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CHAPTER 1
general Introduction
and Thesis Outline

Chapter 1

Attention-deficit/hyperactivity disorder (ADHD) is increasingly recognized as a disorder of
dysfunctional communication and integration among networks in the brain. An important
area of research in ADHD focuses on cortico-striatal networks, as several of the defining
behavioral characteristics of ADHD coincide with the behaviors controlled by these networks
(Cubillo, et al., 2012). Studies using structural and task-based functional MRI have provided
evidence of atypical structure and function of regions within cortico-striatal networks in
ADHD (Cortese, et al., 2012; Frodl and Skokauskas, 2012). However, these investigations do not
reveal whether the observed effects are region-specific or related to changes in the functional
architecture of connectivity within cortico-striatal networks. Accordingly, the overall objective
of this thesis is to investigate whether ADHD is associated with dysfunctional connectivity
in cortico-striatal networks, using advanced analytical techniques applied to resting state
functional magnetic resonance imaging (R-fMRI) data. In this introductory chapter I describe
the clinical manifestations of ADHD, give an overview of the current insights regarding the
role of cortico-striatal network dysfunction in ADHD, and introduce the potential of R-fMRI to
investigate ADHD-related dysfunction in cortico-striatal networks. Finally, I present the outline
of this thesis and describe how each chapter aims to provide novel insights into the functional
connectivity architecture of the brain in ADHD.

Attention-deficit/hyperactivity disorder
ADHD is a prevalent and highly heritable neuropsychiatric disorder affecting approximately
5% of the population worldwide (Polanczyk and Rohde, 2007; Willcutt, 2012). The disorder
is characterized by symptoms of hyperactivity, impulsivity, and/or inattention that lead
to impairments in social, academic, and/or occupational functioning (DSM 5; American
Psychatric Association, 2013). ADHD is more common in males than females, with a ratio
of approximately 3:1 (Willcutt, 2012). ADHD is defined as a childhood-onset disorder, with
symptoms originating before the age of 12. Symptoms of ADHD decline with age (Biederman,
et al., 2000; Faraone, et al., 2006), with a full persistence into adulthood in 30% to 60% of
cases depending on the definition of persistence (Barbaresi, et al., 2013; Faraone, et al., 2015).
Importantly, three subtypes (or presentations) of ADHD can be defined: the predominantly
hyperactive/impulsive ADHD subtype, the predominantly inattentive ADHD subtype, and the
combined ADHD subtype. The full diagnostic criteria of ADHD as described in the 5th version
of the Diagnostic and Statistical Manual of Mental Disorders (DSM-5) are listed on pages 9 and
10.

8

General Introduction and Thesis Outline

A. For an ADHD diagnosis condition 1 and/or 2 must be met:
1) Six or more of the following systems for inattention for children up to age 16, or five or more
of the following symptoms for inattention for people of 17 years and older, have persisted for
at least 6 months to a degree that is maladaptive and inconsistent with developmental level:
Inattention
a. Often fails to give close attention to details or makes careless mistakes in schoolwork, at
work, or during other activities.
b. Often has difficulty sustaining attention in tasks or play activities.
c. Often does not seem to listen when spoken to directly.
d. Often does not follow through on instructions and fails to finish schoolwork, chores, or
duties in the workplace.
e. Often has difficulty organizing tasks and activities.
f. Often avoids, dislikes, or is reluctant to engage in tasks that require sustained mental effort.
g. Often loses things necessary for tasks and activities.
h. Is often easily distracted by extraneous stimuli.
i. 	Is often forgetful in daily activities.
2) Six or more of the following symptoms for hyperactivity/impulsivity for children up to age
16, or five or more of the following symptoms for hyperactivity/impulsivity for people of
17 years and older, have persisted for at least 6 months to a degree that is maladaptive and
inconsistent with developmental level:
Hyperactivity
a. Often fidgets with or taps hands or feet, or squirms in seat.
b. Often leaves seat in situations when remaining seated is expected.
c. Often runs about or climbs in situations where it is inappropriate (In adolescents or
adults this may be limited to feeling restless).
d. Often unable to play or take part in leisure activities quietly.
e. 	Is often “on the go” acting as if “driven by a motor”.
f. Often talks excessively.
Impulsivity
g. Often blurts out an answer before a question has been completed.
h. Often has difficulty waiting for his or her turn.
i. Often interrupts or intrudes on others.
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In addition, the following conditions must be met:
B.	Several inattentive or hyperactive/impulsive symptoms were present prior to age 12.
C. Criteria for the disorder are met in two or more settings (e.g., at home, school or work, with
friends or relatives, or in other activities).
D. There is clear evidence that the symptoms interfere with, or reduce the quality of, social,
academic, or occupational functioning.
E. The symptoms do not occur exclusively during the course of schizophrenia or another
psychotic disorder and are not better accounted for by another mental disorder.
Based on symptom presentation three subtypes of ADHD can be defined:
• Combined Presentation: Sufficient symptoms (i.e., five or six dependent on age) of both
inattention and hyperactivity/impulsivity have persisted for at least six months.
• Predominantly Inattentive Presentation: Sufficient symptoms of inattention, but not
hyperactivity/impulsivity, have persisted for at least six months.
• Predominantly Hyperactive/Impulsive Presentation: Sufficient symptoms of hyperactivity
/impulsivity, but not inattention have persisted for at least six months.

Dimensional characterization of ADHD
The diagnosis of ADHD is currently based on a categorical classification, i.e., people are
diagnosed with ADHD if they display, dependent on age, a minimum of five or six inattentive
and/or hyperactive/impulsive symptoms. However, an interesting recent development is the
shift of clinicians towards a dimensional characterization of the disorder in addition to the
classical categorical classification (Insel, et al., 2010; Chabernaud, et al., 2012; Asherson and
Trzaskowski, 2015). This reconceptualization is based on high phenotypic heterogeneity in
ADHD, reflected by the three ADHD subtypes as well as differences between ADHD patients
in symptom severity and cognitive impairments (which are discussed in the next paragraph).
The high occurrence of comorbid disorders including oppositional-defiant disorder and
conduct disorder (Gillberg, et al., 2004), and overlap of ADHD symptoms with other disorders
such as autism spectrum disorder (Rommelse, et al., 2010; Rommelse, et al., 2011; Mayes, et al.,
2012), further support a dimensional characterization of ADHD.
This shift towards a dimensional characterization not only has implications for the
diagnostic assessment of ADHD but also for understanding the underlying neurobiological
mechanisms. Until now, most studies have used case-control designs to study ADHD, implying
underlying categorical mechanisms. In contrast, a dimensional approach allows examination
of the behavioral and neurobiological characteristics of ADHD across the spectrum of both
typically developing individuals and ADHD patients. The hypothesis associated with such
a dimensional approach is that ADHD and ADHD-related neural dysfunction represent the
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extreme ends of spectra that include typical behavior and healthy brain function respectively
(Asherson and Trzaskowski, 2015). However, it remains to be determined whether ADHD
indeed lies at an extreme end of a continuum of normal behaviors, represents a discrete
categorical disorder, or represents a combination of the two.
ADHD-related cognitive dysfunction
Along with symptoms of hyperactivity, impulsivity, and inattention, ADHD is also characterized
by various cognitive deficits. Most of these cognitive deficits can be attributed to two
overarching cognitive domains: cognitive control and reward processing (Sonuga-Barke, et
al., 2010; Durston, et al., 2011). Cognitive control, also referred to as executive functioning,
is the ability to flexibly adapt behavior from moment to moment depending on external
circumstances and internal goals. One of the most investigated cognitive control processes in
ADHD is response inhibition, which is the process of cancelling or deviating from an ongoing
reaction. Deficient response inhibition has repeatedly been demonstrated in children and
adults with ADHD (Overtoom, et al., 2002; Lipszyc and Schachar, 2010; van Rooij, et al., 2015)
and is thought to be the core deficit underlying impulsive behaviors in ADHD (Chamberlain
and Sahakian, 2007). Other cognitive control processes shown to be impaired in ADHD include
cognitive shifting and working memory (Kasper, et al., 2012; Rauch, et al., 2012).
In contrast, reward processing refers to mechanisms that influence one’s motivation to
engage in a task. Several ADHD-related deficits in reward processing have been reported in
the literature. Both children and adults with ADHD are more sensitive to the positive effects
of reward while performing cognitive tasks compared to healthy control subjects, resulting
in improved performance on a task when a reward is offered (Luman, et al., 2010; Plichta and
Scheres, 2014). However, patients with ADHD show a preference for small immediate rewards
over larger delayed rewards (Bitsakou, et al., 2009; Marco, et al., 2009) and make more risky
decisions to obtain rewards (Groen, et al., 2013). Other ADHD-related cognitive deficits that
are not captured by the two overarching concepts of cognitive control and reward processing
are impairments in timing (Noreika, et al., 2013), basic information processing (Salum, et al.,
2014), emotion processing (Shaw, et al., 2014), perception (Nazari, et al., 2010), and attention
(Wang, et al., 2013). Furthermore, compared to people without ADHD, patients with ADHD
have an IQ that is on average 7-12 points lower (Frazier, et al., 2004).
Motor difficulties in ADHD
Besides cognitive deficits, motor difficulties are reported in 30% to 50% of children with ADHD
(Pitcher, et al., 2003; Fliers, et al., 2009). Although motor difficulties often co-occur in ADHD,
they have received less attention than cognitive deficits in ADHD research. Findings from
studies investigating motor function in ADHD have revealed a wide range of motor problems
in ADHD. These problems include excessive motion, poor motor timing, poor balancing, and
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greater variability in motor outcomes (Pitcher, et al., 2003; Poeta and Rosa-Neto, 2007; Shen, et
al., 2012; Goulardins, et al., 2013). Furthermore, patients with ADHD show difficulties in learning
and executing gross as well as fine motor skills including handwriting (Pitcher, et al., 2003;
Shen, et al., 2012). In addition, greater inattention and decreased impulse control have been
associated with poorer fine and gross motor skills in children with ADHD (Tseng, et al., 2004).
Although most research has been conducted in children, there is also evidence for motor
impairments in adults with ADHD. For example, adults with ADHD display motor inhibition
problems (Stray, et al., 2013) as well as impairments in graphomotor program learning (i.e.,
learning to write new symbols; Duda, et al., 2015).
These ADHD-related cognitive deficits and motor difficulties are thought to arise from
dysfunction in neural circuits. Accordingly, much research has been dedicated to investigate
the neurobiological mechanisms underlying ADHD. A key area of research in ADHD
concentrates on cortico-striatal networks, as reward processing, cognitive control, and motor
function have been associated with these networks.

Cortico-striatal networks
Cortico-striatal networks are a series of parallel neural circuits between the striatum and cortex,
first described in macaques (Alexander, et al., 1986) and later confirmed in humans (Di Martino,
et al., 2008; Draganski, et al., 2008). Three main cortico-striatal networks can be defined that are
considered largely segregated in terms of both connectivity and functional processing (Figure
1). The three corresponding subregions of the striatum are the putamen, caudate nucleus,
and nucleus accumbens (NAcc), which each connect to different cortical areas. Specifically,
the NAcc forms a network with anterior cingulate cortex (ACC) and orbitofrontal cortex (OFC),
associated with reward processing and motivational control (Haber and Knutson, 2010).
Activation of regions within this network has been related to anticipation and receipt of
both positive as well as negative rewards (Liu, et al., 2011). The caudate nucleus on the other
hand regulates cognitive control processes via connections with the dorsolateral prefrontal
cortex (DLPFC; Levy, et al., 1997). This network is relevant for executing cognitively demanding
tasks, such as response inhibition and working memory (Klingberg, et al., 2002; Chambers,
et al., 2009). Finally, the putamen connects with motor cortices to regulate motor function
(Alexander, et al., 1986). Accordingly, this network has been implicated in various stages of
movement such as learning of movements, motor planning, and execution of movements
(Lehericy, et al., 2005). Further, connectivity strength within this network has been related to
motor performance in healthy participants (Seidler, et al., 2015). These three cortico-striatal
networks are also referred to as the limbic, cognitive, and sensorimotor network respectively.
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Figure 1. The major cortical and subcortical regions of the cortico-striatal networks.
Abbreviations: ACC=anterior cingulate cortex, DLPFC=dorsolateral prefrontal cortex, NAcc=nucleus accumbens,
OFC=orbitofrontal cortex. Adapted from (Faraone, et al., 2015).

The cortico-striatal networks can be further extended to include thalamic and cerebellar
regions, which project back to the cortex, resulting in the so-called cortico-striato-thalamocortical and cortico-striato-cerebello-cortical networks (Posner, et al., 2014).

Neuroimaging of cortico-striatal networks in ADHD
Magnetic resonance imaging (MRI) is the method of choice for many researchers when
investigating structure and function of the brain, since it is a non-invasive tool providing
images of the brain with a relatively high spatial resolution. As such, applications of MRI have
frequently been used to investigate cortico-striatal networks in ADHD (Faraone, et al., 2015).
Two commonly used MRI applications are structural MRI and task-based functional MRI (fMRI). In
this section I explain these techniques and give an overview of the current insights into corticostriatal network dysfunction in ADHD that have been obtained using these MRI applications.
Structural MRI
In MRI, a strong static magnetic field is applied to align the magnetic dipoles (spins) of hydrogen
nuclei, called protons, in the brain. In addition, the MRI scanner generates a gradient magnetic
field, which alters the precessional frequency of protons dependent on their position along
the gradient. By transmitting a selected band of radio-frequency pulses, the spin axis of
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protons - precessing around their axis at particular frequencies (i.e., protons at a particular
location, or slice in the brain) - will flip out of alignment with the static magnetic field. Once
the gradient magnetic field is turned off, the protons will gradually return to their normal
alignment. The RF energy absorbed by the spin assemblies will be transmitted and can be
picked up by a receiver coil as the Magnetic Resonance (MR) signal. The MR signal measured
by the receiver coils of the scanner can be used to form an (anatomical) image of the brain
(Huettel, et al., 2004). Importantly, the MR signal varies dependent on tissue properties. This
variation in MR signal generates contrast on the reconstructed images of the brain. Structural
MRI applications make use of these differences in MR signal to infer on underlying anatomy.
Commonly analyzed structural MRI metrics include whole brain and subcortical volumes
(Patenaude, et al., 2011), cortical thickness and cortical area (Fischl and Dale, 2000), and gray
matter integrity which can be investigated using voxel-based morphometry (Ashburner and
Friston, 2000). Another important application of MRI that infers on anatomical properties of
the brain is Diffusion-Tensor Imaging (DTI; Basser, et al., 1994). DTI is based on the assumption
that water molecules within axons diffuse more freely along the direction of the axons than
across them. DTI uses this directional diffusion, i.e., anisotropic diffusion, to estimate the
axonal organization of the brain. DTI can hence be applied to investigate the integrity of white
matter tracts that connect different areas in the brain, commonly referred to as structural
connectivity.
Structural MRI and DTI studies of cortico-striatal networks in ADHD
Studies investigating structural properties of the brain provided the first evidence for
involvement of cortico-striatal networks in ADHD. Reductions in volume of striatal subregions
such as caudate and putamen (Castellanos, et al., 1994; Castellanos, et al., 1996; Wellington,
et al., 2006), as well as volumetric reductions in the frontal lobe (including prefrontal cortex
(PFC) and OFC), ACC, and cerebellum have frequently been reported in children and
adolescents with ADHD (Seidman, et al., 2005; Shaw, et al., 2006; Bush, 2011). Meta-analysis
based on volumetric (Valera, et al., 2007) and voxel-based morphometry studies in children
and adolescents with ADHD (Ellison-Wright, et al., 2008; Nakao, et al., 2011), confirmed volume
reductions in prefrontal cortex, caudate, and cerebellum and gray matter reductions in
putamen respectively. In adult ADHD, findings of structural MRI studies investigating corticostriatal networks are less consistent. In some studies abnormalities in similar striatal (Seidman,
et al., 2006; Almeida, et al., 2010) and similar cortical regions (Hesslinger, et al., 2002; Amico,
et al., 2011) were observed. However, other studies reported no ADHD versus control group
differences in striatal and cortical volumes (Frodl and Skokauskas, 2012) or an age-by-diagnosis
interaction indicating that older age was associated with smaller caudate and putamen
volumes in controls, whereas this relationship was absent in participants with ADHD (Greven,
et al., 2015). Longitudinal studies indicate that differences in findings regarding brain structure
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between childhood and adulthood ADHD might be explained by a delayed trajectory of brain
development in patients with ADHD compared to control subjects (Castellanos, et al., 2002;
Shaw, et al., 2007; Greven, et al., 2015).
In addition, DTI studies have also provided support for alterations in cortico-striatal
networks in ADHD. A consistent finding in children and adults with ADHD is reduced fractional
anisotropy (FA) in the anterior corona radiata, a large axon bundle connecting the striatum
with frontal brain areas (for review and meta-analysis see Konrad and Eickhoff, 2010; van Ewijk,
et al., 2012). Other frequently reported findings are reduced FA of the internal capsule, formed
by white matter between caudate and putamen, and reduced FA in the cingulate in patients
with ADHD (van Ewijk, et al., 2012). Finally, reduced FA in fronto-striatal fiber tracts in children
with ADHD has been associated with poorer executive functioning, further supporting that
alterations of white matter in cortical and striatal regions are associated with ADHD-related
behavior (Shang, et al., 2013).
BOLD & task-based fMRI
In contrast to structural MRI, functional MRI (fMRI) applications make use of the so-called Blood
Oxygen Level Dependent (BOLD) response to detect changes in the local oxygenation level
as an index of changes in neuronal activity in the brain (Ogawa, et al., 1990). More specifically,
during neural processing, neuronal activity in certain areas of the brain increases dependent
on the task that is performed. This increase in neuronal activity elicits an increase in blood flow
towards those active regions in order to supply the neurons within these areas with oxygen and
nutrients. Oxygen in the blood is transported by hemoglobin. The BOLD response depends on
the ratio of oxyhemoglobin (when oxygen is bound to hemoglobin) and deoxyhemoglobin
(when oxygen has been released by hemoglobin). The magnetic properties of oxyhemoglobin
and deoxyhemoglobin differ: deoxyhemoglobin is paramagnetic, meaning that it disturbs the
local magnetic field and decreases the BOLD signal, whereas oxyhemoglobin is diamagnetic
and has no influence on the local magnetic field. Although oxygen consumption increases
when neural activation in a brain region increases, the brain compensates for this decrease in
oxygen by supplying a surplus of oxygen-rich blood. Accordingly, the net effect of neuronal
activation is a decrease in the relative amount of deoxyhemoglobin, resulting in an increase
in the BOLD response in active regions of the brain.
As such, fMRI can be used to identify regions implicated in specific cognitive processes.
Given that the brain is always active, i.e., even at absolute rest the brain needs to maintain
several bodily functions and perceive the environment to be able to respond to it if needed,
neural activity at a given moment is considered to be a combination of stimulus depend
activity and unrelated ongoing activity (Huettel, et al., 2004). For this reason, many studies
use task-based fMRI, in which brain activity is compared between different experimental
conditions or stimuli, for example stimulus versus baseline, to infer on functional localization.
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Task-based fMRI studies of cortico-striatal networks in ADHD
The processes associated with the three cortico-striatal networks, i.e., reward processing,
cognitive control, and motor control have frequently been investigated in ADHD using
specific task-based fMRI paradigms. Regarding the limbic network, children as well as adults
with ADHD showed atypical BOLD responses in NAcc, ACC, OFC, and cerebellum during
reward anticipation (Scheres, et al., 2007; Plichta and Scheres, 2014; von Rhein, et al., 2015) and
in OFC during reward receipt (von Rhein, et al., 2015). Further support for involvement of the
limbic network in ADHD was provided by studies revealing reduced BOLD activation in OFC
and cerebellum during a temporal delay-discounting task (Rubia, et al., 2009a) and during
rewarded trials within a continuous performance task (Rubia, et al., 2009b).
The cognitive control network consisting of caudate and PFC has also frequently been
investigated in ADHD. Common paradigms to investigate cognitive control are the stop signal
task (Logan, et al., 1984) and working memory tasks (e.g., Klingberg, et al., 2002). Children
with ADHD showed reduced BOLD activation during these tasks in several brain regions
including caudate, DLPFC, inferior frontal gyrus, and thalamus (for reviews see Dickstein, et
al., 2006; Cubillo, et al., 2012). Further evidence implicating the cognitive network in ADHD
was provided by a meta-analysis of 55 task-based studies (that included various cognitive
control paradigms), which demonstrated decreased BOLD activation in the PFC in ADHD
patients compared to controls (Cortese, et al., 2012). Studies investigating cognitive control in
adult patients with ADHD however yielded more inconsistent findings. Whereas some studies
report reduced activation levels similar to what is observed in children with ADHD, others
report increased activation in medial frontal cortex and DLPFC in adults with ADHD during
inhibition and working memory tasks (for review see Cubillo and Rubia, 2010).
Finally, only a few task-based fMRI studies have investigated the sensorimotor network
comprising putamen and motor areas in ADHD. These reports demonstrated decreased BOLD
activation in the primary motor cortex in children with ADHD during motor tapping tasks
compared to controls (Mostofsky, et al., 2006; Gaddis, et al., 2015). Similarly, in adults with
ADHD the BOLD response was decreased in timing related circuits as well as in motor and
premotor cortex during unpaced tapping (Valera, et al., 2010). These studies did not report
alterations of the BOLD response of putamen in patients with ADHD. However, studies that
investigated inhibition of motor responses, in which motor processing plays an important role
next to cognitive processing, did report reduced activation of putamen in ADHD (Cortese, et
al., 2012).
Accordingly, studies using structural MRI and task-based fMRI have provided evidence of
atypical structure and function of regions within cortico-striatal networks in patients with
ADHD. However, over the last decade theories regarding brain function have shifted from
linking functions to specific brain areas towards investigating how activity of different brain
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regions is integrated into functional networks (Fox and Friston, 2012; Poldrack, 2012). As such,
ADHD might not only be related to dysfunction of single brain areas, but also to dysfunctional
communication and integration between regions in cortico-striatal networks. The described
structural MRI and task-based fMRI investigations in ADHD do not reveal whether the observed
effects are region-specific or related to changes in functional connectivity within cortico-striatal
networks. A promising MRI application that can be used to investigate functional connectivity,
and that we applied in this thesis, is resting state fMRI (R-fMRI). Before describing how we
will use R-fMRI to investigate whether ADHD is associated with dysfunctional connectivity in
cortico-striatal networks, I will first explain the concepts of R-fMRI and functional connectivity,
describe the approaches to compute functional connectivity, and highlight the recent
developments in the field.

Resting state fMRI & functional connectivity
Resting state fMRI is a powerful tool to investigate functional networks in the brain. In contrast
to task-based fMRI, R-fMRI images the brain in the absence of task, when a participant is simply
laying still and “resting”. Accordingly, R-fMRI is based on spontaneous fluctuations in the BOLD
signal. By examining correlations between these spontaneous BOLD fluctuations across
different areas in the brain, regions can be identified which show temporally synchronous
activation (Biswal, et al., 1995; Beckmann, et al., 2005). These regions are assumed to be
“functionally connected” or in other words form a functional network to support a specific
function. Various resting state networks in the brain have been characterized (Beckmann, et
al., 2005). Task-based networks, i.e., regions that activate together during the performance of
a task, closely match these resting state networks (Smith, et al., 2009). All functional networks
in the brain can hence be investigated simultaneously by acquiring just one R-fMRI dataset,
without the need for acquiring different task-based datasets. Furthermore, resting state
networks exhibit high test-retest reliability, within as well as between subjects (Damoiseaux,
et al., 2006; Shehzad, et al., 2009; Zuo, et al., 2010). Finally, R-fMRI requires only minimal
compliance of participants, making it suited for studies that investigate brain function in
young participants and clinical cohorts. Accordingly, R-fMRI is an ideal tool to investigate
functional brain networks in ADHD.
Approaches for computing networks of functional connectivity
Various approaches exist for computing functional connectivity. This paragraph describes
the two most commonly used approaches: seed-based functional connectivity (Biswal, et al.,
1995) and Independent Component Analysis (ICA; Beckmann and Smith, 2004). In seed-based
correlation analyses a BOLD timeseries is extracted for one or multiple regions or voxels in
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the brain, the so-called seeds. Subsequently, the seed’s timeseries is entered in a correlation
analysis or as a regressor in a General Linear Model (GLM) to calculate the covariance of
the seed’s timeseries with all other voxels in the brain, resulting in whole-brain voxelwise
functional connectivity maps. Alternatively, functional connectivity can be calculated as the
partial correlation between timeseries of multiple seeds. The subsequent thresholding of
the resulting whole-brain functional connectivity maps or functional connectivity matrices
enables identification of regions that form a functional network with the seed region. Seedbased connectivity approaches are hypothesis-driven, as the selection of seed-regions requires
an a priori hypothesis that is for example based on existing literature. A major advantage of
seed-based functional connectivity is that it reveals those regions that display strong positive
or negative correlations with the seed region, making the data easy to interpret. However, a
drawback of investigating functional connectivity of a limited number of seeds is that other
important effects might remain uncovered.
In contrast, data-driven approaches for computing functional connectivity do not
depend on a priori hypotheses regarding regions of interest. The most well known data-driven
approach for revealing the underlying network architecture in R-fMRI data is ICA (Beckmann
and Smith, 2004). ICA can be applied to various types of data but was first applied to R-fMRI
data in 2003 (Kiviniemi, et al., 2003). ICA is a computational technique that decomposes a twodimensional matrix (i.e., time*voxels when applied to fMRI data) into maximally independent
timeseries and associated spatial maps. In other words, when applied to the spatial domain of
R-fMRI data, ICA identifies the “hidden” functional networks (spatial maps) by grouping voxels
with similar timeseries. However, ICA also has its challenges. First, the model order, i.e., the
number of components (or networks) that ICA decomposes, is generally selected by the user,
resulting in large differences between studies in the number of networks investigated. Some
toolboxes, including FSL MELODIC (Beckmann and Smith, 2004), implement approaches that
select the number of ‘optimal’ components based on statistical criteria. However, it must be
recognized that there exists no single ‘optimal’ number of components, as a larger requested
number of components likely decomposes larger networks into finer-grained subnetworks.
Second, together with the relevant functional networks ICA also extracts noise components
(Beckmann and Smith, 2004; Power, et al., 2012). This poses difficulties on component
identification because components representing noise need to be identified as such and
excluded from the analysis; yet at the same time it also opens opportunities for using ICA to
denoise fMRI data (see below).
Novel developments in resting state fMRI research
The field of R-fMRI is under active development as various efforts are undertaken to advance
existing methodology. An important area of research concerns the removal of confounding
signals, for example induced by head motion, from R-fMRI data. In-scanner head motion
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is a problematic issue in R-fMRI analyses as it can induce artificial effects and compromise
detection of true effects (Beckmann and Smith, 2004; Power, et al., 2012). This is particularly
evident when examining functional connectivity in cohorts consisting of younger participants,
such as children and adolescents with ADHD, as head-motion and age of a participant are
highly correlated (Satterthwaite, et al., 2012). Recently, ICA-based Automatic Removal Of
Motion-related Artifacts (ICA-AROMA; Pruim, et al., 2015b) was introduced by our group as
a tool to remove motion-related artifacts from fMRI data. In ICA-AROMA, probabilistic ICA (as
implemented in FSL MELODIC) is applied to the data. Next, a predetermined classifier identifies
motion-related components based on four features: maximum correlation with realignment
parameters, edge fraction, CSF fraction, and high-frequency content. These motion-related
components are removed from the data. ICA-AROMA was demonstrated to outperform
existing methods for motion denoising by removing motion-related components with high
accuracy while preserving the temporal characteristics of R-fMRI data (Pruim, et al., 2015a).
Another innovative application developed by our group is Instantaneous Correlation
Parcellation (ICP; Van Oort, et al., in preparation). ICP is a parcellation technique that delineates
homogenous functional regions within a larger region of interest (ROI) based on R-fMRI data.
This method is specifically relevant for the investigation of regions that do not have a clear
anatomical or histological organization or for which a finer-scale organization has not yet
been defined. ICP is based on the assumption that voxels which form a subregion within a
larger ROI exhibit similar, yet slightly different time courses compared to other voxels within
the larger ROI. To enhance the identifiability of subregions within a larger ROI, ICP selectively
augments these subtle differences by the element-wise multiplication of the voxel-wise
time courses with the average time course of the entire ROI, which results in instantaneous
correlations. Next, ICA is applied to these instantaneous correlations to segregate the ROI into
subregions (i.e., components) by grouping voxels with similar instantaneous correlations. The
optimal number of subregions in which the ROI can be subdivided is determined by assessing
reproducibility (i.e., Dice-overlap) of the parcellation across random splits of the data sample.
Finally, there is increased interest in applying multivariate instead of univariate analyses.
In the case of R-fMRI, studies generally investigate seed-based functional connectivity using
univariate analyses, in which a separate GLM is conducted for each seed region. Although
this approach is not wrong per se, it does not reveal whether observed effects are specific
to functional connectivity of the seed region, or reflect more global effects in functional
connectivity. To address this issue, multivariate seed-based analyses can be employed in
which the timeseries of all seed regions are entered simultaneously in a single, multivariate
GLM. Accordingly, this approach results in unique whole-brain functional connectivity maps
for each of the investigated seed regions that are not confounded by contributions of the
other seeds.
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Opportunities for using R-fMRI to investigate cortico-striatal networks
To summarize, studies using structural MRI, DTI, and task-based fMRI have provided evidence
relating impairments in reward processing, cognitive control, and motor function in ADHD
to atypical structure and function of regions within cortico-striatal networks. However, the
shift in focus of the neuroimaging community from localizing functions in individual regions
to investigating the integration of functional regions into larger networks, has led to a
change in theory regarding dysfunction in cortico-striatal networks. It is now hypothesized
that ADHD might not only be related to dysfunction of single brain areas, but also to
dysfunctional connectivity between regions within cortico-striatal networks. Concurring with
the shift towards studying network integration, R-fMRI has become an important tool for
delineating the functional network architecture of the brain. Not only is R-fMRI data easy to
collect and requires only minimal participant compliance, various research questions can be
addressed by acquiring just one dataset. In this thesis, we therefore use R-fMRI and the recent
developments in the field to thoroughly investigate the functional connectivity architecture
of cortico-striatal networks in ADHD.

Thesis outline and aims
The overall objective of this thesis is to systematically investigate the hypothesis of
dysfunctional connectivity in cortico-striatal networks in patients with ADHD. To this end, we
first review existing R-fMRI studies that investigated functional connectivity in cortico-striatal
networks in ADHD. Next, building upon the findings of these initial R-fMRI studies, we conduct
a series of seed-based functional connectivity analyses to comprehensively investigate the
functional connectivity architecture of cortico-striatal networks in ADHD.
Specifically, chapter 2 of this thesis presents a review of R-fMRI studies in child
psychiatric disorders, including R-fMRI studies investigating connectivity within corticostriatal networks in ADHD. As becomes evident from chapter 2, several R-fMRI studies have
provided initial evidence for the hypothesis of cortico-striatal network dysfunction in ADHD.
However, findings are marked by considerable heterogeneity, potentially resulting from small
sample sizes, as well as heterogeneity in examined regions, study populations, and analytical
approaches. To gain a better understanding of dysfunctional connectivity in cortico-striatal
networks in ADHD and to address this heterogeneity, we need to incorporate advanced
applications of R-fMRI and the latest analytical developments in new R-fMRI studies. Two
advances are incorporated in all studies in this thesis (chapters 3-5). First, all studies use data
from the NeuroIMAGE cohort (von Rhein, et al., 2014). This large cohort consists of adolescents
and young adults with ADHD, their unaffected siblings as well as healthy control participants.
Good quality R-fMRI data is available for a total of 444 participants in this cohort, providing
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a very large sample with sufficient power. Second, to minimize the confounding effects of
motion, ICA-AROMA is applied in all studies to denoise the R-fMRI data for motion.
In chapter 3 we investigate ADHD versus control differences on functional connectivity
of all striatal subregions, given that the R-fMRI studies reviewed in chapter 2 were mostly
limited to the examination of a single striatal seed region. Specifically, we investigate functional
connectivity of NAcc, caudate, and putamen simultaneously by means of a multivariate
analysis. This approach results in unique whole-brain functional connectivity maps for each
of the investigated striatal seed regions that are not confounded by contributions of the
other seeds. In addition, we determine whether ADHD is only associated with changes in
the brain’s global cortico-striatal functional architecture, or whether ADHD-related alterations
are also present in local, intra-striatal functional connections. To this end, we also investigate
local functional connectivity between substructures within the striatum by means of partial
correlation analysis.
In chapter 4 we incorporate multivariate analyses as well as two other recent analytical
developments. First, although the existence of three main cortico-striatal networks is
generally acknowledged, recent evidence indicates that both putamen and caudate can
be further segregated into functionally distinct subregions (Di Martino, et al., 2008; Tricomi,
et al., 2009; Aramaki, et al., 2011). To investigate this hypothesis we apply ICP to functionally
segregate the striatum into smaller subregions. Second, ADHD is increasingly characterized
as a dimensional disorder. As such, dimensional analyses based on ADHD symptom scores
might reveal ADHD-related changes not detected by a traditional case-control comparison
since dimensional analyses might be more sensitive when ADHD-related effects are more
heterogeneous. Accordingly, we do not only examine the categorical ADHD versus control
group differences on connectivity of the obtained functionally segregated striatal subregions,
but also dimensional ADHD-related effects using symptom scores for inattention and
hyperactivity/impulsivity.
In chapter 5 we focus on the limbic network involved in reward processing. Initial
R-fMRI studies of reward processing in ADHD only investigated the key structures of this
network, which are the NAcc, ACC, and OFC. However, several other regions are thought to
be important in regulating the reward network (Haber and Knutson, 2010; Liu, et al., 2011).
As such, we aim to comprehensively delineate the functional neural architecture underlying
aberrant reward processing in ADHD. To this end, we investigate resting state functional
connectivity of four networks activated during reward processing. We first identify functional
subregions within each network using ICP and then investigate categorical and dimensional
effects of ADHD on functional connectivity between these regions.
Finally, in chapter 6 I summarize and discuss the findings from the studies conducted in
this thesis in their wider context, further listing strengths and limitations of this thesis as well
as implications for future research.
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To summarize, the overall objective of this thesis is to expand our knowledge about corticostriatal network function in adolescents and young adults with ADHD. The specific aims of
this thesis are:
1.

To provide a comprehensive review of R-fMRI studies in child psychiatric disorders,
including R-fMRI studies investigating cortico-striatal networks in ADHD (chapter 2).

2.

To investigate categorical ADHD-related effects on local intra-striatal, and global corticostriatal functional connectivity for anatomically defined striatal subregions (chapter 3).

3.

To define a more fine-grained organization within the striatum based on its internal
temporal dynamics (chapter 4).

4.

To investigate categorical as well as dimensional effects of ADHD on functional connectivity
of the obtained fine-grained subregions within striatum (chapter 4).

5.

To comprehensively delineate the functional neural architecture underlying aberrant
reward processing in ADHD (chapter 5).
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Chapter 2

Abstract
Concurring with the shift from linking functions to specific brain areas towards studying
network integration, resting state fMRI (R-fMRI) has become an important tool for delineating
the functional network architecture of the brain. Fueled by straightforward data-collection,
R-fMRI analysis methods as well as studies reporting on R-fMRI have flourished, and already
impact research into child- and adolescent psychiatric disorders. Here, we review R-fMRI
analysis techniques and outline current methodological debates. Furthermore, we provide an
overview of the main R-fMRI findings related to child- and adolescent psychiatric disorders.
R-fMRI research has contributed significantly to our understanding of brain function in child
and adolescent psychiatry: existing hypotheses based on task-based fMRI were confirmed
and new insights into the brain’s functional architecture of disorders were established.
However, results were not always consistent. While resting state networks are robust and
reproducible, neuroimaging research in psychiatric disorders is especially complicated by
tremendous phenotypic heterogeneity. It is imperative that we overcome this heterogeneity
when integrating neuroimaging into the diagnostic and treatment process. As R-fMRI allows
investigating the richness of the human functional connectome and can be easily collected
and aggregated into large-scale datasets, it is clear that R-fMRI can be a powerful tool in our
quest to understand psychiatric pathology.
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The year 2012 marked the 20th anniversary of the first published reports on functional
magnetic resonance imaging (fMRI; Bandettini, 2012; Kwong, 2012; Ogawa, et al., 1992).
While significant progress has been made in imaging sequences, stimulation paradigms
and analysis techniques, the basic principle of fMRI research has remained the same. By
stimulating a participant, for instance by presenting a visual stimulus, researchers attempt
to induce changes in neuronal functioning. FMRI is not capable of directly capturing
neuronal activity, but changes in neuronal functioning are accompanied by changes in
blood flow and oxygenation level of blood delivered to active neurons (Ogawa, et al., 1990).
Accordingly, changes in the blood’s oxygenation level can be captured by MRI sequences,
due to a difference in magnetic properties of oxy- and deoxyhemoglobin. For over 20 years,
measuring the blood oxygenation level dependent (BOLD) signal using carefully designed
fMRI experiments has enabled neuroimagers to locate specific brain regions implicated in
specific cognitive processes. However, transcending models of local processing, the fMRI
community is now shifting its interest from localizing functions to studying how activity
observed for various regions of the brain is integrated into functional brain networks (Fox and
Friston, 2012; Friston, 2009b; Poldrack, 2012).
Concurring with the shift towards studying network integration, resting state fMRI
(R-fMRI) has become an important tool for delineating the functional network architecture
of the brain. R-fMRI images a participant while simply “laying still” or “resting”, thereby focusing
on the brain’s spontaneous activity. Subsequent R-fMRI analyses describe so-called resting
state networks (RSN; see Figure 1) as defined by patterns of temporal synchrony among
brain regions (Beckmann, et al., 2005; Biswal, et al., 1995; Greicius, et al., 2003). These RSN
closely resemble networks observed during task performance (Smith, et al., 2009), enabling
researchers to discern the brain’s generic, task-independent functional architecture without a
need for specialist task-paradigms.
A major advantage of R-fMRI is that the full gamut of networks constituting the functional
architecture of the brain can be studied within a single R-fMRI dataset. RSN exhibit high testretest reliability between and within subjects (Damoiseaux, et al., 2006; Shehzad, et al., 2009;
Zuo, et al., 2010b), as well as high reproducibility among labs (Biswal, et al., 2010). Additionally,
the clinical applicability of R-fMRI is much enhanced by the minimal participant compliance
required in contrast to the need to learn complex task paradigms. This makes R-fMRI ideally
suited for studies across the lifespan and for imaging clinical cohorts (e.g., ADHD, autism,
schizophrenia, Alzheimer’s disease) that may also include patients with lower IQ.
Fueled by the ease-of-use of R-fMRI, the neuroimaging community’s shift towards
studying network integration has influenced fMRI research in clinical populations, especially
within psychiatry. Many disorders are no longer approached as disorders of brain function in
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isolated regions but rather as a breakdown of communication and integration among largescale functional brain networks (Fornito and Bullmore, 2012; Kelly, et al., 2012).

Figure 1. Resting state networks.
Resting state functional connectivity as revealed by three common analysis techniques: seed-based resting state
functional connectivity (RSFC) of a seed in posterior cingulate cortex (white dot); the default mode network identified
using independent component analysis (ICA); and amplitude of low frequency fluctuations (ALFF). Pos=positive
functional connectivity, Neg=negative functional connectivity, LL=left lateral, RL=right lateral, LM=left medial,
RM=right medial. (Figure adapted from Biswal, et al., 2010). The illustrated analysis techniques are reviewed in the
Methods and Techniques section of this manuscript.

Methods and techniques
Functional connectivity is the most common analytic approach to study network integration.
Specifically, functional connectivity aims to capture the synchronicity of the BOLD signal
across various regions of the brain, or, in other words, assess large-scale patterns of coherent
signals (Cole, et al., 2010). One application of functional connectivity is to assess the influence
of experimental manipulations on signal synchronicity. Typically applied to task-based fMRI
data, this approach is the core of a psycho-physiological interaction analysis (PPI; Friston, et al.,
1997) or dynamic-causal modeling (DCM; Friston, 2009a).
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In R-fMRI data, functional connectivity simply captures the synchronicity of spontaneous
brain activity. Popular approaches included assessing signal synchronicity between regions of
interest or grouping voxels based on the synchronicity of their BOLD signal over the course of
the R-fMRI scan. Yet, despite the popularity of R-fMRI, little consensus exists regarding optimal
parameters and settings to be used during image analysis or during scanning itself. Here,
we briefly report on current methodologies before continuing with an overview of R-fMRI
findings in child- and adolescent psychiatric populations. Table 1 provides short explanations
for commonly used analysis terminology. Terminology explained in the table is indicated by
** in the text.
Table 1. Commonly used R-fMRI analysis terminology
Term

Description

Voxel

3D cube within a brain image, equivalent to a pixel in a digital photograph

TR

Repetition Time: the amount of time required to acquire one (full) brain
volume (or in MRI technical terms: the amount of time between successive
excitations of the same image slice)

Time course or time series

A series of measurements representing an activation pattern (of a voxel) over
time

Preprocessing

Any manipulation of the data to decrease noise and increase signal strength
applied before a model of interest is estimated

Slice timing correction

Time-shifting or interpolating all slices in a volume to line up with a reference
slice to correct for the fact that not all slices of a functional volume are sampled
at exactly the same time

Realignment/motion correction Reorienting of all functional images to the same position to correct for motion
during scanning
Grand mean scaling

Rescaling all participant time series to a common mean to account for
between participant data-offsets due to the relative magnitude of MRI data

Temporal filtering

Removing data oscillating at frequencies that are typically considered to
represent noise

Frequency aliasing

Blending of signals from different sources in the frequency domain due to
signal undersampling as a result of typically slow TR (of the order of 1-3s)
relative to e.g. physiological noise sources such as heartbeat and respiration

Spatial smoothing

Blurring of the functional images in the spatial domain. Each voxel’s intensity
is replaced with a weighted average of its own intensity and the intensity of its
neighboring voxels by means of a Gaussian kernel in order to increase signalto-noise characteristics

Nuisance regression

Removal of a time series associated with a noise source (e.g., CSF signal)
from the data through linear regression. Processing is then continued on the
residuals of this regression.

Single-subject analysis

Analysis of an individual subject’s dataset or an individual session

Group-level analysis

Analysis combining results from single-subject analysis across multiple
subjects
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Scanning protocol
Although R-fMRI can be implemented using echo-planar imaging (EPI) protocols that are
commonly used in task-based studies, little is known about the impact of scanning parameters
on obtained connectivity measures. Typically, R-fMRI scans are 5 to 10 minutes long. A scanning
length of 6 minutes, with a typical whole brain volume repetition time (TR**) of 2-3 seconds,
seems sufficient to obtain reliable estimates of connectivity strength (Van Dijk, et al., 2010),
but a length of 8-10 minutes (with TR = 2 seconds) is recommended. Longer scanning times
provide better signal-to-noise ratio and increase the available degrees of freedom needed for
high dimensional decompositions (Kiviniemi, et al., 2009; Smith, et al., 2009). Of note, current
developments in MRI sequences now allow imaging the whole brain with much shorter TR
(e.g., 400ms), resulting in (R-)fMRI data with a much greater temporal resolution.
Next to scanning parameters, the precise experimental settings during an R-fMRI scan
vary. There is no standardization of instructions (e.g., ‘just relax’ vs. ‘try not to think about anything
in particular’) and scans can be recorded with eyes open, closed or fixated. Overall, different
paradigms yield similar results, though for instance eye-status affects connectivity measures,
e.g., fixation and eyes open conditions yield stronger correlations compared to eyes closed
recordings (Van Dijk, et al., 2010; Yan, et al., 2009). As eyes open conditions in addition, provide
better prevention against participant drowsiness or even sleep, we typically recommend fixation
or eyes open recordings over eyes closed recordings. Furthermore, R-fMRI measurements are
influenced by prior cognitive effort (Barnes, et al., 2009; Duff, et al., 2008; Waites, et al., 2005),
suggesting that preceding task-related activity may linger into subsequent resting episodes.
Accordingly, the position of an R-fMRI scan within a longer scanning session should be carefully
considered. Ideally, R-fMRI scans are purposefully positioned early in an MRI session rather than
added at the end of the MRI session to fill remaining scan time.
Image preprocessing
Most preprocessing** steps for the analysis of task-based BOLD fMRI data, can also be applied
to R-fMRI data, e.g., discarding first volumes to allow for magnetic field stabilization, motion
correction through realignment**, grand mean scaling** and spatial smoothing** (Van Dijk,
et al., 2010). Different opinions exist regarding temporal filtering**. A typical assumption in
R-fMRI analyses is that spatial information in the R-fMRI signal is driven by low frequency
fluctuations (<0.1 Hz), with cardiac, respiratory and other types of noise dominating higher
frequency ranges (Cordes, et al., 2001). Accordingly, most studies implement a band-pass
filtering approach sparing frequencies between 0.001 and 0.1 Hz with the intention to reduce
noise and other unwanted signals. However, recent studies suggest that the higher frequency
range should not be ignored (Niazy, et al., 2011; Van Oort, 2012). In addition, due to frequency
aliasing** it is impossible to fully remove noise related to cardiac and respiratory signal from
fMRI data through temporal filtering. A better approach is to monitor these signals during
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data acquisition and subsequently remove them from the data (e.g., as implemented in
RETROICOR; Chang and Glover, 2009).
Next to cardiac and respiratory noise it is typical to account for noise related to
movement, white matter and cerebro-spinal fluid signal by means of nuisance regression**
(Van Dijk, et al., 2010). In contrast, including the global signal (mean signal across all voxels**)
as a nuisance regressor is highly controversial. Most studies include the global mean signal
(GMS) to correct for non-neuronal physiological noise, however, this method will bias towards
finding negative correlations between networks (Murphy, et al., 2009). Whether global signal
regression (GSR) induces false negative correlations between networks or enhances present
negative correlations, is subject of debate (Anderson, et al., 2011; Chai, et al., 2012; Chang
and Glover, 2009; Fox, et al., 2009; He and Liu, 2012; Saad, et al., 2012; Van Dijk, et al., 2010;
Weissenbacher, et al., 2009; Wong, et al., 2012).
Another problematic issue is the impact of in-scanner head motion on various
measures of resting state functional connectivity, even after applying common methods for
motion correction (Power, et al., 2012; Satterthwaite, et al., 2013; Satterthwaite, et al., 2012;
Van Dijk, et al., 2012; Yan, et al., 2013). This can be particularly problematic when examining
developmental changes in youth since head motion and age of the participant are highly
related (Satterthwaite, et al., 2012). Denoising by means of independent component analysis
(ICA) can be added to decrease noise, including the impact of motion (Beckmann and Smith,
2005), yet this method depends on identification of noise by the experimenter (for more on ICA
see below). Recent evidence showed that an improved preprocessing pipeline substantially
reduced the effect of head motion on R-fMRI (Satterthwaite, et al., 2013). However, motion
effects cannot be completely removed and questions remain on the validity of the approach
in light of the temporal characteristics of the R-fMRI signal (Carp, 2011; Power, et al., 2012).

Computing functional connectivity
Over the past decade methods available for defining functional connectivity using resting
state fMRI data have increased exponentially. A wide variety of approaches now exists, each
with its own strengths and weaknesses. We describe the most commonly applied methods,
seed-based functional connectivity and independent component analysis, and briefly touch
on alternative approaches for analyzing resting state data.
Seed-based functional connectivity
First applied by Biswal and colleagues in 1995, seed-based functional connectivity assesses
signal synchronicity using regions of interest or seeds (Biswal, et al., 1995). The BOLD signal
over time is extracted for one or more seeds. Next, these timeseries data are entered in a
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correlation analysis or as a regressor in a general linear model (GLM) to calculate the wholebrain voxel-wise functional connectivity maps indexing the covariance of each voxel’s
timeseries with the timeseries of the seed (Cole, et al., 2010; Margulies, et al., 2010). In addition
to whole-brain analyses, seed-based functional connectivity can also be calculated between
a collection of seeds.
Seed-based functional connectivity is explicitly model based, since the a-priori selection
of one or more seeds is necessary. Seed selection should be hypothesis driven and can for
instance be based on existing literature or an fMRI localizer. A key feature of seed-based
functional connectivity is its straightforward interpretability (Margulies, et al., 2010): it exposes
those regions that most strongly correlate with the seed signal. As such, many groups apply
seed-based functional connectivity to study the functional connections of a multiplicity of
seeds. However, due to the focus on a limited number of seeds, additional outcomes might
remain uncovered and findings may be biased.
Independent component analysis
A second common approach to study functional connectivity is independent component
analysis (ICA). ICA is a blind-source separation method that can be applied to many types of
data and was first applied to R-fMRI in 2003 (Kiviniemi, et al., 2003). ICA decomposes the data
into a number of independent components, based on the assumption that the data consists
of a mix of independent signals from various independent sources. Applied to fMRI data in the
spatial domain, ICA returns several maximally independent spatial maps (components, see
Figure 2), by grouping voxels with similar time courses** (Beckmann, 2012).
Although no initial assumptions need to be made regarding regions of interest, ICA
requires the number of components it should decompose to be specified or estimated. Some
toolboxes implement methods for automatic dimensionality estimation (e.g., MELODIC),
but more commonly the user decides on the number of components. As a consequence,
a plethora of numbers is used, ranging from the typical 20-30 to 150 and more (Abou
Elseoud, et al., 2012). A higher number of components might decompose networks into
multiple subnetworks. Furthermore, both relevant components as well as noise components
are extracted, posing difficulties on component identification and interpretation. Noise
components can be removed from the data. Typically, the user needs to identify components
to remove, although automated classification techniques are being developed (Tohka, et al.,
2008).
Unlike seed-based functional connectivity, where voxelwise regression coefficients or
correlation coefficients are forwarded from single-subject analysis** to group-level analyses**,
a group-level analysis of ICA components is hampered by the fact that components
corresponding across subjects have to be identified. Different methods for defining or
extracting corresponding components have been suggested, including template matching
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Figure 2. Eight common and consistent RSNs identified by ICA.
(A) RSN located in the primary visual cortex; (B) extrastriate visual cortex; (C) auditory and other sensory association
cortices; (D) the somatomotor cortex; (E) the ‘default mode’ network (DMN); (F) a network implicated in executive
control and salience processing; and (G,H) two right- and left-lateralised fronto-parietal RSNs spatially similar to
the bilateral dorsal attention network and implicated in working memory and cognitive attentional processes
(Reprinted with permission; Beckmann, et al., 2005; Cole, et al., 2010).

(De Luca, et al., 2006; Esposito, et al., 2005; Greicius, et al., 2003), back reconstruction (Calhoun,
et al., 2001) and dual regression (Beckmann, et al., 2009).
ICA is typically applied in the spatial domain, but can also be applied in the temporal
domain to identify temporally independent functional networks (Smith, et al., 2012). Until
recently, application of temporal ICA in fMRI has been impractical due to the limited number
of time points (and the associated limited number of temporal degrees of freedom) available
in a typical fMRI scan. One would have to scan for hours to obtain sufficient time points.
However, technical advances now allow collecting data with faster volume repetition times,
resulting in improved temporal resolution (e.g., 500 ms vs. 2 sec. per volume, effectively
quadrupling the temporal resolution). Applying temporal ICA to data from such a fast fMRI
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sequence, Smith and colleagues (Smith, et al., 2012) described several temporal functional
modes within spatially overlapping functional networks. Although promising, future research
is required to optimize this technique and provide a better understanding of its implications.
Other analysis techniques applied to R-fMRI data
Next to seed-based functional connectivity and ICA, various other methods for analysis
of resting state fMRI data exist including amplitude of low frequency fluctuations (ALFF),
regional homogeneity (ReHo) and graph theoretical approaches. ALFF indexes the strength of
lower frequencies in the BOLD signal. The employed frequency band commonly ranges from
0.01-0.1 Hz (Zang, et al., 2007; Zou, et al., 2008). However, ALFF might be affected by cerebral
vascular and respiratory noise. Furthermore, recent work suggests that frequencies above 0.1
Hz also contribute to resting state functional connectivity (Niazy, et al., 2011; Van Oort, 2012).
ReHo focuses on local connectivity by measuring the functional coherence of a certain
voxel with its neighboring voxels using “Kendall’s coefficient of concordance (KCC)” (Zang, et
al., 2004). ReHo is based on the hypothesis that neighboring voxels exhibit similar temporal
properties. A drawback of this approach is that it is highly influenced by the degree of
smoothing and measures only local coherence.
Graph theory has already contributed to many different research areas and is now
commonly applied to R-fMRI analysis as well (Rubinov and Sporns, 2010). Graph theory
measures try to capture the brain’s architecture by considering regions of interest (ROIs) as
nodes and functional connections between the nodes as edges. By subsequently characterizing
properties of those nodes and edges, functional brain networks can for instance be described
in terms of efficiency and modularity (Bullmore and Sporns, 2009; Rubinov and Sporns, 2010).
However, implicitly based on seed-based connectivity outputs, graph theory is dependent
on the appropriate definition of network nodes, although voxel-wise implementations are
beginning to emerge (Zuo, et al., 2012).
Above we provided a short overview of a variety of approaches available for the analysis
of R-fMRI data. Each method has its advantages and disadvantages and the method of choice
depends on the research question at hand. Despite this variety of paradigms and methods, resting
state analyses have been shown to generate reproducible and reliable results (Damoiseaux, et
al., 2006; Shehzad, et al., 2009; Zuo, et al., 2010a; Zuo, et al., 2012; Zuo, et al., 2010b). Nevertheless,
future research is necessary to optimize the resting state scanning paradigm and preprocessing
pipeline, as well as to advance techniques for further analysis of R-fMRI data. An area of particular
interest is the dynamic nature of functional connectivity. All methods described above consider
functional connectivity to be a static phenomenon. However, recent studies are beginning to
highlight the dynamic nature of functional connectivity as even within short time-intervals new
functional associations can be formed or existing ones can be altered (Allen, et al., 2012; Chang
and Glover, 2010; Hutchison, et al., 2012).
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The limited participant compliance required during R-fMRI scanning, as well as its ability to
probe multiple functional systems using the same dataset, make R-fMRI ideally suited for
imaging clinical populations including children and adolescents with psychiatric disorders.
Further supported by continuing methodological advances, many groups have recently
started to apply R-fMRI to examine brain function in child and adolescent psychiatric
disorders. R-fMRI has been mostly used to identify differences between patients and controls
as well as to correlate inter-individual differences in resting state functional connectivity to
inter-individual differences on clinical measures. Most studies focused on attention-deficit/
hyperactivity disorder (ADHD), autism spectrum disorders (ASD), or major depressive disorder
(MDD). Here, we review key findings and implications (see the Supplementary material for
literature search criteria). A detailed summary of included literature can be found in Table S1.
Resting state functional connectivity in attention-deficit/hyperactivity disorder
ADHD is the most prevalent neurodevelopmental psychiatric disorder and is clinically
characterized by symptoms of inattention, hyperactivity and impulsivity (American Psychiatric
Association, 2000). Task-based fMRI studies have documented various ADHD-related
abnormalities in cognitive brain functioning (Cortese, et al., 2012; Dickstein, et al., 2006). Most
consistently reported are reduced activations in prefrontal cortex (PFC), anterior cingulate
cortex (ACC), striatum, and cerebellum (Cortese, et al., 2012; Dickstein, et al., 2006; Hart, et al.,
2013; Nigg and Casey, 2005). Although these fMRI studies suggest a neurobiological basis of
ADHD, the specific mechanisms underlying atypical brain function in ADHD remain poorly
understood.
The first studies examining R-fMRI in youth with ADHD focused on hypotheses of
fronto-striatal-cerebellar malfunction (Cao, et al., 2006; Tian, et al., 2006). One particular region
of interest has been dorsal ACC (dACC). Various task-based fMRI studies have related dACC
dysfunction to behaviour (inattention, impulsivity, and hyperactivity) that is typical of ADHD
(for reviews see Bush, 2010; Bush, et al., 2000; Bush, et al., 2005). Using dACC as a region of
interest in resting state functional connectivity studies has suggested aberrant connectivity
with subcortical and cerebellar structures (Tian, et al., 2006), and with regions of the default
mode network (DMN; Sun, et al., 2012). A key role for ACC dysfunction in ADHD is further
supported by many other R-fMRI studies reporting on aberrant ACC functional connectivity in
ADHD (Cao, et al., 2006; Liu, et al., 2010; Mennes, et al., 2012; Qiu, et al., 2011; Tomasi and Volkow,
2012a; Yang, et al., 2011; Zang, et al., 2007). Next to ACC, aberrant functional connectivity in
youth with ADHD was most frequently demonstrated in relation to the DMN (Cao, et al., 2006;
Cao, et al., 2009; Chabernaud, et al., 2012; Costa Dias, et al., 2012; Fair, et al., 2010; Mennes, et
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al., 2012; Qiu, et al., 2011; Sun, et al., 2012; Tomasi and Volkow, 2012a; Wang, et al., 2009). In
task-based fMRI studies, the DMN has been reported to show decreased activity during task
performance (Raichle, et al., 2001). This network underlies self-referential cognitive processes
which are typically suppressed during attentionally demanding tasks (Sonuga-Barke and
Castellanos, 2007). According to the default-mode hypothesis of ADHD, impaired taskrelated suppression of the DMN contributes to the disruption of cognitive performance in
ADHD (Sonuga-Barke and Castellanos, 2007). This ADHD DMN hypothesis has not only been
confirmed by R-fMRI results but has also been strengthened by a recent meta-analysis of taskbased fMRI studies in ADHD (Cortese, et al., 2012). This meta-analysis demonstrated increased
activation of the DMN in ADHD subjects during cognitive tasks, in addition to decreased
activation of the fronto-parietal and ventral attention network.
Response inhibition and impulsivity are considered a hallmark of ADHD (Barkley, 1997).
Response inhibition is thought to be governed by inferior frontal gyrus (IFG; Aron, et al.,
2003). Both structural and functional MRI studies have related IFG abnormalities to deficits in
response inhibition in ADHD (for review see Aron and Poldrack, 2005). Accordingly, aberrant
resting state functional connectivity of IFG has been reported in boys with ADHD (Cao, et al.,
2006; Wang, et al., 2009; Zang, et al., 2007). Impulsivity on the other hand, has been linked to
the reward system, including orbitofrontal cortex (OFC) and ventral striatum (e.g., for review
see Cardinal, 2006). Several studies have reported aberrant functional connectivity for these
regions (e.g., Costa Dias, et al., 2012; Tomasi and Volkow, 2012a). Costa Dias and colleagues
(2012) for instance reported that greater impulsivity as indexed by steeper delayed-reward
discounting was correlated with ADHD-related increases in functional connectivity between
ventral striatum and frontal regions. Further, widespread patterns of ADHD-related atypical
striatal functional connectivity including connectivity with frontal regions has been reported
(Cao, et al., 2009; Mennes, et al., 2012; Mills, et al., 2012), as well as correlations between
measures of inhibition and striatal connectivity (Mennes, et al., 2012).
Moreover, evidence of abnormal functional connectivity between striatum and
cerebellum (Cao, et al., 2009) as well as aberrant functional connectivity within the cerebellum
in ADHD has been described (Liu, et al., 2010; Tomasi and Volkow, 2012a; Zang, et al.,
2007). The cerebellum is thought to modulate fronto-striatal function (Schmahmann and
Sherman, 1998) and an increasing number of studies indicates both structural and functional
cerebellar abnormalities in ADHD (Durston, et al., 2007; Durston, et al., 2004; Valera, et al.,
2005). In addition, decreased functional connectivity density (FCD) in cerebellum correlated
significantly with inattention and impulsivity/hyperactivity in children with ADHD (Tomasi
and Volkow, 2012a). Finally, An and colleagues (2013) recently demonstrated that an acute
dose of methylphenidate normalized aberrant fronto-parieto-cerebellar connectivity in boys
with ADHD.
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Considerable R-fMRI evidence thus supports atypical functional connectivity in the
fronto-striatal-cerebellar circuitry and the DMN in youth with ADHD. Furthermore, symptom
severity in children and adolescents with ADHD was found to correlate with the discovered
abnormalities in these regions (Cao, et al., 2009; Tomasi and Volkow, 2012a). Findings suggesting
involvement of other brain circuits in ADHD are, however, often overlooked (Castellanos and
Proal, 2012). These findings include atypical functional connectivity of the medial occipital
cortex/lingual gyrus (Cao, et al., 2006; Chabernaud, et al., 2012; Liu, et al., 2010; Mennes, et
al., 2012; Sun, et al., 2012; Tian, et al., 2008; Wang, et al., 2009) and the motor system (An,
et al., 2013; Yang, et al., 2011; Zang, et al., 2007). In spite of reported ADHD-related aberrant
functional connectivity, its underlying causes remain unclear. Some studies have suggested
that typical development of functional connectivity might be delayed in youth with ADHD
(Sun, et al., 2012; Tomasi and Volkow, 2012b).
Of note, recent investigations into the effects of movement-related artifacts on R-fMRI
findings (Power, et al., 2012; Satterthwaite, et al., 2013; Satterthwaite, et al., 2012; Van Dijk, et
al., 2012) have questioned the validity of R-fMRI results in movement-prone populations such
as children with ADHD. Therefore caution is warranted when interpreting the findings above,
although future research is needed to assess the extent of possible interactions between
ADHD-diagnosis and movement-related artifacts during scanning.
Resting state functional connectivity in autism spectrum disorders
Autistic disorder, Asperger disorder, and pervasive disorder not otherwise specified (PDDNOS) are referred to as autism spectrum disorders (ASD). These disorders are classified as
pervasive disorders and characterized by deficits in social communication and interaction,
as well as restricted, repetitive and stereotyped behavior, interests, and activities (American
Psychiatric Association, 2000). Task-based fMRI studies have repeatedly associated these
characteristic behaviors with atypical activity of various brain regions, including the mirror
neuron system (Dapretto, et al., 2006) and frontal and insular cortical regions (Schmitz, et
al., 2006). In addition, Just and colleagues described decreased functional connectivity of
language-related brain regions in ASD (Just, et al., 2004). Accordingly, they hypothesized
that ASD arise as a consequence of global under-connectivity. Some studies suggest that in
addition to global under-connectivity, local hyper-connectivity is present as well (Belmonte,
et al., 2004). As R-fMRI allows assessing multiple networks at once it is ideally suited to further
investigate both hypotheses in ASD youth.
Supporting the global under-connectivity hypothesis of ASD, decreased resting state
connectivity of DMN structures was reported for youth with ASD compared to controls (Assaf,
et al., 2010; Di Martino, et al., 2013a; Di Martino, et al., 2013b; Lynch, et al., 2013; Rudie, et al.,
2012; Weng, et al., 2010; Wiggins, et al., 2011). Patients with ASD exhibited altered development
of DMN connectivity with age (Wiggins, et al., 2011). Furthermore, DMN connectivity was
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correlated with measures of social and communication skills (Assaf, et al., 2010; Lynch, et al.,
2013; Rudie, et al., 2012; Weng, et al., 2010) and with measures of repetitive behavior and
interests (Weng, et al., 2010). While these studies suggested global under-connectivity of
the DMN in ASD, under-connectivity was also reported in functional connectivity networks
related to social proficiency. Gotts and colleagues (2012) demonstrated widespread reduced
functional connectivity in youth with ASD of regions related to social and emotional
processing, including ventromedial PFC, amygdala, hippocampus and temporal regions.
Decreased functional connectivity of limbic regions was associated with increased social
symptom severity. Of note, while most studies focused on under-connectivity, DMN hyperconnectivity was also reported (Lynch, et al., 2013).
In light of reported language related impairments in ASD, toddlers with ASD were found
to exhibit weaker interhemispheric connectivity in the posterior parts of the IFG and superior
temporal gyrus (STG), commonly referred to as Broca’s and Wernicke’s area respectively
(Dinstein, et al., 2011). Moreover, even in these young children, interhemispheric connectivity
strength was positively correlated with language ability and negatively with autism severity.
In a ReHo study differences between ASD and control subjects were found in IFG and STG as
well (Paakki, et al., 2010).
Some studies also implicated increased connectivity of subcortical structures
supporting local hyper-connectivity and increased subcortical-cortical connectivity in the
psychopathology of ASD (Di Martino, et al., 2011; Di Martino, et al., 2013a; Ebisch, et al.,
2011). In addition, increased functional connectivity between striatal subregions and various
associative and limbic cortices previously associated with ASD, including right STG and insular
cortex was demonstrated (Di Martino, et al., 2011).
Finally, accumulating evidence suggests that motor impairments present in ASD relate
to social and communicative deficits and may reflect abnormal connectivity of brain networks
underlying motor control and learning (Dziuk, et al., 2007; Haswell, et al., 2009). Accordingly,
Nebel and colleagues (2012) investigated the functional organization of the primary motor
cortex (M1) by parcellating M1 based on patterns of functional connectivity. Functional
organization of M1 was different in children with ASD in regions corresponding with the
upper and lower limbs. The authors suggested that this might be due to a delay in functional
specialization in the motor cortex in ASD.
Recently, the Autism Brain Imaging Data Exchange (ABIDE) consortium analyzed R-fMRI
data from 360 males with ASD and 403 male control subjects (Di Martino, et al., 2013a).
Both hypo- and hyper-connectivity were detected in males with ASD. However, in line with
previous findings, global hypo-connectivity dominated, particularly for cortico-cortical and
interhemispheric functional connectivity whereas hyper-connectivity was limited to connections
with subcortical regions. In addition, seed-based correlations confirmed previous findings of
decreased functional connectivity between anterior and posterior regions of the DMN.
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To summarize, altered resting state functional connectivity was demonstrated in
young ASD patients and correlated with (social) symptom severity, suggesting a key role for
aberrant functional connectivity in the development of ASD symptoms. Yet, there is marked
heterogeneity in the specific networks implicated in ASD pathology. Overall R-fMRI results
provide support for the global under-connectivity hypothesis of ASD, although evidence
suggesting short-range hyper-connectivity, predominantly in subcortical structures, has also
been provided.
Resting state functional connectivity in major depressive disorder
Major depressive disorder (MDD) can be characterized by severely negative mood and/or loss
of interest and pleasure for a longer period of time (American Psychiatric Association, 2000).
In line with evidence from adults, an important feature of paediatric MDD is thought to be
emotional dysregulation. Neuroimaging studies implicate the fronto-limbic neural circuitry
associated with emotion regulation in the pathophysiology of MDD. Imbalanced activity
between frontal ‘control’ regions and limbic ‘emotion’ regions, with a key role for subgenual
ACC (Drevets, 1999; Phillips, et al., 2003), is hypothesized to result in emotional dysregulation
in MDD (for review see Hulvershorn, et al., 2011). Compared to healthy controls, adolescents
with MDD exhibited reduced functional connectivity between the subgenual ACC and a
network of cortical areas including frontal and temporal regions (Cullen, et al., 2009). Aberrant
functional connectivity of both subgenual ACC and posterior cingulate cortex (PCC) was
demonstrated in children with a history of preschool depression (Gaffrey, et al., 2012; Gaffrey,
et al., 2010). Moreover, increased functional connectivity between PCC and perigenual ACC
was associated with decreased levels of current emotion regulation and coping in these
children. Support for involvement of fronto-limbic circuitry comes from studies reporting
atypical resting state connectivity of amygdala, insula and prefrontal cortex in youth with
MDD (Jiao, et al., 2011; Jin, et al., 2011; Luking, et al., 2011). Increased depression duration was
associated with increased amygdala-pre/post central gyrus connectivity strength (Jin, et al.,
2011).
Resting state functional connectivity in other child psychiatric disorders
R-fMRI-based functional connectivity research in child and adolescent psychiatric populations
has focused on ADHD, ASD and MDD. In addition, some studies have examined functional
connectivity in paediatric obsessive compulsive disorder (OCD) and paediatric bipolar
disorder (BD).
Although the exact diagnostic criteria for paediatric BD are subject to debate (Masi,
et al., 2007), BD is characterized by episodes of extreme and impairing changes in mood,
thinking and behavior (American Psychiatric Association, 2000). Both volumetric and taskbased functional MRI studies have implicated altered fronto-temporal function in paediatric

43

Chapter 2

Resting State fMRI Research in Child Psychiatric Disorders

Chapter 2

BD (Chang, et al., 2004; Chen, et al., 2004; Dickstein, et al., 2005; Kaur, et al., 2005; Pavuluri, et al.,
2007; Rich, et al., 2006). Accordingly, Dickstein and colleagues (2010) reported decreased resting
state functional connectivity between right STG and both left SFG and middle frontal gyrus,
as well as increased functional connectivity between right STG and right parahippocampal
gyrus. Xiao and colleagues (2013) reported increased local connectivity –indexed by ReHo–
in hippocampus, right ACC, right caudate and left parahippocampal gyrus in paediatric BD
patients. Decreased local connectivity was observed in precuneus, precentral gyrus, superior
frontal gyrus (SFG), right OFC, and right STG. Local connectivity of SFG, hippocampus and ACC
was correlated with manic symptoms.
OCD on the other hand, is characterized by distressing obsessions and compulsions
that hinder daily life functioning (American Psychiatric Association, 2000). The medial frontal
cortex (MFC) and ACC have been related to performance monitoring and their hyperactivity
has been suggested to trigger repetitive thoughts and behaviours in OCD (Baxter, et al.,
1996; Ursu, et al., 2003). Patients with OCD showed decreased ventral MFC-PCC connectivity
(Fitzgerald, et al., 2010) as well as decreased functional connectivity between striatal regions
and regions in ACC and MFC (Fitzgerald, et al., 2011). Decreased left dorsal striatum-rostral
ACC connectivity was associated with increased OCD severity.
Finally, a limited number of studies examined R-fMRI in other child psychiatric disorders
including pediatric Tourette syndrome (Church, et al., 2009), internet addiction (Hong, et al.,
2013), internet gaming addiction (Ding, et al., 2013) and generalized anxiety disorder (Roy, et
al., 2013).
Resting state functional connectivity and diagnostic classification
Next to describing the functional architecture of (child) psychiatric disorders, researchers
have enthusiastically started exploring R-fMRI as a tool to characterize individual patients
and clinical heterogeneity in psychiatric disorders. One extensive, grass-roots initiative was
the ADHD-200 global competition (ADHD-200-Consortium, 2012) where researchers were
challenged to predict childhood ADHD diagnosis using over 900 R-fMRI datasets aggregated
from eight international imaging centers. A special issue in Frontiers in Systems Neuroscience
(ADHD-200-Consortium, 2012) bundles methods and results from different competitors (see
http://www.frontiersin.org/Systems_Neuroscience/researchtopics/Collaborative_efforts_
aimed_at/725). Next to the enthusiasm of researchers for disease classification approaches
(over 20 teams participated), the competition results highlighted the complexity of this
approach. Maximal predication accuracy for unlabeled datasets was 60.51%, well above
the 33% chance-level (three-class classifier), but far from clinical usability. Although most
competitors attained high levels of specificity, they reached only low levels of sensitivity. In
other words, most methods were overly cautious, classifying many ADHD-cases as controls
(low sensitivity), but when a case was identified as having ADHD this classification was most
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Future directions
Both its ease-of-use and the distributed nature of resulting network readouts have led to
common inclusion of R-fMRI in clinically oriented fMRI protocols. Accordingly, in recent years,
R-fMRI studies have confirmed prior hypotheses as well as provided new insights into the
brain’s functional architecture underlying child and adolescent psychiatric disorders. However,
results were not always consistent. As the R-fMRI field expands rapidly, it is characterized by
methodological heterogeneity. Studies increasingly report aberrant functional connectivity
within and between various networks of interest, and with a vast variety of metrics.
Unfortunately, such scattered diagnostic findings rarely translate into clinically useful
biomarkers. Therefore, to avoid ‘blobology’ at the network level we need approaches that
are sensitive to subtle variations, inclusive in what they capture, specific when distinguishing
subgroups, and well validated for clinical use.
One roadblock to achieve integrated approaches is current debate over best practices
in R-fMRI preprocessing. Should global signal correction be adopted or avoided? How to best
deal with movement-related artifacts? While various approaches have been proposed for
global-signal correction (Anderson, et al., 2011; Chai, et al., 2012; Chang and Glover, 2009; Fox,
et al., 2009; Van Dijk, et al., 2010; Weissenbacher, et al., 2009; Wong, et al., 2012) and for dealing
with movement-related artifacts (Power, et al., 2012; Satterthwaite, et al., 2013; Satterthwaite,
et al., 2012; Van Dijk, et al., 2012) debate continues over their implementation, usefulness
and impact on R-fMRI readouts (Fair, et al., 2012b; Yan, et al., 2013). The possible influence of
movement-related artifacts on R-fMRI findings in particular warrants increased attention as
movement-related artifacts have been shown to mimic developmental or disorder related
findings. As increased scientific rigor in fMRI research should be one of our immediate goals
for the future (Poldrack, 2012), resolving these unsettled issues should be high on any (R-)fMRI
methodologist’s priority list. Likewise, replication of findings across processing techniques
and methodologies will be our best defence against isolated clinical findings.
In the past decade, neuroimaging shifted its focus from localizing symptoms in certain
brain areas to approaching psychiatric disorders from a network perspective. Accordingly, the
desire to localize should be avoided when trying to understand the underlying functional
architecture of a disorder. Indeed, it seems unlikely that aberrant functional connectivity
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often correct (high specificity). Accordingly, researchers are beginning to accept that individual
patient classification based on the brain’s functional architecture alone might not be feasible.
Instead, further characterizing participants beyond their functional brain architecture by
including behavioral data, structural brain measures, and genetic information could improve
our ability to support the diagnostic process.
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reported for a network of interest (e.g., default mode) is limited to that network only, as
within the connectome (Sporns, et al., 2005) disturbance of network A will impact network
B. Therefore, clinical findings tied to certain networks should be regarded in light of the
restricted hypotheses and focused investigations that led to them rather than as the ‘network
of origin’ for a particular disorder. As such, studies reporting on isolated aberrant functional
connectivity miss the opportunity to assess their populations in terms of a communication
breakdown between integrated networks. However, it should be noted that methods for such
integrated network analysis are an area of recent and active development.
Characterizing participants based on an integrated assessment of the brain’s functional
architecture (including brain structure and participant behavior) will extend our ability to
stratify participants beyond simple diagnostic categories. Psychiatric neuroimagers are
increasingly confronted with tremendous phenotypic heterogeneity, as it is clear that even
within diagnostic subgroups patients are not alike. While patients might exhibit similar
behavioral characteristics, they could have markedly different underlying biology. Moreover,
even within behaviorally defined diagnostic subcategories, patients can be divided into
behaviorally distinct subgroups (Fair, et al., 2012a). In addition, next to distinct subgroups
within disorders, phenotypically distinct subgroups can transcend diagnostic categories.
Accordingly, discovery science studies are shifting their methodology from comparing
diagnostic subgroups to detecting and characterizing phenotypic subgroups using datadriven approaches (e.g., community detection, clustering) or data-mining (e.g., Poldrack, et al.,
2012). An example is the interest within the imaging community to develop ‘growth curves’
indexing functional connectivity development (e.g., Dosenbach, et al., 2010; Fair, et al., 2012b).
The associated idea is that, just as for typical growth curves available for weight and height,
deviation from one’s developmental curve could suggest underlying disorders. Another
example are emerging studies that aim to assess the distinctiveness of features in light of
symptom comorbidity (e.g., Di Martino, et al., 2013b).
Characterizing progressive communication breakdown or network interactions as
well as inter-individual variation in the brain’s functional architecture requires large sample
sizes. While R-fMRI is straightforward to collect, sample-sizes needed for discovery science or
hypothesis generation (Biswal, et al., 2010) lay beyond the data-collection capacity of single
labs, especially for clinical populations. Fortunately, recent efforts highlighted the potential of
aggregating R-fMRI datasets from multiple labs (e.g., ADHD-200: http://fcon_1000.projects.
nitrc.org/indi/adhd200; Autism Brain Imaging Data Exchange - ABIDE: http://fcon_1000.
projects.nitrc.org/indi/abide). Indeed, as R-fMRI does not involve complex or varying task
designs, data aggregation is easier for R-fMRI than for task-based fMRI datasets. Importantly,
even in light of between-lab variability, robust effects were observed (Biswal, et al., 2010; Di
Martino, et al., 2013b; Fair, et al., 2012b). Such successful data aggregation could be used to
motivate inclusion of short R-fMRI scans in the diagnostic process of childhood psychiatric
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disorders. However, in light of limited replication of findings and limited diagnosis prediction
accuracies (e.g., outcomes of the ADHD-200 competition), these R-fMRI scans would not serve
diagnostic purposes yet. Nevertheless, their widespread inclusion would allow gathering
large-scale datasets needed to index and ultimately overcome phenotypic heterogeneity. For
instance, one way would be to side-step diagnosis completely and instead rank participants
on a severity continuum using a combination of brain and behavioral data. By increasing
our understanding of clinically and neurobiologically relevant subtypes, we ultimately create
possibilities to improve the diagnostic process and develop treatment protocols tailored to an
individual’s specific (brain-related) characteristics. To reach this goal we anticipate a shift in our
scientific model from assessing individuals on a single occasion to monitoring subsequent
stages of disorder development.
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Literature search
A systematic search was conducted on Pubmed for resting state fMRI studies conducted in
child psychiatric disorders, published through March 31 2013 using (combinations of ) the
following search terms in title and/or abstract: resting state functional connectivity OR resting
state OR resting OR rest OR functional connectivity OR connectivity OR functional coherence
OR coherence OR RS-FMRI OR RSFMRI OR R-fMRI OR RFMRI OR fcMRI OR RS-fcMRI OR default
OR default-mode OR seed OR seed-based OR independent component analysis OR ICA OR
regional homogeneity OR ReHo OR amplitude of low frequency fluctuations OR ALFF OR
graph theory AND ADHD OR attention deficit hyperactivity disorder OR attention deficit OR
attention disorder OR hyperactivity disorder OR ASD OR autism spectrum disorder OR autism
spectrum OR autism OR autistic OR asperger OR PDD-NOS or oppositional defiant disorder
OR ODD OR disruptive behaviour OR youth OR young patients OR child OR children OR
childhood OR adolescent OR adolescents OR adolescence OR pediatric OR OCD OR obsessive
compulsive OR borderline disorder OR BD OR tourette OR anxiety OR addiction OR psychiatric
OR psychiatry.
Resting state functional connectivity papers were included if they 1) used a psychiatric
diagnosis according to DSM-IV, DSM-IV-TR or ICD-10, 2) subjects were children or adolescents
(i.e., mean age under 18) and 3) used a typical developing comparison group. This resulted in
the inclusion of 18 papers reporting on R-fMRI in ADHD, 11 in ASD, 1 in both ADHD and ASD,
6 in MDD, 2 in OCD, 2 in BD, 1 in Tourette syndrome, 1 in GAD, 1 in internet gaming addiction
and 1 in internet addiction.
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Study

An, et al.
(2013) (a)

Cao, et al.
(2006)

Cao, et al.
(2009)

Chabernaud,
et al. (2012)

Disorder

ADHD

56

ADHD

ADHD

ADHD

23 / 21

23 / 32

Nr of
patients /
controls

Seed-based 37 / 37
correlation

Seed-based 19 / 23
correlation

ReHo

Reho

Analysis
method

9.7 ± 1.6 /
10.2 ± 2.0

13.3 ± 1.4 /
13.2 ± 1.0

13.4 ± 1.5 /
13.3 ± 1.0

12.5 ± 1.8 /
11.8 ± 1.8

Age: M ± SD or
range in
patients
/controls

70 / 43

100 / 100

100 / 100

100 / 100

Sex: %
male in
patients /
controls

DMN
(i.e. aMFPC,
PCC, TPJ, LTC,
temporal
pole, DMPFC,
posterior IPL,
Rsp, parahippocampal
cortex, HF)

Putamen

Whole brain

Whole brain

Regions
examined

Lingual gyrus,
cuneus, right
culmen, left
parahippocampal
gyrus

Sensorimotor
cortex, right
premotor area,
left cuneus, right
calcarine gyrus, left
postcentral gyrus,
right, superior
occipital gyrus

Increased RSFC in
patients

TPJ with lingual
gyrus

LTC with lateral/
medial occipital
gyrus

Right putamen
with right
precuneus, left
declive

Positive between left
putamen – right globus
pallidus/ thalamus
connectivity and total
ADHD rating score.

Negative between
left putamen – right
subcallosal gyrus/ nucleus
accumbens connectivity
and total ADHD rating
scale score and two ADHD
subscales

Not reported

Not found

Correlations

aMPFC with
Positive between RSFC
supramarginal gyrus within the DMN and
internalizing scores
HF with angular
gyrus
Negative between DMN –
task-positive regions (incl.
dACC) and externalizing
scores. Some of these
differed between ADHD
and control group.

Left putamen
Left putamen
with right SFG,
with right globus
right declive, right pallidus/ thalamus
STG/MTG, right
subcallosal gyrus/
nucleus accumbens

IFG, right ACC, left
caudate, pyramis,
left precuneus

SFG

Decreased RSFC
in patients

Table S1. Summary of resting state functional connectivity studies in child and adolescent psychiatry
Chapter 2

Study

Costa Dias, et
al. (2012) (b)

Di Martino, et
al. (2013b) (c)

Fair, et al.
(2010)

Liu, et al.
(2010)(d)

Mennes, et al.
(2012)

Disorder

ADHD

ADHD
(& ASD)

ADHD

ADHD

ADHD

Table S1. Continued

19 / 23

ReHo

Seed-based 17 / 17
correlation

23 / 23

45 / 50

Graph
theory

Graph
theory

11.0 ± 1.3 /
10.8 ± 1.9

13.3 ± 1.4 /
13.2 ± 1.0

10.6 ±2.9 /
10.0 ± 2.6

9.9 ± 1.8 /
10.7 ± 1.8

9.6 ± 1.4 /
9.0 ± 1.2

52 / 70

Age: M ± SD or
range in
patients
/controls

9.6 ± 1.5 /
9.2 ± 1.2

Nr of
patients /
controls

Seed-based 35 / 64
correlation

Analysis
method

82 / 53

100 / 100

70 / 52

82 / 74

73 / 49

77 / 61

Sex: %
male in
patients /
controls

Frontal
operculum,
insula, preSMA, ACC,
supramarginal
gyrus, midoccipital gyrus,
caudate,
thalamus

Whole brain

DMN (i.e.
MPFC, PCC,
LPC, SFC,
ITC, parahippocampal
gyrus, Rsp)

Whole brain

NAcc

NAcc

Regions
examined

Increased RSFC in
patients

Left thalamus with
lingual gyrus

Left caudate with
VMPFC

Cerebellum, vACC

PCC with MPFC

Degree centrality
reduced in
precuneus

Not reported
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Right supramarginal
gyrus with ACC, PCC
right caudate with
ACC
Right frontal
operculum with
caudate
Right caudate with
left caudate
Left thalamus with
left MFG, SFG
Frontal operculum
with right
precuneus

Lingual gyrus, dACC

Not found

Degree centrality
increased in
caudate, pallidum
and putamen

Not reported

NAcc with left MFG, NACC with
left anterior PFC,
thalamus, right IPL,
vmPFC
posterior insula

Decreased RSFC
in patients

Various positive
correlations between FC
and both SSRT and SSD. A
few negative between FC
and SSD. Some of these
correlations were also
modulated by diagnoses.

Not reported

Positive correlation
between age and DMN
connectivity is smaller in
ADHD group

Not reported

Positive correlation
between impulsivity and
NAcc – vmPFC, NAcc – left
anterior PFC and NAcc –
right MTG connectivity

Not reported

Correlations
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Mills, et al.
(2012) (b)

Qiu, et al.
(2011)

Sun, et al.
(2012) (d)

Tian, et al.
(2006)

Tian, et al.
(2008) (e)

Disorder

ADHD

ADHD

ADHD

ADHD

ADHD
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8/8

8 / 10

RSAI

13.9 ± 0.35 /
13.4 ± 0.50

13.9 ± 0.35 /
13.4 ± 0.50

13.3 ± 1.4 /
13.2 ± 1.0

Seed-based 19 / 23
correlation

ALFF

12.7 ± 1.8/
13.2 ± 1.7

15 / 15

Melodic
ICA

8.7 ± 0.8 /
8.5 ± 0.7

24 / 43

Age: M ± SD or
range in
patients
/controls

9.9 ± 1.3 /
9.9 ± 1.2

Nr of
patients /
controls

Seed-based 70 / 89
correlation

Analysis
method

100/100

100/100

100 / 100

100 / 100

75 / 40

80 / 73

Sex: %
male in
patients /
controls

Whole brain

dACC

dACC

Whole brain

Thalamus (5
seeds)

Thalamus (5
seeds)

Regions
examined

Not found

Not found

dACC with left
DMPFC, right PCC,
left Rsp/left lingual
gyrus

ACC, PCC, left LPC,
left precuneus and
left thalamus

Not found
Not reported

Decreased RSFC
in patients

Correlations

VI/VII, left SI, left
AII, thalamus, left
dorsal brain stem,
midbrain

dACC, PCC,
thalamus,
cerebellum, insula,
pons

dACC with right
MTG

pMFC

Not reported

Not reported

Negative between dACCPCC connectivity and
age in controls, but not in
ADHD

Not reported

Occipital-parietal
Not reported
thalamus with left
putamen
Occipital-parietal
thalamus with right
caudate, (pre)motor
Somatosensory and
temporal thalamus
with basal ganglia
Prefrontal thalamus
with putamen
(absent in control
group)
Not reported
Negative between the
atypical connections in
ADHD and spatial working
memory measures,
particularly prefrontal
thalamus – putamen
connection

Increased RSFC in
patients

Chapter 2
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Tomasi and
Volkow
(2012a)

Tomasi and
Volkow
(2012b)

Wang, et al.
(2009)

Yang, et al.
(2011)

Zang, et al.
(2007)

Disorder

ADHD

ADHD

ADHD

ADHD

ADHD

Table S1. Continued

247 / 304

Nr of
patients /
controls

ALFF

ALFF

Graph
theory

13 / 12

17 / 17

19 / 20

Seed-based 247 / 459
correlation

FCDM

Analysis
method

13.0 ± 1.4 /
13.1 ± 0.6

7.5 ± 2.0 /
9.7 ± 1.6

13.6 ± 1.5 /
13.3 ± 1.0

12 ± 3 /
12 ± 3

N/A (f )

Age: M ± SD or
range in
patients
/controls

100 / 100

100 / 100

100 / 100

80 / 53

80 / 53

Sex: %
male in
patients /
controls

Whole brain

Whole brain

Whole
brain (45
ROIs in each
hemisphere)

VTA , SN

Whole brain

Regions
examined

Right IFC,
cerebellum, vermis

ACC, MCC, right
MFG

Decreased nodal
efficiency in MPFC,
temporal regions,
occipital regions

Not found

Long range:
cerebellum, SPC
OFC with SPC

Short range:
precuneus/SPC

Decreased RSFC
in patients

Correlations

Chapter 2

Right ACC, left
lateral cerebellum/
left fusiform gyrus,
right ITG, left SMC,
brain stem

Left SFG, left SMC

Increased overall
local efficiency
Increased nodal
efficiency in IFG,
pallidum

SN connectivity with
Amygdala, insula

VTA connectivity
with amygdala, left
parahippocampus,
right globus
pallidus, left
thalamus, right
insula

Not reported

Positive between
Wisconsin card sorting test
measures and right MFG,
left SMC

Not reported

Positive between age and
VTA and SN connectivity

Short range: OFC,
Various correlations
ventral striatum, SFC between measures of
inattention, hyperactivity/
OFC with striatum,
impulsivity and ADHD, and
ACC
short and long range FCD

Increased RSFC in
patients
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Study

Assaf, et al.
(2010)

Di Martino, et
al. (2011)

Di Martino, et
al. (2013a)

Di Martino, et
al. (2013b) (c)

Disorder

ASD

ASD

ASD

ASD (&
ADHD)
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10.1 ± 1.8/
10.7 ± 1.8

Graph
theory

56 / 50

16.3 ± 7.0/
16.3 ± 7.0 (g)

Various
360 / 403
methods
(parcellation
based
whole brain
functional
connectivity
analysis,
ReHo,
VMHC,
fALFF, DC)

15.7 ± 3.0/
17.1 ± 3.6

Age: M ± SD or
range in
patients
/controls

10.4 ± 1.7/
10.9 ± 1.6

16 / 16

Nr of
patients /
controls

Seed-based 20 / 20
correlation

ICA

Analysis
method

88 / 74

100 / 100

85 / 70

93 / 87

Sex: %
male in
patients /
controls

ACC, precuneus/
PCC

Decreased RSFC
in patients

Whole brain

Whole brain (g)

Decreased degree
centrality in
precuneus

Various regions,
predominantly
corticocortical and
interhemispheric

Ventral
Right vrP with left
striatum
LOC
(2 seeds),
putamen (4
seeds) for both
hemispheres

Whole brain

Regions
examined

Increased
degree centrality
in amygdala,
parahippocampus,
planum temporale,
temporal cortex

Subcortical regions

Nearly all seeds with
various associative
and limbic cortices,
incl. right STG and
insular cortex
Ectopic striatal FC

Not found

Increased RSFC in
patients

Not reported

Not reported

Negative between right
dcP-right pons and
restrictive repetitive
behaviour

Positive between right
vrP-right STG connectivity
and restrictive repetitive
behaviour

Negative between
DMN connectivity and
measures of social
and communication
impairment

Correlations
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Dinstein, et al.
(2011)

Ebisch, et al.
(2011)

Gotts, et al.
(2012)

Disorder

ASD

ASD

ASD

Table S1. Continued
Nr of
patients /
controls

Novel
31 / 29
seed-based
related
approach

Seed-based 14 / 15
correlation

Seed-based 29 / 30
correlation

Analysis
method

Sex: %
male in
patients /
controls

Regions
examined

16.9 ± 2.7 /
17.7 ± 3.0

15.8 ± 1.9 /
16.0 ± 1.7

94 / 97

71 / 87

Left STG with right
STG

Left IFG with right
IFG

Decreased RSFC
in patients

Not found

Increased RSFC in
patients

Whole brain

Chapter 2

Between various
Not found
combinations of the
following regions:
VMPFC, left amygdala,
left hippocampus,
ventromedial anterior
temporal cortex,
right anteromedial
temporal cortex/
STG, left ITG, left TPJ,
right posterior MTG/
occipital cortex,
postcentral gyrus, left
cerebellum

Anterior and
Right anterior
Not found
posterior insula insula with right
amygdala
Right posterior
insula with
left PCG/
somatosensory
cortex
Left posterior insula
with left PCG/
somatosensory
cortex
Left posterior insula
with right PCG

12 - 46 months Not reported IFG, STG
/ 13 - 46 months

Age: M ± SD or
range in
patients
/controls

Negative between
connectivity of the
reported regions and
social symptom severity

Not reported

Positive between
interhemispheric IFG
synchronization and
expressive language
scores.
Negative between IFG
synchronization and
autism severity

Correlations
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Study

Lynch, et al.
(2013)

Nebel, et al.
(2012)

Paakki, et al.
(2010)

Disorder

ASD

ASD

ASD

Table S1. Continued
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Nr of
patients /
controls

ReHo

Clustering

28 / 27

32 /33

Seed-based 20 / 19
correlation

Analysis
method

14.6 ± 1.6 /
14.5 ± 1.5

10.1 ± 1.5 /
10.3 ± 1.2

10.0 ± 1.6 /
9.9 ± 1.6

Age: M ± SD or
range in
patients
/controls

71 / 67

81 / 79

80 / 79

Sex: %
male in
patients /
controls

Whole brain

M1

PCC,
precuneus,
retrosplenial
cortex

Regions
examined

Right STS, right
IFG, right MFG,
cerebellum, right
insula, right PCG,
MTG, STG

Not found

Precuneus with
visual cortex, basal
ganglia, posterior
medial cortex

Decreased RSFC
in patients

Right thalamus, left
IFG, left anterior
subcallosal gyrus,
cerebellum

Increased size of
dorsomedial parcel
Increased
overlap between
dorsolateral and
anterior lateral
parcels (less
differentiation)

PCC with temporal
cortex, lingual
gyrus, posterior
parahippocampal
gyrus, temporal
pole, entorhinal
cortex, perirhinal
cortex
Retrosplenial
cortex with
temporal cortex,
IFG, MFG, DMPFC,
posterior insular
cortex, lingual
gyrus, posterior
parahippocampal
gyrus, temporal
pole, posterior STS,
anterior SMG

Increased RSFC in
patients

Not reported

Not reported

Positive between
hyperconnectivity of
PCC with right posterior
hippocampal gyrus, left
temporal pole and left
lingual gyrus and social
impairments

Correlations
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Rudie, et al.
(2012)

Weng, et al.
(2010)

Wiggins, et al.
(2011)

Dickstein, et
al. (2010)

Disorder

ASD

ASD

ASD

BD

Table S1. Continued
Nr of
patients /
controls

39 / 41

Seed-based 15 / 15
correlation

SOM

Seed-based 16 / 15
correlation

Seed-based 38 / 33
correlation

Analysis
method

13.7 ± 3.3 /
14.0 ± 3.1

14.0 ± 2.1 /
15.3 ± 2.4

15.0 ± 1.5 /
16.0 ± 1.4

N/A (h)

Age: M ± SD or
range in
patients
/controls

67 / 47

82 / 80

88 / 93

84 / 85

Sex: %
male in
patients /
controls

left DLPFC,
amygdala,
accumbens

SFG, “Posterior
hub” of DMN
(=PCC/
precuneus/
IPL-region)

PCC

PCC, MPFC

Regions
examined

Right STG with left
MFG, right SFG, left
thalamus/ caudate

Left DLPFC with
right STG

Posterior hub of
DMN with right
SFG, right IPL

PCC with 9 of 11
DMN areas

PCC with MPFC,
OFC, left caudate,
thalamus, left MTG,
hippocampus/
parahippocampal
gyrus, angular
gyrus
MPFC with MFG,
left caudate, OFC,
MTG, thalamus,
PCC/precuneus,
left hippocampus/
parahippcampal
gyrus

Decreased RSFC
in patients

Chapter 2

right STG with right
parahippocampal
gyrus

Not found

Not found

Not found

Increased RSFC in
patients

Not found

Positive correlation
between age and right
SFG connectivity is smaller
in ASD group

Negative between
PCC connectivity and
communication, repetitive
behaviours and interests

Positive between PCC
connectivity and social
skills.

Negative between PCC
and MPFC connectivity
and social impairment

Correlations
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Study

Xiao, et al.
(2013)

Roy, et al.
(2013)

Hong, et al.
(2013)

Ding, et al.
(2013)

Disorder

BD

GAD

Internet
addiction

Internet
gaming
addiction
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15 / 15

Nr of
patients /
controls

12 / 11

Seed-based 17 / 24
correlation

Network
based
statistic
and graph
theory

Seed-based 15 / 20
correlation

ReHo

Analysis
method

16.9 ± 2.7 /
15.9 ± 2.7

13.4 ± 2.3 /
14.8 ± 0.9

14.9 ± 1.7 /
14.8 ± 1.7

15.0 ± 1.7 /
14.1 ± 1.5

Age: M ± SD or
range in
patients
/controls

77 / 75

100 / 100

33 / 35

67 / 67

Sex: %
male in
patients /
controls

PCC

Whole brain

Amygdala

Whole brain

Regions
examined

PCC with posterior
lobe cerebellum
PCC with MTG

Network of 38
regions, mainly
fronto, temporal
and parietal
connections

Right centromedial
amygdala with
subgenual ACC
Right superficial
amygdala with
brainstem,
cerebellum

Precuneus,
precentral gyrus,
SFG, SPL, right OFC,
right STG

Decreased RSFC
in patients

PCC with right IFG
PCC with IPL

Not found

Right centromedial
amygdala with
insula, STG
Left centromedial
amygdala with
VLPFC
Right superficial
amygdala with
MFPC
Left basolateral
amygdala with
brainstem,
cerebellum

Hippocampus,
right ACC, right
parahippocampal
gyrus, left caudate

Increased RSFC in
patients

Positive between PCC –
right precuneus, thalamus,
caudate, nucleus
accumbens, SMA, lingual
gyrus connectivity and
internet gaming addiction
severity
Negative between PCC
–anterior lobe cerebellum,
left SPL connectivity and
internet gaming addiction
severity

Not found

Positive between right
centromedial amygdala
–insula, STG connectivity
and anxiety severity

Positive between
hippocampal, ACC
connectivity and mania
symptoms
Negative between SFG
connectivity and mania
symptoms

Correlations
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Cullen, et al.
(2009)

Gaffrey, et al.
(2010)

Gaffrey, et al.
(2012)

Jiao, et al.
(2011)

Jin, et al.
(2011)

Disorder

MDD

MDD

MDD

MDD

MDD

Table S1. Continued
Nr of
patients /
controls

Graph
theory

ALFF

8/8

18 / 18

Seed-based 21 /18
correlation

Seed-based 17 / 15
correlation

Seed-based 12 / 14
correlation

Analysis
method

17.1 ± 1.3 /
17.3 ± 1.5

15.8 ± 1.2 /
16.2 ± 0.9

9.5 ± 1.1 /
9.0 ± 1.1

9.6 ± 0.9 / 9.5
± 1.0

16.5 ± 1.0 /
16.8 ± 1.5

Age: M ± SD or
range in
patients
/controls

100 / 100

44 / 44

43 / 50

35 / 47

25 / 43

Sex: %
male in
patients /
controls

Whole brain

Whole brain

PCC

Subg ACC

Subg ACC,
amygdala,
supragenual
ACC

Regions
examined

Right subg ACC
with IFG, thalamus,
precuneus,
paracentral lobule,
cerebellum

Not found

Increased RSFC in
patients

Not found

Left insula, left
hippocampus,
caudate

Chapter 2

Higher degree of
connectivity of
frontal cortices, ACC,
insula, amygdala
and temporal
cortices

Right DLPFC, IFC
regions

PCC with right
PCC with left MTG,
MTG, right IPL, right right caudate*, left
cerebellum
ACC, right MTG *
* No longer
significant after
including covariates

Right subg ACC
with dACC, MFG,
caudate, claustrum,
precentral gyrus
Left subg ACC with
MFG, putamen

Subg ACC with
supragenual ACC,
right MFC, left SFC,
left IFC, left STC,
insular cortex

Decreased RSFC
in patients

Positive correlation
between depression
duration and intensity of
correlation of amygdala–
temporal cortices,
amygdala–precentral
cortex, amygdalapostcentral cortex, inferior
PFC-IPL and connections
within the PFC

Not found

Negative between atypical
perigenual ACC - PCC
connectivity and emotion
regulation and coping

Negative between
right subg ACC - right
DMPFC connectivity and
emotional dysregulation

Not found

Correlations
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Study

Luking, et al.
(2011) (h)

Fitzgerald, et
al. (2010)

Fitzgerald, et
al. (2011) (j)

Church, et al.
(2009)

Disorder

MDD

OCD

OCD

Tourette
syndrome
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Nr of
patients /
controls

33 / 42

9.9 - 15.8 /
10.4 -15.8

Children:
11.0 ± 1.3 /
10.7 ± 1.7
Adolescents:
16.0 ± 1.4 /
15.3 ± 1.3

Seed-based 29 / 29
correlation

Graph
theory

13.9 ± 2.6 /
14.1 ± 2.6

8 - 11 / 7 - 10

Age: M ± SD or
range in
patients
/controls

Seed-based 18 / 18
correlation

Seed-based 37 / 14
correlation

Analysis
method

76 / 57

38 / 48

33 / 33

49 / 43

Sex: %
male in
patients /
controls

Whole brain

Ventral
striatum, dorsal
striatum,
medial dorsal
thalamus

vMFC, pMFC

Amygdala

Regions
examined

Increased RSFC in
patients

There appears
to be immature
functional
connectivity with
fewer functional
connections,
mainly in frontoparietal network,
but no significant
results

Right medial dorsal
thalamus with
dorsal ACC

Left dorsal striatum
with rostral ACC

vMFC - PCC

Not reported

Right dorsal
striatum with
ventromedial frontal
cortex

Not found

Amygdala with
Amygdala with
dorsal prefrontal
limbic regions
and parietal regions

Decreased RSFC
in patients

Not reported

Negative between dorsal
striatum –rostral ACC
connectivity and OCD
severity

Not found

Negative between
amygdala connectivity
and symptom severity

Correlations
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Regions are bilateral in case laterality is not specified. ADHD, attention-deficit hyperactivity disorder; ALFF, amplitude of low frequency fluctuations; ASD, autism spectrum
disorder; BD, bipolar disorder; dACC, dorsal anterior cingulate cortex; DC, degree centrality; dcP, dorsal caudal putamen; DLPFC, dorsolateral prefrontal cortex; DMPFC,
dorsomedial prefrontal cortex; DMN, default mode network; fALFF, fractional amplitude of low frequency fluctuations; FC, functional connectivity; FCD(M), functional
connectivity density (mapping); GAD, generalized anxiety disorder; HF, hippocampal formation; ICA, independent component analysis; IFC, inferior frontal cortex; IFG,
inferior frontal gyrus; IPL, inferior parietal lobule; ITC, inferior temporal cortex; ITG, inferior temporal gyrus; LOC, lateral occipital cortex; LPC, lateral parietal cortex; LTC,
lateral temporal cortex; M1, primary motor cortex; MCC, middle cingulate gyrus; MDD, major depressive disorder; MFC, medial frontal cortex; MFG, medial frontal gyrus;
MPFC, medial prefrontal cortex; MTG, middle temporal gyrus; NAcc, nucleus accumbens; OCD, obsessive compulsive disorder; OFC, orbitofrontal cortex; PCC, posterior
cingulate cortex; PCG, posterior cingulate gyrus; pre-SMA, anterior supplementary motor area; pMFC, posterior medial frontal cortex; ReHo, regional homogeneity; RSAI,
resting-state activity index; Rsp, retrosplenial cortex; SFC, superior frontal cortex; SFG, superior frontal gyrus; SMC, sensory motor cortex; SMG, superior marginal gyrus;
SN, substantia nigra; SOM, self-organizing maps; SPC, superior parietal cortex; SPL, superior parietal lobe; SSD, stop signal delay; SSRT, stop signal reaction time; STC, superior temporal cortex; STG superior temporal gyrus; STS, superior temporal sulcus; subg ACC, subgenual ACC; TPJ, temporo-parietal junction; vACC, ventral ACC; VLPFC,
ventrolateral prefrontal cortex; VMFC, ventral medial frontal cortex; VMHC, voxel-matched homotopic connectivity; VMPFC, ventromedial prefrontal cortex; vrP, ventral
rostral putamen; VTA, ventral tegmental area.

(a) Only results from placebo condition are reported
(b) 	Separate datasets were used for comparison and correlation analysis
(c) Both ADHD and ASD patients were included, reduced degree centrality reported compared to control subjects, increased degree centrality reported compared to
both control and ASD/ADHD subjects
(d) Dataset identical to the one used by Cao, et al., 2009
(e) Dataset identical to the one used by Tian, et al., 2006
(f ) Datasets from several studies were used, exact age-range not specified
(g) Datasets from several studies were used, age + SD is grand mean; in addition to whole brain analysis several regional analysis were conducted
(h) Age specified per different genotype, not specified for ASD and control subjects
(i) A distinction was made between children with a personal history of MDD, children with a maternal history of MDD and children with both a personal and maternal
history of MDD. For convenience, these three groups are displayed as one group in this table.
(j) Age was reported separately for children and adolescents
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Abstract
Background: Task-based and resting state fMRI studies report ADHD-related alterations in
brain regions implicated in cortico-striatal networks. We assessed whether ADHD is associated
with changes in the brain’s global cortico-striatal functional architecture, or whether ADHDrelated alterations are limited to local, intra-striatal functional connections.
Methods: We included a cohort of adolescents with ADHD (N=181) and healthy controls
(N=140) and assessed functional connectivity of nucleus accumbens, caudate nucleus,
anterior putamen, and posterior putamen. To assess global cortico-striatal functional
architecture we computed whole-brain functional connectivity by including all regions of
interest in one multivariate analysis. We assessed local striatal functional connectivity using
partial correlations between the timeseries of the striatal regions.
Results: Diagnostic status did not influence global cortico-striatal functional architecture.
However, compared to controls, participants with ADHD exhibited significantly increased local
functional connectivity between anterior and posterior putamen (p=0.0003; ADHD: z=0.30,
controls: z=0.24). Results were not affected by medication use or comorbid oppositional
defiant disorder and conduct disorder.
Conclusions: Our results do not support hypotheses that ADHD is associated with alterations
in cortico-striatal networks, but suggest changes in local striatal functional connectivity.
We interpret our findings as aberrant development of local functional connectivity of the
putamen, potentially leading to decreased functional segregation between anterior and
posterior putamen in ADHD.
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Attention-deficit/hyperactivity disorder (ADHD) has been associated with deficits in
executive functions such as response inhibition, working memory (Willcutt, et al., 2005),
reward processing (Sonuga-Barke, 2005), and motor function (Stray, et al., 2013). Key brain
regions associated with these functions are located in the striatum, including three main
nuclei: nucleus accumbens (NAcc), caudate nucleus, and putamen. Each striatal structure
receives projections from distinct cerebral regions (Alexander, et al., 1986; Di Martino, et al.,
2008; Helmich, et al., 2010). NAcc forms a network with anterior cingulate cortex (ACC) and
orbitofrontal cortex (OFC), associated with reward processing and motivational control (Haber
and Knutson, 2010). Caudate nucleus regulates cognitive control processes via connections
with dorsolateral prefrontal cortex (DLFPC; Levy, et al., 1997). Finally, putamen regulates motor
function through connections with motor cortices (Alexander, et al., 1986). In addition, it is
hypothesized that putamen can be subdivided into a functionally distinct anterior and posterior
region (Aramaki, et al., 2011; Tricomi, et al., 2009). Anterior putamen has been associated
with higher-order cognitive aspects of motor control including learning and initiating new
movements (Aramaki, et al., 2011), through connections with pre-supplementary motor area
and ACC (Helmich, et al., 2010). Posterior putamen has been related to the execution of welllearnt, skilled movements (Tricomi, et al., 2009), via connections to primary and secondary
motor areas (Helmich, et al., 2010).
As these cortico-striatal networks are implicated in behavior that is often impaired in
patients with ADHD, they have been suggested as potential neural underpinnings of ADHDrelated deficits (Cubillo, et al., 2012). Task-based fMRI studies support the involvement of
cortico-striatal networks in ADHD. Patients with ADHD showed aberrant brain responses in
DLPFC, ACC, caudate nucleus, and supplementary motor area during response inhibition
and attention, and in NAcc and OFC during reward processing (for review and meta-analysis
see Cortese, et al., 2012; Cubillo, et al., 2012). Several resting state fMRI (R-fMRI) studies have
demonstrated aberrant functional connectivity of ACC, frontal cortex, caudate, putamen,
NAcc, and motor regions in ADHD (for review see Oldehinkel, et al., 2013). Furthermore,
atypical functional connectivity of putamen, OFC, and NAcc, has been associated with severity
of symptoms of hyperactivity/impulsivity and inattention (Cao, et al., 2009; Costa Dias, et al.,
2012; Tomasi and Volkow, 2012).
Results from these fMRI studies suggest dysfunction of cortico-striatal networks in
ADHD. However, the observation that one or more regions within a cortico-striatal network
show aberrant brain responses does not necessarily imply dysfunction of the entire network.
Instead, the observed dysfunctions might be primarily related to impairments in withinstriatum cross-talk, based on the assumption that striatal regions modulate each other via
striato-nigro-striatal connections (Aarts, et al., 2011; Haber, et al., 2000). Studies of brain
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anatomy provide evidence for local striatal abnormalities in ADHD as reduced volume has
been reported for caudate nucleus, NAcc, and putamen (Cubillo, et al., 2012). Only few studies
report on local, intra-striatal functional connectivity and its relation to ADHD. Using regional
homogeneity and degree centrality, aberrant local functional connectivity in caudate nucleus
(Cao, et al., 2009; Di Martino, et al., 2013) and putamen was demonstrated using R-fMRI in
ADHD (Di Martino, et al., 2013). One of these studies also reported atypical local functional
connectivity between putamen and NAcc (Cao, et al., 2009). Based on these findings, we
hypothesize that aberrant local connectivity between striatal structures is associated with
ADHD symptomatology. As different striatal regions can interact with each other via their
midbrain connections such local changes of connectivity might also account for changes in
associated cortico-striatal networks (Haber, et al., 2000).
In light of this hypothesis we investigate whether ADHD is primarily associated with
changes in global cortico-striatal functional architecture or is also evident in changes to
local functional connectivity between substructures within striatum. To this end we examine
resting state functional connectivity of NAcc, caudate nucleus, anterior putamen, and
posterior putamen in a large sample of participants with ADHD and healthy controls using
comprehensive multivariate and partial correlation analyses.

Methods
Participants
All participants were part of the NeuroIMAGE cohort (von Rhein, et al., 2014), the Dutch followup study of the large-scale International Multicenter ADHD Genetics (IMAGE) study (Muller,
et al., 2011). The NeuroIMAGE cohort consists of families with children diagnosed with ADHD
and control families. Here, we included participants from ADHD families with a DSM-5 based
ADHD diagnosis and participants from control families who completed both a structural
MRI scan and a R-fMRI scan (N=356). Diagnoses of ADHD and comorbid disorders, including
oppositional defiant disorder (ODD), conduct disorder (CD), anxiety disorders, and depression
were assessed by a trained professional using the Schedule for Affective Disorders and
Schizophrenia for School-Age Children - Present and Lifetime Version (K-SADS; Kaufman, et
al., 1997), complemented with Conners’ ADHD questionnaires (Conners, 1999; Conners, et al.,
1998). The full diagnostic algorithm and inclusion criteria are described in the Supplementary
material, further details about the NeuroIMAGE study and its diagnostic and general testing
procedures are described elsewhere (von Rhein, et al., 2014). Our study was approved by the
local ethical committees of the participating centers; written informed consent was obtained
from all participants (for participants >12 years) and their legal guardians (for participants <18
years).
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We excluded participants for head-motion (N=22) as determined by frame-wise
displacement (Power, et al., 2012; cut-off=0.73 RMS-FD, corresponding to the 5% highest
movers in the total sample), and participants with insufficient brain coverage during the
R-fMRI scan (N=13). Our final analyses included 181 participants with ADHD and 140 healthy
controls. We tested for significant differences in age, sex, scan location, IQ, comorbid ODD/
CD, medication use, and CPRS inattentive and CPRS hyperactive/impulsive symptom
scores between participants of the included sample (N=321) and participants that were
excluded due to excessive motion (N=22). Results for these analyses are presented in the
Supplementary material. It should be noted that both the ADHD and control group included
participants of whom a sibling was present in the same group (ADHD: N=35; controls: N=53).
Group characteristics are specified in Table 1 and Supplementary Table S1. Groups were not
balanced with respect to IQ, sex, scan location, and comorbid disorders. Within the ADHD
group, 133 participants had used medication prescribed for ADHD during at least six months
in their lives. All participants were asked to withhold medication use for 48 hours before the
day of assessment.
MRI processing
MRI data were acquired at two scanning sites on 1.5 Tesla Siemens scanners; all participants
completed an anatomical scan and an 8-minutes long R-fMRI scan (detailed scan parameters
are listed in the Supplementary material). The R-fMRI data were preprocessed using tools
from the FMRIB Software Library (FSL version 5.0; http://www.fmrib.ox.ac.uk/fsl) and included
removal of the first five volumes to allow for signal equilibration, head movement correction
via realignment to the middle volume (MCFLIRT; Jenkinson, et al., 2002), grand mean scaling,
spatial smoothing using a 6mm FWHM Gaussian kernel, and high-pass filtering (0.01 Hz).
We did not conduct band-pass filtering in an effort to preserve as much signal of interest as
possible (Niazy, et al., 2011; Griffanti, et al., 2014). Moreover, in light of frequency aliasing given
our volume TR we believe that respiration or cardiac-related signal would not be adequately
removed using the typical 0.1-0.01Hz band-pass filter. The preprocessed R-fMRI data were
denoised for secondary head motion-related artifacts using automatic noise selection
as implemented in ICA-AROMA, a novel method for distinguishing head motion-related
components resulting from an ICA decomposition of the preprocessed data (ICA-AROMA;
Pruim, et al., 2015b). Importantly the selection of components made by ICA-AROMA preserves
reproducibility and identifiability of resting-state signal of interest (Pruim et al., 2015b). Finally,
nuisance regression was conducted to remove signal associated with white matter and
cerebrospinal fluid.
The R-fMRI images were co-registered to the participant-level high resolution anatomical
images using boundary-based registration (Greve and Fischl, 2009) implemented in FSL FLIRT.
For each participant we calculated the non-linear transform from the high-resolution anatomical
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image to a custom study template using FSL FNIRT (Jenkinson, et al., 2002). The custom group
template (voxel size 2x2x2mm) was generated by averaging across T1-scans (after non-linear
normalization to MNI152 standard space) of all participants in the NeuroIMAGE study (N=787).
Table 1. Participant characteristics

Age (years)
Estimated IQ a
Inattentive symptoms b
Hyperactive/Impulsive symptoms b
Medication use (years)
SES c

Number of males
Scan location Nijmegen
ODD diagnosis d
CD diagnosis e
Lifetime medication use f

ADHD (N=181)
Mean
SD

Controls (N=140)
Mean
SD

Test statistic

p-value

17.73
96.13
7.36
5.79
5.44
12.98

3.10
15.43
1.52
2.42
4.55
1.90

17.07
106.20
0.44
0.37
13.95

3.35
13.86
1.31
0.88
1.70

t(319)=1.814
t(315)=-6.019
t(319)=42.91
t(319)=25.28
t(312)=4.678

0.07
**
**
**
**

N

%

N

%

133
98
49
7
133

73.48
54.14
27.07
3.87
74.48

64
50
1
-

45.71
35.46
0.71
-

X2=25.67
X2=10.79
X2=41.70
-

**
**
**
-

Estimated IQ based on Wechsler Intelligence Scale for Children or Wechsler Adult Intelligence Scale–III Vocabulary
and block design. bSymptom count based on K-SADS interview (Kaufman, et al., 1997) and Conners’ questionnaires
(Conners, et al., 1998, 1999); Maximum of 9 symptoms per dimension (≥6 is clinical threshold). cSocioeconomic status
(parental years of education; corrected, average of both parents). dOppositional defiant disorder. eConduct disorder.
f
Participants that used medication prescribed for ADHD during at least six months in their lives. **p≤0.001.
a

Global striatal functional connectivity analyses
We used the structurally defined seed masks for NAcc, caudate nucleus, and anterior and posterior
putamen (see Supplementary material for details on seed definition). We extracted the timeseries
from the R-fMRI data for all voxels within each mask and applied singular value decomposition and
used the timeseries of the first eigenvariate from this decomposition for further analyses.
Based on these timeseries, we obtained participant-level whole-brain voxel-wise
functional connectivity estimates for all seed-regions by means of multiple regression. By
applying a multiple regression approach (instead of a univariate analysis for each striatal seed
separately), variance that is shared between striatal seed regions is not attributed to any of the
striatal regions. The multiple regression approach thus resulted in unique whole-brain voxelwise functional connectivity maps for each striatal seed unconfounded by contributions of
the other seeds. In addition to whole-brain connectivity maps for each seed, we computed
connectivity difference maps for anterior versus posterior putamen to test the hypothesis
of a functional distinction between these two regions. Resulting connectivity maps were
transformed to the study template for group analysis.
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Local striatal functional connectivity analyses
Local functional connectivity between the striatal seeds was assessed by calculating full
(Pearson) correlations and partial correlations between the eigenvariate timeseries for every
combination of seeds (six pairs). By using partial correlations, variance that is shared between
striatal regions is not attributed to any of the striatal regions. Partial correlations thus reflect
unique local functional connectivity between each pair of striatal regions. Computing
partial correlations between the different striatal seeds can hence be interpreted as the local
functional connectivity equivalent of using a multiple regression analysis to compute wholebrain functional connectivity of the striatal seed regions.
Both full and partial correlations were transformed into normally distributed values
using Fisher’s r-to-z-transformation. Significant differences in correlation strength between
the ADHD and control group were tested using permutation testing with 5000 permutations
for each seed-pair. P-values were obtained by calculating the proportion of permuted samples
that yielded a difference between the ADHD and control group higher than the observed
difference. Correction for multiple comparisons was implemented using Bonferroni correction.
Differences were considered statistically significant if p<0.008 (=0.05/6 seeds pairs).
Relationship with symptom severity
For regions that showed significant ADHD versus control differences in the global or local
striatal analyses we examined in ADHD patients whether results were related to ADHD
symptom severity. We calculated partial correlations (i.e., corrected for effects of age, scan
location, sex, IQ, and ODD/CD comorbidity) between functional connectivity and symptom
count as well as ADHD scores derived from the Conners Parent Rating Scale (CPRS; Conners,
et al., 1998b). ADHD symptom count was assessed by the K-SADS diagnostic interview
complemented with Conners’ ADHD rating scales. The DSM-Inattentive behavior scale (0-9
symptoms), the DSM-Hyperactivity/Impulsive behavior scale (0-9 symptoms), and DSM-Total
symptom scale (0-18 symptoms) were used. In addition, we investigated associations with
CPRS inattention scores (scale: 40-90), CPRS hyperactivity/impulsivity scores (scale: 40-90), and
CPRS total ADHD scores (scale: 40-90).
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We compared participants with ADHD to healthy controls in a group level analysis for
each of the obtained regression maps using permutation testing (1000 permutations) as
implemented in FSL Randomise. Covariates were included for age, sex, IQ, scan location, and
comorbid diagnosis (ODD and/or CD). We applied threshold-free cluster enhancement as
implemented in FSL (Smith and Nichols, 2009) and statistical significance was determined by
means of a family-wise error (FWE) threshold of p<0.05.
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Sensitivity analyses
Finally, we ensured that observed group differences in connectivity were not influenced by
ADHD subtype, medication history, IQ, socioeconomic status (SES), sex, scan location, and
comorbid ODD/CD (see Supplementary material for methods and results).

Results
Global functional connectivity of the four striatal regions
Group connectivity maps of NAcc, caudate, anterior putamen, and posterior putamen in
both the ADHD and control group replicated the major cortico-striatal networks (Alexander,
et al., 1986; Di Martino, et al., 2008; Helmich, et al., 2010). Figure 1 displays regions exhibiting
functional connectivity with the four striatal seed regions in both groups. For a description of
connectivity patterns see the Supplementary material.
We did not observe significant differences between the ADHD and control group in the
whole-brain functional connectivity maps. To replicate previous studies we also investigated
cortico-striatal connectivity with one seed at a time (as opposed to our multivariate model).
Similar to the multivariate analyses, these univariate analyses did not yield differences between
our ADHD and control group (see Supplementary Figure S2).
Local striatal functional connectivity
Local connectivity assessed using full correlations (i.e., uncorrected for global striatal effects)
revealed significant group differences for four of the six striatal seed-pair combinations (see
Figure 2). Significantly increased intra-striatal correlations were observed in participants with
ADHD compared to healthy controls for the seed pairs 1) NAcc – anterior putamen (p=0.004;
ADHD: z=0.25, controls: z=0.20), 2) caudate - anterior putamen (p=0.004; ADHD: z=0.41,
controls: z=0.34), 3) caudate - posterior putamen (p=0.008; ADHD: z=0.26, controls: z=0.20),
and 4) anterior putamen - posterior putamen (p=0.00006; ADHD: z=0.39, controls: z=0.31).
When controlling for global striatal effects using partial correlations, we observed
that local functional connectivity between anterior putamen and posterior putamen was
significantly increased in the ADHD group compared to the control group (see Figure 2;
p=0.0003; ADHD: z=0.30, std=0.15, controls: z=0.24, std=0.13). Post-hoc analyses revealed that
this finding was independent of ADHD subtype and not influenced by medication use, scan
location, sex, IQ, SES, or ODD/CD comorbidity (Supplementary Figures S3, S4, S5, and S6).
Finally, we confirmed that the obtained ADHD-related result was restricted to local
connectivity by directly comparing the whole-brain connectivity maps obtained for anterior
and posterior putamen. We observed no significant differences between the ADHD and
control group in this analysis (see Supplementary Figure S8).
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Figure 1. Global striatal connectivity.
Whole-brain functional connectivity maps for nucleus accumbens (NAcc), caudate nucleus, anterior putamen, and
posterior putamen in the control (left; N=140) and ADHD group (right; N=181). Significant activation is shown (FWEcorrected, p<0.05). We observed no difference between the ADHD and control group.

Relationship with symptom severity
We did not observe significant relationships between anterior-posterior putamen connectivity
and inattentive symptoms (symptom count: r=-0.078, p=0.306; CPRS inattention: r=0.097,
p=0.087), hyperactive/impulsive symptoms (symptom count: r=-0.028, p=0.714; CPRS
hyperactivity/ impulsivity: r=0.026, p=0.649), or total ADHD symptoms (symptom count: r=0.065, p=0.398; CPRS total score: r=0.072, p=0.205).

Discussion
We investigated local and global cortico-striatal connectivity in a large sample of youth with
ADHD and healthy controls. Contrasting previous work, we did not replicate ADHD-related
alterations in the major cortico-striatal networks. Conversely, ADHD was associated with
aberrant local functional connectivity between the anterior and posterior division of putamen.
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Figure 2. Local striatal connectivity.
Mean Fisher-z transformed correlation coefficients indexing local, between seed functional connectivity. Full
correlations are shown in the top graph. Significantly increased correlations were observed in the ADHD compared
to control group for NAcc - anterior putamen (p=0.004; ADHD: z=0.25, std=0.15, controls: z=0.20, std=0.16), caudate
– anterior putamen (p=0.004; ADHD: z=0.41, std=0.21, controls: z=0.34, std=0.20), caudate - posterior putamen
(p=0.008; ADHD: z=0.26, std=0.20, controls: z=0.20, std=0.17) and anterior putamen – posterior putamen (p=0.00006;
ADHD: z=0.39, std=0.19, controls: z=0.31, std=0.17) connectivity. Partial correlations are shown in the bottom graph. A
significantly increased partial correlation between anterior putamen and posterior putamen connectivity was found
in the ADHD group (p=0.0003; ADHD: z=0.300, std=0.15, controls: z=0.242, std=0.13). Error bars indicate standard error
of the mean. Abbreviations: NAcc=nucleus accumbens, Caud=caudate nucleus, AP=anterior putamen, PP=posterior
putamen. Statistical differences were assessed using permutation testing and a Bonferroni-corrected alpha level of
*p<0.008 (=0.05/6 seeds pairs).

Consistent with existing theories, we identified the four major cortico-striatal networks
in both participants with ADHD and healthy controls (Alexander, et al., 1986; Di Martino, et al.,
2008; Helmich, et al., 2010). However, the whole-brain functional networks of NAcc, caudate,
anterior putamen, and posterior putamen did not yield differences between the ADHD and
control group. As such, our results do not replicate previous task-based fMRI (for meta-analysis
and reviews see Cortese, et al., 2012; Cubillo, et al., 2012; Oldehinkel, et al., 2013) and R-fMRI
studies (Cao, et al., 2009; Costa Dias, et al., 2012; Mennes, et al., 2011; Tomasi and Volkow,

82

2012) that reported ADHD-related global dysfunction and atypical functional connectivity in
cortico-striatal networks. For example, task-based studies have reported increased activation
in NAcc and OFC during reward processing (von Rhein, et al., 2015), and decreased activation
in putamen, caudate, ACC, and DLPFC during response inhibition and attention tasks in ADHD
(for review see Cubillo, et al., 2012). Furthermore, reduced functional connectivity of putamen
with frontal cortex, temporal cortex, and precuneus (Cao, et al., 2009) as well as increased
functional connectivity between caudate and ACC has previously been demonstrated
(Mennes, et al., 2011). In addition, decreased functional connectivity between NAcc and
frontal cortex was found to correlate with increased impulsivity scores (Costa Dias, et al., 2012).
One explanation for differences with results from task-related studies might be that
R-fMRI, as used in the current study, measures the brain when cognitive load is low. When
cognitive load increases, as typically induced in task-based fMRI measurements, deficits might
become evident in aberrant recruitment of brain regions. This hypothesis corresponds with
effort-related deficits in ADHD as proposed by the cognitive-energetic model (Sergeant,
2000). Further, differences between previous R-fMRI studies and our study might be related to
differences in methodology. Previous studies reporting atypical global connectivity of striatal
regions applied univariate analysis (Cao, et al., 2009; Costa Dias, et al., 2012; Mennes, et al.,
2011; Tomasi and Volkow, 2012). Yet, when implementing this type of analyses we also failed
to reveal significant group differences (see Supplementary Figure S2). However, we can for
instance not exclude variability in earlier findings related to insufficient control for head motion
artifacts (Pruim, et al., 2015a; Van Dijk, et al., 2012), which was rigorously implemented in the
current study (Pruim, et al., 2015a). The absence of ADHD versus control differences in wholebrain connectivity could also be related to heterogeneity within our sample. Heterogeneity
in terms of phenotypic (Sonuga-Barke, 2002) as well as cognitive characteristics (Fair, et al.,
2012) is a common observation in ADHD as well as healthy populations. This problem is
partially mitigated by recruiting participants with similar demographic characteristics. Indeed,
previous studies have specifically selected participants without stimulant treatment (Cao, et
al., 2009), or only participants with combined (Costa Dias, et al., 2012) or non-hyperactive
subtype (Mennes, et al., 2011). Moreover, these studies focused on participants within a
small age range. In contrast, our population study included the broad clinical phenotype
with all subtypes, with and without stimulant treatment, and participants within a broad
developmental age range. This approach may however, wash out effects previously reported
in smaller, more homogeneous samples. Yet, within our local findings we did not observe
differences between the different ADHD subtypes (see Supplementary Figure S6).
In contrast to the absence of ADHD-related effects on the major cortico-striatal
networks, we did observe associations between ADHD diagnosis and functional connectivity
locally within the striatum. Local connectivity between several striatal regions was increased
in participants with ADHD compared to controls (full correlation results). Subsequent partial
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correlation analysis suggested that these effects were attributable to a specific increase in
functional connectivity between anterior and posterior putamen in participants with ADHD.
We interpret this finding as decreased functional segregation of anterior and posterior
putamen in ADHD.
Taking into account the cognitive functions attributed to anterior and posterior
putamen, our results lead to new, testable hypotheses. Anterior putamen has been associated
with higher-order cognitive aspects of motor control such as learning and initiating new
movements (Aramaki, et al., 2011). Posterior putamen on the other hand, has been implicated
in the execution of well-learned, skilled movements (Tricomi, et al., 2009). In this context, it
is possible that decreased functional segregation of the neural correlates for ‘learning and
initiating new movements’ and ‘execution of skilled movements’ might be related to the
various motor skill deficits observed in ADHD, such as delays in gross motor milestones
(sitting, crawling, walking), clumsiness, and poor fine motor control (Vasserman, et al., 2014).
Accordingly, our results warrant research into the hypothesis that the difference between
‘learning and initiating new movements’ and ‘execution of skilled movements’ is less distinctive
in participants with ADHD compared to healthy controls. As a preliminary examination
we assessed general motor function using the Developmental Coordination Disorder
Questionnaire (DCD-Q; Wilson, et al., 2000), see Supplementary material. Although motor skills
were significantly impaired in the ADHD compared to the control group (p<0.002), motor
skills were not related to anterior-posterior putamen connectivity (-0.038<r>0.037; p>0.52 for
all scales). In light of our hypothesis this result is not unexpected, as the DCD-Q might not be
the best instrument to distinguish ‘learning and initiating new movements’ from ‘execution of
skilled movements’.
The observed increased local functional connectivity between anterior and posterior
putamen in the ADHD group can also be interpreted in a developmental context. Typical
development or maturation of functional brain networks has been characterized by both a
decrease in short-range, local connectivity strength (segregation) and a simultaneous increase
in the strength of long-range, global functional connectivity (integration; Fair, et al., 2009; Kelly,
et al., 2009). According to the delayed maturation hypothesis for ADHD, local connectivity
would be increased and global connectivity decreased in youth with ADHD, while connectivity
would normalize at a later age. Although not significant, supplementary analyses exploring
the effects of age hinted that local anterior-posterior putamen connectivity decreased with
age in the control group but not in the ADHD group (see Supplementary Figure S7). These
findings suggest aberrant development of local connectivity in the ADHD group, potentially
resulting in local ‘over-connectivity’ in ADHD.
When comparing our whole-brain functional connectivity results with previous
R-fMRI studies we note that our methodology improved several key aspects. First, we did
not investigate functional connectivity of a single region, but included four striatal regions
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in one analysis. We thereby increased the specificity of our findings: variance that was shared
between striatal seeds was not assigned to any of the striatal seeds. As a result, we obtained
unique whole-brain functional connectivity maps for each region that were not confounded
by possible global alterations in connectivity. This approach echoed in the partial correlation
analyses. Second, we did not define seed regions based on an anatomical atlas or standard
coordinates. Instead we used subject-specific regions of interest based on an anatomical
segmentation of each individual brain. Accounting for inter-individual differences in striatal
anatomy, we increased the specificity of our analyses. Third, we used an advanced data-driven
method for secondary motion denoising resulting in functional connectivity maps that are
minimally confounded by motion (Pruim, et al., 2015b).
When interpreting our results, limitations have to be considered. Within the ADHD
group differences existed regarding dose and type of medication. Stimulant medications are
effective in suppressing ADHD symptoms (Swanson, et al., 2011) and have been demonstrated
to have acute effects on brain function (Rubia, et al., 2013). All participants in our study were,
however, free of medication starting 48 hours before the R-fMRI scan, which should have
eliminated acute effects of medication on brain function. Furthermore, it should be noted
that the control group and ADHD group differed significantly in sex, scan location, IQ, SES, and
ODD/CD comorbidity. However, sensitivity analyses revealed no influence of these factors on
our findings.

Conclusion
We observed increased local functional connectivity between the anterior and posterior
region of putamen in participants with ADHD relative to controls. We interpret this finding
as a decreased functional segregation of both putamen regions in ADHD, which might be
related to motor deficits in ADHD.
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Inclusion criteria
Participants in the NeuroIMAGE study were originally recruited in the Dutch part of the large-scale
International Multicenter ADHD Genetics (IMAGE) study between 2003 and 2006 (Muller, et al.,
2011). During IMAGE, ADHD families with at least one child with combined subtype ADHD and
one biological sibling (regardless of ADHD diagnosis) were recruited, as well as control families
with at least two children without a formal or suspected ADHD diagnosis in first-degree family
members. Inclusion criteria were an age between 5 and 30 years, European Caucasian descent,
IQ≥70, and no diagnosis of autism, epilepsy, general learning difficulties, brain disorders, and
known genetic disorders. All participants were re-invited for the NeuroIMAGE follow-up study
(von Rhein, et al., 2014) between 2009 and 2012 (follow-up rate ADHD families 78.9%, control
families 80.4%). In addition, children with ADHD and healthy control boys were newly recruited
to more closely balance the distribution of sex and age between the ADHD and control group in
NeuroIMAGE. Inclusion criteria were identical to criteria during IMAGE, except that the inclusion of
children with any subtype ADHD was allowed in the NeuroIMAGE study. Accordingly, the newly
included participants with ADHD closely matched the original cohort that included participants
with partly remission of ADHD symptoms. An R-fMRI scan and structural MRI scan were obtained
during NeuroIMAGE from a total of 356 participants with ADHD and healthy controls.
Diagnostic algorithm
ADHD diagnosis at the time of participation was determined using a diagnostic algorithm
combining the Schedule for Affective Disorders and Schizophrenia for School-Age Children
- Present and Lifetime Version (K-SADS; Kaufman, et al., 1997), complemented with Conners’
ADHD questionnaires (CTRS-R:L (Conners, 1999) for participants >18 years or CAARS-S:L
(Conners, et al., 1998) for participants ≥18). For a full description of the K-SADS interview and
Conners’ questionnaires in our study as well as a description of the assessment of comorbid
psychiatric diagnoses in our sample, we refer to (von Rhein, et al., 2014).
The K-SADS interview served as the fundament of diagnosis. Participants were diagnosed
with ADHD provided they (a) had ≥6 hyperactive/impulsive and/or inattentive symptoms, (b)
met the DSM-IV criteria for pervasiveness and impairment (measures derived from the K-SADS),
and (c) showed an age of onset before 12 (following the proposed changes for the DSM-5).
To account for a possible underestimation of ADHD symptomatology in a familial setting,
we complemented information from the interview with symptom counts from the Conners’
ADHD questionnaires (CTRS-R:L for participants <18 years or CAARS-S:L for participants ≥18).
To prevent an artificial inflation of ADHD diagnosis, this was only done when at least two
symptoms were reported on the questionnaire. When a participant met these criteria, it was
checked whether they received a T score ≥63 on at least one of the DSM-IV ADHD scales on
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either one of the Conners ADHD questionnaires (DSM inattentive behavior (scale L of the
CTRS-R:L; scale E of the CAARS-S:L), DSM hyperactive/impulsive behavior (scale M of the CTRSR:L; scale F of the CAARS-S:L), and DSM total (scale N of the CTRS-R:L; scale G of the CAARSS:L)) filled out about a period without medication. Cases with inconsistent information from
these two sources of information were evaluated by a team of experts (psychiatrist JB and 8
psychologists) to derive a consensus (best-estimate) diagnosis.
To be considered unaffected, participants were required to exhibit a T<63 on each
of the subscales of each of the Conners questionnaires and to have ≤3 symptoms derived
from the combined symptom counts of the K-SADS and CTRS-R:L/CAARS-S:L. All participants
who did not meet our requirements for either ADHD or unaffected status were classified as
subthreshold ADHD and need to be excluded from case–control comparisons. Criteria were
slightly adapted for adults (≥18 years) such that a symptom count of five symptoms was
sufficient for a diagnosis (DSM-5). Adults were considered unaffected when they exhibited ≤2
ADHD symptoms on the symptom counts.
Table S1. Additional participant characteristics (not available for full dataset)
ADHD (N=102)
Mean / N SD / %

Controls (N=95)
Mean / N SD / %

Test statistic

p-value

Pregnancy duration (weeks)

39.49

2.34

39.46

1.74

t(191)=-0.112

0.911

Preterm birth (<37 weeks)

N=9

8.82%

N=6

6.32%

X=0.383

0.536

Maternal smoking during pregnancy

N=24

23.53%

N=11

11.58%

X=5.104

0.024

MRI acquisition
MRI data were acquired at two scanning sites on 1.5 Tesla Siemens scanners (Siemens AVANTO
at the Donders Institute for Brain, Cognition and Behavior in Nijmegen and Siemens SONATA at
the Free University Medical Centre in Amsterdam). Identical Siemens 8-channel head coils and
matched scanning protocols were used at both locations. Structural images were obtained
using an MPRAGE sequence (TR=2730ms, TE=2.95ms, T1=1000ms, voxel size=1x1x1mm, flip
angle=7, matrix size=256x256, FOV=256mm, 176 slices). A gradient echo-planar imaging (GEEPI) sequence was used for the acquisition of R-fMRI data (TR=1960ms, TE=40ms, flip angle=80,
matrix size=64x64, in-plane resolution=3.5mm, FOV=224mm, 35 axial slices, slice thickness/
gap=3.0mm/0.5mm, 265 volumes). During the R-fMRI scan participants were instructed to
keep their eyes open while not thinking of anything in particular.
Frame-to-frame head movement during the resting state scan
Figure S1 demonstrates that head motion, as defined by frame wise displacement (Power,
et al., 2012), did not differ between the ADHD and control group and has therefore not
confounded our results.
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Figure S1. Head motion in the ADHD and control group.
Head motion as determined by mean squared displacement (RMS-FD) does not differ between the ADHD and
control group.

Key characteristics of included versus excluded participants
The excluded sample consisted of 18 participants with ADHD and 4 healthy controls. Testing
for differences between included and excluded subjects revealed that significant differences
were present for age (t(341)=6.325; p<0.001) and scan location (X2=10.51; p<0.001):
participants that were excluded were younger and more of them were scanned in Nijmegen
than Amsterdam compared to participants that were included in our analysis. Given that
younger children exhibit more head motion (Satterthwaite, et al., 2012; Van Dijk, et al., 2012)
and more of the younger children underwent their MRI assessment in Nijmegen, this finding is
not surprising. Excluded participants were also characterized by slightly increased inattention
(t(341)=-2.10; p=0.036) and hyperactivity/impulsivity (t(341)=-2.04; p=0.042) symptom scores
which might be related to the lower mean age of these participants as symptoms decrease as
participants with ADHD get older (Biederman, et al., 2000).
Seed selection
We obtained participant-specific masks for NAcc, caudate nucleus, and putamen using
automated subcortical segmentation of the individual structural scans as implemented in
FSL FIRST (Patenaude, et al., 2011). The masks for NAcc and caudate nucleus were directly
transformed to the participants’ native functional space and binarized. The putamen mask was
first transformed to MNI152 standard space to allow automatic separation into an anterior and
posterior division similar to the method implemented by Helmich and colleagues (Helmich,
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Global functional connectivity of the four striatal regions
Group connectivity maps of NAcc, caudate nucleus, anterior putamen, and posterior putamen
in both the ADHD and control group yielded the major cortico-striatal networks previously
demonstrated. Figure 1 in the main text depicts the observed networks. Here we provide a short
summary of the findings. We also refer to supplementary references (Alexander, et al., 1986; Di
Martino, et al., 2008; Helmich, et al., 2010) for further comparison. In summary, we observed
that NAcc was functionally connected with OFC/ACC, and a posterior cluster encompassing
precuneus and posterior cingulate cortex. The caudate nucleus was connected to a large
frontal cluster comprising DLPFC and ventrolateral prefrontal cortex that extended to ACC
and thalamus. The anterior putamen and posterior putamen showed overlap in functional
connectivity with the supplementary motor area and postcentral gyrus but both seeds exhibited
segregated functional connectivity as well. The anterior putamen was uniquely connected to
ACC, whereas functional connectivity patterns of posterior putamen covered the motor cortex
more extensively and covered large parts of parietal cortex, occipital cortex, and brainstem.
Analysis of striatal whole-brain connectivity using univariate analysis
Previous studies reporting diagnostic effects on cortico-striatal connectivity typically applied
a different methodological approach. Instead of analyzing resting state data with different
striatal seeds at the same time, single striatal seeds were taken. In order to replicate this
approach, we investigated cortico-striatal connectivity with one seed at a time. Results from
this analysis are displayed in Figure S2. The ADHD versus control and control versus ADHD
group comparisons also did not reveal any significant clusters.
Sensitivity analyses
A series of additional sensitivity analyses were conducted to ensure that our finding of
increased local functional connectivity between anterior and posterior putamen in ADHD
was not influenced by differences between the ADHD group and control group in IQ, SES,
medication use, sex, scan location, and potential comorbidity of ODD or CD. The distribution of
these demographic variables between both groups has been described in detail in elsewhere
(von Rhein, et al., 2014). The analyses described here are tailored specifically for the current
sample selection and findings.
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et al., 2010). The anterior commissure was used as a border to separate both regions. A gap of
two voxels was inserted between the anterior and posterior division of putamen by excluding
voxels located directly anterior and posterior of the anterior commissure. This procedure
reduced partial voluming effects arising from potential overlap of both seed regions near
the commissure. Next the anterior and posterior putamen masks were transformed back to
participant native functional space and binarized.
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Figure S2. Whole-brain spatial maps of control and ADHD participants for different striatal seeds.
Order of presentation is nucleus accumbens (NAcc), caudate nucleus, anterior putamen and posterior putamen). All
maps indicate thresholded z-stat (Z>3.1).

To verify that IQ, SES, and duration of medication use did not influence local
connectivity between anterior and posterior putamen, we computed partial correlations
between anterior-posterior putamen connectivity and IQ (separately in the ADHD and control
group; controlling for sex, scan location, age, and ODD/CD comorbidity; Figure S3), SES (i.e.,
parental years of education, separately in the ADHD and control group; controlling for sex,
scan location, age, and ODD/CD comorbidity; Figure S4), and medication history (in the ADHD
group; controlling for IQ, sex, scan location, age, and ODD/CD comorbidity; Figure S5). These
analyses confirmed that local connectivity of putamen was not related to IQ (control group:
r=0.056, p=0.519; ADHD group: r=-0.055, p=0.47; two-tailed), SES (control group: r=-0.03,
p=0.74; ADHD group: r=-0.07, p=0.40; two-tailed), or medication history (r=-0.099, p=0.195;
two-tailed).
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Figure S3. Correlations of anterior-posterior putamen connectivity with IQ in the control group and ADHD group.
No relationship was present between anterior-posterior putamen (AP-PP) connectivity and IQ (in the control group:
r=0.056, p=0.519; in the ADHD group: r=-0.055, p=0.47; two-tailed).

Figure S4. Correlations of anterior-posterior putamen connectivity with socio-economic status (SES) in the control
group and ADHD group.
No relationship was present between anterior-posterior putamen (AP-PP) connectivity and SES (in the control group:
r=-0.03, p=0.74; in the ADHD group r=-0.07, p=0.40; two-tailed).
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Figure S5. Correlations of anterior-posterior putamen connectivity with medication history.
No relationship was present between anterior-posterior putamen (AP-PP) connectivity and medication history (r=0.099, p=0.195; two-tailed) in the ADHD group.

The next set of paragraphs describes sensitivity analyses of categorical variables (i.e.,
sex, scan location, presence of ODD and/or CD comorbidity, and ADHD subtype). These
analyses aim to qualitatively confirm that effects within each subgroup adhere to the same
direction as our main findings (i.e., anterior-posterior putamen connectivity is higher in the
ADHD compared to the control group), rather than demonstrating that differences between
the ADHD and control group within subgroups remained significant, as splitting into smaller
groups will affect statistical power.
To analyze the impact of differences in sex between diagnostic groups, we assessed
males and females separately (Figure S6). These analyses indicated that anterior-posterior
putamen connectivity was increased in the ADHD compared to the control group in both
males (z=0.301, std=0.16 vs. z=0.275, std=0.12) and females (z=0.299, std=0.11 vs. z=0.215,
std=0.13).
Similarly, scan location was not equally distributed between diagnostic groups. Scan
location is not by itself related to the diagnostic phenotype, however the distribution of
demographics across the two scan locations in our study was not matched (von Rhein, et al.,
2014). Procedural or technical differences between scanning locations could therefore have
influenced the populations differently between the two sites. We repeated our analysis for each
scan location (Figure S6) and demonstrated that differences in scan location between groups
did not induce our finding of increased local functional connectivity in the ADHD group. The
partial correlation coefficient between anterior and posterior putamen was increased in the
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ADHD compared to the control group for both participants scanned at the Donders Institute
in Nijmegen (z=0.334, std=0.14 vs. z=0.266, std=0.15) and participants scanned at the VU
University Medical Centre in Amsterdam (z=0.261, std=0.15 vs. z=0.229, std=0.12).

Figure S6. Anterior-posterior putamen connectivity in different subgroups.
Anterior-posterior putamen connectivity in the control group and ADHD group, displayed separately for the two
genders/sexes, the two scan locations, for the full sample and the sample without participants with ODD/CD
comorbidity, and for the different ADHD subtypes.
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Finally, we verified that differences between groups in the presence of ODD and/or
CD comorbidity did not influence our finding of increased local functional connectivity in
the ADHD group. As there was only one control participant with an ODD diagnosis, we could
not repeat our analysis for participants with and without an ODD or CD diagnosis separately.
Therefore, we repeated the analysis by only including participants without an ODD and/or CD
diagnosis (Figure S6). This analysis showed that anterior-posterior putamen connectivity was
also increased in the ADHD compared to the control group in this sample (z=0.296, std=0.15
vs. z=0.242, p=0.002, std=0.13; two-tailed).
We additionally examined whether the observed difference in local anterior-posterior
putamen connectivity between the ADHD and control group was driven by a specific ADHD
subtype by means of an ANOVA analysis. This analysis that included all control subjects (N=141),
subjects with inattentive ADHD subtype (N=90), hyperactive/impulsive ADHD subtype (n=17)
and combined ADHD subtype (N=74), also demonstrated that anterior-posterior putamen
connectivity differed between groups (F(3,317)=4,794, p=0.003). Subsequent post-hoc tests
revealed that connectivity between anterior and posterior putamen was higher in all ADHD
subtypes compared to the control group (inattentive subtype vs. controls: z=0.299, std=0.15
vs. z=0.242, std=0.13; p=0.02; hyperactive/impulsive subtype vs. controls: z=0.335, std=0.16
vs. z=0.242, std=0.13; p=0.07; combined subtype vs. controls: z=0.294, std=0.15 vs. z=0.242,
std=0.13; p=0.07).
Relationship with age
Inconsistencies with previous studies reporting diagnostic effects on cortico-striatal
connectivity in younger patient populations suggest that age might be an important factor.
To assess the relationship between functional connectivity and age, we conducted an analysis
of covariance (ANCOVA), specifically testing an interaction between diagnostic group and
age. We controlled for scan location, sex, IQ, and ODD/CD comorbidity. Analysis was done for
regions that showed significant ADHD versus control differences in the global or local striatal
analyses, in our case the intrastriatal connectivity of anterior and posterior putamen. This
analysis did not reveal a significant group by age interaction (t(315,7)=1.268, p=0.206). Posthoc plotting of the data for the ADHD and control group separately did however suggest that
anterior-posterior putamen connectivity decreased with age in the control group, whereas
this relationship was absent in the ADHD group (controls: r=-0.196, p=0.021, two-tailed;
ADHD: r=-0.025, p=0.738, two-tailed; see Figure S7). These correlations were, however, not
significantly different between groups (z=1.53, p=0.063; one-tailed).
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Figure S7. Correlation with age in the control and ADHD group.
The partial correlation indexing local anterior-posterior putamen connectivity decreased significantly with age in
the control group (r=-0.196, p=0.021, two-tailed). No correlation with age was found in the ADHD group (r=-0.025,
p=0.738, two-tailed). These correlations were not significantly different between groups (z=1.53, p=0.063; one-tailed).

Whole brain posterior putamen versus anterior putamen connectivity
We confirmed that the obtained result of increased connectivity between anterior and
posterior putamen in ADHD was restricted to local connectivity by directly comparing
anterior and posterior putamen connectivity at the whole brain level. Regions exhibiting
significantly increased functional connectivity with posterior putamen compared to anterior
putamen are displayed for the control group in Figure S8. (The corresponding spatial map for
the ADHD group looked similar). However, we observed no significant differences between
the ADHD and control group, indicating that the stronger local connectivity between anterior
and posterior putamen in ADHD did not translate to increased global connectivity of both
putamen regions in the ADHD group. In both the ADHD and control group no regions were
present which showed significantly increased functional connectivity with anterior putamen
compared to posterior putamen.
Analysis of the Developmental Coordination Disorder Questionnaire
Because of the observed ADHD-related differences in the partial correlation coefficient of
anterior-posterior putamen connectivity, we additionally assessed motor functioning, which
has been associated with the putamen. To this end we used the Developmental Coordination
Disorder Questionnaire (DCD-Q) filled out by parents. The DCD-Q is a widely accepted
questionnaire which has been translated to Dutch and validated in the Netherlands (Martin,
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Figure S8. Difference map of whole brain posterior putamen versus anterior putamen connectivity.
Functional connectivity map for the differences in functional connectivity between posterior and anterior putamen
in the control group. Significant connectivity is shown (p<0.05). No differences between the ADHD and control group
were found.

et al., 2006; Schoemaker, et al., 2006; Wilson, et al., 2000). For each of the 17 items of the DCD-Q
parents are asked to compare the degree of similarity of their child with other children of the
same age. Every item can be scored on a five-point scale, ranging from “not at all like my child”,
to “extremely like my child”. The total score ranges from 17 to 85, with high scores representing
high performance. The DCD-Q contains four subscales: fine motor control/handwriting, gross
motor control/planning, general coordination, and control during movement. The internal
consistency of this questionnaire is high (alpha=0.88; Wilson, et al., 2000). We assessed scores
on the four subscales and the total score of the four scales combined, but we did not assess
the presence of DCD diagnosis.
Comparing motor skills between the ADHD and control group using independent t-tests
revealed that performance on all four scales and the total score was significantly impaired in the
ADHD compared to the control group (fine motor control/handwriting: t(306)=9.09, p<0.001;
gross motor control/planning: t(304)=3.08, p=0.002; general coordination: t(307)=8.91,
p<0.001; control during movement t(303)=4.06, p<0.001; and total score t(292)=10.73,
p<0.001; two-tailed for all scales). We subsequently calculated correlations between the partial
correlation coefficient of anterior-posterior putamen connectivity and the five scales, thereby
controlling for scan location, sex, IQ, and ODD/CD comorbidity. However, these analyses did
not show significant relationships of motor function with the partial correlation coefficient
of anterior-posterior putamen connectivity (-0.038<r>0.037; p>0.52, two-tailed; for all scales).
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Abstract
Background: Cortico-striatal network dysfunction in attention-deficit/hyperactivity disorder
(ADHD) is generally investigated by comparing functional connectivity of the main striatal
subregions (i.e., putamen, caudate, and nucleus accumbens) between an ADHD and a control
group. However, dimensional analyses based on continuous symptom measures might help to
parse the high phenotypic heterogeneity in ADHD. Here, we focus on functional segregation
of regions in the striatum and investigate cortico-striatal networks using both categorical and
dimensional measures of ADHD.
Methods: We computed whole-brain functional connectivity for six striatal subregions
that resulted from a novel functional parcellation technique. We compared functional
connectivity maps between adolescents with ADHD (N=169) and healthy controls (N=122),
and investigated dimensional ADHD-related measures by relating striatal connectivity to
ADHD symptom scores (N=444). Finally, we examined whether altered connectivity of striatal
subregions related to motor and cognitive performance.
Results: We observed no case-control differences in functional connectivity patterns of the six
striatal networks. In contrast, inattention and hyperactivity/impulsivity symptom scores were
associated with increases in functional connectivity in the networks of posterior putamen
and ventral caudate. Increased connectivity of posterior putamen with motor cortex and
cerebellum was associated with decreased motor performance.
Conclusions: Our findings support hypotheses of cortico-striatal network dysfunction in
ADHD by demonstrating that dimensional symptom measures are associated with changes
in functional connectivity. These changes were not detected by categorical ADHD versus
control group analyses, highlighting the important contribution of dimensional analyses to
investigating the neurobiology of ADHD.
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The striatum includes three main nuclei: the nucleus accumbens (NAcc), caudate, and
putamen. These nuclei can be delineated based on histology, anatomical connectivity, and
functional relevance (Alexander, et al., 1986; Di Martino, et al., 2008; Helmich, et al., 2010).
Specifically, the NAcc forms a network with anterior cingulate cortex (ACC) and orbitofrontal
cortex (OFC), and is associated with motivational control and reward processing (Haber
and Knutson, 2010). The caudate facilitates cognitive control through its connectivity with
dorsolateral prefrontal cortex (DLPFC; Di Martino, et al., 2008) and the putamen primarily
regulates motor function via connections with motor areas (Lehericy, et al., 2005), but is also
involved in cognitive tasks (de Wit, et al., 2012; van Rooij, et al., 2015).
Dysfunction in these cortico-striatal networks is thought to contribute to attentiondeficit/hyperactivity disorder (ADHD) as the defining behavioral characteristics of ADHD
coincide with the behaviors controlled by these networks. This idea is supported by structural
meta-analyses reporting abnormalities of striatal nuclei in ADHD (Frodl and Skokauskas, 2012;
Nakao, et al., 2011) and by functional magnetic resonance imaging (fMRI) studies in ADHD (for
reviews see Castellanos, et al., 2006; Cortese, et al., 2012; Cubillo, et al., 2012; Dickstein, et al.,
2006). For example, patients with ADHD show decreased performance on, and altered neural
responses during, response inhibition (Lei, et al., 2015), working memory (Cortese, et al., 2012),
reward processing (Plichta and Scheres, 2014), and motor function (Stray, et al., 2013). Restingstate fMRI (R-fMRI) studies further support the notion of aberrant integration of cortico-striatal
networks in ADHD. Aberrant functional connectivity of NAcc, caudate, putamen, ACC, and
frontal cortex (including DLPFC and inferior frontal gyrus) has been reported in ADHD (for
reviews see Oldehinkel, et al., 2013; Posner, et al., 2014), and atypical functional connectivity
of NAcc, putamen, and OFC has been associated with ADHD severity (Cao, et al., 2009; Costa
Dias, et al., 2012; Tomasi and Volkow, 2012). However, existing literature is heterogeneous
regarding the specific striatal and cortical regions implicated in ADHD and the direction of the
effect. Some studies found decreased functional connectivity of putamen (Cao, et al., 2009),
NAcc (Posner, et al., 2013), and caudate (Cao, et al., 2006), others reported increased functional
connectivity of NAcc (Costa Dias, et al., 2012; Tomasi and Volkow, 2012) and caudate (Mennes,
et al., 2012) in cortico-striatal networks. Furthermore, in a previous study we investigated
functional connectivity of structural definitions of putamen, caudate and NAcc as seeds in
a large ADHD cohort (N=321). However, we did not observe differences in any of the whole
brain cortico-striatal networks between participants with ADHD and controls (von Rhein, et
al., 2016).
To aid in clarifying the divergence in findings we propose to go beyond typical
analytical approaches through incorporating two recent analytical developments. First, most
studies have compared an ADHD group to a control group, i.e., used a categorical approach
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to investigate ADHD-related differences. This approach is based on clinical practice where
patients are given an ADHD diagnosis when symptoms exceed a certain threshold, presuming
underlying categorical mechanisms (Sonuga-Barke, 1998). However, high phenotypic
heterogeneity and symptom overlap with other disorders have led to a shift toward
dimensional characterization of ADHD (Chabernaud, et al., 2012). This approach corroborates
the hypothesis that heterogeneous neurobiological mechanisms, comprising categorical and
dimensional constructs underlie ADHD (Asherson and Trzaskowski, 2015; Chabernaud, et al.,
2012; Elton, et al., 2014). Accordingly, dimensional analyses based on ADHD symptom scores
might reveal ADHD-related changes not detected by a traditional ADHD versus control group
comparison.
Second, striatal connectivity is typically investigated using putamen, caudate, and NAcc
as homogeneous regions. However, recent evidence suggests that putamen and caudate may
be functionally segregated into smaller subregions (Choi, et al., 2012; Di Martino, et al., 2008).
The putamen is considered to consist of an anterior region, connected to pre-supplementary
motor area and ACC, and a posterior region, connected to primary and secondary motor
areas (Aramaki, et al., 2011; Helmich, et al., 2010; Tricomi, et al., 2009). Anterior putamen has
been associated with higher-order cognitive aspects of motor control such as learning new
movements (Aramaki, et al., 2011), while posterior putamen has been related to execution of
skilled movements (Tricomi, et al., 2009). A functional segregation of the caudate into a dorsal
and ventral region has also been suggested (Di Martino, et al., 2008; Robinson, et al., 2012).
Ventral caudate has been hypothesized to exert cognitive control over emotional circuits via
connections with PFC, ACC and amygdala, dorsal caudate has been associated with cognitive
control over action-based networks via connections with PFC, motor cortex, and parietal
cortex (Draganski, et al., 2008; Robinson, et al., 2012). Investigating functional connectivity of
the striatum in ADHD while taking these potential subdivisions of putamen and caudate into
account might enable detection of ADHD-related effects localized within these subregions,
that may not be revealed when considering caudate and putamen as homogeneous regions.
Here, we examined cortico-striatal network connectivity in ADHD while taking
subdivisions within the striatum into account. We used functionally defined subregions of
the striatum obtained by applying a novel parcellation strategy. We investigated restingstate functional connectivity of these fine-scale striatal subregions in a large ADHD cohort
(N=444) using both categorical diagnosis and dimensional ADHD symptom measures. Finally,
we explored whether altered connectivity of striatal subregions was related to motor and
cognitive performance. As such, this study builds on previous reports, including our own
work (von Rhein, et al., 2016), by using fine-scale functionally-defined instead of structurallydefined striatal subregions and by conducting dimensional analyses in addition to categorical
analyses.

106

ADHD Symptoms Coincide with Altered Striatal Connectivity

Participants
Participants in our study were part of the NeuroIMAGE cohort (von Rhein, et al., 2014), the
Dutch follow-up of the large-scale International Multicenter ADHD Genetics (IMAGE) study
(Muller, et al., 2011), consisting of families with one or more children ‘officially’ diagnosed with
ADHD by a psychiatrist and control families without an ADHD diagnosis. ADHD (and comorbid
oppositional defiant disorder (ODD), conduct disorder (CD), anxiety disorders and depression)
were reassessed by a trained psychologist during the NeuroIMAGE assessment. To this end,
the Schedule for Affective Disorders and Schizophrenia for School-Age Children - Present
and Lifetime Version (K-SADS; Kaufman, et al., 1997) was used, complemented with Conners’
ADHD questionnaires (Conners, et al., 1998a; Conners, et al., 1998b). For an ADHD diagnosis,
six or more DSM-5 ADHD symptoms on at least one domain (inattention or hyperactivity/
impulsivity) were required (five or more for participants >18 years). Participants from control
families and unaffected siblings of ADHD participants were allowed to have a maximum of
two ADHD symptoms per domain. The remaining participants were classified as subthreshold
ADHD. Next to this categorical classification, we used inattention and hyperactivity/impulsivity
symptom scores derived from the Conners’ Parent Rating Scale (CPRS-RL; Conners, et al., 1998a)
for our dimensional analyses. The CPRS-RL is an ADHD rating scale from which standardized
T-scores ranging from 40-90 can be obtained. For a full description of the NeuroIMAGE cohort,
including inclusion criteria and diagnostic assessment, see von Rhein, et al., (2014). Local
ethical committees of the participating centers approved our study and we obtained written
informed consent from all participants (for participants >12 years) and their legal guardians
(for participants <18 years).
For the current analyses we selected participants who completed an anatomical and an
8-minute R-fMRI scan. Detailed scan parameters and preprocessing procedures are provided
in the Supplementary material. Participants with high head-motion (N=47) as determined by
the root mean squared of the frame-wise displacement (RMS-FD>0.5; Jenkinson, et al., 2002)
and participants with insufficient brain coverage (N=16) were excluded. This procedure led to
the inclusion of 444 participants, consisting of ADHD participants (N=169), healthy controls
(N=122), unaffected siblings of ADHD participants (N=89), and subthreshold ADHD cases
(N=64). The characteristics of participants included in our final analyses are specified in Table
1. In the ADHD group 130 participants were currently on stimulant medication, however, all
participants discontinued stimulant medication use 48 hours before assessment.
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Table 1. Participant characteristics
Controls (C)
N=122

ADHD (A)
N=169

Test Statistic

Subthreshold
N=64

Siblings
N=89

17.04
106.6
0.125

2.98
13.9
0.09

17.89
96.08
2.41
0.140

3.07
15.1
3.12
0.10

t(289)=2.36*
t(289)=-6.08**
t(289)=1.35

A>C
A<C
-

18.37
100.7
1.95
0.129

3.32
12.9
3.13
0.09

17.63
102.1
0.002
0.113

4.12
14.9
0.01
0.09

54
48
-

44.3
39.3
-

123
92
46
6

72.8
54.4
27.2
3.80

X2(1)=24.18**
X2(1)=6.65*
-

A>C
A>C
-

38
36
8
-

59.4
56.3
12.5
-

35
46
2
-

39.3
51.7
2.25
-

46.45 5.24

69.59

14.2

t(289)=17.19** A>C

54.70

11.70

47.71

6.46

46.12 5.72

66.09

10.9

t(289)=18.49** A>C

54.07

8.57

46.81

6.16

Demographic (Mean, SD)

Age, years
IQ a
Medication use, years
Motion b
Demographic (Number, %)

Sex, male
Scan location, Nijmegen
ODD c
CD d
Clinical (Mean, SD)

Hyperactive/impulsive
symptoms e
Inattentive symptoms e

Estimated IQ based on Wechsler Intelligence Scale for Children or Wechsler Adult Intelligence Scale–III Vocabulary
and block design (Wechsler, 2000; 2002). b Motion as measured by frame-wise displacement (Jenkinson, et al.,
2002), c Oppositional defiant disorder (ODD), d Conduct disorder (CD), e Conners Parent Rating Scale questionnaire,
standardized T-score (Conners, et al., 1998a). Range min. 40 to max. 90 (≥63 is clinical threshold). The test statistics only
compare the ADHD and control group given that only these groups were included in the categorical analysis. The
dimensional analyses included all participants listed in this table independent of diagnostic label *p<.05, **p < .001.
a

Functional segmentation of the striatum
We obtained functionally defined subregions within the striatum using a novel top-down
parcellation strategy called Instantaneous Correlation Parcellation (ICP; Van Oort, et al., in
preparation). ICP delineates subregions within a larger predefined region of interest based
on subtle differences in the timeseries of the regions’ voxels. To this end ICP applies grouplevel independent component analysis to temporally unfolded voxel-wise timeseries, which
augments those subtle differences. The optimal number of subregions is determined by
assessing reproducibility of the parcellation across random splits of the data sample. Details
about the ICP implementation are provided in the Supplementary material.
Here, we generated an independent, high-resolution parcellation of the striatum
using R-fMRI data publically available in the Human Connectome Project (HCP; Smith, et al.,
2013). The HCP dataset provides one hour of R-fMRI data acquired using a multiband echoplanar imaging sequence with a spatial resolution of 2mm isotropic and a TR of 720ms. This
results in 4800 available time points for every participant. This high temporal resolution is of
great benefit as the ICP strategy specifically focuses on subtle differences in timeseries to
delineate subregions. We used 50 females and 50 males from the S500 release (for subject IDs
see Supplementary Table S1). Specifically, we used their ICA-FIX denoised data (Smith, et al.,
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2013) and additionally applied a high-pass filter of 0.01Hz and spatial smoothing using a 3mm
FWHM Gaussian kernel.
We applied ICP to the selected HCP R-fMRI data, using a mask of bilateral striatum
created by combining NAcc, caudate, and putamen as extracted from the Harvard-Oxford
subcortical atlas (Figure 1A). As a first solution, ICP yielded highest split-half reproducibility for a
parcellation including two subregions. This parcellation segregated the striatum into a cluster
corresponding to putamen and a cluster corresponding to NAcc and caudate. The parcellation
showing the second highest reproducibility (84% overlap between split-half analyses; see
Figure S3) yielded six subregions, which closely corresponded to the hypothesized subregions
within the striatum (Figure 1B). Accordingly, we used this parcellation for further analyses.
Figure 1B illustrates the six subregions, including the hypothesized anterior-posterior
division within putamen and dorsal-ventral division within caudate. All resulting subregions
were bilateral, except for anterior putamen, which was split in separate left and right parts.
To enhance the homogeneity of the obtained subregions we identified voxels within each
subregion that were part of the same subregion across the lower-scale parcellations (scale
2-5; Supplementary Figure S4). This procedure excluded voxels that exhibited discordant
associations when increasing the number of subregions. Especially voxels at the interface
between two regions might be subject to altered associations depending on the number
of requested subregions. The resulting coherent, stable sub-regions were used as regions of
interest in subsequent functional connectivity analyses. These six sub-regions are displayed in
Figure 1C and consisted of dorsal caudate (turquoise), ventral caudate (green), NAcc (yellow),
left anterior putamen (red), right anterior putamen (violet), and posterior putamen (blue). Of
note, we present a comparison with an alternative functional parcellation of striatum (Choi, et
al., 2012) in Supplementary Figure S5.
Seed-based functional connectivity analyses
We used the six stable subregions obtained from the ICP parcellation as masks to extract
R-fMRI timeseries for the NeuroIMAGE participants. Timeseries were extracted from
each participant’s R-fMRI data after transformation to MNI152 2mm standard space (see
Supplementary material). First we extracted timeseries for all voxels within each mask and
applied a singular value decomposition. We then selected the first eigenvariate and used the
associated timeseries as the timeseries that most accurately represented the seed mask. Next,
we obtained native-space participant-level whole-brain voxel-wise functional connectivity
maps for each seed by entering all seed timeseries simultaneously in a multiple regression.
This approach resulted in unique whole-brain functional connectivity maps for each striatal
subregion that were not confounded by contributions of the other seeds. The whole-brain
functional connectivity maps were transformed to MNI152 2mm standard space and were
subsequently used in categorical and dimensional analyses that assessed effects of ADHD.
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Figure 1. Functional parcellation of striatum generated using instantaneous Correlation Parcellation.
A) structural parcellation of the striatum in caudate (green), NAcc (yellow), and putamen (blue) as provided in the
Harvard-Oxford Atlas. b) Functional parcellation of the striatum into six subregions using the iCP strategy. C) The
six final, stable subregions used for further analyses including: dorsal caudate (turquoise), ventral caudate (green),
NAcc (yellow), left anterior putamen (red), right anterior putamen (violet), and posterior putamen (blue). We created
the stable regions by excluding those voxels that were inconsistently associated with subregions across lower-level
parcellations (e.g., a voxel that was associated with anterior putamen in the 4-region solution, and posterior putamen
in the current 6-region solution would be excluded; see also supplementary Figure s4).

in the categorical analysis we compared the functional connectivity maps of the
six striatal regions between the ADHD group (N=169) and control group (N=122). in the
dimensional analyses we examined the relationship between functional connectivity of
the six striatal regions and CPRs inattention and hyperactivity/impulsivity scores across all
participants (N=444). We tested the effects of inattention and hyperactivity/impulsivity
separately in two linear models.
Both the categorical and dimensional models included covariates for age, age2, sex, scan
location, and comorbid ODD/CD. The effects of both categorical and dimensional analyses
were tested using permutation testing as implemented in FsL randomize (5000 permutations;
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Relationships with motor performance and cognition
For regions showing significant ADHD-related effects in the categorical and/or dimensional
analyses, we explored post-hoc whether these effects were related to motor or cognitive
performance. We calculated mean connectivity for regions identified in the categorical and/
or dimensional analyses for every participant and correlated these connectivity values with
measures of motor or cognitive performance, while correcting for effects of age, age2, sex,
scan location, and ODD/CD comorbidity. To index motor performance we used total motor
performance scores obtained from the Developmental Coordination Disorder questionnaire
(DCD-Q; Wilson, et al., 2000), performance on a motor timing task (Rommelse, et al., 2007;
Thissen, et al., 2014a), as well as performance on motor speed, motor pursuit, and motor
tracking obtained from the Amsterdam Neuropsychological Task battery (De Sonneville, 1999;
Thissen, et al., 2014b). To index cognitive functioning we used performance on the following
tasks: visuospatial working memory (accuracy and reaction time; Klingberg, et al., 2002; McNab,
et al., 2008; van Ewijk, et al., 2014a), response inhibition (stop signal reaction time and number
of errors; Logan, et al., 1984; van Rooij, et al., 2015), and WISC/WAIS intellectual functioning
(Cho, et al., 2014; Cho, et al., 2015; Choi, et al., 2012; Thissen, et al., 2014b). Supplementary Table
S8 lists participant characteristics for each measure.

Results
Whole-brain functional connectivity of the six striatal regions
Figure 2 shows the whole-brain functional connectivity networks of the six striatal subregions in
the control group. The observed networks largely correspond with striatal networks as reported
in existing literature (Di Martino, et al., 2008; Helmich, et al., 2010). The network of NAcc comprised
OFC, ACC, and precuneus. The ventral caudate network (VC) included medial and lateral PFC,
lateral OFC and ACC, whereas the network of dorsal caudate (DC) was restricted to striatal regions.
The left (APl) and right (APr) anterior putamen networks were unilateral and smaller compared
to the other networks, including dorsal ACC and pre-supplementary motor area. Finally, the
posterior putamen (PP) was extensively connected with areas of the motor system including
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Winkler, et al., 2014). We applied threshold-free cluster enhancement and family-wise error
correction. Results were considered statistically significant if they passed a threshold of
p<0.0083 (i.e., p=0.05/6 investigated networks). To rule out that our findings were driven by
scan location, sex, age, IQ, medication history, or ODD/CD comorbidity, we conducted post-hoc
sensitivity analyses, as described in the Supplementary material (Tables S2-S6). Finally, to provide
a comparison with current literature, we repeated our analyses using putamen, caudate, and
NAcc as homogeneous (anatomically-defined) seed regions (see Supplementary material).
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Figure 2. Whole-brain functional connectivity networks for each of the six striatal subregions.
Whole-brain networks shown here were derived through multiple regression using data of healthy controls only
(N=122). X- and z-values represent x- and z-MNI152 coordinates. Abbreviations: NAcc=nucleus accumbens,
VC=ventral caudate, DC=dorsal caudate, APl=anterior putamen left, APr=anterior putamen right, PP=posterior
putamen. The network for the right anterior putamen seed (APr) is displayed for the corresponding x-values in the
right hemisphere (x=5, x=20, x=35, and x=50). To aid visualization, the threshold for the network of posterior putamen
seed (PP) was set at |t|≥ 7.
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primary motor cortex and cerebellum. Supplementary Figure S6 compares the current networks
to functional networks of the striatum defined in an earlier study (Di Martino, et al., 2008).

Effects of dimensional ADHD-related measures
Dimensional analyses using participant-level ADHD symptom ratings of all 444 participants,
revealed that increased hyperactivity/impulsivity (Figure 3A) and increased inattention scores
(Figure 3B) were associated with increased functional connectivity of posterior putamen with
occipital cortex and cerebellum. Higher inattention scores were furthermore associated with
increased functional connectivity of posterior putamen with prefrontal cortex, left motor
cortex, and precuneus (Figure 3B). Increased inattention scores also correlated with increased
functional connectivity between ventral caudate and occipital fusiform gyrus (Figure 3C). Peak
coordinates of the significant clusters are listed in Table 2; Figure S7 illustrates the relationship
between symptom scores and functional connectivity for each cluster. Of note, although effects
were observed across the whole sample, relationships between functional connectivity and
symptom scores were strongest in ADHD participants and their siblings; see Supplementary
Table S4). No significant dimensional relationships were observed for functional connectivity
patterns of the other striatal regions (NAcc, dorsal caudate, left and right anterior putamen).
Post-hoc sensitivity analyses showed that the observed dimensional effects were not related
to scan location, sex, age, IQ, medication history, or ODD/CD comorbidity (Supplementary
Tables S2–S6).
Relationships with motor performance and cognition
Given the role of the posterior putamen in motor function, we conducted post-hoc analyses
exploring whether functional connectivity between posterior putamen and significant
clusters identified in the dimensional analyses was related to motor performance (using
a Bonferroni corrected p-value of 0.00625, i.e., 0.05/8 examined clusters). These analyses
revealed that DCD-Q total motor performance decreased as functional connectivity between
posterior putamen and motor cortex increased (r=-0.14, p=0.006; see Figure 4). Similarly,
DCD-Q total motor performance decreased as posterior putamen-cerebellum connectivity
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Categorical effects of ADHD
We did not observe significant differences between the ADHD and control group in the
functional connectivity patterns of any of the six striatal regions. Results obtained using a nonBonferroni corrected threshold of p<0.05 are presented in Supplementary Figure S9. Further,
to allow comparison with earlier studies we conducted univariate (instead of multivariate)
categorical analyses investigating connectivity for each striatal seed region in a separate
model. These analyses did also not reveal significant differences between the ADHD and
control group.
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Figure 3. Significant dimensional effects for posterior putamen and ventral caudate connectivity.
A) Increased hyperactivity/impulsivity scores were associated with increased functional connectivity of posterior
putamen with regions in occipital cortex and cerebellum. B) Increased inattention scores were associated with
increased functional connectivity of posterior putamen with the various highlighted regions. C) Increased inattention
scores were furthermore related to increased functional connectivity between ventral caudate and occipital fusiform
gyrus. D) Representation of the relationship between inattention and functional connectivity between posterior
putamen and motor cortex (as circled in panel B).

Table 2. Peak coordinates of significant clusters observed in the dimensional analyses
Inattention-related increase in posterior putamen connectivity

Peak coordinates (MNI)

Occipital cortex
Cerebellum
Precuneus
Motor cortex
extending to supramarginal gyrus
Prefrontal cortex

x=-12
x=-6
x=10
x=-46
x=-58
x=-22

y=-94
y=-68
y=-46
y=2
y=-40
y=44

z=8
z=-22
z=46
z=50
z=38
z=30

x=-24

y=-68

z=-18

x=24
x=14

y=-86
y=-74

z=16
z=-18

Inattention-related increase in ventral caudate connectivity

Occipital cortex
Hyperactivity/Impulsivity-related increase in posterior putamen connectivity

Posterior putamen – Occipital cortex
Posterior putamen – Cerebellum
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increased (r=-0.20, p<0.001). These effects are however not unexpected given the presence of
motor problems in ADHD. Correlations between connectivity of posterior putamen and the
other measures of motor performance were not significant.
Finally, we explored whether functional connectivity between ventral caudate and
occipital fusiform gyrus, which was related to symptoms of inattention, was also related to
impaired cognitive functioning, as the caudate has been implicated in cognitive control
(Grahn, et al., 2008). We did not observe associations between ventral caudate-occipital
fusiform gyrus connectivity and our cognitive performance measures.

Discussion
In this report we investigated categorical and dimensional ADHD-related alterations in
whole-brain functional connectivity of six striatal subregions obtained using a novel
functional parcellation technique. We did not replicate case-control differences in corticostriatal network connectivity observed in previous studies, yet we did observe that functional
connectivity in the networks of posterior putamen and ventral caudate increased significantly
with increasing inattention and hyperactivity/impulsivity symptom scores. In addition, we
showed that increased connectivity of posterior putamen with motor cortex and cerebellum
correlated with decreased motor performance. Our findings support hypotheses of corticostriatal dysfunction in ADHD and highlight the dimensional aspects of the disorder.
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Figure 4. Increased functional connectivity between posterior putamen and motor cortex is associated with
decreased motor performance, r=-0.14, p=0.006.
Motor performance was based on the Developmental Coordination Disorder Questionnaire (DCD-Q; Wilson, et
al., 2000); higher scores indicate better performance. The correlation between posterior putamen-cerebellum
connectivity and motor performance (r=-0.20, p<0.001) yielded a similar effect.
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Increased inattention scores were associated with increased functional connectivity
of posterior putamen with several regions including motor cortex, cerebellum, precuneus,
and PFC. The observed increase in functional connectivity of posterior putamen with motor
cortex and cerebellum could be interpreted in light of impairments in motor execution,
which are typical for many children with ADHD (Fliers, et al., 2008; Stray, et al., 2013). This
idea is supported by our observation that increased connectivity of posterior putamen with
cerebellum and motor cortex was associated with subjective ratings of decreased motor
performance, and also corresponds with previous studies relating increased white matter
tract strength between posterior putamen and primary motor cortex to decreased motor
performance in healthy adults (de Wit, et al., 2012). Our findings furthermore corroborate
reports of increasing motor tract anisotropy with increasing ADHD symptom scores (van Ewijk,
et al., 2014b), and task-based fMRI studies that relate aberrant activity of the motor system to
impaired motor function in ADHD (Suskauer, et al., 2008; Valera, et al., 2010). We note that the
direction of this dimensional effect, i.e., increased functional connectivity, contradicts taskbased fMRI and R-fMRI studies that reported reduced activation or connectivity in corticostriatal networks in ADHD (for reviews see Cubillo, et al., 2012; Oldehinkel, et al., 2013; Posner,
et al., 2014). Regarding the motor network, both increased (An, et al., 2013) and decreased
(Cao, et al., 2009) functional connectivity have been reported in ADHD. This dichotomy might
relate to potential opposite effects of ADHD characteristics in clinical ADHD versus the healthy
population (Plichta and Scheres, 2014), yet other studies do not report such opposite effects
(Hoogman, et al., 2012).
Further, we observed that increased inattention scores were associated with increased
connectivity between posterior putamen and precuneus. The precuneus is a multifaceted
region and is also part of the default mode network (DMN). The DMN, as opposed to taskpositive networks, is associated with self-referential cognitive processes that are typically
inhibited during externally oriented, attention-demanding tasks (Sonuga-Barke and
Castellanos, 2007). Our findings correspond with previous studies reporting decreased anticorrelation between precuneus (as part of the DMN) and task-positive networks, or in other
words diminished DMN suppression, during sustained attention in ADHD (Christakou, et al.,
2013). Diminished DMN suppression is thought to disrupt ongoing cognition and behavior,
leading to periodic lapses in task-performance, a hallmark of ADHD (Castellanos and Proal,
2012; Posner, et al., 2014).
Finally, we observed increased functional connectivity of both posterior putamen and
ventral caudate with occipital cortex at higher ADHD symptom scores. Deficits in occipital
cortex, which is involved in visual processing, are not typically considered in the etiology of
ADHD. Yet, there is ample evidence for structural (Ahrendts, et al., 2011; Proal, et al., 2011)
and functional occipital cortex abnormalities in ADHD (for review see Castellanos and Proal,
2012). Furthermore, local functional connectivity within occipital cortex was significantly
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increased in ADHD patients (Cao, et al., 2006; Wang, et al., 2013). Increased activation and
connectivity of occipital cortex has been hypothesized to reflect mechanisms compensating
for inattention in ADHD (Castellanos and Proal, 2012; Cortese, et al., 2012). Accordingly, our
finding of increased functional connectivity between ventral caudate and occipital cortex as
a function of increased inattention could be explained in the context of interactions between
occipital cortex, caudate, and attention networks that are aimed at maintaining attention to
relevant stimuli while suppressing attention to irrelevant stimuli (Shulman, et al., 2009).
In contrast to the dimensional ADHD-related effects we did not find significant casecontrol differences on cortico-striatal network connectivity when using categorical definitions
of the disorder. A recent R-fMRI study characterized both categorical and dimensional
variations in four large-scale brain networks (default mode, dorsal attention, executive
control, and salience network; Elton, et al., 2014). Distinct categorical and dimensional
effects were reported, but overlap between some of the neural correlates of both measures
was also demonstrated, confirming the hypothesis that both categorical and dimensional
mechanisms contribute to ADHD. We did not find significant categorical differences, which in
inconsistent with this hypothesis and previous reports investigating functional connectivity in
cortico-striatal networks in ADHD (for reviews see Oldehinkel, et al., 2013; Posner, et al., 2014).
However, when lowering the threshold for significance we observed increased connectivity
between posterior putamen and occipital cortex in the ADHD group compared to controls,
which overlapped with our significant dimensional findings (see Supplementary Figure
S9). These observations seem to suggest that dimensional analyses using inattention and
hyperactivity/impulsivity measures might be more sensitive than a categorical analysis to
reveal the neuroimaging correlates of ADHD. Yet, our findings do not rule out that different
mechanisms underlie the ADHD-related effects observed in categorical and dimensional
analyses of cortico-striatal network connectivity (Elton, et al., 2014). Of note, we are preparing
a manuscript focusing on statistical techniques to disentangle effects of hyperactivity/
impulsivity, inattention, and general ADHD-related effects (Pruim, et al., in preparation).
Further, although not yielding significance, the categorical analyses revealed similar effect
sizes as the dimensional analyses. The average effect size of the dimensional effects is r=0.237
versus r=0.225 of the subthreshold categorical effect depicted in Supplementary Figure
S9. This suggests that the difference in results might at least be partly related to increased
statistical power in the dimensional analyses through the inclusion of more participants.
A factor that might have contributed to the absence of significant categorical differences
in our study is the potential heterogeneity in our large sample (N=444). We explicitly aimed
to include an ADHD sample sufficiently broad to provide a valid representation of the
general ADHD population: we selected participants independent of ADHD subtype, sex, and
stimulant treatment within a large age range (8-25 years). This approach however, might have
concealed categorical differences detected in previous studies. That is, previous studies have
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mostly been conducted in smaller, potentially more homogeneous samples consisting of
participants with the combined (and most severe) ADHD subtype, while all ADHD subtypes
were included in our study. Dimensional measures, in contrast, capture such developmental,
sex, and treatment differences by allowing individual variation.
A limitation of our study is that medication use differed among ADHD participants, with
130 out of 169 participants being on stimulant medication. Importantly, stimulant medication
has been shown to alter activation and/or functional connectivity of prefrontal and striatal
regions in controls (Mueller, et al., 2014) and participants with ADHD (for meta-analyses
see Hart, et al., 2013; McCarthy, et al., 2014; Rubia, et al., 2009). However, sensitivity analyses
described in the Supplementary material indicate that medication status (i.e., medicated
versus medication-naïve; Table S5 and Figure S8) and the duration of medication use (Table
S2) did not significantly impact our findings. We could not distinguish medicated from
medication-naïve participants.
In this report we investigated cortico-striatal networks using functionally defined
subregions of the striatum obtained via a novel functional parcellation strategy (i.e., ICP). Using
this approach we avoided imposing structural borders while taking functional subdivisions
of the striatum into account. We clearly demonstrated the potency of ICP to segregate the
striatum into functional subregions: the parcellation of the striatum not only confirmed the
traditional subdivision into NAcc, putamen, and caudate, but also the hypothesized anteriorposterior division of putamen and ventral-dorsal division of caudate were retrieved. Functional
parcellations of the striatum have been generated before (Choi, et al., 2012; Janssen, et al.,
2015; Jung, et al., 2014); see Supplementary Figure S5 for a comparison with (Choi, et al., 2012).
However, all previous studies based their parcellation on functional connectivity of the striatum
with the rest of the brain. In contrast, we used the striatum’s internal dynamics to obtain fully datadriven, functionally distinct subregions. We furthermore demonstrated the benefit of our finescale functional subdivision over a traditional anatomical subdivision of striatum: the analyses
using putamen, caudate, and NAcc as homogeneous seed regions only revealed a significant
inattention-related increase in functional connectivity in the network of putamen, which was
of smaller spatial extent than the inattention-related increases observed in the network of the
functionally defined posterior putamen region (Supplementary Figure S10).
To conclude, we demonstrated the effectiveness of ICP to functionally segregate
the striatum into biologically valid subregions. Using these regions we confirmed corticostriatal network dysfunction in ADHD by revealing symptom-related increases in functional
connectivity of posterior putamen and ventral caudate. Our results highlight the potential
of data-driven functional connectivity studies for explaining variance in the behavioral
heterogeneity of ADHD beyond a categorical definition of the disorder.
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Instantaneous Correlation Parcellation of striatum
To segment the striatum into functional subregions, we used a novel top-down parcellation
strategy called Instantaneous Correlation Parcellation (ICP; Van Oort, et al., in preparation). ICP
is based on the assumption that voxels that form a subregion within a larger region of interest
(ROI), exhibit similar, yet slightly different time courses compared to other voxels within the
larger region. Accordingly, each subregion within this ROI could be identified by structured
changes between the voxel-wise timeseries and thus has its own characteristic temporal
signature. To enhance the identifiability of subregions, ICP selectively augments these
subtle differences by the element-wise multiplication of the voxel-wise time courses with
the average time course of the entire ROI. This process (called “temporal unfolding”) results
in instantaneous correlations and is illustrated in Figure S1. The instantaneous correlations
are calculated separately for every fMRI dataset. Subsequently, group-level independent
component analysis (ICA; Beckmann and Smith, 2004), a data-driven multivariate analyses
technique, is applied to these transformed time courses. ICA will divide the ROI into subregions
(i.e., components) by grouping voxels with similar timeseries, thus segregating voxels with
different instantaneous correlations.

Figure S1. Illustration of the instantaneous correlation parcellation strategy.
The oval represents a ROI consisting of four subregions. The black time course represents the average timeseries of
the entire ROI, whereas the four colored timeseries represent exemplar timeseries for a voxel within each subregion.
Multiplying each of these voxel specific timeseries with the average time course of the entire ROI (temporal
unfolding), results in instantaneous correlations in which the subtle differences between the timeseries of each voxel
are enhanced (increase in SNR of about 3dB in this example). Subsequently, ICA is applied to the unfolded timeseries
to segregate the region of interest into subregions by grouping voxels with similar instantaneous correlations.

To determine which number of subregions is best supported by the data, or in other
words, in how many subregions a ROI can be functionally segregated, ICP employs split-half
reproducibility analyses for a selected range of model orders (i.e., the number of subregions,
also referred to as the scale of parcellation). To this end the group ICA is repeated in two random
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halves of the R-fMRI datasets for every scale. Subsequently, the split-half reproducibility at
each scale is determined by calculating the Dice-overlap between the obtained parcellations
for each half of the datasets. By iterating this process 20 times, reliable averages are acquired
for each scale and the optimal scale of parcellation can be defined. Figure S2 illustrates the
ICP pipeline.

Figure S2. Flowchart of the ICP pipeline.
The group ICA is applied to the instantaneous correlations and repeated 20 times for a range of model orders in order
to assess split-half reproducibility.

Here, we applied ICP to obtain parcellations of striatum ranging from two to 30 subregions
using R-fMRI data of 100 participants from the HCP dataset. Specifically, we selected the first
50 females and first 50 males belonging to the 26-30 age range from the S500 release (see
Table S1 for the subjects IDs). As a first solution, ICP yielded highest split-half reproducibility for
a parcellation including two subregions (Figure S3). This parcellation segregated the striatum
into a region corresponding to putamen and a region corresponding to NAcc and caudate.
However, since we were interested in a small-scale subdivision of striatum, we selected
the parcellation of striatum into six subregions. This parcellation had the second highest
reproducibility with an average Dice-overlap of 84% between repeat analyses (see Figure S3).
To further enhance the stability of the obtained subregions we identified those voxels within
each subregion that were part of the same subregion across the lower-scale parcellations.
This resulted in coherent, stable subregions that we used as seeds in subsequent functional
connectivity analyses. This stable parcellation and the parcellations up to six clusters are
depicted in Figure S4.
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Table S1. Subject IDs from HCP subjects included in the ICP analysis
Subject IDs

123925
128127
131217
131722
132118
133019
135528
140117
141826
142626
145834
146331
147030

148941
149741
150625
152831
154936
155635
157437
159441
160830
161630
164131
164939
167036

169444
171431
171633
172029
172130
173334
173435
173940
177645
178142
179346
180129
181232

187143
189349
191033
191336
191841
192843
194645
197348
198855
201818
203418
205220
208327

209834
210415
211215
211922
212116
212419
231928
290136
303119
308331
316633
352132
380036

385450
395958
433839
445543
573249
594156
599671
623844
690152
695768
742549
789373
814649

833148
837560
871762
901038
910241
912447
922854
958976
983773
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101309
102311
103111
105014
106521
108121
108323
111413
116524
118528
120515
122620
123420

Figure S3. The split-half reproducibility scores.
The split-half reproducibility score at each scale of the functional parcellations obtained for the striatum in the HCP
sample.
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Figure S4. Functional parcellations of the striatum across different scales.
Functional parcellations ranging from two to six subregions and the six stable subregions that were used as seed
regions in further analyses.
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Discussion of striatal parcellation and cortico-striatal networks in light of previous
literature
A functional parcellation of the striatum has been generated before (Choi, et al., 2012; Janssen,
et al., 2015; Jung, et al., 2014). Choi and colleagues (2012) used seven cortical networks
obtained by (Yeo, et al., 2011) and assigned each voxel in the striatum to its most strongly
correlated cortical network, resulting in a striatal parcellation consisting of seven subregions.
Figure S5 shows a comparison between this parcellation and our ICP parcellation of the
striatum. Some overlap between both parcellations is present, for example both parcellations
contain subregions for anterior putamen and consist of a more dorsal and a more ventral
part of the caudate. Nevertheless, the parcellations are clearly distinct. Although this might
partly relate to the difference in the number of subregions (i.e., seven versus six subregions),
it is more likely related to differences in methodology. Whereas the parcellation of Choi and
colleagues is based on connectivity with cortex, our parcellation is solely based on the internal
signal homogeneity of striatum.
Similar to our study, Di Martino and colleagues (2008) also investigated functional
connectivity of the striatum using a seed-based approach. Yet, instead of parcellating striatum
into subregions and determining functional connectivity of these subregions in a multivariate
analysis, they placed six spherical seed regions (with a radius of 3.5 mm, including 123
isotropic 1mm voxels) in the striatum and computed functional connectivity for each seed in
a separate analysis. A comparison of the six seed-regions as well as the obtained functional
networks between both studies is displayed in Figure S6. The seed regions from the study of
Di Martino and colleagues are smaller compared to our seed regions (Figure S6A). The ventral
caudate region defined by our parcellation includes both the dorsal caudate and ventral
striatum superior defined in the Di Martino study, whereas the NAcc region defined in our
parcellation includes the ventral striatum inferior region defined in the Di Martino study. Our
anterior putamen regions include the ventral rostral putamen and our posterior putamen
region includes the dorsal caudal putamen regions defined in the study of Di Martino.
However, our parcellation does not include a dorsal rostral putamen region. Furthermore,
it is important to note that the networks displayed for the Di Martino study (panel B) are
based on the right striatal seeds only, whereas our seed regions were unilateral or bilateral
depending on the subregion (panel C). Comparing the functional networks between studies
reveals similarities but also differences. For example, the posterior putamen network defined
in our study is much more extended than the network of the corresponding dorsal caudal
putamen region defined in the study of Di Martino, but both networks include the primary
motor cortex. Furthermore, the network of the ventral caudate region defined in our study,
shows great overlap with the network of the ventral striatum superior and the dorsal caudate
seed region obtained in the Di Martino study. However, the networks of the NAcc and anterior
putamen show more differences than similarities with the corresponding networks in the
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study of Di Martino and colleagues. Differences in location and size of the seed regions as
well as distinct methodology, i.e., univariate versus multivariate analyses, likely contribute to
differences in functional networks between both studies.

Figure S5. Comparison between the functional parcellation of the striatum described in Choi and colleagues and
our ICP parcellation.
The functional parcellation of the striatum described in (Choi, et al., 2012; figure modified with permission) consisted
of seven subregions. Our ICP parcellation consisted of six subregions. Slices from anterior to posterior in the brain are
shown on the left, slices from superior to inferior on the right. Numbers indicate Y-coordinates (left) and Z-coordinates
(right) in MNI space. Abbreviations: A=anterior, P=posterior, S=superior, I=inferior, L=left, R=right.
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Figure S6.
A) Comparison between the six striatal seed regions used in our study and the six spherical seeds used in the study of
Di Martino and colleagues. The six spherical seeds of the Di Martino study are placed on top of our iCP-defined seed
regions. B) The six functional networks described by Di Martino and colleagues. Z score > 3.1, cluster significance:
p<0.01, corrected. X-values and z-values represent x and z MNi-coordinates respectively. Abbreviations: DC=dorsal
caudate, VC=ventral caudate, NAcc=nucleus accumbens, APl=left anterior putamen, APr=right anterior putamen,
PP=posterior putamen, DC=dorsal caudate, Vss=ventral striatum superior, Vsi=ventral striatum inferior, VRP=ventral
rostral putamen, DRP=dorsal rostral putamen, DCP=dorsal caudal putamen.
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Figure S6. (Continued)
C) The six functional networks obtained in our study. T score > 4.0, cluster significance: p<0.0083, corrected.
Abbreviations: NAcc=nucleus accumbens, VC=ventral caudate, DC=dorsal caudate, PP=posterior putamen, APl=left
anterior putamen, APr=right anterior putamen.
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MRI data acquisition and preprocessing
MRI data were acquired at two locations on 1.5 Tesla Siemens scanners from Siemens
(Siemens AVANTO at the Donders Institute for Brain Cognition and Behavior in Nijmegen and
Siemens SONATA at the VU University Medical Centre in Amsterdam). At both sites identical
8-channel head coils and MRI protocols were employed. An MPRAGE sequence was used for
the acquisition of T1-weighted anatomical scans (TR=2730ms, TE=2.95ms, TI=1000ms, voxel
size=1x1x1mm, flip angle=7˚, matrix size=256x256, FOV=256mm, 176 slices). The R-fMRI
data were obtained using a gradient echo-planar imaging (GE-EPI) sequence (TR=1960ms,
TE=40ms, flip angle=80, matrix size=64x64, in-plane resolution=3.5mm, FOV=224mm, 37
axial slices, slice thickness/gap=3.0mm/0.5mm, 265 volumes). Participants were instructed to
relax and keep their eyes open for the duration of the R-fMRI scan.
Tools from the FMRIB Software Library (FSL version 5.0.6; http://www.fmrib.ox.ac.uk/fsl)
were used for preprocessing of the R-fMRI data. We applied a standard preprocessing pipeline
which included removal of the first five volumes allowing for signal equilibration, primary head
movement correction via realignment to the middle volume (MCFLIRT; Jenkinson, et al., 2002),
grand mean scaling, and spatial smoothing using a 6mm FWHM Gaussian kernel. We did not
conduct band-pass filtering in an effort to preserve as much signal of interest as possible.
Moreover, in light of frequency aliasing given our volume TR we believe that respiration or
cardiac-related signal would not be adequately removed using the typical 0.1-0.01Hz bandpass filter. The preprocessed R-fMRI data were denoised for secondary head motion-related
artifacts using automatic noise selection as implemented in ICA-AROMA (Pruim, et al., 2015b),
a novel method for distinguishing head motion-related components resulting from an ICA
decomposition of the preprocessed data. Importantly the selection of components made
by ICA-AROMA preserves reproducibility and identifiability of resting-state signal of interest
(Pruim, et al., 2015a). Finally, signal from white matter and cerebrospinal fluid was removed
using nuisance regression, and a high-pass filter (0.01 Hz) was applied. Each participants’
R-fMRI images were co-registered to the participants’ anatomical image using boundarybased registration implemented in FSL-FLIRT (Greve and Fischl, 2009). The T1 images were
registered to Montreal Neurological Institute (MNI152) standard space using 12-parameter
affine transformation and refined using non-linear registration with FSL-FNIRT (10 mm warp, 2
mm resampling resolution; Jenkinson, et al., 2002).
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Scatterplots of the observed dimensional ADHD-related effects

Figure S7. Scatterplots of the dimensional ADHD-related effects.
Representation of the observed dimensional relationships between Conners Parent Rating Scale (CPRS) inattention
and CPRS hyperactivity/impulsivity scores and functional connectivity of posterior putamen and ventral caudate
across all participants.
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Post-hoc sensitivity analyses of the observed dimensional ADHD-related effects
We conducted post-hoc sensitivity analyses to ensure that our observed symptom related
increases in functional connectivity in the networks of posterior putamen and ventral
caudate were not driven by effects of age, IQ, and medication use. To this end we computed
correlations between age, IQ, and duration of medication use (days; only in the ADHD group),
and functional connectivity of posterior putamen with clusters that showed a significant
inattention-related increase in occipital cortex, cerebellum, precuneus, motor cortex, and
prefrontal cortex (i.e., the mean value for each cluster; corrected for age, sex, scan location, and
ODD/CD comorbidity). Similarly, we computed correlations between age, IQ, and duration of
medication use, and functional connectivity of posterior putamen with clusters in occipital
cortex and cerebellum that showed a significant hyperactivity/impulsivity-related increase.
Table S2 demonstrates that none of these correlations survived correction for multiple
comparisons, confirming that age, IQ, and medication use did not influence the observed
symptom-related increases in functional connectivity. We note the trend in the correlations
with medication duration in the ADHD sample; these could provide interesting angles for
further investigation.

Table S2. Sensitivity analyses examining effects of age, IQ, and medication duration
Functional connectivity
Inattention-related increase

Posterior putamen – Occipital cortex
Posterior putamen – Cerebellum
Posterior putamen – Precuneus
Posterior putamen – Motor cortex
Posterior putamen – Prefrontal cortex
Ventral caudate – Occipital cortex

Age

IQ

Medication duration

r=
p=
r=
p=
r=
p=
r=
p=
r=
p=
r=
p=

-0.05
0.32
-0.07
0.15
-0.03
0.50
-0.06
0.21
0.02
0.65
-0.03
0.50

0.05
0.34
-0.01
0.88
0.03
0.60
0.01
0.87
0.02
0.66
0.03
0.59

-0.17
0.05
0.003
0.98
-0.17
0.04
-0.12
0.16
-0.16
0.06
0.01
0.86

r=
p=
r=
p=

-0.04
0.36
-0.05
0.25

0.04
0.42
-0.02
0.66

-0.16
0.05
-0.03
0.70

Functional connectivity
Hyperactivity/Impulsivity-related increase

Posterior putamen – Occipital cortex
Posterior putamen – Cerebellum

Correlations and corresponding p-values of posterior putamen-occipital cortex, posterior putamen-cerebellum,
posterior putamen-precuneus, posterior putamen-motor cortex, posterior putamen-prefrontal cortex, and ventral
caudate-occipital cortex functional connectivity with age, (estimated) IQ, and duration of medication use (in the
ADHD group).
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To ensure that the observed symptom-related increases in functional connectivity in the
networks of posterior putamen and ventral caudate were not specific to sex, scan location, and
presence or absence of ODD/CD comorbidity, we furthermore computed correlations between
CPRS inattention scores and CPRS hyperactivity/impulsivity scores (Conners, et al., 1998a) and
functional connectivity of posterior putamen and ventral caudate with their significant clusters
(i.e., the mean value for each cluster) separately for males and for females, for participants scanned
in Amsterdam and in Nijmegen, and for participants without and with ODD/CD comorbidity.
These analyses aimed to qualitatively confirm that effects within each subgroup adhere to the
same direction as our main findings (i.e., symptom related increases in functional connectivity),
rather than demonstrating that effects within subgroups remained significant, as splitting into
smaller groups will affect statistical power. These analyses demonstrated inattention-related
increases in functional connectivity of posterior putamen and ventral caudate and hyperactivity/
impulsivity-related increases in functional connectivity of posterior putamen, in males as well
as in females, for participants scanned in Amsterdam and in Nijmegen, and for participants
without as well as with ODD/CD comorbidity (Table S3). Apart from the correlations between
ventral caudate-occipital cortex connectivity and inattentive symptoms and between posterior
putamen-occipital cortex connectivity and hyperactive/impulsive symptoms in the ODD/CD
comorbidity group, all correlations were positive, and comparable between those obtained for
males and females, Nijmegen and Amsterdam and with or without ODD/CD comorbidity. These
analyses confirm that the observed inattention and hyperactivity-related increases in functional
connectivity in the networks of posterior putamen and ventral caudate were not driven by
differences in sex, scan location, and ODD/CD comorbidity.
In addition, we computed correlations between CPRS inattention scores and CPRS
hyperactivity/impulsivity scores and functional connectivity of posterior putamen and ventral
caudate with their significant clusters in each of the four diagnostic groups separately (i.e.,
controls, ADHD, unaffected siblings, and subthreshold ADHD; Table S4). These analyses aimed
to show that effects in each of these groups adhere to the same direction as our main findings
(i.e., symptom related increases in functional connectivity), rather than demonstrating that
correlations within subgroups remained significant, as splitting into smaller groups will affect
statistical power. As can be observed in Table S4, the relationship of functional connectivity
with inattention and hyperactivity/impulsivity scores was strongest in ADHD participants and
their unaffected siblings. Overall, correlations between functional connectivity and symptom
scores were also positive in the control group, but they were weaker, possibly as a result of
the smaller range of symptom scores covered by the control group compared to the other
diagnostic groups.
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Table S3. Sensitivity analyses examining effects of sex, scan location, and ODD/CD comorbidity
Functional connectivity
Inattention-related increase

Posterior putamen – Occipital
cortex
Posterior putamen – Cerebellum
Posterior putamen – Precuneus
Posterior putamen – Motor cortex
Posterior putamen – Prefrontal
cortex
Ventral caudate – Occipital cortex

Sex

r=
p=
r=
p=
r=
p=
r=
p=
r=
p=
r=
p=

Scan location

ODD/CD comorbidity

Male
N=250

Female
N=194

Nijmegen Amsterdam
N=222
N=222

No ODD/CD
N=387

ODD/CD
N=57

0.24
**
0.33
**
0.25
**
0.28
**
0.37
**
0.23
**

0.20
*
0.24
*
0.23
*
0.30
**
0.17
*
0.31
**

0.30
**
0.39
**
0.27
**
0.30
**
0.29
**
0.25
**

0.12
0.09
0.18
*
0.21
*
0.27
**
0.27
**
0.27
**

0.22
**
0.29
**
0.25
**
0.30
**
0.29
**
0.30
**

0.13
0.37
0.28
*
0.18
0.19
0.25
0.07
0.28
*
0.06
0.66

0.19
*
0.29
**

0.26
**
0.22
*

0.26
**
0.34
**

0.18
*
0.18
*

0.26
**
0.26
**

0.00
0.96
0.30
*

Posterior putamen – Occipital
cortex
Posterior putamen – Cerebellum

r=
p=
r=
p=

Correlations and corresponding p-values between CPRS inattention scores and posterior putamen-occipital cortex,
posterior putamen-cerebellum, posterior putamen-precuneus, posterior putamen-motor cortex, posterior putamenprefrontal cortex, and ventral caudate-occipital cortex functional connectivity, and between CPRS hyperactivity/
impulsivity scores and posterior putamen-occipital cortex and posterior putamen-cerebellum functional
connectivity, calculated separately for males and females, for participants scanned in Nijmegen and Amsterdam, and
for participants without and with opposition defiant disorder (ODD)/conduct disorder (CD) comorbidity. Corrected
for effects of age, sex, scan location, and ODD/CD comorbidity. * p<0.05, ** p<0.001.
Table S4. Sensitivity analyses examining effects in each diagnostic subgroup
Functional connectivity
Inattention-related increase

Posterior putamen – Occipital cortex
Posterior putamen – Cerebellum
Posterior putamen – Precuneus
Posterior putamen – Motor cortex
Posterior putamen – Prefrontal cortex
Ventral caudate – Occipital cortex

r=
r=
r=
r=
r=
r=

Functional connectivity
Hyperactivity/Impulsivity-related increase

Posterior putamen – Occipital cortex
Posterior putamen – Cerebellum

r=
r=

All
N=444

Control
N=122

ADHD
N=169

Sibling
N=89

Subthreshold
N=64

0.22
0.29
0.28
0.28
0.24
0.26

-0.04
0.13
0.03
0.02
0.04
0.26

0.11
0.17
0.27
0.24
0.17
0.18

0.25
0.33
0.35
0.13
0.14
0.22

0.12
0.004
-0.08
-0.02
-0.02
0.06

All
N=444

Control
N=122

ADHD
N=169

Sibling
N=89

Subthreshold
N=64

0.22
0.26

0.19
0.03

0.12
0.14

0.08
0.26

0.02
0.04

Correlations between CPRS inattention scores and posterior putamen-occipital cortex, posterior putamencerebellum, posterior putamen-precuneus, posterior putamen-motor cortex, posterior putamen-prefrontal cortex,
and ventral caudate-occipital cortex functional connectivity, and between CPRS hyperactivity/impulsivity scores and
posterior putamen-occipital cortex and posterior putamen-cerebellum functional connectivity, calculated separately
in each group. Corrected for effects of age, sex, scan location, and ODD/CD comorbidity.
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Further, we investigated whether medication status within the ADHD group influenced
our findings. To this end, we computed correlations between CPRS inattention scores and
CPRS hyperactivity/impulsivity scores and functional connectivity of posterior putamen and
ventral caudate with their significant clusters separately in medicated and medication-naïve
ADHD participants (see Table S5 and Figure S8). These analyses aimed to show that effects in
both groups adhere to the same direction as our main findings (i.e., symptom related increases
in functional connectivity), rather than demonstrating that correlations within sub-groups
remained significant, as splitting into smaller groups will affect statistical power. As can be
observed in Table S5 and Figure S8, the relationship between ADHD symptom scores appears
similar in medicated and medication-naïve ADHD subjects, indicating that medication
status only minimally influenced our findings. Moreover, when assessing the scatter plots
presented in Figure S8 it is clear that the medicated and medication-naïve participants are
indistinguishable from each other, adding to the conclusion that in our analyses there was no
effect of medication status.
Table S5. Sensitivity analyses examining effects of medication in ADHD group
Functional connectivity
Inattention-related increase

Posterior putamen – Occipital cortex
Posterior putamen – Cerebellum
Posterior putamen – Precuneus
Posterior putamen – Motor cortex
Posterior putamen – Prefrontal cortex
Ventral caudate – Occipital cortex

All ADHD
N=169

ADHD medicated
N=130

ADHD medication-naïve
N=39

r=
r=
r=
r=
r=
r=

0.11
0.17
0.27
0.24
0.17
0.18

0.17
0.23
0.25
0.38
0.31
0.20

0.31
0.24
0.24
0.20
0.18
0.10

r=
r=

0.12
0.14

0.21
0.19

0.19
0.25

Functional connectivity
Hyperactivity/Impulsivity-related increase

Posterior putamen – Occipital cortex
Posterior putamen – Cerebellum

Correlations between Conners Parent Rating Scale (CPRS) inattention scores and posterior putamen-occipital cortex,
posterior putamen-cerebellum, posterior putamen-precuneus, posterior putamen-motor cortex, posterior putamenprefrontal cortex, and ventral caudate-occipital cortex functional connectivity, and between CPRS hyperactivity/
impulsivity scores and posterior putamen-occipital cortex and posterior putamen-cerebellum functional connectivity,
calculated separately for the medicated and medication-naïve ADHD participants. Corrected for effects of age, sex,
scan location, and opposition defiant disorder/conduct disorder comorbidity.
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Figure S8. scatterplots of the dimensional ADHD-related effects in medicated and medication-naïve ADHD
participants.
Representation of the observed dimensional relationships between Conners Parent Rating scale (CPRs) inattention
and CPRs hyperactivity/impulsivity scores and functional connectivity of posterior putamen and ventral caudate
across medicated ADHD participants (blue) and medication-naïve ADHD participants (green).

137

Chapter 4

We ensured that the observed symptom-related increases in functional connectivity in
the networks of posterior putamen and ventral caudate were not driven by motion artifacts. To
this end, we computed correlations between CPRS inattention scores and CPRS hyperactivity/
impulsivity scores and functional connectivity of posterior putamen and ventral caudate with
their significant clusters across the entire sample, and included next to covariates for age,
sex, scan location, and ODD/CD comorbidity also the root mean squared of the frame-wise
displacement as a covariate in our analyses (see Table S6). As can be observed in table S6, our
findings were only very minimally influenced by motion.

Table S6. Sensitivity analysis examining effects of motion
Functional connectivity
Inattention-related increase

Corrected for age, sex, scan
location, ODD/CD comorbidity
N=444

Corrected for age, sex, scan
location, ODD/CD comorbidity
& the root mean squared of the
frame-wise displacement
N=444

Posterior putamen – Occipital cortex

r=
p=

0.26
**

0.21
**

Posterior putamen – Cerebellum

r=
p=

0.29
**

0.28
**

Posterior putamen – Precuneus

r=
p=

0.28
**

0.27
**

Posterior putamen – Motor cortex

r=
p=

0.28
**

0.27
**

Posterior putamen – Prefrontal cortex

r=
p=

0.24
**

0.23
**

Ventral caudate – Occipital cortex

r=
p=

0.26
**

0.26
**

r=
p=
r=
p=

0.22
**
0.26
**

0.22
**
0.25
**

Functional connectivity
Hyperactivity/Impulsivity-related increase

Posterior putamen – Occipital cortex
Posterior putamen – Cerebellum

Correlations and corresponding p-values between CPRS inattention scores and posterior putamen-occipital cortex,
posterior putamen-cerebellum, posterior putamen-precuneus, posterior putamen-motor cortex, posterior putamenprefrontal cortex, and ventral caudate-occipital cortex functional connectivity, and between CPRS hyperactivity/
impulsivity scores and posterior putamen-occipital cortex and posterior putamen-cerebellum functional connectivity
across all subjects without (left; as in original analyses) and with (right) adding the root mean squared of the framewise displacement as a covariate (in addition to covariates for age, sex, scan location, opposition defiant disorder
(ODD)/conduct disorder (CD) comorbidity) in the model. These analyses demonstrate that motion artifacts only very
minimally influenced our findings. ** p<0.001.
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Finally, we correlated connectivity of the identified clusters (obtained using CPRS
inattention and CPRS hyperactivity/impulsivity scores) with other ADHD symptom measures.
More specifically, we used symptom counts for inattention and hyperactivity/impulsivity
obtained from the Schedule for Affective Disorders and Schizophrenia for School-Age
Children - Present and Lifetime Version (K-SADS; Kaufman, et al., 1997), as well as inattention
and hyperactivity/impulsivity scores obtained from either the Conners Adult ADHD Rating
Scale (CAARS; Conners, et al., 1999) for participants ≥ 18 years or the Conners Teacher Rating
Scale (CTRS; Conners, et al., 1998b) for participants < 18 years. Table S7 demonstrates that the
obtained dimensional effects are consistent across different ADHD symptom measures. Yet,
correlations are less strong when using the K-SADS and CAARS/CTRS. This might be explained
by lower sensitivity of the K-SADS measure (i.e., K-SADS symptom scores range from 0-9, CPRS
symptom scores range from 40-90) and the more heterogeneous CAARS/CTRS symptom
measure based on two different scales/informants.

Functional connectivity
Inattention-related increase

CPRS
N=444

K-SADS
N=444

CAARS/CTRS
N=394

Posterior putamen – Occipital cortex

r=
p=

0.216
**

0.170
**

0.144
**

Posterior putamen – Cerebellum

r=
p=

0.288
**

0.218
**

0.212
**

Posterior putamen – Precuneus

r=
p=

0.283
**

0.190
**

0.143
**

Posterior putamen – Motor cortex

r=
p=

0.279
**

0.208
**

0.170
**

Posterior putamen – Prefrontal cortex

r=
p=

0.238
**

0.236
**

0.159
**

Ventral caudate – Occipital cortex

r=
p=

0.255
**

0.168
**

0.181
**

r=
p=
r=
p=

0.221
**
0.256
**

0.119
*
0.139
**

0.121
*
0.164
**
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Table S7. Sensitivity analyses examining effects of different diagnostic measures

Functional connectivity
Hyperactivity/Impulsivity-related increase

Posterior putamen – Occipital cortex
Posterior putamen – Cerebellum

Correlations between inattention scores and posterior putamen-occipital cortex, posterior putamen-cerebellum,
posterior putamen-precuneus, posterior putamen-motor cortex, posterior putamen-prefrontal cortex, and ventral
caudate-occipital cortex functional connectivity, and between hyperactivity/impulsivity scores and posterior
putamen-occipital cortex and posterior putamen-cerebellum functional connectivity, calculated using the Conners
Parent Rating Scale (CPRS; as in original analyses), Schedule for Affective Disorders and Schizophrenia for School-Age
Children - Present and Lifetime Version (K-SADS), and Conners Adult ADHD Rating Scale/Conners Teacher Rating
Scale (CAARS)/(CTRS) dependent on the age of the participant. Corrected for effects of age, sex, scan location, and
ODD/CD comorbidity. * p<0.05, ** p<0.001.
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Post-hoc categorical analysis using a non-Bonferroni corrected threshold
As we did not observe significant differences between the ADHD and control group in the six
striatal functional networks using a Bonferroni corrected threshold of p<0.0083 (i.e., correcting
for testing six networks), we additionally investigated whether differences between the ADHD
and control group were present in the six networks using a non-Bonferroni corrected threshold
set at p<0.05. This analysis revealed an increase in functional connectivity in the network
of posterior putamen in the ADHD group. Figure S9 demonstrates increased functional
connectivity of posterior putamen with occipital cortex and cerebellum in participants with
ADHD. As we observed this trend of increased functional connectivity of posterior putamen in
the ADHD compared to the control group, we can thus not state that categorical differences
between the ADHD and control group are fully absent. A possible explanation for the absence
of significant ADHD versus control group differences might relate to the potential large
heterogeneity present in our sample. No differences were found in the other networks.

Figure S9. Categorical increase in posterior putamen connectivity in the ADHD group uncorrected for multiple
comparisons.
Regions showing higher connectivity with posterior putamen in the ADHD compared to control group using a nonBonferroni corrected threshold set at p<0.05.
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Comparison to ADHD-related effects in networks of anatomically-defined striatal
subregions
To demonstrate the benefit of our functional subdivision over the traditional anatomical
subdivision of the striatum when examining striatal connectivity, we also investigated ADHDrelated categorical and dimensional effects using putamen, caudate, and NAcc, as anatomically
delineated within the Harvard-Oxford subcortical atlas. We did not find significant ADHD versus
control group differences in the networks of putamen, caudate, and NAcc. The dimensional
analyses did reveal significant inattention-related increases in functional connectivity of
putamen with occipital cortex, motor cortex, precuneus, and superior frontal cortex, see
Figure S10A. However, these effects appear smaller than the inattention-related increases
observed in the network of the functionally defined posterior putamen region (as shown in
Figure 3 in the main manuscript and Figure S10B). Furthermore, using the anatomical seed
definitions we did not replicate the hyperactivity/ impulsivity-related increase in functional
connectivity in the network of posterior putamen and the inattention-related increase in
functional connectivity in the ventral caudate network. These findings emphasize the added
value of using functionally defined, smaller subregions of the striatum to investigate ADHDrelated changes in striatal functional connectivity.

Figure S10. Comparison of the inattention-related increase observed for whole putamen and posterior putamen
connectivity.
A) Regions showing an inattention-related increase in functional connectivity with putamen when functional
connectivity of the striatum is investigated using putamen, caudate, and NAcc as homogeneous, anatomically
defined regions (0.05/3 networks = p<0.0167). B) Regions showing an inattention-related increase in functional
connectivity with the posterior putamen region defined by the ICP parcellation as described in the main manuscript
(see Figures 1 and 3B in the main manuscript; 0.05/6 networks = p<0.0083).
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Overview of the measures used for motor and cognitive performance
Table S8 lists the participant characteristics for the measures of motor performance and
cognitive performance that were used in the correlation analyses described in the main
manuscript.
Table S8. Motor and cognitive performance characteristics
Controls
N=122

ADHD
N=169

Subthreshold
N=64

Siblings
N=89

Data
available
(% of
sample)

Measures of motor function (Mean, SD)

DCD-Q total score a
Motor timing (RT, ms) b
Motor timing (RT variability) b
Motor speed (RT, ms) c
Motor pursuit c
Motor tracking c

71.25
998.9
179.2
261.5
3.08
2.03

10.87
87.5
59.9
43.5
0.50
0.69

59.56
964.2
214.8
269.8
3.29
2.29

12.50
120.3
95.6
34.8
0.74
0.96

64.56
982.5
190.3
269.2
3.09
2.04

12.33
85.11
58.7
37.4
0.62
0.96

67.95
982.0
188.0
265.3
3.20
2.23

11.44
106.4
61.3
37.9
0.58
0.99

89.9%
91.4%
91.4%
90.5%
90.3%
90.3%

0.11
56.3
2.62
2.82
2.70

0.71
266.5
5.42
8.86
9.85

0.13
55.5
5.70
2.81
3.12

0.74
251.1
4.76
9.70
10.52

0.10
53.0
4.50
2.71
2.65

0.71
264.6
3.81
10.18
10.48

0.14
52.6
5.47
2.89
3.00

55.0%
53.8%
53.8%
99.3%
99.1%

Measures of cognitive function (Mean, SD)

Visuospatial WM accuracy d
SSRT (ms) e
Response inhibition errors e
WISC/WAIS vocabulary f
WISC/WAIS block design f

0.75
260.2
2.88
11.09
11.11

Total motor performance scores obtained from the Developmental Coordination Disorder questionnaire (DCD-Q;
Wilson, et al., 2000), b motor timing (mean reaction time and reaction time variability) based on (Rommelse, et
al., 2007; Thissen, et al., 2014a), c performance on motor speed, motor pursuit (motor control under continuous
adaptation), and motor tracking (motor control without continuous adaptation) obtained from the Amsterdam
Neuropsychological Task battery (De Sonneville, 1999; Thissen, et al., 2014b); performance on motor pursuit is
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performance on motor tracking is defined as the mean distance (mm) from an imaginary line between an inner and
an outer circle that needed to be traced with a cursor, d accuracy on a visuospatial working memory task (Klingberg, et
al., 2002; McNab, et al., 2008; van Ewijk, et al., 2014), e Stop Signal Reaction Time (SSRT) and number of errors during a
response inhibition task (Logan, et al., 1984; van Rooij, et al., 2015), f normalized scores for vocabulary and block design
obtained from the Wechsler Intelligence Scale for Children (WISC; Wechsler, 2002) or Wechsler Adults Intelligence
Scale (WAIS; Wechsler, 2000; Thissen, et al., 2014b).
a
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Abstract
Background: Many patients with attention-deficit/hyperactivity disorder (ADHD) display
aberrant reward-related behavior. Task-based fMRI studies have related atypical reward
processing in ADHD to altered BOLD activity in regions underlying reward processing such as
ventral striatum and orbitofrontal cortex. However, it remains unclear whether the observed
effects are region-specific or related to changes in functional connectivity of networks
supporting reward processing. Here we, use resting-state fMRI to comprehensively delineate
the functional connectivity architecture underlying aberrant reward processing in ADHD.
Methods: We assessed resting-state functional connectivity of four networks that support
reward processing. These networks showed high spatial overlap with the default mode, frontoparietal, lateral visual, and salience networks, yet only activity within the salience network was
effectively sensitive to reward value. We parcelled these networks into their functional cortical
and subcortical subregions and obtained functional connectivity matrices by computing
Pearson correlations between the regional timeseries. We compared functional connectivity
within each of the four networks between participants with ADHD and controls, and related
functional connectivity to dimensional ADHD symptom scores across all participants (N=444;
age range: 8.5-30.5; mean age: 17.7).
Results: We did not observe significant ADHD-related alterations in functional connectivity
of the salience network, which included key reward regions. Instead, levels of inattention
symptoms modulated functional connectivity of the default-mode and fronto-parietal
networks, which supported general task processing.
Conclusions: The present study does not corroborate previous childhood evidence for
functional connectivity alterations between key reward processing regions in adolescents
and young adults with ADHD. Our findings could point to developmental normalization or
indicate that reward-processing deficits result from functional connectivity alterations in
general task-related networks.
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Aberrant reward processing is considered to be a key feature of Attention-Deficit/Hyperactivity
Disorder (ADHD; Luman, et al., 2005; Sonuga-Barke, 2005). Compared to healthy controls,
people with ADHD show a preference for small immediate rewards over larger delayed
rewards (Bitsakou, et al., 2009; Marco, et al., 2009), make more risky decisions to obtain rewards
(Groen, et al., 2013), and are more sensitive to the positive effects of rewards while performing
cognitive tasks (Luman, et al., 2010; Uebel, et al., 2010).
Several task-based functional magnetic resonance imaging (fMRI) studies have invested
in mapping the neurobiological basis of reward processing in the brain using a variety of
reward-probing paradigms. Key structures identified include the dopaminergic midbrain,
ventral striatum (including the nucleus accumbens (NAcc)), anterior cingulate cortex
(ACC), and orbitofrontal cortex (OFC; Haber and Knutson, 2010). Furthermore, several other
brain regions such as dorsolateral prefrontal cortex (DLFPC), insula, cerebellum, thalamus,
hippocampus, and amygdala, are thought to be important in regulating the reward network
(Haber and Knutson, 2010; Liu, et al., 2011). In the context of ADHD, studies have shown altered
BOLD responses in ventral striatum, ACC, cerebellum, occipital cortex, and OFC during reward
processing (Chantiluke, et al., 2014; Hauser, et al., 2014; Plichta and Scheres, 2014; Rubia, et al.,
2009; Scheres, et al., 2007; von Rhein, et al., 2015).
As neuroimaging is shifting its focus from localizing functions in individual regions to
investigating the integration of functionally related areas into larger networks, it becomes
increasingly clear that ADHD is not related to dysfunction in isolated brain areas (Oldehinkel,
et al., 2013). Accordingly, dysfunctional integration within and between reward-related regions
may underlie deficient reward processing in ADHD. Initial evidence comes from studies that
used resting-state fMRI (R-fMRI) to investigate functional integration within the reward-network
in ADHD. One of these studies reported decreased functional connectivity of ventral striatum
with OFC, hippocampus, and anterior prefrontal cortex (PFC) in ADHD (Posner, et al., 2013).
Yet, others revealed increased functional connectivity of OFC with NAcc and ACC (Tomasi and
Volkow, 2012), and of NAcc with ventromedial and anterior PFC in ADHD (Costa Dias, et al., 2012).
Building on these initial studies, we aimed to comprehensively delineate the functional
neural architecture underlying aberrant reward processing in ADHD. To this end, we
investigated ADHD-related changes in resting-state functional connectivity of networks that
support reward processing. We made use of large-scale functional networks derived during
reward processing (Von Rhein et al., in revision), thereby extending our focus beyond the
reward regions typically identified using highly specific task contrasts. To be able to investigate
connectivity within each network, we identified the functional cortical subregions within
each network and also assessed each network’s cortico-subcortical integration by examining
its connectivity with cerebellum, thalamus, and striatum. Next, using diagnostic categories as
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well as dimensional ADHD symptom measures, we determined the impact of ADHD on these
functional connectivity patterns.

Methods
Participants
Participants in our study were part of the NeuroIMAGE cohort (von Rhein, et al., 2014),
consisting of families with one or more children with an ADHD diagnosis as well as control
families with children without an ADHD diagnosis. Diagnosis of ADHD and comorbid disorders
(including oppositional defiant disorder (ODD), conduct disorder (CD), anxiety disorders, and
depression) were assessed by trained psychologists using the Schedule for Affective Disorders
and Schizophrenia for School-Age Children - Present and Lifetime Version (K-SADS; Kaufman,
et al., 1997), complemented with Conners’ ADHD questionnaires (Conners, et al., 1998a;
Conners, et al., 1998b). Participants were diagnosed with ADHD if they displayed six or more
DSM-5 ADHD symptoms on at least one domain (inattention or hyperactivity/impulsivity; five
or more for participants > 18 years). Participants from control families and unaffected siblings
of participants with ADHD were allowed to have a maximum of two ADHD symptoms per
domain. Participants not belonging to one of these groups were classified as subthreshold
ADHD. Next to this categorical classification, we used ADHD symptom scores for inattention
and hyperactivity/impulsivity derived from the Conners’ Parent Rating Scale (CPRS-RL;
Conners, et al., 1998a) for our dimensional analyses. The CPRS-RL is an ADHD rating scale from
which standardized T-scores ranging from 40 to 90 can be obtained. The full description of the
NeuroIMAGE cohort, including inclusion criteria, diagnostic assessment, and general testing
procedures can be found in von Rhein, et al. (2014). Our study was approved by local ethical
committees of the participating centers and conducted in compliance with the Declaration
of Helsinki. Written informed consent was obtained from all participants (for participants >12
years) and their legal guardians (for participants <18 years).
For the current analysis we selected participants who completed both an anatomical
and an 8-minute R-fMRI scan (N=507). We excluded participants with high head-motion
(N=47, as determined by calculating the mean root mean square frame-wise displacement
(RMS-FD > 0.5; Jenkinson, et al., 2002) across the R-fMRI scan) and participants with insufficient
brain coverage during the R-fMRI scan (N=16). This procedure led to the inclusion of 444
participants in total, including participants with ADHD (N=169), healthy controls (N=122),
unaffected siblings of participants with ADHD (N=89), and participants with subthreshold
ADHD (N=64). The characteristics of participants included in our analyses are specified in
Table 1. In the ADHD group, 130 participants were on stimulant medication, however, all
participants withheld medication starting 48 hours before the day of assessment.
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Table 1. Participant characteristics
Controls (C)
N=122

ADHD (A)
N=169

Test Statistic

Subthreshold
N=64

Siblings
N=89

17.04
106.6
0.125

2.98
13.9
0.09

17.89
96.08
2.41
0.140

3.07
15.1
3.12
0.10

t(289)=2.36*
t(289)=-6.08**
t(289)=1.35

A>C
A<C
-

18.37
100.7
1.95
0.129

3.32
12.9
3.13
0.09

17.63
102.1
0.002
0.113

4.12
14.9
0.01
0.09

54
48
-

44.3
39.3
-

123
92
46
6

72.8
54.4
27.2
3.80

X2(1)=24.18**
X2(1)=6.65*
-

A>C
A>C
-

38
36
8
-

59.4
56.3
12.5
-

35
46
2
-

39.3
51.7
2.25
-

46.45

5.24

69.59

14.2

t(289)=17.19** A>C

54.70

11.70

47.71

6.46

46.12

5.72

66.09

10.9

t(289)=18.49** A>C

54.07

8.57

46.81

6.16

Demographic (Mean, SD)

Age, years
IQ a
Medication use, years
Motion b
Demographic (Number, %)

Sex, male
Scan location, Nijmegen
ODD c
CD d
Clinical (Mean, SD)

Hyperactive/impulsive
symptoms e
Inattentive symptoms e

Estimated IQ based on Wechsler Intelligence Scale for Children or Wechsler Adult Intelligence Scale–III Vocabulary
and Block Design (Wechsler 2000, 2002). b Motion as measured by the root mean square frame-wise displacement
(RMS-FD; Jenkinson, et al., 2002), c Oppositional Defiant Disorder (ODD), d Conduct Disorder (CD), e Conners Parent
Rating Scale questionnaire, standardized T-score (Conners, et al., 1998a) Range min. 40 to max. 90 (≥63 is clinical
threshold). The test statistics only compare the ADHD (A) and control group (C) given that only these groups were
included in the categorical analysis. The dimensional analyses included all participants listed in this table independent
of diagnostic label *p<.05, **p < .001.

MRI data acquisition and preprocessing
MRI data were acquired at two locations on 1.5 Tesla scanners from Siemens (Siemens AVANTO
at the Donders Institute for Brain, Cognition and Behavior in Nijmegen and Siemens SONATA
at the VU University Medical Centre in Amsterdam). At both sites identical 8-channel head
coils and MRI protocols were employed. Structural images were obtained using an MPRAGE
sequence (TR=2730ms, TE=2.95ms, T1=1000ms, voxel size=1x1x1mm, flip angle=7, matrix
size=256x256, FOV=256mm, 176 slices). The R-fMRI data were acquired using a gradient echoplanar imaging sequence (TR=1960ms, TE=40ms, flip angle=80, matrix size=64x64, in-plane
resolution=3.5mm, FOV=224mm, 37 axial slices, slice thickness/gap=3.0mm/0mm/0.5mm,
265 volumes). Participants were instructed to relax and keep their eyes open for the duration
of the R-fMRI scan.
The R-fMRI data were preprocessed using a standard preprocessing pipeline incorporating
tools from the FMRIB Software Library (FSL version 5.0.6; http://www.fmrib.ox.ac.uk/fsl). Our
pipeline included removal of the first five volumes to allow for signal equilibration, primary
head movement correction via realignment to the middle volume (MCFLIRT; Jenkinson, et
al., 2002), grand mean scaling, and spatial smoothing using a 6mm FWHM Gaussian kernel.
Next, ICA-AROMA was applied to the R-fMRI data to select and remove components that
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represent secondary head motion-related artifacts (Pruim, et al., 2015a; Pruim, et al., 2015b),
followed by nuisance regression to remove signal from white matter and cerebrospinal fluid,
and a high-pass filter (0.01 Hz). The R-fMRI images of each participant were co-registered to
the participants’ anatomical images by means of boundary-based registration implemented
in FSL-FLIRT (Greve and Fischl, 2009). Finally, the T1 images of each participant were registered
to MNI152 standard space using 12-parameter affine transformation and refined using nonlinear registration with FSL-FNIRT (10 mm warp, 2 mm resampling resolution; Jenkinson, et al.,
2002).
Networks supporting reward processing
We examined functional connectivity in relation to four networks that were identified to
support reward processing during performance of a monetary incentive delay (MID) task
(Von Rhein, et al., in revision; for a description of the specific task effects see von Rhein, et al.,
2015). In short, Von Rhein et al. derived these four networks through a meta-independent
component analysis (meta-ICA) across typical first-level MID activation maps of 60 control
participants (see Von Rhein et al. (in revision) or the Supplementary material for a detailed
description of this analysis). The meta-ICA approach resulted in 23 non-noise, whole-brain
independent components (see Supplementary Figure S1) that were further clustered based
on their association with the specific conditions of the reward task (see Supplementary
Figure S2), resulting in four average task condition profiles and four corresponding clusters
of components (i.e., networks) relevant for reward processing. The spatial maps for these
networks are shown in Figure 1.
The obtained functional networks presented in Figure 1 showed high spatial similarity
with known resting-state networks. The first three clusters respectively resembled the default
mode network (DMN; yet including insular and motor cortex), the fronto-parietal network, and
the lateral visual network. These clusters showed average loadings on nearly all task aspects,
indicating that these networks contributed to the general execution of the MID task, but were
not specific to processing reward. In contrast, the fourth cluster was specifically related to
reward processing as it had strong loadings for reward cues, reward anticipation, and reward
outcome. This cluster showed high spatial similarity with the salience network, including core
regions typically implicated in reward processing, such as NAcc and ACC (Haber and Knutson,
2010).
Delineation of functional cortical and subcortical regions within the large-scale
networks
To investigate the functional connectivity architecture of the identified networks we set
out to delineate functional subregions within each of the four networks obtained above.
First, we parcelled the cortical regions within each network by applying a novel, top-down
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Figure 1. K-means clustered profiles and spatial maps of non-noise components.
These components were obtained by applying a meta-iCA analysis to fMRi data of 60 control participants performing
the monetary incentive delay task (MiD). Black lines in the task condition profiles indicate mean for each cluster.
spatial maps of independent components are averaged across cluster and thresholded (Z>2.3). Major networks
that correspond with the different clusters are: 1) default mode network, 2) fronto-parietal network, 3) lateral visual
network, and 4) salience network. Abbreviations: RwdCue=reward cue, NrwCue=no-reward cue, RwdHit=reward
hit, RwdMiss=reward miss, NrwHit=no-reward hit, NrwMiss=no-reward miss, RwdCue-NrwCue=reward cue versus
no-reward cue (reward anticipation), RwdHMvsNrwHM=reward hit and miss versus no-reward hit and miss (reward
outcome). For details see Von Rhein et al. in revision and our supplementary material.

functional parcellation technique called instantaneous Correlation Parcellation (iCP; Van
Oort et al., in preparation). iCP divides a larger predefined network into subregions based
on subtle differences in its voxels’ timeseries. A detailed description of the iCP strategy is
provided in the supplementary material. For each of the four networks we generated an
independent parcellation using R-fMRi data from 100 subjects of the publically available
Human Connectome Project dataset (HCP; smith, et al., 2013; see the supplementary material
for a detailed description).
Next, we investigated cortico-subcortical connectivity for each network by segregating
striatum, thalamus, and cerebellum based on functional connectivity strength with the
cortical regions obtained for each network. To this end, we calculated partial correlations
between every subcortical voxel and the iCP-based cortical regions within each network (as
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implemented in FSL sbca; O’Reilly, et al., 2010). This was done for each of 100 participants
in a second sample of the HCP dataset (subject IDs are provided in the Supplementary
material). The obtained participant-level partial correlation maps were converted to z-stat
maps using the Fisher’s r-to-z transformation and entered in a group-level analysis using
FSL randomize (5000 permutations; Winkler, et al., 2014). This resulted in group-level maps
indicating the connectivity strength of each subcortical voxel with each ICP-based cortical
region for every network. We then used a ‘winner-takes-all’ approach assigning each voxel in
striatum, thalamus, and cerebellum to the cortical region with which it showed the strongest
functional connectivity. That is, we delineated regions within respectively striatum, thalamus,
and cerebellum by grouping voxels that showed strongest connectivity with the same cortical
region.
Functional connectivity analyses
We used the cortical and subcortical regions obtained from the functional parcellation of
each network as masks to extract R-fMRI timeseries for the current sample (i.e., participants
of the NeuroIMAGE cohort). These timeseries were extracted from each participant’s R-fMRI
data after transformation to MNI152 2 mm standard space. First we extracted timeseries for all
voxels within each mask and applied a singular value decomposition. We then selected the
first eigenvariate and used the associated timeseries as the timeseries that most accurately
represented the respective cortical or subcortical region.
We computed Pearson and partial correlations between all the extracted timeseries
within each network for every participant. All following steps were conducted for both
Pearson and partial correlations. The obtained correlations were transformed into normally
distributed values using Fisher’s r-to-z transformation. We corrected for potential confounding
effects of age, sex, scan location, and ODD/CD comorbidity by means of conducting an
ordinary least squares (OLS) regression for every correlation. Next, we conducted categorical
analyses in which we compared functional connectivity within the four networks between
the ADHD group (N=169) and control group (N=122), as well as dimensional analyses
in which we investigated the relationship between functional connectivity and ADHD
symptom measures across all 444 participants (i.e., ADHD participants, controls, unaffected
siblings of ADHD participants, and subthreshold ADHD cases). More specifically, categorical
ADHD versus control group differences in the residual correlation strength were tested for
significance using permutation testing with 10000 permutations for every pair of regions. We
obtained p-values by calculating the fraction of permuted samples that yielded a difference
between the ADHD and control group larger than the observed difference. Similarly, in the
dimensional analyses we investigated the relationship of functional connectivity between
every pair of regions and CPRS inattention and hyperactivity/impulsivity scores across all
participants. We likewise obtained p-values by calculating the fraction of permuted samples
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that yielded a correlation between symptom scores and functional connectivity higher
than the observed correlation. Finally, for both the categorical and dimensional analyses we
corrected for multiple comparisons within each network by applying a False Discovery Rate
(FDR) correction (p<0.05) to the obtained p-values.
In addition, we assessed functional connectivity in subnetworks within each of the
four larger networks. These subnetworks were based on the results from the ‘winner-takesall’ procedure, i.e., subnetworks were formed by grouping every cortical subregion with
the subregions in respectively striatum, thalamus, and cerebellum with which it showed
the highest connectivity. To assess functional connectivity within these subnetworks we
computed the average value across Pearson or partial correlations between all pairs of regions
within each subnetwork. The same procedure as described above was followed to convert
the obtained average Pearson and partial correlations within each subnetwork into normally
distributed values, to correct for confounding effects, and to test categorical and dimensional
ADHD-related effects for significance. Given the limited number of comparisons (N=4; see
results) we implemented correction for multiple comparisons using Bonferroni (i.e., 0.05
divided by the number of subnetworks within each larger network) instead of FDR.
For functional connections showing significant associations with ADHD in the
categorical or dimensional analyses, we conducted post-hoc analyses examining whether
these effects were associated with reward-related behavior. To this end, we correlated
functional connectivity with reward-related speeding (available for 228 participants) across
participants, while correcting for effects of age, sex, scan location, and ODD/CD comorbidity.
Reward-related speeding was calculated as the difference in reaction time between rewarded
trials and neutral trials during the MID task (as described in von Rhein, et al., 2015). Finally, to
rule out that findings were driven by scan location, sex, age, IQ, medication history, or ODD/CD
comorbidity, we conducted post-hoc sensitivity analyses, as described in the Supplementary
material (Tables S3 and S4).

Results
Parcellation of networks supporting reward processing
We applied ICP to obtain parcellations of the cortex ranging from two to twenty subregions for
each of the four networks supporting reward processing. For each network, the parcellation
into four subregions yielded high reproducibility scores of at least 90% spatial overlap (i.e.,
DICE-overlap) between split-half analyses (see Supplementary Figure S5). Accordingly, we
used the cortical parcellation into four subregions for each network for further analyses.
The obtained cortical regions within each network are displayed in the left panel of Figure
2. All parcellations showed high spatial similarity between the left and right hemisphere. To
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summarize, the first three clusters in network 1 respectively consisted of frontal medial cortex
(FMC) and frontal pole (green), precentral gyrus (brown), and insular cortex and supramarginal
cortex (yellow). The fourth cluster within this network was formed by the precuneus/posterior
cingulate cortex (PCC) and superior FMC (blue), which are considered key regions of the DMN.
Network 2 was segregated in four cortical clusters, each consisting of spatially distinct frontal
and parietal regions that displayed high left-right symmetry. Network 3 was subdivided in four
cortical clusters consisting of the occipital pole (green), lateral occipital cortex and occipital
fusiform gyrus (brown), and several smaller clusters in the temporal and parietal lobes (blue
and yellow). Finally, network 4, which was specifically related to reward processing, was
parcellated into two occipital clusters (green and blue), a cluster consisting of motor areas
(brown), and a cluster including supramarginal cortex, frontal pole, insula, and cingulate
cortex (yellow).
We delineated the subcortical components separately for each network, by assigning
each subcortical voxel to the cortical region with which it showed the highest functional
connectivity using a ‘winner-takes-all’ approach. The resulting network-specific subregions
within striatum, thalamus, and cerebellum are shown in matching colors in the right panel
of Figure 2. High overlap was present between the obtained subcortical parcellations of
the four networks, yet there were also network-specific characteristics. Overall, cerebellum,
striatum, and thalamus were functionally connected with various clusters in frontal, temporal,
and parietal cortices, whereas there appeared to be relatively little connectivity with occipital
cortex. In accordance with the literature, the putamen, the ventral lateral nucleus (VL), ventral
lateral posterior nucleus (VLP), and ventral posterior lateral nucleus (VPL) of the thalamus, and
cerebellar lobules VI and VIII were strongly connected with motor and somatosensory cortices
(Di Martino, et al., 2008; O’Reilly, et al., 2010; Zhang, et al., 2010) This pattern was present across
all four networks. Within the cerebellum, however, there were also clear network-specific
differences. For example, whereas lobules IV, V, and IX (located medially in the cerebellum)
were assigned to regions of the DMN in network 1, they were assigned to the primary visual
cortex in network 4.
Functional connectivity within networks supporting reward processing
We investigated functional connectivity within each network by computing Pearson and
partial correlations between the timeseries extracted for all regions within the network. The
resulting group-average connectivity matrices for each network are shown in Figure 3 (ADHD
and controls) and Supplementary Figure S6 (unaffected siblings and subthreshold cases).
Pearson correlations are represented in the upper right triangle and partial correlations in the
lower left triangle of each connectivity matrix. However, as can be observed in Figures 3 and
S4, nearly all partial correlations were approximating zero. Partial correlations represent the
correlation between two regions after accounting for the variance they share with all other
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Figure 2. The obtained cortical and subcortical subregions for each of the four networks.
The four cortical subregions resulting from the iCP parcellation of each network are shown on the left side of the
figure. The delineated network-specific subcortical subregions are shown on the right side of the figure in matching
colors (i.e., the subcortical regions are displayed in the same color as the cortical region with which they exhibited the
strongest functional connectivity).

regions in the analysis. Given that in our study the subcortical regions for each network were
defined based on functional connectivity strength with the cortical regions, the amount of
shared variance was likely high. As such, most variance, including variance representing effects
of interest, is partialled out when calculating partial corrections. Accordingly, we selected the
Pearson correlations for further analyses.
A pattern observed across networks 2, 3, and 4 in all diagnostic groups was that
functional connectivity was relatively strong (i.e., high Pearson correlations) for intracortical
and intracerebellar connections, whereas connectivity was overall lower for cortico-thalamic
and cortico-striatal connections. in network 1, connectivity was high for some, but not for all
intracortical connections. Network 1 included components of the DMN, such as FMC (blue
and green) and PCC (blue), but also other regions implicated in task-positive networks, such as
precentral gyrus (brown) and insular and supramarginal cortex (yellow). in line with previous
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Figure 3. Group-average connectivity matrices of the four networks in the control and ADHD group.
Matrices show Pearson and partial correlations between timeseries of the different subcortical and cortical subregions in
the four networks. No significant differences in correlations were present between the ADHD and control group in any of
the four networks. Connectivity matrices for the unaffected siblings and subthreshold ADHD participants can be found in
Supplementary Figure S6.

158

Functional Connectivity in Brain Networks Underlying Reward Processing in ADHD

ADHD-related effects on network characteristics
We investigated ADHD (N=169) versus control (N=122) group differences in functional
connectivity between all pairs of subregions within each network by means of permutation
testing (while correcting for confounding effects and multiple comparisons). These analyses
did not reveal significant differences in functional connectivity between the ADHD and
control group in any of the four networks.
Next, we investigated dimensional effects of ADHD across all participants (N=444),
including unaffected siblings and subthreshold cases, by relating participant-level CPRS
inattention and hyperactivity/impulsivity symptom ratings to functional connectivity between
the different subregions within the four networks (see Figure 4). Correcting for confounding
effects and multiple comparisons, we observed significant relationships between CPRS
inattention scores (but not hyperactivity/impulsivity scores) and seven functional connections
in network 1 (this network exhibited high spatial similarity with the DMN). Specifically,
increased inattention scores were associated with increased functional connectivity between
the following pairs of regions in network 1 (colors as shown in Figure 2): cerebellum brown –
cerebellum yellow, cerebellum brown – cortex green, cerebellum yellow – thalamus brown,
cerebellum yellow – cortex green, thalamus brown – cortex yellow, cortex green – cortex
yellow, and cortex blue – cortex yellow. The anatomical labels of these region-pairs and
the statistical parameters are listed in Table 2; representations of these seven dimensional
relationships can be found in Supplementary Figure S7. Post-hoc sensitivity analyses showed
that obtained functional connectivity metrics were not related to scan location, sex, age, IQ,
medication history, or ODD/CD comorbidity (see Supplementary Tables S3 and S4). We did
not observe significant dimensional ADHD-related effects in network 4, which included key
regions typically implicated in reward processing, or in networks 2 and 3.
We also examined categorical and dimensional ADHD-related changes in the average
functional connectivity within each subnetwork (i.e., regions of the same color in Figure
2) in the four larger networks. No differences in functional connectivity were observed
in the categorical analyses comparing the ADHD and control group, yet we did observe a
significant effect in the dimensional analysis of network 2 (this network exhibited high
spatial similarity with the fronto-parietal network). Specifically, increased inattention scores
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studies (Buckner, et al., 2008), connectivity strength was low for functional connections
between DMN and task-positive regions within network 1. Within networks 3 and 4, functional
connectivity was also relatively high for most functional connections between cortical and
cerebellar regions, whereas this was less evident in networks 1 and 2. Finally, unique to
network 3 (showing high spatial similarity with the lateral visual network), connectivity was
strong for all intra-thalamic connections. This was expected, as visual perception is known to
be influenced by thalamic signaling (Pollen, 1999).
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were associated with increased functional connectivity in the brown subnetwork within
network 2 (Supplementary Figure S8; r=0.175, p=0.0013). The subcortical regions within this
subnetwork corresponded with bilateral cerebellar lobules V, VI, VIIIa, VIIIb, and IX, and bilateral
thalamic VL, VLP, and VPL nuclei. The cortical regions within this subnetwork were bilateral
inferior temporal gyrus, bilateral precentral gyrus, a posterior cluster consisting of bilateral
supramarginal gyrus, superior parietal cortex, and lateral occipital cortex, and a frontal cluster
consisting of left inferior and left middle frontal gyrus. No associations between inattention
or hyperactivity/impulsivity and functional connectivity were observed in the other networks.
Post-hoc sensitivity analyses showed that functional connectivity in the brown subnetwork
within network 2 was not related to scan location, sex, IQ, medication history, or ODD/CD
comorbidity (see Supplementary Tables S3 and S4), although a significant correlation with
age was observed, confirming the usefulness of adding age as a covariate in our analyses.

Figure 4. Matrices indicating correlations between symptom scores and connectivity in the four networks.
Matrices indicate the correlation of inattention and hyperactivity/impulsivity (hyp/imp) symptom scores with
connectivity (i.e., Pearson correlations) between the timeseries of the different subcortical and cortical subregions
in the four networks across all participants (N=444). Inattention and hyperactivity/impulsivity scores are based on
the Conners parent rating scale (CPRS; Conners, et al., 1998a). Asterisks (*) indicate significant correlations in network
1 after correction for covariates (age, sex, scan location, and comorbid ODD/CD) and multiple comparisons (FDR;
p<0.05). Similarly diamonds ( ) indicate significant connections of the brown subnetwork within network 2.
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Functional connection

Corresponding anatomical
labels *

Correlation with P-value based on 10000
inattention
permutations **

FDR-corrected
p-value

Cerebellum brown
–
Cerebellum yellow

Lobules V/VI, VIIIa/VIIIb
–
Lobules VI/VIIb/VIIIa/VIIIb/IX/
crus 1/crus 2/vermis VI

r=0.176

p=0.0004

p=0.0312

Cerebellum brown
–
Cortex green

Lobules V/VI, VIIIa/VIIIb
–
FMC, SFG, MTG

r=0.156

p=0.0031

p=0.0455

Cerebellum yellow
–
Thalamus brown

Lobules VI/VIIb/VIIIa/VIIIb/IX/
crus 1/crus 2/vermis VI
–
VL/VLP/VPL

r=0.151

p=0.0035

p=0.0455

Cerebellum yellow
–
Cortex green

Lobules VI/VIIb/VIIIa/VIIIb/IX/
crus 1/crus 2/vermis VI
–
FMC, SFG, MTG

r=0.160

p=0.0019

p=0.0455

Thalamus brown
–
Cortex yellow

VL/VLP/VPL
–
Insular cortex/PreCG, SMG

r=0.169

p=0.0023

p=0.0455

Cortex green
–
Cortex yellow

FMC, SFG, MTG
–
Insular cortex/PCG, SMG

r=0.152

p=0.0024

p=0.0455

Cortex blue
–
Cortex yellow

Precuneus/PCC, ParaCG, LOC
–
Insular cortex/PCG, SMG

r=0.144

p=0.0044

p=0.0490

* Labels based on the Cerebellar atlas (FSL), Morel histological thalamic atlas (Morel, 2007), and Harvard-Oxford
cortical atlas. ** Corrected for confounding effects of age, sex, scan location, and comorbid ODD/CD. Abbreviations:
FMC=fronto-medial cortex, LOC=lateral occipital cortex, MTG=middle temporal gyrus, PCC=posterior cingulate
cortex, paraCG=paracingulate gyrus, PreCG=precentral gyrus, SFG=superior frontal gyrus, SMG=supramarginal gyrus,
VL=ventral lateral nucleus, VLP=ventral lateral posterior nucleus, VPL=ventral posterior lateral nucleus.

Relationships with reward-related behavior
Functional connectivity (i.e., Pearson correlations) for functional connections in network 1 and
2 that showed significant associations with inattentive symptoms, was not associated with
reward-related speeding (network 1: all -0.067>r<0.105, p>0.144; network 2: r=0.020, p=0.757).

Discussion
Although considered a key deficit in ADHD, evidence for aberrant functional connectivity of
reward processing areas in ADHD is heterogeneous, including inconsistencies in the specific
reward-related areas reported on. Here we applied a delineation of the functional neural
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architecture underlying reward processing to investigate possible alterations in corticosubcortical connectivity in ADHD. In our results, ADHD was not associated with functional
connectivity in a reward specific network including the NAcc and ACC (i.e., network 4). As
such, we did not replicate previous findings of aberrant functional connectivity between key
reward-related brain regions in ADHD (Costa Dias, et al., 2012; Posner, et al., 2013; Tomasi and
Volkow, 2012). Yet, we did observe that functional connectivity in parts of networks 1 and
2 increased with higher inattention scores. Network 1 exhibited high spatial similarity with
the DMN and also included the insular and motor cortex, whereas network 2 resembled the
fronto-parietal network. In contrast to network 4, these networks displayed average loadings
on nearly all task aspects, indicating that these networks had an overall supportive role in
executing the task, while being largely insensitive to reward.
Specifically, we observed inattention-related increases for seven functional connections
within network 1, including increased functional connectivity of the FMC (blue and green)
and PCC (blue) with the insular cortex (yellow) and large parts of the cerebellum (yellow).
The FMC and PFC are key components of the DMN, which is, in contrast to task-positive
networks, associated with self-referential cognitive processes that are typically inhibited
during externally oriented, attention-demanding tasks (Buckner, et al., 2008; Raichle, et al.,
2001). Our findings corroborate previous studies demonstrating decreased anti-correlation
between task-positive networks in ADHD, including the insular cortex and cerebellum, and
the DMN or, in other words, diminished suppression of the DMN (for review see Oldehinkel,
et al., 2013). As such, we interpret our findings according to the hypothesis that ADHD is
associated with diminished suppression of the DMN, which disrupts ongoing cognition and
behavior, leading to the inattentive behavior that is characteristic of ADHD (for review see
Castellanos and Proal, 2012). In addition, we observed that the average functional connectivity
in a subnetwork (brown) within network 2, which showed high spatial overlap with the frontoparietal network, increased with higher inattention scores. This finding supports previous
studies relating atypical BOLD responses within the fronto-parietal network to impairments
in cognitive control in ADHD (Hampshire and Sharp, 2015; Smith, et al., 2008; van Rooij, et
al., 2015) and R-fMRI studies that demonstrated atypical functional connectivity within the
fronto-parietal network in ADHD (Cao, et al., 2006; Cao, et al., 2009).
Accordingly, one could speculate that our findings indicate that atypical reward
processing in adolescents and adults with ADHD is not related to altered function in networks
underlying reward processing, but results from secondary effects of alterations in more
general task processing networks. The inattention-related increases in functional connectivity
observed in the DMN and fronto-parietal network are consistent with this tentative hypothesis.
That is, aberrant functional connectivity in general task-related networks might lead to altered
attentional processes, affecting reward-sensitivity in participants with ADHD. Although many
studies indicate that reward processing is aberrant in ADHD, the literature on the exact
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underlying mechanisms that lead to aberrant reward processing in ADHD is not settled at
the behavioral nor at the neurobiological level (for reviews see Luman, et al., 2005; Luman, et
al., 2010). For example, in their review Luman and colleagues (2005) discuss five theoretical
models explaining altered reward sensitivity in ADHD and conclude that all these models
contained insufficiencies in explaining the behavioral findings in their review. In addition, in
task-based fMRI studies that investigated reward processing in ADHD, abnormal activations
have also been reported in regions that are not typically associated with reward processing
such as precuneus/PCC (Chantiluke, et al., 2014; Rubia, et al., 2009), occipital cortex (von Rhein,
et al., 2015), and middle temporal and inferior frontal gyrus (Stoy, et al., 2011), supporting our
tentative hypothesis that altered reward processing in ADHD might result from secondary
effects of alterations in more general task processing networks.
When further interpreting the absence of ADHD-related changes in functional
connectivity of the primary reward regions in the context of the current literature, several
factors need to be considered. First, the previous studies focused on children with ADHD
(Costa Dias, et al., 2012; Posner, et al., 2013; Tomasi and Volkow, 2012), whereas participants in
our study were mostly adolescents and young adults with ADHD. As such, we investigated our
sample at a different developmental stage compared to previous studies. Indeed, longitudinal
structural MRI studies have provided evidence for diagnosis-specific developmental effects
on the anatomy of regions in the brain (Castellanos, et al., 2002; Shaw, et al., 2007; Shaw, et al.,
2012). For example, delayed maturation of the PFC and caudate have been demonstrated in
children with ADHD (Castellanos, et al., 2002; Shaw, et al., 2007). As such, abnormalities in the
primary reward regions might be present in children with ADHD, whereas these abnormalities
normalize over development and are not present anymore in (early) adulthood. Longitudinal
R-fMRI studies are needed to determine whether the functional connectivity architecture of
the networks underlying reward processing normalize over development in participants with
ADHD.
Second, ADHD is characterized by large phenotypic heterogeneity, reflected by
differences between subjects in ADHD subtype, symptom severity, and cognitive impairments
(Coghill, et al., 2014; Mostert, et al., 2015; Nigg, et al., 2005). This large phenotypic heterogeneity
in ADHD might be related to a possible large heterogeneity in the underlying neurobiology.
As such, not all participants with ADHD might display (similar) alterations in reward-related
behavior and in functional connectivity of networks supporting reward processing. Indeed, in
a recent study, Costa Dias and colleagues identified three distinct subgroups within typically
developing children and children with ADHD by employing clustering to participant level
whole-brain functional connectivity maps of a region corresponding to left NAcc (Costa Dias,
et al., 2015). All three subgroups displayed different connectivity patterns of the NAcc and
differences in impulsivity. The existence of different subgroups based on NAcc connectivity
might not only relate to the inconsistency of findings in previous R-fMRI studies in children
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with ADHD, but could also explain the absence of significant ADHD-related alterations in
functional connectivity of the primary reward regions in this study. That is, classical casecontrol comparisons and dimensional analyses based on continuous symptom measures
might not enable detection of ADHD-related effects on functional connectivity, when distinct
subgroups exist that each have a distinct connectivity profile. Accordingly, disentangling
subgroups within the ADHD and control population based on connectivity within the reward
system holds potential for future research.
Finally, it has to be noted that our methodology differed from previous R-fMRI studies
investigating the reward system in ADHD. Previous studies investigated functional connectivity
of the reward system using the NAcc as seed region (Costa Dias, et al., 2015; Costa Dias, et al.,
2012; Posner, et al., 2013) or by using short and long-range functional connectivity density
(Tomasi and Volkow, 2012). In our study, we applied a principled, data-driven approach to
obtain all networks involved in reward processing and subsequently investigated functional
connectivity between subregions within these networks. As such, our approach entails
a bottom-up and more holistic investigation of reward-related structures compared to
investigations that target connectivity of a specific region or focus on a specific connectivity
metric.

Conclusion
We did not replicate previous childhood findings of aberrant functional connectivity between
key regions of the reward system in a large ADHD sample of adolescents and young adults.
Yet, we did observe ADHD-related alterations in functional connectivity of areas in the DMN
and fronto-parietal network, which support general task performance. Future work should
aim to disentangle whether ADHD is primarily related to dysfunction of main task-supporting
networks, rather than an outcome of disruptions in more specialized functional brain networks.
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Identification of networks activated during a reward task
This paragraph outlines the procedure used by von Rhein et al. to identify networks involved
in reward processing. A more detailed description can be found in von Rhein, et al. (in
revision). To obtain networks involved in reward processing, a typical first-level fMRI analysis
was conducted using preprocessed fMRI data from 60 randomly selected control participants
(from a pool of 108 controls) acquired during an adapted version of the monetary incentive
delay (MID) task (von Rhein, et al., 2015). Onset times for reward cues, neutral cues, reward
hits, reward misses, neutral hits, and neutral misses, as well as contrasts for reward cue versus
neutral cue (reward anticipation) and reward hit versus miss (reward outcome) were used as
regressors of interest. This analysis resulted in eight unthresholded participant-level spatial
maps (zstat maps), which were transformed to MNI152 standard space and concatenated
into one timeseries. Independent component analysis (ICA) as implemented in FSL MELODIC
(Beckmann and Smith, 2004) was applied to this data. In total 50 ICA decompositions into 15
independent components (ICs) were applied, each including data of 40 randomly selected
participants. All ICs were thresholded using mixture modeling at p<0.5 (Woolrich, et al., 2005)
and entered into a meta-ICA decomposition into 30 components. The final spatial maps were
obtained by thresholding the resulting 30 ICs by means of mixture modeling at p<0.5.
Seven of these ICs were identified as noise. To interpret the remaining 23 components
(Figure S1) with respect to their association with the task, spatial similarity was determined for
each component with the group-level task response maps. These group-level response maps
were derived from a typical group-level analysis of the participants-level zstat maps with
covariates for age, sex, and scan location (using data from the same 60 control participants).
The resulting spatial maps for the eight contrasts (reward cue, neutral cue, reward hit, reward
miss, neutral hit, neutral miss, reward versus neutral cue, and reward hit versus reward miss)
were thresholded at Z>2.3 and corrected at the cluster level (p<0.05) and are displayed in
Figure S2. Next, each of the eight group-level response maps were regressed against the 23
ICs obtained from the meta-ICA, which resulted in an unique loading (beta) of each IC for the
eight response maps. The eight beta loadings were combined into one vector for each IC,
resulting in a task condition profile indicating the similarity with the response maps (see Figure
S1). Finally, as many of the profiles showed analogous patterns, a k-means clustering algorithm
(maximizing between-cluster differences and minimizing within-cluster differences) was
applied to all 23 series of beta loadings to reduce the number of components. This procedure
resulted in four clusters.
The series of beta loadings (i.e., the task condition profiles) for the four clusters and the
corresponding combined spatial maps are shown in Figure 1 of the main manuscript. The first
component resembled the default mode network (DMN) encompassing posterior cingulate
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cortex, lateral parietal cortex, and ventromedial prefrontal cortex (PFC), yet this cluster also
included motor and insular cortex. The second cluster showed high correspondence with
the fronto-parietal network encompassing the dorsolateral PFC, ventrolateral PFC, and
lateral parietal cortex, whereas the third component showed high overlap with the lateral
visual network including lateral visual cortex and thalamus. These first three clusters showed
average loadings on nearly all task aspects, indicating that these clusters were needed to
perform the MID task, but were not specific to reward processing. In contrast, the fourth
cluster was specifically related to processing of reward as it had strong loadings for reward
cues, reward anticipation, and reward outcome. This cluster showed high similarity with the
salience network and was comprised of anterior cingulate cortex, supplementary motor
cortex, fronto-insular cortex, nucleus accumbens, putamen, brain stem, and thalamus.
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Figure S1. Task condition profiles and spatial maps of all non-noise ICs obtained from the meta-ICA.
Profiles indicate relation between task response maps (see Figure S2) and ICs expressed as beta estimates (y-axis) of
the multiple linear regression with task response map (x-axis) as dependent measure and ICs resulting from the metaICA as independent measure. The task response maps (from left to right) are: rewarded cue, neutral cue, rewarded hit,
rewarded miss, neutral hit, neutral miss, reward anticipation and reward receipt.
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Figure S2. Group level response maps of the eight task contrasts.
The spatial maps are thresholded at Z>2.3 and corrected at the cluster level (p<0.05).

Instantaneous Correlation Parcellation
To segment each of the four networks activated during reward processing into functional
cortical subregions, we used a novel top-down parcellation strategy called Instantaneous
Correlation Parcellation (ICP; Van Oort, et al., in preparation). ICP is based on the assumption
that voxels that form a subregion within a larger region of interest (ROI), exhibit similar, yet
slightly different time courses compared to other voxels within the larger region. Accordingly,
each subregion within this ROI could be identified by structured changes between the
voxel-wise timeseries and thus has its own characteristic temporal signature. To enhance the
identifiability of subregions, ICP selectively augments these subtle differences by the elementwise multiplication of the voxel-wise time courses with the average time course of the entire
ROI. This process (called “temporal unfolding”) results in instantaneous correlations and is
illustrated in Figure S3. The instantaneous correlations are calculated separately for every fMRI
dataset. Subsequently, group-level independent component analysis (ICA; Beckmann and
Smith, 2004), a data-driven multivariate analyses technique, is applied to these transformed
time courses. ICA will divide the ROI into subregions (i.e., components) by grouping voxels
with similar timeseries, thus segregating voxels with different instantaneous correlations.
To determine which number of subregions is best supported by the data, or in other
words, in how many subregions a ROI or network can be functionally segregated, ICP employs
split-half reproducibility analyses for a selected range of model orders (i.e., the number of
subregions, also referred to as the scale of parcellation). To this end, the group ICA is repeated
in two random halves of the R-fMRI datasets for every scale. Subsequently, the split-half
reproducibility at each scale is determined by calculating the Dice-overlap between the
obtained parcellations for each half of the datasets. By iterating this process 20 times, reliable
averages are acquired for each scale and the optimal scale of parcellation can be defined.
Figure S4 illustrates the ICP pipeline.
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Figure S3. Illustration of the instantaneous correlation parcellation strategy.
The oval represents a ROI consisting of four subregions. The black time course represents the average timeseries of
the entire ROI, whereas the four colored timeseries represent exemplar timeseries for a voxel within each subregion.
Multiplying each of these voxel specific timeseries with the average time course of the entire ROI (temporal
unfolding), results in instantaneous correlations in which the subtle differences between the timeseries of each voxel
are enhanced (increase in SNR of about 3dB in this example). Subsequently, ICA is applied to the unfolded timeseries
to segregate the region of interest into subregions by grouping voxels with similar instantaneous correlations.

Figure S4. Flowchart of the ICP pipeline.
The group ICA is applied to the instantaneous correlations and repeated 20 times for a range of model orders in order
to assess split-half reproducibility.

To generate an independent cortical parcellation for each of the four networks, we
applied ICP to R-fMRI data of the publically available Human Connectome Project dataset
(HCP; Smith, et al., 2013). The HCP dataset provides one hour of R-fMRI data acquired with
a TR of 720ms, resulting in a total of 4800 available time points for every participant. This
high temporal resolution is of great benefit as the ICP strategy specifically focuses on subtle
differences in timeseries to delineate subregions. We used the ICA-FIX denoised data of 50
females and 50 males provided by the HCP S500 release (see Table S1 for the subject IDs).
Additionally, we employed a high-pass filter of 0.01Hz and spatial smoothing using a 3mm
FWHM Gaussian kernel. We further enhanced the homogeneity of the obtained parcellation

171

Chapter 5

for each of the four networks by identifying those voxels within each subregion that were part
of the same subregion across the lower-scale parcellations. This procedure excluded those
voxels that exhibited discordant associations when increasing the number of subregions.
Especially voxels at the interface between two regions might be subject to altered associations
depending on the number of requested subregions. The procedure to obtain the subcortical
subregions within each network is described in the main manuscript. For these subcortical
parcellations we used R-fMRI data from a second sex-matched sample of 100 subjects of the
HCP dataset. The subject IDs of this second sample are shown in Table S2.
Table S1. Subjects IDs from HCP subjects included in the ICP analysis to identify the cortical regions within each
network
Subject IDs

101309
102311
103111
105014
106521
108121
108323
111413
116524
118528
120515
122620
123420

123925
128127
131217
131722
132118
133019
135528
140117
141826
142626
145834
146331
147030

148941
149741
150625
152831
154936
155635
157437
159441
160830
161630
164131
164939
167036

169444
171431
171633
172029
172130
173334
173435
173940
177645
178142
179346
180129
181232

187143
189349
191033
191336
191841
192843
194645
197348
198855
201818
203418
205220
208327

209834
210415
211215
211922
212116
212419
231928
290136
303119
308331
316633
352132
380036

385450
395958
433839
445543
573249
594156
599671
623844
690152
695768
742549
789373
814649

833148
837560
871762
901038
910241
912447
922854
958976
983773

Table S2. Subjects IDs from HCP subjects included in the functional connectivity analysis to identify the subcortical
regions within each network
Subject IDs

100307
100408
103414
103515
103818
105115
105216
106319
110411
111312
113619
114924
115320
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117122
118730
118932
120212
122317
123117
124422
125525
127933
128632
129028
130013
131924

133625
133827
133928
134324
135932
136833
137128
138231
138534
139637
142828
143325
144226

149337
149539
151223
151627
153429
156637
157336
158035
158540
159239
161731
162329
163432

167743
169343
172332
175439
177746
182739
182840
185139
191437
192439
192540
193239
194140

195647
196144
197550
199150
199251
200614
201111
205119
205725
210617
212318
214019
214221

214423
217429
304020
329440
397760
414229
448347
530635
581349
598568
672756
685058
734045

753251
857263
865363
889579
896879
917255
932554
937160
992774

Figure S5. Split-half reproducibility scores.
The split-half reproducibility score at each scale (2-20 cortical subregions) of the functional parcellations obtained for
the four networks in the HCP sample. For each network, the parcellation into four cortical subregions yielded high
reproducibility scores of at least 90% overlap between split-half analyses. Accordingly, the cortical parcellation into
four subregions for each network was used for further analyses.

173

Chapter 5

Functional Connectivity in Brain Networks Underlying Reward Processing in ADHD

Chapter 5

Figure S6. Group-average connectivity matrices of the four networks in the unaffected sibling group and
subthreshold ADHD group.
The matrices indicate Pearson and partial correlations between timeseries of the different subcortical and cortical
subregions in the four networks for the unaffected sibling group and subthreshold ADHD group. The connectivity
matrices for the ADHD and control group can be found in Figure 3 of the main manuscript.
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Figure S7. Scatterplots of the inattention-related increases in functional connectivity in network 1.
Schematic representation of the significant dimensional relationships between Conners Parent Rating Scale (CPRS)
inattention scores (Conners, et al., 1998) and functional connectivity for the 7 functional connections in network 1
across all 444 participants. Statistical parameters can be found in Table 2 of the main manuscript.
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Figure S8. Scatterplot of the inattention-related increase in connectivity within the brown subnetwork of network 2.
Schematic representation of the significant dimensional relationship between CPRS inattention scores and functional
connectivity within the brown subnetwork of network 2 across all 444 participants (r=0.175, p=0.0013).

Post-hoc sensitivity analyses of the observed dimensional ADHD-related effects
We conducted post-hoc sensitivity analyses to ensure that our observed inattention-related
increases in connectivity for the 7 functional connections in network 1 and the inattentionrelated increase in the brown subnetwork within network 2 were not driven by effects of
age, IQ, and medication use. To this end, we computed correlations between age, IQ, and
duration of medication use (days; only in the ADHD group), and functional connectivity of
the 7 pairs of regions in network 1 and the brown subnetwork within network 2 (corrected
for age, sex, scan location, and oppositional defiant disorder (ODD)/conduct disorder (CD)
comorbidity, yet we did not correct for age in the analysis in which the relationship between
functional connectivity and age was specifically tested). Table S3 demonstrates that none
of the correlations in network 1 survived correction for multiple comparisons (using a
Bonferroni-corrected p-value of 0.006; i.e., 0.05/8, where 8 is the number of tested functional
connections). These analyses confirm that age, IQ, and medication use did not influence
the observed inattention-related increases in functional connectivity in network 1. We note
the significant correlation between age and average connectivity in the brown subnetwork
within network 2, which confirms the usefulness of adding age as a covariate in our analyses.
To ensure that the observed inattention-related increases in connectivity for the 7
functional connections in network 1 and the inattention-related increase in the brown
subnetwork within network 2 were not specific to sex, scan location, and presence or
absence of ODD/CD comorbidity, we furthermore computed these correlations separately
for males and for females, for participants scanned in Amsterdam and in Nijmegen, and for
participants without and with ODD/CD comorbidity. These analyses aimed to qualitatively
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Table S3. Results of sensitivity analyses examining effects of age, IQ, and medication duration
Network 1
Inattention-related increase in functional connectivity between

Cerebellum brown – Cerebellum yellow
Cerebellum brown – Cortex green
Cerebellum yellow – Thalamus brown
Cerebellum yellow – Cortex green
Thalamus brown – Cortex yellow
Cortex green – Cortex yellow
Cortex blue – Cortex yellow

Age

IQ

Medication
duration

r=
p=
r=
p=
r=
p=
r=
p=
r=
p=
r=
p=
r=
p=

0.05
0.31
0.06
0.22
0.12
0.01
0.03
0.58
-0.05
0.26
-0.03
0.54
-0.04
0.44

-0.05
0.29
0.08
0.08
-0.09
0.07
0.05
0.26
-0.11
0.02
0.04
0.39
0.04
0.40

0.06
0.49
0.08
0.31
0.06
0.54
0.05
0.54
-0.02
0.80
0.01
0.95
0.00
1.00

r=
p=

0.17
<0.001

-0.06
0.24

-0.027
0.744

Brown subnetwork

Correlations and corresponding p-values of age, (estimated) IQ, and duration of medication use (in the ADHD group)
with connectivity for the 7 pairs of regions within network 1 and the brown subnetwork within network 2. None of
the correlations in network 1 survived correction for multiple comparisons (using a Bonferroni-corrected p-value of
0.006; i.e., 0.05/8 where 8 is the number of tested functional connections). These analyses confirm that age, IQ, and
medication use did not influence the observed inattention-related increases in functional connectivity in network
1. The correlation between age and average connectivity in the brown subnetwork within network 2 is significant,
confirming the usefulness of adding age as a covariate in our analyses.

confirm that effects within each subgroup adhere to the same direction as our main findings
(i.e., inattention-related increases in functional connectivity), rather than demonstrating that
these associations within subgroups remained significant, as splitting into smaller groups
will affect statistical power. These analyses demonstrated inattention-related increases in
functional connectivity for all 7 pairs of regions in network 1 and in the brown subnetwork
within network 2, in males as well as in females, for participants scanned in Amsterdam and
in Nijmegen, and for participants without as well as with ODD/CD comorbidity (Table S4). All
correlations were positive, and comparable between those obtained for males and females,
for participants scanned in Nijmegen and Amsterdam and for participants with or without
ODD/CD comorbidity. These analyses confirm that the observed inattention-related increases
in functional connectivity in networks 1 and 2 were not driven by differences in sex, scan
location, and ODD/CD comorbidity.
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Inattention-related increase in functional connectivity within

Chapter 5

Table S4. Results of sensitivity analyses examining effects of sex, scan location, and ODD/CD comorbidity
Network 1
Inattention-related increase in
functional connectivity between

Sex
Male
N=250

Female
N=194

Nijmegen
N=222

Amsterdam
N=222

No ODD/CD
N=387

ODD/CD
N=57

Cerebellum brown – Cerebellum r=
yellow
p=
Cerebellum brown – Cortex green r=
p=
Cerebellum yellow – Thalamus
r=
brown
p=
Cerebellum yellow – Cortex green r=
p=
Thalamus brown – Cortex yellow
r=
p=
Cortex green – Cortex yellow
r=
p=
Cortex blue – Cortex yellow
r=
p=

0.20
**
0.18
**
0.19
**
0.15
*
0.16
*
0.16
*
0.14
*

0.17
*
0.16
*
0.11
0.13
0.19
**
0.16
*
0.18
*
0.18
*

0.19
**
0.15
*
0.16
*
0.17
**
0.13
0.06
0.15
*
0.12
0.08

0.20
**
0.18
**
0.15
*
0.16
*
0.21
**
0.19
**
0.19
**

0.18
**
0.16
**
0.16
**
0.16
**
0.18
**
0.19
**
0.18
**

0.31
*
0.20
0.16
0.18
0.20
0.20
0.16
0.09
0.54
0.03
0.82
0.01
0.97

0.18
**

0.15
*

0.16
*

0.18
**

0.19
**

0.04
0.78

Scan location

ODD/CD comorbidity

Network 2
Inattention-related increase in
functional connectivity within

Brown subnetwork

r=
p=

Correlations and corresponding p-values between CPRS inattention scores and connectivity of the 7 pairs of
regions within network 1 and the brown subnetwork within network 2 calculated separately for males and females,
for participants scanned in Nijmegen and Amsterdam, and for participants without and with oppositional defiant
disorder (ODD)/ conduct disorder (CD) comorbidity. * p<0.05, ** p<0.001.
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general Discussion

Appendix

The overall aim of this thesis was to systematically investigate whether ADHD is associated
with altered connectivity in cortico-striatal networks. To this end, we first reviewed existing
R-fMRI studies in child psychiatric disorders, including R-fMRI studies that investigated
functional connectivity in cortico-striatal networks in ADHD. Next, building upon the findings
of these initial R-fMRI reports, we conducted a series of R-fMRI studies to comprehensively
delineate the functional connectivity architecture of cortico-striatal networks in ADHD. In this
chapter I summarize our main findings and describe how these findings have improved our
understanding of cortico-striatal network dysfunction in ADHD. Further, I discuss the strengths
and limitations of this thesis and address potential future research directions.

Summary of main findings
In our review in chapter 2 we showed that R-fMRI studies have revealed important insights into
brain function in child psychiatric disorders. For example, global under-connectivity in the brain
has consistently been reported in autism spectrum disorders, whereas atypical connectivity
within the fronto-limbic circuitry (including subgenual ACC and amygdala) has frequently been
demonstrated in patients with major depressive disorder. Importantly, the studies discussed
in this review also provided evidence for atypical functional connectivity in cortico-striatal
networks in ADHD. Several R-fMRI studies have implicated the ACC in ADHD. Atypical functional
connectivity within the ACC as well as between ACC and OFC, between ACC and caudate,
and between ACC and cerebellum has been reported in participants with ADHD compared to
healthy controls. ADHD-related alterations have also been observed in functional connectivity
of PFC, caudate, putamen, thalamus, and cerebellum. Further, increased connectivity between
ventral striatum and OFC has been associated with increased impulsivity and ADHD-related
changes in the cognitive network have been related to poorer response inhibition.
However, although mostly supporting aberrant functional connectivity in corticostriatal networks in ADHD, findings are also heterogeneous regarding the specific functional
connections that are altered. Next to phenotypic heterogeneity in ADHD, this heterogeneity
might be a result from differences in the examined regions and methodology. More specifically,
seed-based functional connectivity studies have generally investigated connectivity of a
single striatal or cortical region in a small sample of participants. Moreover, apart from atypical
ACC connectivity in ADHD, replication of findings has been minimal. In order to make more
reliable statements about dysfunctional connectivity in cortico-striatal networks in ADHD,
the studies described in our review need to be replicated in large cohorts. Along this line,
we conducted a series of seed-based functional connectivity studies to comprehensively
investigate ADHD-related alterations in cortico-striatal network connectivity using our large
NeuroIMAGE ADHD cohort.
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In chapter 3 we examined ADHD-related changes in functional connectivity of four
cortico-striatal networks. To this end, we obtained seed regions for NAcc, caudate, anterior
putamen, and posterior putamen based on the Harvard-Oxford atlas. Next, we investigated
local functional connectivity between these four structurally-defined striatal subregions as
well as functional connectivity in the whole brain networks of each striatal subregion. We did
not observe ADHD versus control group differences in functional connectivity in any of the
striatal functional networks. As such, we did not replicate previous findings of ADHD-related
alterations in the major cortico-striatal networks. In contrast, our findings demonstrated
increased local functional connectivity between the anterior and posterior division of the
putamen in the ADHD group. We interpreted this finding as decreased functional segregation
between anterior and posterior putamen in ADHD, potentially resulting from aberrant
development of local connectivity in the ADHD group.
In chapter 4 we used a novel parcellation technique to functionally delineate subregions
within the striatum. We obtained a parcellation of the striatum into six subregions, which closely
corresponded with the hypothesized anterior-posterior division within putamen and dorsalventral division within caudate. We then investigated resting-state functional connectivity
of these fine-scale striatal subregions in participants of the NeuroIMAGE cohort using both
categorical diagnosis as well as dimensional ADHD symptom measures. We did not observe
significant differences between the ADHD and control group in functional connectivity of the
six striatal networks. However, we did observe significant relationships between striatal networks
and continuous scores of ADHD symptoms using dimensional analyses. Specifically, increased
ADHD symptom scores were associated with increased functional connectivity of posterior
putamen with occipital cortex, cerebellum, motor cortex, prefrontal cortex, and precuneus.
Increased inattention scores were also correlated with increased functional connectivity
between ventral caudate and occipital fusiform gyrus. Furthermore, we showed that increased
functional connectivity of posterior putamen with motor cortex and cerebellum was related
to decreased motor performance. These findings support the hypothesis of cortico-striatal
dysfunction in ADHD and highlight that dimensional analyses based on continuous symptom
measures can reveal important insights into cortico-striatal network dysfunction in ADHD.
Finally, in chapter 5 we aimed to comprehensively delineate the functional neural
architecture underlying aberrant reward processing, beyond the limbic network, in ADHD.
To this end, we delineated reproducible, stable cortical and subcortical regions within four
networks activated during reward processing. Next, we computed Pearson and partial
correlations between the different regions within each of the four networks for every
NeuroIMAGE participant. However, we did not observe significant ADHD-related alterations
in functional connectivity between key regions of the reward system. Instead, our findings
indicated inattention-related increases in functional connectivity of the default-mode and
fronto-parietal network, which are more general, reward-independent networks.
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The functional connectivity architecture of
cortico-striatal networks in ADHD
Previous MRI studies have already demonstrated atypical structure and function of regions
within cortico-striatal networks in ADHD, yet it remained unclear whether these effects were
region-specific or related to changes in the functional connectivity architecture of corticostriatal networks. The studies conducted in this thesis provide compelling evidence indicating
that ADHD is indeed associated with alterations in functional connectivity of the sensorimotor
and cognitive control network. However, we did not observe ADHD-related alterations in
functional connectivity of the limbic network.
ADHD-related alterations in functional connectivity of the sensorimotor network
Despite the motor impairments observed in patients with ADHD, the sensorimotor network
has not been frequently investigated in ADHD. However, our findings clearly implicate aberrant
functional connectivity of the sensorimotor network, with the putamen as key component, in
ADHD. In chapter 3 we observed increased local functional connectivity between the anterior
and posterior region of the putamen in the ADHD group compared to the control group.
We based this segregation on studies suggesting that the putamen can be segregated into
a functionally distinct anterior and posterior region. The anterior region of the putamen has
been associated with higher-order cognitive aspects of motor control such as learning and
initiating new movements (Aramaki, et al., 2011), whereas the posterior region of the putamen
has been related to the execution of well-learned, skilled movements (Tricomi, et al., 2009). As
such, we interpret our finding of increased local functional connectivity between anterior and
posterior putamen as decreased functional segregation between both putamen regions. We
hypothesize that this decreased functional segregation of the neural correlates for ‘learning
and initiating new movements’ and ‘execution of skilled movements’ might be related to the
motor impairments observed in ADHD. Accordingly, one could speculate that the transfer of
information from anterior to posterior putamen, which is important to automatically execute
a movement once a movement has been learned, is impaired in patients with ADHD, which
leads to slower motor learning and impairments in motor function.
Furthermore, we did not only observe ADHD-related changes in local functional
connectivity between subregions within the putamen, but we also observed ADHD-related
changes in global, whole brain functional connectivity of the posterior putamen. Specifically,
in chapter 4 we demonstrated that increased inattention and hyperactivity/impulsivity
symptom scores were associated with increased functional connectivity of posterior putamen
with motor cortex and cerebellum, areas of the sensorimotor network, and with occipital
cortex and precuneus. The ADHD-related increases in functional connectivity of posterior
putamen with motor cortex and cerebellum, were furthermore related to decreased motor
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performance, as measured by the Developmental Coordination Disorder questionnaire
(DCD-Q; Wilson, et al., 2000). As such, these findings provide compelling support that motor
impairments in ADHD are associated with cortico-striatal network dysfunction.
By implicating ADHD-related alterations in the sensorimotor network, our findings
corroborate structural MRI studies that reported alterations in putamen volume in ADHD
(Frodl and Skokauskas, 2012; Greven, et al., 2015; Wellington, et al., 2006), and task-based fMRI
studies that relate aberrant activity of the motor system to impaired motor function in ADHD
(Mostofsky, et al., 2006; Suskauer, et al., 2008; Valera, et al., 2010). In addition, the ADHD-related
changes in functional connectivity in our study are in line with a recent R-fMRI investigation,
reviewed in chapter 2 of this thesis that provided initial evidence for atypical functional
connectivity of the sensorimotor network in ADHD. This report demonstrated increased
regional homogeneity (a measure of local connectivity) in the premotor and sensorimotor
cortex in adolescents with ADHD (An, et al., 2013). Our findings complement this existing
literature by revealing that dysfunction in the sensorimotor network in ADHD is not limited
to structural and functional alterations of individual regions within this network but can be
extended to dysfunction in the underlying functional connectivity architecture.
The ADHD-related increases in functional connectivity of posterior putamen with occipital
cortex and precuneus are however a bit more difficult to interpret, because these regions do not
primarily belong to the sensorimotor network and are not directly related to motor processing.
Nevertheless, both regions have previously been implicated in ADHD by structural MRI and
task-based fMRI studies (for review see Castellanos and Proal, 2012). The precuneus is part of
the default mode network (DMN), a network associated with self-referential processing and
normally inhibited during externally oriented, attention-demanding tasks (Buckner, et al., 2008;
Raichle, et al., 2001). Current hypotheses suggests that in ADHD decreased suppression of the
DMN by task-positive networks, including cortico-striatal networks, disrupts ongoing cognition
and behavior, which leads to the periodic lapses in task-performance in ADHD (for review see
Sonuga-Barke and Castellanos, 2007). As such, we interpret the inattention-related increase
in functional connectivity between posterior putamen and precuneus in terms of decreased
suppression of the DMN in ADHD (Castellanos and Proal, 2012; Posner, et al., 2014). Further, we
interpret the inattention-related increase in functional connectivity of posterior putamen with
the occipital cortex, a region involved in visual processing, in terms of impaired visuo-motor
integration, leading to motor impairments in ADHD (Ledberg, et al., 2007; Sweeney, et al., 2004).
ADHD-related alterations in functional connectivity of the cognitive control network
Next to atypical functional connectivity in the sensorimotor network, we also obtained
evidence for atypical functional connectivity in the cognitive control network. A few R-fMRI
studies reviewed in chapter 2 already provided initial evidence for atypical functional
connectivity in the cognitive control network by demonstrating aberrant connectivity in the
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caudate (Cao, et al., 2009; Di Martino, et al., 2013), in the PFC (An, et al., 2013; Wang, et al., 2009),
and between the caudate, ACC, and PFC in ADHD (Mennes, et al., 2012). Opposing the latter
R-fMRI study that was conducted in a small ADHD sample (17 participants in each group),
our findings did however not provide evidence for ADHD-related alterations in functional
connectivity of caudate with ACC and PFC. Yet, we did observe that functional connectivity
between ventral caudate and occipital cortex increased with higher inattention scores. The
occipital cortex is not considered a main component of the cognitive control network and
is also not typically considered in the etiology of ADHD. Nevertheless, several neuroimaging
studies have shown abnormalities in the occipital cortex in ADHD (for review see Castellanos
and Proal, 2012). For example, a meta-analysis of 55 task-based fMRI studies demonstrated
hyperactivation in the occipital cortex in ADHD (Cortese, et al., 2012). In addition, two of
the reviewed R-fMRI studies demonstrated increased local functional connectivity within
the occipital cortex in ADHD patients (Cao, et al., 2006; Wang, et al., 2009). According to a
recent hypothesis, the occipital cortex, caudate, and attention networks in the brain interact
with each other to maintain attention to relevant stimuli while at the same time suppressing
attention to irrelevant stimuli (Shulman, et al., 2009). As failure to ignore irrelevant stimuli
is a key impairment in ADHD, we argue that the inattention-related increase in functional
connectivity between caudate and occipital cortex in our study might reflect a mechanism
compensating for inattention in ADHD (for review and meta-analysis see Castellanos and
Proal, 2012; Cortese, et al., 2012). Future research will be necessary to further investigate how
increased connectivity between the ventral caudate in the cognitive control network and the
occipital cortex relates to inattention.
No evidence for ADHD-related alterations in functional connectivity of the limbic
network in ADHD
In contrast to the sensorimotor and cognitive network, we did not find evidence for atypical
functional connectivity in the limbic network in ADHD. In chapters 3 and 4 of this thesis we
examined categorical and dimensional effects of ADHD on functional connectivity in the
limbic network using the NAcc as a seed region. However, no ADHD-related changes in
functional connectivity were identified. In chapter 5 we not only investigated categorical and
dimensional effects of ADHD on resting state functional connectivity between regions in the
limbic network, but in all brain networks that were activated during a reward processing task
(i.e., the monetary incentive delay task (MID)). In this comprehensive investigation we also
did not observe effects of ADHD on functional connectivity of regions that were specifically
related to reward processing. Instead, we observed that functional connectivity increased
with higher inattention scores in parts of the default-mode and fronto-parietal network.
These networks had an overall supportive role in executing the MID task, but were largely
independent of reward processing.
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Our findings could indicate that the functional integration in the limbic network and
in the larger system of reward-specific regions is intact. According to this interpretation,
dysfunctional integration within the limbic network does not account for altered BOLD
responses in the NAcc, ACC, and OFC that have been observed during reward processing
in ADHD (Plichta and Scheres, 2014; von Rhein, et al., 2015). As such, the previous findings
of increased BOLD responses in regions of the limbic network during reward processing,
in combination with our observation that communication between the very same regions
is unaltered during rest, suggests that the affected regions might only be overly recruited
when the limbic network is in use, i.e., during reward processing. Alternatively, one could
speculate that atypical reward processing in ADHD is not caused by altered function in
networks underlying reward processing but might be related to alterations in more general
task processing networks, such as networks underlying attentional processes. The inattentionrelated increases in functional connectivity observed in the default mode network and frontoparietal network in chapter 5, seem to support this hypothesis. That is, aberrant functional
connectivity of general task-related networks might lead to increased attention and sensitivity
for rewards in participants with ADHD.
However, the absence of ADHD-related changes in the functional connectivity
architecture of the limbic network is inconsistent with previous R-fMRI reports (Costa Dias,
et al., 2012; Posner, et al., 2013; Tomasi and Volkow, 2012). In chapter 2 we reviewed R-fMRI
studies that did demonstrate atypical functional connectivity between NAcc, ACC, and
OFC in ADHD. A possible explanation for this inconsistency might relate to the age of the
included participants. Participants in our study were adolescents and young adults, whereas
the previous R-fMRI studies of the limbic network were conducted in children. Longitudinal
structural MRI studies have provided evidence for diagnostic-specific developmental effects
on the anatomy of reward-related regions (Casey, et al., 2005). To assess whether development
also affects the functional connectivity architecture of the networks underlying reward
processing, and to determine whether these effects are indeed ADHD-specific, longitudinal
R-fMRI studies need to be conducted in ADHD.

Phenotypic heterogeneity and dimensional analyses
In this thesis we applied categorical analyses comparing the ADHD and control group, as
well as dimensional analyses based on ADHD symptom scores across all participants, to
investigate ADHD-related changes in cortico-striatal network connectivity. This approach was
based on the recent hypothesis that heterogeneous neurobiological mechanisms, comprising
not only categorical but also dimensional constructs, might underlie ADHD (Asherson and
Trzaskowski, 2015; Chabernaud, et al., 2012; Elton, et al., 2014). Until now, most studies have
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used case-control designs to investigate the neurobiological mechanisms underlying ADHD,
implying underlying categorical mechanisms. Although based on clinical practice where
people are diagnosed with ADHD when symptoms exceed a particular threshold of severity,
such approaches side-step the large phenotypic heterogeneity in ADHD, hypothesized to
result from underlying dimensional mechanisms. Examples of the phenotypic heterogeneity
in ADHD are differences in ADHD subtype, the number of symptoms, presence of comorbid
disorders, and cognitive impairments. Dimensional analyses that are based on the hypothesis
that ADHD can be understood as an extreme end of a continuum of typical function and
that use continuous ADHD symptom measures, might be able to capture this heterogeneity.
As such, the use of dimensional analyses could provide novel insights by revealing ADHDrelated changes in brain function not detected by a traditional ADHD versus control group
comparison.
Indeed, in chapter 4 of this thesis, the dimensional analyses revealed that functional
connectivity of posterior putamen and ventral caudate with specific cortical areas in the
brain increased significantly as a function of higher ADHD symptom scores. However, the
categorical analyses did not reveal significant ADHD-related effects. Similarly, in chapter 5
we observed inattention-related increases in functional connectivity in the dimensional
analyses but we did not observe effects when comparing functional connectivity between
the ADHD and control group in the categorical analysis. As such, our findings indicate that
dimensional mechanisms contribute to cortico-striatal network dysfunction in ADHD and
highlight that dimensional analyses can reveal important insights into brain function in
ADHD. This conclusion corresponds with the growing number of new initiatives seeking
to employ dimensional approaches to study the behavioural, neural, and genetic features
of psychiatric disorders. Furthermore, in light of the symptom overlap between different
psychiatric disorders, attempts are also being made to identify bio-behavioural dimensions
that cut across disorder categories, such as the “Research Domain Criteria” initiative (Insel, et
al., 2010; Morris and Cuthbert, 2012).
While these approaches and our findings support the hypothesis that ADHD symptoms
can be understood as extremes on a continuum of typical function, our findings do not rule
out that next to dimensional effects, categorical effects also contribute to cortico-striatal
network dysfunction in ADHD. In chapter 3, the categorical analyses revealed an increase
in local functional connectivity between anterior and posterior putamen in ADHD. Further,
the absence of significant ADHD versus control group differences in functional connectivity
between striatal and cortical regions in our study, differs from several previous R-fMRI studies
that did report such categorical differences in ADHD (Costa Dias, et al., 2012; Mennes, et al.,
2012; Posner, et al., 2013; Tomasi and Volkow, 2012). Two explanations for these inconsistent
findings in categorical analyses might be plausible. First, previous studies in small samples
might have been underpowered and as such, might have given rise to false-positive findings.
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Alternatively, to be able to obtain a large NeuroIMAGE sample, participants in a large age range
(8-25 years) were included, independent of ADHD subtype, sex, and stimulant treatment. The
possibly large heterogeneity in our NeuroIMAGE sample might have concealed the categorical
differences detected in the previous studies conducted in smaller samples that were likely
more homogeneous. Accordingly, we cannot state that categorical differences between the
ADHD and control group in global cortico-striatal network connectivity are fully absent.

In addition to the dimensional analyses based on continuous symptom measures, we
implemented several other methodological advances in this thesis that contributed
significantly to unraveling ADHD-related changes in the functional connectivity architecture of
cortico-striatal networks. In chapter 4 we demonstrated the potency of ICP, a novel functional
parcellation strategy to segregate brain regions into functional subregions using R-fMRI data
(Van Oort, et al, in preparation). The application of ICP resulted in a fine-grained parcellation of
the striatum that not only confirmed the classical subdivision into NAcc, putamen, and caudate,
but also the hypothesized anterior-posterior division of putamen and ventral-dorsal division of
caudate. By using these fine-grained, functionally defined subregions of the striatum as seeds
in a functional connectivity analyses, we revealed that functional connectivity in the networks
of posterior putamen and ventral caudate increased significantly at higher inattention and
hyperactivity/impulsivity scores. Post-hoc analyses clearly demonstrated the benefit of using
the fine-grained, functionally defined subregions of the striatum over the larger, anatomically
defined regions for putamen, caudate, and NAcc when investigating functional connectivity.
That is, the inattention-related increase in functional connectivity of the ventral caudate was
not observed when using the larger, anatomically defined caudate as seed region. Similarly,
although functional connectivity in the network of the full putamen region increased at
higher inattention scores, this effect was of smaller spatial extent than the inattention-related
increase observed in the network of the functionally defined posterior putamen region.
These findings demonstrate that the use of functionally defined, smaller striatal subregions
leads to increased spatial specificity, which is crucial in unraveling the functional connectivity
architecture of cortico-striatal networks in ADHD.
ICP also has great potential for investigating ADHD-related changes in the functional
connectivity architecture of anatomically less well-characterized regions and functional
networks in the brain. Indeed, in chapter 5 we further explored the utility of ICP and
demonstrated that ICP can be used to delineate reproducible and stable subcortical and
cortical regions within functional networks activated during reward processing. Accordingly,
the application of ICP in this thesis was of great benefit as it contributed significantly to
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delineate the functional connectivity architecture in cortico-striatal as well as rewardsupporting networks in ADHD. Of note, by using striatal subregions as seeds in seed-based
functional connectivity analyses (chapters 3 and 4), we were able to detect ADHD-related
changes in functional connectivity between the striatal subregions and all other (cortical)
brain regions in each cortico-striatal network. Yet, we might have missed ADHD-related
alterations in functional connectivity between other brain areas.
Another important methodological advance implemented in this thesis was ICAAROMA, a powerful ICA-based method for motion denoising (Pruim, et al., 2015a). As already
indicated in the introduction of this thesis, in-scanner head motion is a problematic issue in
R-fMRI analyses as it can induce artificial effects and compromise detection of true effects
(Beckmann and Smith, 2004; Power, et al., 2012). This can be particularly problematic when
examining functional connectivity in ADHD, given that ADHD patients display more headmotion. Previously proposed methods for motion denoising including nuisance regression
with 6-24 motion-related covariates (Friston, et al., 1996), spike regression (Satterthwaite, et
al., 2013), and scrubbing (Power, et al., 2012), regress out or delete motion volumes from fMRI
timeseries. Although these methods remove motion-related signal variations, they damage
the temporal autocorrelation structure of fMRI data and might result in a high and variable
reduction in the temporal degrees of freedom (Satterthwaite, et al., 2013). In contrast, ICAAROMA automatically removes motion-related components based on four predefined
features, while preserving the temporal characteristics of R-fMRI data. Moreover, ICA-AROMA
was demonstrated to outperform these existing methods by removing motion-related
components to a larger extend while at the same time increasing the sensitivity to grouplevel activation (Pruim, et al., 2015b).
Further, in chapters 3 and 4 we conducted multivariate seed-based functional
connectivity analyses by either entering the timeseries of all seed regions simultaneously in
a single, multivariate GLM, or by computing partial correlations between the timeseries. As
such, we assured that the observed ADHD-related alterations in local functional connectivity
between anterior and posterior putamen (chapter 3), and the alterations in global functional
connectivity in the networks of posterior putamen and ventral caudate (chapter 4), were
specific to connectivity of those striatal regions and not confounded by contributions of
the other striatal seed regions. Indeed, conducting multivariate seed-based analysis allows
explicitly comparing one seed versus another, while taking global effects into account.
All studies conducted in this thesis used R-fMRI data of the NeuroIMAGE cohort (von
Rhein, et al., 2014). The NeuroIMAGE cohort is a large and well-phenotyped cohort including
adolescents and young adults with ADHD, their unaffected siblings, as well as typically
developing adolescents and young adults. The large sample size of the NeuroIMAGE cohort
is of great benefit when investigating the neurobiological mechanisms of ADHD. Most R-fMRI
studies use an ADHD and control group of each approximately 15-50 participants. As such,
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Future directions
This thesis was aimed at comprehensively delineating the functional connectivity architecture
of cortico-striatal networks in ADHD. As such, our findings do not have direct implications
for clinical practice in terms of diagnostic tools or interventions. Nevertheless, the studies
conducted in this thesis have revealed important insights into the functional connectivity
architecture of cortico-striatal networks in ADHD and have demonstrated the significance
of advanced methodology. In the previous sections I already discussed the importance of
ICP and dimensional analyses for the insights obtained in this thesis, and touched upon
the potential benefit of these applications for future research. In this section I will highlight
other promising research directions that can further contribute to unravel the functional
connectivity architecture of cortico-striatal networks in ADHD.

191

Chapter 6

these studies rely on relatively small sample sizes. Although they might provide useful insights
into the functional connectivity architecture underlying ADHD, these studies are also prone
to effects of outliers and sampling biases. In contrast, the NeuroIMAGE sample offers good
quality R-fMRI data for a total of 444 participants and is thus less affected by outliers and
sampling biases. Accordingly, effect sizes can be estimated more reliably, increasing the
robustness of findings and opportunities for replication. This large sample further provides
high statistical power, which enables detection of subtle effects with small effect sizes. In
addition, the NeuroIMAGE sample not only includes ADHD and healthy control subjects, but
also unaffected siblings of ADHD participants as well as participants with subthreshold ADHD.
This is particularly useful when investigating underlying dimensional effects of ADHD. When
assuming that ADHD-related neural dysfunction represents the extreme end of a spectrum
that includes typical brain function, neural function of unaffected siblings and subthreshold
subjects might represent the middle portion of this spectrum. As such, these subjects might
provide extra power to detect such underlying dimensional mechanisms.
However, the use of the NeuroIMAGE sample is not without disadvantages. To be able
to obtain a large cohort, both medication-naive and medicated participants with ADHD
were included, and the ADHD and control group were not matched on sex, IQ, and age.
Furthermore, MRI data was acquired at two sites with different scanners. More participants
with ADHD were scanned in Amsterdam and more control participants were scanned in
Nijmegen. These differences in medication use, and group differences in scan location and
demographics induce additional variance in the data. We demonstrated that these confounds
did not contribute to the ADHD-related alterations in functional connectivity observed in this
thesis. However, the extra variance induced by these differences might have concealed the
detection of other ADHD-related effects.
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Next to the application of dimensional analyses, recent methodological advances
enable other ways to address the phenotypic heterogeneity in ADHD. Initial studies have
demonstrated that by applying data-driven clustering approaches to cognitive data,
participants with ADHD and healthy controls could be subdivided in subgroups with distinct
neurocognitive profiles (Fair, et al., 2012; van Hulst, et al., 2015). Furthermore, a recent study
revealed that clustering approaches can also be used to parse heterogeneity in R-fMRI data.
By employing clustering to participant level whole-brain functional connectivity maps of
the NAcc, Costa Dias and colleagues were able to identify three different subgroups within
typically developing children and children with ADHD (Costa Dias, et al., 2015). All subgroups
displayed different connectivity patterns of the NAcc and differences in impulsivity. As such,
clustering approaches might be a valuable approach to investigate the heterogeneity in
ADHD at the behavioral as well as the neurobiological level. Indeed, clustering approaches
could enable identification of distinct subgroups with distinct functional connectivity profiles,
whereas classical case-control comparisons forego this level of heterogeneity in functional
connectivity. Of note, the existence of different subgroups based on NAcc connectivity, might
also relate to the absence of significant ADHD-related alterations in the limbic network in
this thesis. That is, classical case-control comparisons and dimensional analyses based on
continuous symptom measures might not enable detection of ADHD-related effects on
functional connectivity when distinct subgroups exist that each have a distinct connectivity
profile.
Another innovative application that was recently introduced for analyzing heterogeneity
in healthy as well as clinical cohorts is normative modeling (Marquand, et al., 2016). This
approach is based on the hypothesis that psychiatric disorders can be understood as
extremes on a continuum of typical function and is complementary to applying dimensional
analyses based on continuous symptom measures to investigate disorder-related changes
in brain function. More specifically, normative modeling is a data-driven approach for
mapping associations between brain function and behavior (the normative model), while
at the same time mapping the deviation of each subject from this model. As such, it enables
identification of participants that are outliers within the studied population. This provides a
framework for studying clinical conditions in relation to normal functioning without the need
to dichotomize the cohort. Accordingly, normative modeling not only has huge potential
for classification purposes but also for uncovering specific ADHD-related changes in the
functional connectivity architecture of cortico-striatal networks.
Next to parsing heterogeneity in ADHD, another important angle for future research
is the development of cortico-striatal network connectivity from childhood to adulthood in
ADHD. A prominent hypothesis in the literature states that ADHD might be characterized by
delayed development of the brain (Shaw, et al., 2007). This hypothesis is based on longitudinal
studies that demonstrated delayed maturation of the PFC (cortical thickness and surface area)
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in children with ADHD (Shaw, et al., 2007; Shaw, et al., 2012). One study used longitudinal data
to investigate the developmental trajectory of cortical thickness in ADHD from childhood
to adulthood (Shaw, et al., 2013). This study reported that at follow-up in adulthood 60% of
patients no longer met criteria for ADHD. In those remittent cases cortical thickness converged
toward typical dimensions, while participants with persistent ADHD showed a fixed thinning
of the cortex.
If the development of functional connectivity is also altered in ADHD, this might provide
an explanation for the differences in findings between R-fMRI studies conducted in children
and our R-fMRI studies conducted in adolescents and young adults with ADHD. A few crosssectional R-fMRI investigations have provided some insights into developmental changes in
functional connectivity. For example, mediation-naïve children with ADHD (20 participants;
8-16 years) did not show the age-related increases in functional connectivity between the
salience network and sensorimotor cortex, and between anterior and posterior regions of
the DMN that were observed in matched control children (Choi, et al., 2013). Further, our
supplementary analyses in chapter 3 hinted that local functional connectivity between
anterior and posterior putamen decreased with age in the control group but not in the ADHD
group. Finally, in a large sample of adolescents with persistent ADHD, remittent ADHD, and
healthy controls, higher connectivity in the ACC within the executive control network was
related to decreases in ADHD symptoms over time (Francx, et al., 2015). This higher connectivity
in the ACC was hypothesized to reflect a compensatory mechanism aiding symptomatic
remission. Accordingly, these cross-sectional studies provided some preliminary evidence
indicating differences in the development of functional connectivity between participants
with ADHD and healthy controls and further, that the developmental trajectories might also
differ between persistent and remittent ADHD. To date no longitudinal studies have been
conducted to investigate the development of functional connectivity over age in ADHD.
Such longitudinal investigations will be crucial to unravel the developmental changes in
cortico-striatal network connectivity in healthy controls as well as in participants with ADHD.
However, as the follow-up assessment of the NeuroIMAGE cohort (including an R-fMRI scan)
has just been completed, we will soon have the opportunity to conduct longitudinal analyses
aimed at investigating developmental changes in the functional connectivity architecture of
cortico-striatal networks in ADHD.
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Key findings and conclusions

•		

The application of ICP to R-fMRI data results in a fine-grained parcellation of the striatum
that confirms the hypothesized anterior-posterior division of putamen and the ventraldorsal division of caudate (chapter 4). Accordingly, ICP is powerful new tool to investigate
the fine-grained functional organization within larger brain regions (chapters 4 and 5).

•		

Local functional connectivity between the anterior and posterior region of the putamen
is increased in participants with ADHD compared to controls, suggesting decreased
functional segregation between anterior and posterior putamen in ADHD (chapter 3).

•		Increased ADHD symptom scores are associated with increased functional connectivity
of posterior putamen with cerebellum, motor cortex, occipital cortex, prefrontal cortex,
and precuneus. Furthermore, increased functional connectivity of posterior putamen
with motor cortex and cerebellum is associated with decreased motor performance.
These findings provide compelling evidence implicating alterations in the functional
connectivity architecture of the sensorimotor network in ADHD (chapter 4).

•		Increased

inattention scores are associated with increased functional connectivity
between ventral caudate and occipital cortex, which might reflect a mechanism of the
cognitive control network to compensate for inattention (chapter 4).

•		

The functional connectivity architecture of the limbic network is unaltered in participants
with ADHD (chapters 3, 4, and 5).

•		

Dimensional analyses based on continuous ADHD symptom measures can provide novel
insights into the neurobiological mechanisms underlying ADHD, which are not detected
by a traditional case-control comparison (chapters 4 and 5).
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Hersennetwerken in ADHD
Hoewel ADHD relatief veel voor komt, weten we nog maar weinig over de oorzaken van ADHD.
De laatste jaren wordt er veel onderzoek gedaan naar de hersenfunctie bij mensen met ADHD.
Een prominente theorie over ADHD stelt dat niet zozeer één hersengebied betrokken is bij
ADHD, maar een heel netwerk van gebieden en dat de communicatie tussen deze verschillende
gebieden in de hersenen verstoord is. Een belangrijk onderzoeksgebied binnen ADHD richt
zich op de cortico-striatale netwerken. Cortico-striatale netwerken zijn verbindingen tussen
de cortex, ook wel de hersenschors genoemd, en het striatum. Het striatum bestaat uit drie
kernen: de nucleus accumbens (NAcc), de caudate nucleus en de putamen, diep gelegen in het
midden van de hersenen, onder de cortex. De drie striatale kernen zijn ieder verbonden met
een ander gebied in de cortex. De NAcc vormt een netwerk met de anterieure cingulate cortex
(ACC) en orbitofrontale cortex (OFC) als de belangrijkste regio’s, dit wordt ook wel het limbisch
netwerk genoemd. Van dit netwerk wordt aangenomen dat het betrokken is bij motivatie en het
verwerken van beloningen. De caudate nucleus vormt samen met de dorsolaterale prefrontale
cortex (DLPFC) een netwerk dat gerelateerd kan worden aan cognitieve taken die inspanning
vereisen, zoals inhibitie van gedrag en werkgeheugen. Dit netwerk wordt ook wel het cognitieve
controle netwerk genoemd. De putamen daarentegen staat voornamelijk in verbinding met
de motorische cortex en het cerebellum. Dit netwerk is betrokken bij het uitvoeren van
bewegingen en wordt ook wel het motorisch netwerk genoemd. Figuur 1 illustreert de corticostriatale netwerken. Aangezien de drie cortico-striatale netwerken betrokken zijn bij functies
die verstoord zijn in ADHD (dat wil zeggen: beloningsgevoeligheid, cognitieve controle en
beweging), zouden afwijkingen in deze netwerken ten grondslag kunnen liggen aan ADHD.
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Wat is ADHD?
ADHD is de afkorting van de Engelse term Attention-Deficit/Hyperactivity Disorder, in
het Nederlands ook wel aandachtstekort-hyperactiviteitstoornis genoemd. ADHD is een
veelvoorkomende psychiatrische stoornis bij zowel kinderen als volwassenen. De stoornis
wordt gekenmerkt door problemen met aandacht, hyperactiviteit en/of impulsiviteit van
een dusdanige aard dat ze het dagelijks functioneren belemmeren. Er zijn drie subtypen van
ADHD: het overwegend onoplettende type, het overwegend hyperactieve en impulsieve type,
en het gecombineerde type waarbij patiënten zowel aandachtsproblemen als symptomen
van hyperactiviteit en impulsiviteit vertonen. Naast deze symptomen ervaren veel patiënten
met ADHD ook problemen in het cognitief functioneren, zoals een verminderde controle
van gedrag, een verminderd werkgeheugen en een verhoogde beloningsgevoeligheid.
Minder bekend is dat mensen met ADHD ook problemen kunnen ervaren op het gebied van
motorische functies, zoals verminderde precisie in de uitvoering en timing van bewegingen.

Appendix

Figuur 1. De belangrijkste corticale en striatale gebieden in de cortico-striatale netwerken.
De gebieden die tot hetzelfde netwerk behoren zijn in dezelfde kleur aangegeven. Afkortingen: ACC=anterieure
cingulate cortex, DLPFC=dorsolaterale prefrontale cortex, NAcc=nucleus accumbens, OFC=orbitofrontale cortex.

Doel van dit onderzoek
In dit proefschrift heb ik onderzocht of de functie van cortico-striatale netwerken verstoord
is bij mensen met ADHD. Hiervoor heb ik gebruik gemaakt van een functionele MRI scan,
gemaakt tijdens de rusttoestand. Deze techniek wordt in het Engels resting-state functional
magnetic resonance imaging genoemd, oftewel R-fMRI. Met behulp van een R-fMRI scan
kan gemeten worden welke hersengebieden een vergelijkbaar activiteitspatroon laten zien.
Er wordt aangenomen dat hersengebieden die tijdens rust samen actief zijn, informatie
uitwisselen en zo een functioneel netwerk vormen dat betrokken is bij het uitvoeren van
een specifieke functie (bijvoorbeeld het focussen van aandacht of het maken van een
beweging). Ook al wordt die specifieke functie op dat moment, tijdens rust, niet uitgevoerd.
Door hersenactiviteit te meten tijdens rust in plaats van tijdens een taak, wordt de meting
niet beïnvloed door hoe goed iemand de taak uitvoert. Als de gebieden in een functioneel
netwerk te zwak of juist te sterk met elkaar verbonden zijn, kan iemand hinder ondervinden
tijdens het uitvoeren van de netwerk-specifieke functie omdat de communicatie binnen het
netwerk niet optimaal is. Het doel van dit proefschrift was om met R-fMRI te onderzoeken of
de functionele connectiviteit in cortico-striatale netwerken afwijkend is in ADHD en om te
bepalen waar precies in de cortico-striatale netwerken verstoringen plaatsvinden.

202

Samenvatting per hoofdstuk
Om te bepalen of voorgaande studies al bewijs geleverd hebben voor veranderingen in
cortico-striatale netwerken in ADHD, heb ik eerst een overzicht gemaakt van alle R-fMRI
onderzoeken in ADHD die de afgelopen jaren zijn uitgevoerd. De resultaten van deze
literatuurstudie zijn beschreven in hoofdstuk 2. Verschillende onderzoeken hebben reeds
aangetoond dat de functionele connectiviteit in cortico-striatale netwerken verstoord is in
ADHD. Er zijn echter grote verschillen tussen de bevindingen van deze studies in zowel 1) het
specifieke netwerk dat betrokken is bij ADHD als 2) de aard van de connectiviteitsverandering
(verhoogde of verlaagde functionele connectiviteit). Sommige studies vinden bijvoorbeeld
connectiviteitsverschillen specifiek in het limbisch netwerk wanneer zij een groep met ADHD
en een controle groep met elkaar vergelijken, terwijl andere studies rapporteren dat juist
de functionele connectiviteit in het cognitieve controle netwerk of het motorisch netwerk
verschilt tussen beide groepen. En waar de ene studie verhoogde connectiviteit rapporteert,
rapporteert de andere studie verlaagde connectiviteit in ADHD. De bevindingen van deze
studies zijn dus erg heterogeen. Deze heterogeniteit in bevindingen zou verklaard kunnen
worden door het feit dat deze onderzoeken veelal zijn uitgevoerd in kleine, mogelijk niet
representatieve groepen (doorgaans maximaal 20 mensen per groep) en dat er vaak maar
één hersennetwerk onderzocht is, waardoor potentiele ADHD-gerelateerde verschillen in
andere netwerken niet gedetecteerd konden worden.
Om meer betrouwbare en preciezere conclusies te kunnen trekken over de aanwezigheid
van verstoorde communicatie in cortico-striatale netwerken in ADHD, heb ik in de studies
beschreven in hoofdstukken 3, 4 en 5 van dit proefschrift R-fMRI scans geanalyseerd van 444
deelnemers uit het NeuroIMAGE onderzoek. Deze groep bestaat uit adolescenten en jong
volwassenen met ADHD, hun broers en zussen zonder ADHD, en ‘controles’ zonder ADHD
diagnose waarbij ADHD ook niet in de directe familie voorkomt. Naast de grote groep
deelnemers heb ik in dit proefschrift niet één maar alle cortico-striatale netwerken onderzocht
en heb ik gebruik gemaakt van innovatieve methoden om de R-fMRI data te analyseren.
In hoofdstuk 3 heb ik de functionele connectiviteit van vier verschillende corticostriatale netwerken vergeleken tussen de ADHD groep en de controle groep. Hiervoor heb ik
de globale functionele connectiviteit van de NAcc, caudate nucleus, het anterieure deel en het
posterieure deel van de putamen met de cortex onderzocht, alsmede de lokale functionele
connectiviteit tussen deze verschillende striatale kernen. Recente studies tonen namelijk aan
dat de putamen mogelijk uit twee verschillende delen bestaat: het anterieure deel, betrokken
bij de planning van beweging en het posterieure deel, betrokken bij het uitvoeren van
beweging. In tegenstelling tot voorgaande studies, vond ik in geen van deze vier corticostriatale netwerken bewijs voor veranderingen in de globale functionele connectiviteit in de
ADHD groep. Echter, mijn onderzoek toonde aan dat er een verhoogde lokale functionele
connectiviteit was tussen het anterieure en posterieure deel van de putamen in de ADHD
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groep. Deze verhoogde lokale connectiviteit in het motorisch netwerk zou er op kunnen
duiden dat de functies van de anterieure putamen en de posterieure putamen minder goed
gescheiden zijn in ADHD, wat de motorische problemen in ADHD zou kunnen verklaren.
Het is echter opmerkelijk dat er in de ADHD groep in dit onderzoek geen significante
veranderingen in globale cortico-striatale functionele connectiviteit aanwezig waren, terwijl
deze wel gerapporteerd zijn in voorgaande onderzoeken. Een mogelijke reden hiervoor is
dat de ADHD groep in mijn onderzoek erg heterogeen was: zo heb ik mensen met ADHD
geïncludeerd ongeacht het specifieke ADHD subtype en het geslacht en met een brede
leeftijdsspanne (8 tot 25 jaar). Ook bestaan er tussen mensen met ADHD veel verschillen
in de ernst van de ADHD symptomen en de cognitieve en motorische problemen. Gezien
deze heterogeniteit in ADHD, is het vergelijken van één groep met alle ADHD patiënten en
één groep met alle controles zoals gedaan wordt in bijna alle studies, wellicht niet de meest
optimale methode om ADHD-gerelateerde veranderingen in de hersenen te detecteren.
In de onderzoeken beschreven in hoofdstukken 4 en 5, heb ik daarom niet alleen de
standaard categorische analyses gedaan waarin ik de ADHD groep met de controle groep
vergeleken heb, maar ook zogenoemde dimensionele analyses. In deze dimensionele
analyses heb ik over alle deelnemers (mensen met ADHD, hun broers/zussen zonder ADHD
en controles), de functionele connectiviteit in cortico-striatale netwerken gecorreleerd aan
continue scores voor de ernst van aandachtsproblemen en hyperactiviteit/impulsiviteit
(deze scores variëren van 40 tot 90). In deze dimensionele analyses wordt er dus rekening
gehouden met de symptoom heterogeniteit in ADHD. Daarnaast heb ik in hoofdstukken 4 en
5 gebruik gemaakt van een nieuwe methode om subregio’s binnen een groter hersengebied
of netwerk de definiëren. Deze methode, genaamd instantaneous correlation parcellation
(ICP), groepeert voxels (de kleinste eenheden van de hersenen op een MRI scan, vergelijkbaar
met een pixel op een foto) met eenzelfde activatiepatroon. Op deze manier is het mogelijk
om een hersengebied of netwerk op basis van functie op te splitsen in kleinere gebieden.
In hoofdstuk 4 heb ik ICP toegepast om het striatum op te splitsen in kleinere
subregio’s. Het wordt algemeen aangenomen dat het striatum onderverdeeld kan worden
in putamen, caudate nucleus en nucleus accumbens, maar er zijn aanwijzingen dat zowel de
putamen als de caudate nucleus uit nog kleinere subregio’s bestaan. De met ICP verkregen
subregio’s van het striatum bevestigden deze theorie: de putamen werd opgedeeld in de
verwachte anterieure en posterieure regio en de caudate nucleus werd opgesplitst in een
ventrale en dorsale regio. Vervolgens heb ik zowel categorische als dimensionele analyses
gebruikt om ADHD-gerelateerde verschillen in (de globale) functionele connectiviteit van
deze striatale subregio’s (NAcc, ventral caudate nucleus, dorsale caudate nucleus, anterieure
putamen en posterieure putamen) met de rest van de hersenen te onderzoeken. In de
categorische analyse vond ik wederom geen verschillen tussen de ADHD en controle groep
in de functionele connectiviteit van deze cortico-striatale netwerken. In de dimensionele
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analyse vond ik wel ADHD-gerelateerde effecten: hogere scores van aandachtsproblemen
waren gerelateerd aan een verhoogde functionele connectiviteit tussen de ventrale caudate
nucleus en de occipitale cortex (een gebied aan de achterkant van de hersenen). Mogelijk
reflecteert de verhoogde connectiviteit tussen deze gebieden van het cognitieve controle
netwerk een mechanisme om te compenseren voor de aandachtsproblemen in ADHD. Ook
hingen hogere scores voor aandachtsproblemen en hyperactiviteit/impulsiviteit samen met
een verhoogde functionele connectiviteit tussen de posterieure putamen en verschillende
hersengebieden, waaronder de occipitale cortex, motorische cortex en cerebellum.
Daarnaast was de verhoogde connectiviteit tussen deze gebieden van het motorisch netwerk
gerelateerd aan een verminderde motorische functie. Deze bevindingen tonen aan dat ADHD
geassocieerd kan worden met veranderingen in de functionele connectiviteit van zowel het
cognitieve controle als het motorisch netwerk, maar niet met veranderingen in het limbisch
netwerk. Ook laat dit onderzoek zien dat door het gebruik van dimensionele analyses, ADHDgerelateerde veranderingen in functionele connectiviteit aangetoond kunnen worden die
niet gedetecteerd worden door het gebruik van categorische analyses.
Ten slotte heb ik in hoofdstuk 5 het limbisch netwerk dat betrokken is bij het verwerken
van beloningen, in meer detail onderzocht. Tot nu toe hebben R-fMRI studies in ADHD alleen
gekeken naar drie striatale en corticale gebieden in dit netwerk: de NAcc, ACC en OFC.
Recent onderzoek toont echter aan dat er mogelijk ook andere hersengebieden betrokken
zijn bij het verwerken van beloningen. In het onderzoek beschreven in hoofdstuk 5 heb
ik daarom de functionele connectiviteit in vier grote netwerken, het salience netwerk, het
default mode netwerk, het fronto-parietale netwerk en het visuele netwerk, onderzocht. De
vier onderzochte netwerken zijn betrokken bij het uitvoeren van een taak waarin mensen
geld kunnen verdienen (en waarmee dus het verwerken van beloningen in de hersenen
onderzocht kan worden). Het salience netwerk is specifiek gerelateerd aan het verwerken
van beloningen (dit netwerk bevat de regio’s van het limbische cortico-striatale netwerk maar
ook andere hersengebieden). De andere drie netwerken zijn betrokken bij aandacht (default
mode en fronto-parietale netwerk) en zicht (visuele netwerk). Deze drie netwerken zijn dus
wel belangrijk bij het uitvoeren van de beloningstaak (aandacht en zicht zijn hiervoor nodig),
maar niet specifiek voor het verwerken van beloningen. Eerst heb ik elk van de vier netwerken
in aparte hersengebieden gesplitst met behulp van ICP. Vervolgens heb ik ADHD-gerelateerde
verschillen in functionele connectiviteit tussen al deze hersengebieden onderzocht met
zowel categorische als dimensionele analyses. In het salience netwerk, specifiek betrokken bij
het verwerken van beloningen, vond ik geen ADHD-gerelateerde verschillen in functionele
connectiviteit. Wel vond ik dat hogere scores voor aandachtsproblemen gerelateerd
waren aan een hogere functionele connectiviteit tussen gebieden in het default mode
netwerk en het fronto-parietale netwerk. Deze bevindingen tonen aan dat de verhoogde
beloningsgevoeligheid in ADHD mogelijk verklaard kan worden door afwijkende functionele
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connectiviteit in netwerken die betrokken zijn bij meer algemene functies, zoals aandacht, in
plaats van afwijkingen in het beloning-specifieke netwerk. Het zou kunnen dat verstoringen
in het default mode en fronto-parietale netwerk leiden tot een verhoogde aandacht en
gevoeligheid voor beloningen in mensen met ADHD.
Conclusies
• De lokale functionele connectiviteit tussen het anterieure en posterieure deel van de
putamen is verhoogd in ADHD. Dit suggereert dat de functies van de anterieure en
posterieure putamen minder goed van elkaar gescheiden zijn in ADHD.
• Verhoogde scores voor aandachtsproblemen en hyperactiviteit/impulsiviteit hangen
samen met een verhoogde globale functionele connectiviteit tussen de posterieure
putamen en verschillende hersengebieden, waaronder het cerebellum, de motorische
cortex en de occipitale cortex. Daarnaast is de verhoogde connectiviteit tussen deze
gebieden gelinkt aan een verminderde motorische functie in ADHD. Deze bevindingen
tonen aan dat ADHD geassocieerd kan worden met afwijkingen in het motorisch netwerk.
• Verhoogde scores voor aandachtsproblemen hangen ook samen met een verhoogde
functionele connectiviteit tussen de ventrale caudate nucleus en de occipitale cortex.
Mogelijk reflecteert de verhoogde connectiviteit tussen deze gebieden van het cognitieve
controle netwerk een mechanisme om te compenseren voor de aandachtsproblemen in
ADHD.
• Er zijn geen veranderingen in de functionele connectiviteit van het limbisch netwerk in
ADHD.
• Dimensionele analyses waarin rekening gehouden wordt met de heterogeniteit in
ADHD kunnen nieuwe inzichten verschaffen in de onderliggende neurobiologische
mechanismen van ADHD.
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