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Objective Event-related potential (ERP) changes with brain development in healthy children and adolescents. However, few studies
have focused on age-related changes in the N200 and P300 components among individuals with attention-deficit/hyperactivity disorder
(ADHD). Therefore, this study aimed to assess age-related differences in the auditory nogo-N200 components in individuals with ADHD.

Methods We enrolled 46 participants with auditory nogo-N200 and nogo-P300 components. We assessed ADHD symptoms using the
Advanced Test of Attention (ATA) and Korean ADHD Rating Scale-IV (K-ARS-IV). Moreover, we assessed emotional and behavioral
problems using the Korean Child Behavior Checklist (K-CBCL). Further, we measured auditory ERPs.

Results There were no differences with respect to sex or ATA, K-ARS-1V, and K-CBCL scores between the groups. With a 1-year in-
crease in age, the nogo-N200 latency at Fz and Cz decreased by 6.08 ms and 4.88 ms, respectively; this result was statistically significant
in multivariable linear regression adjusted by sex and dominant hand.

Conclusion Our findings revealed age-related changes in nogo-N200 latency at the Fz and Cz electrodes in individuals with ADHD.
Future studies should perform comparisons with healthy controls to determine whether auditory nogo-N200 can be used to evaluate the

developmental level in individuals with ADHD.
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INTRODUCTION

Attention-deficit/hyperactivity disorder (ADHD) is the most
commonly diagnosed neurodevelopmental disorder with a
prevalence of 3-7% among school-aged children."” The essen-
tial diagnostic criteria of ADHD include developmentally in-
appropriate levels of impulsivity, hyperactivity, and inattention.’
These symptoms persist into adolescence and adulthood in
70-80% and 50% of all cases, respectively.** ADHD affects al-
most every area of daily functioning and causes academic, peer
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relationship, and socioeconomic problems.>*

The precise etiology of ADHD is unknown; however, the
most prominent hypotheses suggest that it involves changes
in brain maturation. It is unclear whether ADHD is associated
with delayed brain maturation® or with abnormal brain matu-
ration.”® Structural brain imaging studies mainly support the
delayed brain maturation hypothesis with two longitudinal
studies demonstrating that children with ADHD present the
normal developmental cortical thickening pattern.*’ Shaw et al.®
reported that cortical thickness in healthy children and youth
with ADHD, which peaked during early childhood, occurred
later in the frontotemporal cortex in individuals with ADHD
prior to the cortical thinning phase. Further, the thinning ve-
locity was consistently slower in youth with ADHD.’ The lon-
gest delays (approximately 2-3 years) have been observed in
the prefrontal cortex, which is known to be associated with the
pathophysiology of ADHD.*

Event-related potentials (ERPs) have been extensively used
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in developmental research on human brain maturation associ-
ated with perceptual and cognitive development.'*'> ERPs al-
low non-invasive assessment with a high temporal resolution of
subtle cognitive activity, which makes them useful in the eval-
uation of cognitive function.” Several studies'>'*"* have report-
ed that a decrease in the P300 latency from childhood to ado-
lescence. P300 latency, which is sensitive to neuronal changes

1516 increases at a rate of 1-2 ms/

with development and aging,
year" and can provide useful information regarding cognitive
function and aging. P300 latency is inversely related to age due
to brain maturation processes, including myelination and cog-
nitive development in children and adolescents."*"* Compared
with P300, there have been fewer studies on N200. However,
similar to P300 latency, N200 latency decreases with age in in-
dividuals aged below 30 years."*'® Deficits in inhibitory control,
which is among the core symptoms in children with ADHD,
can be assessed with a high temporal resolution by recording
P300 and N200 using go-nogo tasks involving tap response
inhibition.” Compared with go trials, nogo trials have been
shown to have greater amplitudes for N200 in the frontal area
and P300 in the frontocentral area.”>* The nogo P300 com-
ponent is reduced in response to stop signals in children with
ADHD,” which is associated with late-stage monitoring of the
outcome of inhibitory processes.” Moreover, nogo N200 com-
ponents have been reported to be abnormally reduced in chil-
dren with ADHD than those in normal children,* which is
associated with early stage of inhibitory control that reflects a
“red flag” signal generated in the prefrontal cortex to trigger
inhibitory processes.” Previous studies have confirmed chang-
es in N200 and P300 components with brain development and
that they may be used to evaluate altered inhibitory control,
which is an ADHD symptom, through go-nogo tasks. Howev-
er, there have been no studies using N200 and P300 to examine
age-related changes in children and adolescents with ADHD.
Accordingly, we aimed to identify age-related differences in the
N200 and P300 components, hypothesizing that N200 and P300
amplitudes are lowered and their latencies shortened with age.

METHODS

Participants

This cross-sectional study was conducted between January
2018 and June 2019 at the psychiatry department of a univer-
sity hospital in Seoul. An experienced pediatric psychiatrist
conducted clinical interviews and assessments on children and
adolescents with their parents. The inclusion criteria were: 1)
aged between 6 and 18 years and 2) a main diagnosis of ADHD
according to the criteria provided by the Diagnostic and Statis-
tical Manual of Mental Disorders, Fifth Edition (DSM-5).> The
exclusion criteria were 1) brain injury, 2) other mental disor-
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ders except ADHD in the main diagnosis, and 3) failure to pro-
vide consent by either the children/adolescents or their par-
ents. Of the 56 children and adolescents who participated in
this study, 10 individuals whose N200 and P300 components
were difficult to analyze due to excessive movements were ex-
cluded. Consequently, 46 children and adolescents were in-
cluded as the study cohort. The majority of participants had
no history of taking psychiatric medication and those taking
medication underwent a medication washout for at least one
week before participating in the study. This is because meth-
ylphenidate had been shown to normalize lower P300 ampli-
tudes in children and adolescents with ADHD.*** Forty-four
participants were right-hand dominant, and two participants
were left-hand dominant. All participants and their parents
provided written informed consent following the Declaration
of Helsinki using a form reviewed and approved by the Insti-
tutional Review Board of Soonchunhyang University Seoul
Hospital (No. 2017-08-003).

Instruments

Korean ADHD Rating Scale-IV

DuPaul et al*® developed the ADHD Rating Scale (ARS-IV)
as a measure of hyperactivity and problematic behaviors in
children and adolescents. This scale is composed of 18 items
following the ADHD diagnostic criteria of the DSM-IV. Each
item is rated on a four-point Likert scale based on the frequency
of the child’s problematic behavior: “never or rarely” is scored 0,
“sometimes” is scored 1, “often” is scored 2, and “very often” is
scored 3. A score of 22 is considered abnormal relative to the
developmental stage of healthy children and adolescents. The
tool is arranged such that the total score of odd-numbered items
measures inattention while that of even-numbered items mea-
sures hyperactivity-impulsivity. In the Korean ARS-IV (K-ARS-
IV), higher scores on the inattention and hyperactivity-impul-
sivity subscales indicate greater severity of ADHD symptoms.
In the K-ARS standardized by Jang et al.,”” Cronbach’s alpha
was 0.74-1 while the validity was 0.06-0.59, indicating a high
correlation.

Advanced Test of Attention

The Advanced Test of Attention (ATA) is a computerized
continuous performance test for the identification of inat-
tention and impulsivity in children and adolescents. This test,
which includes two modules (visual and auditory), investigates
omission errors, commission errors, mean response time, and
standard deviation of response time. In this study, we used the
ADHD Index of the auditory test, whereby a score of >115 in-
dicates abnormal development. The ATA has been standard-
ized for use in South Korean children and adolescents.” The
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accuracy of discrimination between children with normal de-
velopment and children with ADHD is 96.7% and Cronbach’s
alpha is 0.87.

Korean Child Behavior Checklist

The Child Behavior Checklist (CBCL) is a parent-reported
tool that examines emotional and behavioral problems in chil-
dren and adolescents aged between 6 and 18 years.”! The in-
strument consists of items for problematic behavior symptoms
and social competence.

The CBCL assesses internalizing, externalizing, and total
problems. The subareas examined include social withdrawal,
anxiety and depression, somatic complaints, destructive behav-
ior, social problems, thought problems, attention problems,
rule-breaking behavior, and aggressive behavior. It is comprised
of 113 questions on a 3-point Likert scale. The Korean version
(K-CBCL) has been standardized by Oh and Lee.” In this study;
we used a T-score of internalizing problems, externalizing prob-
lems, and total problems, with a T-score of 265 indicating ab-
normal development. Cronbachs alpha of the K-CBCL is 0.62-
0.86.”

EEG acquisition and analysis

The participants were seated on a comfortable chair in a sound-
attenuated space. The EEG was recorded using a NeuroScan
SynAmps amplifier (Compumedics USA, El Paso, TX, USA)
and Ag-AgCl electrodes based on a modified 10-20 placement
scheme. The ground electrode was placed on the forehead and
reference electrodes at the mastoids. The inter-electrode im-
pedance was maintained at <10 kQ). Averaging of the ERP waves
and related procedures was performed using the NeuroScan
version 4.3 software package (Compumedics, USA). All EEG
data were recorded using a 0.1-100 Hz band-pass filter at a sam-
pling rate of 1,000 Hz.

The recorded EEG data were preprocessed using CURRY 8.
Gross movement artifacts were removed from the recorded
data by visual inspection. Moreover, eye blink artifacts were re-
moved using established mathematical procedures.” Trials were
rejected if they presented important physiological artifacts (am-
plitude exceeding £75 pV) at any cortical electrode site.

Nogo condition

The E-Prime (Psychology Software Tools, Pittsburgh, PA,
USA) was used to conduct stimulus presentation and data syn-
chronization with the EEG. A stimulation protocol used the au-
ditory oddball paradigm. Infrequent target tones of 1,500 Hz
were randomly shown with frequent standard tones of 1,000 Hz.
The probabilities of standard and target tones were 85% and
15%, respectively. A total of 400 auditory stimuli were present-
ed. The tone duration was 100 ms with rise-fall times of 10 ms
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and an inter-stimulus interval of 1,500 ms. The experimental
block consisted of 400 stimuli that followed a practice block of
20 stimuli. These auditory stimuli were delivered via MDR-
XB950N1 headphones (Sony, Tokyo, Japan) at 85 dB SPL. The
participants were asked to promptly press a button in response
to standard tones (go condition) and to promptly stop a button
in response to target tones (nogo condition). We analyzed N200
and P300 components within the nogo condition because the
most common error type is the commission error, ensuing from
failure to inhibit the response to the nogo stimulus.’ In the nogo
condition, N200 (most negative peak between 150 and 350 ms
after stimulus onset) and P300 (most positive peak between
200 and 450 ms after stimulus onset) were investigated at the
Fz, Cz, and Pz electrodes.

Statistical analyses

Statistical analyses were conducted using R version 3.5.0 for
Windows and Rex (Version 3.0.3, RexSoft Inc., Seoul, Repub-
lic of Korea). First, participants were divided into children with
ADHD (6-11 years old) and adolescents with ADHD (12-18
years old). These age classifications were defined according to
general guidelines.** Data are indicated as meantstandard de-
viation (SD). The sex difference between the two groups was
confirmed using the Fisher’s exact test, and the differences in
ATA, K-ARS-1V, and K-CBCL (internalizing, externalizing, and
total) scores were confirmed using the Mann-Whitney U test.
Second, we calculated the latency of N200 and the amplitude
of P300 at the Fz, Cz, and Pz electrodes between the groups
using the Mann-Whitney U test. Third, we calculated Spear-
mans correlation coefficient (p) for the relationships between
age change and ERPs (latency of N200 and amplitude of P300)
at the Fz, Cz, and Pz electrodes. Subsequently, Bonferroni cor-
rection was performed. Fourth, multivariable regression anal-
ysis was used to calculate 95% confidence intervals (Cls) to
assess the association of age with N200 latency at the Fz and
Cz electrodes. Since sex" and the dominant hand* have been
shown to significantly influence P300/N200 components, they
were adjusted as covariates in the multivariable regression anal-
ysis. A p-value of <0.05 was considered statistically significant.

RESULTS

Demographic and psychological characteristics of
the participants

Table 1 depicts comparisons of demographic and psycho-
logical characteristics between children and adolescents. The
mean age of the two groups was 8.14 years (SD 1.21, range
6-10) and 14.08 years (SD 1.89, range 12-17), respectively (p<
0.001). There were no significant differences with respect to
sex (p=0.13), ATA index (p=0.52), K-ARS score (p=0.25), and
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Table 1. Comparison of demographic and psychological characteristics between children and adolescents with ADHD

Children (N=22)

Adolescents (N=24)

N % N % P
Sex 0.13
Boys 15 68.18 11 45.83
Girls 7 31.82 13 54.17
Mean SD Mean SD P
Age 8.14 1.21 14.08 1.89 <0.001***
Nogo trials 52.54 8.69 48.18 10.90 0.10
Nogo false alarm rate (%) 27.72 15.59 20.36 10 0.10
ATA index 117.36 21.87 115.5 19.54 0.52
K-ARS-IV 23.05 13.08 19.38 8.36 0.25
K-CBCL
Total score 66.55 11.56 65.79 12.98 0.82
Internalizing 63.09 11.50 64.50 11.67 0.47
Externalizing 65.95 12.82 63.42 12.64 0.82

The p-value for sex was calculated by Fisher’s exact test. p-values for age, ATA index, K-ARS-IV, and K-CBCL were calculated with the Mann-
Whitney U test. ***p<0.001. SD: standard deviation, ATA: advanced test of attention, K-ARS-IV: Korean-attention-deficit/hyperactivity dis-

order rating scale-IV, K-CBCL: Korean-Child Behavior Checklist

K-CBCL score (total, internalizing, and externalizing: p=0.82,
p=0.47, p=0.82, respectively) between the groups. No difterences
were observed in the nogo trial counts and nogo false alarm
rates between the two groups (p=0.10, p=0.10, respectively).

EEG data

Figure 1A and B show the grand averages of auditory evoked
potentials at the Fz and Cz electrodes, respectively, in both
groups. Figure 1C illustrates the scalp topographies of nogo-
N200 and nogo-P300 components in both groups. There were
no group differences in the grand average of N200 amplitudes at
the Fz, Cz, and Pz electrodes across the nogo stimuli. There
was significant N200 latency at the Fz and Cz electrodes across
nogo stimuli (Table 2).

The latency of the N200 component in children was signifi-
cantly longer than that in adolescents at Fz (mean=281.00, SD=
28.96; mean=243.46, SD=38.01, respectively; p<0.001) and Cz
electrodes (mean=276.32, SD=29.01; mean=247.17, SD=24.55,
respectively; p<0.001). Further, the amplitude of the P300 com-
ponent in children was also considerably lower than that in
adolescents at Fz (mean=-1.35, SD=3.48; mean=1.29, SD=4.3,
respectively; p<0.05) (Table 2). There were no group differenc-
es in the grand average of P300 latency at the Fz, Cz, and Pz
electrodes across nogo stimuli.

Correlation analysis

We calculated Spearmans correlation coefficients (with Bon-
ferroni-adjusted p-values) for the amplitude and latency of N200
and P300 components, as well as age (Table 3, Figure 2). There

were negative correlations between age and N200 latency at Fz
(p=-0.46, Bonferroni-corrected p=0.01) and Cz (p=-0.60, Bon-
ferroni-corrected p=0.01). Although the Bonferroni-corrected
p-value was not statistically significant, N200 latency (Table 3)
showed a negative correlation with age at Pz (p=-0.35, p=0.10).
Moreover, P300 amplitude (Table 3) showed a positive corre-
lation with age at Fz (p=0.32, p=0.19) and Cz (p=0.30, p=0.26).

N200 latency at Fz and Cz in nogo condition

With a 1-year increase in age, the nogo-N200 latency at Fz
and Cz significantly decreased by 6.08 ms and 4.88 ms, respec-
tively (B=-6.08, p<0.001 and B=-4.88, p<0.001; respectively),
which was indicated in the multivariable linear regression with
adjustment of sex and dominant hand (Table 4).

DISCUSSION

We assessed the associations and regressions of auditory
nogo-N200 and nogo-P300 components in children and ado-
lescents with ADHD. This study has several key findings. First,
the auditory nogo-N200 latency in children was significantly
longer than in adolescents at Fz and Cz. Second, the auditory
nogo-P300 amplitude in children was significantly lower than
in adolescents at Fz. Third, multivariable linear regression with
adjustment for sex and the dominant hand showed that older
children and adolescents with ADHD had shorter auditory no-
g0-N200 latency at Fz and Cz.

We found that N200 latency at the Fz and Cz electrodes was
significantly greater in children than that in adolescents; these
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results are similar to those of previous studies;'*'* however, these
previous studies assessed healthy controls but not patients with
ADHD. Enoki et al."® demonstrated that N200 latency decreased
with age during childhood and gradually increased during
adulthood. Moreover, consistent with our findings, Van der Stelt
et al.* reported a negative correlation of N200 and P300 laten-

cies with age during the transition from childhood to adult-
hood. It has been proposed that N200 latency decreases due
to brain maturation from childhood to adulthood.” Our results
are limited to N200 latency changes at Fz and Cz; contrasting-
ly, van der Stelt et al.* showed shorter N200 and P300 latencies
at all electrodes. The nogo-N200 component could reflect an
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Figure 1. A: Grand averages of auditory evoked potentials at the Fz electrode in children and adolescents with ADHD. B: Grand averages
of auditory evoked potentials at the Cz electrode in both groups. C: Scalp topographies of nogo- N200 and P300 components between the

two groups.

Table 2. Grand averages of nogo-N200 latencies and nogo-P300 amplitudes at Fz, Cz, and Pz electrodes in children and adolescents with

ADHD
Children (N=22) Adolescents (N=24)
Mean SD Mean SD P

Nogo-N200 latency (ms)

Fz 281.00 28.96 243.46 38.01 <0.001***

Cz 276.32 29.01 247.17 24.55 <0.001***

Pz 254.59 56.79 241.21 42.06 0.37
Nogo-P300 amplitude (uV)

Fz -1.35 3.48 1.29 4.3 0.03*

Cz 4.17 4.76 6.64 4.57 0.08

Pz 5.86 3.78 6.95 5.29 0.43

p-values were calculated using the Mann-Whitney U test. *p<0.05, ***p<0.001. N200: negative 200, P300: positive 300, SD: standard devia-

tion, Fz: frontal electrode, Cz: central electrode, Pz: parietal electrode
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Table 3. Correlations of age with N200 and P300 components in
children and adolescents with ADHD

Spearman’s correlation
Children and adolescents N=46

YJ Lee et al.

early mechanism of inhibitory control.” Difficulty in discrim-
ination” has been demonstrated to be abnormally high in chil-
dren with ADHD relative to that in healthy controls, especially
with respect to nogo-N200 in the prefrontal area.>****** fMRI

Nogo-N200 latency (ms) P studies using stop signal tasks™* reported that the right middle/
Fz -0.46 0.01* inferior frontal gyrus is critically involved in inhibitory control
Cz -0.60 0.01* in healthy individuals. The inconsistency between our findings
Pz 2035 0.10 and related previous studies could be attributed to differences

Nogo-P300 amplitude (V) p in the participants’ ages and the presence/absence of ADHD.
Bz 032 0.19 Our results indicate that the auditory nogo-P300 amplitude
Cz 0.30 026 in children was significantly lower than in adolescents at Fz.
by 0.04 1,00 The P300 component has been shown to reflect important cog-

p-values were calculated for Spearmans correlations with Bonfer-
roni correction. *p<0.05. p: Spearman’s correlation coefficient,
N200: negative 200, P300: positive 300, SD: standard deviation, Fz:
frontal electrode, Cz: central electrode, Pz: parietal electrode

nitive domains in ADHD, including executive and attentional
functions such as updating of working memory, event catego-
rization, and attentional resource allocation (attentional reori-
entation).”"* In individuals with ADHD, lower P300 amplitude
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Figure 2. Correlations between event-related potentials and age in children and adolescents with ADHD. (A) nogo-N200 latency at Fz, Cz,
and Pz. (B) nogo-P300 amplitude at Fz, Cz, and Pz. p-values were calculated by Spearman’s correlation. *Bonferroni adjusted p-val-
ues<0.05. p: Spearman’s correlation coefficient, N200: negative 200, SD: standard deviation, Fz: frontal electrode, Cz: central electrode,
Pz: parietal electrode.

Table 4. Multivariable regression analysis of the association between electrode location and nogo-N200 latency

) Model I (Fz) Model II (Cz)
Variable
B (95% CI) p-value B (95% CI) p-value
Age of children and adolescents -6.08 (-9.24,-2.92) <0.001*** -4.88 (-7.16,-2.61) <0.001***

Model I: nogo-N200 latency at the frontal electrode (Fz) adjusted for sex and dominant hand, Model II: nogo-N200 latency at the central
electrode (Cz) adjusted for sex and dominant hand. ***p<0.001. B: regression coefficient, CI: confidence interval
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is reported to represent deficits in process task-relevant or sa-
lient information, context updating, and selective attention.*
ADHD develops between childhood and adolescence, with
symptoms improving with brain maturation,* which could be
reflected in P300. The ATA index, K-ARS-IV, and CBCL scores
were lower in adolescents than in children. However, these dif-
ferences were not statistically significant. Therefore, age-related
changes in P300 amplitude could be attributed to the matura-
tion of executive and attentional functions in the brains of chil-
dren and adolescents with ADHD.

Finally, multivariable linear regression (adjusted for sex and
the dominant hand) revealed a negative correlation of age with
the latency of auditory nogo N200 at the Fz and Cz. The N200
component is related to an early mechanism of inhibitory con-

tro| ,20,25,39

which matches the stimuli to an internally generated
contextual template.”” Moreover, it is connected with the initial
stimulus categorization in the selective attention stream.* We
evaluated the N200 components when response inhibition was
not performed for a stop signal task during the go-nogo para-
digms. Kok et al.’ reported that N200 components evaluated
using the go-nogo paradigm are less sensitive to the stop signal
than P300 components. However, they can better express chang-
es caused by an unsuccessful stop in the fronto-central area than
the P300 components.*®* Therefore, the results of Kok et al.*”
support our findings and indicate that the N200 component
could be a useful tool for evaluating response inhibition in chil-
dren with ADHD. We confirmed a decrease in the N200 la-
tency by 6.08 ms at Fz and 4.88 ms at Cz with increasing age.
According to previous fMRI studies,*®’ the velocity of prefron-
tal cortex thinning was delayed in children with ADHD com-
pared to that in healthy controls. However, it was difficult to
confirm the association between ADHD and a delay in brain
maturation as we did not include healthy controls. Further stud-
ies should be conducted with ERPs from larger samples includ-
ing a healthy-control group to confirm these findings.

Limitations

There are several limitations to consider when interpreting
the results of this study. First, as this study employed a cross-sec-
tional design, it is difficult to eliminate inter-individual changes.
A longitudinal study is necessary to accurately analyze the de-
velopmental path. Second, the study did not involve a compari-
son of individuals with and without ADHD. To clarify develop-
mental differences between typically developing children and
adolescents and those with ADHD, it is necessary to compare
the latter with healthy controls. Third, it is difficult to general-
ize the results of this study as it evaluated children and adoles-
cent patients who visited a single university hospital. There-
fore, there is a need for a multicenter study with a long-term
follow-up period. Fourth, the sample size was too small to iden-
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tify sex-based variations in N200 and P300. There are sex dif-
ferences in neurotransmitter activity and brain structures, which
are known to affect overall ERP profiles.”** While the linear
regression analysis was adjusted for sex and dominant hand,
future research is needed to analyze sex differences in detail.

Conclusion

Despite the aforementioned limitations, this study provided
novel evidence that changes in frontal N200 latency occurred
with age in children with ADHD. Although this study did not
directly compare the individuals with ADHD with healthy con-
trols, inhibitory control changes in children with ADHD prob-
ably follow a developmental trajectory. Future large-scale, lon-
gitudinal studies on children and adolescents with ADHD, as
well as healthy controls, are necessary to accurately identify the
neural developmental trajectory in children and adolescents
with ADHD.
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