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Abstract

Background—A challenge facing clinical neuroscientists is how best to synthesize diverse and
sometimes inconsistent evidence for neuropsychological deficits and brain system dysfunction
found in psychiatric disorders into models that guide etiological and treatment research. Multiple
pathway models suggest psychiatric symptoms might arise from pathophysiology in different
neural systems. This study tested “dual pathway” model predictions for Attention Deficit
Hyperactivity Disorder (ADHD) that reward and executive function cognitive deficits should be
related to abnormalities in corresponding functionally-specialized neural systems.

Methods—Behavioral inhibition and preference for immediate rewards were assessed in A=251
adolescent boys and girls ages 12-18 diagnosed with DSM-IV Combined-subtype ADHD or non-
ADHD controls. Following taxometric analyses of test performance, the resulting subgroups were
compared on an fMRI Monetary Incentive Delay task probing reward anticipation and Go/NoGo
task of motor response inhibition.

Results—Three ADHD subgroups were identified consistent with different proposed pathways —
ADHD with executive function/motor inhibition deficits, ADHD with both executive and reward
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deficits, and ADHD with relatively normal test performance. Each cognitive domain mapped to
different ADHD brain dysfunction features as expected. However, no brain abnormalities were
found common to all ADHD subgroups despite the fact they had nearly identical ADHD-related
clinical characteristics.

Conclusions—The results suggest Combined-subtype ADHD is a collection of discrete
disorders for which a comparable behavioral endpoint arises through different neurobiological
pathways. The findings raise caution about applying common cause, single-deficit conceptual
models to individual ADHD patients and should prompt researchers to consider biologically-
defined, multifactorial etiological models for other psychiatric diagnoses.
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Introduction

Psychiatric researchers formulate neurocognitive models to understand relationships among
diagnostic symptoms, associated cognitive abnormalities, and neurobiological dysfunction.
While many models were initially advanced to understand how brain abnormalities could
underlie one particular disorder-related cognitive feature, some have evolved into etiological
models. However, such single deficit models typically do not attempt to explain the diverse
and sometimes inconsistent evidence for brain function abnormalities in different functional
contexts that has accumulated over the past several decades for many disorders. For instance
in Attention-Deficit Hyperactivity Disorder (ADHD), there is considerable heterogeneity in
both neuropsychological (1-3) and neural system function (4). Despite this, ADHD
researchers almost exclusively use case-control designs to identify neurobiological
dysfunction common to the broad behaviorally-defined diagnostic phenotype. But what if no
single neurobiological abnormality is common to all patients who meet criteria for a specific
diagnosis? This study tests this fundamental assumption to learn whether ADHD patients
can manifest all, some, or none of well-replicated neuropsychological and neural
abnormalities previously linked to the behaviorally-based diagnosis.

Multiple pathway neurocognitive models for ADHD eschew single-cognitive deficit
explanations, instead proposing symptoms arise from abnormality in several distinct neural
systems. The first “dual pathway” ADHD model proposed patients could have either a
primary deficit in behavioral inhibition-related executive function, or in reward and
motivation-related reinforcement processes that produce a characteristic aversion to delay (5,
6). This is mirrored by later models that recognize similar abnormalities (7-9). Although
models disagree which cognitive test deficits are most representative of each pathway and
how exactly they relate to ADHD etiology, there is strong neuropsychological evidence for
distinct executive- and reward-related impairment in ADHD. Data reduction techniques
separate the two domains in ADHD-diagnosed patients (10, 11). Reward and executive test
performance independently predict ADHD symptoms (12). Scores on tests from the two
domains can discriminate ADHD from non-ADHD with reasonably high accuracy (13).
Perhaps most useful for experimentation, ADHD-diagnosed children, adolescents, and
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adults can be differentiated into subgroups with test deficits on only motor inhibition tests,
reward tests, in both domains, or in neither (10, 11, 13-15).

It has been proposed these different causal pathways are associated with abnormalities in
different brain systems. Impairments on tests assessing reward or executive control possibly
arise from dysfunctional mesolimbic and mesocortical dopaminergic neural systems,
respectively (5, 9). Neuroimaging ADHD studies have found abnormalities in ventral
striatum and orbitofrontal cortex within the reward system, and lateral and medial prefrontal
cortices related to executive control (4, 16). Strict dual pathway ADHD models would
predict that different pathways could result in separate and distinct profiles of brain
dysfunction, each mapping only to the corresponding functional domain. Alternatively, it is
possible pathway-specific brain activity abnormalities exist, but manifest as variation around
a core profile of ADHD neural dysfunction. Although these models have considerably
different implications for understanding ADHD neurobiology and ultimately ADHD
etiology, no neuroimaging studies have yet offered evidence to support or refute either
possibility.

To describe how putative dual pathway causal mechanisms typically are expressed in
ADHD-diagnosed adolescents across neurocognitive, clinical, and neural system levels of
inquiry, this study sought to better characterize the nature of pathway-related neurocognitive
deficits in ADHD. We first asked if ADHD patients fell somewhere along a normal
continuum of impairment in executive or reward domains, or if pathways were expressed in
a way that formed neurocognitively distinct ADHD subgroups. We used a combination of
data reduction and taxometric classification analyses to examine ADHD and non-ADHD
participants’ performance on a battery where several theoretically-relevant tests were given
to assess each pathway. Then, we characterized brain dysfunction in the ADHD subgroups
that resulted, using a subsample who performed fMRI reward (Monetary Incentive Delay;
[MID]) and motor inhibition (Go/NoGo; [GNG]) tasks. We hypothesized ADHD-diagnosed
adolescents who had only inhibition or only reward test deficits would show neural function
abnormalities only in brain regions functionally specialized for inhibition or reward, while
patients with both types of test deficits would show brain dysfunction in both neural
systems.

Methods and Materials

Participants

DSM-IV Combined-Subtype ADHD (7=117) and non-ADHD (7=134) adolescent boys and
girls ages 12-18 were recruited via community advertisements. Study exclusion criteria
were major medical disorders, current DSM-IV substance dependence, mood or anxiety
disorders, lifetime bipolar, OCD, PTSD, Tourette’s, psychotic, or Pervasive Developmental
Disorder, abnormal brain structure on MRI, and Full Scale 1Q estimate <80. Only un-
medicated patients or patients who took short half-life psychostimulant medications were
enrolled. ADHD participants who took medications not amenable to a 24 hour “washout”
procedure prior to cognitive/MRI assessment were excluded.
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Clinical assessment

Following informed consent/parental permission using procedures approved by Hartford
Hospital’s Institutional Review Board, the Schedule for Affective Disorders and
Schizophrenia for School-Age Children-Present and Lifetime version (K-SADS-PL) (17)
assessed Axis-1 disorders using standard guidelines with information synthesized from both
parent and participant interviews. The cognitive battery (Table 1) included several tests
measuring either preference for immediate or delayed rewards (“reward”), or a tendency for
impulsive responding when executive control or motor inhibition is required (“executive”).
Comparison of ADHD versus non-ADHD test performance found the ADHD adolescents
were impaired on nearly every measure (Supplementary Table S1). A detailed description of
the clinical and neurocognitive battery is in Sl text.

Taxometric classification

Principal component analysis (PCA) prepared test data for ADHD pathway characterization.
The resulting ADHD three-factor structure was superficially similar to non-ADHD, but
several tests had different loading profiles (see Supplementary Table S2 and Sl text for
details). In brief, executive and reward tests more often co-loaded on the same factors in
ADHD, consistent with prior observations that the two pathways likely interact (18), and
there were differences in the how EDT and DDQ tests of impulsive choice loaded onto each
groups’ factors. Next, an iterative taxometric analysis examined pairwise combinations of
ADHD PCA factors. The comparative curve fit index (CCFI) calculated on average
MAMBAC curves (19) can determine whether a latent construct is categorical in nature
(CCFI > .60) or dimensional (CCFI < .40) through comparison to simulated data. When
applied to the ADHD PCA data, MAMBAC-derived CCFI = .638 and the estimated taxon
base rate (A) was .398. Multiple methods validation (20) using another taxometric algorithm
MAXSLOPE gave comparable results (CCFI = .621, P = .412). Average MAMBAC and
MAXSLOPE curves are depicted in Fig. S3. Cases were assigned to the 7=46 taxon and
=71 complement using the average P. A second taxometric analysis determined if either of
these subgroups should be further split. Results for the 7=71 complement also suggested
categorical subgroups (MAMBAC CCFI = .580; MAXSLOPE CCFI = .682), so it was
divided into 7=31 and =40 subgroups based on average ~.

fMRI Methods

All participants were invited for MRI assessment, but over a third declined or were excluded
because they had orthodontia or were left-handed. After quality control data inspection (see
Sl text), the final fMRI subsample included 7=63 non-ADHD and /=62 ADHD GNG fMRI
datasets and /7=69 non-ADHD and 7=62 ADHD MID fMRI datasets. The final fMRI
subsamples’ mean age and sex proportion did not statistically differ from the full sample.

MRI data collection, data preparation, and fMRI activation modeling details are in Sl text.
The Go/No-Go (GNG) task (21) quantified brain activation to both correctly inhibited motor
responses and errors of commission, designed to provide insight into both response
inhibition and error processing aspects of cognitive control. The Monetary Incentive Delay
(MID) task modified the original fMRI paradigm (22) to dissociate the prospect of reward
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(cue indicating possible win or loss of money) from the subsequent period where
participants exert effort to obtain the reward.

A two-stage analysis plan was used. First, ADHD subgroup brain activation abnormalities
were identified by contrasting each subgroup to non-ADHD controls in a series of two-
sample ztests. These results were evaluated using a clusterwise inference framework (23).
The cluster-determining threshold was the same for all analyses (p< .005) with the target
whole brain-corrected p < .05. Anatomical localization was assisted using anatomical atlases
(24). Second, we examined the specificity of subgroup deficits. ANOVA tested if any
activation levels differed among the ADHD subgroups in brain regions-of-interest found in
the primary analyses to be abnormal in at least one subgroup. Conjunction analyses (25)
asked if any abnormality was found jointly in all three ADHD subgroups.

ADHD Neurocognitive Subgroup Analysis and Results

CCEFl results from the taxometric analyses used to test for a polytomous group structure
indicated executive and reward-related cognitive abilities were not dimensionally arranged in
ADHD as they were for non-ADHD (see Fig. S1). Instead, there were three discrete,
categorically different ADHD subgroups with different test profiles: 1) An ADHD subgroup
impaired only on executive tests (ADHD-EF), 2) a subgroup impaired relative to non-ADHD
on tests of both reward and executive function (ADHD-EF/REW), and 3) a subgroup who
was largely intact on dual pathway tests (ADHD-NONE), differing from non-ADHD in a
slightly elevated number of MMFT non-reflective responses. The profile of cognitive
impairments validated the putative ADHD dual pathways, and dictated the subsequent
analysis strategy. Table 1 lists mean test scores and results for statistical comparison between
non-ADHD and each subgroup.

As expected, all three ADHD subgroups significantly differed from non-ADHD controls on
clinical measures of ADHD symptom severity, functional impairment, and common ADHD-
associated clinical problems. In contrast, the ADHD subgroups’ demographic and clinical
profiles were indistinguishable for proportion male (ADHD-EF 77.5%, ADHD-EF/REW
83.9%, ADHD-NONE 80.4%; X2=0.449, p=.799), mean age (ADHD-EF 14.8, ADHD-
EF/REW 15.0, ADHD-NONE 15.1; £, 114=0.182, p=.834), and mean IQ (26) (ADHD-EF
102.5, ADHD-EF/REW 102.6, ADHD-NONE 102.0; / 114=0.027, p=.973). There were no
subgroup differences in Hyperactive or Inattentive symptom counts (27), ADHD-associated
behaviors (28) or functional impairment (29), mood or anxiety symptoms, and common
psychiatric comorbidities or substance misuse (Table 2). ADHD subgroups did not differ in
the proportion treated with pharmacotherapy, though ADHD-NONE showed a trend towards
more frequent lisdexamfetamine use (p=.061). Trend-level evidence suggested families of
the ADHD-EF/REW and ADHD-EF subgroups had higher familial ADHD than ADHD-
NONE (ANOVA p=.069).
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ADHD Subgroup Brain Dysfunction Profiles

ADHD-EF

We examined a subsample of 7=74 ADHD participants who agreed to fMRI with two tasks
chosen for their relevance to the executive and reward pathways. Whole brain renderings of
simple activation effects to all four of these conditions of interest are shown in
Supplementary Fig. S2 (p<.01 uncorrected). The overall non-ADHD vs. ADHD activation
differences depicted in Supplementary Fig. S3 (0<.01 uncorrected) resembled abnormalities
seen prior ADHD fMRI studies (4).

We contrasted each ADHD taxometrically-derived subgroup to the non-ADHD sample to
identify subgroup-specific neural dysfunction, using statistical corrections for searching the
whole brain. Results for each task condition of interest are shown in Figs. 1-4. Localized
functional abnormalities depicted in these figures are listed in Tables 3-5.

Brain function abnormalities in ADHD-EF indicate the executive pathway is related to
failure to engage bilateral middle frontal gyri, right posterior medial frontal gyrus, left
precentral gyrus, anterior and mid-cingulate gyri, superior medial frontal gyrus, left inferior
parietal lobule and right supramarginal gyrus, several temporal and occipital lobe regions,
thalamus, left putamen and right cerebellum during GNG response inhibition. During error
processing, ADHD-EF failed to deactivate posterior cingulate/precuneus, gyrus rectus, and
over-engaged left nucleus accumbens. ADHD-EF showed far fewer abnormalities on the
MID task. When confronted with the prospect of reward, they under-activated left middle
occipital gyrus. When exerting effort to obtain reward and awaited outcome, they over-
engaged right posterior medial frontal gyrus.

ADHD-EF/REW

ADHD-diagnosed adolescents who had deficits on both executive and reward tasks did not
show response inhibition-related hypofunction. Instead, they had prominent frontoparietal
over-activation during error processing. They more greatly engaged left middle frontal
gyrus, right superior frontal gyrus, bilateral inferior frontal gyri (bilateral pars opercularis
and right pars triangularis), left hippocampus/amygdala and left caudate. The only
abnormality these ADHD-diagnosed adolescent showed during the prospect of reward MID
condition was left inferior parietal lobule hypoactivation. In contrast, when exerting effort to
obtain reward, ADHD-EF/REW participants showed greater activation than non-ADHD in
bilateral ventral striatum, right amygdala, left amygdala/hippocampus, and right posterior
insula.

ADHD-NONE

Brain dysfunction in the final ADHD subgroup least resembled the other two subgroups.
During GNG successful response inhibition, ADHD-NONE participants under-activated left
caudate and over-engaged one region of the cerebellum (X). No other effects survived
clusterwise Type I error control extent thresholds.

The seeming subgroup-specificity of these deficits was borne out in secondary analyses.
First, conjunction analyses for each fMRI task condition failed to find any specific regional
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brain function abnormality that was shared by all three ADHD subgroups, even at the most
liberal p< .05 uncorrected statistical thresholds. Secondary ANOVA found activation levels
differed among ADHD subgroups in most regions found to be abnormal in at least one
subgroup, with many differences surviving familywise Type | error rate corrections. When a
subgroup abnormality was found, it alone appeared to typically drive any non-ADHD vs.
overall ADHD sample effect.

Discussion

This study and nearly half a dozen others (10, 11, 13-15) have distinguished reward and
executive pathways in ADHD at the level of neurocognitive test performance, despite
different test batteries, participant ages, sample characteristics, or analytic methodology. At
the risk of over-simplifying the precise localization of fMRI-measured ADHD subgroup
differences, we found ADHD-diagnosed adolescents with only executive function/inhibition
cognitive deficits primarily showed hypofunction within various frontal lobe, parietal lobe,
subcortical, and cerebellar regions when inhibiting motor responses and abnormalities of
posterior default mode and ventral striatum during error processing. In contrast, the ADHD
subgroup with both reward and inhibition deficits had hyperactivation in mostly non-
overlapping cortical and subcortical regions during error processing and over-engaged
amygdala and ventral striatum regions involved in processing reward and salience
information when exerting effort to obtain rewards. The third, largest ADHD subgroup had
intact reward and mostly normal executive test performance, as well as the fewest brain
function abnormalities compared to the other subgroups.

ADHD-EF deficits correspond to prior meta-analysis of ADHD response inhibition brain
dysfunction that found ADHD hypofunction in pre-SMA, middle and precentral frontal gyri,
insula, caudate and thalamus (30-32). Interestingly, these deficits were observed in only two
of three brain regions best linked to motor inhibition in cognitive neuroscience studies of
non-clinical populations — pre-SMA and right middle frontal gyrus, but not inferior frontal
gyrus (33-35). Instead, other ADHD-EF hypofunction was seen in cingulate and parietal
lobe regions specialized for attention and executive processing during GNG tasks. This
suggests what gives rise to ADHD symptoms in this subgroup might be abnormal higher-
order neural processing involved with motor inhibition, not inhibition itself. The error
processing-related ADHD-EF/REW cortical and subcortical hyperfunction and abnormal
ADHD-EF default mode disengagement differs from most prior ADHD error-processing
neuroimaging studies (36—39). Those studies mostly used region-of-interest analyses or data
reduction techniques to focus on hypothesized cingulo-opercular brain abnormalities.
Supplementary contrast of all ADHD vs. non-ADHD confirmed our sample had similar
cingulo-opercular network hypofunction (Supplementary Fig. S3B). But compared to the
subgroup-specific abnormalities we observed, cingulate hypofunction appears to be a
weaker, likely non-pathway-specific abnormality in ADHD. The hyperfunctional regions we
found in ADHD-EF/REW are part of several extended error-processing networks shown
engaged across many task contexts that operate at different timescales (40). Their over-
engagement could be a direct cause of poor inhibition, represent neural adaptation to
inhibition deficits (e.g., possibly manifesting as a deliberate, resource-heavy approach to
performance monitoring), or perhaps relate to reward system-related hyperfunction also seen
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in ADHD-EF/REW. In contrast, ADHD-EF adolescents most prominently showed
abnormality disengaging the default mode network during error processing, as some
previously have theorized for ADHD (41).

ADHD-EF/REW MID-measured brain dysfunction matches regions implicated in delay
aversion models (42). But when we examined discrete early MID task phases separately in
this study, ADHD-EF/REW did not show abnormalities when initially confronted with the
prospect of reward. Instead, ventral striatal, amygdala and posterior insular regions over-
engaged when these participants made a speeded response to obtain the reward. This striatal
over-engagement runs contrary to most prior ADHD MID studies that report ventral striatal
under-signaling during MID-elicited reward anticipation (43). However, no prior ADHD
fMRI study separated these contiguous reward prospect and response MID phases. If these
two early MID task phases had been modeled together, the differences we observed in
ADHD-ER/REW likely would have had a poor fit to any hemodynamic model that
presumed a uniform response throughout both periods (i.e., resulting in the lower ADHD
“activation” estimate seen in prior studies). This specificity in our results runs contrary to a
generalized “reward deficit” model of the ADHD reward pathway assuming generally
blunted mesolimbic dopaminergic region response (44) in reward contexts. Because this
hyperfunction was not seen to reward-signaling cues, it is unlikely to reflect abnormal
ADHD processing of expected value (45). Instead, it might reflect abnormal neural
processing of anticipated or actual exerted effort, as seen in studies of non-ADHD samples
where effort is experimentally manipulated (46, 47). Supporting this possibility, a recent
fMRI study found greater ADHD ventral striatum activation compared to non-ADHD when
ADHD-diagnosed patients were motivated by a highly salient contextual factor (i.e., to
escape delays (48)).

Study findings support proposed ADHD multiple pathway theories not only because ADHD
subgroups had distinct profiles of brain dysfunction, but also as previously hypothesized (5,
9) reward-related behavioral abnormality predicted reward brain system abnormality, while
inhibition impairment was associated with dysfunction of frontoparietal systems involved in
executive function and attention. Neither abnormality was seen in the ADHD subgroup
without reward or EF test deficits. If one believes that brain dysfunction is closer to etiology
than test behavior, this reflects three distinct pathways. However, these brain-behavior
associations were not always the simple, one-to-one relationship between neurocognitive
domain and neural system impairment one would expect from a strict dual pathway model.
ADHD EF test deficits were associated with two different profiles of brain dysfunction — one
primarily during response inhibition and another during error processing. This does not
reflect a simple “additive” model where the difference between ADHD-EF and ADHD-
EF/REW is merely the presence or absence of additional reward-related neural dysfunction.
Unfortunately, our taxometric analysis did not identify a reward deficit-only ADHD
subgroup which would have given us an opportunity to assess whether the same striatal
hyperfunction seen during reward-related effort could be present without GNG error
processing-related frontal lobe hyperfunction.

The neurobiological support for multiple ADHD pathways suggests a theoretical step
forward. It is noteworthy that our study could not find a single brain function abnormality
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that was shared by all three neurocognitively-defined ADHD subgroups, even when assessed
across four theoretically-relevant fMRI task conditions using the most liberal statistical
thresholds. Yet, all three subgroups were demographically and intellectually similar, and
expressed equivalent, typical ADHD symptom severity and associated clinical impairments.
This is evidence for a model wherein the diverse behavioral symptoms of ADHD are equally
likely to arise from brain dysfunction in discretely different neural systems, each suggesting
unique etiologies. As researchers develop and refine ADHD neurocognitive models, they
should test causal models that conceptualize the disorder as a constellation of different
ADHD subgroups whose brains function abnormally in wholly different ways, rather than a
single disorder with minor etiology-specific variations. We temper this interpretation by
recognizing the obvious need for replication and examination of other cognitive deficits
found in ADHD (1-3). The ADHD-NONE subgroup might reflect a wholly separate ADHD
pathway — either related to a neurocognitive domain we did not assess (e.g., perhaps
temporal information processing, working memaory, or motor function) or one in which no
specific test deficits identify it. Also, considerable supportive evidence will be needed to
support such a radical shift to a conceptual model for ADHD arising from several different
etiologies. The need for specialized neurocognitive batteries, theoretically-relevant fMRI
probes, and large samples pose challenges for subsequent replication and new research into
ADHD multi-etiological models. Research might begin by isolating cogent and reproducible
fMRI-measured brain dysfunction profiles in large ADHD samples that are most informative
about discrete neural subgroups, e.g., perhaps starting with resting state fMRI data from the
ADHD-200 effort (49) and community detection algorithms that already have proven
informative in ADHD (2). Then, attempts could be made using other datasets that possess
rich behavioral phenotypic information to link those features to neurocognitive or clinical
characteristics. Much effort would be needed, but consider the implications should it
ultimately support a behavioral equifinality model of ADHD neurobiology. The long-
recognized diversity of ADHD symptom, clinical comorbidity, neurocognitive profile, and
long-term outcomes might be readily explainable as sampling of different predominant
neurobiologically-grounded pathways and physiological mechanisms. Although there
always will be a place for examining the broad ADHD diagnostic phenotype as a starting
point to identify genes, molecular pathways, or physiological abnormalities, future research
would need to more prominently consider how those variables relate to the likely handful of
discrete ADHD neural subtypes that would be expected in any DSM 5-based clinical
sample.

The executive and reward neurocognitive pathways are reminiscent of Research Domain
Criteria (RDoC) constructs (50) and several brain function abnormalities found here align
with RDoC predictions, e.g., hyperfunctional amygdala linked to RDoC approach
motivation in ADHD-EF/REW and dysfunction in prefrontal and parietal cortex regions
relevant to RDoC cognitive control in ADHD-EF. However, study results are not wholly
consistent with RDoC expectations (51). Neurocognitive features fit dimensional
expectations for non-ADHD, but not ADHD participants. This differs from a recent study
comparing neuropsychological heterogeneity in ADHD and non-ADHD, but the differences
can be traced back to different methodological approaches (2). In this study, the ADHD test
factor structure differed from non-ADHD. Taxometric analyses also indicated the ADHD
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subgroups had discretely different test impairment profiles that did not fall along a simple
dimension of strengths or weaknesses, as in psychosis (52). RDoC is not antithetical to the
same EF abnormality arising from different neural dysfunction as found in ADHD-EF and
ADHD-EF/REW, but such findings represent a challenge to RDoC conceptualizations of
ADHD.

Study strengths include using both fMRI and neuropsychological test data to test the dual
pathway model for the first time, moderate ADHD sample size, diverse test battery, proper
use of fMRI clusterwise statistical thresholds (53), and the largely unambiguous fMRI
findings suggesting multifactorial ADHD etiology. Among its limitations, we chose to
sample only Combined-subtype ADHD adolescents because it seemed likely a priorithat
dual pathway-related brain dysfunction might be most relevant to impulsive
symptomatology (54). While the results may not generalize to predominantly Inattentive
ADHD DSM 5 presentations, we did not find a special relationship between the
neurocognitive pathways and Hyperactive/Impulsive symptom expression. Just over half the
ADHD sample contributed useable fMRI data after considering refusals, orthodontia, and
quality control exclusions. Although this subsample was adequate for “whole brain” fMRI
Type | error control, more participants would lend greater confidence in representativeness
as well as possibly finding more subgroups, especially if a broader neurocognitive battery
that assessed more than the dual pathway model test indicators were used. There also were
insufficient girls for stable sex difference analyses and the study was not designed to assess
the effect of pubertal status or age on relationships between subgroup membership, test
performance, and brain dysfunction. The latter is important because the idea of an etiology-
related “pathway” is not merely that there might be several neurobiological mechanisms
underlying symptom expression, but that each likely reflects many influences that interact
over time to ultimately produce a characteristic profile of brain (dys)function. It remains to
be seen whether pathway-related neural features or neurocognitive subgroup membership
are stable across development in ways that ADHD symptom presentation seems not to be
(55).

In conclusion, this study takes an important step towards understanding how different
pathways that are putatively related to etiology manifest in ADHD-diagnosed patients. It
found neurocognitive markers of proposed executive and delay aversion pathways are linked
to specific brain function differences. The fMRI-measured profiles described here should not
be considered final biomarkers that underpin Sonuga-Barke’s proposed dual ADHD
pathways (5, 6). More research is needed to discover how many neurocognitively-defined
pathways exist, to make clearer predictions for what behavioral and neural features should
be found in each pathway, and ultimately, to relate those observations to genetic factors,
molecular mechanisms or even experiential factors that shape neural development
throughout childhood to move us closer to full etiological understanding.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Correctly Rejected “NoGo” Stimuli
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Figure 1.
Brain regions where participants classified by taxometric analysis into the three ADHD

subgroups (ADHD-EF/REW, ADHD-EF, and ADHD-NONE) had less (orange-yellow) or
more (blue-light blue) activation compared to non-ADHD controls during correctly-inhibited
NoGo ‘K’ stimuli on the GNG fMRI task. Results are thresholded at p<.05 clusterwise
corrected for searching the whole brain.
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False Alarms to “NoGo” Stimuli
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Figure 2.
Brain regions where participants classified by taxometric analysis into the three ADHD

subgroups (ADHD-EF/REW, ADHD-EF, and ADHD-NONE) had less (orange-yellow) or
more (blue-light blue) activation compared to non-ADHD controls during “false alarm”
errors to ‘K’ stimuli on the GNG fMRI task. Results are thresholded at p<.05 clusterwise
corrected for searching the whole brain.
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Prospect of $5 or $1 Reward
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Figure 3.
Brain regions where participants classified by taxometric analysis into the three ADHD

subgroups (ADHD-EF/REW, ADHD-EF, and ADHD-NONE) had less (orange-yellow) or
more (blue-light blue) activation compared to non-ADHD controls measured to cues
signaling the availability of monetary reward on the MID fMRI task. Results are thresholded
at p<.05 clusterwise corrected for searching the whole brain.
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Effort to Obtain $5 or $1 Reward
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Figure 4.
Brain regions where participants classified by taxometric analysis into the three ADHD

subgroups (ADHD-EF/REW, ADHD-EF, and ADHD-NONE) had less (orange-yellow) or
more (blue-light blue) activation compared to non-ADHD controls measured during the
exertion of effort to obtain monetary reward on the MID fMRI task. Results are thresholded
at p<.05 clusterwise corrected for searching the whole brain.
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