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ABSTRACT 

 

Background: The processes underlying persistence and remission of attention-deficit/hyperactivity 

disorder (ADHD) are poorly understood. We aimed to examine whether cognitive and 

neurophysiological impairments on a performance monitoring task distinguish between ADHD 

persisters and remitters.  

Methods: On average six years after initial assessment, 110 adolescents and young adults with 

childhood ADHD (87 persisters, 23 remitters) and 169 age-matched controls were compared on 

cognitive-performance measures and event-related potentials (ERPs) of conflict monitoring (N2) and 

error processing (ERN, Pe) from an arrow flanker task with low- and high-conflict conditions. ADHD 

outcome was examined with parent-reported symptoms and functional impairment measures using 

a categorical (DSM-IV) and a dimensional approach.  

Results: ADHD persisters were impaired compared to controls on all cognitive-performance and ERP 

measures (all p<0.05). ADHD remitters differed from persisters, and were indistinguishable from 

controls, on the number of congruent (low-conflict) errors, reaction time variability (RTV), ERN and 

Pe (all p≤0.05). Remitters did not differ significantly from the other groups on incongruent (high-

conflict) errors, mean reaction time and N2. In dimensional analyses on all participants with 

childhood ADHD, ADHD symptoms and functional impairment at follow up were significantly 

correlated with congruent errors, RTV and Pe (r=0.19-0.23, p≤0.05).  

Conclusions: Cognitive and neurophysiological measures of attention-vigilance and error detection 

distinguished ADHD remitters from persisters. These results extend our previous findings with other 

tasks (Cheung et al. 2015), and indicate that such measures are markers of remission and candidates 

for the development of non-pharmacological interventions. 
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INTRODUCTION 

 

The identification of cognitive and neural processes underlying the trajectories of persistence and 

recovery from childhood-onset disorders during the transition to adulthood has the potential to 

prevent negative long-term outcomes (1, 2). Attention-deficit/hyperactivity disorder (ADHD) is a 

neurodevelopmental disorder affecting 5-6% of children and adolescents worldwide (3, 4). ADHD 

often persists into adulthood, where the prevalence rate is around 2-3% (5), with severe impact on 

many aspects of individuals’ lives (6, 7). Although in a proportion of cases ADHD symptoms reduce to 

subclinical levels from childhood to adulthood (8), little is known about the compensatory processes 

and enduring deficits of ADHD. 

 

It has been proposed that the cognitive processes associated with persistence of ADHD across 

development may be separate from those linked to the remission of the disorder (9). However, 

empirical data to date are inconsistent with regard to the exact pattern of cognitive impairments 

that distinguish ADHD remitters from persisters. While some studies comparing ADHD remitters and 

persisters have linked remission to better executive function performance (1, 10), other studies have 

found no differences between ADHD remitters and persisters in adolescence and adulthood on 

measures of executive functions (11-15). 

 

The assessment of neurocognitive processes using cognitive and brain activity data may allow a 

deeper understanding of the developmental trajectories of ADHD. Our recent investigation of 

adolescents and young adults with childhood ADHD assessed on a range of cognitive, event-related 

potential (ERP) and electroencephalography (EEG) measures found that ADHD remitters differed 

from persisters, but not from controls, on preparation-vigilance measures (RTV, omission errors, ERP 

activity of response preparation, and delta and theta activity) and actigraph data on movement. 

Executive-function processes of inhibition and working memory (commission errors, digit span 
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backwards and ERP activity of inhibitory control), instead, were not sensitive to ADHD 

persistence/remission, as ADHD remitters showed an intermediate pattern between persisters and 

controls, without significant differences from either group (14). Further combined investigations of 

cognitive and neurophysiological data may aid our understanding of the mechanisms underlying 

ADHD remission and persistence. 

 

Neurocognitive impairments in ADHD include deficits in performance monitoring, an essential 

cognitive ability in goal-directed behavior to monitor ongoing performance and adjust response 

selection (16-18). The investigation of performance-monitoring impairments with ERP parameters, 

including the N2 and the error-related negativity (ERN or Ne) and positivity (Pe), in individuals with 

ADHD may provide new information to elucidate the neurocognitive pathways of remission. The N2 

is a fronto-central stimulus-locked negative deflection mostly observed 200-400 ms after the 

presentation of stimuli inducing high conflict (such as incongruent stimuli) and when a correct 

response is made (17, 19). This ERP reflects a conflict-monitoring process, as it results from the 

conflict arising from two competing responses and evaluation of the correct response (19). When a 

participant makes an error, the ERN, a fronto-central response-locked negative deflection at around 

0-150 ms is observed, followed by the Pe, a centro-parietal positive enhancement at around 200-400 

ms after response (20-22). The ERN is thought to reflect unconscious activity of a generic response-

monitoring system immediately after a mistake is made, while the Pe is thought to represent 

conscious error processing to adjust response strategy (23).  

 

In ADHD, N2 attenuation in the flanker task has been reported in children and adults with ADHD (24-

26), although two smaller studies failed to replicate this finding (27, 28). With regard to ERN and Pe 

attenuation in ADHD, a recent meta-analysis found an overall ERN attenuation in performance 

monitoring tasks (29). Pe attenuations in ADHD samples were significant in Go/NoGo tasks, but not 

flanker tasks. Yet, data on these ERPs in individuals with ADHD are overall limited, and study samples 
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have remained small. Furthermore, studies have not, to date, investigated the association between 

neurophysiological performance monitoring and ADHD persistence and remission. One recent study 

showed that ERN and Pe deficits may be improved with motivational incentives or methylphenidate 

medication in ADHD groups (30), suggesting malleability of the error-processing impairments in 

ADHD.  

 

In the present study, we aimed to extend our recent findings (14) by investigating cognitive and 

neurophysiological impairments from a performance monitoring task in adolescents and young 

adults with persistent and remitted ADHD. We examined ADHD outcome with parent-reported 

symptoms and functional impairment measures using both a categorical (DSM-IV) and a dimensional 

approach. Based on our previous results and evidence of potentially malleable neurophysiological 

error processing, we predicted that cognitive measures underlying non-executive processes and 

ERPs of error processing (ERN/Pe) would distinguish between ADHD persisters and remitters, and 

represent markers of remission. We further predicted that cognitive indices of executive control 

would not vary with persistence or remission of ADHD. No formal predictions were made for ERP 

measures of conflict monitoring (N2), owing to absence of any evidence suggesting a possible 

association with remission or persistence of ADHD. 
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METHODS AND MATERIALS 

 

Sample  

 

The sample consists of 279 participants, who were followed up on average 5.8 years (SD=1.1) after 

initial assessments: 110 had a diagnosis of DSM-IV combined-type ADHD in childhood (10 sibling 

pairs and 90 singletons) and 169 were control participants (76 sibling pairs and 17 singletons) (14, 

31). Participants with ADHD were initially recruited from specialized ADHD clinics (32), and control 

participants from schools in the UK. Information on any diagnosed neurodevelopmental and 

psychiatric conditions and medication use were collected through neuropsychiatric screening. 

Exclusion criteria at both assessments included: IQ < 70, autism, epilepsy, brain disorders and any 

genetic or medical disorder associated with externalizing behaviors that might mimic ADHD. Other 

comorbidities were not excluded in order to have an ADHD sample that is representative of the 

clinical population. At follow up, we excluded six control participants who met DSM-IV ADHD criteria 

based on the parent-reported Barkley Informant Rating Scale (33) and six participants with ADHD 

who had missing parent ratings of clinical impairments. Two participants with childhood ADHD, who 

did not meet ADHD symptom criteria but met clinical levels of impairment at follow up, were also 

excluded to minimise heterogeneity in the sample. 

 

Among those with childhood ADHD, 87 (79%) continued to meet clinical (DSM-IV) levels of ADHD 

symptoms and impairment (ADHD ‘persisters’), while 23 (21%) were below the clinical cut-off (ADHD 

‘remitters’) (31). Among ADHD remitters, 14 displayed ≥ 5 items on either the inattention or 

hyperactivity/impulsivity symptom domains, but did not show functional impairment. ADHD 

persisters, remitters and controls did not differ in age, but there were significantly more males in the 

remitted group than in the other two groups, with no females among ADHD remitters (Table 1). 

Participants attended a single research session for clinical, IQ and cognitive-EEG assessments. Almost 
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half (47%) of the participants with childhood ADHD were being treated with stimulant medication at 

follow up. Those who were on medication scored significantly higher on ADHD symptoms (F=11.34, 

p<.01) and functional impairment (F=5.22, p<.01) than those who were not taking medication. 

However, the proportion of participants on medication did not differ between ADHD persisters and 

remitters (χ²=1.95, p=.16). A 48-hour ADHD medication-free period was required prior to 

assessments. Three ADHD persisters (3.4%) were also on antidepressant medication, but were not 

asked to stop taking them for ethical reasons. These participants were included in all analyses as 

their exclusion did not alter the results. Parents of all participants gave informed consent following 

procedures approved by the London-Surrey Borders Research Ethics Committee (09/H0806/58). 

 

ADHD diagnosis 

 

The diagnostic interview for ADHD in adults (DIVA) (34) was conducted by trained researchers with 

parents of the ADHD probands, to assess DSM-IV-defined ADHD presence and persistence. Raw 

scores for inattention and hyperactivity/impulsivity symptoms (range 0-9 for each dimension) were 

generated for each participant. Evidence of impairment commonly associated with ADHD was 

assessed with the Barkley’s functional impairment scale (BFIS) (33) during interviews with parents. 

Each item ranges from 0 (never or rarely) to 3 (very often). Participants were classified as ‘affected’ 

at follow-up if they scored ≥ 6 in either the inattention or hyperactivity/impulsivity domains on the 

DIVA and ≥ 2 on two or more areas of impairments on the BFIS. We defined ADHD outcome using a 

categorical definition of persistence based on diagnoses, as well as a dimensional approach based on 

levels of symptoms of ADHD and impairments measured as continuous traits.  
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IQ assessment 

 

An estimate of IQ was derived with the vocabulary and block design subtests of the Wechsler 

Abbreviated Scale of Intelligence (WASI) (35). 

 

Task 

 

The task was an adaptation of the Eriksen Flanker paradigm designed to increase cognitive load as 

used in previous studies (24, 25, 36). In each trial a central black fixation mark was replaced by a 

target arrow (a black 18 mm equilateral triangle). Participants had to indicate whether this arrow 

pointed towards the left or right by pressing corresponding response buttons with their left or right 

index fingers. Two flanker arrows identical in shape and size to the target appeared 22 mm above 

and below the centre of the target arrow 100 ms prior to each target arrow. Both flankers either 

pointed in the same (congruent) or opposite (incongruent) direction to the target. As such, conflict 

monitoring is maximal during the incongruent condition. When the target appeared, both target and 

flankers remained on the screen for a further 150 ms, with a new trial being presented every 1650 

ms. Two hundred congruent and 200 incongruent trials were arranged in 10 blocks of 40 trials over 

13 minutes. For further details on the task see Supplement 1. Cognitive-performance measures of 

mean reaction time (MRT), RTV (SD of RTs) and number of errors (left-right errors occurring when 

participants chose the wrong left or right response) were calculated separately for congruent and 

incongruent conditions.  

 

Electrophysiological recording and processing  

 

The EEG was recorded from a 62 channel DC-coupled recording system (extended 10–20 montage), 

using a 500 Hz sampling-rate, impedances under 10 kΩ, and FCz as the recording reference. The 
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electro-oculograms (EOGs) were recorded from electrodes above and below the left eye and at the 

outer canthi. EEG data were analyzed using Brain Vision Analyzer 2.0 (Brain Products, Germany). 

Raw EEG recordings were down-sampled to 256 Hz, re-referenced to the average of all electrodes 

(turning FCz into an active channel), and filtered using Butterworth band-pass filters (0.1-30 Hz, 24 

dB/oct). All trials were visually inspected for electrical artifacts or obvious movement, and sections 

of data containing artifacts were removed manually. Ocular artifacts were identified using the 

infomax Independent Component Analysis algorithm (ICA) (37). Sections of data containing artifacts 

exceeding ± 100 μV or with a voltage step greater than 50 μV were automatically rejected. Baseline 

correction was applied using the -300 to -100 ms pre-target (-200 to 0 ms pre-flanker) interval. 

 

Analyses of ERPs of performance monitoring were restricted to incongruent trials, as the task used in 

this study is known to elicit strong N2, ERN and Pe components in high-conflict, but not in low-

conflict, conditions (24, 25, 36). Data were segmented based on (1) stimulus-locked incongruent 

trials where a correct response was made and (2) response-locked (error-related) incongruent trials 

where an incorrect response was made. Individual averages were created based on each condition, 

requiring ≥ 20 clean segments for each participant. After averaging, the electrodes and latency 

windows for ERP analyses were selected based on previous studies (23-25, 38), topographic maps 

and the grand averages (Figures 1-2). The N2 was measured as maximum negative peak at Fz and 

FCz between 250-450 ms after target onset. The ERN was defined with respect to the preceding 

positivity (PNe, -100-50 ms) and measured at FCz between 0-150 ms. This peak-to-peak measure has 

proven to be a robust measure of this component (20, 23, 39) and was favored over a peak-to-

baseline (maximal amplitude) measure as the former distinguished ADHD from controls in 

independent samples using this version of the Eriksen flanker task (24, 25, 40); it was therefore the 

ideal candidate in relation to ADHD remission/persistence (for further details see Supplement 1). 

The Pe was measured as maximum positive peak at CPz between 150-450 ms after an erroneous 

response on incongruent trials.  
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Statistical analyses 

 

For RTV and errors we tested overall effects of group (ADHD persisters, remitters, controls), 

condition (congruent, incongruent) and group*condition interaction using random intercept models 

in Stata (StataCorp, College Station, TX) to control for genetic relatedness of the sibling pairs in a 

repeated-measures design. A random intercept model was also run to test the effect of group, scalp 

site (Fz, FCz) and group*site interaction on the N2. ERN and Pe were analyzed with regression 

models with dummy variables to identify overall group effects, controlling for sibling relatedness 

with the ‘robust cluster’ command in Stata. Age correlated significantly with several of the cognitive-

ERP measures (Table S1, Supplement 1), and was therefore included as a covariate in group 

analyses. On measures that indicated a group effect, post-hoc regressions were performed. The 

majority of our sample consisted of males (80%), and thus primary analyses were performed on the 

whole sample without accounting for sex differences. As groups were not matched on gender (no 

female in the sample remitted from ADHD) (Table 1), analyses were re-run with the females (15 

ADHD persisters and 41 controls) removed. Cohen’s d effect sizes are presented along with means, 

SDs and test statistics for the group analyses (Table 2), where 0.20 is considered a small effect, 0.50 

a medium effect and 0.80 a large effect (41). Pearson correlations examined which measures 

correlated with DIVA ADHD symptom scores and functional impairment, in those with a childhood 

ADHD diagnosis, with age and gender included as covariates.  

 

As ADHD persisters had a lower IQ than remitters (Table 1) (14), and higher IQ in childhood was 

associated with ADHD remission at follow-up in this sample (31), all analyses were also re-run 

controlling for IQ. All cognitive-ERP measures were skewed and log-transformed to normal. Three 

participants (ADHD persisters) were excluded from the N2 analysis and 39 (13 ADHD persisters 

(15%), 3 ADHD remitters (13%), 23 controls (14%)) from the ERN/Pe analysis due to having < 20 
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artifact-free ERP segments, similar to previous studies using this paradigm (24, 25) and reflecting a 

similar exclusion ratio across groups.  

 

[Table 1 about here] 

 

RESULTS 

 

Group differences 

 

An overall group effect emerged on all cognitive-performance and ERP measures (Table 2, Figures 1-

2). Post-hoc analyses showed that ADHD persisters had significantly higher MRT, RTV, number of 

errors, enhanced N2 (at Fz, but with a trend for reduction at FCz, pointing to topographic 

differences, as shown in Figure S1, Supplement 1) and reduced ERN and Pe compared to controls, 

with small-to-large effect sizes. Significant differences between ADHD remitters and persisters 

emerged on congruent and incongruent RTV, congruent errors, ERN and Pe, with medium-to-large 

effect sizes. ADHD remitters did not differ from persisters on MRT in either condition, on 

incongruent errors and N2, with null-to-small effect sizes. ADHD remitters and controls significantly 

differed on incongruent RTV, with a medium effect size, and at trend-level with small effect sizes for 

incongruent errors and incongruent MRT.  

 

Controlling for IQ, group effects on MRT in both conditions and N2 at FCz were non-significant (Table 

2). Differences between remitters and persisters became non-significant in incongruent RTV, and 

trends in ERN and Pe. Remitters and controls differed at trend-level in incongruent RTV, but not in 

incongruent errors. Results for other variables remained unchanged. When repeating the analyses 

with females removed, the difference between ADHD persisters (n=63) and remitters (n=20) became 

a trend for the ERN and non-significant for the Pe. Given the small female sample sizes (n=15; of 
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which only n=11 with data on ERN and Pe) and the discrepancy in the size of male and female 

groups, sex differences were not directly tested. Yet, the effect sizes in the male-only sample (d=0.47 

for the ERN, d=0.34 for the Pe) were comparable or only slightly reduced compared to those of the 

full sample. Remitters significantly differed from controls on incongruent MRT, congruent and 

incongruent RTV, but not on incongruent errors. All other results remained unchanged. For further 

details see Supplement 1. 

 

[Table 2 about here] 

 

Associations with ADHD symptoms and impairments 

 

Among those with childhood ADHD (n=110), both ADHD symptoms and impairment at follow up 

significantly correlated with the Pe (Table 3). ADHD symptoms also significantly correlated with RTV 

in both conditions, and functional impairment with congruent errors and at trend level with 

incongruent RTV and N2 at Fz. When IQ was controlled for, the correlation of ADHD symptoms or 

impairment with RTV became non-significant, and the correlation between functional impairment 

and congruent errors became a trend (Table 3). 

  

[Table 3 about here] 

 

DISCUSSION 

 

In this first large scale investigation of cognitive and neurophysiological performance monitoring in 

adolescents and young adults with ADHD we found that ADHD remitters had enhanced cognitive 

processes of attention-vigilance (RTV and congruent errors) and neurophysiological error processing 

(ERN and Pe) compared to persisters. Attention-vigilance measures and conscious error processing 
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were also associated with the continuum of ADHD symptoms and impairment at follow up. 

Conversely, measures of executive control (incongruent errors), speed of processing (MRT) and 

neurophysiological conflict monitoring (N2) did not distinguish remitters from persisters, thus were 

not sensitive to remission or persistence of the disorder. Processes of attention-vigilance and 

neurophysiological error processing can be markers of remission from ADHD, and may be sensitive 

to the effects of training or compensatory mechanisms. 

 

RTV, measuring intra-individual variability in RT, and number of congruent errors in the low-conflict 

condition distinguished ADHD remitters from persisters, but not from controls, and were also 

correlated with continuous ratings of ADHD symptoms and impairment. Impairments in such 

measures in the congruent condition of the flanker task may result from lapses in attention, and 

index attention-vigilance processes. Neurophysiological measures of error processing (ERN and Pe), 

showed the same association with ADHD remission. Conscious error processing (Pe) also correlated 

with the continuous ADHD symptoms and functional impairments at follow up. Of note, the group 

difference observed on this peak-to-peak ERN were likely explained by the voltage change from the 

PNe to the negative ERN peak (see Supplement 1). This measure captures the response-locked 

oscillatory pattern immediately before and after an error is made, and as such may reflect early 

attentional processes linked to automatic error detection. Conversely, incongruent errors in the 

high-conflict condition, likely reflecting a failure in executive control, and MRT in left-right responses 

at every trial, likely measuring speed of processing in this task that induces high cognitive demands, 

did not distinguish ADHD remitters from persisters. Similarly, neurophysiological conflict monitoring 

(N2) did not differ between ADHD groups, potentially indicating suboptimal parallel stimulus 

processing regardless of remission/persistence (17, 42). Remitters also showed lower RTV in the 

incongruent condition than persisters, but were still impaired compared to controls. Given the 

higher levels of executive control elicited in the incongruent condition, this could result from joint 
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influences of both attention-vigilance and executive processes. Therefore, RTV in the incongruent 

condition may be less sensitive to remission than in the congruent condition.  

 

Primary analyses did not control for IQ, as lower-mean IQ in ADHD samples represents one of 

multiple cognitive processes underlying ADHD pathophysiology (43, 44), and the etiological 

influences shared between ADHD and IQ are largely separate from those shared with other cognitive 

impairments (45-47). Thus by removing IQ effects when investigating the relationship between 

ADHD and cognitive-ERP variables one may also control for features of ADHD related to IQ (48, 49). 

In this sample ADHD remission was associated with higher IQ measured both in childhood and at 

follow up (14, 31). As such, it may be that higher IQ represents a potential compensatory mechanism.  

To test the association between cognitive-ERP measures and remission/persistence beyond the 

influence of IQ, we also repeated the analyses covarying for IQ. When controlling for IQ, overall 

group differences for MRT were no longer significant, suggesting that group differences on this 

measure may reflect ADHD impairments related to IQ. Moreover, remitters were more similar to 

persisters in some markers of remission (RTV, ERN and Pe) when removing the IQ effects. This 

further points to an association between IQ and better cognitive-neurophysiological profiles in ADHD 

remitters.  

 

The present study extends the findings in our previous investigation that used a cued continuous 

performance test (CPT-OX), a four-choice RT task and WASI measures of IQ and digit span (14). 

Attention-vigilance and error detection showed a similar pattern to that found in our previous 

analyses for preparation-vigilance measures (RTV, omission errors, ERP activity of response 

preparation, and delta and theta activity), while executive control (measured by incongruent errors), 

speed of processing (MRT for left-right responses) and conflict monitoring (N2) did not distinguish 

remitters from persisters, similar to measures of inhibition and working memory in our previous 

investigation (14). ADHD remitters showed an intermediate pattern between persisters and controls 
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on this latter group of measures: they showed no significant differences from either group on the 

N2, but trend-level differences from controls on incongruent errors and MRT, suggesting that the 

latter two measures may potentially represent markers of enduring deficits. Our findings align with 

four recent studies reporting no differences between ADHD remitters and persisters in executive 

control (11-14), but not with two earlier studies that suggested a link from ADHD remission to better 

executive function (1, 10). More broadly, our findings are in line with evidence for a separation of 

ADHD neurocognitive impairments into bottom-up and top-down processes supported by 

genetically-sensitive studies (32, 50). Our results are also consistent with reports of ADHD-sensitive 

improvement following rewards in RTV and ERPs of error processing (30, 51, 52), suggesting that 

such processes are malleable and may improve with the additional allocation of cognitive arousal 

and motivational incentives in ADHD samples. Future studies may further characterize the 

relationship between ADHD outcome and performance/conflict monitoring processes by 

using tasks with different ratios of congruent and incongruent trials, which may produce 

stronger enhancement of conflict processes (53), potentially coupled with single-trial measures 

to examine trial-to-trial adjustments (54).  

 

A limitation of this study is that, despite the large sample size, the low ADHD remission rate at 

follow-up resulted in a relatively small group of remitters. Therefore we could not rule out the 

possibility that some non-significant differences between remitters and other groups could be due 

to low power. However, we observed medium-to-large effect sizes (d=0.44-0.75) between persisters 

and remitters in measures representing markers of remission, but small or negligible effect sizes 

(d=0.02-0.28) in measures not sensitive to ADHD outcome at follow-up, suggesting this study had 

sufficient power to detect the major correlates of remission with the current sample sizes. Secondly, 

when we repeated the analyses for males only, differences between remitters and persisters in the 

ERN and Pe were reduced. However, the small sample of females did not allow a direct examination 

of sex differences. Future studies, including a higher number of female participants, are needed to 
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further investigate these processes also in females. Finally, our sample included young adults as well 

as adolescents, who are still undergoing rapid cortical maturation. While we controlled for age in all 

analyses, future follow-up assessments with participants having reached adulthood and when more 

ADHD participants may have remitted could clarify matters further.  

 

Overall, we report that attention-vigilance and neurophysiological error processes were impaired in 

ADHD persisters but not in remitters, and may be sensitive to compensatory mechanisms in those 

who remit from the disorder. These processes may be targets for non-pharmacological interventions 

or behavioral training aimed at alleviating some of the long-term outcomes of ADHD. Conversely, 

cognitive measures of executive control, speed of processing and conflict monitoring were not 

sensitive to ADHD remission/persistence. Considering the importance of using a broad range of 

cognitive and neural measures in investigating the mechanisms underlying neurodevelopmental 

disorders (2), our cognitive and neurophysiological investigation provides an improved 

understanding of the trajectories to ADHD remission and persistence. Future studies should aim to 

investigate the neural sources and neurobiological mechanisms underlying these markers of 

remission, in order to pave the way towards the development of new interventions aimed at 

stimulating processes that are sensitive to remission to reduce severe long-term outcomes of the 

disorder.  

  



Michelini, Kitsune et al.   17 
 

AKNOWLEDGMENTS 

 

We thank all who made this research possible: our participants and their families; Jessica Deadman, 

Hannah Collyer and Sarah-Jane Gregori. This project was supported by generous grants from Action 

Medical Research and the Peter Sowerby Charitable Foundation (grant GN1777 to Prof Jonna 

Kuntsi). Initial cognitive assessments of the ADHD and control groups in childhood, and the 

recruitment of the control sample were supported by UK Medical Research Council grant G0300189 

to Prof Jonna Kuntsi. Initial sample recruitment of the ADHD group was supported by NIMH grant 

R01MH062873 to Prof Stephen V. Faraone. Giorgia Michelini is supported by a 1+3 PhD studentship 

awarded by the MRC Social, Genetic and Developmental Psychiatry Centre, Institute of Psychiatry, 

Psychology and Neuroscience, King’s College London (grant G9817803). Prof Philip Asherson is 

supported by generous grants from the National Institute for Health Research Biomedical Research 

Centre for Mental Health at King’s College London, Institute of Psychiatry, Psychology and 

Neuroscience and South London and Maudsley National Health Service (NHS) Foundation Trust. 

 

 

  



Michelini, Kitsune et al.   18 
 

FINANCIAL DISCLOSURES 

 

Prof Philip Asherson has received funding for research by Vifor Pharma, and has given sponsored 

talks and been an advisor for Shire, Janssen–Cilag, Eli-Lilly, Flynn Pharma and Pfizer, regarding the 

diagnosis and treatment of ADHD. All funds are received by King’s College London and used for 

studies of ADHD. Prof Tobias Banaschewski has served as advisor or consultant for Bristol Myers-

Squibb, Develco Pharma, Lilly, Medice, Novartis, Shire and Vifor Pharma; he has received conference 

attendance support and conference support or speakers honoraria from Janssen McNeil, Lilly, 

Medice, Novartis and Shire, and has been involved in clinical trials conducted by Lilly and Shire. All 

other authors report no biomedical financial interests or potential conflicts of interest.  

  



Michelini, Kitsune et al.   19 
 

REFERENCES 

 

1. Halperin JM, Trampush JW, Miller CJ, Marks DJ, Newcorn JH (2008): Neuropsychological 

outcome in adolescents/young adults with childhood ADHD: profiles of persisters, remitters and 

controls. J Child Psychol Psychiatry. 49:958-966. 

2. Loo SK (2011): Identifying Biomarkers for ADHD Remission. The ADHD Report. 19:6-9. 

3. Willcutt EG (2012): The prevalence of DSM-IV attention-deficit/hyperactivity disorder: a 

meta-analytic review. Neurotherapeutics. 9:490-499. 

4. Polanczyk G, de Lima MS, Horta BL, Biederman J, Rohde LA (2007): The worldwide 

prevalence of ADHD: a systematic review and metaregression analysis. Am J Psychiatry. 164:942-

948. 

5. Simon V, Czobor P, Balint S, Meszaros A, Bitter I (2009): Prevalence and correlates of adult 

attention-deficit hyperactivity disorder: meta-analysis. Br J Psychiatry. 194:204-211. 

6. Biederman J, Petty CR, Woodworth KY, Lomedico A, Hyder LL, Faraone SV (2012): Adult 

outcome of attention-deficit/hyperactivity disorder: a controlled 16-year follow-up study. J Clin 

Psychiatry. 73:941-950. 

7. Asherson P, Young AH, Eich-Hochli D, Moran P, Porsdal V, Deberdt W (2014): Differential 

diagnosis, comorbidity, and treatment of attention-deficit/hyperactivity disorder in relation to 

bipolar disorder or borderline personality disorder in adults. Curr Med Res Opin. 30:1657-1672. 

8. Faraone SV, Biederman J, Mick E (2006): The age-dependent decline of attention deficit 

hyperactivity disorder: a meta-analysis of follow-up studies. Psychol Med. 36:159-165. 

9. Halperin JM, Schulz KP (2006): Revisiting the role of the prefrontal cortex in the 

pathophysiology of attention-deficit/hyperactivity disorder.  Psychol Bull. 132:560-581. 

10. Bedard AC, Trampush JW, Newcorn JH, Halperin JM (2010): Perceptual and motor inhibition 

in adolescents/young adults with childhood-diagnosed ADHD. Neuropsychology. 24:424-434. 



Michelini, Kitsune et al.   20 
 

11. Pazvantoglu O, Aker AA, Karabekiroglu K, Akbas S, Sarisoy G, Baykal S, et al. (2012): 

Neuropsychological weaknesses in adult ADHD; cognitive functions as core deficit and roles of them 

in persistence to adulthood.  J Int Neuropsychol Soc. 18:819-826. 

12. Biederman J, Petty CR, Ball SW, Fried R, Doyle AE, Cohen D, et al. (2009): Are cognitive 

deficits in attention deficit/hyperactivity disorder related to the course of the disorder? A 

prospective controlled follow-up study of grown up boys with persistent and remitting course.  

Psychiatry Res. 170:177-182. 

13. McAuley T, Crosbie J, Charach A, Schachar R (2014): The persistence of cognitive deficits in 

remitted and unremitted ADHD: a case for the state-independence of response inhibition. J Child 

Psychol Psychiatry. 55:292-300. 

14. Cheung CH, Rijsdijk F, McLoughlin G, Brandeis D, Banaschewski T, Asherson P, et al. (2015): 

Cognitive and neurophysiological markers of ADHD persistence and remission. Br J Psychiatry. Epub 

ahead of print. 

15. van Lieshout M, Luman M, Buitelaar J, Rommelse NN, Oosterlaan J (2013): Does 

neurocognitive functioning predict future or persistence of ADHD? A systematic review. Clin Psychol 

Rev. 33:539-560. 

16. Kuntsi J, McLoughlin G, Asherson P (2006): Attention deficit hyperactivity disorder.  

Neuromolecular Med. 8:461-484. 

17. Yeung N, Cohen JD (2006): The impact of cognitive deficits on conflict monitoring. 

Predictable dissociations between the error-related negativity and N2. Psychol Sci. 17:164-171. 

18. Larson MJ, Clayson PE (2011): The relationship between cognitive performance and 

electrophysiological indices of performance monitoring. Cogn Affect Behav Neurosci. 11:159-171. 

19. Nieuwenhuis S, Yeung N, van den Wildenberg W, Ridderinkhof KR (2003): 

Electrophysiological correlates of anterior cingulate function in a go/no-go task: effects of response 

conflict and trial type frequency. Cogn Affect Behav Neurosci. 3:17-26. 



Michelini, Kitsune et al.   21 
 

20. Falkenstein M, Hielscher H, Dziobek I, Schwarzenau P, Hoormann J, Sunderman B, et al. 

(2001): Action monitoring, error detection, and the basal ganglia: an ERP study. Neuroreport. 12:157-

161. 

21. Segalowitz SJ, Dywan J (2009): Individual differences and developmental change in the ERN 

response: implications for models of ACC function. Psychol Res. 73:857-870. 

22. Endrass T, Reuter B, Kathmann N (2007): ERP correlates of conscious error recognition: 

aware and unaware errors in an antisaccade task.  Eur J Neurosci. 26:1714-1720. 

23. Nieuwenhuis S, Ridderinkhof KR, Blom J, Band GP, Kok A (2001): Error-related brain 

potentials are differentially related to awareness of response errors: evidence from an antisaccade 

task. Psychophysiology. 38:752-760. 

24. Albrecht B, Brandeis D, Uebel H, Heinrich H, Mueller UC, Hasselhorn M, et al. (2008): Action 

monitoring in boys with attention-deficit/hyperactivity disorder, their nonaffected siblings, and 

normal control subjects: evidence for an endophenotype. Biol Psychiatry. 64:615-625. 

25. McLoughlin G, Albrecht B, Banaschewski T, Rothenberger A, Brandeis D, Asherson P, et al. 

(2009): Performance monitoring is altered in adult ADHD: a familial event-related potential 

investigation. Neuropsychologia. 47:3134-3142. 

26. Wild-Wall N, Oades RD, Schmidt-Wessels M, Christiansen H, Falkenstein M (2009): Neural 

activity associated with executive functions in adolescents with attention-deficit/hyperactivity 

disorder (ADHD).  Int J Psychophysiol. 74:19-27. 

27. Johnstone SJ, Galletta D (2013): Event-rate effects in the flanker task: ERPs and task 

performance in children with and without AD/HD. Int J Psychophysiol. 87:340-348. 

28. Jonkman LM, van Melis JJ, Kemner C, Markus CR (2007): Methylphenidate improves 

deficient error evaluation in children with ADHD: an event-related brain potential study.  Biol 

Psychol. 76:217-229. 



Michelini, Kitsune et al.   22 
 

29. Geburek AJ, Rist F, Gediga G, Stroux D, Pedersen A (2013): Electrophysiological indices of 

error monitoring in juvenile and adult attention deficit hyperactivity disorder (ADHD)--a meta-

analytic appraisal. Int J Psychophysiol. 87:349-362. 

30. Groom MJ, Liddle EB, Scerif G, Liddle PF, Batty MJ, Liotti M, et al. (2013): Motivational 

incentives and methylphenidate enhance electrophysiological correlates of error monitoring in 

children with attention deficit/hyperactivity disorder. J Child Psychol Psychiatry. 54:836-845. 

31. Cheung CH, Rijsdijk F, McLoughlin G, Faraone SV, Asherson P, Kuntsi J (2015): Childhood 

predictors of adolescent and young adult outcome in ADHD. J Psychiatr Res. 62:92-100. 

32. Kuntsi J, Wood AC, Rijsdijk F, Johnson KA, Andreou P, Albrecht B, et al. (2010): Separation of 

cognitive impairments in attention-deficit/hyperactivity disorder into 2 familial factors. Arch Gen 

Psychiatry. 67:1159-1167. 

33. Barkley RA, Murphy K (2006): Attention Deficit Hyperactivity Disorder: A Clinical Workbook. 

3rd Edition ed. New York: Guildford Press. 

34. Kooij JJS, Francken MH (2007): Diagnostic Interview for ADHD (DIVA) in adults. 

(http://www.psyq.nl/files/1263005/DIVA_2_EN.pdf). Accessed November 2015. 

35. Wechsler D (1999): Wechsler Abbreviated Scale of Intelligence (WASI). Harcourt Assessment. 

36. McLoughlin G, Palmer JA, Rijsdijk F, Makeig S (2014): Genetic overlap between evoked 

frontocentral theta-band phase variability, reaction time variability, and attention-

deficit/hyperactivity disorder symptoms in a twin study. Biol Psychiatry. 75:238-247. 

37. Jung TP, Makeig S, Humphries C, Lee TW, McKeown MJ, Iragui V, et al. (2000): Removing 

electroencephalographic artifacts by blind source separation. Psychophysiology. 37:163-178. 

38. Groom MJ, Cahill JD, Bates AT, Jackson GM, Calton TG, Liddle PF, et al. (2010): 

Electrophysiological indices of abnormal error-processing in adolescents with attention deficit 

hyperactivity disorder (ADHD).  J Child Psychol Psychiatry. 51:66-76. 

39. Falkenstein M, Hoormann J, Christ S, Hohnsbein J (2000): ERP components on reaction 

errors and their functional significance: a tutorial. Biol Psychol. 51:87-107. 



Michelini, Kitsune et al.   23 
 

40. Albrecht B, Brandeis D, Uebel H, Heinrich H, Heise A, Hasselhorn M, et al. (2010): Action 

monitoring in children with or without a family history of ADHD--effects of gender on an 

endophenotype parameter. Neuropsychologia. 48:1171-1177. 

41. Cohen J (1988): Statistical power analysis for the behavioral sciences. Second Edition ed. 

Hillsdale, New Jersey: Lawrence Erlbaum Associates. 

42. Yeung N, Nieuwenhuis S (2009): Dissociating response conflict and error likelihood in 

anterior cingulate cortex.  J Neurosci. 29:14506-14510. 

43. Kuntsi J, Eley TC, Taylor A, Hughes C, Asherson P, Caspi A, et al. (2004): Co-occurrence of 

ADHD and low IQ has genetic origins. Am J Med Genet B Neuropsychiatr Genet. 124B:41-47. 

44. Rommel AS, Rijsdijk F, Greven CU, Asherson P, Kuntsi J (2015): A longitudinal twin study of 

the direction of effects between ADHD symptoms and IQ. PLoS One. 10:e0124357. 

45. Wood AC, Asherson P, van der Meere JJ, Kuntsi J (2010): Separation of genetic influences on 

attention deficit hyperactivity disorder symptoms and reaction time performance from those on IQ.  

Psychol Med. 40:1027-1037. 

46. Wood AC, Rijsdijk F, Johnson KA, Andreou P, Albrecht B, Arias-Vasquez A, et al. (2011): The 

relationship between ADHD and key cognitive phenotypes is not mediated by shared familial effects 

with IQ.  Psychol Med. England, 41:861-871. 

47. Rommelse NN, Altink ME, Oosterlaan J, Buschgens CJ, Buitelaar J, Sergeant JA (2008): 

Support for an independent familial segregation of executive and intelligence endophenotypes in 

ADHD families.  Psychol Med. 41:1595-1606. 

48. Dennis M, Francis DJ, Cirino PT, Schachar R, Barnes MA, Fletcher JM (2009): Why IQ is not a 

covariate in cognitive studies of neurodevelopmental disorders.  J Int Neuropsychol Soc. 15: 331-343. 

49. Miller GA, Chapman JP (2001): Misunderstanding analysis of covariance. J Abnorm Psychol. 

110:40-48. 

50. Frazier-Wood AC, Bralten J, Arias-Vasquez A, Luman M, Ooterlaan J, Sergeant J, et al. (2012): 

Neuropsychological intra-individual variability explains unique genetic variance of ADHD and shows 



Michelini, Kitsune et al.   24 
 

suggestive linkage to chromosomes 12, 13, and 17. Am J Med Genet B Neuropsychiatr Genet. 

159b:131-140. 

51. Kuntsi J, Wood AC, Van Der Meere J, Asherson P (2009): Why cognitive performance in 

ADHD may not reveal true potential: findings from a large population-based sample.  J Int 

Neuropsychol Soc. 15:570-579. 

52. Uebel H, Albrecht B, Asherson P, Borger NA, Butler L, Chen W, et al. (2010): Performance 

variability, impulsivity errors and the impact of incentives as gender-independent endophenotypes 

for ADHD.  J Child Psychol Psychiatry. 51:210-218. 

53. Nieuwenhuis S, Yeung N, van den Wildenberg W, Ridderinkhof KR (2003): 

Electrophysiological correlates of anterior cingulate function in a go/no-go task: effects of response 

conflict and trial type frequency. Cogn Affect Behav Neurosci. 3:17-26.  

54. Chmielewski WX, Muckschel M, Roessner V, Beste C (2014): Expectancy effects during 

response selection modulate attentional selection and inhibitory control networks. Behav Brain Res. 

274:53-61. 

 

 

 



Michelini, Kitsune et al.   25 
 

FIGURES 

 

Figure 1. Grand average response-locked ERPs of the ERN at FCz electrode between 0-150 ms (A) 

and the Pe at CPz electrode between 150-450 ms (B) after an erroneous response on the 

incongruent trials for ADHD persisters (ADHD-P, in red), ADHD remitters (ADHD-R, in green) and 

control participants (Controls, in black), with topographic maps. 

 

Figure 2. Grand average stimulus-locked ERPs of the N2 at Fz and FCz electrodes between 250-450 

ms after incongruent stimuli where a correct response was made for ADHD persisters (ADHD-P, in 

red), ADHD remitters (ADHD-R, in green) and control participants (Controls, in black), with 

topographic maps. 
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Table 1. Sample demographics divided by group, with test for group differences 
 
 

 

 

 

 

 

 

 

 

 

Abbreviations: F = females, M =  males.  

Notes: Group differences on gender were tested via Chi-square test; group differences on age and IQ 

were tested with regression models. Group differences in gender, age and IQ were previously 

reported in another paper on this sample (14).  

**p<.01; *p<.05. 

 
 
 

Table 2. Descriptive statistics and group comparison on cognitive-performance and ERP measures 

  

 ADHD-

P 

ADHD-

R 

Ctrl 

 

p ADHD-

P vs 

Ctrl 

ADHD-P 

vs 

ADHD-R 

ADHD-R 

vs Ctrl 

p p p 

Gender 

(M:F) 

72:15 23:0 129:40 .02

* 

.24 .03* <.01** 

Age, 

mean 

(SD) 

18.27 

(3.03) 

18.89 

(3.06) 

18.77 

(2.19) 

.15 - - - 

IQ, 

mean 

(SD) 

96.20 

(15.33) 

104.57 

(13.63) 

109.98 

(12.42) 

<.0

1** 

<.01** .02* .10 
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ADH

D-P 

ADH

D-R 

Ctrl Group Comparison Covarying IQ 

 mea

n  

(SD) 

mea

n  

(SD) 

mea

n  

(SD) 

p ADHD-P 

vs Ctrl 

ADHD-P 

vs 

ADHD-R 

ADHD-R 

vs Ctrl 

p ADHD-P 

vs Ctrl 

ADHD-P 

vs 

ADHD-R 

ADHD-R 

vs Ctrl 

 d p d p d p d p d p d p 

Perform

ance 

                 

Congrue

nt errors 

10.8

9 

(17.

26) 

4.00 

(3.8

5) 

4.14 

(8.3

1) 

<.0

1** 

.8

3 

<.0

1** 

.7

5 

<.0

1** 

.0

4 

.95 <.0

1** 

.5

5 

<.0

1** 

.6

0 

.01

** 

.0

9 

.89 

Incongru

ent 

errors 

57.8

7 

(20.

08) 

56.2

2 

(20.

75) 

48.8

7 

(18.

02) 

<.0

1** 

.5

3 

<.0

1** 

.0

6 

.86 .4

6 

.06

† 

<.0

1** 

.3

2 

.01

** 

.0

6 

.98 .3

7 

.11 

Congrue

nt MRT 

(ms) 

355.

82 

(60.

39) 

339.

58 

(38.

99) 

336.

25 

(33.

28) 

<.0

1** 

.4

1 

<.0

1** 

.2

8 

0.2

3 

.1

1 

0.6

3 

.28 - - - - - - 

Incongru

ent MRT 

(ms) 

449.

87 

(56.

16) 

441.

94 

(33.

44) 

431.

68 

(40.

75) 

<.0

1** 

.4

0 

<.0

1** 

.0

7 

.73 .3

5 

.07

† 

.44 - - - - - - 

Congrue

nt RTV 

(ms) 

114.

26 

(65.

70) 

83.1

9 

(28.

22) 

76.2

4 

(21.

67) 

<.0

1** 

1.

0

0 

<.0

1** 

.6

1 

<.0

1** 

.3

5 

.11 <.0

1** 

.6

0 

<.0

1** 

.4

2 

.04

* 

.1

4 

.25 

Incongru

ent RTV 

(ms) 

119.

31 

(80.

64) 

88.1

8 

(32.

91) 

76.1

2 

(22.

84) 

<.0

1** 

.9

7 

<.0

1** 

.4

7 

.04 .5

0 

.02

* 

<.0

1** 

.5

5 

<.0

1** 

.2

4 

.18 .3

0 

.08

† 

ERPs                  

N2 at Fz - - - .02 .3 .03 .0 .91 .2 .19 0.0 .2 .02 .0 .88 .2 .20 
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Abbreviations: ADHD-P = ADHD persisters, ADHD-R = ADHD remitters, Ctrl = Control group, SD = 

standard deviation, p = regression model significant testing, d = Cohen’s d effect size (0.20 small, 

0.50 medium and 0.80 large), Congruent = congruent condition, Incongruent = incongruent 

condition, MRT = reaction time of correct response to targets, RTV = reaction time variability to 

targets (i.e. SD of reaction time). 

Notes: Data on performance measures were available for the full sample (87 ADHD-P, 23 ADHD-R 

and 169 controls); data on the N2 were available for 84 ADHD-P, 23 ADHD-R and 169 controls; data 

on the PNe, ERN and Pe were available for 74 ADHD-P, 20 ADHD-R and 146 controls. 

Overall effects of group, condition (on cognitive-performance measures) and site (on the N2) and 

interaction effects were tested with mixed models and reported in Supplement 1, Table S2. Only 

group effects were tested on the ERN and Pe, thus regression models (rather than mixed models) 

were used. Age was also included as a covariate in all analyses and its effects not presented here for 

simplicity, but available upon requests.  

**p≤.01; *p≤.05; †p≤.09. 

(µV) 7.23 

(3.6

9) 

6.91 

(3.6

1) 

6.57 

(3.2

7) 

0 * 2 

 

9 3 5 1 6 

N2 at 

FCz (µV) 

-5.8  

(3.7

4) 

-

6.26 

(3.5

7) 

-

6.92 

(3.8

1) 

.07 .2

6 

.08

† 

.1

8 

.53 .0

8 

.82 0.1

1 

- - - - - - 

ERN at 

FCz (µV) 

7.78 

(3.3

7) 

9.64 

(4.1

1) 

10.0

8 

(4.5

1) 

<.0

1** 

.5

5 

<.0

1** 

.5

2 

.05 .0

6 

.86 <.0

1** 

.3

7 

<.0

1** 

.3

9 

.09

† 

.0

1 

.98 

Pe at CPz 

(µV) 

9.36  

(4.2

3) 

10.9

6 

(4.0

6) 

11.3

1 

(4.2

7) 

<.0

1** 

.4

4 

<.0

1** 

.4

4 

.05 .0

2 

.88 .03 .3

2 

.03 .3

6 

.06

† 

.0

6 

.79 
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Table 3. Pearson correlations (two-tailed) of cognitive performance and ERP measures with 

interview-based DIVA ADHD symptoms and clinical impairment within the ADHD group only 

(n=110), controlling for age and gender (left hand side), and controlling for IQ, age and gender 

(right hand side) 

Abbreviations: Congruent = congruent condition, Incongruent = incongruent condition, MRT = 

reaction time of correct response to targets, RTV = reaction time variability to targets (i.e. SD of 

reaction time). 

*p≤.05; †p≤.09.  

  

 ADHD symptoms Impairment ADHD symptoms 

(covarying IQ) 

Impairment 

(covarying IQ) 

Congruent errors 0.15 0.21* 0.10 0.17† 

Incongruent errors 0.07 0.03 0.05 <0.01 

Congruent MRT (ms) -0.11 0.001 0.07 -0.09 

Incongruent MRT (ms) 0.05 -0.07 -0.01 0.14 

Congruent RTV (ms) 0.21* 0.13 0.15 0.12 

Incongruent RTV (ms) 0.21* 0.18† 0.14 0.10 

N2 at Fz (µV) 0.04 0.18† 0.04 0.18† 

N2 at FCz (µV) 0.07 0.12 0.10 0.15 

ERN at FCz (µV) -0.01 -0.15 0.03 -0.11 

Pe at CPz (µV) -0.20* -0.20* -0.20* -0.20* 
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