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Abstract

Attention-deficit/hyperactivity disorder (ADHD) is a neurodevelopmental disorder associated with
considerable impairment in psychiatric and functional domains. Although stimulant medication
can reduce core symptoms of inattention, hyperactivity, and impulsivity, a subgroup of patients
does not respond to this intervention. A precision medicine approach has been proposed, whereby
biomarkers are used to identify an effective treatment approach for a given individual. This review
synthesizes the existing literature on event-related potential (ERP) correlates of stimulant response
in children diagnosed with ADHD, with the goal of evaluating the potential for ERP to inform
precision medicine care in this population. Forty-three articles were examined and results
tentatively suggest that stimulant medications normalize the amplitude of the P300 component,
and this is also associated with behavioral improvement. In contrast, results generally indicate that
stimulants do not significantly alter early processing components, although there are some
exceptions to this finding. Implications for research, theory, and clinical work are considered and
concrete recommendations for future directions are provided. While recognizing limitations of
existing literature (e.g., homogenous samples, variable methodologies), we conclude that ERP
methods represent a promising approach for precision medicine care of patients with ADHD.
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Introduction

Attention-Deficit/Hyperactivity Disorder (ADHD) is a neurodevelopmental disorder that
affects about 7% of children under the age of 18 years (Thomas et al., 2015). Children
diagnosed with ADHD present with inattention, hyperactivity, and/or impulsivity (American
Psychiatric Association, 2013). This clinical population often experiences functional
impairment across several domains (e.g., academic, occupational, social) as well as elevated
risk for anxiety, depression, and substance abuse in later life (Brown et al., 2001; Sibley et
al., 2010; Sobanski et al., 2007). In 2017, the estimated cost to society of childhood and
adolescent ADHD in the United States exceeded 124 billion dollars (Zhao et al., 2019).
These data highlight the need to develop effective treatments for children and adolescents
diagnosed with ADHD.

There are several evidence-based treatments for ADHD, including pharmacotherapy (e.g.,
stimulant medication) and behavior therapy (Hoza et al., 2008). A hallmark study on
treatments for children with ADHD found that pharmacotherapy alone showed comparable
improvements in core ADHD symptoms as the combined treatment of pharmacotherapy and
behavior therapy, while both treatment arms outperformed behavior therapy alone (MTA
Group, 2004). Stimulant medications, including methylphenidate and amphetamines
derivatives, are the most commonly prescribed pharmacological interventions for ADHD
(Burcu et al., 2016) and function by increasing pre-synaptic levels of dopamine and
norepinephrine in the brain. Positive effects of stimulant medications are reported in a
majority (i.e., 60-75%) of children who receive this treatment (Stein et al., 2003; Swanson et
al., 1993). However, these statistics are based on group averages and highlight the existence
of a subgroup of patients for whom stimulant medications do not significantly reduce
ADHD symptoms.

Individual differences in stimulant response may, at least partially, be accounted for by the
neurobiological heterogeneity underlying ADHD (Arns and Olbrich, 2014). Consequently,
in the past two decades, there has been an increased focus on identifying biomarkers that can
inform precision medicine care (i.e., identifying the right treatment for the right person at the
right time) for individuals with ADHD (Arns, 2012). Clinical decision-making could, for
example, be guided by biomarkers or endophenotypes using ‘pharmaco-
electroencephalography’ (EEG; Konopka and Zimmerman, 2014). In particular, the
amplitude and latency of EEG-acquired event-related potentials (ERPs) have been discussed
as promising biomarkers in research on pharmacological treatments for children diagnosed
with ADHD (Konopka and Zimmerman, 2014; Luck, 2014). ERPs could be used in
“preclinical research to define potential treatment targets” (Luck et al., 2011, p. 29). Notable
benefits of EEG as a biomarker measurement tool include the fact that it is non-invasive and
low-cost.

The aim of this review is to summarize the literature on ERP correlates of stimulant response
in children diagnosed with ADHD and evaluate the potential for ERP metrics to inform
precision medicine care in this population. We start by providing a basic overview of EEG
and ERP methods and summarize how these have been applied to research on ADHD. Next,
we present what is known about ERP correlates of stimulant response in children with
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ADHD, with a focus on early sensory processing (i.e., N1, P1, P2) and later attentional
processing (i.e., P3a and P3b) components. We conclude with a discussion of major themes
in the extant literature, implications for neuroscience theory, research, and clinical practice.
We also identify limitations and strengths of the existing research and provide concrete
recommendations for future work.

Electroencephalography Methodology

EEG is a noninvasive, cost-effective measurement technique that captures electrical
fluctuations in the cortex with high temporal precision (Nunez and Srinivasan, 2006).
Specifically, electrical field activity within the brain is measured as ions move across cell
membranes (Niedermeyer and da Silva, 2005). EEG methods have been used to examine
cortical brain activity within ADHD populations since the late 1930s (Lenartowicz and Loo,
2014); results from such EEG research consistently demonstrate neural oscillatory
differences in individuals diagnosed with ADHD (Loo and Makeig, 2012). Although some
research has suggested the potential use of spectral EEG to identify biomarkers of ADHD
(e.g., theta/beta ratio; Lubar, 1991), heterogeneity in the disorder and in control samples has
hindered meaningful progress in this area (Clarke et al., 2001; Loo et al., 2018).

ERPs are stimulus-locked electric potentials captured through EEG (Woodman, 2010; see
Figure 1). ERPs reflect cortical responses to external stimuli or cognitive, sensory, or motor
events (Blackwood and Muir, 1990). Components of the ERP are characterized by their
relative latencies and positive or negative polarity, denoted by a P (positive) or N (negative),
respectively (Woodman, 2010). ERP components are often categorized as relatively “early”
and “late” processes, although most components of interest peak within the first 500
milliseconds following stimulus presentation (M. J. Taylor and Baldeweg, 2002). Early
components are believed to reflect neuronal sensory processing and categorization and
include P1, N1, P2 and N2 components (Woodman, 2010). Later components are believed to
reflect cognitive attention and executive control processes and include the P3a and P3b
components, or if measured through latency, the P300 waveform (Woodman, 2010). This
review will focus on both early and late processing components and the extent to which their
amplitudes (i.e., magnitude of positive or negative polarity) and latencies (timing of peak
amplitude) are impacted by stimulant medications. Whenever possible, we will also consider
whether stimulant-associated ERP changes correspond to behavioral improvements.

Both auditory and visual performance tasks elicit ERPs. One of the most common auditory
paradigms is the auditory oddball task (Squires et al., 1975), in which the participant is
presented with repetitive auditory stimuli, with a deviant auditory stimulus randomly
interspersed. Visual paradigms include visual oddball tasks, working memory tasks, the
Stroop task (Stroop, 1935), the Go/No Go task (GNG Donders, 1969), and variations of the
continuous performance task (CPT; for additional review on variations see Riccio et al.,
2002). Working memory tasks include lexical or pictorial stimuli 7-backs. Each of these
tasks targets unique neurocognitive processes, such as inhibitory control or novelty
detection, as well as shared processes, such as attention maintenance and executive control.
As such, all tasks elicit similar ERP waveforms with early components reflecting visual and
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auditory recognition and later components reflecting action preparation, task execution, and
attention maintenance.

ERP differences among individuals with ADHD have been examined extensively. A recent
meta-analysis of 52 articles including children and adults with ADHD (n= 1576) and
without ADHD (= 1794) found a moderate effect size for shorter Go-P100 latencies
among individuals diagnosed with ADHD relative to non-ADHD participants (d = -0.33;
Kaiser et al., 2020). In contrast to early processing, stronger group differences emerged for
later ERP components (Kaiser et al., 2020). Specifically, ADHD was associated with smaller
cue-P300 amplitudes, longer Go-P300 latencies, smaller NoGo-P300-amplitudes, and longer
NoGo-P300 latencies (absolute drange = .35 — .56; Kaiser et al., 2020). These results are
consistent with the hypothesis that neurocognitive deficits in ADHD are most apparent
during action-execution attention processing phases, as opposed to basic sensory processing
and categorization. Thus, in the current review we expected that stimulant effects would
likewise be greatest for the P300 as compared to earlier ERP components.

2. Methods

To identify studies relevant to this review, we conducted a Boolean search of multiple
databases (PsychINFO, PubMed, Science Direct, Google Scholar), using keywords “ADHD,
EEG, ERP, stimulants, pediatric, child” with operators “and” and “or.” Additionally, we
cross-referenced the bibliographies of identified studies for additional publications.
Inclusion criteria were publication in the English language, pediatric sample (<18 years),
administration of stimulant medications, and investigation of ERP components. Publication
year was not considered as an inclusion/exclusion criterion. We focused on stimulus-locked
components rather than on response-locked components (for example, we excluded articles,
such as Groom et al., 2013). Because very few studies reported on ERP components with
peak latencies after that of the P300 (e.qg., late positive potential), such later-occurring
components are not included in this reviewl, Forty-three studies met inclusion criteria and
are summarized in Table 1.

Although a wide range of study designs has been used, a large portion of studies employed a
“repeated measures” approach, whereby participants completed ERP tasks and behavioral
questionnaires before and after administration of stimulant medications (see Aasen et al.,
2018 as an example for this approach). A second, commonly used study design included a
baseline assessment followed by a random assignment to either stimulant medication or
placebo treatment condition (Jonkman et al., 2000; Rubinson et al., 2019). Some studies
included a typically developing (TD) comparison group and specifically examined whether
stimulant medications would “normalize” ERP profiles of children with ADHD such that
they did not differ from TDs (for example, see Lubar et al., 1995). Finally, several studies
contrasted the ERP profiles of ADHD patients who were categorized as stimulant
medication “responders” (RES) or “non-responders” (non-REs) according to whether
clinically significant behavioral change was or was not observed, respectively. Regarding
stimulant class, most studies in this review examined the effects of methylphenidate (MPH),

ror example, we exclude the article by Klorman (1979) because it only reports on the late positive potential (LPP).
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but amphetamines were also investigated (see Table 1). One study (Sangal et al., 1995) that
examined the impact of pemoline was excluded from the review due to pemoline’s limited
current use. Although a majority of studies focused on middle childhood (7-12 years), some
investigations included adolescents as well (see Table 1). The following sections synthesize
results across the 42 studies and present findings organized by early and late sensory
processing components.

3. Results

3.1.

Early Sensory Processing

3.1.1. Sensory ERP Components—Within the first 300 milliseconds (ms) after
stimulus onset, a series of early ERP components are visible in the ERP waveform.
Typically, these include a temporal order of the P1 (100 ms), the N1 (150 ms), P2 (200 ms),
and N2 (250 ms). The P1 is evoked via visual stimuli and is associated with basic sensory
processing in the visual field (Hillyard and Anllo-Vento, 1998). The N1 wave consists of a
negatively valanced amplitude and is thought to indicate information extraction from
presented stimuli (Naatanen and Picton, 1987). The N1 component is most pronounced
when unexpected or unpredictable stimuli are presented (Sur and Sinha, 2009) and is
associated with selective attention (Mueller et al., 2008). The subsequent P2 wave is a
positively valanced amplitude, which is associated with higher-order cognitive processes
(e.g., recognizing of stimulus features, semantic processing) as well as inhibition of
competing information (Luck and Hillyard, 1994). The N2 wave is associated with encoding
stimulus changes and stimulus discrimination (Sur and Sinha, 2009).

3.1.2. Sensory ERP Components and ADHD—Several studies have examined
potential group differences in sensory ERP components between ADHD patients and control
participants. Results suggest that children and adults with ADHD demonstrate reduced P1
amplitude during attention tasks (Banaschewski et al., 2003; Barry et al., 2009; Papp et al.,
2020). However, only P1 latency was significantly different among pooled samples (Kaiser
et al., 2020). At least one study has reported attenuated N1 amplitudes in young ADHD
participants (Barry et al., 2003); a study of adolescents failed to find this difference
(Johnstone, 2001). Investigations of P2 and N2 likewise report inconsistent results, including
greater amplitude, longer latency, reduced latency, or no differences among youth with
ADHD (for review see Barry et al., 2003). Critically, early ERP components appear to be
moderated by individual characteristics, including cognitive abilities and medication status
(Kaiser et al., 2020). These moderator interactions underscore the heterogeneity of the
ADHD population and likely explain mixed findings for associations between ADHD and
early ERP components. In sum, individuals diagnosed with ADHD appear to differ in some
aspects from non-ADHD individuals in sensory processing; however, results are notably
inconsistent.

3.1.3. Stimulant Effects on Sensory ERP Components—Review of the extant
literature indicates that stimulant effects on early sensory processing components are small
or negligible (see Table 1 for detailed results). However, a minority of studies report
significant differences following stimulant medication administration, particularly for early
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negative components (i.e., N1, N2). For example, two studies reported increased amplitude
of the N1 (Klorman et al., 1992; Lawrence et al., 2005) and one study reported decreased N1
latency (Broyd et al., 2005) following stimulant treatment. Likewise, four studies reported
increased N2 amplitude following MPH (Janssen et al., 2016; Jonkman et al., 1997; Pliszka
et al., 2007; Verbaten et al., 1994), while a fourth study found decreased amplitude
specifically for the N250 component (Prichep et al., 1976). MPH was associated with
significantly shorter N2 latency in two studies (Broyd et al., 2005; Ozdag et al., 2004), but
longer latency in a third (Sunohara et al., 1999); the latter study differed in that the latency
effect was only found at high MPH doses (Sunohara et al., 1999). Of note, and as outlined in
Table 1, a considerable number of studies reported that stimulant medications did not
significantly alter the profiles of N1 or N2 components.

Differences among positively-valanced early components (i.e., P1, P2) are less commonly
examined and reported. An exception to this is an investigation by Broyd and colleagues
(Broyd et al., 2005), who found that MPH was associated with decreased latency across all
early processing components among male youth with ADHD during a cued auditory go/no-
go task. Another investigation by Ozdag and colleagues (Ozdag et al., 2004) likewise
reported decreased N2 latency following MPH administration among a sample of school-age
males, suggesting the finding may be specific to this demographic. The minimal findings of
associations between stimulant medication and positively-valanced early components aligns
with few reported differences in P2 amplitude or latency between ADHD patients and
controls (as described above). However, given that a recent meta-analysis had reported group
differences in ADHD versus control participants in the P1 latency (Kaiser et al., 2020), the
minimal effect of stimulants on the P1 was somewhat surprising.

As described earlier, individual differences in cognition and medication history may
moderate stimulant effects on early ERP components in ADHD. An additional potential
moderator is medication tolerance, i.e. side effects. Ogrim and Kropotov (2019) reported
that individuals who experienced stimulant side effects such as insomnia, loss of appetite,
irritability, and anxiety had increased N1 and P2 amplitudes (Ogrim and Kropotov, 2019).
Another possibility is that developmental changes in early processing components (e.g.,
Broyd et al., 2005) attenuate the overall effects. In fact, few studies reviewed herein include
age as a potential moderator variable (see Broyd et al., 2005 as a notable exception). Overall,
the literature investigating early sensory components tentatively suggests a possible effect of
stimulant medications on the amplitude of negative components.

Behavioral correlates of early ERP differences associated with MPH are limited. Broyd and
colleagues (Broyd et al., 2005) investigation found that MPH was associated with reduced
commission (but not omission) errors during a Go/NoGo task, suggesting that MPH
specifically improves inhibitory motor control among children with ADHD. Another study
reported that MPH was associated with improved stop signal task performance among
children with ADHD, and this was also associated with increased N200 amplitude (Pliszka
et al., 2007). In contrast, Janssen and colleagues (Janssen et al., 2016) attributed increased
N2 amplitude during the stop signal task to developmental and/or practice effects, rather
than MPH.
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3.2. Later Attention Processes

3.2.1. Attention ERP Components—There are multiple ERP sub-components in the
time range of the P300 wave (see Polich, 1986 for a detailed review). A key distinction can
be made between the P3a, which is typically maximal at frontal scalp electrodes, and the
P3b, which is maximal at the parietal scalp region (Squires et al., 1975). The P3a has been
associated with novelty detection, while the P3b reflects preparation and execution (Polich,
2012; Polich and Kok, 1995). Several terms are used interchangeably for the P3b
component, including P3 and P300 (Luck, 2014). Although these components have been
studied extensively, there “is no clear consensus about what neural or cognitive processes are
reflected by the P3 wave” (Luck, 2014). Research has, however, uncovered factors that
influence both amplitude and latency of the P300. For example, the P300 amplitude is larger
when participants allocate greater resources toward a task (Israel et al., 1980; Wickens et al.,
1983). The amplitude also increases as the probability of the stimulus (i.e., task relevant and
novel distracter) decreases (e.g., Duncan-Johnson and Donchin, 1977). The latency of the
P300 appears to be a function of stimulus classification speed (e.g., Duncan-Johnson, 1981;
Polich, 1986).

3.2.2. Attention ERP Components and ADHD—Children diagnosed with ADHD
have been shown to have P3a and P300 features that differ significantly from those of
healthy control participants. For example, the P3a amplitude has been shown to be
significantly smaller in ADHD patients relative to TD controls (e.g., Gumenyuk et al., 2005;
Liotti et al., 2005). Further, decreased P300 amplitude has been reported during selective
attention tasks in ADHD participants compared to control participants (e.g., Jonkman et al.,
1997; Loiselle et al., 1980). Similarly, attenuated P300 amplitude following target stimuli in
oddball tasks has been associated with ADHD (Jonkman et al., 1997; Satterfield, et al.,
1972; Satterfield et al., 1990). In contrast, findings regarding peak latencies of the P300 in
children diagnosed with ADHD are mixed (see Barry et al., 2003 for a detailed review). A
recent meta-analysis of 52 articles concluded that group differences between ADHD and
control participants were most robust for later ERPs (Kaiser et al., 2020). For example, the
ADHD group was found to have smaller cue-P300-amplitudes, longer Go-P300-latencies,
and smaller NoGo-P300-amplitudes relative to the non-ADHD group (Kaiser et al., 2020).
Importantly, this meta-analysis included children and adults, the latter being a distinguishing
feature from this review.

3.2.3. Stimulant Effects on Attention ERP Components—A majority of studies (7
= 39) included in the current review examined the association between stimulant response
and aspects of the P300 waveform (i.e., P3a or P3b), highlighting this component’s
relevance to the ADHD literature. A minority of studies focused specifically on the P3a, as
opposed to the P3b or broader P300 component. These reports broadly indicated an increase
in P3a amplitude following stimulant medication administration. Specifically, three studies
included in this review (Pliszka et al., 2007; Seifert et al., 2003; Zillessen et al., 2001)
reported an increase in P3a waveform in response to stimulants. In contrast, two studies
reported no change (Jonkman et al., 1997; Taylor et al., 1993) and one study reported a
decrease in P3a amplitude (Aasen et al., 2018). The inconsistencies in findings do not seem
attributable to participant age or modality. In fact, all six studies used visual paradigms.
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However, differences could be attributable to study task as increase in P3a amplitude was
found for studies using the CPT task (Seifert et al., 2003; Zillessen et al., 2001), no change
was found for studies using the Oddball task (Jonkman et al., 1997; Taylor et al., 1993), and
a decrease was found for the Go-No/Go task (Aasen et al., 2018).

Similar to the P3a, results for the P3b generally suggest an increase in amplitude following
stimulant medication administration. Specifically, 17 studies reported that, within a sample
of children diagnosed with ADHD, the amplitude of the P300 increased following
administration of stimulant medication relative to a placebo condition or no medication
(Dolu et al., 2019; Fitzpatrick et al., 1992; Hermens et al., 2005; Janssen et al., 2016;
Jonkman et al., 2000; Jonkman et al., 1997; Klorman et al., 1992; Klorman et al., 1994;
Klorman et al., 1988; Lopez et al., 2004; Michael et al., 1981; Ozdag et al., 2004; Paul-
Jordanov et al., 2010; Pliszka et al., 2007; Rubinson et al., 2019; Verbaten et al., 1994;
Winsberg et al., 1997). Three studies in which ADHD patients were compared to controls
reported that P300 amplitudes among participants diagnosed with ADHD were normalized
with stimulant administration (Seifert et al., 2003; Sunohara et al., 1999; Taylor et al., 1993).
In contrast, eight studies reported no change in P300 amplitude after stimulants were
administered (Aasen et al., 2018; Coons et al., 1987; Frank, 1993; Jonkman et al., 1999;
Lawrence et al., 2005; Prichep et al., 1976; Smithee et al., 1998; \Verbaten et al., 1994).
There was no clear pattern of participant age, task type, or modality (i.e., auditory versus
visual) distinguishing studies with significant versus null results. Finally, one study reported
a decrease in P300 amplitude following stimulant medication administration, despite
improved task performance (Broyd et al., 2005). This study was unique in that it was the
only study reviewed to use a cued Go-No/Go task, suggesting that introduction of a
preparatory stimulus (i.e., cue) may change the neurocognitive function of the P300
component.

Additional insight was provided by studies that classified ADHD patients as responders
(REs) or nonresponders (non-REs) to stimulant medications and examined group differences
in P300 amplitude. Ogrim and colleagues (Ogrim et al., 2014) found that, among a sample
of 98 youth (ages 7-17) with ADHD, behavioral response to stimulants was associated with
normal cue P3 and attenuated no-go P3 amplitudes pre-medication. Using a sample of 87
ADHD patients (ages 8-17) this same group found that REs and non-REs differed in
medication-induced changes in several ERP components, such as the no-go P3, cue-P3, and
CNV, and in baseline (i.e., unmedicated) amplitude of the no-go P3 (Ogrim and Kropotov,
2019). Sangal and colleagues (Sangal et al., 2004) reported that topographic distribution of
the auditory P300 predicted behavioral response to stimulant medication among youth with
ADHD. Specifically, they found that enhanced P300 at frontal versus parietal was associated
with RE versus non-RE categorization. In contrast, topography of a visual P300 was not
predictive of RE status, and neither auditory nor visual mean P300 amplitudes or latencies
was associated with pemoline response.

In contrast to the P300 amplitude, stimulant effects on the P300 latency appear to be both
less studied and less consistent. Four studies (Coons et al., 1987; Ozdag et al., 2004;
Sunohara et al., 1999; Williams et al., 2008) reported a decrease in P300 latency following
stimulant administration; three studies (Fitzpatrick et al., 1992; Sangal and Sangal, 2004;
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Sangal et al., 1995) reported no change in P300 latency following stimulant administration;
and two studies (Hermens et al., 2005; Klorman et al., 1994) reported an increase in latency
associated with stimulant administration. Focusing on studies that grouped participants into
REs and non-REs, Sangal and Sangal (2006) was the only study to report a smaller mean
latency value for REs compared to non-REs.

It is noteworthy that the studies reviewed here used a wide range of task designs with
variable cognitive load, which likely moderated the results. Specifically, studies that reported
on the P300 component (/7= 39) used visual and auditory Oddball (n7=14), Go/no-go (n=
10), CPT (n=10), Sternberg memory (n7= 3), and Stop Signal (7= 2) tasks, in addition to
several others (e.g., Eriksen Flanker task, Stroop task, Irrelevant Probe Technique; see Table
1 for more details)2. Changes in P300 amplitude and latency as a function of stimulant
medication were reported across all task types, suggesting that stimulant medications
consistently alter ERP profiles in tasks requiring a wide range of cognitive functions (e.g.,
attention, inhibitory control, memory).

Another question of interest is whether changes in the P300 component coincide with
changes at the behavioral level. Studies included in this review examined participants’
performance on study tasks as well as changes in ADHD symptoms. The overwhelming
majority of studies examining the P300 (~65%) reported that participants’ performance on
cognitive tasks improved with stimulant medication (e.g., decreased reaction times;
reduction in commission and omission errors). For example, Lopez and colleagues (Lopez et
al., 2004) reported that, relative to a pre-medication baseline assessment, participants
diagnosed with ADHD showed increased P3 amplitude and greater inhibitory control during
the Stroop task following administration of dextroamphetamine. Other studies measured
changes in ADHD symptoms as primary outcomes. These studies likewise reported
increased P300 amplitudes in addition to reduced severity of parent- and/or teacher-rated
ADHD symptoms with administration of stimulants (e.g., Klorman et al., 1988; Klorman et
al., 1994; Winsberg et al., 1997).

4. Discussion

4.1. Theoretical Implications

When considered together, results from early sensory and later attention processing ERP
components inform theoretical models of ADHD. Specifically, differences between ERP
profiles among ADHD as compared to TD patients at baseline and following administration
of stimulant medications contribute to our understanding of underlying pathophysiology in
ADHD. Although some studies reported a significant effect of stimulant medications on
early sensory processing components (e.g., N1), the most robust finding across studies
occurred in late-processing components. Specifically, stimulants appear to increase the
amplitude of the P300 within pediatric patients diagnosed with ADHD. As discussed in
foregoing sections, greater P300 amplitude is associated with increased allocation of neural
resources toward a task (Israel et al., 1980; Wickens et al., 1983). At the neural level, ERP
amplitudes primarily derive from extracellular charges associated with neural depolarization

2several studies administered more than one cognitive task to study participants.
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during action potentials (Luck, 2014). Simultaneous firing of local networks of pyramidal
cells results in greater ERP amplitude detected at the scalp; therefore, increased P300
amplitude likely reflects greater coordination of cortical network activation, particularly
during the action execution phase of attention processing. Thus, stimulant medication-
associated changes to P300 morphology suggest that cognitive and behavioral impairments
in ADHD are associated with reduced activation and coordinated recruitment of cortical
networks that can be mitigated by increasing the availability of pre-synaptic catecholamines.

The neurophysiological research reviewed here aligns with the theoretical framework of
Posner’s attention network (Petersen and Posner, 2012; Posner and Petersen, 1990).
Specifically, stimulant medications appear to primarily target later-occurring ERPs, which
corresponds to the third attention network, as described by Posner and Petersen (Petersen
and Posner, 2012; Posner and Petersen, 1990). Given that the third attentional network
(“alerting/vigilance™) is said to maintain attention, our results suggest that view that ADHD
mostly represents a deficit in the maintenance of attention and cortical arousal. Further, our
results align with the theoretical view that the third network is rooted in frontal-striatal
cortical networks where catecholamine density is high.

4.2. ERP Markers for Precision Medicine

One of the primary objectives of this review was to inform the precision medicine approach
to ADHD treatment, which considers characteristics of each patient (e.g., biomarkers
obtained through EEG/ERP methods) to inform clinical decisions (e.g., whether to prescribe
medications; selection of medication class). This review identified two ERP components as
potential candidates for individualized treatment approaches for pediatric ADHD: the
amplitude of the N1 components and the amplitude of the P300 component. As described
above, there appear to be greater inconsistencies for early sensory processing (e.g., N1)
when compared to later sensory processing (e.g., P300), both as biomarkers of ADHD
diagnosis and treatment response. Thus, the P300 component is the most promising ERP
biomarker for precision medicine care in ADHD, to date. Specifically, reduced P300
amplitude at baseline is a marker of high risk for ADHD diagnosis, while normalization of
P300 amplitude following stimulant administration is a predictor of positive response to this
treatment. The latter conclusion follows from our report that, in the majority of studies,
enhanced P300 amplitude following stimulant administration also corresponded to improved
behavioral response. From this finding, we can hypothesize that the mechanism by which
stimulants affect behavior involves fronto-parietal circuitry associated with attention
allocation and novelty detection. However, the direction of effect cannot be unequivocally
determined without additional study designs, including estimation of dose-dependent effects
on neurophysiology and behavior; and manipulation of P300 components using alternative
means, such as aerobic exercise (Ludyga et al., 2017).

Among the studies we reviewed, the variability in experimental protocols and study samples
precluded identification of a precise threshold for P300 amplitude to predict stimulus
response. Rather than continue to evaluate general effects of stimulant medications on the
P300 component, we encourage researchers to focus on standardizing experimental
protocols across study sites, and to pool their data with the goal of establishing a large,
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diverse normative dataset. Several additional limitations need to be addressed in order for
ERP components to be effectively used as precision medicine biomarkers among clinical
populations with ADHD.

1. Test-retest reliability of ERP measures. The clinical utility of biomarkers for
precision medicine is dependent on the consistency of the measure within an
individual. Few ERP studies in ADHD have focused on test-retest reliability.
Multi-site studies similar to the Autism Biomarkers Consortium for Clinical
Trials (Levin et al., 2020; McPartland et al., 2020), will be needed to investigate
both reliability and generalizability of potential EEG-based biomarkers.

2. Age-related changes in ERP measures. ADHD is a developmental disorder with
symptoms emerging in childhood during ongoing brain development. Studies
identified in this review largely focused on the elementary school age range
when stimulant medications are most often used; however, whether these
responses are consistent at earlier ages, when the effectiveness of stimulants is
also more varied (Barbaresi et al., 2020), remains unclear.

3. Specificity of EEG biomarkers for individuals with coexisting conditions. The
vast majority of children and adolescents with ADHD have coexisting conditions
including learning disorders, neurodevelopmental disorders (e.g., autism
spectrum disorder), and mental health disorders (e.g., anxiety, depression).
Precision medicine is most needed to aide medication management of complex
cases of ADHD where identifying effective medications and balancing side
effects is often challenging (Barbaresi et al., 2020). However, few EEG or ERP
studies in ADHD have examined similarities and differences in ERP measures in
children with ADHD and commonly occurring coexisting conditions.

4, Predicting side effects: Adverse side effects (Graham and Coghill, 2008; e.g.,
reduced appetite, sleep challenges, irritable mood, behavioral withdrawal), can
lead to discontinuation of a stimulant medication, despite a positive response in
ADHD symptoms. This is especially true in children with coexisting conditions.
Further studies investigating predictors of side effects in both individuals with
isolated ADHD, as well as ADHD with coexisting conditions will be important.

5. Expanding stimulant formulations. There are now over 25 methylphenidate or
amphetamine derivative stimulant medications approved by the U.S. Food and
Drug Administration (see http://www.adhdmedicationguide.com/), that can vary
by mode of delivery (e.g., liquid vs tab), timing of release (immediate vs
extended), or stimulant derivative (e.g., methylphenidate, dexmethylphenidate,
mixed amphetamine salts, lisdexamfetamine, d- & I-amphetamine). The majority
of studies examined in this review used immediate release methylphenidate.

Limitations and Future Directions

Our review includes several limitations which warrant attention. First, we did not include
ERP components that occurred after the P300 because few studies to date have examined
these late processing components in relation to stimulant response among children with
ADHD. Second, methodological heterogeneity represents a considerable limitation of
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research as it hinders meaningful comparisons between studies. For example, studies used a
wide range of study tasks, component names, sample sizes, and time windows for analyzing
ERP components (see Table 1). Further, diagnostic and inclusion criteria for research
participants varied considerably across studies (see Table 1), as did the diagnostic process
(e.g., parent-report form; independent rater assessment). Such methodological heterogeneity
also hinders meaningful comparison between studies. Relatedly, dosing and formulation
varied between the studies reviewed, and few studies systematically varied the treatments to
estimate the effects of these variables on ERP components. These between-study differences
(e.g., diagnostic criteria, study tasks, stimulant dosage) could, at least partially, account for
some of the contradictory findings noted above. Third, the studies considered in this review
often included samples that were not representative of the overall population; a majority of
participants were male and Caucasian (see Table 1 for participant characteristics).

The extent to which duration of stimulant use modifies ERP components, both at baseline
and following an acute dose of stimulant medication, has largely been understudied.
Neuroimaging research suggests long-term stimulant use normalizes functional and
structural differences in fronto-striatal circuitry among individuals with ADHD (Frodl and
Skokauskas, 2012; Schweren et al., 2016). Yet, few ERP studies reviewed herein controlled
for this factor. Not only will it be important to account for duration of stimulant use as a
potential confound in future research, but the extent to which stimulants influence an
individual’s long-term brain development constitutes another critical outcome to be
measured in precision medicine care for ADHD.

Another notable concern pertains to the heterogeneity of ADHD and the degree to which
studies considered such variability. Of the 42 articles reviewed herein, only seven discuss
heterogeneity of ADHD as informing their methodological approach (e.g., considering
demographic variables as moderators). Given that a vast majority of children (i.e., ~67%)
present with comorbid disorders (e.g., anxiety, autism spectrum disorder, oppositional
defiant disorder; Elia et al., 2008), such heterogeneity and related implications for
medication management (Barbaresi et al., 2020). Similarly, even the most robust
comparative treatment analyses have had limited power to evaluate demographic covariates
of treatment response beyond characterizing patients into dichotomized pediatric versus
adult age groups (Cortese et al., 2018). Accordingly, we currently know very little about how
individual demographic and environmental differences contribute to stimulant medication
response, let alone how these factors moderate associations between stimulant response and
ERP parameters. Further, as discussed above, few studies investigate ERP responses in
individuals with coexisting conditions, despite comorbidities being common in children with
ADHD.

However, a few studies in the current review did acknowledge the likely neurobiological
heterogeneity of their samples. Ogrim and Kropotov (2019) utilized a multimethod approach
(i.e., behavioral, EEG spectra, and ERPs) to predict individual differences in behavioral
response and side effects to stimulant medications with a high degree of accuracy (92% and
78%, respectively). Finally, Keage and colleagues (Keage et al., 2008) underscored the
limited utility of behavior-based, diagnostic subtypes of ADHD for predicting treatment
response or etiology. In this study, youth with ADHD, predominately inattentive
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presentation did not differ significantly from those with the combined inattentive/
hyperactive-impulsive presentation on ERP amplitudes or latencies, nor were there
consistent ERP differences between behavioral subtypes associated with stimulant
administration.

To properly address clinical and neurophysiological heterogeneity in ADHD, very large
sample sizes will be required. Thus, it will be important for clinical scientists to collaborate
across sites and/or share data via publicly available datasets. This approach has been
successfully used with magnetic resonance imaging (MRI) among ADHD samples and has
allowed for more complex statistical analyses and modeling (see Zhang-James et al., 2019
for a discussion of ENIGMA-ADHD). However, unlike EEG/ERP, MRI methods are costly,
require large, immobile equipment and are thus not feasible for use in primary care settings.
Moreover, as noted by Lenartowicz and Loo (2014), sensitivity and specificity of ADHD
biomarkers achieved by small EEG studies so far exceeds those reported by large fMRI
datasets. We join previous researchers in the call for development of an EEG/ERP “big data”
repository with diverse, representative ADHD samples to enhance the utility of ERP for
development of precision medicine care in ADHD (Kiiski et al., 2020; Lenartowicz and Loo,
2014). In a similar vein, replication efforts by independent research groups are needed in
order to validate candidate biomarkers.

In the effort to identify the best stimulant medication for each patient, future research should
include a greater variety of stimulant medications and investigate EEG/ERP measures
predictive of both improvement of ADHD symptoms and side effect profiles. Implicit in the
foregoing point is the notion of prospective studies; cohort studies can assist in identifying
potential biomarkers for stimulant medication response in children diagnosed with ADHD.
Finally, future research could also consider characterizing multimethod biomarker profiles to
optimize predictive power. A recent meta-analysis of pharmacogenetic methods predicting
methylphenidate response identified genetic variants associated with better medication
response (Myer et al., 2018). Accordingly, we strongly encourage taking a multimethod
approach (e.g., EEG and pharmacogenetics) in development of precision medicine.

4.4. Conclusion

This review aimed to summarize what is known about ERP correlates of stimulant response
in children diagnosed with ADHD. Although studies differed with regard to methods and
participant characteristics, some common themes emerged. Most notably, it appears that
later attention processing ERP components, such as the P300, are altered following
administration of stimulant medications in youth with ADHD. More specifically, stimulant
medications appear to “normalize” atypical neural activity during the action execution phase
of stimulus processing by increasing recruitment and activation of cortical attention
networks. Refined identification of ERP biomarkers for precision medicine care in ADHD
may be achieved through use of large, representative datasets.
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Abbreviations:

ADHD Attention-Deficit/Hyperactivity Disorder
EEG Electroencephalography

ERP Event-related potential

MPH Methylphenidate

TD Typically-developing participants

RE medication responders

non-RE medication non-responders
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Highlights
. There are individual differences in stimulant response among children with
attention-deficit/hyperactivity disorder (ADHD).
. Scalp electrophysiology may be used to predict ADHD treatment response.
. Stimulants appear to normalize the action preparation phase of attention
processing.
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