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ARTICLE INFO ABSTRACT

Keywords: Working memory impairment is a typical cognitive abnormality in patients with attention-deficit/hyperactivity
ADHD disorder (ADHD) and is closely related to attention. Exploring the interaction between working memory and
Adults attention in patients with ADHD is of great significance for studying the pathological mechanism of this disease.
ERP

In this study, electrophysiological markers of attention, posterior contralateral N2 (N2pc), and working memory,
contralateral delay activity (CDA), were used to explore the relationship between these two cognitive abilities in
patients with ADHD. EEG data were collected from adults with ADHD and age-, sex-, and IQ-matched normal
controls while performing a classical visuospatial working memory task that consisted of low-load and high-load
memory conditions. In different memory load conditions, the memory array elicited a smaller N2pc
(220-260 ms) and a smaller CDA (400-800 ms) in adults with ADHD than in normal controls. Further analysis
revealed that the reduced CDA amplitude could be significantly predicted by the earlier and reduced N2pc
amplitude in adults with ADHD. Moreover, when the number of memory items increased, the increase in N2pc
highly predicted the increases in CDA. Our findings illustrate the relationship between spatial working memory
and attention ability in ADHD adults from the neurophysiological aspect that reduced working memory is closely
related to insufficient attention ability and provide a potential physiological basis for the pathological me-
chanism of ADHD.

Attentional selection
Working memory

1. Introduction summarized that adult ADHD patients showed deficits in both visual

space and phonological loop working memory tasks (Alderson et al.,

Attention-deficit/hyperactivity disorder (ADHD) is a neurodeve-
lopmental disorder with a high prevalence rate of 5-6% in children, and
the persistence rate of symptoms into adulthood is as high as 50-80%
(Asherson et al., 2016). Compared with children, adult ADHD patients
have lower hyperactivity levels but still show impulsiveness and inner
restlessness. Notably, a lack of attention and attention maintenance to
related stimuli is common. Abnormal neuropsychological activity re-
sulting from these symptoms may interfere with a patient's learning
ability and life, professional activities, and social functions (Halleland
et al., 2012; Wang et al., 2017).

Working memory impairment as a typical cognitive impairment in
adults with ADHD has been confirmed in many studies. A meta-analysis

2013). Evidence from event-related potential (ERP) studies has de-
monstrated that the components related to working memory, such as
contralateral delayed activity (CDA) and P3, are reduced in adults with
ADHD (Kim et al., 2014; Wiegand et al., 2016). fMRI studies indicated
functional abnormalities in working memory-related brain regions, in-
cluding the bilateral dorsolateral prefrontal cortex (DLPFC), the right
parieto-occipital area, the right inferior parietal lobe and the right
caudate nucleus and less functional connectivity between frontal and
subcortical regions (Burgess et al., 2010; Sheridan et al., 2007). How-
ever, the current clinical intervention for impaired working memory in
ADHD has not made effective progress, which may require a thorough
scientific understanding of the deficient neurocognitive mechanisms of
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ADHD (Chacko et al., 2013; Gibson et al., 2011).

Working memory is the active maintenance of visual information to
serve the needs of ongoing tasks, which includes not only the part re-
sponsible for information maintenance but also the central executive
system related to the active control process, which is closely related to
the attention process (Aben et al., 2012; Luck and Vogel, 2013; Nelson,
2008). Research has indicated that working memory processes atten-
tion-gathering information and regulates attention through top-down
control mechanisms (Gazzaley and Nobre, 2012; Knudsen, 2007).
Therefore, it is reasonable to speculate that working memory impair-
ment in ADHD patients is likely to be affected by the attentional pro-
cess. Indeed, much evidence has been obtained from studies of patients
with ADHD. For instance, one behavioral study found that working
memory deficits were affected by a defect in the visual coding period in
children with ADHD (Barnett et al.,, 2005). Recent electro-
encephalography (EEG) studies reported attenuated alpha desynchro-
nization and theta synchronization during the encoding phrase, which
is related to impaired working memory performance in patients with
ADHD (Lenartowicz et al., 2014; Missonnier et al., 2013). fMRI studies
revealed that higher working memory ability predicted increased acti-
vation of the left prefrontal cortex (PFC), which is related to attentional
control in adults with ADHD (Burgess et al., 2010; Sheridan et al.,
2007).

ERP studies have suggested that one specific component, the N2pc,
observed contralateral to the attended target, is an enhanced negative
potential and emerges over the posterior scalp 200-300 ms after the
appearance of stimuli. Many studies have confirmed the N2pc as an
electrophysiological marker of visual attentional selection (An et al.,
2012; Eimer, 1996; Huang et al., 2015; Luck and Hillyard, 1994a,
1994b; Sun et al., 2018; Yao et al., 2013). Two recent studies have
found that the N2pc can reflect attention deficits in ADHD patients, as
shown by prolonged latency or decreased amplitude (Cross-Villasana
et al.,, 2015; Wang et al., 2016). More importantly, N2pc can also be
induced in the visual short-term memory search paradigm (Kuo et al.,
2009; Nobre et al., 2004). Based on the above results, it is feasible to
use the N2pc in working memory tasks to study the attention ability of
adults with ADHD.

We also used the ERP component to accurately assess the working
memory capacity of participants. The CDA, which emerges over the
posterior scalp 400-800 ms after the memory array, has been suggested
to be a good candidate to assess visual working memory capacity (Luria
et al., 2016; Vogel et al., 2005; Vogel and Machizawa, 2004). Related
studies have confirmed that the CDA may be a measure of how much
information is currently in mind (Luria et al., 2016, 2010) and that the
CDA is sensitive to individual differences in working memory. Two
studies analyzed the application of CDA in adults with ADHD (Spronk
et al., 2013; Wiegand et al., 2016). Spronk et al. (2013) found no dif-
ference between ADHD and controls, while Wiegand et al. (2016) de-
monstrated that decreases in the CDA may be a candidate neurocog-
nitive endophenotype of ADHD. Therefore, this study aimed to further
our understanding of the working memory performance of adults with
ADHD represented by CDA.

In summary, this study adopted electrophysiological indicators that
effectively characterized individual attention selection and working
memory capacity to explore the interaction between attention and
working memory in adults with ADHD. To effectively evoke these two
components, we used the visuospatial working memory paradigm with
a typical selective attention process. In addition, two memory load
conditions were designed to describe the performance of ADHD patients
on tasks of different complexities (Carlisle et al., 2011; Sigi Hale et al.,
2007). Therefore, the present study investigates 1) whether the atten-
tional selection ability reflected by the N2pc of adults with ADHD is
abnormal when completing working memory tasks; 2) whether the
maintained working memory capacity expressed by CDA is abnormal in
adults with ADHD; and 3) whether working memory impairment in
adults with ADHD based on CDA is related to the attentional selection
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ability reflected by the N2pc.

2. Method
2.1. Participants

A total of 66 adults (32 with ADHD, 34 normal controls) partici-
pated in the study. Adults with ADHD were recruited from the clinics of
Peking University Sixth Hospital/Institute of Mental Health. Normal
controls matched for sex, age, and intelligence quotient (IQ) were en-
rolled from communities in Beijing. All of the participants were inter-
viewed, underwent diagnosis and were screened for any potential co-
morbidities using the Structured Clinical Interview for DSM-IV Axis I
Disorders (First et al., 1996) by a qualified psychiatrist. Conners' Adult
ADHD Diagnostic Interview for DSM-IV (American Pyschiatric
Association, 2000; Conners et al., 1999) was applied to confirm the
diagnosis and subtypes in the ADHD group. Considering the highest
proportion of inattentive subtype (ADHD-I) and the more prominent
attention deficit and working memory impairment, only adult ADHD-I
patients were included in the present study. To exclude the potential
effect of ADHD therapeutic drugs, all patients were drug-naive or
stopped taking drugs for > 2 weeks. Full-scale IQ measurements were
made using the Wechsler Adult Intelligence Scale, Third Edition. All
participants met the following criteria: (a) right-handed, (b) no history
of head trauma with a loss of consciousness, (c) no history of neuro-
logical illness or other severe disease, and (d) no current diagnosis of
schizophrenia, severe major depression, clinically significant panic
disorder, bipolar disorder, pervasive developmental disorders, or
mental retardation and (e) a full-scale IQ above 80.

Data from 3 participants (1 with ADHD, 2 normal controls) were
discarded because of the high ratio of noise and artifacts in the EEG
signals (> 10 bad electrodes). Data from another 4 participants (2 with
ADHD, 2 normal controls) were excluded due to excessive horizontal
eye movement (> 50% trials rejected). Therefore, the group compar-
isons reported here are from the remaining 59 participants (29 with
ADHD, 30 normal controls, 89.4% of the samples) were included for
further analyses. Among the adults with ADHD, one had social phobia
(SP), one had obsessive-compulsive disorder (OCD), one had posttrau-
matic stress disorder (PTSD) and two had dysthymia disorder. The
participants' demographic information is shown in Table 1.

This study was approved by the Medical Ethics Committee of Peking
University Sixth Hospital/Institute of Mental Health. All participants
signed informed consent.

2.2. Stimuli and procedure

A schematic of the stimuli and trial design is illustrated in Fig. 1.
The stimuli were presented on a 21-in. gamma linearized CRT monitor
(1600 x 1200 pixel, 85 Hz refresh rate) with a homogeneous light gray
background (54.3 cd/m2, RGB: 80, 80, 80) that was positioned 100 cm

Table 1
Demographic information and clinical symptoms.
ADHD Control x>/t P
Sex (male: female) 15:14 21:09 —2.04 0.154
Age in years (Mean = SD) 26.51 *+ 541 25.05 = 2.79 —1.30 0.202
1Q (Mean = SD) 120 = 7 122 £ 5 —-1.32 0.192

Symptoms scores (Mean *+ SD)

Inattentive 26.45 = 3.22 13.47 = 3.01 -1596 < 0.001
Hyperactive/Impulsive 17.10 = 3.80 12.57 + 294 -5.14 < 0.001
Total 43,55 £ 535 26.03 £ 542 —1249 < 0.001

There were significant differences in symptom scores between the two groups,
while there were no significant differences in age and sex distributions.
ADHD, attention-deficit/hyperactivity; SD, standard division; IQ, intelligence
quotient.
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Fig. 1. Experimental paradigm and behavioral results. A. Experimental paradigm. Following an interstimul0075s interval (400-600 ms) with a black central fixation
cross, the memory array was presented for 200 ms. Each memory array consisted of red and green Landolt squares, which were presented to the left and right of
fixation, respectively. After a delay of 1200 ms, a visual search array was presented for 200 ms. Each visual search array was composed of 12 Landolt squares that
were the same size as those in the memory array. Participants were required to respond regarding whether the target-color Landolt square in the following search
array matched the target-color Landolt square in the memory array (or whether it matched one of the target-color Landolt squares in the high-load condition). B. The

behavior results of accuracy. C. The behavior results of reaction time. *p < 0.05.

from the subject. Each trial consisted of a sequence of a memory array
and a visual search array. Following an interstimulus interval
(400-600 ms) with a black central fixation cross displayed (< 0.01 cd/
m2, 0.4° X 0.4° of visual angle), the memory array was presented for
200 ms. Each memory array consisted of a red (25 cd/m2; RGB: 255,
102, 102) Landolt square and a green (25 cd/m2; RGB: 80, 179, 80)
Landolt square, which were presented at the left and right of fixation,
respectively. Each Landolt square was composed of a colored outer
square (1° diameter), an inner square in the background color (0.9°
diameter), and a small gap in the background color (0.22°). The gap
could appear at 4 possible positions corresponding to the Landolt
square orientations (top, right, bottom, left). The gap orientations of
Landolt squares in the memory array varied randomly across trials,
with the constraint that none of the same orientations appeared within
the given memory array.

After a delay of 1200 ms, a visual search array was presented for
200 ms. Each visual search array was composed of 12 Landolt squares
with the same size as those in the memory array, which were arranged
in a circle with a visual angle radius of 4.15°. Among the Landolt
squares, one was red, one was green, and the rest were black
(< 0.01 cd/m2, RGB: 0, 0, 0) with randomized gap orientations.

The experiment consisted of low-load (remember-one-target) con-
ditions and high-load (remember-two-targets) conditions. At the be-
ginning of each block, either red or green was designated the target
color. The red target and green target blocks were presented in random
order with equal probability. Participants were instructed to maintain

their gaze on the fixation point while paying attention to the target
color-cued visual field and to remember the gap orientation of the
target-color Landolt square. In the following search array, a target-color
Landolt square was always presented in the cued visual field or on the
vertical meridian (100% validity). Participants were required to re-
spond if a target-color Landolt square from the memory array (either of
the two target-color Landolt squares in the high-load condition) was
present in the subsequent search array and to ignore stimuli presented
in the uncued visual field.

This design led to two types of trials, each with equal probability: In
50% of all trials, the target-color Landolt square appeared at one of the
two vertical midline positions (upper or lower visual field) and another
colored salient-but-irrelevant Landolt square appeared at the lateral
position. In the remaining 50% of all trials, the colored salient-but-ir-
relevant Landolt square was presented at the midline positions, whereas
the target-color Landolt square was at the lateral position.

In all conditions, the targets were presented in half of the trials.
Participants were instructed to respond by pressing a button on a
keyboard. Participants were instructed to respond as accurately and
quickly as possible. Each participant performed at least 20 practice
trials to ensure that they understood the task and could maintain proper
fixation. The formal experiment would begin if the participant's accu-
racy in the practice trials was higher than 70%. Across the blocks of the
trials, the target-color switched between red and green to rule out
physical stimulus explanations for the lateralized ERP effects
(Woodman, 2010). There were 60 trials for each block; the entire
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experiment contained 12 blocks (6 blocks for each condition) and lasted
approximately 80 min with enough break time after each block. The
experiment was conducted in a dimly lit, sound attenuated and elec-
trically shielded room.

2.3. EEG recording and analysis

EEG data were acquired from 128 channels (HydroCel Geodesic
Sensor Net, Electrical Geodesics, Inc., Eugene, OR) with Net Station
EEG Software. The impedance of all electrodes was kept below 50 kQ
during the data acquisition. All electrodes were physically referenced to
Cz (fixed by the EGI system). The EEG recordings were amplified with a
bandpass filter of 0.01-400 Hz (half-power cutoff) and digitized online
at 1000 Hz.

Offline EEG processing and analyses were performed using custom
scripts from the EEGLAB toolbox in the MATLAB environment. The
resampling frequency was 250 Hz, and the bandpass filter frequency
band was 0.5-40 Hz. The signals were then re-referenced to the average
of the left and right mastoid channels. Electrodes containing excessive
artifacts (exceeding 20% of the total recording time) were excluded
from further analysis. The time series was subsequently inspected for
outlier epochs with muscle artifacts, and epochs with excessive artifacts
were removed. The trimmed data were then decomposed to perform an
independent component analysis (ICA) via the extended infomax
method. ICA components associated with vertical eye movements, head
movements, heartbeats and other obvious artifacts were visually iden-
tified and removed according to their spatial, spectral, and temporal
properties. The data were then segmented relative to the memory array
onset (—200 to 1000 ms), and the baseline preceding the memory array
(—200 to 0 ms) was subtracted. Epochs were then sorted according to
the remembered visual field (left, right) for each group. To further re-
move the horizontal eye movements in the data, we rejected all signal
segments when the difference waves of electrodes F9/10
exceeded + 50 pV. To further remove artifacts due to blinks during the
presentation of the stimulus, we also rejected all signal segments when
the mean waves of electrodes Fpl/2 exceeded + 50uV during
0-200 ms from the original data. Epochs contaminated by incorrect
responses and responses faster than 200 ms or slower than 2000 ms
were also excluded from the ERP averages.

We analyzed the N2pc and CDA components obtained from the
difference waves. ERP difference waves were computed by subtracting
the ERP waveforms measured from electrodes located on the hemi-
sphere ipsilateral to the target from the ERP waveforms of symmetrical
electrodes on the contralateral hemisphere. Note that the contralateral
waveform for the target was the average of the left-hemisphere elec-
trode when the target was in the right visual field and the average of the
right-hemisphere electrode when the target was in the left visual field.
Similarly, the ipsilateral waveform for the target was the average of the
left-hemisphere electrode when the target was in the left visual field
and the average of the right-hemisphere electrode when the target was
in the right visual field. Because the overall optical luminance of the
stimuli was bilateral, this subtraction eliminates most common ERP
components, with N2pc and CDA remaining in the difference wave-
form. We measured the N2pc and CDA components of the mean wa-
veforms recorded at eight electrode sites, namely, 64, 65, 58, and 59
and 90, 91, 95, and 96 (Fig. 3E, F) at the PO7/8 electrode sites, where
these components showed the largest amplitudes. The time windows
are 220-260ms for N2pc (Luck and Hillyard, 1994a, 1994b) and
400-800 ms for CDA (Vogel et al., 2005; Vogel and Machizawa, 2004).
The presence of N2pc and CDA were first tested by paired t-tests be-
tween contralateral and ipsilateral waveforms to the remembered
items. Then, the differences in ERP components between the two groups
were tested by using 2 group (ADHD, controls) x 2 load (low, high)
repeated measures two-way ANOVA. To further investigate the re-
lationship between attention and working memory, we performed a
Spearman correlation analysis between the mean amplitudes of the
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N2pc and CDA components.

3. Results

The demographic and clinical symptoms of the subjects are shown
in Table 1. No significant difference was found in age, sex or IQ be-
tween adult ADHD subjects and controls. Higher inattentive and hy-
peractive/impulsive symptom scores were found in adults with ADHD
than in controls.

3.1. Working memory task performance of adults with ADHD

As illustrated in Fig. 1, the accuracy showed a significant main ef-
fect of group (F157 = 6.63, p = 0.013, nz = 0.104), indicating that the
accuracy of the ADHD group was significantly lower than that of the
control group. The main effect of load (F,s, = 20.01, p < 0.001,
n% = 0.26) was also significant. The interaction of group x load was
marginally significant (F;s7; = 3.69, p = 0.060, n% = 0.061). Further
simple effect analysis showed that the accuracy of adult ADHD subjects
was significantly lower than that of normal controls only in the high-
load condition (F; 57 = 7.61, p = 0.008, n? = 0.118), while this effect
was absent in the low-load condition (F;s; =2.51, p = 0.118,
n% = 0.042).

Marginal significant main effects of group (F; 57 = 3.83, p = 0.055,
n% = 0.063) and load (F;s; = 34.86, p < 0.001, n? = 0.379) were
found for reaction time, while the interaction of group x load was not
significant (F; 5; = 0.05, p = 0.832, n% = 0.001).

3.2. ERP wave analysis

The averaged contralateral and ipsilateral activity at the occipital
and parietal sites in the control and ADHD groups for the two task
conditions is shown in Fig. 2. During the 220-260 ms and 400-800 ms
time windows, there was significant separation between the con-
tralateral and ipsilateral waveforms. Paired t-tests revealed significant
differences in bilateral activity in both controls (220-260 ms: low-load:
tag = 6.83, p < 0.001; high-load: tog = 7.35, p < 0.001; 400-800 ms;
low-load: tsg = 4.66, p < 0.001; high-load: tog = 7.57, p < 0.001)
and patients with ADHD (220-260ms: low-load: t,g = 3.97,
p < 0.001; high-load: t,g = 6.08, p < 0.001; 400-800 ms: low-load:
tog = 2.48, p = 0.020; high-load: tog = 4.49, p < 0.001), revealing the
presence of N2pc and CDA in both groups.

Grand-average ERPs (contralateral minus ipsilateral activity)
showing the N2pc and CDA components at the occipital and parietal
sites in the two groups for both load conditions are depicted in Fig. 3. In
this experiment, the transient wave after the memory array
(220-260 ms) is N2pc, which reflects attentional selection in the en-
coding stage (Hickey et al., 2009; Luck and Hillyard, 1994a, 1994b;
Sawaki and Luck, 2010). The negative activity during the maintenance
period (400-800ms) is likely the CDA component, which reflects
memory capacity in the memory retention process (Carlisle et al., 2011;
Jolicceur et al., 2008).

3.3. N2pc analysis

The mean amplitude of parieto-occipital N2pc within the time
window of 220-260 ms was entered into a 2 group (ADHD, control) X 2
load (low, high) repeated measures ANOVA. The significant main effect
of group (Fy5; = 13.26, p = 0.001, n2 = 0.189) indicated a smaller
N2pc in the ADHD group than in the normal control group. A significant
main effect of load (F;5, = 28.36, p < 0.001, n% = 0.332) was also
found, but the interaction effect was not significant (F;s; = 1.53,
p = 0.221, n? = 0.026), suggesting that the N2pc amplitude increased
with increasing memory load in both groups.
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Fig. 2. Original ERP waveforms. Grand-average ERPs at contralateral (solid line) and ipsilateral (dashed line) electrode sites relative to the memory targets. A. ERPs
for adults with ADHD in the low-load condition. B. ERPs for adults with ADHD in the high-load condition. C. ERPs for controls in the low-load condition. D. ERPs for

controls in the high-load condition.

3.4. CDA analysis

For the mean amplitude of CDA within 400-800 ms, repeated
measures two-way ANOVA showed that the main effect of load was

Low-load
-2.0uV, ADHD
Control
-1.5
-1.0 N2pc CDA
-0.5
[ P f f . s
0.5
-200 0 200 400 600 800 1000 ms
ADHD
Control

220-260 ms

400-800 ms

significant (F; s, = 28.85, p < 0.001, n* = 0.336), demonstrating the
increased CDA amplitude with increasing memory load (Luria et al.,
2016). The main effect of group was significant (F;s; = 4.58,
p = 0.037, n? = 0.074), while the interaction between group and load

B
High-load

e ADHD
Control

N2pc CDA

05 L
-200 0 200 400 600 800 1000 ms
D CDA
ADHD
Control

220-260 ms 400-800 ms

Fig. 3. Difference wave and topographic map. Grand-average difference waveforms obtained by subtracting the ipsilateral waveforms from the contralateral wa-
veforms relative to the memory targets. A. The difference wave in the low-load condition. B. The difference wave in the high-load condition. C. Topographic maps of
N2pc and CDA in the low-load condition. D. Topographic maps of N2pc and CDA in the high-load condition. The white dots represent the electrodes chosen for data

analysis.
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did not reach significance (F; s, = 1.68, p = 0.201, nz = 0.029), in-
dicating a smaller CDA amplitude of ADHD patients in working memory
tasks in both low- and high-load conditions.

Next, we correlated the N2pc/CDA components (the N2pc ampli-
tude, The N2pc peak latency and the CDA amplitude) with the beha-
vioral results (accuracy, reaction times and symptom scores). Both ERP
components were not associated with ADHD symptoms. We only found
two significant effects under high-load conditions. That is, the smaller
N2pc was correlated with the lower accuracy in ADHD patients
(r = —0.449 , p = 0.014, two-tailed), and the larger N2pc was corre-
lated with the shorter reaction times in control subjects (r = 0.410,
p = 0.025, two-tailed).

Lastly, we further analyzed other ERPs components (P1, N1, P2 and
P3) from the original waveform. Source analysis using BESA software
was also performed on N2pc and CDA (Please see supplementary ma-
terials).

3.5. Relationship between attentional selection and working memory
capacity

Compared with normal controls, adults with ADHD showed a re-
duced N2pc and a reduced CDA in both low- and high-load conditions.
To investigate whether the working memory capacity in adults with
ADHD was related to abnormal attentional selection, we further ana-
lyzed the correlation between the amplitudes of N2pc and CDA. The
results showed that for the ADHD group, there were significant corre-
lations between the N2pc and CDA amplitudes under the low-
(r=0.379, p=0.042, two-tailed) and high-load (r = 0.674,
p < 0.001, two-tailed) conditions. This result suggested that the
working memory defects reflected by the reduced CDA in adults with
ADHD might partly be due to the attentional selection deficits reflected
by the reduced N2pc. For the control group, the correlation between the
N2pc and CDA amplitudes also reached significance under the high-
load condition (r = 0.516, p = 0.003, two-tailed), but this effect was
absent under the low-load condition (r = 0.249, p = 0.185, two-tailed).
This result suggested that the working memory capacity in the normal
controls was also closely related to the attentional selection ability
when the task became more challenging and demanded more atten-
tional resources (See Fig. 4).

Additionally, we further measured the rise in N2pc amplitude and
the rise in CDA amplitude from one item to two items and found that
there was also a highly significant correlation between the rise in the
N2pc amplitude and the rise in CDA amplitude for both adults with
ADHD (r = 0. 532, p = 0. 003, two-tailed) and controls (r = 0. 487,
p = 0. 006, two-tailed). This result further demonstrated that, similar to
the control group, the increment in attentional selection recourses
highly predicted the increases in working memory biomarkers in ADHD
patients when the number of memory items increased.
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60 Faowp = 0.379
= 50 Paowp = 0.042
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4. Discussion

In the current study, we investigated the neural substrate of atten-
tional selection and working memory deficits and the relationship be-
tween them in adult ADHD subjects by using the N2pc and CDA com-
ponents as indicators. This study employed a visual working memory
paradigm to elicit a typical attention process, which included active
attentional selection to the defined object, memory maintenance of the
selected objects and subsequent object matching (Carlisle et al., 2011;
Kim et al., 2014). Analysis of behavioral performance and simultaneous
EEG recordings revealed remarkable differences when comparing the
normal and adults with ADHD groups. Most importantly, our data in-
dicated that the working memory deficit in ADHD was partly related to
poor covert visual spatial attention.

4.1. Working memory deficit in adults with ADHD

The behavioral results showed lower accuracy and longer reaction
times for adults with ADHD, indicating persistent defects in visual
working memory (Alderson et al., 2013). Additionally, the interaction
effects between group and load conditions for accuracy showed worse
working memory performance in the high-load condition, revealing the
load-dependent working memory impairment of ADHD. Previous re-
search has revealed that the defective manifestations of ADHD are more
prominent while performing more complex tasks. Therefore, some re-
searchers have postulated that defects involving complex processes may
be the core defects of ADHD in the performance of working memory
(Chacko et al., 2013; Gibson et al., 2011; Luria et al., 2010), which is
also suggested by the worse behavior performance under the high-load
condition observed in our study.

ERP analysis revealed the neural basis for reduced visual storage in
adults with ADHD. As a reliable indicator of the maintained capacity
(Luria et al., 2016; Vogel et al., 2005; Vogel and Machizawa, 2004), the
CDA amplitude in adults with ADHD decreased significantly compared
with normal controls, suggesting insufficient short-term working re-
sources were allocated to the remembered targets in ADHD subjects.
The reduction in CDA amplitude in ADHD patients was not only ob-
served in the early stage, as found previously (Wiegand et al., 2016),
but also throughout the maintenance period in the present study. This
result may be due to the more typical visual spatial working memory
impairment in ADHD patients (Alderson et al., 2013).

The intraparietal sulcus (IPS) is a potential source of CDA. The
BOLD response of the IPS was found to be strongly modulated by the
number of tracking items (Jovicich et al., 2001) and to be sensitive to
individual differences in working memory capacity (Todd and Marois,
2005). One fMRI study also found hypo-activation in the IPS in children
with ADHD when performing spatial reasoning tasks, indicating a
poorer ability to process spatial information (Tamm and Juranek,
2012). However, it seems fairly unlikely that such a larger and
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Fig. 4. CDA amplitude (working memory biomarker) as a function of N2pc amplitude (attentional selection biomarker). A. The significant correlation between N2pc
and CDA in the low-load condition. B. The significant correlation between N2pc and CDA in the high-load condition.
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sustained component is generated by a single cortical source. It is more
likely the result of several coordinated sources among which the IPS
may play a significant role (Luck and Kappenman, 2012). Thus, the
decreased CDA amplitude in adult ADHD subjects may be due to the
insufficient function of the IPS.

4.2. Attentional selection deficit in adults with ADHD

As expected, the lateral targets elicited a robust N2pc in both the
normal and ADHD groups, and the adults with ADHD showed a much
smaller N2pc amplitude in both the low- and high-load conditions.
Recent studies have revealed that the N2pc component can be used to
reflect defects in attentional function of ADHD patients in visual search
tasks, as shown by prolonged N2pc latency in adults with ADHD (Cross-
Villasana et al., 2015) or decreased N2pc amplitude in children with
ADHD (Wang et al., 2016).

Although the N2pc component can be used to reflect the attentional
selection process during working memory tasks (Kuo et al., 2009; Nobre
et al., 2004), none of the currently published studies have examined the
N2pc component in adults with ADHD during working memory tasks
and its relationship with the following CDA. In light of the current
findings, as a temporal precise measure of attentional capture and by
removing the effect of basic activation in ERPs (Luck and Hillyard,
1994b), this lateralized component more objectively reflects the at-
tentional characteristics of adults with ADHD during working memory:
The smaller N2pc in adults with ADHD indicated deterioration of the
ability to allocate attention resources to memory items, regardless of
whether the memory load was low or high. The reduced N2pc ampli-
tude in ADHD patients predicted their worse behavioral accuracy,
further suggesting that attentional selection is impaired in ADHD, and
this impairment may be related to poor task accuracy. In contrast, at-
tentional selection did not seem to be the limiting factor for perfor-
mance accuracy in the control group and was only involved in accel-
erating the behavioral response speed.

4.3. The close relationship between attentional selection deficit and working
memory deficit

As described previously, the attentional selection process played a
complex and important role in working memory. Clinical studies of
ADHD reported that working memory impairment in ADHD patients
may be mainly manifested as a deficiency of attention-related processes
(Barnett et al., 2005; Chacko et al., 2013; Gibson et al., 2011;
Lenartowicz et al., 2014). Inadequate attention ability may lead to
abnormal working memory performance, which may be reflected in
ADHD patients.

By combining the classical experimental paradigms and the fine
temporal evolution of ERPs, we could effectively distinguish between
the attentional selection process and the memory maintenance process
during visual working memory. The novel and most critical point of our
study was that the reduced CDA was predicted by the earlier and re-
duced N2pc in the ADHD group, indicating that abnormal working
memory performance in ADHD patients may be closely associated with
attention deficit. Therefore, it was reasonable to further find that when
the number of memory items increased, the increment of attentional
selection recourses (the rise in N2pc) also highly predicted increases in
the working memory biomarker (the rise in CDA). We hypothesized
that during visual working memory tasks, early ineffective top-down
attentional selection to memory goals leads to reduced processing in-
formation at the maintenance stage and eventually to working memory
deficits in adults with ADHD. From a clinical perspective, the findings
of the present study indicated that attention training would be of great
significance for improving working memory and the overall ability of
patients with ADHD.

Several previous studies have found that for ADHD children and
adolescents, only the performance of simple memory tasks improved
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after working memory training, while the performance of complex
memory tasks and other cognitive tasks as well as ADHD symptoms did
not change significantly after working memory training (Chacko et al.,
2013; Gibson et al., 2011; Roberts et al., 2016). These results suggest
that the core processes in working memory are impaired in ADHD and
cannot be improved by training. Unfortunately, our study did not in-
volve attentional training or working memory training. Therefore, it
currently remains unknown whether training of our task could improve
the core processes of working memory. On the other hand, attentional
control is an important part of the central executive system, which
might be involved in the top-down control process of the working
memory system, including the formation, retrieval and processing of
working memory (Gazzaley and Nobre, 2012; Knudsen, 2007). For
example, Gaspar et al. (2016) demonstrated that high working memory-
capacity individuals could actively suppress salient distractors (as re-
vealed by the larger distractor-elicited P, component), whereas low
working memory-capacity individuals were unable to suppress salient
distractors in time to prevent those items from capturing attention (as
revealed by the smaller distractor-elicited P, component), indicating
that individual differences in visual working memory capacity are as-
sociated with the timing of specific attentional control operations.
Further research is critical to investigate whether intervention and at-
tentional control training could improve executive processing in
working memory.

ADHD is a highly heterogeneous disease with three subtypes:
ADHD-inattention type, ADHD-impulsive/hyperactive type and ADHD-
combined type. To reduce the influence of different subtypes, only
subjects with the ADHD-inattention type, the dominant of the three
types, were included in this study. The present conclusions may not be
directly applicable to other subtypes of adults with ADHD, and the
higher IQ levels of ADHD patients included in this study may also limit
the broad applicability of the findings.

N2pc appears to be a robust yet relatively unexplored putative
biomarker of attentional impairment in ADHD that might subsequently
impact performance on working memory and other executive function
tasks. Moreover, the effects of prestimulus N2pc on group differences
have not been systematically compared with the effects of the target-
evoked N2pc on group differences. Further research is critical to as-
certain whether attentional control deficit is indeed predictive of the
clinical features typically associated with working memory deficits,
especially the core executive processing deficits in working memory.

5. Conclusion

Combining the classical experimental paradigm with the fine tem-
poral evolution of ERPs, we measured attention processes and working
memory processes under different load conditions. Our study provides
novel neurophysiologic evidence that working memory deficits in
ADHD patients are partly influenced by their insufficient attentional
selection ability, which provides a neurophysiological basis for the
objective reports of attention and working memory deficits in adults
with ADHD and highlights the importance of spatial attention during
working memory in humans.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (81771479, 31871099), the Beijing municipal
science and technology Program (Z171100001017089,
Z171100000117004), the National Defense Basic Scientific Research
Program of China (2018110B011), the National Natural Sciences
Foundation of China (81873802 and 61761166003) and Sanming
Project of Medicine in Shenzhen “The ADHD research group from
Peking University Sixth hospital” (SZSM201612036).

We thank the patients and normal controls who donated their time
and effort to participate in this study. And thank the following



X. Luo, et al.

participants, Changming Wang, Encong Wang, for their comments,
suggestions and recommendations for the study. The authors report no
biomedical financial interests or potential conflicts of interest.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.nicl.2019.101728.

References

Aben, B., Stapert, S., Blokland, A., 2012. About the distinction between working memory
and short-term memory. Front. Psychol. 3, 1-9. https://doi.org/10.3389/fpsyg.2012.
00301.

Alderson, R.M., Kasper, L.J., Hudec, K.L., Patros, C.H.G., 2013. Attention-deficit/hyper-
activity disorder (ADHD) and working memory in adults: a meta-analytic review.
Neuropsychology 27, 287-302. https://doi.org/10.1037/a0032371.

American Pyschiatric Association, 2000. Diagnostic and Statistical Manual of Mental
Disorders: DSM-IV-TR.

An, A, Sun, M., Wang, Y., Wang, F., Ding, Y., Song, Y., 2012. The N2pc is increased by
perceptual learning but is unnecessary for the transfer of learning. PLoS One 7, 3-8.
https://doi.org/10.1371/journal.pone.0034826.

Asherson, P., Buitelaar, J., Faraone, S.V., Rohde, L.A., 2016. Adult attention-deficit hy-
peractivity disorder: key conceptual issues. Lancet Psychiatry 3, 568-578. https://
doi.org/10.1016/52215-0366(16)30032-3.

Barnett, R., Maruff, P., Vance, A., 2005. An investigation of visuospatial memory im-
pairment in children with attention deficit hyperactivity disorder (ADHD), combined
type. Psychol. Med. 35, 1433-1443. https://doi.org/10.1017/s0033291705005234.

Burgess, G.C., Depue, B.E., Ruzic, L., Willcutt, E.G., Du, Y.P., Banich, M.T., 2010.
Attentional control activation relates to working memory in attention-deficit/hy-
peractivity disorder. Biol. Psychiatry 67, 632—-640. https://doi.org/10.1016/j.
biopsych.2009.10.036.

Carlisle, N.B., Arita, J.T., Pardo, D., Woodman, G.F., 2011. Attentional templates in visual
working memory. J. Neurosci. 31, 9315-9322. https://doi.org/10.1523/jneurosci.
1097-11.2011.

Chacko, A., Feirsen, N., Bedard, A.-C., Marks, D., Uderman, J.Z., Chimiklis, A., 2013.
Cogmed working memory training for youth with ADHD: a closer examination of
efficacy utilizing evidence-based criteria. J. Clin. Child Adolesc. Psychol. 42,
769-783. https://doi.org/10.1080/15374416.2013.787622.

Conners, C.K., Erhardt, D., Sparrow, M.A., 1999. Conners' adult ADHD rating scales
(CARRS). Arch. Clin. Neuropsychol. 18, 431-437.

Cross-Villasana, F., Finke, K., Hennig-Fast, K., Kilian, B., Wiegand, L., Miiller, H.J., Méller,
H.J., Tollner, T., 2015. The speed of visual attention and motor-response decisions in
adult attention-deficit/hyperactivity disorder. Biol. Psychiatry 78, 107-115. https://
doi.org/10.1016/j.biopsych.2015.01.016.

Eimer, M., 1996. The N2pc component as an indicator of attentional selectivity.
Electroencephalogr. Clin. Neurophysiol. 99, 225-234. https://doi.org/10.1016/
50921-884x(96)95711-2.

First, M., Spitzer, R., Gibbon, M., Williams, J.B.W., 1996. Structured clinical interview for
DSM-IV® axis I disorders (SCID-I), clinician version. Am. Psychiatr. Publ. 1-29.
Gaspar, J.M., Christie, G.J., Prime, D.J., Jolicceur, P., McDonald, J.J., 2016. Inability to
suppress salient distractors predicts low visual working memory capacity. Proc. Natl.

Acad. Sci. 113, 3693-3698. https://doi.org/10.1073/pnas.1523471113.

Gazzaley, A., Nobre, A.C., 2012. Top-down modulation: bridging selective attention and
working memory. Trends Cogn. Sci. 16, 129-135. https://doi.org/10.1016/j.tics.
2011.11.014.

Gibson, B.S., Gondoli, D.M., Johnson, A.C., Steeger, C.M., Dobrzenski, B.A., Morrissey,
R.A., 2011. Component analysis of verbal versus spatial working memory training in
adolescents with ADHD: a randomized, controlled trial. Child Neuropsychol. 17,
546-563. https://doi.org/10.1080/09297049.2010.551186.

Halleland, H.B., Haavik, J., Lundervold, A.J., 2012. Set-shifting in adults with ADHD. J.
Int. Neuropsychol. Soc. 18, 728-737. https://doi.org/10.1017/s1355617712000355.

Hickey, C., Di Lollo, V., Mcdonald, J.J., Di Lollo, V., Mcdonald, J.J., 2009.
Electrophysiological indices of target and distractor processing in visual search. J.
Cogn. Neurosci. 21, 760-775. https://doi.org/10.1162/jocn.2009.21039.

Huang, J., Wang, F., Ding, Y., Niu, H., Tian, F., Liu, H., Song, Y., 2015. Predicting N2pc
from anticipatory HbO activity during sustained visuospatial attention: a concurrent
fNIRS-ERP study. Neuroimage 113, 225-234. https://doi.org/10.1016/j.neuroimage.
2015.03.044.

Joliceeur, P., Brisson, B., Robitaille, N., 2008. Dissociation of the N2pc and sustained
posterior contralateral negativity in a choice response task. Brain Res. 1215,
160-172. https://doi.org/10.1016/j.brainres.2008.03.059.

Jovicich, J., Peters, R.J., Koch, C., Braun, J., Chang, L., Ernst, T., 2001. Brain areas
specific for attentional load in a motion-tracking task. J. Cogn. Neurosci. 13,
1048-1058. https://doi.org/10.1162/089892901753294347.

Kim, S., Liu, Z., Glizer, D., Tannock, R., Woltering, S., 2014. Adult ADHD and working
memory: neural evidence of impaired encoding. Clin. Neurophysiol. 125, 1596-1603.
https://doi.org/10.1016/j.clinph.2013.12.094.

Knudsen, E.I., 2007. Fundamental components of attention. Annu. Rev. Neurosci. 30,
57-78. https://doi.org/10.1146/annurev.neuro.30.051606.094256.

Kuo, B.-C., Rao, A., Lepsien, J., Nobre, A.C., 2009. Searching for targets within the spatial
layout of visual short-term memory. J. Neurosci. 29, 8032-8038. https://doi.org/10.

NeuroImage: Clinical 22 (2019) 101728

1523/jneurosci.0952-09.2009.

Lenartowicz, A., Delorme, A., Walshaw, P.D., Cho, A.L., Bilder, R.M., McGough, J.J.,
McCracken, J.T., Makeig, S., Loo, S.K., 2014. Electroencephalography correlates of
spatial working memory deficits in attention-deficit/hyperactivity disorder: vigi-
lance, encoding, and maintenance. J. Neurosci. 34, 1171-1182. https://doi.org/10.
1523/jneurosci.1765-13.2014.

Luck, S.J., Hillyard, S.A., 1994a. Electrophysiological correlates of feature analysis during
visual search. Psychophysiology. https://doi.org/10.1111/j.1469-8986.1994.
tb02218.x.

Luck, S.J., Hillyard, S.A., 1994b. Spatial filtering during visual search: evidence from
human electrophysiology. J. Exp. Psychol. Hum. Percept. Perform. 20, 1000-1014.
https://doi.org/10.1037/0096-1523.20.5.1000.

Luck, S., Kappenman, E., 2012. The Oxford Handbook of Event Related Potential
Components. Oxford University Presshttps://doi.org/10.1093/0oxfordhb/
9780195374148.001.0001.

Luck, S.J., Vogel, E.K., 2013. Visual working memory capacity: from psychophysics and
neurobiology to individual differences. Trends Cogn. Sci. 17, 391-400. https://doi.
org/10.1016/j.tics.2013.06.006.

Luria, R., Sessa, P., Gotler, A., Jolic, P., Dell, R., Jolicoeur, P., Dell'Acqua, R., 2010. Visual
short-term memory capacity for simple and complex objects. J. Cogn. Neurosci. 22,
496-512. https://doi.org/10.1162/jocn.2009.21214.

Luria, R., Balaban, H., Awh, E., Vogel, E.K., 2016. The contralateral delay activity as a
neural measure of visual working memory. Neurosci. Biobehav. Rev. 62, 100-108.
https://doi.org/10.1016/j.neubiorev.2016.01.003.

Missonnier, P., Hasler, R., Perroud, N., Herrmann, F.R., Millet, P., Richiardi, J., Malafosse,
A., Giannakopoulos, P., Baud, P., 2013. EEG anomalies in adult ADHD subjects
performing a working memory task. Neuroscience 241, 135-146. https://doi.org/10.
1016/j.neuroscience.2013.03.011.

Nelson, C., 2008. What are the differences between long term, short term, and working
memory. Prog. Brain Res. 3323-3328. 323-338. https://doi.org/10.1016/50079-
6123(07)00020-9.What.

Nobre, A.C., Coull, J.T., Maquet, P., Frith, C.D., Vandenberghe, R., Mesulam, M.M., 2004.
Orienting attention to locations in perceptual versus mental representations. J. Cogn.
Neurosci. 16, 363-373. https://doi.org/10.1162/089892904322926700.

Roberts, G., Quach, J., Spencer-Smith, M., Anderson, P.J., Gathercole, S., Gold, L., Sia,
K.L., Mensah, F., Rickards, F., Ainley, J., Wake, M., 2016. Academic outcomes 2 years
after working memory training for children with low working memory: a randomized
clinical trial. JAMA Pediatr. 170, 1-10. https://doi.org/10.1001/jamapediatrics.
2015.4568.

Sawaki, R., Luck, S.J., 2010. Capture versus suppression of attention by salient singletons:
electrophysiological evidence for an automatic attend-to-me signal. Atten. Percept.
Psychophysiol. 72, 1455-1470.

Sheridan, M.A., Hinshaw, S., D'Esposito, M., 2007. Efficiency of the prefrontal cortex
during working memory in attention-deficit/hyperactivity disorder. J. Am. Acad.
Child Adolesc. Psychiatry 46, 1357-1366. https://doi.org/10.1097/chi.
0b013e31812eecf7.

Sigi Hale, T., Bookheimer, S., McGough, J.J., Phillips, J.M., McCracken, J.T., 2007.
Atypical brain activation during simple & complex levels of processing in adult
ADHD. J. Atten. Disord. 11, 125-139. https://doi.org/10.1177/1087054706294101.

Spronk, M., Vogel, E.K., Jonkman, L.M., 2013. No behavioral or ERP evidence for a de-
velopmental lag in visual working memory capacity or filtering in adolescents and
adults with ADHD. PLoS One 8. https://doi.org/10.1371/journal.pone.0062673.

Sun, M., Wang, E., Huang, J., Zhao, C., Guo, J., Li, D., Sun, L., Du, B., Ding, Y., Song, Y.,
2018. Attentional selection and suppression in children and adults. Dev. Sci., €12684.
https://doi.org/10.1111/desc.12684.

Tamm, L., Juranek, J., 2012. Fluid reasoning deficits in children with ADHD: evidence
from fMRI. Brain Res. 1465, 48-56. https://doi.org/10.1016/j.brainres.2012.05.021.

Todd, J.J., Marois, R., 2005. Posterior parietal cortex activity predicts individual differ-
ences in visual short-term memory capacity. Cogn. Affect. Behav. Neurosci. 5,
144-155. https://doi.org/10.3758/cabn.5.2.144.

Vogel, E.K., Machizawa, M.G., 2004. Neural activity predicts individual differences in
visual working memory capacity. Nature 428, 748-751. https://doi.org/10.1038/
nature02447.

Vogel, E.K., McCollough, A.-W., Machizawa, M.G., 2005. Neural measures reveal in-
dividual differences in controlling access to working memory. Nature 438, 500-503.
https://doi.org/10.1038/nature04171.

Wang, E., Sun, L., Sun, M., Huang, J., Tao, Y., Zhao, X., Wu, Z., Ding, Y., Newman, D.P.,
Bellgrove, M.A., Wang, Y., Song, Y., 2016. Attentional selection and suppression in
children with attention-deficit/hyperactivity disorder. Biol. Psychiatry Cogn.
Neurosci. Neuroimaging 1, 372-380. https://doi.org/10.1016/j.bpsc.2016.01.004.

Wang, E., Sun, M., Tao, Y., Gao, X., Guo, J., Zhao, C., Li, H., Qian, Q., Wu, Z., Wang, Y.,
Sun, L., Song, Y., 2017. Attentional selection predicts rapid automatized naming
ability in Chinese-speaking children with ADHD. Sci. Rep. 7, 1-9. https://doi.org/10.
1038/541598-017-01075-x.

Wiegand, I., Hennig-Fast, K., Kilian, B., Miiller, H.J., T6llner, T., Moller, H.J., Engel, R.R.,
Finke, K., 2016. EEG correlates of visual short-term memory as neuro-cognitive en-
dophenotypes of ADHD. Neuropsychologia 85, 91-99. https://doi.org/10.1016/j.
neuropsychologia.2016.03.011.

Woodman, G.F., 2010. A brief introduction to the use of event-related potentials (ERPs) in
studies of perception and attention. Atten. Percept. Psychophysiol. 72, 1-29. https://
doi.org/10.3758/app.72.8.2031.A.

Yao, S.-X., Yang, D., Qi, S.-Q., Lei, Y., Cody, D., 2013. Studies on the N2pc component in
visual spatial attention. Adv. Psychol. Sci. 20, 365-375. https://doi.org/10.3724/sp.
j.1042.2012.00365.


https://doi.org/10.1016/j.nicl.2019.101728
https://doi.org/10.1016/j.nicl.2019.101728
https://doi.org/10.3389/fpsyg.2012.00301
https://doi.org/10.3389/fpsyg.2012.00301
https://doi.org/10.1037/a0032371
http://refhub.elsevier.com/S2213-1582(19)30078-6/rf0015
http://refhub.elsevier.com/S2213-1582(19)30078-6/rf0015
https://doi.org/10.1371/journal.pone.0034826
https://doi.org/10.1016/s2215-0366(16)30032-3
https://doi.org/10.1016/s2215-0366(16)30032-3
https://doi.org/10.1017/s0033291705005234
https://doi.org/10.1016/j.biopsych.2009.10.036
https://doi.org/10.1016/j.biopsych.2009.10.036
https://doi.org/10.1523/jneurosci.1097-11.2011
https://doi.org/10.1523/jneurosci.1097-11.2011
https://doi.org/10.1080/15374416.2013.787622
http://refhub.elsevier.com/S2213-1582(19)30078-6/rf0050
http://refhub.elsevier.com/S2213-1582(19)30078-6/rf0050
https://doi.org/10.1016/j.biopsych.2015.01.016
https://doi.org/10.1016/j.biopsych.2015.01.016
https://doi.org/10.1016/s0921-884x(96)95711-2
https://doi.org/10.1016/s0921-884x(96)95711-2
http://refhub.elsevier.com/S2213-1582(19)30078-6/rf0065
http://refhub.elsevier.com/S2213-1582(19)30078-6/rf0065
https://doi.org/10.1073/pnas.1523471113
https://doi.org/10.1016/j.tics.2011.11.014
https://doi.org/10.1016/j.tics.2011.11.014
https://doi.org/10.1080/09297049.2010.551186
https://doi.org/10.1017/s1355617712000355
https://doi.org/10.1162/jocn.2009.21039
https://doi.org/10.1016/j.neuroimage.2015.03.044
https://doi.org/10.1016/j.neuroimage.2015.03.044
https://doi.org/10.1016/j.brainres.2008.03.059
https://doi.org/10.1162/089892901753294347
https://doi.org/10.1016/j.clinph.2013.12.094
https://doi.org/10.1146/annurev.neuro.30.051606.094256
https://doi.org/10.1523/jneurosci.0952-09.2009
https://doi.org/10.1523/jneurosci.0952-09.2009
https://doi.org/10.1523/jneurosci.1765-13.2014
https://doi.org/10.1523/jneurosci.1765-13.2014
https://doi.org/10.1111/j.1469-8986.1994.tb02218.x
https://doi.org/10.1111/j.1469-8986.1994.tb02218.x
https://doi.org/10.1037/0096-1523.20.5.1000
https://doi.org/10.1093/oxfordhb/9780195374148.001.0001
https://doi.org/10.1093/oxfordhb/9780195374148.001.0001
https://doi.org/10.1016/j.tics.2013.06.006
https://doi.org/10.1016/j.tics.2013.06.006
https://doi.org/10.1162/jocn.2009.21214
https://doi.org/10.1016/j.neubiorev.2016.01.003
https://doi.org/10.1016/j.neuroscience.2013.03.011
https://doi.org/10.1016/j.neuroscience.2013.03.011
https://doi.org/10.1016/S0079-6123(07)00020-9.What
https://doi.org/10.1016/S0079-6123(07)00020-9.What
https://doi.org/10.1162/089892904322926700
https://doi.org/10.1001/jamapediatrics.2015.4568
https://doi.org/10.1001/jamapediatrics.2015.4568
http://refhub.elsevier.com/S2213-1582(19)30078-6/rf0180
http://refhub.elsevier.com/S2213-1582(19)30078-6/rf0180
http://refhub.elsevier.com/S2213-1582(19)30078-6/rf0180
https://doi.org/10.1097/chi.0b013e31812eecf7
https://doi.org/10.1097/chi.0b013e31812eecf7
https://doi.org/10.1177/1087054706294101
https://doi.org/10.1371/journal.pone.0062673
https://doi.org/10.1111/desc.12684
https://doi.org/10.1016/j.brainres.2012.05.021
https://doi.org/10.3758/cabn.5.2.144
https://doi.org/10.1038/nature02447
https://doi.org/10.1038/nature02447
https://doi.org/10.1038/nature04171
https://doi.org/10.1016/j.bpsc.2016.01.004
https://doi.org/10.1038/s41598-017-01075-x
https://doi.org/10.1038/s41598-017-01075-x
https://doi.org/10.1016/j.neuropsychologia.2016.03.011
https://doi.org/10.1016/j.neuropsychologia.2016.03.011
https://doi.org/10.3758/app.72.8.2031.A
https://doi.org/10.3758/app.72.8.2031.A
https://doi.org/10.3724/sp.j.1042.2012.00365
https://doi.org/10.3724/sp.j.1042.2012.00365

	The neural correlations of spatial attention and working memory deficits in adults with ADHD
	Introduction
	Method
	Participants
	Stimuli and procedure
	EEG recording and analysis

	Results
	Working memory task performance of adults with ADHD
	ERP wave analysis
	N2pc analysis
	CDA analysis
	Relationship between attentional selection and working memory capacity

	Discussion
	Working memory deficit in adults with ADHD
	Attentional selection deficit in adults with ADHD
	The close relationship between attentional selection deficit and working memory deficit

	Conclusion
	Acknowledgments
	Supplementary data
	References




