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Objective: Rating scales and neuropsychological tests including continuous performance

tests (CPTs) are widely used to assess executive functions (EFs). Event-related potentials

(ERPs) are also used to index certain EFs such as action preparation and inhibition. In this

descriptive study, we examined the associations between results on an EF rating scale, a CPT

and ERP components in ADHD as a function of age.

Methods: Fifty-nine patients with ADHD (and more often than not with comorbid dis-

orders) in two age groups (9–12 years and 13–17 years) were assessed using EF ratings,

a visual CPT and ERPs (CueP3, P3go and P3no-go).

Results: There were age related changes in the ERPs with the CueP3 amplitude being

stronger in children, and the P3no-go amplitude stronger in adolescents. The associations

between the EF measures were different in the two age groups. In particular, the P3no-go

seemed to reflect different EF-related processes in children versus adolescents.

Conclusion: Age group effects were seen on a selection of ERP amplitudes in this sample

of patients with ADHD. Ratings, test scores and EF-related ERPs seem to capture different

aspects of EF in ADHD, and the associations differed depending on age group. The results

show that different measures of EF are not interchangeable and highlight the importance of

age when interpreting ERPs.

Keywords: executive functions, ADHD, electrophysiology, ratings, event related potentials,

cognitive control

Introduction
ADHD (attention deficit hyperactivity disorder) is a neurodevelopmental disorder

affecting approximately 3–5% of school-aged children.1 The symptoms defining the

disorder are attention deficits, impulsivity and/or excess levels of activity. The

Diagnostic and Statistical Manual of Mental Disorders, DSM-52 defines three

presentations of ADHD – predominantly inattentive (ADHD-I), predominantly

hyperactive/impulsive (ADHD-H) and combined (ADHD–C). Across the ADHD

population, a very high percentage of comorbid conditions is found.3,4

A large number of studies have described deficits of executive functioning (EF) in

ADHD,4–7 although EF deficits are not directly part of the diagnostic criteria. EF is an

umbrella term that involves separate, but interrelated, cognitive processes such as

initiative, inhibition, working memory, planning, monitoring, focusing and attentional

flexibility.8 Cognitive control is often used as a synonym of EF.9,10 Executive processes

develop and change over the lifespan.11,12 Because deficits in EF tend to correlate
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with impaired academic functioning and occupational

achievement,13,14 assessment of EF is clinically relevant as

a target for possible intervention in ADHD.15–17 Although it

has been known for many years that EF is related to the

integrity of certain fronto-parietal brain systems,18 many ques-

tions remain regarding the precise nature of EF deficits in

ADHD, and what the best procedures for assessment

are.19,20 Conventionally, EF has been evaluated using neurop-

sychological performance tests and rating scales.

Continuous performance tests (CPTs) have been used for

more than 60 years in clinical populations to assess aspects of

attention that require executive control.21 A task analysis

suggests that a whole range of executive processes are

involved during CPT tasks, including 1) action selection 2)

shift from one action to another, 3) action preparation, 4)

action execution, 5) working memory, 6) suppression of pre-

pared action, 7) inhibition of ongoing activity, 8) detection of

conflict, 9) adjusting future behavior in order to avoid

conflicts.9,22 Most CPTs – such as, Conners’ CPT 2,23 the

Tova Test24 and the QB test25– apply a go/no-go paradigm,

that reports on the number of omission and commission errors,

hit reaction time (RT), and RT variability (RTvar). Omission

errors and RTvar seem to be most sensitive to ADHD.26,27

A meta-analysis showed that CPT omission errors differed

significantly between groups with and without ADHD in 23

of 30 studies.5 Also, CPT results have been significantly, albeit

only moderately, effective in discriminating between ADHD

and other neurodevelopmental disorders.28

One of the most frequently used questionnaires for

rating of EFs in children and adolescents is the Behavior

Rating Inventory of Executive Functions (BRIEF),29

a parent and teacher questionnaire for children aged 5–18

years (see Methods for a detailed description). Children

with ADHD tend to score in the clinically impaired range

on the BRIEF, supporting the validity of BRIEF, as well as

the EF deficit theory of ADHD.30–32

Tests and rating measures of EF have both been found to

reliably differentiate between ADHD and controls.7,33–35

Compared with neuropsychological tests of EF, rating scales

have a number of potential benefits: Data stem from people

who know the child well and provide an evaluation of beha-

vior for a longer time period than a single test session.

Neuropsychological tests are performed in lab-like settings

and therefore may also lack ecological validity. On the other

hand, rating scales are potentially sensitive to factors such as

negative halo effects36 and temporal instability.37 Moreover,

ratings are by necessity subjective, and can often differ sig-

nificantly across different informants.38

Several studies have examined the relationship

between tests and ratings of EF in ADHD. The overlaps

appear inconsistent, with correlations sometimes being

non-significant or only small-to-moderate.1,39 Such find-

ings may seem surprising. However, Toplak et al39 con-

cluded in a comprehensive treatise of the literature, that EF

tests and EF questionnaires to some extent measure differ-

ent aspects of EF, at different cognitive levels and can be

said to have separate clinical utility by reflecting “optimal”

(tests) versus “typical” (ratings) EF capacities.

Another information source reflecting EF is event-

related brain potentials (ERPs). ERPs are measures of

brain responses resulting from a specific sensory, cognitive

or motor events, and are increasingly used for studying

EF.9,22,38,40–45 More precisely, ERPs are cerebral generated

electrical voltages recorded on the scalp in response to

specific stimuli or responses.22 Due to the high time reso-

lution of the ERPs, they can potentially give important

insights into the temporal neural activity related to beha-

vioral parameters in tasks.40,46,47 The EEG equipment

needed to register ERPs is non-invasive, often affordable,

and could potentially become a viable clinical tool supple-

menting tests and ratings.

Cued go/no-go tasks are ERP paradigms often used to

study EF.9,22,48–50 As mentioned, a range of cognitive

processes are involved. By recording ERP patterns during

such tasks, we may potentially get access to underlying

operations that occur between stimulus engagement and

response execution - data not evident in behavioral test

parameters. (See Methods for a detailed description of our

go/no-go paradigm).

In cued go/no-go paradigms, ERP components reflect-

ing cognitive control occur in the time interval 300–600

ms. after stimulus presentation.40 A large number of stu-

dies in adults and, to a lesser extent, in children and

adolescents have explored the neural mechanisms and the

functional meanings of ERPs, including the Cue P3, P3go,

and P3no-go components as assessed in terms of ampli-

tude and/or latency.9,22 The Cue P3 has a mainly parietal

location and is presumed to be associated with the identi-

fication of a target in the task. The P3go is a posteriorly

positive deflection that peaks after the second stimulus in

the go condition, and is thus thought to reflect the associa-

tion between target and response, ie, response selection.48

The P3no-go is a central positive component linked to

activation of alternative responses, inhibition and/or allo-

cation of attention recourses.41,47 It is, however, important

to note that ERPs change with age,47 a fact that has
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sometimes been ignored in clinical ERP research. For

instance, the Cue P3 has been found to be stronger in

children than in adults, suggesting a stronger preparation

process.50 Likewise, the P3go latency has been reported to

decrease with age,51 while the P3no-go is often absent in

small children and has been shown to increase in ampli-

tude from age nine until adolescence in typically develop-

ing populations.50 It has been suggested by several

authors52 that ERPs are excellent for studying brain devel-

opment. Amplitudes and latencies of the ERP components

may index development53,54 such as synaptic density, mye-

lination, pruning and increase of pathways (see55). On the

other hand, we still do not know enough about how age is

related to the functional and clinical meaning of these

ERPs.56

ERPs in ADHD have been assessed in a substantial

number of studies. In a review,47 several cognitive ERPs

related to EF were reported to differ significantly

between ADHD and controls, although it was also men-

tioned that general conclusions were difficult to reach

partly due to mixed findings and the lack of standardized

procedures in current ERP research. So far ERPs have

not been widely used in clinical settings partly because

different paradigms and methods of calculation are

applied in research studies, but also because more knowl-

edge is needed regarding the functional relevance of ERP

signatures in ADHD46 and other disorders. For instance,

surprisingly few studies have examined the relationship

between EF-related cognitive ERPs and neuropsychologi-

cal EF test scores38,57 and/or ratings of EF. Moreover, as

highlighted by Johnstone et al,47 a greater consideration

of possible age/developmental effects is needed.

Current Study
In the current study of 59 children and adolescents with

ADHD, we descriptively explore the association between

test scores, parent ratings of EF and a selection of EF and

ADHD related ERPs, ie Cue P3, P3go and P3no-go ampli-

tudes, as assessed during CPT. In order to better under-

stand the functional meaning and clinical significance of

the ERPs, we specifically examined age-related effects

by 1) comparing children (age 9–12 years) with adoles-

cents (age 13–17 years) on the ERPs and 2) by conducting

separate correlation analyses for children and adolescents

between the EF ratings, test scores, and ERPs. Two main

questions were asked:

RQ 1: Do children with ADHD differ from adolescents
with ADHD differ with regard to EF as indexed in parent
ratings, CPT scores and ERPs?

RQ 2: How do EF-related parent ratings, test scores and
ERPs correlate in children with ADHD and in adolescents
with ADHD?

Methods and Materials
Participants
The participants in this study were 59 patients diagnosed

with ADHD (ages 9–17), according to the DSM-IV criteria

(included before DSM5). Based on description in the review

of Johnstone,47 we subdivided the sample into children and

adolescents based on cut -off of twelve years, 6 months with

a view to examining possible ERP differences related to age

in our main analyses.

Participants were recruited from child and adolescent

psychiatric outpatient clinics in the county of Østfold,

Norway. They had been referred from their GP, due to

mental health problems and/or neurodevelopmental con-

cerns. The demographics and characteristics of the sample

are shown in Table 1. Common comorbidities such as

behavioral and emotional disorders, Tourette syndrome,

learning disabilities and autism spectrum disorders, were

not excluded since this would have severely impacted the

generalizability of the results as an overwhelming majority

of ADHD patients show comorbid disorders if these are

thoroughly assessed for.3 Exclusion criteria were an IQ

score below 70 or diagnosed brain pathology, such as

epilepsy. Besides intellectual disability (ie IQ < 70) the

comorbidities were not uniformly and consistently

assessed in all cases; therefore, we report the diagnoses

that are provided for all, but note that there might be

additional comorbid cases not fully assessed and refrain

from conducting analyses regarding the eventual impact of

comorbidity.

There were no significant differences in ADHD subtype

or in the proportion of co-morbid conditions between the age

groups (Table 1). However, the adolescent group had non-

significantly lower FSIQ (t[55] = −1.9, p = 0.063). In order

to examine whether this possible difference may have

affected the results we performed correlation coefficients

between all (CPT, ERP and rating) measures of interest

and IQ across the full sample; no significant correlations

were obtained (all rho < ± 0.26, all p > 0.05).
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Diagnostic Procedures
The participants were diagnosed according to the DSM-IV.

All patients were screened medically by a medical doctor,

and anamnestic data was collected. Clinical interviews (eg

Kiddie Sads), school observations, teacher and parent rat-

ings (Aseba and Conners’ 3) were completed according to

standard clinical practice.58–61 Intelligence was tested

using the WISC-IV by qualified clinical psychologists.62

Diagnostic decisions were based on all available informa-

tion in multi-professional teams, comprising at a minimum

a child psychiatrist and a psychologist. For the purposes of

the research, the patients were referred to the specialist

pediatric neuropsychiatric team in Østfold County,

Norway, for extended examinations which included

BRIEF and registrations of ERPs. Children and parents

were informed about the study and gave written consent

that clinical data could be used for research purposes.

None of the participants were treated with ADHD medica-

tion at the time of assessment.

The study was approved by the regional ethics com-

mittee (2016/1453).

Brief
The Behavior Rating Inventory of Executive Functions

(BRIEF) consists of 86 items organized into subscales31 that

form eight sub-scores, two index scores and a summary score,

the Global Executive Composite (GEC). To reduce the num-

ber of correlations and the risk of type 1 error, we only

consider the GEC score here. The BRIEF questionnaires

were filled in by the parents, most often the mothers. The

ratings were electronically scored and compared with norms.

T-scores (Mean = 50, SD = 10) were registered.

Event-Related Potentials and the Cued

CPT (Go/No Go) Task
A 19–channel tin electrode cap was used for recording ERP

data applying Win EEG software developed by Ponomarev

and Kropotov.41 As described in Ogrim and Kropotov,63

input signals were referenced to earlobe electrodes, filtered

between 0.5 and 50 Hz, and digitized at a sampling rate of

250 Hz, with impedance kept below 5 khm for all 19 electro-

des. Electrodes were placed in accordance with the interna-

tional 10–20 system. EEG data were re-referenced offline to

the common average montage prior to data processing. Eye-

blink artefacts were corrected by zeroing the activation

curves of individual independent components extracted by

independent component analysis (Infomax algorithm) and

corresponded to eye-blink topographies. EEG epochs with

excessive amplitude (100 μV) and/or excessively fast (35 μV
in 20–35 Hz band) and slow (50 μV in 0–1 Hz band) fre-

quency activities were automatically excluded from analysis.

Event-related potentials (ERPs) were recorded using

a 20 min cued CPT task consisting of pictures in pairs appear-

ing with inter- stimulus intervals of 1000 ms and inter- trial

intervals of 3000 ms. The task was originally designed by

J. Kropotov and used in data collection for the Human Brain

Institute Database (http://hbimed.com). The task consists of

400 trials. The go condition is a second animal in the pair

(animal-animal). The participants were instructed to be

equally fast and accurate when responding. Twenty different

animals (a), plants (p), and humans (h) are presented randomly

in various combinations: a-a, a-p, p-p, p-h; 100 trials in each

category. Occasionally, a sound is presented with the human

images (p-h). The participants were informed to ignore the

sounds; in the current experiment the Cue P3, P3go and P3no-

go is in focus. Before starting the task, the participants

Table 1 Sample Characteristics

Children

N = 28

Adolescents

N = 31

Age, M (SD) 11.5 (0.9) 14.7 (1.6)

Gender, N (%)

Male 18 (64%) 19 (61%)

Female 10 (36%) 12 (39%)

Full scale IQ, M (SD) 98 (11) 92 (10)

Missing 2

ADHD subtype, N (%)

ADHD-C 20 (71%) 25 (81%)

ADHD-I 8 (29%) 6 (19%)

Comorbidity, N (%)

Yes 19 (68%) 21 (68%)

No 7 (25%) 9 (29%)

Missing 1 (7%) 1 (3%)

Comorbidities, N (%)

LD 9 (32%) 6 (19%)

ODD/CD 8 (29%) 6 (19%)

E 5 (18%) 9 (29%)

OCD/TS 1 (4%) 2 (7%)

ASD 1 (4%) 2 (7%)

Notes: Children: 10–12 years old. Adolescents: 13–17 years old.

Abbreviations: N, sample size; M, mean; SD, standard deviation; ADHD-C,

ADHD combined type; ADHD-I, ADHD inattentive type; Missing, no data available;

LD, Learning disabilities; ODD/CD, Oppositional defiant disorder and Conduct

disorder; E, Childhood emotional disorder, including depression and anxiety;

OCD/TS, A mixed category of Obsessive compulsive disorder and Tourette’s

syndrome; ASD, Autistic spectrum disorder.
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practiced as long as necessary. They performed the task on

a 17- inch computer screen, positioned 1.5 meters in front of

them.

In Ogrim and Kropotov,63 amplitudes of the ERP com-

ponents were measured at the electrodes where the compo-

nents were observed to be strongest in the grand-average

ERP files of the total sample. The time interval for the ERPs

were determined by the grand average files. In the present

study we use the same time intervals and sites because the

samples are partly overlapping and cover the same age

range. All component amplitudes were measured manually

as the local peak amplitude within the predefined time-

intervals. Local peak amplitude refers to the point within

the defined time window for the component of interest with

the largest amplitude, which is surrounded on both sides by

lower voltages, thereby avoiding measuring the offset of

preceding or onset of following components. The sites,

time intervals and cue stimulus for the ERPs the following:

cue-P3 located at Pz (270–370 ms) elicited from all (a)

stimuli, P3go located at Pz (260–400 ms) elicited after

stimulus 2 in (a-a) stimuli combinations; P3no-go at Cz

(300–500 ms) elicited after stimulus 2 in (a-p) stimuli com-

binations. Following the correction procedures, the ERP

waveforms were based on between 40 and 100 trials in all

cases. Figure 1 illustrates the cued CPT paradigm.

In this study, we focus on amplitudes and not latencies as

amplitudes have been shown more reliable in ADHD.64 In

addition, this reduced the number of analyses conducted.

Results
Do Children and Adolescents with

ADHD Differ with Regard to EF as

Indexed in Parent Ratings, CPT Scores

and ERPs?
The mean scores for each age group on the BRIEF, neuropsy-

chological measures, and the ERPs are shown in Table 2. The

BRIEF GEC data indicates that the groups on average scored

in or above the “potentially clinical” range (which traditionally

is equal to about 1.5 SD above the normative mean of T = 50

[SD = 10]29). A non-parametric Mann–Whitney U-test

revealed no significant age group difference on the BRIEF

Figure 1 VCPT: Visual continuous performance test.

Notes: The figure shows the four conditions of the VCPT. One hundred trials of each condition are presented randomly. Total test time is 20 min.
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(p = 0.16). On the CPT test scores, the child group had

significantly slower RT (U = 291, z = −2.16, p = 0.031) and

larger RTvar (U = 302, z = −2.00, p = 0.045) compared with

the adolescent group, whereas no significant differences were

seen for the number of omissions or commissions (p >0.12). In

terms of ERP amplitudes, the child group had significantly

larger Cue p3 amplitude (U = 278, z = −2.37, p = 0.018) but

smaller no-go amplitudes (U = 588, z = 2.34, p = 0.019)

compared with the adolescent group, whereas no significant

difference was seen for the P3go component (p = 0.57).

Figure 2 shows the ERP waveforms for each age group as

well as topographic maps of the ERP components.

How Do EF-Related Parent Ratings, Test

Scores and ERPs Correlate in Children

and in Adolescents with ADHD?
In order to examine the correlations between measures of

EF according to the BRIEF, the CPT test scores, and the

ERP data, non-parametric correlations were computed for

each age group separately. The correlation matrix for the

child group is presented in Table 3 and for the adolescent

group in Table 4. In the child group, we found significant

and moderately sized correlations between BRIEF ratings

and some CPT test scores, ie the number of commissions

(rho = 0.390, p < 0.05) and RT (rho = −0.409, p < 0.05).

The directions of the correlations show that greater EF

difficulties according to parent ratings are associated with

a higher number of commissions and faster RTs.

In the adolescent group, however, no significant corre-

lations were seen between BRIEF ratings and CPT test

scores (all ps > 0.12).

Turning to the ERPs, in the child group we found signifi-

cant positive correlations between the P3no-go amplitude and

the parent ratings (rho = 0.402, p < 0.05), as well as a negative

correlation between P3no-go and reaction time (rho = −0.573,
p < 0.01). A significant positive correlation between number of

commissions and P3no-go amplitude was also found (rho =

0.497, p < 0.01). The directions of these correlations show

that, in children, larger P3no-go amplitudes align with more

EF problems according to the BRIEF ratings and with fast and

error-prone performance on the CPT.

In the adolescent group, there were significant negative

correlations between P3no-go and the number of omissions

(rho = −0.377, p < 0.05), reaction time (rho = −0.705,
p < 0.01), and RTvar (rho = −0.655, p < 0.01). The direction

of these correlations differs from those in the child group, as

a large P3no-go amplitude aligned with better CPT test per-

formance in the adolescent group. Unlike in children, there

were no significant associations between ERP data and BRIEF

ratings in the adolescent group.

Finally, when the CPT and the ERP measures were

considered separately, correlations within each type of

measure were found, as is reported for descriptive pur-

poses in Tables 3 and 4. The one exception is that in the

child group, the P3no-go did not correlate with P3go or

Cue p3 amplitudes.

Complementary Analyses in the Full

Sample
Although our subdivision in age subgroups was informed

by similar distinctions in the existing literature,47 it could

be argued that the cut off is rather arbitrary; therefore, we

also did complementary analyses using the full sample

with collapsed age-groups for descriptive purposes.

When correlating BRIEF ratings, CPT test scores and

ERP measures, BRIEF ratings were negatively associated

with reaction time (rho = 0.31, p = 0.02), and positively

with P3no-go amplitudes (rho = 0.284, p = 0.03). Reaction

time variability was also negatively associated with P3go

amplitudes (rho = 0.321, p = 0.013). Moreover, chronolo-

gical age correlated with RT (rho = −0.393, p = 0.002),

RTvar (rho = −0.369, p = 0.004), omissions (rho = −0.276,
p = 0.034), Cue P3 (rho = −0.379, p = 0.003), P3no-go

(rho = −0.350, p = 0.007).

Discussion
Executive function (EF) is an umbrella term for a set of

complex functions of cognitive control that are often

Table 2 Mean (M) and Standard Deviations (SDs) for the BRIEF,

the VCPT and ERPs

Children

N = 28

M (SD)

Adolescents

N = 31

M (SD)

BRIEF GEC 65 (11) 69 (9)

Omissions 12 (9) 9 (10)

Commissions 6 (8) 5 (8)

Reaction Time (RT) 415ms (74) 375ms (75)*

RT variability 14.3 (3) 12.4 (5)*

CueP3 4.5μv (2.9) 2.9μv (2.2)*

P3go 9.0μv (4.7) 8.1μv (3.3)

P3no-go 5.7μv (5.1) 9.2μv (5.3)*

Notes: Children: 10–12 years old. Adolescents: 13–17 years old. *denotes to

a statistically significant age group difference.

Abbreviations: N, sample size; GEC, Global Executive Composite; M, T scores;

RTvar, reaction time variability; Mv, microvolt.
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Figure 2 ADHD child group (red) vs adolescent group (green).

Notes: Cue P3 at site Pz in time interval 270–370 ms. after stimulus 1. P3 go at Pz in time interval 260–400 ms. after stimulus 2. P3 no-go at site Cz in time interval 300–500

ms. after stimulus 2.
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examined and found impaired in ADHD patients.

Traditionally, EFs are assessed applying rating scales and

neuropsychological tests. There has been ongoing interest

in the clinical utility and the convergence of these EF

measures.65 In addition to the conventional measures of

EF, cognitive ERPs have been used for several decades in

Table 3 Correlations Between BRIEF, Test Scores and ERPs for Age Group 10–12 (N = 28)

BRIEF Omi Com RT RTvar CueP3 P3go P3no-go

BRIEF GEC Correlation 0.082 0.390* −0.409* −0.173 −0.032 −0.246 0.402*
Sig. (2-tailed) 0.685 0.044 0.034 0.388 0.874 0.217 0.038

Omi Correlation 0.257 −0.101 0.518** 0.095 −0.040 −0.173

Sig. (2-tailed) 0.187 0.609 0.005 0.630 0.841 0.379

Com Correlation −0.658** 0.075 0.160 −0.113 0.497**

Sig. (2-tailed) 0.000 0.704 0.417 0.568 0.007

RT Correlation 0.300 −0.196 −0.064 −0.573**
Sig. (2-tailed) 0.120 0.317 0.745 0.001

RTvar Correlation −0.097 −0.456* −0.310

Sig. (2-tailed) 0.625 0.015 0.109

CueP3 Correlation 0.454* 0.060

Sig. (2-tailed) 0.015 0.763

P3go Correlation 0.235

Sig. (2-tailed) 0.229

P3no-go Correlation

Sig. (2-tailed) .

Notes: Significant correlations are marked in bold. **Correlation is significant at the 0.01 level (2-tailed). *Correlation is significant at the 0.05 level (2-tailed).

Abbreviations: BRIEF, Global Executive Composite (GEC); Omi, omissions; Com, Commissions; RT, Reaction time; RTvar, reaction time variability.

Table 4 Correlations Between BRIEF, Test Scores and ERPs for Age Group 13–17 (N = 31)

GEC Omi Com RT RTvar CueP3 P3go P3no-go

BRIEF GEC Correlation −0.288 0.161 −0.086 −0.078 −0.291 −0.062 0.080

Sig. (2-tailed) 0.116 0.386 0.644 0.676 0.112 0.742 0.670

Omi Correlation 0.273 0.350 0.684** −0.038 −0.259 −0.377*
Sig. (2-tailed) 0.138 0.053 0.000 0.840 0.159 0.036

Com Correlation −0.197 0.135 −0.053 0.048 0.138

Sig. (2-tailed) 0.288 0.467 0.778 0.796 0.459

RT Correlation 0.763** −0.152 −0.290 −0.705**
Sig. (2-tailed) 0.000 0.414 0.113 0.000

RTvar Correlation −0.127 −0.245 −0.655**

Sig. (2-tailed) 0.496 0.184 0.000

CueP3 Correlation 0.311 0.395*

Sig. (2-tailed) 0.089 0.028

P3go Correlation 0.500**

Sig. (2-tailed) 0.004

P3no-go Correlation

Sig. (2-tailed)

Notes: Significant correlations are marked in bold. **Correlation is significant at the 0.01 level (2-tailed). *Correlation is significant at the 0.05 level (2-tailed).

Abbreviations: BRIEF, Global Executive Composite (GEC); Omi, omissions; Com, Commissions; RT, Reaction time; RTvar, reaction time variability.
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research but are not widely used in clinics. To better

understand the relations between these “methods” of EF

assessment, and to gain more insight regarding the clinical

relevance of ERPs, the aim of this study was to examine

how conventional measures of EF (BRIEF ratings and

CPT test scores) in ADHD relate to electro-cortical signa-

tures of EF. We also wanted to explore the age effects by

comparing children with adolescents and by performing

correlations between different measures of EF separately

for each age group. In short, results showed that the

associations between these indices were subtle and, more-

over, that they varied with age.

With regard to research question 1, we noted differ-

ences between the two age groups on two of the ERPs.

Specifically, the child group had larger Cue p3 amplitude

and smaller P3no-go amplitudes compared with the ado-

lescent group, whereas no significant difference was seen

for the P3go component. This suggests that the develop-

ment of ERP amplitudes differs depending on which ERP

component is in focus, which is a finding obtained in prior

research on non-ADHD samples. Both Jonkman50 and

Hämmerer et al66 similarly report that children show

increased Cue P3 in children than in adolescents and

adults. This might reflect higher alertness in this age

group and more generally that the readiness to utilize

cues to guide actions is early developing. On the CPT

test scores there were differences with regards to the

speed and the variability in responding with adolescents

performing faster and more stable than children. In the

correlation analyses in the full sample, also omissions

were fewer with increasing age.

Turning to research question 2, in the adolescent group,

no significant correlations between ratings of EF and CPT

test data were found. This is in line with many previous

findings (see Toplak39). Importantly, this result does not

necessarily mean that any (or both) of these measures are

invalid indicators of EF. In fact, it has been suggested that

these methods should not be used interchangeably as par-

allel measures of executive function in clinical assess-

ments. Both domains of assessment are potentially useful

and valuable, but they provide different types of informa-

tion in the context of clinical assessment.39 Toplak et al39

further describes how neuropsychological test results indi-

cate how well the individual can perform in a situation

with structure and guidance (“optimal performance”),

whereas the EF ratings potentially provide a broader pic-

ture of how the individual manages to function in a world

full of distractions and with a constant need to prioritize.

In the child group, we did find that high problem scores

on the BRIEF correlated with more commissions, and

a fast reaction time, which collectively indicate problems

with impulsivity. This difference in the child vs the ado-

lescent group may help to explain diverging findings

obtained in this field, as the age of the child seems to

affect how the association between EF test scores and

ratings manifest. At this stage, we do not know why

associations between ratings and test scores of EF were

seen only in the child group. One possibility – inspired by

the reasoning of Toplak et al – is that differences between

children and adolescents in the amount of independence

expected and allowed for in their everyday living will

impact the kinds of EF capacities tapped by a parent rating

and consequently the strength of the rating’s association

with EF test scores. If, as Toplak et al reason, ratings are

superior to test scores in indexing the individual’s goal-

setting capacities in relation distractions and other envir-

onmental factors in everyday life whereas test scores are

superior in measuring an individual’s optimal performance

during guidance and structure, it might be the case that

young children’s everyday life is more similar to a test

situation since there is typically adults around for guidance

and structure. This hypothesis could potentially help

explain why parent ratings and test scores were associated

only in the child group. This hypothesis needs to be tested

further in future studies.

Regarding ERPs, the analyses revealed some striking

differences in the patterns of correlations in the two age

groups. In the child group, a significant positive correla-

tion was found between P3no-go and BRIEF scores. The

direction of the correlation is somewhat unexpected as is

indicates that a strong P3no-go amplitude aligns with

high levels of executive difficulties according to parent

ratings. In addition, we found in the same subgroup that

a high rate of commissions correlated positively with

P3no-go. Taken together, the pattern of these correlations

indicates that larger P3no-go amplitudes in the 9–12-year

-olds with ADHD mirror increased impulsivity. Although

the specifics are to be settled, existing accounts of the

P3no-go component, informed mainly on research on

adults, suggest that a strong component reflects better

cognitive control.41 It has further been reported that the

component often is small or absent in young children

under the age of approx. 9 years.50 In all ERP studies

applying paradigms such as ours, P3 no-go amplitude and

fast RT are positively correlated. In CPTs impulsivity is

characterized by a high number of commission errors and
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fast RT. This may create a strong P3 no-go component

reflecting impulsivity and not cognitive control. If so,

a strong amplitude of P3 no-go in a patient with fast RT

and many commissions should not be considered an indi-

cation of good cognitive control. As mentioned, P3 no-go

may be weak or absent in young TD children. This may

explain why the “impulsivity P3 no-go” significantly

contributed to the P3 no-go amplitude in the child

group, but not in the adolescent group. To the best of

our knowledge, it has never previously been shown that

the amplitude of P3 no-go is associated with increased

impulsivity in middle childhood patients with (or with-

out) ADHD, and therefore the current findings are in need

of replication. It has, however, been shown previously

that ERP components are dynamic phenomena that can be

affected by task instructions. For instance, Aasen and

Brunner found that asking participants to optimize

response speed as compared to instructions to prioritize

accurate responding during CPT enhanced the activation

of cognitive processes reflected in several of the investi-

gated ERP components, including P3no-go amplitude.67

Even though the instructions were the same for all parti-

cipants in the current study, it might be that young, more

impulsive children with ADHD “chose” to prioritize

speed over accuracy to a higher extent and that this

could help explain why P3no-go amplitudes seem to

mirror impulsivity in the child group.

In the adolescent group, significant negative correla-

tions were found between P3no-go and omissions, reaction

time, and RTvar. These findings are in line with a large

body of research showing that the amplitude of the P3no-

go component is associated with better cognitive control.

It is also interesting that the CPT variables that were

linked with P3no-go amplitudes – ie omissions and reac-

tion-time variability – are the CPT variables often seen to

be particularly impaired in ADHD.26 Collectively, our

study provides a combination of new results and corro-

borations of prior findings, and thus contributes to

a refined understanding of brain-behavior relations during

executive processes in ADHD. In particular, the results

underscore the importance of considering age effects.

Our distinction into age subgroups was motivated by con-

siderations in the existing literature. Indeed, Johnstone et al47

note in their review that prior ERP research have “appropri-

ately used a small age-range, with child participants aged

approximately 7–12 years [. . .], or similarly, adolescent parti-

cipants aged approximately 13–18 years“ (p 645). That said,

future research aiming to explore age effects of ERPs in

children and adolescents might want to examine how the

ERP amplitudes relate to other measures of EF without mak-

ing a priori decision of where any categorical age distinctions

should be placed. Such analyses would likely need larger

samples sizes. We finally also did complementary analyses

using the full sample with collapsed age-groups for descriptive

purposes. Although these linear correlations are silent to the

possibility of different functional meaning of the P3 no-go

component, they provide descriptive information regarding

changes with age.

Clinical Implications
Rating scales, neuropsychological tests (CPTs) and cogni-

tive ERPs have all been proposed as methods for the

assessment of EFs. It has been argued that ratings and

tests index different levels of executive function, and

therefore correlations can be expected to be rather weak.

This study is in line with such a proposal. In order to

provide best possible support in clinical contexts, the

result underscore the need of integrating or comparing

different sources of information in order to understand

individual’s functioning in different milieus and condi-

tions. In addition, the picture is probably even more com-

plex if we also consider teachers rating and self ratings

that were not included in the current study. Hence, it is

important to know that these measures can not be consid-

ered interchangeable as measures of EF. The pattern of

deviances in ERPs may indicate which basic processes that

are impaired (preparing, monitoring, inhibition etc.),

which in the future, this may guide treatment options

(medication response, cognitive training, etc). The current

study also suggest that we need more basic research on

how the ERPs manifest EF function in children of different

ages and how they relate to other measures of EF.

Limitations and Future Directions
A first set of possible limitations has to do with the choice

of task paradigm during CPT and ERP assessment. In

particular, the associations between ERPs and test data

may have been affected by the fact that performance

scores and the ERPs were all extracted from the same

CPT session. If a separate CPT, not involved in ERP

registrations, had been used, we do not know whether

the same correlations would have been found. Relatedly,

we chose to focus on CPT performance rather than asses-

sing performance on a broader set of neuropsychological

capacities such as planning or switching. Finally, we also

chose to focus on a selection of ERPs, while not focusing
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on others ERPs (eg N2, CNV, P1). The ERPs were

selected based on a considerations of reliability and that

they have been shown to be associated with ADHD and

cognitive control/EF in prior research. Moreover, we chose

to focus on a rather small number of ERP variables in

order not to include too many variables in the analyses.

Future research is needed to determine the possible rele-

vance of such methodological choices.

A second possible limitation has to do with the sample.

Our findings are based on a group of 59 pediatric ADHD

patients, most of whom also had “comorbid” disorders such

as learning disorders. The high rate of comorbidity in both

age groups reflects clinical reality in the field of pediatric

ADHD, but, by implication, we do not know to what degree

the results apply specifically for “pure ADHD”, or for other

co-occurring neurodevelopmental symptoms or disorders.

Therefore, future research should specifically examine if

comorbidity patterns affect the manifestation of EF deficits

as assessed with ratings, tests and ERPs. A final potential

weakness is the lack of a typically developing comparison

group of children and adolescents without ADHD as well as

“non-ADHD” neurodevelopment disorders cases. While we

find it hard to see how the inclusion of such groups could

affect the conclusions obtained here, it is important to note

that we really do not know whether the pattern of results

presented here reflects only children/adolescents with

ADHD or if they mirror more general developmental pat-

terns. We believe these are all important topics for future

research to address.
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