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ABSTRACT
BACKGROUND: Attention-deficit/hyperactivity disorder (ADHD) is a heterogeneous neurodevelopmental disorder,
putatively induced by dissociable dysfunctional biobehavioral pathways. Here, we present a proof-of-concept study
to parse ADHD-related heterogeneity in its underlying neurobiology by investigating functional connectivity across
multiple brain networks to 1) disentangle categorical diagnosis-related effects from dimensional behavior-related
effects and 2) functionally map these neural correlates to neurocognitive measures.
METHODS: We identified functional connectivity abnormalities related to ADHD across 14 networks within a large
resting-state functional magnetic resonance imaging dataset (n = 409; age = 17.5 6 3.3 years). We tested these
abnormalities for their association with the categorical ADHD diagnosis and with dimensional inattention and
hyperactivity/impulsivity scores using a novel modeling framework, creating orthogonalized models. Next, we
evaluated the relationship of these findings with neurocognitive measures (working memory, response inhibition,
reaction time variability, reward sensitivity).
RESULTS: Within the default mode network, we mainly observed categorical ADHD-related functional connectivity
abnormalities, unrelated to neurocognitive measures. Clusters within the visual networks primarily related to
dimensional scores of inattention and reaction time variability, while findings within the sensorimotor networks
were mainly linked to hyperactivity/impulsivity and both reward sensitivity and working memory. Findings within
the cerebellum network and salience network related to both categorical and dimensional ADHD measures and
were linked to response inhibition and reaction time variability.
CONCLUSIONS: This proof-of-concept study identified ADHD-related neural correlates across multiple functional
networks, showing distinct categorical and dimensional mechanisms and their links to neurocognitive functioning.

Keywords: Attention-deficit/hyperactivity disorder, Categorical-dimensional analysis, Connectivity, Neural networks,
Neuropsychology, Resting-state functional magnetic resonance imaging, rfMRI
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Interindividual differences are a hallmark of neurodevelopmental
disorders such as attention-deficit/hyperactivity disorder (ADHD)
(1). In ADHD, heterogeneity between diagnosed individuals is
believed tooriginate partly fromdissociable cognitive deficits and
neural mechanisms (1,2). As an example, several large-scale
brain networks have been associated with ADHD, comprising
localized networks including the visual andmotor cortices aswell
as networks distributed across the association cortex (e.g., the
default mode network [DMN] and the salience network) (3,4).

Most studies investigating pathophysiological mechanisms
of ADHD rely on case-control study designs, testing for sys-
tematic (i.e., categorical) differences between cases and con-
trols. However, there is increasing evidence that ADHD can
also be understood as an “extreme” on a continuum of typical
SEE COMMENTARY
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functioning (i.e., dimensional attentive and hyperactive/
impulsive traits) (5–10). Accordingly, new initiatives, such as
the Research Domain Criteria (11,12), seek to employ dimen-
sional approaches to study the behavioral, neural, and genetic
features of mental disorders. Of note, recent results endorse
that the pathophysiology of ADHD can be conceptualized by a
complex interplay between categorical and dimensional
mechanisms (13–16). However, this prior work on categorical/
dimensional mechanisms focused on a limited set of one to
four neural networks (with a central place for the DMN) and
separate analyses for dimensional and categorical measures
and their interaction (13,14).

Here, we aim to advance our understanding of ADHD by
extending this prior work in several ways. In particular, we use
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a novel modeling framework to investigate categorical and
dimensional effects of ADHD on functional brain architecture in
an integrated way while focusing on multiple brain networks
derived from resting-state functional magnetic resonance im-
aging (rfMRI) data. We further examined the association be-
tween categorical and dimensional effects on functional
connectivity (FC) and measures of neurocognitive functioning.

Improving our understanding of the interplay of categorical
and dimensional aspects of ADHD necessitates the integration
of these aspects into one analysis. However, this poses
methodological challenges owing to the close relationship
between categorical and dimensional measures, leading to
highly collinear statistical models that suffer from decreased
sensitivity (i.e., increased false negative results) (17,18) (R.H.R.
Pruim, Ph.D., et al., unpublished data, August 2018). To
address these challenges, we employed an analytical frame-
work including orthogonalized models that allows the identifi-
cation of a set of biomarkers related to ADHD and
subsequently characterizing these effects in terms of the
distinct contribution of categorical and dimensional mecha-
nisms (R.H.R. Pruim, Ph.D., et al., unpublished data, August
2018).

Dissociable biobehavioral pathways underpinning ADHD
will not be restricted to the neural and behavioral domains and
can be expected to also relate to neurocognitive dysfunction.
To further explore such biobehavioral pathways, we related our
brain network findings to neurocognitive measures. We
investigated core neurocognitive features in line with proposed
dissociable neurocognitive pathways implicated in ADHD (19),
including reward processing, reaction time variability (RTV),
response inhibition, and working memory.

We hypothesized that ADHD symptoms would be related to
aberrant FC of the DMN (posterior cingulate and precuneus)
and frontal-striatal-cerebellar regions (prefrontal cortex, ante-
rior cingulate, striatum, and cerebellum) in networks related to
cognitive control (3,19–21). We expect such findings to asso-
ciate with neurocognitive measures extracted from executive
tasks (e.g., response inhibition and RTV) (22,23). Primary
sensory networks have not been prominently implicated in
ADHD, yet, in line with Castellanos and Proal (3) and an
extensive review by Cortese et al. (24), who suggest that the
visual network might be involved in regulating attentional
processes, we hypothesize that FC within the visual network
might be related to ADHD symptomatology. Given that the
latent structure of ADHD at the behavioral level is believed to
be dimensional (9,10,25), we predominantly expect dimen-
sional findings at the neurobiological level. However, in light of
previous work by Elton et al. (14), we expected categorical
relationships, but mainly within the DMN and cognitive
network.

METHODS AND MATERIALS

Participants

We included participants from the NeuroIMAGE study cohort
(26), which is a Dutch follow-up study of the IMAGE (Interna-
tional Multicenter ADHD Genetics) study (27–30). In the Neu-
roIMAGE study (on average 6 years after IMAGE), diagnostic,
cognitive, MRI, and genetic data were acquired from ADHD
and control participants as well as their siblings. Informed
Biological Psychiatry: Cognitive Neuroscience and
consent was signed by all participants (parents signed
informed consent for participants under 12 years of age), and
the study was approved by the ethical committee (Centrale
Commissie Mensgebonden Onderzoek). Diagnosis of ADHD
and comorbid disorders was assessed by a semistructured
diagnostic interview and Conners’ questionnaires (31,32). For
the interview, we used the Dutch version of the Parental Ac-
count of Children’s Symptoms (33,34) in the IMAGE study and
the Schedule for Affective Disorders and Schizophrenia for
School-Age Children–Present and Lifetime Version in the
NeuroIMAGE study (35). We used the phenotypic information
available across the IMAGE and NeuroIMAGE studies to
categorize all participants into four diagnostic groups: typically
developing control (TDC) subjects, ADHD (meeting criteria for
ADHD at the two time points), unaffected siblings (sibling), or
remitted ADHD (rem-ADHD) (i.e., an ADHD diagnosis at the
time of the IMAGE study, but not in the NeuroIMAGE study).
Moreover, Conners’ parent ADHD questionnaires provided
dimensional DSM-IV scores of both inattention and hyperac-
tivity/impulsivity symptoms (36). Importantly, we only included
siblings and rem-ADHD participants to increase power and
reduce dichotomy for dimensional analyses and defined them
as separate groups (i.e., did not assign them to the TDC
or ADHD groups) to avoid pollution of any categorical TDC
versus ADHD effects in upcoming analyses (see below). See
Table 1 for participant characteristics and the Supplement for a
more detailed description of the participants and study
procedures.

Resting-State fMRI Data

We selected participants from the NeuroIMAGE study who
completed both an rfMRI and a structural MRI scan. After
applying exclusion criteria (see Supplement), 455 participants
were left, of which 46 TDC subjects were randomly selected to
define template resting-state networks (see below); the
remaining 409 participants were included in our main analyses.
The rfMRI data were preprocessed using a typical pre-
processing pipeline, complemented with Independent
Component Analysis—Automatic Removal of Motion Artifacts
(ICA-AROMA), an advanced strategy for identifying and
removing residual motion artifacts from fMRI data (37,38). All
individual-level rfMRI images were normalized to a study-
specific anatomical template in Montreal Neurological Insti-
tute (MNI) 152 standard space (3-mm isotropic). See the
Supplement for a detailed description of the MRI acquisition,
participant exclusion, and rfMRI preprocessing.

Deriving Functional Brain Networks

We used the preprocessed rfMRI data to investigate FC
measures related to a set of functional brain networks (i.e.,
resting-state networks). In a first step, we derived these net-
works through ICA with MELODIC as implemented in FSL
(version v5.0.6) (39–43). To this end, we applied group ICA with
automatic dimensionality estimation to temporally concate-
nated rfMRI data of 46 randomly selected TDC participants.
The participants used to derive these networks were excluded
from all further analyses. The subsequent FC analyses, on the
remaining 409 participants, used participant-level spatial rep-
resentations of the networks identified by the group ICA, using
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http://www.sobp.org/BPCNNI


Table 1. Participant Characteristics and Association of These Characteristics With Diagnostic Group and Symptom Scores

Group ICA Diagnostic Group Statistical Test

TDC Group
(n = 46)

TDC Group
(n = 90)

ADHD Group
(n = 179)

Sibling Group
(n = 109)

rem-ADHD Group
(n = 31)

Between
Diagnostic
Groups

Inattentive
Symptomsa

Hyperactive/
Impulsive
Symptomsa% Mean SD % Mean SD % Mean SD % Mean SD % Mean SD

General

Male 48 48 73 44 52 c2
3 = 28.8c F1,407 = 1.5 F1,407 = 1.9

Site (Nijmegen) 37 37 54 50 65 c2
3 = 10.3b F1,407 = 9.7c F1,407 = 11.1c

ODD-CD 0 0 28 4 19 c2
3 = 51.4c F1,406 = 88.5c F1,406 = 93.0c

Age, years 17.2 2.9 16.8 3.1 17.7 3.2 17.7 3.9 17.7 2.3 F3,405 = 1.7 r407 = 2.02 r407 = .04

IQ 106 15 106 13 96 15 101 13 99 14 F3,401 = 11.2c r403 = 2.22c r403 = 2.23c

Medication, yearsd 0.0 0.0 0.0 0.0 4.0 3.2 0.2 0.8 3.3 3.7 F3,363 = 78.0c r365 = .50c r365 = .51c

SES 13.2 2.2 13.2 2.8 11.4 2.2 11.4 2.3 12.0 2.5 F3,399 = 12.4c r401 = 2.12b r401 = 2.19c

RMS-FD 0.14 0.14 0.14 0.11 0.17 0.16 0.13 0.12 0.14 0.13 F3,405 = 2.8b r407 = 2.11b r407 = .09

ICs removed 24.4 8.2 24.7 7.0 27.0 7.8 23.7 7.9 25.5 7.9 F3,405 = 4.6c r407 = .15c r407 = .14c

ICs preserved 11.4 2.8 11.7 3.4 11.9 3.6 11.7 4.1 11.4 4.6 F3,405 = 0.2 r407 = .02 r407 = .01

Symptom Scores

Inattentive symptomsa 47 6 46 6 66 11 48 8 56 9 F3,405 = 134.6c – r407 = .76c

Hyperactive/impulsive
symptomsa

46 5 47 6 69 15 49 8 58 13 F3,405 = 110.8c r407 = .76c –

Neurocognitive Measures

Response inhibition, ms 261 59 260 53 267 150 260 55 250 53 F3,215 = 1.2 r217 = .14b r217 = .05

Working memory, % 0.80 0.12 0.75 0.11 0.72 0.13 0.72 0.13 0.73 0.12 F3,240 = 1.3 r242 = 2.14b r242 = 2.22c

Reward sensitivity, ms 22 22 31 35 30 36 31 27 23 23 F3,204 = 0.2 r206 = .08 r206 = .04

Reaction timing variability 170 27 179 56 217 96 192 60 193 60 F3,369 = 3.9c r371 = .19c r371 = .20c

Significant between-group differences and association with symptom scores were assessed using analysis of variance (F test), c2 statistical test, or Pearson correlation (r). The 46 TDC
participants used for group ICA were not included in these statistical tests because they were excluded from all categorical/dimensional analyses presented in this manuscript (i.e., they are
not part of the TDC diagnostic group).

ADHD, attention-deficit/hyperactivity disorder; ICA, independent component analysis; ICs removed/preserved, number of independent components removed/preserved by Independent
Component Analysis—Automatic Removal of Motion Artifacts (ICA-AROMA); ODD-CD, oppositional defiant disorder–conduct disorder; rem-ADHD, remitted ADHD; RMS-FD, root mean
square framewise displacement (head motion summary score) (77); SES, socioeconomic status (see Supplement); TDC, typically developing control.

aObtained using the Conners Parent ADHD questionnaire (36), standardized t score (range, 40–90).
bp , .05.
cp , .01.
dNumber of days (converted to years) on which any type of stimulants were prescribed.
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a multivariate regression strategy called dual regression
(42,44). The participant-level spatial maps represent the con-
nectivity strength of every voxel within a specific network (i.e.,
association of the time series of each single voxel with the
overall temporal dynamics of a specific network).

Categorical and Dimensional FC Analysis

To evaluate categorical and dimensional effects of ADHD
on network connectivity, we used the obtained participant-
specific spatial maps for each network as dependent vari-
ables and defined a standard general linear regression model
(see Figure 1) including the following predictors: a main effect
for the four diagnostic subgroups (TDC, ADHD, sibling, rem-
ADHD) and two additional regressors for the symptom
scores. The model was completed with covariates for age, sex,
and scan site. The categorical effect of an ADHD diagnosis
was assessed by evaluating the contrast between the main
effects of the TDC and ADHD participants (i.e., ignoring sibling
and rem-ADHD participants). We tested dimensional effects by
respectively evaluating scores of inattention and hyperactivity/
impulsivity across all 409 participants.

Importantly, the high association (i.e., high statistical
collinearity) between the categorical and dimensional pre-
dictors (see Table 1) raises methodological challenges. Simply
evaluating the three predictors within the single regression
model as defined above [for instance, as done by Chabernaud
et al. (13) and Elton et al. (14)] would reduce sensitivity to any
effect of interest, as the large portion of shared variance be-
tween the predictors would have been disregarded within the
regression procedure (17). In contrast, evaluating the three
effects within separate models could have yielded findings that
are in reality driven by shared variance with a nonmodeled
variable (i.e., by the overlapping areas, as illustrated in the
variance visualization of the regression model in Figure 1), thus
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reducing the interpretability of the findings. To accommodate
these concerns, we used a two-stage framework, in which
different variations of the defined regression model were tested
(R.H.R. Pruim, Ph.D., et al., unpublished data, August 2018). In
short, in step 1, we identified effects of interest by testing for
the full variance of every single predictor separately, i.e., we
tested the effect of a predictor, unadjusted for the other two
predictors. Subsequently, in step 2, we characterized these
obtained effects of interest by testing for the unique contri-
bution of every single predictor, i.e., test for the effect of every
single predictor, adjusted for the other two predictors.

Step 1: Identifying Findings of Interest (Full Variance
Modeling). First, we evaluated three regression models that
respectively modeled the full variance of each of our three
predictors (i.e., ADHD diagnosis, inattention score, and hy-
peractivity/impulsivity score). For each evaluated predictor, we
obtained a full variance model by regressing the tested pre-
dictor from the other two predictors and subsequently
replacing these other predictors in the model with their
respective residuals. As a result, the tested predictor was
assigned all the variance in the model that was originally
shared with the other two predictors. See Figure 1 for a visu-
alization of the specific variance tested by the three different
models. Every model was evaluated using nonparametric
permutation testing (n = 5000 permutations) as implemented in
FSL Randomise (which utilizes general linear model–style
design matrices), applying threshold-free cluster enhance-
ment, correcting for familywise error (p , .05), and only
considering spatial clusters with a minimum cluster size of
eight voxels (45,46). Of note, although we here utilize multiple
regression models, no additional multiple comparison correc-
tion compared with traditional analyses using a single non-
orthogonalized model is required. All models explain the same
3.

al)

mensional)

6.

Figure 1. Visualization of the modeled variance
for the standard model and orthogonalized model
variants as utilized to investigate categorical and
dimensional effects in the context of attention-
deficit/hyperactivity disorder (ADHD). Note that
shared variance (i.e., overlapping areas) is by defi-
nition disregarded in a general linear model regres-
sion procedure (17). The black outline represents the
variance we tested within that respective model.
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Figure 2. The 14 functional brain networks obtained by group independent component analysis on resting-state functional magnetic resonance imaging
data of 46 typically developing control participants (thresholded using mixture modeling at p . .5; x, y, z coordinates presented between brackets). DMN,
default mode network.
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total variance and are therefore equivalent with respect to
signal versus noise considerations. This yielded a set of spatial
clusters (n = 27), which we refer to as FC markers. See Results
for further details.

Step 2: Characterizing the Findings of Interest
(Unique Variance Modeling). The precise association of
the FC markers for categorical or dimensional mechanisms of
ADHD as obtained in step 1 is not evident, as we did not ac-
count for the shared variance among the three predictors. In
step 2, we addressed this issue by disentangling the specific
association of the FC markers with the categorical ADHD
diagnosis and the dimensional inattention and hyperactivity/
impulsivity scores. To that end, we obtained participant-level
scores for every FC marker. This score was defined as the
mean beta value across the voxels in the FC marker’s spatial
cluster within each participant’s network map that was ob-
tained via dual regression. For every FC marker, these scores
were used as the dependent variable to evaluate three models
476 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging M
that respectively evaluated the unique variance of the three
effects of interest. We obtained a unique variance model for
every evaluated predictor by replacing the tested predictor
with its residual after regressing out the other two predictors
(i.e., the opposite procedure compared with step 1). This
effectively resulted in the evaluated predictor only representing
its unique variance, while all shared variance was modeled by
the other predictors (see Figure 1). Note that evaluating the
three measures jointly within a single (nonorthogonalized)
model will also only evaluate their unique variance, as any
shared variance would be separated by the model. The only
difference in testing for the unique variance using multiple
orthogonalized models versus a single nonorthogonalized
model is that the variance associated with the parameter es-
timates (i.e., reliability) will differ owing to differences in
collinearity of the model. These models were evaluated using
nonparametric permutation testing (n = 5000 permutations;
p , .05). To maximize sensitivity of our analysis, we decided
not to implement additional correction for multiple comparison
ay 2019; 4:472–483 www.sobp.org/BPCNNI
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Figure 3. The 27 significant spatial clusters (as also presented in Table 2) related to attention-deficit/hyperactivity disorder (ADHD) across functional
networks and their association with behavioral and neurocognitive measures. The clusters were obtained by evaluating the full variance models presented in
Figure 1 on all 14 functional networks (see Figure 2), whereas the unique categorical and dimensional behavioral effects as illustrated in the colored table below
the brain slices were obtained by evaluating unique variance models for each of the 27 significant clusters. *p , .05, **p , .01. DAT1, dopamine transporter
gene; DMN, default mode network; DRD4, dopamine receptor D4 gene.
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for conducting statistical tests for each of the 14 networks.
Finally, we conducted a post hoc sensitivity analysis to verify
that the observed effects were not related to socioeconomic
status, oppositional defiant disorder diagnosis, conduct dis-
order diagnosis, stimulant medication use, or amount of head
motion during the scanning session (see Supplement).
Neurocognitive Pathway Associations

We investigated our network findings in relation to neuro-
cognitive measures. Specifically, we tested for an association
Biological Psychiatry: Cognitive Neuroscience and
across participants of the FC marker scores, as obtained in
step 2 of our framework, with neurocognitive measures known
to be associated with ADHD. We used nonparametric permu-
tation testing (n = 5000 permutations; p , .05), including
covariates for age, sex, and scan site.

We mapped all significant FC markers to four neuro-
cognitive domains/measures: response inhibition (stop-signal
reaction time), visuospatial working memory (percentage cor-
rect responses), reward sensitivity (reaction time difference
between a reward vs. nonreward cue), and RTV on a motor
timing task (47–50). Stop-signal reaction time, visuospatial
Neuroimaging May 2019; 4:472–483 www.sobp.org/BPCNNI 477
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Table 2. Significant Spatial Clusters Related to ADHD Across Functional Networks and Their Association With Behavioral and Neurocognitive Measures

CI Network and Brain Area
Full Variance

Model
Size

(Voxels)

Center of
Gravity

(x, y, z) (mm)

Behavior Neurocognitive Functioning

ADHD
Diagnosis
(df = 269)

Inattentive
Symptoms
(df = 409)

Hyperactive/
Impulsive
Symptoms
(df = 409)

Response
Inhibition
(df = 219)

Visuospatial
Working Memory

(df = 244)

Reward
Sensitivity
(df = 208)

Reaction
Time Variability

(df = 373)

Anterior DMN

1 dACC, PAC, vPFC Cat 491 26, 51, 3 5.3 (0.0002)b 0.1 (0.44) 21.2 (0.11) 1.2 (0.12) 1.2 (0.12) 22.0 (0.02)a 2.2 (0.01)a

2 MTG (R) Dim-I 68 59, 256, 4 20.3 (0.38) 20.4 (0.36) 4.0 (0.0002)b 1.4 (0.09) 22.4 (0.01)a 20.6 (0.30) 1.8 (0.03)a

Posterior DMN

3 PCC (R) Cat 29 4, 241, 25 2.5 (0.01)b 20.6 (0.27) 1.2 (0.10) 20.5 (0.30) 0.4 (0.35) 21.3 (0.11) 20.0 (0.48)

4 PCC (R) Cat 20 5, 235, 46 4.4 (0.0002)b 21.0 (0.15) 20.9 (0.17) 21.0 (0.15) 1.5 (0.07) 21.2 (0.10) 1.0 (0.16)

Salience Network

5 dmPFC (PAC, dACC) Cat 236 22, 49, 16 3.7 (0.0006)b 2.5 (0.007)a 22.1 (0.02)a 2.7 (0.006)b 20.5 (0.30) 20.5 (0.31) 3.0 (0.002)b

6 Caud. N./putamen (L, Post) Cat 49 221, 212, 17 4.9 (0.0002)b 0.7 (0.25) 21.7 (0.05)a 1.2 (0.11) 20.6 (0.28) 1.3 (0.09) 1.7 (0.05)a

7 Putamen/insula (L, Post) Cat 42 236, 28, 21 5.3 (0.0002)b 0.2 (0.43) 22.4 (0.01)a 0.5 (0.33) 0.4 (0.34) 0.6 (0.28) 0.2 (0.40)

8 dmPFC, (PAC, dACC), dlPFC Dim-I 314 27, 47, 17 2.7 (0.0005)b 3.3 (0.0006)b 22.3 (0.009)b 2.8 (0.0003)b 20.5 (0.31) 20.7 (0.24) 3.1 (0.002)b

9 WM (L) Dim-I 15 222, 218, 18 1.2 (0.12) 2.8 (0.0003)b 20.4 (0.35) 0.4 (0.35) 21.5 (0.07) 0.9 (0.17) 1.1 (0.14)

10 Left VI (part cerebellum) Dim-H 12 220, 254, 218 0.3 (0.38) 20.4 (0.33) 3.6 (0.0004)b 21.5 (0.06) 21.8 (0.04)a 1.6 (0.06) 1.3 (0.10)

Medial Visual Network

11 PAC Dim-I 294 21, 14, 49 0.7 (0.22) 2.8 (0.0004)b 0.2 (0.41) 1.0 (0.15) 20.3 (0.39) 20.3 (0.40) 3.4 (0.0008)b

12 Precentral gyrus (L) Dim-I 11 241, 2, 32 1.0 (0.17) 1.2 (0.13) 1.2 (0.11) 0.3 (0.40) 21.4 (0.08) 20.4 (0.36) 2.3 (0.01)a

13 PAC Dim-H 83 0, 11, 49 0.7 (0.25) 1.8 (0.05)a 1.5 (0.07) 0.9 (0.19) 20.3 (0.39) 20.3 (0.38) 3.4 (0.001)b

Medial Sensorimotor Network

14 Precentral gyrus (R) Cat 15 61, 6, 33 4.7 (0.0002)b 20.9 (0.19) 20.7 (0.25) 0.8 (0.22) 0.2 (0.40) 0.0 (0.49) 20.1 (0.47)

15 Precentral gyrus Dim-H 78 6, 220, 56 0.8 (0.22) 20.6 (0.29) 2.3 (0.009)b 0.6 (0.26) 23.4 (0.0006)b 20.7 (0.24) 1.5 (0.06)

16 Precentral gyrus (L) Dim-H 28 211, 233, 51 1.1 (0.13) 21.1 (0.13) 2.4 (0.01)b 20.3 (0.37) 22.0 (0.02)a 22.6 (0.004)b 1.4 (0.08)

17 ACC (R) Dim-H 12 8, 2, 41 1.9 (0.03)a 20.1 (0.45) 1.4 (0.07) 20.6 (0.28) 22.1 (0.02)a 0.4 (0.36) 0.4 (0.35)

18 Precuneus (L) Dim-H 10 211, 244, 50 0.8 (0.21) 20.4 (0.33) 1.9 (0.03)a 0.9 (0.18) 22.3 (0.009)b 21.9 (0.03)a 2.6 (0.007)b

Lateral Sensorimotor Network

19 Precentral gyrus (L) Dim-H 17 228, 220, 60 1.3 (0.09) 20.8 (0.20) 2.2 (0.02)a 0.6 (0.28) 20.5 (0.29) 22.3 (0.009)b 2.4 (0.01)a

20 Precentral gyrus (L) Dim-H 14 229, 24, 48 21.2 (0.13) 0.1 (0.47) 2.8 (0.001)b 20.1 (0.49) 0.1 (0.48) 20.0 (0.51) 0.6 (0.28)

21 Postcentral gyrus (L) Dim-H 11 233, 238, 48 1.0 (0.15) 0.6 (0.28) 1.5 (0.07) 20.2 (0.43) 21.2 (0.11) 20.5 (0.30) 2.3 (0.01)a

Cerebellum

22 Right V 1 VI Cat 115 27, 241, 227 3.7 (0.0002)b 1.3 (0.10) 21.6 (0.05) 2.1 (0.02)a 0.4 (0.36) 20.3 (0.40) 1.6 (0.07)

23 Cerebellum, OFG (L) Dim-I 2222 1, 259, 226 0.8 (0.21) 2.8 (0.002)b 20.9 (0.19) 2.8 (0.0003)b 20.6 (0.26) 20.5 (0.31) 2.4 (0.01)a

24 WM (L) Dim-I 27 215, 45, 37 20.9 (0.19) 2.3 (0.01)a 0.3 (0.36) 2.2 (0.01)a 0.4 (0.37) 21.0 (0.16) 1.2 (0.13)

25 Vermis VI, left V, right V Dim-H 120 24, 262, 219 20.9 (0.19) 1.9 (0.03)a 1.1 (0.14) 2.8 (0.0004)b 20.1 (0.44) 20.1 (0.48) 2.9 (0.0004)b
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working memory, reward sensitivity, and RTV were available
for 219, 244, 208, and 373 participants, respectively, after
excluding outliers (see Supplement). Importantly, the direction
of the association of the four measures with ADHD differs:
stop-signal reaction time and RTV are expected to be posi-
tively associated, whereas visuospatial working memory and
reward sensitivity are expected to be negatively associated to
ADHD symptom severity or ADHD diagnosis (47–50).

To further explore biobehavioral pathways, we performed a
supplemental analysis in which we related our network findings
to ADHD-related genetic variants. For the procedures and re-
sults related to these analyses, refer to the Supplement.

RESULTS

Functional Brain Networks

The group ICA aimed at identifying the resting-state networks
to use in our further analyses yielded 14 independent com-
ponents. These 14 components did not yield any noise com-
ponents and therefore exclusively reflected functional
networks, which closely corresponded to functional networks
identified in previous research (see Figure 2) (51–56). The
absence of noise components is consistent with previous
research applying ICA to data that were denoised for motion-
related artifacts using ICA-AROMA (37,38). Given the incon-
sistent nomenclature of neural networks (predominantly
regarding networks related to cognitive functioning), refer to
the Supplement and Supplemental Figures S1–S6 for an
extensive comparison of the spatial maps and nomenclature of
our networks compared with networks previously reported by
other studies. In the current work, we chose to follow the
nomenclature used in the first key papers that (in line with our
work) used ICA to identify functional networks (51,57).

Categorical and Dimensional FC Analysis

We tested all 14 functional networks for association between
FC scores and ADHD-diagnosis, inattention, and hyperactivity/
impulsivity scores by exploiting three separate full-variance
models. This analysis yielded 27 significant spatial clusters
located throughout the DMN (anterior and posterior), salience,
visual-medial, sensorimotor (medial and lateral), and cere-
bellum networks (see Figure 3 and Table 2).

Characterization of the 27 FC markers by relating
participant-level scores of these markers to the unique vari-
ance of ADHD diagnosis and the two-dimensional scores
yielded distinct associations across networks, as shown in
Figure 3 and summarized in Table 2. For the DMN, three FC
markers located within the posterior cingulate cortex (PCC)
and prefrontal cortex of the posterior and anterior DMN sub-
networks were specifically related to the categorical ADHD
diagnosis. In contrast, the FC marker located in the middle
temporal gyrus of the anterior DMN was positively related to
hyperactivity/impulsivity scores. Similarly, markers located
within the sensorimotor subnetworks were mainly positively
related to hyperactivity/impulsivity, while increased scores of
markers within the cerebellum and visual-medial networks
were predominantly positively related to inattention symptoms.
Finally, FC markers located within the salience network, mainly
covering the dorsomedial prefrontal cortex (including parts of
Neuroimaging May 2019; 4:472–483 www.sobp.org/BPCNNI 479
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the dorsal anterior cingulate and paracingulate cortex) and
posterior parts of the left striatum, were related to both cate-
gorical and (both positive and negative) dimensional effects.
Post hoc sensitivity analysis showed that none of the findings
described above were related to oppositional defiant disorder,
conduct disorder, socioeconomic status, stimulant medication
use, or head motion (see Supplemental Table S2).

Neurocognitive Pathway Associations

Mapping the FC markers to neurocognitive measures yielded
no results for markers within the DMN-posterior network.
Within the salience network, high connectivity with the dor-
somedial prefrontal cortex was associated with poorer
response inhibition and higher RTV. Markers located within the
cerebellum showed a similar association with both of these
neurocognitive measures, whereas markers located within the
visual-medial network were only positively associated with
RTV. In contrast, FC markers within the anterior DMN and
sensorimotor network showed a broad association across all
cognitive metrics except for response inhibition (see Figure 3
and Table 2).

DISCUSSION

We aimed to parse ADHD-related heterogeneity by investi-
gating FC across multiple brain networks, disentangling cate-
gorical and dimensional effects, and mapping these neural
correlates to neurocognitive measures. We disentangled such
categorical and dimensional neurobiological underpinnings
through application of specific regression models in a large
sample of adolescents and young adults. Effects observed in
the DMN were mainly related to the categorical definition of
ADHD, while effects located within the visual-medial and
sensorimotor networks mainly related to inattentive and hy-
peractive/impulsive behavior, respectively. Effects within the
salience network and cerebellum showed both categorical and
dimensional mechanisms.

Corroborating and extending previous studies, we found
aberrant FC of the PCC and frontal areas within the DMN
(14,20,58–60). These findings mainly comprised categorical re-
lationships between FC and an ADHD diagnosis. We found that
the frontal FC marker within the DMN was associated with mul-
tiple neurocognitive measures, whereas two PCC markers were
unrelated to the neurocognitive measures, suggesting that
subdivisions within the DMN play a dissociable role in the etiol-
ogy of ADHD.Specifically, regardingPCC, its absent association
with neurocognitive measures and the myriad of findings
described in literature on PCC abnormalities across psychiatric
disorders (61) support the idea that abnormalities of this region
1) are directly related to ADHD, 2) are not influenced by cognitive
risk factors for ADHD, or 3) are unspecific to ADHD and a
consequence of accumulating remote pathological effects (62).

In contrast to the categorical effects within the DMN, we
identified a profound dimensional effect related to inattention
within the visual network. The relevance of this network in the
pathophysiology of ADHD is being increasingly acknowledged
(3,24). Especially, the regulation of visual function by atten-
tional processes is considered an important remaining
research area (3). More specifically, our significant finding is
located within the posterior part of the paracingulate cortex
480 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging M
and extends to superior frontal gyrus and presupplementary
motor area, regions related to visual attention shifting (63–65).
A large meta-analysis by Cortese et al. across 55 fMRI studies
confirmed hypoactivation of the paracingulate cortex within
ADHD patients as one of the main findings in the literature (24).
Cortese et al. related this finding to the salience network, which
in their work is referred to as the ventral attention network. In
line with the framework proposed by Nigg and Casey (66),
Cortese et al. hypothesized that salience network hypo-
activation underpins deficits in detecting environmental (ir)
regularities. This, in turn, would lead to behavioral problems
when patients with ADHD are unable to modulate their
behavior in accordance to these environmental changes.
Interestingly, visual areas are involved in maintaining or sup-
pressing spatial attention to irrelevant stimuli (63,67), and it has
been proposed that hyperactivation within the visual network
might act as a neural compensatory mechanism for impaired
function of prefrontal cortex and anterior cingulate cortex,
areas associated with the salience network (68). Given that our
analysis specifically links aberrant paracingulate connectivity
to the visual network instead of the salience network, we can
now integrate these hypotheses by proposing that ADHD-
related deficits in detecting environmental irregularities might
be related to visual attention processing as regulated by the
paracingulate cortex, possibly as a compensatory mechanism
for dysfunction of the salience network. This hypothesis is
supported by our observation that the paracingulate FC marker
strongly and specifically related to RTV, which is in agreement
with the known relation between RTV and inattentive behavior
(69–72). In line with these within-network findings, Barber et al.
(73) found a relationship between attention control and con-
nectivity between the DMN and visual network. The strength of
this association differed between the TDC and ADHD groups,
suggesting an interaction effect. Although evaluating such in-
teractions is outside the scope of the current work, these
related observations offer a promising lead for further research.

Increased FC within the two sensorimotor networks was
predominantly related to increased hyperactivity/impulsivity
symptoms and poorer outcome on a broad range of neuro-
cognitive measures, most strongly on working memory. These
findings relate to the notion that motor control impairments are
associated with higher-order cognitive difficulties (74) and
support the idea that hyperactivity might be a compensatory
mechanism to cope with environmental demands related to
cognitive/executive functioning (75,76). We furthermore
observed that FC markers located within the cerebellum were
predominantly related to 1) both categorical ADHD diagnosis
and dimensional scores of inattentive behavior and 2) poorer
outcomes on response inhibition and RTV. Given that both of
these neurocognitive functions involve (motor) timing pro-
cessing, our findings support the hypothesized neurobiological
pathway, in which dysfunction of the cerebellum is associated
with impaired (motor) timing processing (19).

Various clusters identified within the salience network were
associated with both categorical and dimensional effects of
ADHD. The associations of these markers with neurocognitive
measures suggested two differential neurobiological path-
ways: 1) a pathway in which frontostriatal connections within
the salience network affect motor timing and inhibitory control
and 2) a pathway connectivity within the putamen/insula,
ay 2019; 4:472–483 www.sobp.org/BPCNNI
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unrelated to neurocognitive functioning. Notably, we found
opposite directionality of the relationship between the FC
marker and scores of inattention and hyperactivity/impulsivity
respectively.

Our work could be compared to recentwork by Elton et al. (14),
who implemented a categorical-dimensional hybrid model to
investigate functional neural correlates related to ADHD across
four networks.Whereas the current study replicates some of their
findings, including decreased FC within the medial prefrontal
cortex and its relationship to increased scores of hyperactivity/
impulsivity, other findings spatially correspond but are found in
different networks or yield an alternative categorical-dimensional
interpretation (e.g., altered anterior cingulate cortex connectivity
in the cognitive network vs. visual network, respectively). Next to
inherent differences in the study samples, observed differences in
results are likely attributable to methodological differences. It is
quite possible that some differences in results are related to the
delineation of the investigated networks. Elton et al. (14) employed
univariate seed-based regression to model neural networks,
which differs from our multivariate approach that aimed at pre-
ventingmixing of neural signals of overlapping networks (see dual
regression above). Likewise, Elton et al. (14) evaluated inattention
and impulsivity/hyperactivity scores using separate categorical-
dimensional models, leading to a suboptimal correction of all
dimensional effects when evaluating categorical effects, and not
fully disentangling dimensional effects related to inattention
versus hyperactivity/impulsivity.

Detecting distinct neural mechanisms that underlie similar be-
haviors (i.e., the concept of multifinality) and symptom patterns is
methodologically challenging. To be able to detect these mech-
anisms, we adopted a more explorative approach and performed
a proof-of-concept study in which we evaluated 14 networks
without correcting formultiple comparisonacross thesenetworks.
Although most findings fit well within current literature, caution is
required, as it is possible that some significant relationships with
the data extracted from the spatial clusters are false positive. To
that end, replication of our results is required. Moreover, note that
we ignored sibling and rem-ADHDparticipantswhen investigating
categorical effects, while dimensional effects were assessed
across all 409 participants, yielding relatively increased power
toward detectingdimensional effects comparedwith the analyses
assessing the categorical effects.

We presented an analysis strategy for disentangling cate-
gorical and dimensional disease mechanisms in ADHD
and mapped our results to neurocognitive measures, thereby
characterizing dissociable neurobiological underpinnings of
ADHD-related behavior. Using this approach, we provided new
insights supporting a categorical-dimensional model of ADHD
and refined current hypotheses on the etiology of this disorder.
Our results emphasize that ADHD should be investigated
throughout multiple neural systems and by combining both
categorical anddimensionalmodels, rather than focusingon one
or the other.
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