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Attention-Deficit/Hyperactivity Disorder (ADHD) is a heterogeneous disorder. Current subtypes lack lon-
gitudinal stability or prognostic utility. We aimed to identify data-driven biotypes using multiple cogni-
tive measures, then to validate these biotypes using EEG, ECG, and clinical response to atomoxetine as
external validators. Study design was a double-blind, randomized, placebo-controlled crossover trial of
atomoxetine including 116 subjects ages 6 through 17 with diagnosis of ADHD and 56 typically develop-
ing controls. Initial features for unsupervised machine learning included a cognitive battery with 20 mea-
sures affected in ADHD. External validators included baseline mechanistic validators (using
electroencephalogram/EEG and electrocardiogram/ECG) and clinical response (ADHD Rating Scale and
correlation with cognitive change). One biotype, labeled impulsive cognition, was characterized by
increased errors of commission and shorter reaction time, had greater EEG slow wave (theta/delta) power
and greater resting heart rate. The second biotype, labeled inattentive cognition, was characterized by
longer/more variable reaction time and errors of omission, had lower EEG fast wave (beta) power, resting
heart rate that did not differ from controls, and a strong correlation (r = �0.447, p < 0.001) between clin-
ical response to atomoxetine and improvement in verbal memory immediate recall. ADHD comprises at
least two biotypes that cut across current subtype criteria and that may reflect distinct arousal mecha-
nisms. The findings provide evidence that further investigation of cognitive subtypes may be at least
as fruitful as symptom checklist-based subtypes for development of biologically-based diagnostics and
interventions for ADHD.

� 2017 Elsevier Inc. All rights reserved.
Introduction

Attention-Deficit/Hyperactivity Disorder (ADHD) is a highly
prevalent, impairing, chronic disorder. It is heterogeneous in clini-
cal presentation and course [1]. Theories regarding its pathophys-
iology are similarly heterogeneous and it is unlikely that a single,
underlying deficit exists [2–5]. Current subtypes defined by the
Diagnostic and Statistical Manual (DSM) criteria have limited lon-
gitudinal validity [6,7]. Many of the theories of ADHD pathophysi-
ology involve disruption of cognitive domains thought to be
subserved primarily by prefrontal cortex, including sustained
attention, inhibitory control, and executive function [1,8]. Theories
have also implicated the physiologic construct of arousal, which
involves the coordination of both central and peripheral response
via norepinephrine release including effects on cognitive perfor-
mance [9,10,8,11].

ADHD is associated with impairment in several of these cogni-
tive and arousal constructs, but no single measure is clearly helpful
in diagnosis or treatment selection [12,1,13–16]. The clinical appli-
cation of these measures has likely been limited by phenotypic
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heterogeneity. Therefore, an improved classification schema that is
relevant to treatment selection—ideally differentiating affected
individuals by subgroups, or biotypes, with closer relationships
to underlying biologic processes than the macro-level behavioral
observations that are currently used—is needed. Furthermore,
research to date has, in general, examined these constructs inde-
pendently of one another, leading to difficulties placing conflicting
results in context.

Data-driven analytic tools such as unsupervised machine learn-
ing techniques are ideal for identifying biotypes given the current
state of knowledge because they separate groups across multiple
measures without an a priori theoretical taxonomy [17–19]. To
our knowledge, no study has applied such techniques to parse
the phenotypic heterogeneity of ADHD using multiple cognitive
and physiologic markers with clinical trial outcome data in the
same subjects. Our objective was to use a data-driven approach
to identify potential biotypes in ADHD via cognitive markers, then
to validate these types mechanistically, via physiologic markers,
and clinically, via treatment response.

Feature selection (choice of input measures) and external vali-
dation (comparison of the identified groups across different mea-
sures not included as features) are vital to these techniques [20].
We chose several widely available and cost-effective measures that
are relevant to cognitive and physiologic arousal theories of ADHD
pathophysiology as input and validation features. Performance
measures from a cognitive battery were selected as input features
[1,14]. Measures of central and peripheral arousal systems were
used as external validators. These included quantified electroen-
cephalogram (EEG) spectral power and theta/beta ratio, and elec-
trocardiogram (ECG)-derived resting heart rate and heart rate
variability [16,21]. Furthermore, EEG power is highly heritable
[22], making it a good candidate biotype marker. Finally, treatment
response to atomoxetine, a highly selective norepinephrine reup-
take inhibitor, was used as a clinical external validator with both
direct clinical importance and a specific relationship to arousal
via norepinephrine modulation. Medications that improve clinical
ADHD symptoms also improve cognitive performance, but these
outcomes are often uncorrelated [23]. This dissociation may also
be due to between-subject heterogeneity. We therefore assessed
correlation between behavioral rating scale response and cognitive
response.

The present study was grounded in a clinical biomarker trial of
atomoxetine that included each of our primary measures of inter-
est [24]. We hypothesized that ADHD would comprise multiple
distinct biotypes with characteristic cognitive profiles. Further,
we expected that these types would be differentiated mechanisti-
cally by central and peripheral arousal assessed by the EEG and
ECG, and clinically by extent of symptom response following treat-
ment with atomoxetine. Our secondary clinical hypothesis was
that symptom response would differentially correlate with
improvements in cognition within each identified biotype [25].
Material and methods

Study design

Data were collected in a double-blind, randomized, placebo-
controlled crossover study of atomoxetine. The ADHD (Attention-
Deficit/Hyperactivity Disorder) Controlled Trial Investigation Of a
Non-stimulant (ACTION) protocol was previously reported [24].
The study was conducted at three academic medical centers in
Australia between February 2008, and April 2010. It included a
2-week washout lead-in and three assessments: a blinded baseline
assessment at the start of the first of two 6-week treatment phases
separated by a 1-week washout, and a blinded assessment at the
end of each phase. Cognitive testing and clinical rating scales were
performed at each assessment and all sites. EEG and ECG record-
ings were performed only at baseline at the Sydney site. Referral
identified 198 subjects, 140 were randomized and 116 completed
cognitive and EEG/ECG testing in the first phase (Fig. S1). Of these
116, four ADHD subjects were removed from analysis due to
reporting fewer than 4 h of sleep the night before the baseline
assessments because sleep deprivation significantly affects cogni-
tion and EEG [26,27]. This left 112 ADHD subjects and 56 typically
developing subjects. Typically developing controls participated in
baseline measurement of EEG/ECG at Sydney.

Sampling procedure

Subjects were assessed in a comprehensive clinical interview
(by MRK, SC, DE) at a tertiary referral behavioral pediatrics center
that focuses on diagnosis and treatment of ADHD. Diagnosis of
ADHD subtypes were made by referring clinicians according to
DSM-IV criteria [28]. Diagnosis was confirmed using the ADHD
Rating Scale IV (ADHD-RS) and via clinical interview by an inde-
pendent, trained research psychologist (symptoms counted as pre-
sent if rated at 2 or greater) [28]. Comorbid disorders were
identified by clinical interview, using the Anxiety Disorders Inter-
view Schedule for Children (ADISC) [29], administered by the
trained psychologist. Anxiety disorders included Generalized Anx-
iety Disorder, Social Anxiety Disorder, and Separation Anxiety
Disorder. Severity of symptoms of depression and anxiety was
assessed by the State-Trait Anxiety Inventory (STAI) and the
Depression Anxiety Stress Scale (DASS) [30,31].

Inclusion criteria for ADHD subjects and controls included: age
6–17 years, normal body mass for age/gender, and English fluency.
Exclusion criteria for both groups included IQ � 80, physical brain
injury, neurologic disorder, concurrent stimulant use, cardiac
abnormalities, psychosis, or history of drug abuse or dependence
[14,24]. ADHD subjects had to meet ADHD criteria for inclusion,
while controls were excluded if they had a personal or family his-
tory of an Axis I psychiatric disorder. Subject guardians provided
informed consent and study subjects assented to participation in
the study. Each site’s Institutional Review Board approved the
protocol.

Cognitive battery

Cognitive measures were assessed using a computerized, touch-
screen test battery with audio instructions, IntegNeuro (Brain
Resource Ltd., Sydney, Australia), that has been validated in thou-
sands of subjects [32]. The specific cognitive measures are
described elsewhere and have been established as sensitive for
ADHD relative to healthy controls [14,24]. Briefly, this battery
included the following test paradigms: Continuous Performance
Test (CPT), Go/No-go (GNG), switching of attention (analogous to
Trails A and B), maze, verbal memory recall (analogous to Califor-
nia Verbal Learning Test), verbal interference (analogous to
Stroop), motor tapping, digit span, and choice reaction time
[33,14]. Performance on each cognitive test was standardized to
age- and gender-normed Z scores, using a large database of typi-
cally developing children [34]. The direction of effect for normed
scores was standardized so that negative scores indicated worse
performance.

EEG and ECG acquisition & data reduction

EEG and ECG acquisition followed established protocols [35,36].
Subjects were seated comfortably in a sound- and light-controlled
testing room. Data were acquired under a resting eyes-open condi-
tion for 2 min, followed by separate task-evoked conditions. Only
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eyes-open EEG was analyzed for this study. EEG data were
acquired from the F7, F3, FC3, Fz, FC4, F4, F8, Cz, T5, P3 CP3, Pz,
CP4, P4 and T6 electrode sites (10–20 International System). Data
were recorded relative to the average of A1 and A2 (mastoid) elec-
trode sites. Two ECG channels were collected and a common refer-
ence channel was obtained at C7.

Established procedures for quality control were followed,
including for dealing with artifact due to eye blinks or voltage
swings over 100 uV [37]. Following Fast Fourier Transform of the
EEG we quantified absolute power averaged by region for beta
(14.5–30 Hz), alpha (8–13 Hz), theta (4–7.5 Hz), and delta (1.5–
3.5 Hz), and computed the theta/beta ratio. These power values
were natural log-transformed to better approximate a normal dis-
tribution for linear models [38]. From the ECG, heart rate was
quantified by computing average RR interval. Heart rate variability
was computed as the root mean square of successive differences
between RR intervals (rMSSD). Both EEG and ECG values were
quantified separately for resting and task conditions.

Statistical analysis

Cognitive biotype identification
Agglomerative hierarchical clustering is a robust algorithm that

performs well across a variety of biomedical applications and dif-
ferent measures of performance [39]. Results are reproducible
and the algorithm is more robust to outliers than many alterna-
tives [40,20]. We used the agglomerative nesting algorithm
described by Kaufman and Rousseeuw and implemented in the R
package, cluster [41,42]. Baseline cognitive performance measures
were used as cluster input features. Median replacement was per-
formed for missing data and outliers >5 SD from the mean as a con-
servative approach to constructing the correlation matrix. To
minimize co-linearity, among cognitive variables with >0.90 corre-
lations, one measure was included such that overlap of tests was
avoided where possible. A measure of model fit for agglomerative
nesting is the agglomerative coefficient (AC) [42]. We used Eucli-
dean distance and compared 3 different commonly used linkage
methods (complete, average, and Ward’s) and chose the solution
with the highest AC. AC varies from 0 to 1, with values close to 1
indicating very clear cluster structure [42]. AC is defined as the
average of all values for 1 – d(i) where d(i) represents the dissim-
ilarity of each object i to the first cluster with which it is merged,
divided by dissimilarity of the merger of the last step of the algo-
rithm. The approach reported by Malika, et al. using the R package,
NbClust, was adopted for determination of the number of clusters
[43].

Mechanistic validation
To investigate biotype differences across convergent validators,

we used linear mixed models (LMM) with restricted maximum
likelihood estimation implemented in the R package, lme4 [44].
Fixed effect terms for biotype were used to determine whether
the biotypes differed significantly on the dependent variable of
interest. For each dependent variable, LMMs including the final
term of interest were compared with models including all other
terms using a log-likelihood Chi-square test. For models with sig-
nificant overall effects, the 95% confidence intervals for the beta
coefficients were used to determine which individual contrasts
were statistically significant. Age and subject ID were included as
random effects in all models. For EEG measures, one model was
constructed per power band (beta, alpha, theta and delta) and a
fifth for theta/beta ratio. Fixed effects of biotype, region (frontal,
temporal, central, parietal), and biotype ⁄ region interaction were
added to each model. Separate LMMs were constructed for RR
interval and rMSSD. Identical procedures were followed including
DSM subtype rather than biotype.
Clinical validation
Difference in ADHD-RS total scores between treatment and pla-

cebo phases was the primary dependent measure of treatment
response [45]. The model for ADHD-RS difference included a fixed
effect for baseline ADHD-RS score. Age, site, and subject ID were
included as random effects. We also calculated Pearson’s correla-
tion coefficients between the ADHD-RS difference score and the
atomoxetine – placebo score across the cognitive measures to
determine whether there was a dissociation between the relation-
ship of clinical improvement to cognitive improvement across bio-
types and applied Bonferroni correction for multiple hypothesis
testing [46,47].

Demographic characteristics
To assess whether demographic factors also contributed to bio-

type differences, two-tailed independent sample t-tests, Pearson’s
Chi-square test, and Fisher’s exact test were used to compare
means and proportions across clinical (and demographic) charac-
teristics between biotypes.
Results

Cognitive biotype identification

Ward’s method yielded the solution with the highest AC (0.89).
The AC of the complete linkage solution was 0.71 and of the aver-
age linkage solution was 0.52. The solution was determined to
have two biotypes. The average cognitive testing scores across
the cognitive battery are presented in Fig. 1, with relevant scores
by DSM subtype for comparison. Biotype 1, termed ‘‘impulsive cog-
nition” was differentiated by shorter reaction times and fewer
errors of omission, but more errors of commission and worse per-
formance on tasks requiring inhibition (maze overruns, Stroop
interference score). Biotype 2, termed ‘‘inattentive cognition” was
characterized by longer reaction time on GNG and the CPT as well
as more errors of omission on GNG.

Mechanistic validation: EEG

Log power by biotype is presented in Fig. 2. For eyes-open EEG,
the most marked difference between biotypes was a significant
effect of biotype on delta power (Χ2(2) = 10.18, p = 0.006). Impul-
sive cognition subjects had significantly higher delta power than
both inattentive cognition subjects (b = �0.48, SE = 0.16,
CI = �0.81 to �0.17) and controls (b = �0.45, SE = 0.16, CI = �0.76
to �0.14). Inattentive cognition subjects and controls did not differ
from one another, and biotype ⁄ region interactions were non-
significant. There was also a significant effect of biotype in the
theta band (Χ2(2) = 6.68, p = 0.035). Again, both inattentive cogni-
tion subjects (b = �0.41, SE = 0.17, CI = �0.77 to �0.07) and con-
trols (b = �0.42, SE = 0.18, CI = �0.76 to �0.08) had significantly
lower power than impulsive cognition subjects, but inattentive
cognition subjects and controls did not differ from one another.
There was also no significant effect of biotype ⁄ region interactions
in the theta band. There was a significant biotype ⁄ region interac-
tion for the beta band (Χ2(6) = 15.18, p = 0.019). These contrasts for
inattentive cognition ⁄ frontal (b = �0.22, SE = 0.10, CI = �0.42 to
�0.02), inattentive cognition ⁄ temporal (b = �0.35, SE = 0.12,
CI = �0.58 to �0.13), control ⁄ frontal (b = �0.21, SE = 0.10,
CI = �0.40 to �0.15), and control ⁄ temporal (b = �0.23, SE = 0.11,
CI = �0.44 to �0.01) coefficients were all significantly different
from impulsive cognition subjects. There were no significant
effects of biotype in the alpha band region or theta/beta ratio.

The only significant effect of DSM subtype across models was a
subtype ⁄ region interaction term in the alpha power band (Χ2(9)



A. Biotypes

B. DSM Subtype

Fig. 1. Neuropsychological Profiles Note: Comparison of identified biotypes and DSM subtypes cognitive profiles. Errors bars represent standard errors. Dashed horizontal
lines represent the averages for age-matched healthy norms from which Z-scores for all individual subjects were calculated. Asterisks indicate statistical significance of pair-
wise t-tests (Biotypes) and one-way ANOVA (DSM Subtype) for each cognitive measure between groups; *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 2. EEG Power By Biotype Across Regions and Spectral Bands. Note: Each panel represents averaged power across the indicated leads, with the elevated global slow wave
profile of the impulsive cognition biotype clearly visible. Note also the generally elevated frontal beta and relatively decreased frontal beta of the inattentive cognition
biotype. Multiple regions are presented for thoroughness, though the trends are similar across regions. In contrast, there are not consistent differences by DSM subtype (not
pictured). Center lines represent median values, colored areas interquartile range, whiskers the last point within 1.5 times the interquartile range of the upper/lower
quartiles, and points further outliers.
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= 26.7, p = 0.002). Only the combined type ⁄ temporal lobe interac-
tion term compared with controls was significant (b = 0.65,
SE = 0.31, CI = 0.04–1.25). ADHD-I and ADHD-C did not differ sig-
nificantly from one another.

Mechanistic validation: ECG

Average RR interval by biotype is presented in Fig. 3A and heart
rate variability in Fig. 3B. The model for RR interval revealed a sig-
nificant effect of biotype (Χ2(2) = 6.90, p = 0.032). Individual con-
trasts indicated that impulsive cognition subjects had a lower RR
interval (greater resting heart rate) than both inattentive cognition
subjects (b = 99.5msec, SE = 40.9) and controls (b = 97.5msec,
SE = 39.1). There was no significant effect of biotype ⁄ task interac-
tion. Inattentive cognition subjects did not differ from controls. For
rMSSD, the biotypes did not differ significantly (Χ2(2) = 2.03,
p = 0.362). There were no significant differences by DSM Subtype
for RR interval or rMSSD.

Clinical Validation: Treatment response

Clinical characteristics are listed in Table 1. The Impulsive Cog-
nition biotype had a mean decrease of 6.1 (SD = 14.2) on the
ADHD-RS, while the Inattentive Cognition biotype had a mean
decrease of 3.0 (SD = 9.4). The DSM Combined Subtype had a mean
decrease of 4.1 (SD = 9.7), while the DSM Inattentive Subtype had a
mean decrease of 4.2 (SD = 12.4). These differences did not reach
statistical significance. Biotype did not have a statistically signifi-
cant effect on treatment outcome in the full mixed-effects model
(Χ2(1) = 1.27, p = 0.259). Biotypes differed in the pattern of correla-
tions between change in ADHD-RS and change in cognitive mea-
sures. Specifically, only inattentive cognition biotype had a
significant correlation between change in overall ADHD-RS score
and verbal memory immediate recall (r = -0.447, p < 0.001). Nega-
tive correlation here indicates that improvements correlated. No
other clinical and cognitive change correlations survived Bonfer-
roni correction.

Sample characteristics

Impulsive cognition subjects had four point higher average STAI
Trait scores (p = 0.044) (Table 1). The biotypes did not differ in pro-
portion of inattentive, combined, or hyperactive/impulsive sub-
types defined by DSM. There were no other baseline differences
in clinical co-morbidities between biotypes.

Impulsive cognition subjects were, on average, 1.3 years
younger than inattentive cognition subjects (p = 0.010) and
differed proportionally in education (Table 2). There was not a



A. Heart Rate (RR Interval)

B. Heart Rate Variability

Fig. 3. ECG Note: Consistent differences are seen in resting heart rate across task conditions in the impulsive cognition biotype compared with the inattentive biotype or with
controls, which are indistinguishable from one another. The separation is less clear looking at heart rate variability. Errors bars represent standard error of the mean.
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significant difference in the representation of different ethnic
groups across biotypes.
Discussion

Our approach identified two putative biotypes amongst youth
with ADHD – one with impulsive cognition and another character-
ized by inattentive cognition. Strikingly, the identified biotypes did
not differ in proportion of inattentive, combined, or hyperactive/
impulsive subtypes defined by DSM, or in average inattentive or
hyperactive/impulsive ADHD symptom scores. One implication is
that links between the behavioral rating scale and cognitive mea-
sures of inattention and impulsivity cannot be taken for granted.
Impulsive cognition subjects had slightly higher anxiety severity
than inattentive cognition subjects but they did not differ on any
other clinical measures. They differed significantly across several
convergent markers that validate their use as biotypes likely to
have more homogeneous underlying biological differences than
do current DSM subtypes. Specifically, the impulsive cognition bio-
type had elevated slow wave (delta and theta) resting EEG profiles
and elevated resting HR, while the inattentive cognition biotype
had lower frontal and temporal beta resting EEG and resting HR
that did not differ from controls. The identified biotypes also dif-
fered in patterns of cognitive-clinical improvement correlation.

Several lines of evidence converge with the findings reported
here in support of the validity of the identified biotypes. Latent
class analysis of similar cognitive measures in a sample with ADHD
identified a slow and variable group, a quick and accurate group,
and a group with more errors on GNG termed a poor cognitive con-
trol group [48]. The biotypes identified here differ by a similar pat-
tern. Another recent study clustered ADHD subjects by
temperament, finding a group termed ‘‘surgent” with novelty-
seeking temperament and greater sympathetic tone measured by
cardiac pre-ejection period [49]. The surgent group was the only
group to separate from controls on this measure and the difference



Table 1
Clinical Characteristics.

Variable Impulsive Cognition (n = 39) Inattentive Cognition (n = 73) Test Statistic p

ADHD-RS Atomoxetine Improvement – Placebo Improvement (SD) 6.1 (14.2) 3.0 (9.4) t = �1.3 0.186
Comorbidity, No. of persons (%)
Any Anxiety Disorder 13 (33%) 22 (30%) Χ2 = 0.1 0.728
Dysthymic Disorder 8 (21%) 11 (15%) Χ2 = 0.5 0.599
Major Depressive Disorder 2 (5%) 1 (1%) Fisher’s Exact 0.277
Oppositional Defiant Disorder 18 (46%) 27 (37%) Χ2 = 0.9 0.346
Conduct Disorder 6 (15%) 8 (11%) Χ2 = 0.5 0.500
Obsessive Compulsive Disorder 5 (13%) 4 (5%) Fisher’s Exact 0.272
Post-Traumatic Stress Disorder 1 (3%) 5 (7%) Fisher’s Exact 0.349

STAI State, baseline score (SD) 32 (7.5) 31 (6.2) t = 0.887 0.377
STAI Trait, baseline score (SD) 38 (9.3) 34 (7.6) t = 2.054 0.044
DASS Anxiety, baseline score (SD) 1.4 (1.7) 1.6 (1.6) t = �0.577 0.565
DASS Depression, baseline score (SD) 5.05 (4.3) 4.6 (4.3) t = 0.542 0.589
DASS Stress, baseline score (SD) 7.1 (3.9) 7.1 (5.3) t = �0.003 0.998
ADHD-RS, baseline score (SD) 37.1 (10.3) 36.3 (10.0) t = 0.367 0.714
ADHD-RS Inattentive, baseline score (SD) 20.6 (5.2) 20.9 (4.0) t = �0.326 0.745
ADHD-RS Hyperactive/Impulsive, baseline score (SD) 16.5 (6.6) 15.4 (7.4) t = 0.720 0.473

Note: ADISC = Anxiety Disorders Interview Schedule-Child version; STAI = State/Trait Anxiety Inventory; DASS = Depression Anxiety Stress Scales; ADHD-RS = ADHD-Rating
Scale for DSM-IV. For clarity, ADHD-RS Improvement scores are listed as positive scores; this indicates a decrease in the score during the active treatment phase compared to
the placebo phase.

Table 2
Demographic Characteristics

Variable Impulsive Cognition (n = 39) Inattentive Cognition (n = 73) Test Statistic p

Age, yrs, mean (SD) 10.4 (2.6) 11.7 (2.4) t = �2.6 0.010
Sex, No. of persons (%) Χ2 = 1.3 0.243
Male 29 (74%) 61 (84%)
Female 10 (26%) 12 (16%)

Education, yrs, mean (SD) 4.9 (2.5) 6.4 (2.4) t = �3.1 0.003
Ethnicity, No. of persons (%) Fisher’s Exact 0.299
White 25 (64%) 40 (56%)
Black 1 (3%) 0 (0%)
Indigenous 0 (0%) 2 (3%)
Asian 0 (0%) 0 (0%)
Pacific Islander 2 (5%) 1 (1%)
Middle Eastern 0 (0%) 4 (5%)
Mixed ethnicity 6 (15%) 9 (12%)
Declined/left blank 5 (13%) 17 (23%)

Body Mass Index, kg/m2, mean (SD) 20.6 (5) 21.4 (4) t = �0.7 0.512
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was present across tasks, which is the pattern observed here in RR
interval for impulsive cognition subjects. Slow wave EEG power
has been linked to altered risk-taking, further suggesting a possible
congruence between the surgent group and the impulsive cogni-
tion biotype [50]. The study by Karalunas, et al. did not include
EEG or cognitive variables, however, and we did not measure
temperament.

Integrating these studies, we conclude that underlying biotypes
appear cohesive across convergent cognitive and biological mea-
sures but not consistently linked to clinical ratings of behavior.
Another recent study split a sample according to number of disrup-
tive symptoms [51]. This resulted in a group characterized by
longer and more variable reaction times with lower relative delta
and higher relative alpha power than the group characterized by
GNG errors of commission—similar to the split observed here. In
contrast to our findings, however, those groups differed across
multiple behavioral ratings of psychopathology, including comor-
bid anxiety disorders, mood disorders, oppositional defiant disor-
der, and conduct disorder.

Our findings have implications for developing diagnostic tests
for ADHD based on a biologic taxonomy. It has long been proposed,
among the competing theories of the pathophysiology of ADHD,
that children with ADHD are physiologically hypo-aroused [9]. In
this context, slowwave (delta/theta) EEG power has generally been
thought to indicate decreased arousal, and fast wave (alpha/beta)
to indicate increased arousal during task-directed activity. Theta/-
beta ratio has been investigated as a diagnostic test for ADHD, but
findings have been inconsistent [21]. Our results suggest that these
inconsistencies may have resulted at least in part from sampling
heterogeneity not captured by clinical rating scales. Rather than
a uniformly elevated theta/beta ratio for ADHD, our approach to
the natural structure of neural activity defines one biotype with
elevated slow wave (delta/theta) and elevated fast wave (beta)
EEG along with elevated heart rate and cognitive indictors of
impulsivity rather than hypo-arousal. The group with longer reac-
tion times did not differ from controls in slow wave power. In this
regard, our results indicate that multiple models of dysfunction of
the arousal system—rather than general hypo-arousal—are needed
to understand the mechanisms of ADHD pathophysiology. They
also provide a framework within which to reconcile conceptualiza-
tions of the frontoparietal cognitive control network as a driver of
ADHD pathology with broader evidence suggesting an integral role
for the arousal system.

This framework is aligned with neurobiological models of cog-
nitive function that focus on the role of catecholamines in pre-
frontal and parietal cortex. These regions, particularly parietal
cortex, receive dense innervation from locus coeruleus (LC) [52]
and have been implicated in ADHD and the frontoparietal cognitive
control network [53]. High-affinity alpha2 norepinephrine receptor
activation improves working memory, inhibitory control, and
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flexible associative learning at moderate norepinephrine levels.
Activation of lower-affinity alpha1 and beta receptors inhibits
working memory and reduces inhibitory control, but improves sus-
tained attention at higher norepinephrine levels [54–56].

A parsimonious explanation for the observed pattern that is
concordant with the theorized role of frontoparietal cortex and
the differential effects of norepinephrine at the receptor level
would suggest a source or common pathway of dysfunction in
the locus coeruleus-norepinephrine (LC-NE) system based on the
adaptive gain theory [52]. LC has both tonic and phasic firing pat-
terns. The relative balance between tonic and phasic firing affects
cognitive performance on forced choice and signal discrimination
tasks similar to CPT and GNG. Increased tonic firing—which can
be situationally adaptive or can result from lesions to LC—increases
baseline levels of norepinephrine in prefrontal cortex (thereby
activating alpha1 and beta receptors at high levels of activity)
and is associated with increased errors of commission [57].
Decreased phasic firing, which according to this model can result
from decreased coupling of LC neurons influenced by many differ-
ent afferent signals, is associated with slower and more variable
responses, though additional task parameters such as difficulty
seem also to affect this relationship [58,52]. Intriguingly, delta
power has been linked to LC firing rates [59]; salience detection
and inhibitory control [60]; and resting heart rate [61]. The LC-
NE system is also involved in regulation of heart rate [62].
Increased tonic firing leading to increased cortical and peripheral
norepinephrine levels and/or increased sensitivity of alpha1 or
beta receptors could explain the observed deficits in the impulsive
cognition biotype. Disruptions to the functioning of the phasic fir-
ing system, which is dynamically influenced by many regions
implicated in previous functional imaging studies of ADHD, includ-
ing the dopaminergic reward expectation system and prefrontal
regions such as the anterior cingulate, could be implicated in the
inattentive cognition biotype [63]. Future studies with greater spa-
tial resolution could be informative here.

We did not detect the statistically significant difference in
ADHD-RS response that we had hypothesized. An observed effect
of phase and somewhat lower treatment effect in our study com-
pared to previous studies of atomoxetine may have decreased
our ability to detect a statistically significant effect [64,65]. Never-
theless, the dissociation in patterns of correlation between ADHD
symptom response and cognitive response further validates the
biotypes and suggests that clinical response to atomoxetine may
be mediated by different cognitive functions within each biotype.
There were no statistically significant correlations between cogni-
tive markers and ADHD-RS improvement in either DSM subtype. A
strong correlation between improvement in behavioral ratings and
verbal memory immediate recall was identified only in the inatten-
tive cognition biotype. The verbal memory immediate recall mea-
sure is an adaptation of the California Verbal Learning Test (CVLT)
and depends on the cognitive constructs of working memory,
encoding, and retrieval [66]. The biotypes did not differ signifi-
cantly on this measure at baseline. Future work is needed to con-
tinue to explore the links between cognitive and symptomatic
response to treatments for ADHD.

This study has several limitations. First and foremost, replica-
tion by independent investigators is fundamental to robustly
establishing the validity of results. We cannot draw strong conclu-
sions about longitudinal stability from our relatively short-term
study. However, ADHD symptoms and EEG power have been
shown to be heritable and cognitive response style has been linked
to ADHD risk alleles. Unsupervised learning approaches are appro-
priate when the number of groups is not known, as in this case, but
results can vary by algorithm and feature selection. While a
strength of this study is the inclusion of multiple markers spanning
multiple levels of biological organization—using patterns in the
relationships between these as the focus of our analysis to main-
tain statistical power—no single battery can claim to be compre-
hensive and additional measures could be investigated in the
future. Selection of different algorithms or input features could
potentially yield different insights. While we had a relatively large
sample powered to detect moderate between-group differences,
larger samples can provide greater resolution in discovering a
greater number of types if more types exist or in identifying
between-group differences of lesser magnitude. Furthermore, as
in any clinical trial, results should not be generalized to popula-
tions that differ significantly from study participants.
Conclusions

There is now significant evidence that cognitive measures have
closer relationships to several biomarkers related to arousal and
catecholamine systems than do DSM-defined behavioral symp-
toms. In this study, cognitive response styles were found to be
associated with different patterns in EEG and ECG measures linked
to the LC-NE system as well as different cognitive patterns of treat-
ment response to a greater degree than were DSM subtypes. These
patterns overlap significantly with previous cognitive, EEG, ECG,
and temperament findings but less so with previous links to behav-
ioral rating scales. The findings provide evidence that focusing on
cognitive subtypes may be more fruitful than symptom checklist-
based subtypes for future investigations regarding diagnostics
and interventions for ADHD. Our results may explain heteroge-
neous past findings regarding theta/beta ratio as a diagnostic mar-
ker for ADHD and are inconsistent with general hypo-arousal as an
explanation for previous observations of slow and variable
response time in conjunction with increased slow wave activity
in ADHD at the whole-group level.
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