraging a non-neurotypical population
as natural control to provide contrast to the neurotypical per-
formance.
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rmann, C. S., & Bäuml, K.-H. (2007, October). Prestim-
ulus oscillations predict visual perception performance be-
tween and within subjects. NeuroImage, 37(4), 1465–1473.
doi: 10.1016/j.neuroimage.2007.07.011

Hanslmayr, S., Sauseng, P., Doppelmayr, M., Schabus, M., &
Klimesch, W. (2005, March). Increasing individual upper
alpha power by neurofeedback improves cognitive perfor-
mance in human subjects. Applied Psychophysiology and
Biofeedback, 30(1), 1–10. doi: 10.1007/s10484-005-2169
-8

Hasler, R., Perroud, N., Meziane, H. B., Herrmann, F., Prada,
P., Giannakopoulos, P., & Deiber, M.-P. (2016, July).
Attention-related EEG markers in adult ADHD. Neuropsy-
chologia, 87, 120–133. doi: 10.1016/j.neuropsychologia
.2016.05.008

Hyvarinen, A. (1999, May). Fast and robust fixed-
point algorithms for independent component analysis.
IEEE Transactions on Neural Networks, 10(3), 626–634.
Retrieved 2024-05-09, from https://ieeexplore.ieee
.org/document/761722 (Conference Name: IEEE
Transactions on Neural Networks) doi: 10.1109/72
.761722

Kaur, S., Singh, S., Arun, P., Kaur, D., & Bajaj, M.
(2019, November). Event-Related Potential Analysis of
ADHD and Control Adults During a Sustained Atten-
tion Task. Clinical EEG and Neuroscience, 50(6), 389–
403. (Publisher: SAGE Publications Inc) doi: 10.1177/
1550059419842707

Keane, B. P., Paterno, D., Kastner, S., & Silverstein, S. M.
(2016). Visual integration dysfunction in schizophrenia
arises by the first psychotic episode and worsens with ill-
ness duration. Journal of Abnormal Psychology, 125(4),
543–549. (Place: US Publisher: American Psychological
Association) doi: 10.1037/abn0000157

Kessler, R., Adler, L., Ames, M., Demler, O., Faraone,
S., Hiripi, E., . . . Walters, E. (2005, March). The
World Health Organization Adult ADHD Self-Report Scale
(ASRS): a short screening scale for use in the general
population. Psychological medicine, 35, 245–56. doi:
10.1017/S0033291704002892

Killeen, P. R., Russell, V. A., & Sergeant, J. A. (2013, May).
A behavioral neuroenergetics theory of ADHD. Neuro-
science & Biobehavioral Reviews, 37(4), 625–657. doi:
10.1016/j.neubiorev.2013.02.011

Kofler, M. J., Rapport, M. D., Sarver, D. E., Raiker, J. S., Or-
ban, S. A., Friedman, L. M., & Kolomeyer, E. G. (2013,
August). Reaction time variability in ADHD: A meta-
analytic review of 319 studies. Clinical Psychology Review,
33(6), 795–811. doi: 10.1016/j.cpr.2013.06.001

Koivisto, M., Railo, H., Revonsuo, A., Vanni, S., &
Salminen-Vaparanta, N. (2011, February). Recurrent Pro-
cessing in V1/V2 Contributes to Categorization of Natural

6027



Scenes. Journal of Neuroscience, 31(7), 2488–2492. (Pub-
lisher: Society for Neuroscience Section: Brief Communi-
cations) doi: 10.1523/JNEUROSCI.3074-10.2011

Kok, A. (2001, May). On the utility of P3 amplitude as a
measure of processing capacity. Psychophysiology, 38(3),
557–577. doi: 10.1017/s0048577201990559

Kutas, M., McCarthy, G., & Donchin, E. (1977, August).
Augmenting Mental Chronometry: The P300 as a Measure
of Stimulus Evaluation Time. Science, 197(4305), 792–
795. (Publisher: American Association for the Advance-
ment of Science) doi: 10.1126/science.887923

Lazzaro, I., Gordon, E., Whitmont, S., Meares, R., & Clarke,
S. (2001, January). The Modulation of Late Com-
ponent Event Related Potentials by Pre-Stimulus EEG
Theta Activity in ADHD. International Journal of Neuro-
science, 107(3-4), 247–264. (Publisher: Taylor & Francis
eprint: https://doi.org/10.3109/00207450109150688) doi:

10.3109/00207450109150688
L. Davenport, T., & Davis, A. S. (2011). Brown Attention-

Deficit Disorder Scales. In S. Goldstein & J. A. Naglieri
(Eds.), Encyclopedia of Child Behavior and Develop-
ment (pp. 302–303). Boston, MA: Springer US. Re-
trieved 2024-05-09, from https://doi.org/10.1007/
978-0-387-79061-9 439 doi: 10.1007/978-0-387-79061
-9 439

Lee, T. S., Mumford, D., Romero, R., & Lamme, V. A. F.
(1998, August). The role of the primary visual cortex in
higher level vision. Vision Research, 38(15), 2429–2454.
doi: 10.1016/S0042-6989(97)00464-1

Leth-Steensen, C., Elbaz, Z. K., & Douglas, V. I. (2000,
May). Mean response times, variability, and skew in the
responding of ADHD children: a response time distribu-
tional approach. Acta Psychologica, 104(2), 167–190. doi:
10.1016/s0001-6918(00)00019-6

MacDonald, C. J., Lepage, K. Q., Eden, U. T., & Eichen-
baum, H. (2011, August). Hippocampal “Time
Cells” Bridge the Gap in Memory for Discontiguous
Events. Neuron, 71(4), 737–749. Retrieved 2024-05-
09, from https://www.sciencedirect.com/science/
article/pii/S089662731100609X doi: 10.1016/j
.neuron.2011.07.012

Marini, F., & Marzi, C. A. (2016). Gestalt Perceptual Organi-
zation of Visual Stimuli Captures Attention Automatically:
Electrophysiological Evidence. Frontiers in Human Neu-
roscience, 10.

Mathewson, K. E., Gratton, G., Fabiani, M., Beck, D. M., &
Ro, T. (2009, March). To See or Not to See: Prestimulus
Phase Predicts Visual Awareness. Journal of Neuroscience,
29(9), 2725–2732. Retrieved 2024-05-09, from https://
www.jneurosci.org/content/29/9/2725 (Publisher:
Society for Neuroscience Section: Articles) doi: 10.1523/
JNEUROSCI.3963-08.2009

Nejati, V., & Ghayerin, E. (n.d.). Abnormal Structure
and Function of Parietal Lobe in Individuals with Atten-
tion Deficit-Hyperactivity Disorder (ADHD): A System-

atic Review Study. Basic and Clinical Neuroscience, 0–
0. (Publisher: Basic and Clinical Neuroscience) doi:
10.32598/bcn.2022.2843.1

Overtoom, C. C. E., Verbaten, M. N., Kemner, C., Kenemans,
J. L., Engeland, H. V., Buitelaar, J. K., . . . Koelega, H. S.
(1998, September). Associations Between Event-Related
Potentials and Measures of Attention and Inhibition in the
Continuous Performance Task in Children With ADHD
and Normal Controls. Journal of the American Academy
of Child & Adolescent Psychiatry, 37(9), 977–985. doi:
10.1097/00004583-199809000-00018

Polich, J. (2007, October). Updating P300: An integrative
theory of P3a and P3b. Clinical Neurophysiology, 118(10),
2128–2148. doi: 10.1016/j.clinph.2007.04.019

Pollen, A. (1989). Physiological constraints on models of
visual cortical function. Models of brain function, 115–
135. (Publisher: Cambridge University Press)

Rabbitt, P. M. A. (1966, October). Error Correction Time
without External Error Signals. Nature, 212(5060), 438–
438. (Number: 5060 Publisher: Nature Publishing Group)
doi: 10.1038/212438a0

Rao, R. P. N., & Ballard, D. H. (1999, January). Predictive
coding in the visual cortex: a functional interpretation of
some extra-classical receptive-field effects. Nature Neuro-
science, 2(1), 79–87. (Number: 1 Publisher: Nature Pub-
lishing Group) doi: 10.1038/4580

Robertson, I., & O’Connell, R. (2010, April). Vigilant at-
tention. In Attention and Time (pp. 79–88). (Journal Ab-
breviation: Attention and Time) doi: 10.1093/acprof:oso/
9780199563456.003.0006

Russell, V. A., Oades, R. D., Tannock, R., Killeen,
P. R., Auerbach, J. G., Johansen, E. B., & Sagvolden,
T. (2006, August). Response variability in Attention-
Deficit/Hyperactivity Disorder: a neuronal and glial ener-
getics hypothesis. Behavioral and Brain Functions, 2(1),
30. doi: 10.1186/1744-9081-2-30

Senderecka, M., Grabowska, A., Gerc, K., Szewczyk, J.,
& Chmylak, R. (2012, July). Event-related potentials
in children with attention deficit hyperactivity disorder:
An investigation using an auditory oddball task. Interna-
tional Journal of Psychophysiology, 85(1), 106–115. doi:
10.1016/j.ijpsycho.2011.05.006

Sokhadze, E. M., Baruth, J. M., Sears, L., Sokhadze, G. E.,
El-Baz, A. S., Williams, E., . . . Casanova, M. F. (2012).
EVENT-RELATED POTENTIAL STUDY OF ATTEN-
TION REGULATION DURING ILLUSORY FIGURE
CATEGORIZATION TASK IN ADHD, AUTISM SPEC-
TRUM DISORDER, AND TYPICAL CHILDREN. Jour-
nal of Neurotherapy, 16(1), 12–31. doi: 10.1080/10874208
.2012.650119

Spronk, M., Jonkman, L. M., & Kemner, C. (2008, Decem-
ber). Response inhibition and attention processing in 5- to
7-year-old children with and without symptoms of ADHD:
An ERP study. Clinical Neurophysiology, 119(12), 2738–
2752. doi: 10.1016/j.clinph.2008.09.010

6028



Tarantino, V., Cutini, S., Mogentale, C., & Bisiacchi, P. S.
(2013, August). Time-on-task in children with ADHD:
an ex-Gaussian analysis. Journal of the International
Neuropsychological Society: JINS, 19(7), 820–828. doi:
10.1017/S1355617713000623

Wechsler, D. (2012, November). Wechsler Adult Intelli-
gence Scale–Fourth Edition. Retrieved 2024-05-09, from
https://doi.apa.org/doi/10.1037/t15169-000 (In-
stitution: American Psychological Association) doi: 10
.1037/t15169-000

Wokke, M. E., Vandenbroucke, A. R. E., Scholte, H. S., &
Lamme, V. A. F. (2013, January). Confuse Your Illu-
sion: Feedback to Early Visual Cortex Contributes to Per-
ceptual Completion. Psychological Science, 24(1), 63–
71. (Publisher: SAGE Publications Inc) doi: 10.1177/
0956797612449175

6029




