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Attention deficit/ hyperactivity disorder (ADHD) is a childhood-onset disorder, which
is characterized by impairing inattention, hyperactivity, and impulsiveness. It is one
of the most prevalent childhood psychiatric disorders that frequently persists into
adulthood. The estimated prevalence of ADHD is 5% in children and 2.5% in adults1,2.
As an often chronic and life-long disorder, ADHD leads to a series of academic and
social problems in childhood, adolescence, and adulthood and places a serious
burden on families and society3.
A clinical diagnosis of ADHD is currently based on either the International
Classification of Diseases (ICD 11) or the Diagnostic and Statistical Manual of Mental
Disorders, Fifth Edition (DSM-5) system. In both the ICD and the DSM, the diagnosis
of ADHD requires the individual to present 6 or more out of the 9 symptoms in one of
the two domains, or in both. Different combinations of 6 symptoms lead to the same
diagnosis, causing ADHD to have a heterogeneous clinical presentation (See Box 1 for
more details). In addition to clinical symptoms, cognitive impairments are seen in
ADHD, and brain structural and functional alterations as well as genetic risk factors
for the disorder have been identified.

COGNITIVE IMPAIRMENT IN ADHD
Similar to the clinical symptoms, the cognitive impairment in ADHD is also very
variable among individuals with ADHD4,5. For many years, studies have tried to
explore the pattern of cognitive dysfunction in participants with ADHD. A review of
34 previous meta-analyses showed that the means of standardized mean differences
(SMDs) for neurocognitive domains ranged from .35 (set shifting) to .66 (reaction
time variability). Neurocognitive domains with mean effects over 0.50 included
reaction time variability (0.66), intelligence/achievement (0.60), vigilance (0.56),
working memory (0.54), and response inhibition (0.52)6. The authors reported that the
cognitive deficits in ADHD were not caused by impaired IQ in individuals with ADHD7.
Furthermore, even if clinical symptoms remit, it was found that the cognitive deficits
can persist into adolescence8. The developmental trajectories of some cognitive
domains appear to be different between individuals with ADHD and healthy controls.
For instance, in terms of inhibition and set shifting, participants with ADHD displayed
similar performance to typically developing children who were 2 years younger9, but
poorer than those in the same age range. In addition to the evaluation of cognitive
function using standardized tests, parent reports of everyday behavior also showed
deficits in planning, working memory, and inhibition in ADHD10. Taking results across
different study designs together, impaired working memory and inhibition were
among those most consistently observed cognitive dysfunctions related to ADHD.
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GENERAL INTRODUCTION

Box 1-1: DSM5 diagnostic Criteria of ADHD
A	
A persistent pattern of inattention and/or hyperactivity-impulsivity that
interferes with functioning or development, as characterized by (1) and/or (2):
1	Inattention: Six (or more) of the following symptoms have persisted for at least
6 months to a degree that is inconsistent with developmental level and that
negatively impacts directly on social and academic/occupational activities:
Note: The symptoms are not solely a manifestation of oppositional behavior, defiance,
hostility, or failure to understand tasks or instructions. For older adolescents and adults
(age 17 and older), at least five symptoms are required.
a	
Often fails to give close attention to details or makes careless mistakes in
schoolwork, at work, or during other activities (e.g., overlooks or misses details,
work is inaccurate).
b	Often has difficulty sustaining attention in tasks or play activities (e.g., has difficulty
remaining focused during lectures, conversations, or lengthy reading).
c	Often does not seem to listen when spoken to directly (e.g., mind seems elsewhere,
even in the absence of any obvious distraction).
d	Often does not follow through on instructions and fails to finish schoolwork,
chores, or duties in the workplace (e.g., starts tasks but quickly loses focus and is
easily sidetracked).
e	
Often has difficulty organizing tasks and activities (e.g., difficulty managing
sequential tasks; difficulty keeping materials and belongings in order; messy,
disorganized work; has poor time management; fails to meet deadlines).
f	Often avoids, dislikes, or is reluctant to engage in tasks that require sustained
mental effort (e.g., schoolwork or homework; for older adolescents and adults,
preparing reports, completing forms, reviewing lengthy papers).
g	Often loses things necessary for tasks or activities (e.g., school materials, pencils,
books, tools, wallets, keys, paperwork, eyeglasses, mobile telephones).
h	Is often easily distracted by extraneous stimuli (for older adolescents and adults,
may include unrelated thoughts).
i		Is often forgetful in daily activities (e.g., doing chores, running errands; for older
adolescents and adults, returning calls, paying bills, keeping appointments).
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Box 1-2: DSM5 diagnostic Criteria of ADHD
2	Hyperactivity and impulsivity: Six (or more) of the following symptoms have
persisted for at least 6 months to a degree that is inconsistent with developmental
level and that negatively impacts directly on social and academic/occupational
activities:
Note: The symptoms are not solely a manifestation of oppositional behavior, defiance,
hostility, or a failure to understand tasks or instructions. For older adolescents and adults
(age 17 and older), at least five symptoms are required.
a	Often fidgets with or taps hands or feet or squirms in seat.
b	Often leaves seat in situations when remaining seated is expected (e.g., leaves his
or her place in the classroom, in the office or other workplace, or in other situations
that require remaining in place).
Reprinted with permission from the Diagnostic and Statistical Manual of Mental
Disorders, Fifth Edition. (Copyright © 2013). American Psychiatric Association. All
Rights Reserved.
c	Often runs about or climbs in situations where it is inappropriate. (Note: In
adolescents or adults, may be limited to feeling restless.)
d	Often unable to play or engage in leisure activities quietly.
e	Is often “on the go,” acting as if “driven by a motor” (e.g., is unable to be or
uncomfortable being still for extended time, as in restaurants, meetings; may be
experienced by others as being restless or difficult to keep up with).
f	Often talks excessively.
g	Often blurts out an answer before a question has been completed (e.g., completes
people’s sentences; cannot wait for turn in conversation).
h	Often has difficulty waiting his or her turn (e.g., while waiting in line).
i		Often interrupts or intrudes on others (e.g., butts into conversations, games,
or activities; may start using other people’s things without asking or receiving
permission; for adolescents and adults, may intrude into or take over what others
are doing).
B	Several inattentive or hyperactive-impulsive symptoms were present prior
to age 12 years.
C	Several inattentive or hyperactive-impulsive symptoms are present in two
or more settings (e.g., at home, school, or work; with friends or relatives; in
other activities).
D	There is clear evidence that the symptoms interfere with, or reduce the
quality of, social, academic, or occupational functioning.
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E	The symptoms do not occur exclusively during the course of schizophrenia
or another psychotic disorder and are not better explained by another
mental disorder (e.g., mood disorder, anxiety disorder, dissociative disorder,
personality disorder, substance intoxication or withdrawal).
Specify whether:
314.01 (F90.2) Combined presentation: If both Criterion A1 (inattention) and Criterion
A2 (hyperactivity-impulsivity) are met for the past 6 months.
314.00 (F90.0) Predominantly inattentive presentation: If Criterion A1 (inattention) is
met but Criterion A2 (hyperactivity-impulsivity) is not met for the past 6 months.

Working Memory
Working memory has been found deficient in both children and adults with ADHD17,18.
It was also found to be moderately correlated with clinical symptoms11. Working
memory describes the set of cognitive processes that allow internal representations of
stimuli in their absence, acting as a temporary workspace for incoming information
to be held in mind, manipulated, or associated with memories that are accessed from
long-term storage12. It generally includes short-term memory storage and central
executive processes. The central executive processes can be further divided into a
serious of domains including attention and inhibition, task management, planning,
monitoring, and coding. In terms of neurobiology, the activation in lateral prefrontal
cortex is crucial to the proper functioning of working memory. In the process of
“working memory” the prefrontal cortex reserves the information without any
stimulus, while during the process of “inhibition” the prefrontal cortex prevents the
“inner working memory space” from being interfered by the surrounding stimulus.
Several neurotransmitters are involved in the process of working memory, including
dopamine, norepinephrine, and glutamate13-15.
The central executive processes and short-term storage were both found to be deficient
in individuals with ADHD compared to controls. Children with ADHD showed more
profound impairment in central executive processes than adults with ADHD16-18.
Among different presentations, the ADHD-combined presentation demonstrated
worse working memory function than the ADHD-inattention presentation19.
Although we have a general idea about the brain areas and neurotransmitter systems
involved in working memory, the exact biological mechanisms underlying working
memory are still largely unknown. A previous positron emission tomography (PET)

14

Inhibition
Inhibition has long been viewed as the core cognitive deficit in individuals with ADHD;
however, it is clear by now, that it is one of several common cognitive impairments
seen in the ADHD population. Nevertheless, a meta-analysis investigating cognitive
functioning in ADHD found the strongest effect size for inhibition4. Inhibitory
control, in general, means to interrupt an ongoing mental process31. There are two
hypothesized components to the inhibition processes, response inhibition and
interference inhibition. Response inhibition refers to cancelling an initiated response
(e.g., in a stop-signal task), while interference inhibition represents the ability to
ignore irrelevant information (e.g., in a Stroop color-word test). The stop signal task,
a traditional response inhibition task, requires the participant to respond as quickly
as possible to a predetermined stimulus, but to stop responding immediately when a
stop signal is displayed32. The Stroop color-word test, which serves as the traditional
interference inhibition task, requires the participant to read three different tables
as fast as possible. Two of them represent the “congruent condition” (color-words
are printed in a consistent color ink) and the third one represents the “incongruent
condition” (color-words are printed in an inconsistent color ink). In other words, the
participants are required to perform an ongoing basic task (i.e., naming ink color) while
inhibiting the interference information (i.e., the color-words)33. The exact neurobiology
of inhibition is not known yet, but several studies have provided clues. Dopamine
and glutamate neurotransmitters were found to be essential to inhibitory processes.
Reduced dopamine D1 and D2 receptor expression in dorsal striatum was related to poor
behavioral control in the general population, measured using PET34,35. Pharmacological
treatment revealed that the relationship between cognitive performance and DA levels
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study showed increased blood flow in frontal and temporal cortex in healthy controls
while performing working memory tasks20. Using functional magnetic resonance
imaging (fMRI), altered frontal activation, especially in the dorsal prefrontal cortex,
and altered frontal-posterior brain connectivity were shown to be linked to working
memory function in participants with ADHD, compared to healthy individuals21-24.
Further investigation demonstrated that only those ADHD individuals with
impaired working memory presented altered brain activation patterns in these
areas25. In healthy controls, white matter microstructural features of the fiber tracts
connecting the frontal and parietal lobes were found to be related to working memory
functioning26-29. However, there are no studies demonstrating a link between working
memory deficits and white matter microstructural alterations in participants with
ADHD. Both in my previous work, which formed the basis of my Chinese thesis30 and in
Chapter 2 of this thesis, we explored working memory-related brain microstructural
and functional alterations using diffusion tensor imaging (DTI) and fMRI modalities
in children with ADHD compared to healthy controls.
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really follows an inverted U-shaped function, where both too little and too much DA
impairs performance14. Decreased glutamate-to-creatine ratios in anterior cingulate
cortex (ACC) were associated with increased activation in striatum and ACC during a
Stroop task36,37. Increased striatal activation was shown to be associated with more
errors during the Stroop task and more hyperactivity/impulsivity symptoms36. Using
voxel-wise ALE meta-analysis, the fronto-striatal system, including the dorsal anterior
cingulate region and extended supplementary motor areas, the dorsal and ventral
lateral prefrontal cortex, basal ganglia, midbrain regions, and parietal regions, were
found to be involved in the process of response inhibition31.
In participants with ADHD, both response inhibition and interference inhibition
were shown to be impaired compared to healthy controls9,38. In addition,
inhibition performance was negatively correlated with ADHD symptoms, with
worse performance being linked to a higher number of ADHD symptoms in
clinical and community samples39. Meta-analysis of task-based functional MRI
studies investigating inhibition showed that children with ADHD presented
reduced activation in right inferior frontal cortex, supplementary motor area, and
anterior cingulate cortex, as well as striato-thalamic areas, compared to healthy
individuals40,41. The altered activation in supplementary motor area and basal ganglia
was only observed in children with ADHD, while that in the inferior frontal cortex
and thalamic areas was only present in adults with ADHD41. The reduced activations
in inferior frontal, temporal and parietal cortex were observed in both probands
with ADHD and their unaffected siblings, indicating a potential familial aspect to
these functions42. Next to the local activation differences found, there might also be
differences in the way these areas are connected in ADHD. Indeed, individuals with
ADHD demonstrated decreased functional connectivity in the inhibition network,
comprising left superior frontal gyrus, inferior frontal gyrus, middle frontal gyrus,
occipital cortex, and putamen, as well as increased functional connectivity in the
default mode network, including precuneus and anterior cingulate cortex43. Only
sparse data was available on white matter microstructural features and their link
to inhibition in participants with ADHD44, therefore we investigated this link in
our previous DTI study30. Although the dopamine neurotransmitter system was
shown to be related to both inhibition and ADHD, no robust relationship was found
so far between well-known genetic variants that are associated with dopaminergic
functioning (DAT1 or COMT) and ADHD, nor did these genetic variants alter the effects
of ADHD on neural activation45. Future studies will be needed to further clarify this.

GENETIC FINDINGS IN ADHD
High heritability for ADHD is expected since parents and siblings of ADHD have a
5-10 times higher prevalence of ADHD than the general population46,47. In twin
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Genetic variants that belong to the dopaminergic and other neurotransmitter systems
have most frequently been investigated for their association with ADHD, including
DAT1, DRD4, DRD5, and SNAP25. Nevertheless, only a few genetic variants remained
significantly associated when meta-analyzed49-52, including variants within the
DRD4, DAT1, and DRD5 genes. However, even when the effects of many related genes
(5-HT1B, DRD4, DRD5, DAT and 5-HTT) were added up, only 4% of the. heritability
could be explained (Kuntsi 2006). The reported effect sizes of the associated variants
are usually small to moderate, and are in line with the complex polygenic model
underlying the disorder, where many risk factors with individually small effect are
needed to get the disorder.
In the recent decade, hypothesis-free genome-wide association studies emerged,
allowing us to explore the genetic underpinnings of ADHD without pre-defining
the genetic regions of interest. The first genome-wide association studies (GWASs)
were performed in relatively small sampled studies, and no significant associations
were identified until recently. Whole genome genotyping data showed that common
variants can explain about 40% of the total heritability53. The first genome-wide
significant risk loci were discovered in a genome-wide association meta-analysis
of 20,183 individuals diagnosed with ADHD and 35,191 controls, which identified
12 independent genetic risk loci54. The 304 genetic variants in the 12 loci do not
coincide with candidate genes proposed to play a role in ADHD. Instead, they suggest
involvement of some novel genes, such as FOXP2, SORCS3, and DUSP6, which
are essential in the development of brain structure and function, e.g. neuronal
development, plasticity, synapse formation, and neurotransmitter homeostasis.
In addition to exploration of the effects of single polymorphisms, summary scores
also provide more insights into the genetic mechanism of ADHD. For example, we can
now calculate a polygenic risk score (PRS), which represents one’s genetic liability to
a certain disease, and can be calculated by summing risk alleles weighted by effect
sizes (i.e. odds ratios or betas). An early study showed that a PRS calculated based
on a GWAS of 5,621 ADHD patients and 13,589 controls significantly predicted both
parent and teacher ratings of attention problems in (general population) preschooland school-aged children55. Similar results were observed in other cohorts, targeting
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studies, the heritability of ADHD was estimated to be about 0.7448. However, finding
the genetic variants that are involved in the etiology of ADHD has turned out to be
difficult, since the genetic architecture underlying ADHD is multifactorial and
complex. The genetic contribution to ADHD is polygenic, indicating that multiple
genetic risk factors combined have an effect and can come from different origins,
including common and rare single variants, copy number variants, and rare
chromosomal anomalies.
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different ADHD-related phenotypic features, e.g. aggression, or persistence of ADHD
symptoms across childhood and adolescence in the general population55-57.
There are a several reasons why it is so difficult to identify ADHD-related genetic risk
factors. First of all, the clinical presentation of ADHD is highly heterogeneous. As
mentioned above, in the DSM, ADHD symptoms are grouped into two main domains.
Different combinations of symptoms all lead to the same clinical diagnosis, and
having 6 out of 9 or 9 out of 9 symptoms will not make a difference in diagnosing
ADHD. However, the presentation of different symptoms might indicate different
genetic and brain correlates. In addition, in previous studies, effect sizes of single
genetic variants were found to be very small53. Last but not least, the current diagnostic
system of ADHD is subjective, as there is not any solid objective biomarkers used in
the clinical situation. A way to circumvent some of these challenges and potentially
to refine the genetic associations, is to use quantitative ADHD symptom severity in
genetic studies. It was found that ADHD symptoms in the general population can be
viewed as a continuum, with the clinical diagnosis of ADHD at the upper extreme,
as ADHD symptoms share a large amount of genetic risk factors and neurobiology
with clinical ADHD58,59. Genetic associations of the largest ADHD GWAS showed high
concordance with a genetic study of quantitative ADHD symptoms in the general
population with the genetic correlation being 0.97 (P = 2.66 × 10−6)54,60.

NEUROIMAGING FINDINGS IN ADHD
Neuroimaging has been an essential tool in understanding the brain of
neurodevelopmental disorders. The high heritability of brain structure and
function61-68, along with accumulating evidence of brain structural and functional
alterations in ADHD patients and unaffected siblings69, made us believe that the
brain structural and functional variations of patients with ADHD would provide more
profound insights for understanding the etiology of ADHD.
In this thesis, both brain structures and brain functionality of regions associated
with ADHD are investigated. Existing brain structural imaging studies investigating
subjects with ADHD and controls mostly focused on gray matter volume. These
studies report reduced volume in subcortical regions, and whole brain gray matter
in participants with ADHD compared to healthy controls70-76. Among these, smaller
volumes in right caudate nucleus, putamen, and globus palidus survived metaanalysis77. However, it should be noted that many of these studies had small sample
sizes, and some of these results were not replicated when sample sizes increased and
analyzing techniques developed. Among the largest studies was that of a cohort of 307
ADHD patients,169 unaffected siblings, and 196 health controls, in which a reduction
of 2.5% of total intracranial volume and 3% of whole brain gray matter volume, but
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Next to grey matter volume differences between individuals with ADHD and controls,
microstructural alterations of white matter volumes are also frequently investigated
to reveal aspects of the pathogenesis of ADHD88. Diffusion Tensor Imaging (DTI) is a
frequently used approach to investigate microstructural properties of white matter
volumes of the brain. The DTI measures, including fractional anisotropy (FA), radial
diffusivity (RD), mean diffusivity (MD), and axial diffusivity (AD) (see Box 2 for
more details of these measures) are related to myelination, axonal injury, and other
histological features89-91. Corpus callosum, the major fiber tract connecting the left
hemisphere with the right hemisphere, is one of the most frequently measured target
regions in region of interest (ROI)-based DTI studies, and reduced FA values have been
identified in different sub-regions of the corpus callosum in participants with ADHD
compared to healthy controls92,93. Other major fiber tracts, including the corona
radiata, internal capsule, and superior longitudinal fasciculus, were also found in

19

CHAPTER

no regional differences were identified between the ADHD patients and the healthy
controls78. To address the inconsistency in the field due to small sample sizes, the
ENIGMA-ADHD consortium was created. In this consortium, research sites from all
over the world with imaging data available on individuals with ADHD and controls
were asked to use harmonized protocols for segmentation and quality control of
earlier acquired data and work together. This effort led to a mega-analysis comprising
1713 participants with ADHD and 1529 controls from 23 sites; this study showed that
the volumes of the nucleus accumbens, amygdala, caudate nucleus, hippocampus,
and putamen, as well as intracranial volume were smaller in individuals with ADHD
compared to controls79. In addition to regional and global brain volumes, cortical
surface area and cortical thickness was also investigated in multiple studies in the
field. A thinner cortex and smaller surface area were the most consistent findings
when comparing ADHD subjects to controls, especially in areas of the frontal lobe
and parietal lobe80-86. When ENIGMA-ADHD investigated cortical features of the brain
using mega-analysis and harmonized protocols in 2246 individuals with ADHD and
1934 healthy controls, lower surface area values were found in children with ADHD,
mainly in frontal, cingulate, and temporal regions, with the largest significant effect
in total surface area (Cohen’s d=-0.21). Lower cortical thickness was identified in
fusiform gyrus and temporal pole in children. Interesting, no alterations in either
surface area or cortical thickness were detected in the adult individuals affected with
ADHD87. In addition to differences between cases and controls, dimensional analyses
were also performed by investigating the relationship between symptom dimensions
and brain volumes in a population-based sample of 2707 individuals. By doing this,
it was shown that the ADHD-associated surface area measures identified in the
ENIGMA-ADHD sample were also associated with attention problems in a general
pediatric population sample87. This suggested that ADHD is a dimensional construct
also at the level of brain imaging.
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ROI-based studies to present lower FA values in participants with ADHD then those in
healthy controls94-97. Another method in DTI analyses does not use region of interests,
but uses a more hypothesis-free approach, being voxel-based DTI. Indeed, voxelbased DTI studies found reliable results that were replicated and powered through
meta-analysis69,98-103. Although the early studies were limited by their sample size, in
recent years, studies with larger sample size (n > 200) have become more common.
The largest comparative study so far included 170 ADHD patients, 80 unaffected
siblings, and 107 healthy controls and demonstrated reduced FA and MD values in
widespread regions, including corpus callosum, superior longitudinal fasciculus,
and internal capsule104. A multicohort study using multimodal imaging methods
in two independent cohorts (total n=391) identified higher loading of a multimodal
component including higher FA in fornix and superior longitudinal fasciculus, lower
FA in genu of corpus collosum, along with other anatomical features, were present
in participants with ADHD compared to healthy controls. Another study (n=216)
focused on adults with ADHD and detected reduced FA and increased RD/MD values
also in widespread brain regions, including corpus callosum, corona radiata, and
thalamic radiation44. However, these regions were not replicated in an independent
study with large samples size (107 adult participants and 162 child participants),
which failed to identify any regional FA difference between ADHD participants and
healthy controls105. Summarizing the literature on DTI studies in ADHD, altered white
matter integrity has been observed most consistently for reduced FA value in corpus
callosum, corona radiata, and internal capsule. However, the relationship between
dimensional measures of ADHD symptoms and white matter microstructure has not
often been investigated. The largest DTI study in ADHD so far (n=357), higher ADHD
symptom count was found to be consistently associated with increased FA and
decreased MD in the ADHD group104. In a small sample of 22 adolescents diagnosed
with ADHD, RD in the right superior longitudinal fasciculus was specifically linked to
the severity of inattention symptoms106, and an additional study demonstrated that
FA was positively correlated and RD was negatively correlated with ADHD severity
in the left subgenual cingulum107. In the work I performed for my Chinese thesis, I
explored both categorical and dimensional white matter microstructural alterations
in a cohort of over 200 participants and was able to link the identified white matter
features to cognitive functioning30.
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FIGURE 1.1 | The geometric and mathematical model of tensors three-dimensional diffusivity from
DTI scans (Left) and the calculation formulas (Right) of different measurements including fractional
anisotropy (FA), mean diffusivity (MD), radial diffusivity and axial diffusivity (adapted from Brian J.
Jellison et al, 2004 (REF)).

FIGURE 1.2 | This Figure showed the medial ROI of the anterior thalamic radiation in a case with
cer-ebral amyloid angiopathy (CAA) (top left) and the corresponding region shown in histopathological view. FA was significantly correlated with tissue rarefaction (Bottom Left), but not with oligodendrocyte count (Bottom Right). (Adapted from Susanne J. van Veluw et al. 2019). In that article,
the authors demonstrated that overall tissue loss, and in particular axonal and myelin loss, are major
components underlying CAA-related alterations in DTI properties observed in living patients.
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Apart from structural brain alterations, in the function/activity of the brain might also
play a role in ADHD. Functional imaging studies, using fMRI, can be accessed with or
without a task, namely the task-based and resting state fMRI. In ADHD fMRI research,
less reactivity in frontal regions has been the most frequently reported result108-113.
Next to this, functional connectivity between multiple brain networks was also
shown to be different in participants with ADHD compared to healthy controls114,
most consistently within the default mode network, executive control network,
frontoparietal network, and attention network115-118. After structural brain findings
hinting to areas related to emotional dysregulation in ADHD, it was interesting to see
that the functional connectivity in the emotion network (with amygdala as its core
region) was also found to be altered in children with ADHD119-121. In adults with ADHD,
resting state connectivity correlated with symptoms of hyperactivity-impulsivity
and inattention, also in line with a dimensional relationship between the brain and
ADHD122. Studies of cognitive performance-related functional alterations reported
decreased activity in ventral striatum during anticipation of reward in children with
ADHD symptoms123. In Chapter 2 of this thesis, we investigated working memory
task-based fMRI in children with and without ADHD, and evaluated the effects of
methylphenidate, the first-line medication for ADHD.
In most existing studies, structural and functional brain features were investigated
separately. Hypothesis-free, data-driven methods are able to integrate different
modalities and inform us about the integration of related features. These methods
are now becoming more and more popular. Multimodality studies can provide
information about the complex relationships between the single-modality findings.
A study using non-negative matrix factorization124, which integrates fMRI and
structural MRI information, revealed co-occurring anatomical and functional
features in the default mode network to be related to the ADHD inattentive subtype.
Another study integrating gray and white matter morphometry and functional
connectivity demonstrated reduced default mode network task-positive network
segregation along with structural abnormalities in dorsolateral prefrontal cortex and
anterior cingulate cortex in participants with ADHD, compared to healthy controls125.
In Chapter 3 of this thesis, we also performed integrative, multimodal analyses of
structural, functional, and diffusion-weighted MRI data in ADHD patients and
healthy controls to integrate the different modalities.

IMAGING GENETICS AND ITS MAJOR APPLICATION METHODS
Imaging genetics is a method in which genetic analysis is combined with a measure
of brain structure, chemistry, or function as the phenotype, rather than a disease/
disorder, symptom complex, or behavior, to find the associated DNA variants. Imaging
genetics also includes those studies that use brain images to locate different effects
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Using brain images as an intermediate phenotype of disorder/ADHD
Many imaging genetics studies have associated one or a set of genetic variants in
candidate genes to the objective constructs or the markers of brain function or
structure that were hypothesized to lie intermediate between gene and disorder.
Intermediate phenotypes have been proposed as a tool for the identification of
risk genes for mental disorders, bridging between genes and behaviors128. An
intermediate phenotype may be neurophysiological, biochemical, endocrinological,
neuroanatomical, cognitive, or neuropsychological in nature129. Usually, the
neurobiological characteristics were proved to be related to the specific clinical
features of the psychiatric disorder, as well as highly heritable.
In imaging genetics studies, usually one or few scores representing brain structural
and functional features have been used, while the genetic variants included can
range from a single genetic variant or a summary score (e.g. a polygenic score), to
a few region-specific scores (e.g. gene (sets)), or millions of genetic variants (e.g.
GWAS). However, as the number of genetic variants included increases, the required
sample size increases in order to achieve proper statistical power. For instance, the
ENIGMA consortium (enhancing neuro imaging genetics through meta-analysis) is a
collaborative network of researchers working together on neuroscience. It integrates
data from many centers from different countries worldwide, and meta-analysis was
the main working approach in integrating these data. ENIGMA has investigated the
genetic variants contributing to global and regional structural brain measures. Since
its earliest studies published in 2012, the sample size was enlarged to more than
50,000 through collaboration with more than 100 centers worldwide130-133. The most
recent studies of ENIGMA included a study for subcortical morphologies, including
volumes of nucleus accumbens, amygdala, brainstem, caudate nucleus, globus
pallidus, putamen, and thalamus in over 40,000 individuals from ENIGMA and
two other consortia, CHARGE and the UK-Biobank; it identified 25 significantly loci
(20 novel)134. The other recent study of ENIGMA investigated cortical measures, i.e.
surface area and thickness, in brain MRI data from 35,660 individuals with replication
in 15,578 individuals; it identified 150 significant loci (https://www.biorxiv.org/
content/10.1101/399402v1). After finding genetic variants that are associated to

23

CHAPTER

of disorder risk genes, i.e. how certain genetic variation affects brain structure or
function. These two directions represent the main stream of current imaging genetics
studies. Imaging genetics has been applied to multiple diseases, such as Alzheimer’s
disease, schizophrenia, autism spectrum disorder (ASD), and addiction126,127. They
have set good examples for ADHD, especially in terms of research strategies and
statistical methods. The complexity of the imaging and genetic data makes the data
management and analytical methods challenging.
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brain measures, it was still unclear whether these variants were also of importance
for psychiatric disorders. A significant negative genetic correlation was identified
between ADHD risk variants from the largest case-control GWAS of the PGC and
variants associated with intracranial volume in ENIGMA135, i.e. having more ADHD
risk variants lead to a higher risk for a smaller intracranial volume, showing that for
ADHD the genetic variants involved in intracranial volume are indeed important for
ADHD as well. Similar findings were recently reported for total cortical surface area
(https://www.biorxiv.org/content/10.1101/399402v1).

Finding imaging effects of risk genes or polygenic risk
Basic principles for genetic variant-based mapping studies were presented by Hariri
and coworkers in 2003136, First of all, well-defined functional polymorphisms in
coding or regulating regions which have been previously proved to be associated with
specific physiology effects at the cellular level and whose distribution in brain has
been described were thought to be an ideal starting point. For example, dopamine has
been reported to play a very important role in mental disorders, including ADHD137.
Genetic studies in humans and transgenic animal models have demonstrated that the
DAT1 and DRD4 genes are both related to the occurrence and progress of ADHD138,139.
The proteins encoded by these two genes are expressed abundantly in basal ganglia,
with neuronal projections to the prefrontal cortex. This evidence may guide us to
further investigate how the genetic variants affect the activation patterns of striatum
or prefrontal cortex, or their functional connectivity140,141. Again, in studies imaging
the effects of risk genes, the number of genetic variants included has usually been
small, while the number of scores representing brain structural and functional
features also ranged from a single summary score (e.g. the intracranial volume), a
bundle of region-specific scores (e.g. fractional anisotropy of the major white matter
bundles), to thousands of voxel-based scores (e.g. voxel-based morphology). In
addition to finding the effects of single or a few risk genes, the polygenic risk score
allows to investigate the aggregate effects of a large number of genetic variants. In
Chapter 4, we used the polygenic risk score approach to explore the relationship
between ADHD-related polygenic risk and ADHD symptoms and white matter
features in a population-based cohort.

IMAGING GENETIC STUDIES IN ADHD
Various ADHD risk genes/variants have been investigated for their effects on the
brain. For example, the 7-repeat allele (7R) of the DRD4 gene and having ADHD were
associated with a thinner cortex in right parietal lobe at age 7 years, compared with
7R non-carriers with ADHD and healthy controls142. However, all group differences
were then not significant at the age of 17 years in a follow-up evaluation. Other genes,
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Resting state fMRI provides another great platform to investigate associations with
genetic variation in order to increase our understanding of gene functions. There are,
however, not many studies investigating the relationships among genetic variants,
diagnosis of ADHD, and brain functioning so far. Some genes, including GRIN2B and
DRD4 variants were found to be related to the local functional connectivity in left
and right superior parietal regions, with significant diagnosis (ADHD vs. controls) genotype interaction149. The gene BAIAP2 (i.e., brain-specific angiogenesis inhibitor
1-associated protein 2), which was shown to be expressed differently in left and right
hemisphere, was found to be related to functional connectivity asymmetry in the
default mode network in both adults with ADHD and healthy subjects150.
Among several task-based fMRI-genetics studies, DAT1 (SLC6A3) was demonstrated to
affect the activation of caudate nucleus during reward-predicting cues in both ADHD
and healthy controls151-153. However, the results failed to be replicated in another
study154. Other genetic variants investigated during a reward task in either participants
with ADHD or healthy controls include the gene NOS1, which is thought to influence
the dopamine concentration in striatum indirectly, the COMT gene, which is crucial to
the dopamine concentration in prefrontal cortex, the DRD2, which plays an important
role in dopamine reuptake in the synaptic cleft, DRD4, which is vital in downstream
signaling of dopamine, MAOA, which influences the dopamine metabolism, and the
NPY gene, which also has an impact on the dopamine system155-160. During working
memory tasks, diagnosis (ADHD vs. controls) - genotype (9R allele carriers vs. noncarriers) interactions were identified in participants with ADHD in brain activation
in the dorsal anterior cingulate cortex140, with the 9R carriership predicting decreased
activity in this region in the controls and increased activity in the ADHD participants.
Furthermore, the DAT1, NET, DRD4 and a regulatory variant for the expression of the
KTN1 gene were all found to be related to the brain activity during an inhibition task
in participants with ADHD161-164.
Brain white matter microstructure was also frequently investigated in ADHD-related
imaging genetic studies, due to the high heritability of white matter features and the
findings of altered white matter microstructural features in participants with ADHD
compared to healthy controls68,98,165. A preliminary small sample size study showed
white matter connectivity in youth with ADHD is associated with COMT Val158Met
genotypes, but not DAT1 or DRD4 genotypes166. In a population with participants
with ADHD and healthy controls, the variable number of tandem repeat (VNTR)
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including the DRD2, COMT, and 5-HTT gene, were also found to be related to brain
morphologies in participants with ADHD143-146. On the contrary, gene polymorphisms
of DAT1, DRD1,and NET1 were suggested to have relatively minor effects on either
brain structures or their developmental trajectories142,147,148.
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polymorphism in NOS1-ex1f was also found associated with mean diffusion (MD)
values in several major WM tracts in females, but not males, including bilateral
anterior, superior, and posterior corona radiata, the body of the corpus callosum, the
right superior longitudinal fasciculus, and the posterior internal capsule. In females,
homozygosity for the short allele was also linked to higher MD values than carriership
of the long allele167.
As we have noticed in traditional genetic studies, the effect size of a single variant
contributing to the etiology of ADHD is rather small54. A way to increase such effect
sizes is to use aggregated measures in which risk variants are added up. One of
those methods is to use polygenic risk scoring, which captures the additive effects
of common variants based on their effect on ADHD (see above). In population-based
studies, the ADHD polygenic risk score was shown to associate with FA in several white
matter pathways, including bilateral superior and inferior longitudinal fasciculi, as
well as caudate volume, but not the cortical thickness in any region of the brain168,169.
In a case (ADHD)-control cohort, polygenic risk for ADHD was shown to be associated
with symptoms of hyperactivity-impulsivity , which was mediated by white matter
microstructure, specifically by axial diffusivity of the right corona radiata, thickness
of the left dorsomedial prefrontal, and area of the right lateral temporal cortex170. This
was not replicated in another sample comprising patients with depression, bipolar
disorder, and healthy controls171. In terms of brain function, polygenic risk for ADHD
was associated with increased reward-related ventral striatum activity, which was
related to problematic alcohol use, a common comorbid condition in participants
with ADHD, in a population-based adult cohort172.

SUMMARY
ADHD is one of the most prevalent neurodevelopmental disorders. Nowadays, ADHD
symptoms are commonly viewed as a continuum (also known as dimensional traits)
in the general populations, rather than a categorical diagnosis. Scientific studies have
revealed impaired cognitive function, as well as altered brain structure and function
in individuals with ADHD. However, there are only a few studies that investigated the
interrelationship between alterations that are observed in different brain imaging
modalities. Therefore, in Chapter 3, we utilized the linked ICA method to explore the
interconnected structural and function alterations in children with ADHD compared
to healthy controls. With a high heritability, ADHD related genetic factors have also
been thoroughly studied. Based on the general hypothesis of the neuroimaging
characteristics serving as intermediate phenotype in genetic studies, imaging
genetics has become an important tool in studies on psychiatric disorders, including
ADHD. The role of white matter characteristics in mediating the genetic effects on
the ADHD symptoms has not been explored before. In Chapter 4, we performed a
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AIM AND STRUCTURE OF THIS THESIS
The overall aim of the studies included in this thesis was to improve our
understanding of brain structure and brain function related to ADHD and how they
are related to genetic factors associated with ADHD.
For this purpose, I have conducted 3 interconnected studies. In Chapter2, I explored
whether there is functional impairment in children with ADHD by assessing working
memory-related functional connectivity patterns in medication-naive children
with ADHD compared to healthy controls. I also studied the effects of a single dose
of methylphenidate on brain activation during the task in children with ADHD. To
illustrate the interconnection between structural and functional brain alterations,
I applied a multimodal-imaging method integrating gray matter structural, white
matter microstructural, and functional imaging data at the same time in Chapter 3.
This helps us to identify linked anatomical and functional alterations in children with
ADHD. Last but not least, I also wanted to know how white matter microstructural
alterations are linked to the genetic correlates of ADHD. In Chapter 4, after finding
robust white matter differences that were related to behavioral ADHD-symptom
features, cognitive function, and brain function, I tried to link these white matter
microstructural features with the polygenic risk for ADHD in a general population
sample.

STUDY COHORTS IN THIS THESIS
Chinese Cohort
The Chinese Cohort I used in my thesis consisted of a total of 205 individuals (83
ADHD and 122 controls) recruited at the Peking University Sixth Hospital. In 2011, the
“ADHD-200 Global Competition” was held with the aim of identifying biomarkers
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study to investigate the relationship between the polygenic risk of ADHD and ADHD
symptoms, as well as white matter microstructural characteristics in the general
population. As the first-line and most frequently used medication, methylphenidate
has shown great efficiency in treating a majority of ADHD patients. Nevertheless, the
underlying neurological mechanisms remains unclear. In Chapter 2, we compared
the working memory related brain function in ADHD patients taking a single dose of
methylphenidate to those ADHD patients taking placebo, as well as healthy control.
By doing so, we aimed to identify the brain functional alterations in children with
ADHD compared to healthy controls and the effects of methylphenidate. In all, all
the studies in this thesis improved upon previous studies by integrating information
from multimodal imaging scans, genetic liability, and clinical features of ADHD.
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of attention-deficit/hyperactivity disorder from resting-state functional MRI and
structural MRI data collected on 973 individuals173. The Chinese Cohort was part of
this database. The Chinese Cohort is a clinical sample. All participants with ADHD
were recruited from the pediatric psychiatric clinics, and a whole set of clinical
evaluation tools were utilized to fully evaluate the cognitive and psychiatric profile
of these children. Both the ADHD and control participants underwent MRI scans with
standardized procedures. The Chinese cohort was used in Chapter 2 and Chapter 3 of
my thesis.

The IMAGEN cohort
IMAGEN was the first European multicenter, multidisciplinary collaboration that
combined comprehensive behavioral and neuropsychological measurements,
functional and structural neuroimaging, and whole genome genotyping data174.
In IMAGEN, data from 2000 14-year-old adolescents were collected, later the
cohort was followed up upon reaching adulthood. It also included ADHD symptom
measures. It aimed to identify the genetic and neurobiological basis of quantitative
psychological traits in the population. Individuals were recruited from eight study
centers in England, Ireland, France, and Germany. The inclusion criteria, scan
procedure, blood sampling, and all psychological tests were standardized across the
different participating centers. All data obtained were preprocessed in standardized
procedures. The IMAGEN cohort was used in Chapter 4 of my thesis.
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ABSTRACT
Objective
Few studies have investigated verbal working memory-related functional
connectivity patterns in participants with ADHD. Thus, we aimed to compare working
memory-related functional connectivity patterns in healthy children and those with
ADHD, and study effects of MPH.
Method
Twenty-two boys with ADHD were scanned twice, under either MPH (single dose, 10
mg) or placebo, in a randomised, cross-over, counterbalanced placebo-controlled
design. Thirty healthy boys were scanned once. We used fMRI during a numerical
n-back task to examine functional connectivity patterns in case-control and MPHplacebo comparisons, using independent component analysis.
Results
There was no significant difference in behavioral performance between children with
ADHD, treated with MPH or placebo, and healthy controls. Compared to controls,
participants with ADHD under placebo showed increased functional connectivity
within fronto-parietal and auditory networks, and decreased functional connectivity
within the executive control network. MPH normalized the altered functional
connectivity pattern and significantly enhanced functional connectivity within the
executive control network, though in non-overlapping areas.
Conclusion
Our study contributes to the identification of the neural substrates of working
memory. Single dose of MPH normalized the altered brain functional connectivity
network, but had no enhancing effect on (non-impaired) behavioral performance.
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Attention-deficit/hyperactivity disorder (ADHD) is one of the most prevalent
childhood-onset psychiatric disorders, with an overall estimated prevalence of 7.2%
in children1 and 2.5% in adults2.A sizable minority of patients with ADHD shows a
deficit in verbal working memory3. Nonetheless, Verbal working memory deficits in
children with ADHD are of particular interest to parents, psychiatrists, and scientists,
since they are associated with an increased risk for educational deficits, including
academic under-attainment, increased needs for academic support, and high rates
of placement in special education4. Working memory is the ability to maintain
and manipulate information to guide goal-directed behavior5. Meta-analysis has
demonstrated deficits in both the verbal storage (effect size = 0.47) and verbal central
execution (effect size = 0.43) of working memory in children with ADHD6.
Meta-analysis on functional magnetic resonance imaging (fMRI) studies identified a
widespread fronto-posterior circuit to be involved in the process of working memory
in healthy individuals7. Activation of this circuit depends on working memory load8
and individual working memory capacity 9. Previously, many studies specifically
investigating the dysregulation of brain function during verbal working memory
tasks have revealed hypoactivation in multiple cortical and sub-cortical regions,
most consistently in frontal regions, in participants with ADHD compared to healthy
controls. Behavioral differences, however, were absent in most of these studies10-20.
Different brain regions are continuously sharing information, and the synchronization
of regional activation is important for proper working memory functioning. Working
memory maintenance also requires coordinated functional interaction between
regions of a widely distributed network, including dorsolateral and ventrolateral
prefrontal cortex, the premotor cortex, the intraparietal sulcus, the caudate nucleus,
the thalamus, the hippocampus, and occipitotemporal regions21. Only a few studies
have investigated the patterns of functional connectivity in children with ADHD
during a verbal working memory task. During an Arabic numerals n-back task,
medication-naïve children with ADHD presented widespread abnormal effective
connectivity in analyses using psychophysiological interaction (PPI) with several
seed regions, including left occipital and left inferior parietal cortex, right cerebellum,
and right caudate nucleus20. Using independent component analysis (ICA) with
predefined masks, increased functional connectivity in ADHD adults was displayed in
right prefrontal regions, the left dorsal cingulate cortex, and the left cuneus13.
Methylphenidate (MPH) is the most commonly used treatment for patients with
ADHD. It has been shown to reduce ADHD symptoms22. Only half of the studies that
investigated the effect of MPH on working memory noted improvement, and the
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estimated effect size was small in meta-analysis23,24. Variability in findings might
result from inconsistent recruitment. In addition, MPH tends to enhance cognitive
performance in both ADHD and controls with poor baseline capacities25. A usual
dose of stimulants (MPH or amphetamine) revealed a decrease of PFC activation
and less functional connectivity between frontal and subcortical regions in a small
(n=5) sample of female adolescents with ADHD26. A single dose of MPH (0.3mg/kg)
was demonstrated to regulate activation in the left prefrontal cortex16, when it was
chosen as a pre-defined seed region during a letter N-back working memory task.
MPH-induced brain functional alterations leading to better performance were not
observed in another study using a similar paradigm14. Meta-analysis also failed to
identify MPH-induced effect on activation within the working memory network27.
Using ICA, MPH was revealed to increase functional connectivity within a frontoparietal network in participants with ADHD28.
In general, studies about the effects of MPH on verbal working memory related brain
functional connectivity are scarce. So far, each study in the literature has tackled
only one part of the whole story. No study has yet investigated both verbal working
memory-related functional connectivity alterations in participants with ADHD and
the effects of MPH in the same cohort. We thus aimed to take a broader view, by using
the data-driven ICA method to investigate the functional connectivity patterns in
participants with ADHD under a placebo condition compared to the same participants
under MPH condition and healthy individuals. ICA classifies fluctuations in neural
activity into spatially independent components that are consistent over time and
across subjects29; these independent components show close correspondence
between resting state and task-based dynamic brain activation30. Based on findings
from previous studies, we hypothesized children with ADHD to present altered
connectivity especially in the fronto-parietal and executive control networks, and
MPH normalizing functional connectivity.

MATERIALS AND METHODS
Participants: Twenty seven right-handed male participants with ADHD and 32 male
right-handed typically developing children were recruited. The diagnosis of ADHD
and other psychiatric disorders were made by experienced physicians with a clinical
and semi-structured interview based on the Schedule for Affective Disorders and
Schizophrenia for School-Age Children-Present and Lifetime version (K-SADS-PL)31.
Children with ADHD were scanned twice, in a single-blind, randomized, cross-over,
placebo-controlled way. The two scans were taken two to seven days apart (longer
than five half live periods of MPH), and each scan was taken 1 hour after either the
administration of a 10 mg dose of immediate-release MPH or placebo (Vitamin B6,
10 mg). Patients were stimulant-medication free for at least one month before the
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Functional MRI Paradigm: Verbal n-back task: The task used in this study was a blockdesign verbal working memory task. In this paradigm, digits were presented pseudorandomly on the screen (from 0 to 9, e.g. 4, 6, 3, etc.). A block was based on fifteen
digits, including 5 targets. Each digit was on screen for 500 ms and was followed by a
blank black screen presented for 1500 ms. A symbol of “+” (visual fixation) appeared
on the screen for 15 seconds before each block and for 16 seconds after the final block.
Subjects were instructed to respond by a button press each time the number 7 (0-back
condition) was shown, or the number appearing was the same as the one presented
before (1-back) or two before (2-back). The instructions (0-back, 1-back or 2-back)
for each block was presented on screen for 4 seconds. The entire task consisted of
two sessions, to get robust activation, and each session lasted for 7 minutes and 46
seconds, including 9 blocks (3 0-back, 3 1-back, and 3 2-back). Different ordering of
the trials made up 6 different task versions, which were pseudo-randomly assigned
to different subjects. Behavioral performance, including the accuracy and reaction
time of correct responses, were extracted for each load (0-back, 1-back and 2-back).
The working memory effect was modeled under the 2-back condition contrasted with
0-back to assess the most profound effects (as shown in previous studies, e.g.16).
Functional MRI acquisition and preprocessing: Images were acquired on a
Siemens Trio 3-Tesla scanner (Siemens, Erlangen, Germany) with a twelve channel
head coil at the State Key Laboratory of Cognitive Neuroscience and Learning, Beijing
Normal University. The imaging preprocessing and whole brain analysis were
carried out using FSL (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki) and python (https://www.
python.org/). The Independent Component Analysis-based Automatic Removal Of
Motion Artifacts (ICA-AROMA) technique was applied to refine the preprocessing and
minimize head motion artifacts32,33. Seven participants (5 ADHD boys and 2 control
boys) were excluded from further analysis due to excessive head motion (head motion
>3 mm of translation or >3 degree of rotation in any direction). Thus, the final sample
included 22 ADHD boys and 30 control boys (details in Supplementary Methods).
Independent Component Analysis (ICA): After preprocessing, design matrices for
all subjects were obtained within the framework of the general linear model (GLM),
with regressors encoding different working memory conditions (0-back/1-back/2back). ICA was performed using the Multivariate Exploratory Linear Optimized
Decomposition into Independent Components (MELODIC) pipeline from FSL
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fMRI scan. The healthy controls were only scanned once without either placebo or
MPH. A more detailed description of recruitment can be found in the Supplementary
Methods. Written informed consent was obtained from both parents, and children
agreed to participate. The study was approved by the ethical committee of Mental
Health Institute of Peking University.
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(http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/MELODIC). Briefly, the functional images from
the control group were pooled together, concatenated into a 4D dataset, which was
decomposed into different spatially independent components (ICs). Due to our small
sample size and the task-based nature, the order of decomposition was set as autoestimation. The task-related ICs were selected based on the existence of a spike in
the power spectrum at the corresponding frequency, significant involvement in the
task based on a one sample t-test, and high spatial correspondence (> 0.4) with ten
network templates as defined by Smith et al.34. Functional connectivity patterns of
each participant were obtained with a dual-regression framework29,35. Briefly, the
group-spatial-map was regressed into each subject’s 4D dataset to obtain a set of time
courses. The time courses were later regressed with the design matrix generated in
GLM to extract the target contrast (2-back – 0-back). Two independent sample t-tests
were used in the comparison of spatial maps between the ADHD (under Placebo or
MPH) and control group, by Randomise permutation testing (5000 permutations)36,
with age and IQ as covariates. IQ was included as a covariate due to its possible effects
on both verbal working memory and brain morphology37,38. The direct effect of MPH
was modeled with paired t-tests. Due to the exploratory nature of the analyses and the
small sample size, between-group comparisons were considered significant, if they
reached two-tailed p-values of <0.05 (family-wise error (FWE) corrected at the voxel
level with Threshold-Free Cluster Enhancement (TFCE)).
Sensitivity analyses: To explore head motion effects remaining after ICA_AROMAbased preprocessing, sensitivity analyses were performed with head motion
parameters as covariates in the model. Although IQ does not account for the key
cognitive impairments observed in ADHD39, possible effects of IQ on brain activation
and functional connectivity made us include it as a covariate in the primary analysis.
Sensitivity analyses not covarying for IQ were also performed.
Statistical analysis: All statistical analyses were carried out in R (https://www.rproject.org/). Demographic data (age and IQ) were compared between participants
with ADHD and controls using two-sample t tests. Taking into account the nested
and repeated nature of the behavioral data, lme4 package was applied to use a general
mixed effect model. Brain-behavior correlation was performed using ppcor package
in R in participants and controls separately, accounting for age and IQ.

RESULTS
Demographic characteristics
The demographic characteristics of all participants are shown in Table 1. Five
participants with ADHD had a history of taking pharmacological medication (two
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TABLE 1 | Demographic characteristics of participants with ADHD and healthy controls
ADHD
N=22

Control
N=30

Subtype (ADHD-C)

11(50%)

NA

Subtype (ADHD-I)

11(50%)

NA

p-value

ODD

4 (18%)

NA

NA

Medication-naïve

17 (77%)

NA

NA

IQ

97.6±10.50

115.6±12.00

<0.001

Age (months)

152.6±18.64

143.5±20.58

0.106

Abbreviation: NA=Not Applicable; ODD=oppositional defiant disorder; IQ=Intelligence quotient

TABLE 2 | N-back task performance of the participants with ADHD and healthy controls
Memory load
condition

ADHD under
Placebo

Control

ADHD under
MPH

Accuracy (%)
0-back

97.7±3.96

98.7±1.70

98.8±2.42

1-back

93.7±6.20

95.2±5.96

95.2±7.54

2-back

83.1±13.55

83.9±11.39

84.2±11.14

Reaction time (ms)
0-back

481.6±99.30

472.6±107.01

480.8±110.28

1-back

512.6±126.27

510.6±106.28

501.7±121.29

2-back

587.9±176.73

642.6±147.38

595.3±167.55

P-value
Placebo vs.
control

P-value
Placebo vs.
MPH

p=0.34

p=0.36

p=0.32

p=0.94

Behavioral performance
Significant load (0/1/2 back) effects were present in both accuracy and reaction time
(both p < 0.001). As shown in Table 2, no differences were found between cases and
controls in the performance of the n-back task, including reaction time and accuracy
rate (all p>0.10), nor were any effects of MPH on working memory performance seen
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participants for less than three months, and three participants for more than three
months). Details about medication history on these participants can be found on
supplementary material. Patients were stimulant medication-free for at least one
month before the fMRI scan. Four ADHD participants were diagnosed with comorbid
Oppositional Defiant Disorder (ODD). The age distributions within the two groups
were comparable (p=0.11); as expected, the mean IQ of participants in the control
group was higher than that of participants with ADHD (p<0.001).
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(p>0.72). Significant interaction between diagnosis and working memory load was
revealed in reaction time (p=0.04), indicating different session/load-dependent
changing rate in reaction time between participants ADHD and controls.

Within-group working memory-related brain functional connectivity
pattern
The concatenated control group dataset was decomposed into 10 ICs. Six out
of the 10 ICs showed spikes in the power spectrum within the corresponding
frequency, significant mean functional connectivity across all subjects, and close
correspondence to network templates34, i.e. the visual, auditory, default mode,
sensorimotor, bilateral fronto-parietal, and cerebellum networks. The earlier
described left and right fronto-parietal networks were present in one bilateral frontoparietal network. An additional network, the executive control network, was included
in the analysis based on empirical evidence40. The selected seven networks are shown
in Figure 1.

FIGURE 1 | Eight components from group ICA representing networks of interest (green, thresholded
at Z > 2.3), displayed on a MNI152_T1_2 mm brain (grey).
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Observed functional connectivity differences between participants with ADHD
(under placebo) and controls are shown in Table 3 and Figure 2. Compared to controls,
participants with ADHD showed stronger functional connectivity within the
fronto-parietal and auditory networks, while reduced functional connectivity was
observed within the executive network in the patients. Sensitivity analyses including
head motion parameters as covariate did not change the results significantly. The
exclusion of IQ from the covariates revealed functional connectivity differences
in the same regions and expected directions at trend levels (0.05< p < 0.1; details in
Supplementary Results, Table S1 and S2 and Figure S1).

Effects of MPH on functional connectivity
The effects of a single dose of MPH on working memory-related functional
connectivity in children with ADHD are shown in Figure 2. Compared to the
assessment on placebo, MPH increased functional connectivity within the executive
control network in the patients. The region within the network showing this effect
did not overlap with the region showing ADHD (placebo)-control difference. No MPH
effects were identified in any of the other networks. Supplementary analyses did not
identify any regions showing significant functional connectivity differences between
participants with ADHD under MPH and healthy controls (not shown).

FIGURE2 | Results from between-group comparisons of brain functional connectivity displayed
on a MNI15x2_T1_2 mm brain; red colors represent decreased connectivity in patients with ADHD
in the placebo condition compared to controls in the executive control network, green colors
represent increased connectivity in the fronto-parietal network, and blue colors represent increased
connectivity in the auditory network in the patients (TFCE, p<0.05, corrected).
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Functional connectivity differences between patients under placebo
and controls
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Brain-Behavior correlation
Mean time courses from the ROIs showing either case-control difference or MPH
effects were extracted. Partial correlation analysis showed nominally significant
correlation between the functional connectivity strength in the executive control
network (Cluster 1) and reaction time (r=0.45, p=0.047) as well as accuracy during the
2-back condition (r=-0.48, p= 0.03) in participants with ADHD. In addtion, functional
connectivity strength in the executive control network (Cluster 2) correlated with
accuracy during the 2-back in healthy controls (r = -0.45, p=0.02). Among the ROIs
showing MPH effects, functional connectivity strength in the executive control
network (Cluster 1) correlated with accuracy (r =0.46, p=0.04). None of the effects
survived Bonferroni correction.
TABLE 3 | Summary of case-control differences in brain functional connectivity during a verbal
working memory task (0-back versus 2-back).
Network
Control <
Placebo

P-valuea Peak voxel
coordinate

N of
voxels

Regionsb

Fronto-parietal 0.04

-28; -36; 48

7

Left Postcentral Gyrus; Left Superior
Parietal Lobule

Auditory

0.023

8; -76; 22

593

Right Cuneal Cortex; Right Occipital
Pole; Right Supracalcarine Cortex;
Right Intracalcarine Cortex; Right
Lateral Occipital Cortex, superior
division; Right Precuneus Cortex;

Control >
Placebo

Executive
control

0.03

-32; 10; 2

91

Left Supramarginal Gyrus, anterior
division;

0.03

-66; -34; 28

48

Left Insular Cortex;

MPH >
Placebo

Executive
control

0.042

24;-52;18

39

Right PrecuneusCortex

0.031

-12;-40;26

36

Left Cingulate Gyrus, posterior
division

a

 -value-corrected for family-wise error (FWE) corrected at the voxel level with Threshold-Free Cluster
P
Enhancement (TFCE); cluster size > 5 voxels.

b

 rain regions as defined with Harvard-Oxford Subcortical Structural Atlas and/or Harvard-Oxford Cortical
B
Structural Atlas

DISCUSSION
In this study, we investigated verbal working memory-related functional connectivity
patterns in boys with ADHD by comparison to healthy boys, as well as by studying
effects of single-dose MPH in the same patient cohort. While behavioral performance
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Despite earlier findings of altered working memory in children with ADHD41, we
did not find differences in behavioral performance between patients and controls
in the current study. In line with other studies using a similar paradigm, behavioral
differences between groups were not detected; potentially, effects may have been
too subtle, as differences between groups were detected in other studies primarily
in the higher-load (3-back) condition10,11,13-16. This might indicate that the difficulty
level of the verbal n-back task employed here was insufficient to distinguish cases
from controls, as it is known that features of the task, including number of trials,
and demands on central executive moderate effect size of the ADHD-related working
memory deficits42. Similarly, acute effects of MPH on working memory function
were absent in the current study. In clinical practice, most patients start with 10 mg
either twice or three times a day43, therefore we used 10 mg as an acute dose in our
study. Although this dose might be insufficient to induce effects on behavior in some
patients, this does not imply lack of neural effects, as we have seen normalization
effects in terms of functional connectivity. Moreover, neuropsychological studies
have shown that effects of long-term administration were more profound than
acute effect of MPH, especially in participants with significant impaired working
memory44-47.
In the absence of behavioral effects, we did observe effects on functional connectivity,
e.g. in the fronto-parietal network, specifically in the postcentral gyrus and superior
parietal lobules. In this, our work partly replicates findings from an earlier study
using a 2-back working memory task and seed-based analysis methods20. The frontoparietal network is known to support the storage and maintenance of working
memory48. Indeed, greater local functional integration of the network, predominantly
in the intraparietal sulcus parts of it, predicted better performance on a numerical
working memory task in healthy subjects49. Using real-time fMRI, the increase in the
left fronto-parietal connection was positively correlated with improved performance
in verbal working memory in healthy subjects50. Based on this evidence, the frontoparietal network in healthy individuals seems to function as supporting network,
especially when somebody tries to accomplish more demanding tasks or have better
performance. Participants with ADHD showed increased left parietal to bilateral
frontal regions effective connectivity compared to healthy subjects during 2-back
working memory tasks in an earlier study20 as well as increased within network
functional connectivity in the fronto-parietal network in our current one. Unlike this,
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did not differ between groups, participants with ADHD displayed increased brain
functional connectivity within fronto-parietal and auditory networks, and decreased
functional connectivity was observed within the executive control network. A single
dose of MPH boosted functional connectivity within the executive control network,
though in a non-overlapping part of the network.
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significantly lower connectivity in superior parietal lobule was found before in adults
with ADHD compared with healthy controls13. Unfortunately, we didn’t identify
significant correlation between the altered within network functional connectivity
and behavior performance, which might result from the cluster showing altered
functional connectivity being too small (no. of voxels = 7).
Stronger functional connectivity was also present in the participants with ADHD
within the auditory network, specifically in posterior brain regions including occipital
cortex. Greater activation in occipital regions during highest working memory
loads was found to predict better performance in healthy subjects51. In an earlier
study participants with ADHD exhibited increased effective connectivity in regions
comprising the occipital and temporal cortex in the auditory network20, which is also
in line with the current finding. By using both visual and auditory stimuli, working
memory-related brain functional patterns have been classified into domain-specific
circuits, responsive to either visual or auditory working memory, and cognitive
domain-general circuits, responsive to both types. The bilateral occipital cortex was
revealed to be part of the domain-general circuits52. Taking into account the absence
of impaired behavioral performance and significant brain-behavior correlation, these
brain function alterations in auditory network might thus not be working memory
specific.
Decreased functional connectivity was found within the executive control network
in participants with ADHD, specifically in left supramarginal gyrus and insular
cortex. Previously, increased functional connectivity within the executive control
network has been linked to increased working memory loads, as well as improved
behavioral performance in a working memory task after intensive training in healthy
young adults40,53. These findings indicate that the proper dynamic pattern of the
intra-network connectivity in the executive control network is important in the
adaptation to increasing cognitive loads, which was demonstrated to be impaired
in children with ADHD in the current study. Similarly, significant decrease in the
activation of the left insular cortex was shown before in adults with ADHD but not
in healthy controls in response to increased demands of phonological working
memory15. In addition, the decreased functional connectivity within the executive
network marginally correlated with behavioral performance in participants with
ADHD in the current study. We also found a single dose of MPH to enhance intranetwork connectivity within the executive control network, specifically in the right
precuneus cortex and left posterior cingulate gyrus. Within-network connectivity
and activation of the posterior cingulate cortex was revealed to be modulated by
cognitive loads in healthy subjects40,54. This finding is also supported by other studies
investigating brain activation, where a single dose of MPH was found to increase
the deactivation in posterior cingulate cortex and improve performance in healthy
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Acute dose of MPH was repeatedly found to normalize altered functional
connectivity and activation pattern during performance of attention and inhibitory
control tasks57-61. In the current study, MPH also normalized the altered functional
connectivity identified in boys with ADHD under placebo compared to controls.
Unlike this, MPH was demonstrated to increase functional connectivity within the
fronto-parietal network in ADHD adolescents and young adults with the Sternberg
task28.Possible reasons for differences between studies include differences in task
paradigms, duration of the tasks, and MPH dosage. The dose of MPH used differs in
studies. The current study used 10 mg of MPH, which is a relatively low dose. This
might explain the subtle effects on brain functional connectivity62. In terms of
brain-behavior correlation, increased functional connectivity in the region showing
MPH effects within the executive network was marginally associated with better
behavioral performance. The different brain-behavioral relationship in the executive
control network present in participants with ADHD under Placebo and participants
with ADHD under MPH and controls might indicate different strategies used in these
individuals when accomplishing the same task. Note that in our study, the regions
with MPH-induced enhanced functional connectivity did not overlap with those
showing the ADHD-control difference, though both were present within the same
network. We can only speculate about the reasons for this, which might be anatomical
alterations in participants with ADHD or spatial distribution of MPH in human brain.
These could limit the modulation effects of MPH.
Our findings should be viewed in light of some strengths and limitations. We improved
upon previous studies by investigating differences in functional connectivity patterns
during a verbal working memory task between cases and controls and effects of MPH
in the same cohort using data driven method. The absence of impaired behavioral
difference allows us to investigate the different brain functional connectivity pattern
between participants with ADHD and controls as well as effects of MPH when they
attempt to accomplish the same task. In addition, we used advanced head motion
artifact removal algorithms and a data-driven functional connectivity method, ICA.
As a potential weakness, the patients with ADHD and controls were mismatched in
terms of IQ, with a mean difference of 18 points in favor of the control group. An IQ
difference of around 10 is not rare in ADHD studies63 and (not) adding IQ as covariate
is controversial. We thus controlled for IQ in the primary analysis and did a sensitivity
analysis without controlling for IQ. Our findings remained marginally significant in
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controls54 during a working memory task. Similarly, functional connectivity streams
to regions subserving attentional and executive processes were found enhanced in
ADHD children with a history of psychostimulant therapy55. Furthermore, MPH was
illustrated before to normalize the altered functional connectivity during resting
state, also in the executive network in young adults with ADHD56.
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overlapping regions, suggesting IQ as possible confounder. The sample size of the
current study was relatively limited, a single dose of 10 mg was used instead of weight
adjusted doses of MPH, and the healthy controls did not take either placebo or MPH,
which might have contributed to sample heterogeneity. Future studies in larger, IQmatched samples, treating patients and controls in the same way, are thus warranted.
In summary, compared to typically developing male children, males with ADHD
showed altered functional connectivity within several networks during a verbal
working memory task even without impaired behavioral performance. The
altered functional connectivity pattern may indicate different brain processing or
functioning strategies in children with ADHD compared to healthy individuals,
when attempting to accomplish similar task performance. MPH normalized the
altered functional connectivity in participants with ADHD. The dissociation of
brain function and behavioral performance might indicate that the alterations in
functional connectivity and effects of MPH detected in the current study are not all
working memory-specific. Note that the executive control network was the only
network that was related to diagnostic status, MPH administration (and behavioral
performance). Further investigation of the functional organization of this network
using higher memory load tasks in larger samples may improve our understanding of
its specific role in verbal working memory.
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SUPPLEMENTARY MATERIAL

Participants: The diagnosis of ADHD and other psychiatric disorders were made
by physicians with a clinical and semi-structured interview based on the Schedule
for Affective Disorders and Schizophrenia for School-Age Children-Present and
lifetime Version (K-SADS-PL)1. In addition to the interviews, the ADHD rating scaleIV2 was applied providing quantitative measures of hyperactivity/impulsivity and
inattention symptoms. The parent who knew the child best was regarded as the
primary informant. Exclusion criteria for the ADHD group were 1) a diagnosis of
schizophrenia, affective disorder, Tourette syndrome, pervasive developmental
disorder, or intellectual disability; 2) history of head injury with loss of consciousness;
3) neurological abnormalities; 4) drug or substance abuse; 5) a full-scale IQ below 80.
For the healthy controls, any evidence of current or past major psychiatric disorders
in the K-SADS-PL assessment and/or the presence of neurological disorders lead to
exclusion. Five of the participants with ADHD had a treatment history of stimulants.
Two out of the five only used it for one week, one had stopped using Ritalin (10mg bid
for less than 6 month) due to a significant decrease of body weight. Another one of the
five used Concerta (36mg q.d.) and then Ritalin (15mg b.i.d.) for a total of 5 months.
The last one used Concerta (36mg q.d.) for 17 months. The latter two had discontinued
the treatment due to unsatisfying effects.
Intelligence quotient: This scale was derived from the original Wechsler Intelligence
Scale and was translated, modified, and standardized into a Chinese version3. The test
was performed in a quiet room with a well-trained test administrator. All final scores
were standardized according to the Chinese norms, and the full-scale IQ was used in
the current study.
fMRI Acquisition Protocol: Images were acquired on a Siemens Trio 3-Tesla
scanner (Siemens, Erlangen, Germany) with a twelve channel head coil at the State
Key Laboratory of Cognitive Neuroscience and Learning, Beijing Normal University.
The fMRI images were acquired using an echo-planar imaging sequence with 33
axial slices, repetition time = 2000 milliseconds (ms), echo time= 3.45ms, flip
angle=90°, slice thickness/skip=3.0/0.6mm, acquisition matrix =64×64, 233 volumes.
High-resolution T1-weighted images covering the whole brain were also acquired,
repetition time = 2530 ms, echo time = 30 ms, flip angle=7°, slice thickness/skip=1.0/0
mm, acquisition matrix =256×256, 176 volumes. ADHD children were scanned twice,
in a single-blind, randomized, cross-over, placebo-controlled way. The two scans
were 2 to-7 days apart (longer than five half live periods of MPH), and each scan was
taken 1 hour after either 10 mg dose of immediate-release MPH administration or
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placebo (Vitamin B6, 10 mg). Patients were stimulant-medication free for at least one
month before the fMRI scan. The healthy controls were only scanned once without
either placebo or MPH.
Preprocessing: Imaging preprocessing included removing the first 4 time points,
realignment to the middle volume (head motion correction), grand mean scaling and
spatial smoothing at a Gaussian Kernel of 6mm full-width at half-maximum. The
independent Components Analysis-based Automatic Removal Of Motion Artifacts
(ICA-AROMA) technique was applied to remove the head motion components4-5.
Later, signals of cerebrospinal fluid and white matter were removed with nuisance
regression and high pass filtering (0.01Hz) was applied to eliminate the physical
noise. All the preprocessing and subsequent group level analyses were performed
using FSL (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki) and python (https://www.python.
org/). A summary motion score across time, the root mean squared of the relative
displacement time series (RMS) from mcflirt (part of FMRIB’s Software Library (FSL))
was derived as indicator of head motion and used as covariates in supplementary
analyses.

Supplementary Results
TABLE S1 | Summary of case-control differences in brain activation and effective connectivity
(without IQ)

Control <
Placebo

Control >
Placebo

Network

P-valuea

Peak voxel
coordinate

N of
voxels

Regionsb

Frontoparietal

0.072

24;38;-16

35

Right Frontal Pole

0.082

28;28;-8

24

Right Frontal Orbital Cortex

0.084

30;60;12

23

Right Frontal Pole

0.065

-26;-36;50

23

Left Superior Parietal Lobule

0.093

34;50;-2

20

Right Frontal Pole

0.073

34;16;-4

27

Right Insular Cortex

Executive
control

a

Cluster-wise p-value corrected for whole-brain multiple comparisons using Gaussian random field theory
Brain regions as defined with Harvard-Oxford Subcortical Structural Atlas and/or Harvard-Oxford Cortical
Structural Atlas

b
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Network
Control < Auditory
Placebo

P-valuea

Peak voxel
coordinate

N of
voxels

Regionsb

0.029

8;-76;22

282

Right Precuneus Cortex; Right Cuneal
Cortex; Right Supracalcarine Cortex; Right
Occipital Pole

0.048

8;-88;6

15

Right Occipital Pole

-30;10;2

54

Left Insular Cortex

-66;-34;28

28

Left Supramarginal Gyrus, anterior division

Control > Executive 0.038
Placebo control
0.038
a
b

 luster wise p-value corrected for whole-brain multiple comparisons using Gaussian random field theory
C
Brain regions as defined with Harvard-Oxford Subcortical Structural Atlas and/or Harvard-Oxford Cortical
Structural Atlas

Brain -Behavior Correlation
TABLE S3 | Correlation between mean FC in ROIs showing case-control difference and behavioral
performance (accuracy and reaction time) in participants with ADHD and controls
2_back_accuracy

2_back_reaction time

ADHD

CON

ADHD

CON

FPN

0.08(0.75)

0.15(0.46)

-0.20(0.39)

0.27(0.16)

Auditory

-0.05(0.83)

-0.13(0.5)

0.13(0.59)

0.13(0.50)

ECN1

-0.48(0.03)

0.03(0.88)

0.45(0.047)

-0.05(0.82)

ECN2

-0.06(0.81)

-0.45(0.02)

-0.21(0.37)

0.18(0.36)

FPN: fronto-parietal network; ECN: exective control network

TABLE S4 | Correlation between mean FC in ROIs showing MPH effects and behavioral performance
(accuracy and reaction time) in participants with ADHD under placebo or MPH
2_back_accuracy

2_back_reaction time

Placebo

MPH

Placebo

MPH

ECN3

0.46(0.04)

-0.1(0.68)

-0.39(0.08)

-0.06(0.80)

ECN2

0.01(0.97)

-0.07(0.76)

-0.09(0.71)

-0.1(0.69)

ECN: exective control network
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TABLE S2 | Summary of case-control differences in brain activation and effective connectivity
(accounted for head motion)
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Supplementary Figures

FIGURE S1 | Between-group comparisons of brain functional connectivity strength
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ABSTRACT
Objectives
Neuroimaging studies have independently demonstrated brain anatomical and
functional impairments in participants with ADHD. The aim of the current study was
to explore the relationship between structural and functional brain alterations in
ADHD through an integrated analysis of multimodal neuroimaging data.
Methods
We performed a multimodal analysis to integrate resting-state functional magnetic
resonance imaging (MRI), structural MRI, and diffusion-weighted imaging data in
a large, single-site sample of children with and without diagnosis for ADHD. The
inferred subject contributions were fed into regression models to investigate the
relationships between diagnosis, symptom severity, gender, and age.
Results
Compared with controls, children with ADHD diagnosis showed altered white matter
microstructure in widespread white matter fiber tracts as well as greater gray matter
volume (GMV) in bilateral frontal regions, smaller GMV in posterior regions, and
altered functional connectivity (FC) in default mode and fronto-parietal networks.
Age-related growth of GMV of bilateral occipital lobe, FC in frontal regions as well
as age-related decline of GMV in medial regions seen in controls appeared reversed
in children with ADHD. In the whole group, higher symptom severity was related to
smaller GMV in widespread regions in bilateral frontal, parietal, and temporal lobes,
as well as greater GMV in intracalcarine and temporal cortices.
Conclusions
Through a multimodal analysis approach we show that structural and functional
alterations in brain regions known to be altered in subjects with ADHD from unimodal
studies are linked across modalities. The brain alterations were related to clinical
features of ADHD, including disorder status, age, and symptom severity.
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INTRODUCTION

Since structural and functional features were investigated separately in most MRI
studies so far, the relationships between structural and functional alterations in
ADHD remain poorly understood. In the past decade, multimodal neuroimaging
studies emerged in an attempt to aggregate different measurements. Initially,
correlation tests were performed between features independently identified in
different modalities7, requiring pre-defined regions and neuroimaging features.
Hypothesis-free, data-driven methods able to integrate different modalities and
inform about the integration of related features are now becoming more popular. In
a study using Non-negative matrix factorization8, an analysis integrating fMRI and
sMRI information revealed co-occurring anatomical and functional features in the
default mode network (DMN) to be linked to the ADHD inattentive subtype. Another
analysis9 of gray and white matter morphometry and the whole brain functional
connectome revealed that subjects with ADHD showed reduced DMN task-positive
network segregation along with structural abnormalities in dorsolateral prefrontal
cortex and anterior cingulate cortex. In addition, altered intra-network connectivity
in DMN, dorsal attention network, and visual network along with distributed
structural alterations were seen in this analysis.
In most of the previous multimodal studies, neural correlates were identified
by investigating categorical case-control differences. However, given that
ADHD symptoms are viewed as a dimensional, quantitative continuum in the
population10, investigating dimensional multimodal neuroimaging alterations can
provide more insight into the neural correlates of ADHD symptoms. Dimensional
effects were explored before in resting state functional connectivity and white
matter microstructure. Relationships between symptom severity and functional
connectivity were observed for e.g. dorsal attention network (DA), default mode
network (DM), salience processing network (SAL), and executive control network
(CON)11. Positive association of ADHD symptom counts with FA in widespread brain
regions has been demonstrated12,13. Integrating structural and diffusion-weighted
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Attention-deficit/hyperactivity disorder, ADHD, is a neurodevelopmental disorder
manifesting in symptoms of inattention and/or hyperactivity and impulsiveness. It
presents with substantial heterogeneity in terms of etiology, clinical presentation,
and brain alterations1. Various neuroimaging studies have explored the neural
features of subjects with ADHD by means of magnetic resonance imaging (MRI)
techniques, e.g. using structural MRI (sMRI), functional MRI (fMRI), or diffusionweighted imaging (DWI). Most consistent findings from these studies were for ADHDrelated alterations in brain volume, functional connectivity (FC), and white matter
microstructure in frontal and subcortical regions2-6.

CHAPTER 3

MRI revealed smaller prefrontal volumes co-occurring with abnormal white matter
density in prefrontal cortex, and smaller orbitofrontal volume co-occurring with
abnormalities in insula, occipital, and somato-sensory surface areas in subjects with
more severe ADHD symptoms14.
ADHD is a lifelong neurodevelopmental disorder, and the clinical symptoms of ADHD
are not static. Inattentive symptoms are more stable over the lifespan than hyperactive/
impulsive symptoms, which tend to wane with increasing age15,16. Although age
was always added as covariate in previous studies, the interactions between age and
diagnosis have seldom been explored17. Brain volume alterations in children with
ADHD compared to typically developing children were reported in multiple studies,
and findings have survived in meta- and mega-analysis3,6,18. Nevertheless, these volume
alterations seem to diminish in adulthood19,20.In meta-analysis, age effects were
explored on inhibition task-based fMRI, showing that supplementary motor area and
basal ganglia were underactivated solely in children with ADHD relative to controls,
while inferior frontal cortex and thalamus were underactivated solely in adults with
ADHD21. Significant and specific maturational lag in connections within DMN and in
DMN interconnections with two task-positive networks, fronto-parietal network and
ventral attention network, were also observed in ADHD. Furthermore, ADHD patients
without any comorbidity were revealed to lack significant age-related changes in gray
matter and white matter microstructure that were globally observed in controls22.
In order to better understand the complex relationships between the single-modality
findings, in the current study, we performed integrative, multimodal analyses
of structural, functional, and diffusion-weighted MRI data in ADHD patients
and healthy controls. We aimed to unravel co-segregating structural-functional
alterations in ADHD by using the linked independent component analysis (FLICA)
model23-25. Previously, FLICA was evaluated on simulated multimodal data sets,
as well as on a real data set of Alzheimer’s patients and age-matched controls; this
demonstrated improvements compared to alternative strategies to incorporate ICA
in detecting and isolating single-modality structured noise, as well as improved
accuracy in subject-course and spatial map estimates24,25. With FLICA, we are able to
extract components across multiple imaging measures that share the same acrosssubject variation. Previously, FLICA was only used in integrating structural and
diffusion MRI. Here, we include for the first-time functional MRI, since cognitivedomain dissociated complex multisystem impairments also play an important
role in the etiology and pathophysiology of ADHD. With our approach, we aimed
to get insight into the integration of the structural and functional brain alterations
associated with behavioral symptoms and other clinical features related to ADHD.
We hypothesized that subjects with ADHD would present structural and functional
synchronized alterations compared to healthy controls. To account for dimensional
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nature of ADHD symptoms10 and the dynamic clinical presentations of ADHD, we also
investigated the neural correlates of symptom severity and age.

Participants and data acquisition: In the current study, we included data of 199
individuals (80 children with ADHD and 119 healthy controls, age-range 8-15 years),
all with a right hand dominance26. All ADHD probands were recruited from child
psychiatric clinics at Peking University Sixth Hospital/Institute of Mental Health.
The diagnosis of ADHD and/or other psychiatric disorders was made by clinicians
with a clinical interview and a semi-structured interview based on the Schedule
for Affective Disorders and Schizophrenia for School-Age Children-Present and
Lifetime version (K-SADS-PL)27. In addition to the interviews, the ADHD rating scaleIV28 was applied providing quantitative measures of hyperactivity/impulsivity and
inattention symptoms. The parent who knew the child best was regarded as the
primary informant. Exclusion criteria for the ADHD group were 1) a diagnosis of
schizophrenia, affective disorder, Tourette syndrome, pervasive developmental
disorder, or intellectual disability; 2) history of head injury with loss of consciousness;
3) neurological abnormalities; 4) drug or substance abuse; 5) a full-scale IQ below 80.
For the healthy controls, any evidence of current or past major psychiatric disorders
in the K-SADS-PL assessment and/or the presence of neurological disorders lead to
exclusion. Additionally, visible abnormalities (e.g., enlargement of ventricle) on the
magnetic resonance images, which were examined by an experienced radiologist,
lead to exclusion of cases and controls (N=2, one from the ADHD group).
A battery of MRI assessments was applied, comprising structural T1 MRI (sMRI),
resting state functional MRI (RS-fMRI), and diffusion-weighted imaging (DWI).
Details about scanning protocols and information of the clinical battery can be found
in the Supplementary Material (Methods) and Table S1. This work was approved by the
Ethics committee of Peking University Health Science Center. Informed consent was
obtained from parents of children prior to the study.
Preparation of DWI data using tract-based spatial statistics (TBSS): Preprocessing
steps were reported in a previous publication from our group13. Briefly, the diffusionweighted images of each subject were realigned on the unweighted image using
mutual information routines from SPM8 (http://www.fil.ion.ucl.ac.uk/spm/
software/spm8/). Next, an iteratively reweighted-least-squares algorithm (PATCH)
was used to robustly correct for head and cardiac motion artifacts in the diffusionweighted data29. Later, DTIFIT from the FMRIB’s Diffusion Toolbox30 was used to create
fractional anisotropy (FA), mean diffusivity (MD), radial diffusivity (RD), and mode of
anisotropy (MO) images independently per participant. These were fed into the TBSS
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pipeline31 using a sample-specific template obtained from 15 ADHD and 21 healthy
control participants, who showed the highest image quality. Finally, the individual
images were mapped onto the created skeleton resulting in skeletonized FA, RD, MD,
and MO images for each individual.
Preparation of RS-fMRI data using independent component analysis (ICA): The
RS-fMRI data was preprocessed using FSL (http://fsl.fmrib.ox.ac.uk/fsl). Details can be
found in the Supplementary Methods. Resting state networks (RSNs) were obtained
via group independent component analysis (ICA)32-34. Functional connectivity (FC)
patterns of each participant that corresponded to each group independent component
were obtained using a dual-regression approach35,36. Twelve components from the group
ICA showed high spatial correspondence (r >0.4) with the ten resting-state networks as
extracted by Smith et al.37. These components were selected for the linked ICA.
Preparation of sMRI data: The sMRI data were preprocessed using FSL voxel-based
morphometry (VBM) pipeline (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLVBM). Briefly,
brain extraction was conducted, and a study-specific gray matter template was
created from the gray matter tissue probability maps of the same individuals used to
create the DWI skeleton template. Afterwards, each participant’s gray matter images
were registered to the template and modulated. The segmented images were then
smoothed with an isotropic Gaussian kernel with a sigma of 4 mm (FWHM=9.4 mm).
Quality assurance was done by checking the slice view of each participant.
Spatial down-sampling was applied to all modalities for computational reasons25. The
voxel-based morphometry and independent component images from RS-fMRI were
down-sampled to 4 mm isotropic voxels while the DTI images were down-sampled to
2 mm isotropic.
Linked ICA: Linked ICA24 is a Bayesian multi-modal extension to the common ICA
algorithm. While most ICA algorithms perform time-series factorizations, the
Linked ICA algorithm provides a factorization of ‘subject-series’ into a set of spatially
independent sources and a vector of subject contributions per source. Such ‘subjectcourse’ reflects the extent to which each subject contributes to a given source of
spatial variation and can be studied in relation to behavioral measures to explain
for example development, behavior, or pathologies23-25,38. Further, this model can
handle the simultaneous decomposition of data modalities with different spatial
dimensions (number of voxels) while forcing all modalities to share the same subjectcourses for each independent component. Briefly, this method makes the integration
of information from different modalities possible and provides a flexible platform
to model individual variation from multimodal MRI. Moreover, the original data is
explained into different components that include interrelated information from
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Statistical analysis: All subsequent statistical analyses were performed on the subject
loading vectors of each selected independent component resulting from the linked
ICA, as they reflect the extent to which the component is expressed in that participant’s
brain anatomical or FC patterns. Regression models were built and estimated using
R (https://www.r-project.org/). Continuous predictors were demeaned to reduce
the effect on variance inflation factor (VIF) brought by modeling interactions. To
eliminate unnecessary covariance and/or redundancies among the independent
variables, variable selection was done to optimize the predictors in the regression
model using MASS package by exact Akaike information criterion (AIC). The original
model included all possible variables, and AIC model selection was performed in both
directions (forward and backward) until the model with the lowest AIC was found.
First, we studied the relation between each independent component’s subject
loadings and the ADHD diagnosis while simultaneously considering age, sex,
scanning protocol, as well as two- and three-way interactions between diagnosis, age,
and sex (see the formula for Y1 in Supplementary Material). After variable selection
via AIC, all predictors remaining in the model were estimated. In cases where a
significant categorical effect was found (statistically significant after Bonferroni
correction across all 29 component maps), the symptom severity (total score from
ADHD-RS) was added to the final model, and the categorical effect was again estimated
to test the independence of categorical and dimensional effects.
Secondly, we explored ADHD symptom severity-related multimodal variations.
In this case, we added to the previous model the ADHD-RS total score as well as its
interaction with diagnosis (see the formula of Y2 in Supplementary Methods).
Although IQ was not included in the model, we conducted a post-hoc analysis with IQ
included to eliminate the potential effect brought by different IQ in the two subject groups.
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different modalities, which implies underlying biological mechanism that could
never be seen in unimodal studies. In this work, we included all modalities mentioned
in the previous sub-sections, i.e. VBM, FA, RD, MD, MO, and RSN spatial patterns,
into the linked ICA factorization. Given our sample size and following the approach
published before24, we extracted 50 independent components. For visualization, the
spatial patterns were converted to pseudo-Z-statistics by accounting for the scaling of
the variables and the signal to noise ratio in that modality and are thresholded at |Z|
>2.3 for visualization purposes. Component selection was then performed based on
single modality and single subject contributions to the variance in each component.
More precisely, all components for which a single modality contributed more than
50%, or where a single subject contributed more than 10%, was excluded. This
resulted in a selection of 29 components that were included in further analyses.
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RESULTS
Demographic, clinical, and cognitive measures
There were no statistically significant differences in the average age of participants in
the ADHD and in the control group. The ADHD group had fewer female participants,
and subjects in this group had a lower IQ. As expected, subjects with ADHD showed
higher symptom scores on the ADHD-RS. Characteristics of participants are
summarized in Table 1. The relative contribution of each imaging modality to each
of the 50 extracted independent components is shown in Supplementary Figure S1.
Out of the 50 components, 31 components spanned multiple modalities, with no
single modality contributing more than 50%. Based on this threshold, the other 19
components were excluded from subsequent analyses. Two additional components
were excluded, since over 10% of the variance of these components was contributed
by one single subject. This resulted in 29 multimodal independent components for
further analyses; consequently, a significance threshold for posterior analyses was
determined at a Bonferroni-corrected p-value smaller than 0.05/29=0.0017.
TABLE 1 | Demographic, clinical and neuropsychological features of children with ADHD and healthy
controls
ADHD (n=80)

Control (n=119)

P-value

Number of Males (%)

71 (88.7%)

58 (48.7%)

<0.001

Average age in years ±SD

10.95±1.95

10.62±1.82

0.2279

IQ±SD

106.96±14.37

118.64±13.16

<0.001

30.17±7.97

11.65±6.63

<0.001

ADHD-RS full scale±SD
a

RMD DTI ±SD

0.13±0.04

0.12±0.03

0.2698

RMS-FD RS-fMRIb±SD

0.10±0.04

0.08±0.04

0.0005

Comorbid ODD/CD (%)

25 (31.25)

(0)

Comorbid Anxiety (%)

2 (2.50)

(0)

Comorbid Tics (%)

5 (6.25)

(0)

67 (83.75)

N (100)

Medication naive (%)

c

Abbreviations: SD, standard deviation; IQ, intellectual quotient; ADHD-RS, ADHD rating scale; RMD, relative
motion displacement; DTI, diffusion tensor imaging; RS-fMRI, resting sate functional magnetic imaging; CD,
conduct disorder; ODD, oppositional defiant disorder;
a
RMS-FD: it is the mean of the relative displacement in six directions, which summarizes motion score during DTI
scanning
b
RMS-FD: it is the root mean squared of the relative displacement time series, which summarizes motion score
across time during scanning.
c
The percentage of patients with no ADHD-related pharmacological treatment history (both stimulant and nonstimulant included); All patients were medication free for at least 1 month before the MRI scan
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FIGURE 1 | Spatial representation of each modality’s contribution to component 9, bar plots of
subject loadings of component 9, and correlation between total ADHD symptom score and subject
loadings of component 9. Note that the residuals were used in the bar plots of subject loadings of
omponent9 in order to better illustrate the interaction effects. Spatial maps were thresholded at |z|
=2.3. Blue colors indicate negative values on this MRI measure, while red colors indicate positive
values. FA=Fractional Anisotropy, RD=Radial Diffusivity, MD=Mean Diffusivity, MO=Diffusion Mode,
VBM=Voxel-Based Morphometry, DMN=Default Mode Network; FPN=Frontoparietal Network

Anatomical and functional alterations in children with ADHD
compared to healthy controls
Case-control differences
Component 9 (IC9) showed significant diagnosis and diagnosis by sex interaction
effects (diagnosis β=1.438, pnominal=0.00004, diagnosis*sex β=-1.415, pnominal=0.00026,
sex β=0.519, pnominal=0.00364). Compared with healthy controls, children with
ADHD showed smaller FA, greater RD, and greater MD in white matter fiber tracts
including anterior thalamic radiation, cingulum, body of corpus callosum (CC) and
corticospinal tract, greater gray matter volume (GMV) in bilateral frontal regions,
smaller GMV in posterior brain regions, as well as altered functional connectivity in
several networks, most notably the DMN and fronto-parietal network in their nodes
located in precuneus cortex and medial frontal gyrus (Figure 1). In summary, the IC9
showed co-segregating structural and functional alterations in precuneus, as well as
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bilateral frontal cortex. Besides the main effects of diagnosis, interaction between
diagnosis and sex was also showed in IC09. Note that, in our model, the coefficients
for diagnosis and diagnosis*sex were 1.437 and -1.415, which means that the effect of
diagnosis remained positive independent of sex (1 for male or 0 for female). Leaving
the main effects of diagnosis out, in male subjects, loadings of IC9 were higher in
controls than participants with ADHD (p=0.0412), while a reverse relationship was
found in female subjects (p=0.000488). By adding the ADHD rating scale total score
into the regression model, the case-control differences and diagnosis*sex effects
seen in IC9 remained nominally significant (p=0.0198 and 0.000234, respectively).
A significant linear positive correlation was seen between subject loadings in IC9
and ADHD-RS total score (Figure 1). Including IQ into the model did not change these
results (not shown).

Age-related diagnosis effects
Component 37 (IC37) yielded a diagnosis-by-age interaction. Specifically, the agerelated cross-sectional trajectories of IC37 were different in subjects with ADHD
compared to healthy controls (diagnosis*age: pnominal=0.00156). As shown in the
bottom panel of Figure 2, the loading of IC37 appeared to get greater as age increases in
the control group, while it appeared to get smaller as age increases in the ADHD group.
IC 37 showed co-segregating functional and structural alterations in bilateral and
medial frontal regions, as well as substantives structural alterations in the posterior
part of the brain. In the control group, as age increased, RD and MD in the corticospinal
tract and anterior thalamic radiation, as well as GMV of posterior parts of the brain
become larger, including temporal and occipital lobes, while FA in bilateral anterior
thalamic radiation, GMV of bilateral and medial frontal regions became smaller.
FC strength also changed with age; in the control group, FC strength in nodes of the
DMN located in precuneus cortex, bilateral frontal regions, and frontal pole became
larger, while FC strength in medial frontal regions became smaller as age increased.
In the fronto-parietal network of the control group, FC in bilateral frontal regions
became larger, while FC in right fronto-parietal regions within the left fronto-parietal
network (FPN) and left fronto-parietal regions within the right FPN became smaller
with age; this suggested stronger within-hemisphere fronto-parietal connectivity
and weaker inter-hemisphere fronto-parietal connections in adolescence compared
to childhood. Lastly, in the control group, FC in nodes located in bilateral frontal
regions within the executive control network (ECN) was stronger, while FC in medial
frontal regions was weaker in those with higher age. All age effects described above
were reversed in children with ADHD. Neither including IQ nor total ADHD symptom
scores into the model changed the results (not shown).
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FIGURE 2 | Spatial representation of each modality’s contribution to component 37, and correlation
between age and subject loadings of component 37. Spatial maps were thresholded at |z| =2.3.
Blue colors indicate negative values on this MRI measure, while red colors indicate positive values.
VBM=Voxel-Based Morphometry, DMN=Default Mode Network; FPN=Frontoparietal Network;
ECN=Executive Control Network; Visual=Visual Network; Auditory=Auditory Network

Anatomical and functional alterations related to ADHD symptom severity
Component 35 (IC35) showed significant effects of ADHD symptom severity (ADHDRS total score, nominal p=0.00089) that were not related to diagnostic status. In
Figure 3, we show that higher symptom severity was related to decreased loadings of
IC35, which means that with respect to controls, ADHD subjects presented smaller
FA in bilateral superior longitudinal fasciculus and bilateral inferior fronto-occipital
fasciculus, larger RD and MD in corticospinal tract and anterior thalamic radiation,
smaller gray matter in widespread regions in bilateral frontal, parietal, and temporal
lobes, larger GMV in intracalcarine cortex and bilateral temporal regions, altered
functional connectivity in precuneus cortex in DMN, bilateral lateral frontal cortex
in FPN, and inferior temporal and occipital cortex in auditory network. IC35, in
summary, showed co-segregating wide-spread structural alterations and functional
alterations, especially superior and dorsal-lateral part of the brain. Neither the
correlation between diagnosis and IC35 nor the interaction between diagnosis and
symptoms were significant for this component, which allowed us to merge cases and
controls to cover the whole symptom spectrum. As mentioned above, a significant
linear correlation was also seen between subject loadings in IC9 and ADHD-RS total
score (Figure 1).
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FIGURE 3 | Spatial representation of each modality’s contribution to component 35, and correlation
between total ADHD symptom score and subject loadings of component 35. Spatial maps were
thresholded at |z| =2.3. Blue colors indicate negative values on this MRI measure, while red
colors indicate positive values. RD=Radial Diffusivity, MD=Mean Diffusivity VBM=Voxel-Based
Morphometry, DMN=Default Mode Network

DISCUSSION
In the current study, we integrated sMRI, RS-MRI, and DWI to investigate ADHDrelated alterations in the different imaging modalities and links among those as
well as their relation to age and symptom severity. The current study identified cooccurring anatomical and functional alterations in ADHD: larger GMV in bilateral
frontal regions, smaller GMV and larger FC in precuneus cortex, and altered white
matter microstructure were found in children with ADHD compared to healthy
controls. Age-related differences of GMV in healthy controls in distributed regions of
the brain and FC in bilateral frontal regions were found to be reversed in children with
ADHD. In both patients and healthy controls, a higher number of ADHD symptoms
was accompanied by smaller GMV in bilateral frontal, parietal, and temporal lobes,
larger GMV in intracalcarine and bilateral temporal cortices and altered FC in
precuneus.
Most multimodal studies, including the current one, have partly replicated results
from unimodal studies and further demonstrated the interrelationship of alterations
seen in different modalities. Our results confirmed the altered functional connectivity
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in DMN and fronto-parietal network in children with ADHD seen in unimodal
studies11,39,40. Previous findings of smaller FA and greater RD and MD in widespread
regions including anterior thalamic radiation, and cingulum and body of the corpus
callosum12,13,41-43 (the latter FA finding also seen in meta-analysis5) were also replicated.
Moreover, the observed GMV reduction in posterior brain regions in ADHD was also in
line with some previous studies44-46. However, we were not able to replicate the GMV
reduction in anterior parts of the brain20,47. This might be due to the fact that we used
a method that can decompose brain alterations into different components, and each
one probably reflects part of the effect discovered before. For example, frontal GMV
alterations were present in several components. In IC9 (Figure 1), we showed larger
frontal GMV in the ADHD group and a positive correlation between symptom severity
and frontal GMV. In IC35 (Figure 3), the correlation between symptom severity and
frontal GMV was reversed. In addition, frontal GMV was larger in older subjects with
ADHD while it was smaller in older controls in IC37 (Figure 2). Moreover, the sex effect
(right top of Figure 1) showed the complex interaction between diagnosis and sex.
Although the effect of diagnosis remains positive in both sexes, the effect is mainly
confined to females.
In terms of symptomatology, we showed that a higher number of ADHD symptoms was
mainly accompanied by alterations of GMV in bilateral frontal, parietal, and temporal
regions. Frontal and temporal gray matter, caudate, and cerebellar volumes were also
previously found correlated significantly with parent- and clinician-rated severity
measures in people with ADHD48. Dimensional relationships between functional
connectivity and symptom severity have been described for dorsal attention network,
DMN, salience processing network, and executive control network11, seen here
especially for DMN for patients and controls. A higher number of ADHD symptoms
was accompanied by alterations in GMV and functional connectivity, where
categorical effects were not seen; since white matter alterations were not present in
this component, these results may differ from previous unimodal studies12.
Demographic factors affect brain structure and function. Patients and healthy controls
are known to exhibit similar back-to-front waves of brain maturation (surface area and
gyrification) with different areas peaking at different times49. Developmental delays
in brain surface area changes in subjects with ADHD have been found in prefrontal
cortical regions in longitudinal assessments49. With the limitation that our study had
a cross-sectional design, we also identified age-dependent alterations of GMV and
FC in frontal regions within multiple networks, including regions found altered in
ADHD in previous studies, i.e. DMN and fronto-parietal network3,50. We found agedependent alteration of intra-hemispheric fronto-parietal FC and decreases of interhemispheric fronto-parietal connection in healthy controls, while the pattern was
opposite in subjects with ADHD. This suggests that the specificity of the developing
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connectome is disturbed by ADHD. Supporting this idea, the notion of “diffuse-tofocal” changes in activation patterns, simultaneous pruning of local connectivity
and strengthening of long-range connectivity, and development of hemispheric
specialization and lateralization with age have been suggested in multiple studies in
healthy individuals51-54.
Extending current knowledge by integrating different modalities, we observed that
participants with ADHD show co-segregating functional and structural alterations in
precuneus, including altered volume, microstructure, and functional connectivity.
We also saw alterations in inter-hemisphere structural (body of corpus callosum)
and functional (fronto-parietal network) connectivity, which marks interconnected
structural and functional alterations. Furthermore, smaller FC in thalamus and part
of the precuneus region were identified, corresponding to altered microstructure
in anterior thalamic radiation, which anatomically connects the thalamus and
precuneus. Nevertheless, the volumetric alterations were more widely spread than
the functional alterations, and the functional alterations were more widely spread
than those in white matter microstructure. Previously, in another multimodal study
using the joint-ICA method9, observed alterations in macrostructure appeared more
widely distributed than alterations in brain function. Using FLICA, our results now
allowed a more individualized calculation of each modality compared to the jointICA, and enabled us to identify interconnected alterations in brain structure and
function linked to the same clinical feature of ADHD. We demonstrated that the
frontal region, precuneus, and the cortical-subcortical connecting fiber bundles were
the most frequently affected regions. Our results in the current study show that brain
alterations in children with ADHD are a combination of categorical, dimensional,
and developmental effects. On top of the fundamental categorical alterations seen,
symptom severity differences may make it possible that some participants with
ADHD present milder brain alterations than others. The different developmental
trajectory of brain function and structure might enable some participants with ADHD
to ‘outgrow’ the disorder.
Our findings should be viewed in light of some strengths and limitations. To our
knowledge, this is the first integrative analysis of structural, diffusion-weighted, and
functional MRI data in a clinical ADHD cohort. By using an ICA method, we could
separate brain features into independent components, and step-by-step regression
models enabled us to optimize model fitting. The majority of ADHD participants in
our cohort was diagnosed as ‘pure ADHD’, which enabled us to explore developmentrelated changes of ADHD without being confounded by comorbidities. Our cohort
had less female than male subjects, which limited our ability to explore sex effects.
Medication has been demonstrated to affect brain structure and function55,56.
Although the majority of the patients in the current study (~84%) had no history of
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In summary, by applying Linked ICA to a cross-section clinical cohort of about 200
participants, we demonstrated linked structural and functional alterations in brain
regions that individually have been demonstrated in subjects with ADHD in unimodal
studies. This points to a joint underlying biological mechanism. These effects found
in joint multimodal analysis indicated that they are mechanistically related as they
are driven by the same subjects, which can be not clarified in multiple unimodal
analyses. The current study contributes to the ongoing exploration of multimodal
brain alterations in ADHD. ADHD is a neurodevelopmental disorder, and the clinical
features of ADHD patients are highly heterogeneous and change across the lifespan.
Studying multiple dimensions can inform us about the different neurodevelopmental
mechanisms underlying the disorder.
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SUPPLEMENTARY MATERIAL

Imaging Protocol: All MR images were acquired on the same 3T Siemens Tim Trio
MRI scanner with a standard 12 channel head coil in the Imaging Center for Brain
Research, Beijing Normal University. High-resolution 3D T1-weighted images were
acquired using two slightly different magnetization prepared rapid gradient echo
(MPRAGE) sequences: for 147 participants (55 ADHDs and 92 controls), 128 sagittal
slices, repetition time [TR]/echo time [TE]=2530/3.39 ms, flip angle=7°, FOV=256×256
mm, acquisition matrix=256×256, 1.33 mm thickness with no gap, 1×1 mm inpanel resolution; for the remaining 52 (25 ADHDs and 27 controls) participants, 176
sagittal slices, TR/TE=2530/3.45 ms, flip angle=7°, FOV=208×256 mm, acquisition
matrix=208×256, 1 mm thickness with no gap, 1×1 mm in-panel resolution. The T1
images served as high resolution anatomical reference in for fMRI and DTI data. Also,
two slightly different RS-fMRI single-shot echo planar imaging (EPI) sequences were
applied: for 147 participants, TR = 2000 ms, TE = 30 ms, flip angle = 90°, thickness/
skip = 3.5/0.7 mm, matrix = 64 × 64, field of view (FOV) = 200 × 200 mm, 33 axial slices,
240 volumes, 3 mm × 3 mm in-plane resolustion; for the remaining 52 participants,
TR = 2000 ms, TE = 30 ms, flip angle = 90°, thickness/skip = 3.0/0.6 mm, matrix = 64
× 64, field of view (FOV) = 200 × 200 mm, 33 axial slices, 240 volumes, 3 mm × 3 mm
in-plane resolustion. Again, two slightly different diffusion MRI single-shot echo
planar imaging (EPI) sequences were axially applied: for 147 participants (55 ADHDs
and 92 controls), 49 axial slices, TR/TE=7200/104 ms, flip angle=90°, FOV=230×230
mm, matrix=128×128, 2.5 mm thickness with no gap, 64 optimal nonlinear diffusionweighted directions with b = 1000 s/mm2 and one additional image without diffusion
weighting (i.e., b = 0 s/mm2), 1.8 × 1.8 mm in-plane resolution; for the remaining 52
participants (25 ADHDs and 27 controls), 47 axial slices, TR/TE=6900/104 ms, flip
angle=90°, FOV=230×230 mm, matrix=128×128, 2.5 mm thickness with no gap, 64
optimal nonlinear diffusion-weighted directions with b = 1000 s/mm2 and one
additional image without diffusion weighting (i.e., b = 0 s/mm2), 1.8 × 1.8 mm in-plane
resolution. Acquisition protocol was included as covariate in all analyses.
Preprocessing and skeletonization of diffusion-weighted images: The diffusionweighted data was preprocessed using the PATCH algorithm1. Briefly, the diffusionweighted images of each subject were realigned on the unweighted image using
mutual information routines from SPM8. Next, an iteratively reweighted-leastsquares algorithm (PATCH) was used to robustly correct for head and cardiac motion
artifacts in the diffusion-weighted data1. Quality of images was checked manually
both before and after using the PATCH algorithm. Participants (2 ADHD and 4 controls)
who showed persistent head motion artifact after preprocessing were removed from
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subsequent analyses. Later, DTIFIT from the FMRIB’s Diffusion Toolbox (part of
FMRIB’s Software Library (FSL)) was used to create the FA images and further feed them
into the TBSS pipeline2. Since there is no valid template for children and adolescents,
a sample-specific template was produced from 15 ADHD and 21 healthy control
participants with highest quality of the DTI images using the TBSS pipeline (http://
fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS). Subsequently, individual fractional anisotropy
(FA) images were mapped onto the created skeleton resulting in a skeletonized FA
image for each individual. Finally, each participant’s FA, mean diffusivity (MD), radial
diffusivity (RD), and mode of anisotropy (MO) image was projected onto the skeleton,
and resultant skeletonised data were used for linked ICA analysis.
Preparation of RS-fMRI data using ICA: the RS-fMRI data was preprocessed using
FSL (http://fsl.fmrib.ox.ac.uk/fsl) and python (https://www.python.org/) . Imaging
preprocessing included removing the first 10 time points, realignment to the middle
volume (head motion correction), grand mean scaling, and spatial smoothing at a
Gaussian Kernel of 6 mm full-width at half-maximum. The independent Components
Analysis-based Automatic Removal Of Motion Artifacts (ICA-AROMA) technique
was applied to remove the head motion components3,4. Another six participants
(3 ADHD boys and 3 control boys) were excluded at this step due to excessive head
motion (head motion >3 mm of translation or >3 degree of rotation in any direction).
Later, signals of cerebrospinal fluid and white matter were removed with nuisance
regression and high pass filtering (0.01 Hz) was applied to eliminate the physical
noise. The preprocessed functional images were first linearly registered to the
subject-specific high resolution T1 images using boundary-based registration in
FSL FLIRT5-7. Afterwards, the T1 images were registered toMontreal Neurological
Institute (MNI152) standard space using non-linear registrationwith FSL FNIRT. To
obtain functional connectivity networks, group independent component analysis
(ICA) using MELODIC in FSL was conducted8. Functional images of all participants
were concatenated in the temporal domain to create a single 4D dataset, which
was then decomposed into 30 spatially independent components (ICs). Functional
connectivity patterns of each participant that corresponded to each group-IC were
obtained using a dual-regression approach9-11. Spatial correlation between the 30 IC
in the curent study and the ten fine networks templates from the study by Smith et
al was estimated12. Twelve networks from the group ICA, which showed high spatial
correspondence (r > 0.4) with the network templates, were chosen for the Linked ICA.
Preparation of sMRI data: This has been described fully in the main text.
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TABLE S1 | Clinical and Cognitive assessments And Outcome Measures
Task

Description

Cognitive domain

Outcome

ADHD rating scale

This scale contains 18-items corresponding to the 18 symptoms in DSM (9 for
each domain); it is used to quantify the
ADHD symptoms in everyday life, with
a 4-point frequency scale ranging from
0=Never/rarely to 3=very often.

ADHD symptoms

Total score

This scale was derived from the original
Wechsler Intelligence Scale and was
translated, motified, and standardized
into a Chinese version (Wechsler, 1991;
Gong & Cai, 1993).

Intelligence

The Chinese version
of the Wechsler
Intelligence Scale
for Children (C-WISC)-third edition

Inattention
Hyperactivity

Full scale
intelligence
quotient (IQ)

Formulas: Please see below of fomulas Y1 and Y2 for the original regression models.
CHAPTER 3

Y1 (subject loadings)
	=w1*diagnosis (ADHD vs.Control) + w2*Age + w3*sex (M vs.F) + w4* scanning protocol
(V1 vs.V2) + w5*diagnosis: Age + w6* diagnosis: sex + w7* Age: sex + w8* diagnosis:Age:sex
Y2 (subject loadings)
	=w1*diagnosis (ADHD vs.Control) + w2*Total symptom score + w3*diagnosis: Total symptom
score + w4*Age + sex (M vs.F) + w5*scanning protocol (V1 vs.V2) + w6*diagnosis: Age +
w7*diagnosis: sex + w8*Age: sex + w9*diagnosis: Age:sex

Detailed information about the final regression model and summary
statistics of the model fits
Models

F-value P-value

Reduction Variance
of AIC
explained

IC9 ~ group + Age + Sex + group*Age + group*Sex + Age*Sex

4.649

0.0001945

3.77

0.09958

IC9 ~ group + Sex + TotalADHDScore + group*Sex#

7.812

8.331e-06

10.08

0.1347

IC35 ~ TotalADHDScore + Age

7.96

0.0004933 3.61

0.07368

IC37 ~ group + Age + Sex + group*Age + group*Sex + Age*Sex
+ group*Age*Sex

2.328

0.02662

0.04484

#

8.11

when the score of the ADHD rating scale was added to the original model, the regression model of IC9 was also
changed.
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FIGURE S1 | Relative weight of each modality in each component (N=50). Components that
yielded significant ADHD-related effects are indicated. The dark bar to the right indicates level
of multimodality of each component, i.e., how evenly distributed several modalities contributed.
The darker, the less multimodal a component is. The color bar encodes the multimodal index. FA
= Fractional Anisotropy, RD=Radial Diffusivity, MD = Mean Diffusivity, MO = Diffusion Mode, VBM
= Voxel-Based Morphometry, DMN = Default Mode Network; FPN = Frontoparietal Network; ECN
= Executive Control Network; VN = Visual Network; AuN = Auditory Network; SMN = Sensorimotor
Network; CeN = Cerebellar Network.
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ABSTRACT
Objectives
Attention deficit/hyperactivity disorder (ADHD) symptoms are often viewed as a
continuum in the general population. However, the underlying neurobiologiacl
and genetical mechanism remains unclear. The current study aims to explore the
relationships between ADHD symptoms in the general population, white matter
features of the brain and polygenic risk for ADHD.
Methods
A total of 1190 healthy adolescents (all aged 14 years, 574 males and 616 females) were
recruited across 8 European cities via the IMAGEN consortium For each individua.
Three different indicators were calculated. (1) ADHD traits were assessed with the
Strength and difficulty questionnaire (SDQ) (parent rating). (2) Mean fractional
anisotropy (FA) was extracted in candidate regions of interest (left and right internal
capsule, left and right anterior corona radiata, genu/body/splenium of corpus
callosum) using masks made from the ICBM-DTI template. (3) Individual polygenic
risk scores (PRS) for ADHD risk were calculated in PRSice software using summary
statistics from the psychiatric genomics consortium (PGC). To study the correlation
between ADHD symptom scores, FA values of our regions of interest and PRS for
ADHD risk, we performed linear regression models, correcting for sex, scanning sites
and first 4 components from MDS. Mediation models were applied to explore the
potential midiating effects of white matter properties.
Results
We found that (1) The mean FA of the left and right Internal Capsule (IC) were
significantly negatively associated with ADHD traits in the general population,
which means lower FA is associated with higher ADHD scores in SDQ (p=0.00061 and
0.0038, respectively). (2) ADHD symptoms were significantly positively correlated
with the ADHD related PRS (p < 0.00014); (3) Mean FA of the left and right IC were
found nominally associated with polygenic risk of ADHD (p=0.036 and 0.00698,
respectively), but these did not survive Bonferroni correction. Mediation models,
however, demonstrated significant mediating effects of bilateral internal capsule.
Conclusions
The white matter features of the internal capsule, which has been repeatedly shown
to be involved in the pathophysiology of ADHD, is related to ADHD symptoms in the
general population and mediates the effects of polygenic risk on the ADHD symptoms.
These results further support the notion of ADHD symptoms being continuous traits
in the general population, with potential similar underlying genetic factors.
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INTRODUCTION
Attention-deficit/hyperactivity disorder (ADHD) is one of the most prevalent
neurodevelopmental disorders, with a prevalence of 5% in children1 and adolescents
and of 2.8% in adults2. ADHD is characterized by age-inappropriate inattention and/or
hyperactivity and impulsivity symptoms. As an often chronic and life-long disorder,
ADHD leads to a series of academic and social problems in children, adolescents, and
adults and places a substantial burden on families and society3. Despite its societal
impact, the etiology and pathophysiology of ADHD still remains largely unknown3,4.

The symptoms that comprise ADHD are also found (to a lesser extent) in the general
population. In fact, inattentive, hyperactive, and impulsive behaviors can be viewed
as a continuum in the population, where the clinical diagnosis of ADHD may represent
the extreme end of such distributions. Previously, similar heritability estimates for
ADHD symptoms both at extreme levels and at levels that were below the threshold
for diagnosis were identified in a study including 8,500 twin pairs7. Additionally, it
was shown that quantitative measures of ADHD symptoms in the population had an
almost complete genetic overlap (highest estimation being r=0.970) with the clinical
diagnosis of ADHD6,8.
Although the heritability of ADHD is high, the effect sizes of individual common
genetic risk loci are low. Previous genetics studies showed that at least one third of
ADHD’s heritability is due to a polygenic component comprising many common
variants, each having small effects (Faraone & Larsson, 2019). Polygenic risk scores
(PRSs)can be constructed to provide information about the additive effects of several
to multiple phenotype-associated genetic loci. A PRS sums up the total number of risk
alleles an individual carries, weighted by the effect (i.e. odds ratio or beta) associated
with each allele as derived from previous genetic association study findings9.
Therefore, a PRS derived from genome-wide association studies (GWAS) can quantify
the influence of thousands of common alleles of small effect in a single measure,
and provides an estimate for the genetic liability of a person to a certain phenotype
contributed by common genetic variants10. PRSs have been used widely in exploring
the potential link between genetic risk for a diagnosis and other clinical or preclinical aspects of the disorder or even other disorders11-15. For ADHD, an early study
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Family, twin, and adoption studies show that ADHD is highly heritable with multiple
genetic factors playing a crucial role in the emergence and development of ADHD5. The
first genome-wide significant genetic risk loci were discovered in a recent genomewide association meta-analysis of 20,183 individuals diagnosed with ADHD and 35,191
controls in this study, 12 independent genetic risk loci were identified, and the study
provided important new information about the underlying biology of ADHD6.
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showed that a PRS calculated based on a GWAS of 5,621 ADHD patients and 13,589
controls significantly predicted both parent and teacher ratings of attention problems
in (general population) preschool- and school-aged children16. Similar results were
observed in other cohorts16-19.
In the search for the biological underpinnings of ADHD, previous studies have
investigated structural connectivity based on brain white matter microstructure.
Those studies demonstrated different patterns of brain white matter microstructure
in participants with ADHD compared to healthy controls20,21.Certain brain regions
were repeatedly found to present different fractional anisotropy (FA), a measure
of brain white matter microstructure in ADHD case-control studies in different
cohorts20-22, including bilateral internal capsule, bilateral anterior corona radiata,
and corpus callosum. The most recent meta-analysis, which includes 13 TBSS (tracts
based spatial statistics) datasets, also demonstrated a consistent pattern of decreased
FA seen in participants with ADHD compared to healthy controls in corpus callosum,
right inferior fronto-occipital fasciculus, and left inferior longitudinal fasciculus21.
Several of these white matter features also correlated with quantitative measures of
ADHD symptoms in subjects with ADHD23-26. A study of inattention in prematureborn subjects identified an overlapping set of axonal pathways connecting the
frontal, parietal, temporal, and occipital lobes to have lower FA in those with attention
problems27.These studies suggest a link between ADHD symptoms and white matter
features in the brain.
White matter features are partly determined by genetic factors, and heritability
estimates lie between 0.53 and 0.90 for individual tracts28,29.Familial effects for white
matter differences in ADHD families have been identified, suggesting that genetic
factors contribute to the white matter alterations found in ADHD25.Also a study
including multigenerational extended and nuclear families showed that features of
structural connectivity are both significantly heritable and associated with ADHD
symptoms in family members30. As of yet, few studies have explored the relationship
between PRSs for psychiatric disorders (including ADHD) and white matter features.
A recent population-based study in the Generation R cohort (n=3992) found no
significant associations between global FA and the PRSs for different psychiatric
disorders, including ADHD31.
In the current study, we aimed to explore the relationships between the PRS for
ADHD,ADHD symptoms, and white matter features in adolescents from a general
population cohort recruited by the IMAGEN consortium32. To investigate ADHDrelated brain white matter features, candidate regions of interest (ROIs) were selected,
based on a literature review. Regions repeatedly found to show differential white
matter features (mainly FA alterations) in participants with ADHD compared with
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healthy controls were selected. These regions comprised the internal capsule, corpus
callosum, and anterior corona radiata20,23,25,33. We hypothesized that white matter
microstructural features mediate the relationship between the genetic risk for ADHD
(as captured by PRS) and the amount of ADHD symptoms one has. To investigate this
we tested if ADHD-related white matter features were associated to ADHD symptoms,
and whether the polygenic risk scores of clinical ADHD were associated to white
matter microstructural features in a population-based cohort.

METHODS

Healthy adolescents (all aged 14 years) were recruited across 8 European cities. These
subjects came from private, state-funded, or special schools to ensure the diversity
of the sample in terms of social-economic status, and emotional and cognitive
development. The recruitment in each center was focused on geographical areas
with minimal ethnic diversity in order to maximize the ethnic homogeneity. Written
informed consent and written assent to the study procedures was given by parents
and adolescents before enrollment. Quantitative assessment of psychopathological
symptoms (on the basis of DSM-IV and ICD-10), was carried out at home through a
web-based coordinated system(‘Psytools’). All procedures were approved by each
local institutional ethics committee. Further details on the study design, sample, and
recruitment procedure, as well as data storage and safety, can be found elsewhere174???
and on the IMAGEN website (www.imagen-europe.com).

ADHD symptoms
ADHD symptoms were assessed with the Strength and difficulty questionnaire (SDQ)34.
Strength and Difficulties Questionnaire (SDQ) is a behavioral screening questionnaire
that provides a balanced coverage of children’s and young people’s behavior, emotions,
and relationships. It has been translated into multiple languages and was found to
have good discriminate and predictive validity35.This questionnaire consists of 5 items
measuring hyperactivity an inattention. Parent rated, rather than self-rated scores
were used in the current study36. This is because children with ADHD were found to
have low self-awareness of their social and academic deficits37.In addition to SDQ,
the parent Development and Well-Being Assessment (DAWBA) was also assessed in
IMAGEN database. The DAWBA is a structured interview with open questions designed
for interview or online self-completion(http://www.dawba.info/). Normally, it was
used as diagnostic tool due to its high specificity and low sensitivity, rather than
a screening tool, which means it is suitable for high risk population. Even being
conducted by trained child psychiatrist, the agreement between the K-SADS-DAWBA (κ
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= 0.31) and between SDQ-DAWBA (κ = 0.33) are relatively low. DAWBA tends to diagnose
fewer children with ADHD than did the other instruments38. SDQ has been widely used
in screening ADHD, and therefore it is appropriate to use it in the population-based
cohort. Therefore, only the SDQ data was applied in the current study.

Acquisition of the neuroimaging data
Procedures on imaging data acquisition are described elsewhere32. In short, diffusion
tensor images were obtained from 3 Tesla scanners (Siemens, Munich, Germany;
Philips, Best, The Netherlands; GeneralElectrics, Chalfont St Giles, UK; Bruker,
Ettlingen,Germany), using an echo planar imaging (EPI) sequence (four b = 0 and 32
directions with b = 1300 s/mm2, 60 near-axial slices, aligned with the line between
the anterior and posterior commissures; echo time ≈104 ms; 128 × 128 matrix; voxel
size 2.4 × 2.4 × 2.4 mm). All participants were instructed to close their eyes and keep as
steady as possible during scanning. To address the problem of variation in availability
and implementation of particular image-acquisition techniques across different
sites, a set of parameters compatible with all scanners, particularly those directly
affecting image contrast or signal-to-noise, were devised and kept constant across
sites. Several healthy individuals were scanned multiple times at one or multiple
sites to determine the intra- and inter-site variability (details in174???).

Preprocessing of the diffusion tensor imaging (DTI) data
Detailed preprocessing steps can be found elsewhere39. In short, DTI images were
reconstructed and visually checked for major artifacts before proceeding to the
processing steps. DTI data was preprocessed using the FMRIB Diffusion Toolbox
(FDT) in FSL (http://www.fmrib.ox.ac.uk/fsl). The preprocessing steps included affine
registration to the first b = 0 image for head motion and eddy current correction, brain
extraction using the brain extraction tool, and voxel-wise diffusion tensor fitting to
obtain FA images. Tract-based spatial statistics (TBSS) was carried out afterwards,
following the TBSS protocols in FSL. All participants’ FA data were aligned into a
common space by the nonlinear registration tool in FNIRT. Next, the mean FA image
was created and thinned to create a mean FA skeleton, which represents the centers of
all tracts common to the group. This skeleton was then thresholded at FA > 0.2 to only
keep the main tracts. Each adolescent’s aligned FA data were then projected onto the
skeleton. Afterwards, mean FA was extracted in candidate regions of interest (ROIs),
being left and right internal capsule, left and right anterior corona radiata, and genu/
body/splenium of corpus callosum, using masks made from the ICBM-DTI template.
These ROIs were chosen since they survived meta-analyses21,22 and were replicated
repeatedly in different relatively large sample size cohorts23,25.
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Genomic data
Genome-wide genotyping was performed using the Illumina Quad 610 chips
(Illumina,San Diego, CA, USA). Genotyping occurred in three waves. The data from
each wave were preprocessed and quality assured independently. Quality control
included 1) excluding participants showing relatedness, keeping one of them; 2)
excluding SNPs based on the following criteria: minor allele frequency (MAF) <
0.01; genotype call rate < 95%; Hardy-Weinberg Equilibrium < 1x10-6. Imputation
was performed on the SNPs available for all three waves. The imputation was done
using Mach and Minimac software, following the ENIGMA imputation protocol
(ftp://anonymous@ftp.cea.fr/pub/dsv/anatomist/imagen/ENIGMA2_1KGP_v3-1.pdf).
Population homogeneity was estimated by the first four components from multiple
dimensional scaling (MDS), which was also added to the regression model (see below
for more statistic details).

Summary statistics data from the ADHD group of the Psychiatric Genomics
Consortium, which analyzed 20,183 ADHD cases and 35,191 controls from 12 cohorts
(see6, is publicly available at http://www.med.unc.edu/pgcs. We calculated the PRSs
informative for the polygenic risk for ADHD based on these GWAS summary statistics
for a series of p-value thresholds from 0.001 to 0.9, with a step-size of 0.001. The
calculation of PRSs based on different p-value thresholds was carried out using
the PRSice software40.A best fit p-value and the corresponding PRS were generated
automatically for each ROI.

Statistics
To explore the association between ADHD polygenic risk and ADHD symptoms
(indicated by the SDQ score) linear regression models, using the ADHD symptoms as
the dependent variable, the polygenic risk score as independent variable as well as
sex, scanning site, and the first four MDS components as covariates were run.
To explore the association between ADHD symptoms and white matter features,
association tests between the SDQ score and the mean FA of each ROI were performed
using linear regression models, including sex and scanning site as covariates. Bonferroni
correction for testing 7 ROIs was used, setting the threshold for significance to p < 0.007.
To explore the association between ADHD polygenic risk and ADHD-related white
matter features linear regression models including the white matter ROIs as the
dependent variable, the polygenic risk score as the independent variable and sex,
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scanning site and the first four MDS component as covariates were run. Bonferroni
correction for testing seven ROIs, as well as testing multiple PRS thresholds in PRSice
set our significance level to p <0.00014, i.e. dividing 0.001 (the significance threshold
generally used in PRSice) by the number of ROIs (n=7) plus 1 for ADHD symptoms.
Regression tests were performed in R (https://www.r-project.org/). For those bestfit PRSs which showed nominally significant association with both the symptoms
and mean FA values, mediation models were ran to explore the potential mediation
effects, using mediation package in R. Since there were only 2 ROIs that fit the criteria
and thus was included in the mediation modeling analysis, the corrected significance
level of p was set to 0.05/2=0.025.

RESULTS
Demographic characteristics
In total, after quality control on both the genetic and DTI data, 1190 healthy 14-yearold adolescents (574 males and 616 females) were included in the final data analysis.
Their parent rating score on the SDQ had an average of 4.0 (2.2 SD).

Association between polygenic risk for ADHD and population ADHD symptoms
ADHD symptoms were found to be significantly associated with the polygenic risk
of ADHD, the positive beta values indicated that higher polygenic risk of ADHD was
associated with higher ADHD symptom scores (see Table 1).

Association between ADHD-related white matter features and ADHD symptoms
The mean FA values of the left and right internal capsule were significantly associated
with ADHD symptoms in our population-based sample after correction for multiple
testing (Table 2), the direction of the beta value indicates that higher ADHD scores
on the parent-rated SDQ were associated to lower FA values in these regions.
Regression linear plots of the significant associations can be found in sFigure 1 in
the supplementary material. None of the other ROIs showed significant associations
with the SDQ scores (see Table 2).

Association between polygenic risk for ADHD and ADHD-related white matter ROIs
Mean FA of the left and right internal capsule were found nominally associated with
polygenic risk of ADHD, which means the lower the FA of these regions the higher the
polygenic risk of ADHD (see Table 2). These associations did not survive Bonferroni
correction.
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NOTE: Beta = coefficients in the regression model. CC=corpus callosum; ACR=anterior corona radiata; IC=internal capsule. nominal significant associations are shownas
*, and significant associations surviving Bonferroni correction are shown as **. -explanation on what we see in the table here-; In running these regression models, FA of
each ROIs were the dependent variable and ADHD scores and PRS score serve as independent variables.
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TABLE 2 | Association between FA values of the ADHD-related ROIs and ADHD symptom scores (SDQ) and best-fit ADHD related PRS

NOTE: Beta = coefficients in the regression model. CC=corpus callosum; ACR=anterior corona radiata; IC=internal capsule. nominal significant associations are shownas *,
and significant associations surviving Bonferroni correction are shown as **. -explanation on what we see in the table here-; In running these regression models, ADHD
symptom scores were the dependent variable and PRS score serve as independent variables
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TABLE 1 | Association between ADHD symptom scores (SDQ) and best-fit ADHD related PRS
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FIGURE 1 | Summary Charts of the relationships between ADHD symptom scores, mean FA of the 7 ROIs and the corresponding best fit polygenic risk scores
(PRSs). The 7 ROIs are bilateral Internal Capsule (IC), bilateral Anterior Corona Radiata (ACR), as well as genu, body, and splenium of Corpus Callosum (CC). All the
p-values present in this figure are uncorrected. The arrows show that there are nominal significant association between the two indicators. N.Sig. = Not Significant.
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Mediation analysis
Two ROIs, the left and right internal capsule, showed nominal significant association
with both the ADHD symptoms and polygenic risk for ADHD. Therefore, medication
models were performed on these two regions. Results showed that both the left
(beta=0.033, p<0.001) and right (beta=0.033, p=0.02) internal capsule showed
significant mediation effects. High resolution plots of PRSs of all ROIs and significant
association plots can be found below in sFigure 2 – 4 in the supplementary material.
Summary charts of the relationships are shown in Figure 1.

In the current study, we explored the relationship between ADHD symptoms, ADHDrelated white matter microstructure, and polygenic risk for ADHD in an adolescent
population-based sample. After showing a significant association between the
polygenic risk for ADHD and ADHD symptoms in our general population sample,
we found that lower FA in the left and right internal capsules were significantly
associated with higher ADHD symptoms, but the associations between polygenic
risk for ADHD and ADHD-related white matter ROIs did not reach our multiple
comparison correction threshold. However, when testing mediation models on our
nominal associations we were able to show that the FA values in left and right internal
capsule mediate the effects of the polygenic risk of ADHD on the ADHD symptoms in
our population-based cohort.
Our study showed an association between ADHD polygenic risk and ADHD symptoms
in an adolescent population-based sample, with higher polygenic risk of ADHD
being associated with more ADHD symptoms in the population; this confirms
previous work in other cohorts41. Moreover, our findings extend the knowledge of the
continuity between ADHD in clinical samples and symptoms in the population to an
additional age group - adolescents.
Our study is in line with the concept that ADHD symptoms can be viewed as
continuous traits in the general population. To the ample evidence available at the
phenotypic level42, and the more recent work showing genetic continuity6,16, our
study showed that the mean FA of bilateral internal capsule is not only associated with
the clinical diagnosis of ADHD, but also with symptom levels in a healthy, adolescent
sample. Internal capsule is a white matter structure going through the basal ganglia.
It contains both ascending and descending axons, going to and coming from the
cerebral cortex. Abnormal white matter integrity in internal capsule was identified in
many psychiatric disorders, including ADHD22,43-45. In addition, white matter integrity
in internal capsule was seen in adults with childhood ADHD, regardless of current
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diagnosis, which suggests that the altered white matter integrity in internal capsule
is an enduring trait of (childhood) ADHD46. Our study added to the current knowledge
that white matter integrity in internal capsule was related to ADHD symptoms
regardless of ADHD diagnosis in adolescents. As for the other ROIs, which were also
frequently demonstrated to be related to ADHD diagnosis in clinical samples, we did
not find any relationship between ADHD symptoms in the population, although the
body of the corpus callosum showed at least nominal association. This might indicate
that different mechanisms are at the heart of these brain alterations in ADHD clinical
samples. However, to better support this theory, we would need more clinical and
community-based data and more specific analyzing techniques.
In addition to the association between ADHD PRS and ADHD symptoms in the
adolescent population, our study is one of the first to investigate the relationship
between polygenic risk of ADHD and brain features. We identified a nominally
significant association between ADHD PRS and mean FAs of bilateral internal capsule.
The association fell short of statistical significance after multiple comparison
correction. There might be a few possible reasons for this. First, the contribution of
polygenic risk of ADHD to the FA of IC might be subtle and therefore difficult to detect
by limited sample sizes. Second, additional factors apart from common genetic
variants (e.g., rare genetic variants, or gene-gene interactions) might be involved in
the white matter integrity of the brain, which were not studied in the current analyses.
Nevertheless, in the mediation model, the white matter integrity in the bilateral
internal capsule was found to significantly mediate the genetic effects on the ADHD
symptoms in the population. Although the association between ADHD PRS and mean
FA of bilateral internal capsule did not survive the multiple comparison correction
when correcting for all ROIs that were studied, the mediation effect was significant,
because the number of comparisons we performed in this model was much less (n=2).
While we were finalizing the current manuscript, we were surprised by a paper
investigating the same dataset (the IMAGEN data) for a similar purpose, being the
relationship between the polygenic risk for ADHD and ADHD symptoms-related
white matter features. The authors used an alternative, more data-driven approach
for their analysis; they defined a multi-informant composite ADHD symptom score,
where we used the parent-rated SDQ scores, and their white matter features were
extracted based on their association with ADHD symptom levels in IMAGEN, rather
than based on previous literature on clinical ADHD samples, like we did. The authors
showed that the ADHD PRS predicted mean FA of several symptom-level-related
white matter regions, including bilateral superior and inferior longitudinal fasciculi
(p<0.05, corrected)47.Since those regions were identified by their association to ADHD
symptoms in the same sample this might limit the generalization of the results.
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In summary, our results showed that white matter microstructural features of the
bilateral internal capsule mediate the relationship between the genetic risk for ADHD
(as captured by PRS) and the amount of ADHD symptoms in an adolescent populationbased cohort. Our results support the notion of the dimensionality of ADHD both at
the genetic and at the brain level.
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To grasp the wealth of our findings please find a summary in Figure 5. Among the 7
ROIs we used in the current study, we speculate that the bilateral internal capsule
could potentially serve as a mediating factor in linking the polygenic risk for
ADHD and the amount of ADHD symptoms. Our findings should be viewed in light
of some strengths and limitations of our work. A main strength of our study is the
combination of phenotypic, genetic, and white matter features related to ADHD in
a population-based cohort. An additional strength is that we studied adolescents,
which is an age-group that has not received sufficient attention in ADHD research so
far. Limitations we faced were, the choices of ROIs which were based on replicated
findings from previous ADHD case-control studies, which limited our selection of
target regions. A recent meta-analysis of DTI studies described additional regions that
might be interesting to study in the future21. Another limitation of our study is the fact
that FA is the only indicator of white matter integrity we used in the current study.
While the choice was driven by availability of previous research, other DTI measures,
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insights into the relationships between genetic risk of ADHD, white matter integrity,
and ADHD symptoms in the general population.
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SFIGURE 1 | Plots of the relationship between ADHD symptom scores (represented by SDQ) and
the FA value of Left (Left panel) and Right (panel) Internal Capsule (IC); To eliminate the effects
from confounding factors, residuals were used, after regressing all the covariates, including sex, and
scanning site.

SFIGURE 2 | High resolution plots of model fits of different PRSs based on different p-value
thresholds for the seven ROIs.
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SFIGURE 3 | Plots of the nominally significant relationship between ADHD symptom scores
(represented by SDQ) and the best-fit ADHD polygenic risk scores (PRSs) of genu of corpus callosum
(CC), body of CC and the left anterior corona radiata (ACR).To eliminate the effects from confounding
factors, residuals were used, after regressing all the covariates, sex, scanning site, and the first four
MDS components.

SFIGURE 4 | Plots of the nominally significant relationship between mean FA value of Left (Left
panel) and Right (panel) Internal Capsule (IC) and the corresponding best-fit polygenic risk scores
(PRSs).To eliminate the effects from confounding factors, residuals were used, after regressing all
the covariates, sex, scanning site, and the first four MDS components.
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SUMMARY OF APPROACHES AND RESULTS

In chapter 2, we investigated functional brain connectivity in its relationship
with cognitive performance in ADHD. The effects of methylphenidate on brain
functional connectivity were also investigated. We compared working memoryrelated functional connectivity patterns in typically developing children and those
with ADHD. Twenty-two boys with ADHD were scanned twice, under either MPH
(single dose, 10 mg) or placebo, in a randomized, cross-over, counterbalanced
placebo-controlled design. Thirty healthy boys were scanned once and served as
controls. Working memory task-based fMRI data was analyzed using independent
component analysis. The results showed that participants with ADHD under the
placebo condition showed increased functional connectivity within fronto-parietal
and auditory networks, and decreased functional connectivity within the executive
control network, compared to typically developing controls, even though no
significant differences in behavioral performance were identified. Comparing the
placebo and MPH conditions showed us that MPH increased functional connectivity
within the executive control network, though in places that did not overlap the areas
observed in the case-control comparison. The altered functional connectivity pattern
may indicate different brain processing or functioning strategies in children with
ADHD compared with healthy individuals, when attempting to accomplish similar
task performance. The dissociation of brain function and behavioral performance
observed in this study might indicate that the alterations in functional connectivity
and effects of MPH detected in the current study are not all working memory-specific.
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Attention deficit/Hyperactivity disorder (ADHD) is one of the most prevalent
childhood-onset psychiatric disorders and the most commonly treated
neuropsychiatric disorder. It is a heterogeneous, heritable, and multifactorial
disorder. Therefore, studying ADHD fulfills a societal and a scientific need. In
addition to clinical symptoms, cognitive impairments in various domains are also
characteristic of ADHD. Impaired inhibition and working memory are two of the most
consistent findings in cognitive studies in ADHD1,2. Alterations in brain structure
and function have been observed using different imaging modalities. Heritability
estimates for ADHD are high, around 74%3. Methylphenidate (MPH), the primary
treatment for ADHD, has been shown to successfully improve clinical symptoms
and cognition in children with ADHD4-7. However, the underlying neurobiological
mechanism of ADHD in general and of methylphenidate action remain largely unclear.
These aspects formed the starting point of my thesis and were covered in the studies
described in the empirical chapters in this thesis, by applying different approaches
to explore the ADHD-related brain alterations, their functional consequences, and
genetic underpinnings.

CHAPTER 5

Although we detected both anatomical (referring to my previous work, forming the
basis of my Chinese thesis8) and functional connectivity alterations in children
with ADHD, we did not know whether and how these were linked to each other.
Therefore, in Chapter 3, we made use of a multimodal analytical method, called
FSL’s linked independent component analysis (FLICA)9,10, that performs integrative,
multimodal analyses of structural, functional, and diffusion-weighted MRI data.
With FLICA, we were able to extract components across multiple imaging measures
that share the same across-subject variation. We found that children with ADHD
showed altered white matter microstructure in widespread white matter fiber tracts
as well as greater gray matter volume in bilateral frontal regions, smaller gray matter
volumes in posterior regions, and altered functional connectivity in default mode
and fronto-parietal networks, compared to controls. We used the FLICA method also
to investigate the relationships between ADHD diagnosis and symptom severity. In
the total group, including both children with ADHD and controls, higher symptom
severity was related to smaller gray matter volume in widespread regions in bilateral
frontal, parietal, and temporal lobes, as well as greater gray matter volume in
intracalcarine and temporal cortices. In addition, age-related effects were explored to
elucidate potential developmental effects. Age-related growth of gray matter volume
of bilateral occipital lobe, functional connectivity in frontal regions, as well as agerelated decline of gray matter volume in medial regions seen in controls appeared
reversed in children with ADHD. Using the multimodal method FLICA, we were
able to show that structural and functional alterations in brain regions known to be
altered in subjects with ADHD from unimodal studies are linked across modalities.
This indicates that multimodal methods provide additional information of the
interrelationship among different modalities, while sustaining the ability to identify
anatomical and functional differences in each modality. The brain differences we
found were related to clinical features of ADHD, both categorically (disorder status) as
well as dimensionally (symptom severity).
With the known high heritability of ADHD, genetic studies have been emerging in
ADHD. It is also known that diffusion tensor imaging parameters, which are used to
assess white matter integrity, are moderately to highly heritability (h2 between 0.530.90, mainly known for the fractional anisotropy of major fiber tracts)11. In Chapter
4, we aimed to explore whether ADHD-related genetic factors contribute to ADHDlike symptoms and white matter microstructural properties in the population. The
polygenic risk score (PRS), a summary score that represents the genetic liability to a
certain disorder, was used to capture the additive genetic contribution to (clinically
diagnosed) ADHD from common genetic variants. We included 1190 typically
developing 14-year-old adolescents (574 males and 616 females) from the IMAGEN
consortium in our analysis. We tested the link between clinical features of ADHD,
ADHD-PRS, and ADHD-related white matter features. We hypothesized that the
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link between ADHD-PRS and clinical features of ADHD is mediated by white matter
features. In this population-based sample, we showed that an individual’s polygenic
risk for clinical ADHD was linked to the number of ADHD symptoms, confirming
the dimensionality of ADHD symptoms in the general population. We also detected
a significant association between values in the left and right internal capsules and
ADHD symptoms in the population, with lower FA in these areas being associated
with more ADHD symptoms. While no associations between the polygenic risk
for ADHD and ADHD-related white matter regions reached statistical significance
in our study, we did find a nominally significant association between ADHD-PRS
and the FA values of left and right internal capsule; this finding did not survive
the Bonferroni correction for multiple comparisons. When continuing with the
nominal associations we showed that the FA value in left internal capsule might have
mediated the effects of the polygenic risk of ADHD on the ADHD symptoms in our
sample. Our results provide evidence in terms of brain white matter microstructure
and genetic factors to support the notion of ADHD symptoms being a continuum in
the population, with clinical ADHD at the extreme end of it.
From my work as described in the previous chapters and above, a number of
subjects arise, that deserve a more general discussion. In particular, these include
the importance of white matter microstructural features as brain phenotypes,
multimodal imaging, as well as taking ADHD symptoms as trait continuum in
understanding ADHD. In the following, I put these subjects into the broader context,
across the different chapters of this thesis and the international literature.

The role of white matter in ADHD and ADHD-related symptoms in the population
and how genetic risk for ADHD may be related to it, were recurring themes in my
thesis (Chapter 3, and 4) as well as in my earlier work8. In the human brain, white
matter is responsible for connections between the different neural regions. There
have been many studies investigating the white matter microstructural alterations
in participants with ADHD, most in very small sample sizes. In my previous work,
performed in collaboration with Nijmegen colleagues and forming the main body
of the doctoral thesis I successfully defended in China, I was able to improve on
the current literature by studying a clinical cohort with over 200 participants aged
8-15 years. This work helped to sustain the knowledge that white matter alterations
are associated with ADHD. We observed decreases in the DTI index of fractional
anisotropy (FA) and increases in radial diffusivity (RD) in widespread, overlapping
regions including the corpus callosum, left corona radiata, and left internal capsule.
The altered FA was related to impaired interference inhibition in participants
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What does white matter as a brain phenotype contribute to our
understanding of ADHD?

CHAPTER 5

with ADHD. In addition, when studying symptom dimensions in addition to the
categorical case-control comparison, correlations between ADHD symptom severity
and FA value (positive correlation) and RD (negative correlation) were observed in
the children with ADHD in widespread regions overlapping with those seen in the
categorical analysis, including corpus callosum, right corona radiata, and internal
capsule. Our results are consistent with previous studies in showing a widespread
white matter alteration pattern in participants with ADHD compared to healthy
controls12-16. Beyond that, we linked the white matter microstructural features to the
cognitive functions and symptom severity of participants with ADHD.
While we were able to demonstrate white matter microstructural alterations
associated with the ADHD diagnosis as well as dimensional measures of
symptom severity in my previous work (and that of others), the high prevalence of
comorbidities in ADHD, e.g. autism spectrum disorder (ASD), make it difficult to
differentiate between the effects of ADHD and the combined effects of ADHD and its
comorbidities. Knowing about the phenotypic17 and genetic18-20) continuity of ADHD
symptoms in the population, and with the knowledge that such continuity may also
exist for other disorders (e.g. ASD20 , investigation of ADHD symptoms and symptoms
of other disorders in healthy individuals might provide more information about
disorder-specificity of brain alterations. In Chapter 4, we therefore studied a large,
population-based cohort, the IMAGEN sample21). As summarized above, we detected
a negative correlation between ADHD symptoms and the FA value of the internal
capsule. Our results suggest that the white matter microstructural features in internal
capsule might have been specific to ADHD pathology, rather than the comorbid
conditions. Our results are supported by other studies on comorbidities. In a sample
of ASD patients, ADHD patients and healthy individuals, the decreased FA in internal
capsule was revealed to be unique to ADHD, while overlapping (ASD and ADHD) white
matter microstructural features were identified as decreased FA in corpus callosum
and superior longitudinal fasciculus22. When compared with pediatric bipolar
disorder, participants with ADHD showed lower FA in internal capsule and white
matter microstructural features overlapping between PBD and ADHD were identified
as lower FA in anterior corona radiata23. Together, these results support the notion of
white matter microstructural features in internal capsule being related to the core
ADHD symptoms. Other regions, e.g. corpus callosum, which are also related to other
psychiatric diseases in previous studies24,25 and did not show a significant correlation
with ADHD symptoms in our studies, especially the large population-based study,
might be related to some cognitive or social dysfunctions in ADHD patients, but not
the ADHD symptoms per se.
White matter microstructure reflects the development of brain neurons, especially
the myelination and axon injuries. Several genes have also been shown to be related
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The internal capsule is one of the major fiber tracts in human brain. It contains both
ascending and descending fibers from the frontal cortex and anterior cingulate
cortex32, projecting to striatum, thalamus, brainstem, and the spinal cord32,33.
The microstructural integrity in internal capsule has been found to be related to
several psychiatry diseases, including ADHD, as well as cognitive function in both
healthy individuals and patients with psychiatric disorders16,34-36. Consistently,
our previous work also showed decreased FA and increased RD in internal capsule
in children with ADHD compared to healthy controls8, and the decreased FA in left
internal capsule was also linked to the impaired inhibition function in children
with ADHD. In Chapter 4, as mentioned above, we further identified that decreased
FA in bilateral internal capsule is related to increased ADHD symptom counts in the
population. From the histological perspective, decreased FA and increased RD in the
same region indicates abnormal myelination of the corresponding fiber tracts37. Our
results, altogether, demonstrated that the altered myelination in internal capsule is
related to the core ADHD symptoms in the population, including healthy individuals
and the ADHD patients. Taking into account the anatomical feature of the internal
capsule, it is possible that the abnormal myelination in internal capsule influence
the functional connectivity between frontal cortex and subcortical regions, including
striatum, amygdala, and thalamus, all of which are important brain structures in the
pathophysiology of ADHD38.
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to the white matter microstructural alterations that are linked to ADHD, mostly
from the neurotransmitter system, including NOS1, ADRA2A, and COMT26-29. In
recent years, the polygenic risk score, a summary score which reflects the genetic
liability for a certain disease, including ADHD, has also been used to explore the
relationship between genetic liability and white matter microstructure. In a previous,
population-based study, the FA correlates of ADHD symptomatology, that is the
mean FA values of the regions correlating with ADHD symptom scores, were found
significantly associated with ADHD PRS30. Another population-based study, however,
did not detect any significant correlation between the ADHD-related PRS and white
matter properties31. In Chapter 4, we also demonstrated a nominal significant
correlation between ADHD-related PRS and the FA value in bilateral internal capsule.
Furthermore, in our mediation model, the FA values of bilateral internal capsule were
shown to significantly mediate the effects from ADHD-related PRS onto the ADHD
symptoms in the population. Our results not only support the previous findings of
a significant association between white matter microstructural properties and the
polygenic risk of ADHD, but also provide a new perspective of the mediating effects
of white matter integrity in internal capsule, showing that white matter properties
in internal capsule might have mediated the effects between ADHD-related genetic
liability and the ADHD symptoms observed in the population.

CHAPTER 5

In summary, our studies have identified that white matter microstructural features
in internal capsule might be an ADHD-specific brain biomarker, which differentiates
ADHD patients from healthy controls and is associated with ADHD symptoms, not
only in ADHD patients but also in the general population. Besides, the genetic liability
of ADHD might lead to ADHD symptoms through white matter alterations in internal
capsule. Nevertheless, the internal capsule can be further divided into several subregions, including the anterior limb, the posterior limb, and the retrolenticular parts,
all of which have been proved to contain fiber tracts connecting different cortical
regions. Yet, we know very little about where specific prefrontal fibers travel within
the bundle. Future research should be focused on segmenting the internal capsule
into different regions using either fiber tracking techniques or existing atlas and
investigate the specific white matter microstructural alterations in individuals with
ADHD.

How valuable is multimodal imaging/ multimodal analysis for our
understanding of the ADHD brain?
To explore the pathogenesis of ADHD, many neuroimaging studies have been
performed. In the past decades, unimodal studies have dominated the field. Unimodal
MRI imaging assumes that there are isolated structures deviant in ADHD. However,
studies for different MRI modalities all have found brain structural and functional
alterations, and these alterations are always widespread; this suggests that the entire
brain, in both structure and function, may be involved in the pathology of ADHD15,16,3943
. It therefore seems impossible to figure out the neurobiological correlates of ADHDrelated behavior without integration of information across different modalities. In my
thesis, I performed one of the few multimodal neuroimaging studies in ADHD to date,
described in Chapter 3. Among the different methodological options for multimodal
integration, we chose for linked Independent Component Analysis (ICA)44.
We indeed succeeded in linking structural and functional alterations in children
and adolescents with ADHD compared to healthy controls, namely the altered white
matter microstructure in widespread white matter fiber tracts, greater gray matter
volume in bilateral frontal regions, smaller gray matter volume in posterior regions,
and altered functional connectivity in the resting-state fMRI-derived default mode
network and fronto-parietal network. It was reassuring to see that the multimodal
imaging integration captured many of the structural and functional alterations
observed in previous unimodal studies. For instance, the altered brain function in
fronto-parietal network was also observed in Chapter 2, which also showed that
participants with ADHD displayed altered functional connectivity within frontoparietal network under working memory task. On top of that, we provided more
information about the interconnection between the structural and functional
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Importantly, the identified interconnected structural and functional alterations
we observed in the group of individuals with ADHD were not always localized in
the same regions. For instance, the diagnosis of ADHD, in our study, was shown to
be related to white matter microstructural in widespread regions, most profoundly
in corpus callosum and posterior thalamic radiation, larger gray matter volume in
bilateral frontal regions, smaller gray matter volume in posterior regions, and altered
functional connectivity in default mode and fronto-parietal networks. The regions
showing altered gray matter volume and the regions showing altered functional
connectivity partly overlap. Nevertheless, some of the regions showing altered
gray matter volume did not show altered functional connectivity and vice versa. A
possible reason for this apparent discrepancy is that wiring and functioning of our
brain is very complicated, and compensatory mechanisms may be at play as well49.
Longitudinal studies, especially very early in childhood, might provide more insights
and elucidate the underlying mechanisms.
An important strong point of linked ICA, in addition to the ability to integrate across
modalities, is that it allows us to explore the population variability with increased
detail. In our study, individual loadings of some of the components were also
correlated with ADHD symptoms and age. Higher symptom severity was related
to smaller gray matter volume in widespread regions in bilateral frontal, parietal,
and temporal lobes, but also to larger gray matter volume in intracalcarine and
temporal cortices in the combined group of ADHD participants and controls. This
result is consistent with findings from previous studies investigating the categorial
differences between participants with ADHD and healthy controls, which identified
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alterations within and across individual regions. Our results were also largely
consistent with the few earlier multimodal studies on ADHD, which partly employed
different methods. Using non-negative matrix factorization, researchers were able
to infer the latent structure of multimodal information and demonstrated both
structural and functional graph theory features related to default mode subnetworks
clustering with the ADHD inattentive subtype45. Joint ICA applied to multimodal data
also demonstrated reduced DMN-task-positive networks, segregation co-occurring
with structural abnormalities in dorsolateral prefrontal cortex and anterior cingulate
cortex in individuals with ADHD relative to healthy controls46. Another multimodal
method, namely the optimally-discriminative voxel-based analysis, was also used
in an adult ADHD cohort. Only microstructural alterations were seen in that study47.
In the only previous study using linked ICA in a case-control setting of adults with
ADHD and controls, the researchers identified a unimodal (cortical thickness across
the whole cortex) and a multimodal (linked morphological and microstructural
effects within anterior temporal brain regions) component that differentiated those
with ADHD from those without48.
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smaller gray matter in all lobes50. Age-related increase of gray matter volume of
bilateral occipital lobe, functional connectivity in frontal regions as well as agerelated decline of gray matter volume in medial regions seen in controls appeared
reversed in children with ADHD. As a neurodevelopmental disorder, the brain
developmental trajectory of individuals with ADHD was shown to differ from healthy
controls51. In a cross-sectional sample, we also demonstrated different pattern of agerelated growth of brain structure and function in participants with ADHD and healthy
controls.
In summary, to answer the question posed in the title of this section, the combination
of different neuroimaging techniques through multimodal imaging analysis
methods is indeed valuable, as it provides more information about the neural
substrates of ADHD, going beyond the advantages and disadvantages of individual
neuroimaging techniques. Multimodal methods can integrate information from
multiple sources and infer the latent structure of the ADHD brain substrate. Using
linked ICA, we were able to identified interconnected structural and functional
brain alterations in participants with ADHD compared to healthy controls. However,
the multimodal studies produce results that can often not easily be interpreted in
terms of simple biological mechanisms, e.g. decreased cortical thickness linked
to decreased activation. Most of the time, the results are far more complicated.
Compensatory mechanisms in the human brain, e.g. decreased cortical thickness
with normal activity pattern, heterogeneity of ADHD, and the relative ‘coarseness’
of analytical techniques thus far might be reasons for this. Future studies in larger
sample size, e.g. the ENIGMA consortium, and refined analytical method, e.g. to
restrain the analysis to some specific regions, are warranted. Furthermore, the
possibility of integrating additional types of data, for example genotyping data or PRS,
may further enhance the informativity of multimodal methods for understanding the
biological mechanisms underlying ADHD. Using a multivariate parallel independent
component analysis (Para-ICA) method in regional gray matter volume and single
nucleotide polymorphism data from 198 adolescents (63 with ADHD). Fourteen
components from genetic data and 9 from brain morphology were extracted52. This
study successfully replicated the results from unimodal genetic and brain imaging
studies. Nevertheless, it failed to link the genetic data with the brain imaging data.
There isn’t any component including both genetic and brain imaging data. Future
study with refined analytical method to fuse multimodal data is warranted. By
integrating multimodal data, it would improve our ability to identify the interaction
among different ADHD-related genotypic and phenotypic features would provide
more insight into the pathophysiology of ADHD.
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What has my research contributed to the understanding of ADHD as
diagnostic category and extreme of a trait continuum?

In addition to the behavioral domain, the continuity of ADHD symptoms and
clinically diagnosed ADHD has been demonstrated also for other domains. In the
general population, ADHD symptoms have been found to be related to many ADHDrelevant cognitive domains2, e.g. sensory sensitivity57, response inhibition and
interference control58,59, working memory60, as well as intraindividual variability in
response time61. In patients with ADHD, correlations were also identified between
ADHD symptom severity and working memory62, inhibition60, verbal ability, and
other cognitive functions63,64. In terms of brain morphology and function, ADHD
symptoms in patients and/or in the population were shown to be linked to brain
features including gray matter volume in the ventromedial prefrontal cortex65,
ventral-striatal activation and right putamen activation during reward processing,
orbitofrontal activity during a time estimation task, ventromedial prefrontal
cortex structure, ventromedial prefrontal cortex structure, and the volumes of the
left nucleus accumbens65-69. White matter microstructural properties were also
significantly related to ADHD symptomatology in both clinical and community
samples30,70-73. At the level of genetics, PRS studies have also demonstrated that the
ADHD symptoms in the general population were associated with a PRS derived from
a GWAS of clinically diagnosed ADHD30,74,75, which supports the notion of ADHD
symptoms being a continuum in the genetic perspectives.
So far, only few studies have investigated both categorical and dimensional effects
at the same time to elucidate the overlapping and differentiating neural substrates
of diagnosis and symptomology. My work has improved on this situation through
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ADHD is a lifelong neurodevelopmental disorder, and the symptoms of ADHD
are not only seen in ADHD patients. As we have pointed out in Chapter 3 and
Chapter 4, ADHD symptoms are more often viewed as a dimensional, quantitative
continuum in the population17. That means, the ADHD symptoms are also present
in individuals of the general population, with ADHD patients being at the upper
extreme of the distribution of symptoms in the population. The Strengths and
Weaknesses of ADHD symptoms and Normal behavior scale (SWAN) has been a good
measure to demonstrate such behavioral continuity, as it measures both positive
attention skills and attention problems; it thus provides a continuous and normally
distributed measure of ADHD symptoms in the population, without the floor effect
seen with many other questionnaires assessing ADHD symptoms53,54. Using SWAN in
ADHD patients, it was also shown that there is a continuum also within the patient
population, which means that ADHD symptom severity (how many symptoms are
present) varies in ADHD patients55,56.
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several of my studies. In my population-based study described in Chapter 4, we
found that ADHD symptom counts were related to the ADHD-PRS and might also be
related to white matter microstructural properties in the internal capsule (though
replication of the latter is required). Also, in the multimodal study in our previous
work on white matter characteristics of ADHD8, we integrated both categorical and
dimensional perspectives, as discussed above, and found symptom-based effects to
be independent of categorical effects. Lastly, in my previous work, part of my Chinese
thesis, we investigated white matter alterations in ADHD, from both the categorical
(diagnosis) and dimensional (hyperactivity/impulsivity symptoms) perspectives and
found that the ADHD participants not only differ from healthy controls in showing
decreased FA and increased RD in widespread brain regions, but also displayed
a linear correlation pattern between white matter microstructural features and
ADHD symptom severity. The latter two studies clearly revealed that the gray and
white matter microstructural properties in children with ADHD represent not only
a shift from healthy individuals, but shows additional gradual changes associated
with symptom severity within patients. Overall, my results do support the notion
of ADHD symptoms being a continuous trait in the population; they add important
new knowledge especially regarding the fact that ADHD symptom severity in ADHD
patients can produce additional effects. In future ADHD-related studies, categorical
and dimensional effects should both be investigated in the same cohort more
regularly to further illustrate the neurobiology of ADHD.

Implications of my findings, including potential implications for
healthcare
Decades of studies on ADHD have provided a lot of evidence about the clinical
heterogeneity, cognitive dysfunction, brain structural and functional alterations,
and genetic underpinnings of ADHD. My work described in this thesis and our
previous work8 have focused on brain alterations in ADHD as well as their functional
consequences and genetic underpinnings. Together, we concluded that ADHD is a
neurodevelopmental disorder characterized by brain multimodal and multisystem
structural and functional abnormalities. The white matter alterations we observed
can be further linked the white matter alterations to clinical features, gray matter
volume, functional connectivity, ADHD symptoms in the population, and genetic
liability. Specifically, the white matter microstructural properties in internal capsule
might contribute to the core neurobiological mechanisms of ADHD, taking into
account its potential role in mediating the genetic effects on ADHD symptoms and
the unique internal capsule alterations identified in participants in ADHD compared
to other psychiatric disease. Future studies focusing on internal capsule might help
us to understand more about the pathogenesis of ADHD, and might contribute to the
definition of a biomarker for ADHD.
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Methylphenidate (MPH), one of the first-line medication for ADHD, alters brain
function/connectivity in individuals with ADHD in areas differentiating cases and
controls, as I have shown in Chapter 2, and might exert its effect on behavior in this
way. Long-term effects of MPH on brain structure and function remain unclear76.
Longitudinal studies are in great need since MPH has been widely used in treating
ADHD and the clinical effects are currently unpredictable. In this regard, my findings
in Chapters 3 and 4, showing dimensional effects in patients in addition to casecontrol effects on brain structures, should urge the clinical doctors to care beyond
the diagnosis. So far, all children diagnosed with ADHD are treated by more or less
the same therapeutic approaches. Since we have identified dimensional effects
in individuals with ADHD, clinical doctors might have to pay more attention to the
symptom severities and use more multidisciplinary therapeutic approaches.
Last but not least, the great variety of structural and functional alterations we
observed might be related to the clinical heterogeneity in ADHD, with only a subset
being responsible for the core ADHD symptoms. Future studies using normally
distributed ADHD symptom assessment tools in both clinical and population-based
samples should be performed to provide insights into the neurobiology of ADHD in
an integrated perspective, allowing us to differentiate the original, subsequent, and
potentially even the compensatory brain alterations in ADHD. Nevertheless, our
studies were performed in a clinical sample including more boys than girls, and our
population-based sample consisted of only 14-year olds; caution is thus needed in
the interpretation of the results we have seen. Future studies with larger sample size,
more female participants, a wider age range, and especially longitudinal design are
warranted.

1	Altered working memory-related brain connectivity was detected in children with
ADHD relative to healthy controls, and MPH increased connectivity within the
executive functioning network, which shows reduced activity in those with ADHD.
2	Interconnected multimodal structural and functional patterns of brain alterations
are linked to the ADHD diagnosis, adding ADHD symptom severity as well as age
can explain additional variance, even within the patient population.
3	
Internal capsule plays an important role in ADHD, and the white matter
microstructural properties of the internal capsule might mediate the effects of
ADHD-related polygenic risk on ADHD symptoms in the general population.
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CHAPTER 5

REFERENCES
1

Davidson F, Cherry K, Corkum P. Validating the Behavior Rating Inventory of Executive
Functioning for Children With ADHD and Their Typically Developing Peers. Appl
Neuropsychol Child. 2016;5(2):127-137.

2

Pievsky MA, McGrath RE. The Neurocognitive Profile of Attention-Deficit/Hyperactivity
Disorder: A Review of Meta-Analyses. Arch Clin Neuropsychol. 2018;33(2):143-157.

3

Faraone SV, Larsson H. Genetics of attention deficit hyperactivity disorder. Mol
Psychiatry. 2019;24(4):562-575.

4

Childress AC, Cutler AJ, Marraffino A, et al. A Randomized, Double-Blind, PlaceboControlled Study of HLD200, a Delayed-Release and Extended-Release Methylphenidate,
in Children with Attention-Deficit/Hyperactivity Disorder: An Evaluation of Safety and
Efficacy Throughout the Day and Across Settings. J Child Adolesc Psychopharmacol. 2019.

5

Ching C, Eslick GD, Poulton AS. Evaluation of Methylphenidate Safety and MaximumDose Titration Rationale in Attention-Deficit/Hyperactivity Disorder: A Meta-analysis.
JAMA Pediatr. 2019;173(7):630-639.

6

Stuhec M, Lukic P, Locatelli I. Efficacy, Acceptability, and Tolerability of
Lisdexamfetamine, Mixed Amphetamine Salts, Methylphenidate, and Modafinil in the
Treatment of Attention-Deficit Hyperactivity Disorder in Adults: A Systematic Review
and Meta-analysis. Ann Pharmacother. 2019;53(2):121-133.

7

Bilder RM, Loo SK, McGough JJ, et al. Cognitive Effects of Stimulant, Guanfacine, and
Combined Treatment in Child and Adolescent Attention-Deficit/Hyperactivity Disorder.
J Am Acad Child Adolesc Psychiatry. 2016;55(8):667-673.

8

Wu ZM, Bralten J, Cao QJ, et al. White Matter Microstructural Alterations in Children
with ADHD: Categorical and Dimensional Perspectives. Neuropsychopharmacology.
2017;42(2):572-580.

9

Groves AR, Beckmann CF, Smith SM, Woolrich MW. Linked independent component
analysis for multimodal data fusion. Neuroimage. 2011;54(3):2198-2217.

10

Groves AR, Smith SM, Fjell AM, et al. Benefits of multi-modal fusion analysis on a largescale dataset: life-span patterns of inter-subject variability in cortical morphometry and
white matter microstructure. Neuroimage. 2012;63(1):365-380.

11

Kochunov P, Jahanshad N, Marcus D, et al. Heritability of fractional anisotropy in human
white matter: a comparison of Human Connectome Project and ENIGMA-DTI data.
Neuroimage. 2015;111:300-311.

12

Onnink AM, Zwiers MP, Hoogman M, et al. Deviant white matter structure in adults
with attention-deficit/hyperactivity disorder points to aberrant myelination and
affects neuropsychological performance. Prog Neuropsychopharmacol Biol Psychiatry.
2015;63:14-22.

13

van Ewijk H, Noordermeer SD, Heslenfeld DJ, et al. The influence of comorbid
oppositional defiant disorder on white matter microstructure in attention-deficit/
hyperactivity disorder. Eur Child Adolesc Psychiatry. 2016;25(7):701-710.

130

SUMMARY AND GENERAL DISCUSSION

14

Chen L, Hu X, Ouyang L, et al. A systematic review and meta-analysis of tract-based
spatial statistics studies regarding attention-deficit/hyperactivity disorder. Neurosci
Biobehav Rev. 2016;68:838-847.

15

Aoki Y, Cortese S, Castellanos FX. Research Review: Diffusion tensor imaging studies of
attention-deficit/hyperactivity disorder: meta-analyses and reflections on head motion.
J Child Psychol Psychiatry. 2018;59(3):193-202.

16

van Ewijk H, Heslenfeld DJ, Zwiers MP, Buitelaar JK, Oosterlaan J. Diffusion tensor
imaging in attention deficit/hyperactivity disorder: a systematic review and metaanalysis. Neurosci Biobehav Rev. 2012;36(4):1093-1106.

17

Lubke GH, Hudziak JJ, Derks EM, van Bijsterveldt T, Boomsma DI. Maternal ratings of
attention problems in ADHD: evidence for the existence of a continuum. J Am Acad Child
Adolesc Psychiatry. 2009;48(11):1085-1093.

18

Levy F, Hay DA, McStephen M, Wood C, Waldman I. Attention-deficit hyperactivity
disorder: a category or a continuum? Genetic analysis of a large-scale twin study. J Am
Acad Child Adolesc Psychiatry. 1997;36(6):737-744.

19

Bidwell LC, Gray JC, Weafer J, Palmer AA, de Wit H, MacKillop J. Genetic influences on
ADHD symptom dimensions: Examination of a priori candidates, gene-based tests,
genome-wide variation, and SNP heritability. Am J Med Genet B Neuropsychiatr Genet.
2017;174(4):458-466.

20

Taylor MJ, Martin J, Lu Y, et al. Association of Genetic Risk Factors for Psychiatric
Disorders and Traits of These Disorders in a Swedish Population Twin Sample. JAMA
Psychiatry. 2019;76(3):280-289.

21

Schumann G, Loth E, Banaschewski T, et al. The IMAGEN study: reinforcementrelated behaviour in normal brain function and psychopathology. Mol Psychiatry.
2010;15(12):1128-1139.

22

Dougherty CC, Evans DW, Myers SM, Moore GJ, Michael AM. A Comparison of
Structural Brain Imaging Findings in Autism Spectrum Disorder and Attention-Deficit
Hyperactivity Disorder. Neuropsychol Rev. 2016;26(1):25-43.
Pavuluri MN, Yang S, Kamineni K, et al. Diffusion tensor imaging study of white matter
fiber tracts in pediatric bipolar disorder and attention-deficit/hyperactivity disorder.
Biol Psychiatry. 2009;65(7):586-593.

24

Francis AN, Mothi SS, Mathew IT, et al. Callosal Abnormalities Across the Psychosis
Dimension: Bipolar Schizophrenia Network on Intermediate Phenotypes. Biol
Psychiatry. 2016;80(8):627-635.

25

Sui YV, Donaldson J, Miles L, Babb JS, Castellanos FX, Lazar M. Diffusional kurtosis
imaging of the corpus callosum in autism. Mol Autism. 2018;9:62.

26

van Ewijk H, Bralten J, van Duin EDA, et al. Female-specific association of NOS1 genotype
with white matter microstructure in ADHD patients and controls. J Child Psychol
Psychiatry. 2017;58(8):958-966.

131

CHAPTER 5

23

CHAPTER 5

27

Kabukcu Basay B, Buber A, Basay O, et al. White matter alterations related to attentiondeficit hyperactivity disorder and COMT val(158)met polymorphism: children with
valine homozygote attention-deficit hyperactivity disorder have altered white
matter connectivity in the right cingulum (cingulate gyrus). Neuropsychiatr Dis Treat.
2016;12:969-981.

28

Hong SB, Zalesky A, Park S, et al. COMT genotype affects brain white matter pathways in
attention-deficit/hyperactivity disorder. Hum Brain Mapp. 2015;36(1):367-377.

29

Park S, Hong SB, Kim JW, et al. White-matter connectivity and methylphenidate-induced
changes in attentional performance according to alpha2A-adrenergic receptor gene
polymorphisms in Korean children with attention-deficit hyperactivity disorder. J
Neuropsychiatry Clin Neurosci. 2013;25(3):222-228.

30

Albaugh MD, Hudziak JJ, Ing A, et al. White matter microstructure is associated
with hyperactive/inattentive symptomatology and polygenic risk for attentiondeficit/hyperactivity disorder in a population-based sample of adolescents.
Neuropsychopharmacology. 2019;44(9):1597-1603.

31

Jansen PR, Muetzel RL, Polderman TJC, et al. Polygenic Scores for Neuropsychiatric
Traits and White Matter Microstructure in the Pediatric Population. Biol Psychiatry Cogn
Neurosci Neuroimaging. 2019;4(3):243-250.

32

Coizet V, Heilbronner SR, Carcenac C, et al. Organization of the Anterior Limb of the
Internal Capsule in the Rat. J Neurosci. 2017;37(10):2539-2554.

33

Emos MC, Agarwal S. Neuroanatomy, Internal Capsule. StatPearls. Treasure Island
(FL)2020.

34

Chopra S, Shaw M, Shaw T, Sachdev PS, Anstey KJ, Cherbuin N. More highly myelinated
white matter tracts are associated with faster processing speed in healthy adults.
Neuroimage. 2018;171:332-340.

35

Sullivan EV, Zahr NM, Rohlfing T, Pfefferbaum A. Fiber tracking functionally distinct
components of the internal capsule. Neuropsychologia. 2010;48(14):4155-4163.

36

McLaughlin K, Travers BG, Dadalko OI, et al. Longitudinal development of thalamic
and internal capsule microstructure in autism spectrum disorder. Autism Res.
2018;11(3):450-462.

37

Yano R, Hata J, Abe Y, et al. Quantitative temporal changes in DTI values coupled with
histological properties in cuprizone-induced demyelination and remyelination.
Neurochem Int. 2018;119:151-158.

38

Cortese S, Coghill D. Twenty years of research on attention-deficit/hyperactivity disorder
(ADHD): looking back, looking forward. Evid Based Ment Health. 2018;21(4):173-176.

39

Nakao T, Radua J, Rubia K, Mataix-Cols D. Gray matter volume abnormalities in ADHD:
voxel-based meta-analysis exploring the effects of age and stimulant medication. Am J
Psychiatry. 2011;168(11):1154-1163.

40

Frodl T, Skokauskas N. Meta-analysis of structural MRI studies in children and adults
with attention deficit hyperactivity disorder indicates treatment effects. Acta Psychiatr
Scand. 2012;125(2):114-126.

132

SUMMARY AND GENERAL DISCUSSION

41

Hoogman M, Muetzel R, Guimaraes JP, et al. Brain Imaging of the Cortex in ADHD: A
Coordinated Analysis of Large-Scale Clinical and Population-Based Samples. Am J
Psychiatry. 2019;176(7):531-542.

42

Hoogman M, Bralten J, Hibar DP, et al. Subcortical brain volume differences in
participants with attention deficit hyperactivity disorder in children and adults: a crosssectional mega-analysis. Lancet Psychiatry. 2017;4(4):310-319.

43

Gao Y, Shuai D, Bu X, et al. Impairments of large-scale functional networks in attentiondeficit/hyperactivity disorder: a meta-analysis of resting-state functional connectivity.
Psychol Med. 2019;49(15):2475-2485.

44

Wang Z, Xia M, Jin Z, Yao L, Long Z. Temporally and spatially constrained ICA of fMRI
data analysis. PLoS One. 2014;9(4):e94211.

45

Anderson A, Douglas PK, Kerr WT, et al. Non-negative matrix factorization of
multimodal MRI, fMRI and phenotypic data reveals differential changes in default mode
subnetworks in ADHD. Neuroimage. 2014;102 Pt 1:207-219.

46

Kessler D, Angstadt M, Welsh RC, Sripada C. Modality-spanning deficits in attentiondeficit/hyperactivity disorder in functional networks, gray matter, and white matter. J
Neurosci. 2014;34(50):16555-16566.

47

Chaim TM, Zhang T, Zanetti MV, et al. Multimodal magnetic resonance imaging study
of treatment-naive adults with attention-deficit/hyperactivity disorder. PLoS One.
2014;9(10):e110199.

48

Wolfers T, Arenas AL, Onnink AMH, et al. Refinement by integration: aggregated effects of
multimodal imaging markers on adult ADHD. J Psychiatry Neurosci. 2017;42(6):386-394.

49

Kasparek T, Theiner P, Filova A. Neurobiology of ADHD From Childhood to Adulthood:
Findings of Imaging Methods. J Atten Disord. 2015;19(11):931-943.

50

Batty MJ, Liddle EB, Pitiot A, et al. Cortical gray matter in attention-deficit/hyperactivity
disorder: a structural magnetic resonance imaging study. J Am Acad Child Adolesc
Psychiatry. 2010;49(3):229-238.

51

Friedman LA, Rapoport JL. Brain development in ADHD. Curr Opin Neurobiol.
Khadka S, Pearlson GD, Calhoun VD, et al. Multivariate Imaging Genetics Study of
MRI Gray Matter Volume and SNPs Reveals Biological Pathways Correlated with Brain
Structural Differences in Attention Deficit Hyperactivity Disorder. Front Psychiatry.
2016;7:128.

53

Brites C, Salgado-Azoni CA, Ferreira TL, Lima RF, Ciasca SM. Development and
applications of the SWAN rating scale for assessment of attention deficit hyperactivity
disorder: a literature review. Braz J Med Biol Res. 2015;48(11):965-972.

54

Polderman TJ, Derks EM, Hudziak JJ, Verhulst FC, Posthuma D, Boomsma DI. Across
the continuum of attention skills: a twin study of the SWAN ADHD rating scale. J Child
Psychol Psychiatry. 2007;48(11):1080-1087.

55

Hudziak JJ, Heath AC, Madden PF, et al. Latent class and factor analysis of DSM-IV ADHD:
a twin study of female adolescents. J Am Acad Child Adolesc Psychiatry. 1998;37(8):848-857.

133

CHAPTER 5

2015;30:106-111.
52

CHAPTER 5

56

Lubke GH, Muthen B, Moilanen IK, et al. Subtypes versus severity differences in
attention-deficit/hyperactivity disorder in the Northern Finnish Birth Cohort. J Am Acad
Child Adolesc Psychiatry. 2007;46(12):1584-1593.

57

Panagiotidi M, Overton PG, Stafford T. The relationship between ADHD traits and
sensory sensitivity in the general population. Compr Psychiatry. 2018;80:179-185.

58

Polner B, Aichert D, Macare C, Costa A, Ettinger U. Gently restless: association of ADHDlike traits with response inhibition and interference control. Eur Arch Psychiatry Clin
Neurosci. 2015;265(8):689-699.

59

Crosbie J, Arnold P, Paterson A, et al. Response inhibition and ADHD traits: correlates
and heritability in a community sample. J Abnorm Child Psychol. 2013;41(3):497-507.

60

Skogan AH, Zeiner P, Egeland J, et al. Inhibition and working memory in young
preschool children with symptoms of ADHD and/or oppositional-defiant disorder. Child
Neuropsychol. 2014;20(5):607-624.

61

Brydges CR, Ozolnieks KL, Roberts G. Working Memory and Intraindividual Variability
in Response Time Mediate Fluid Intelligence Deficits Associated With ADHD
Symptomology. J Atten Disord. 2018:1087054718772143.

62

Brydges CR, Ozolnieks KL, Roberts G. Working memory - not processing speed mediates fluid intelligence deficits associated with attention deficit/hyperactivity
disorder symptoms. J Neuropsychol. 2017;11(3):362-377.

63

Das D, Cherbuin N, Easteal S, Anstey KJ. Attention Deficit/Hyperactivity Disorder
symptoms and cognitive abilities in the late-life cohort of the PATH through life study.
PLoS One. 2014;9(1):e86552.

64

Van Liefferinge D, Sonuga-Barke E, Van Broeck N, Van Der Oord S, Lemiere J, Danckaerts
M. A rating measure of ADHD-related neuropsychological impairment in children and
adolescents: Data from the Cognition and Motivation in Everyday Life (CAMEL) Scale
from population and clinical samples. Child Neuropsychol. 2017;23(4):483-501.

65

Albaugh MD, Orr C, Chaarani B, et al. Inattention and Reaction Time Variability
Are Linked to Ventromedial Prefrontal Volume in Adolescents. Biol Psychiatry.
2017;82(9):660-668.

66

Plichta MM, Scheres A. Ventral-striatal responsiveness during reward anticipation in
ADHD and its relation to trait impulsivity in the healthy population: a meta-analytic
review of the fMRI literature. Neurosci Biobehav Rev. 2014;38:125-134.

67

Xu B, Jia T, Macare C, et al. Impact of a Common Genetic Variation Associated With
Putamen Volume on Neural Mechanisms of Attention-Deficit/Hyperactivity Disorder. J
Am Acad Child Adolesc Psychiatry. 2017;56(5):436-444 e434.

68

Pretus C, Picado M, Ramos-Quiroga JA, et al. Just-in-time response to reward as a
function of ADHD symptom severity. Psychiatry Clin Neurosci. 2018;72(9):731-740.

69

Das D, Cherbuin N, Anstey KJ, Abhayaratna W, Easteal S. Regional Brain Volumes and
ADHD Symptoms in Middle-Aged Adults: The PATH Through Life Study. J Atten Disord.
2017;21(13):1073-1086.

134

SUMMARY AND GENERAL DISCUSSION

70

Witt ST, Stevens MC. Relationship between white matter microstructure abnormalities
and ADHD symptomatology in adolescents. Psychiatry Res. 2015;232(2):168-174.

71

Cooper M, Thapar A, Jones DK. ADHD severity is associated with white matter
microstructure in the subgenual cingulum. Neuroimage Clin. 2015;7:653-660.

72

van Ewijk H, Heslenfeld DJ, Zwiers MP, et al. Different mechanisms of white matter
abnormalities in attention-deficit/hyperactivity disorder: a diffusion tensor imaging
study. J Am Acad Child Adolesc Psychiatry. 2014;53(7):790-799 e793.

73

Chiang HL, Chen YJ, Lo YC, Tseng WY, Gau SS. Altered white matter tract property related
to impaired focused attention, sustained attention, cognitive impulsivity and vigilance
in attention-deficit/ hyperactivity disorder. J Psychiatry Neurosci. 2015;40(5):325-335.

74

Riglin L, Collishaw S, Thapar AK, et al. Association of Genetic Risk Variants With
Attention-Deficit/Hyperactivity Disorder Trajectories in the General Population. JAMA
Psychiatry. 2016;73(12):1285-1292.

75

Brikell I, Larsson H, Lu Y, et al. The contribution of common genetic risk variants for
ADHD to a general factor of childhood psychopathology. Mol Psychiatry. 2018.
Groenman AP, Schweren LJ, Dietrich A, Hoekstra PJ. An update on the safety of
psychostimulants for the treatment of attention-deficit/hyperactivity disorder. Expert
Opin Drug Saf. 2017;16(4):455-464.

CHAPTER 5

76

135

DATA MANAGEMENT PLAN

DATA MANAGEMENT
This research followed the applicable laws and ethical guidelines.
Research Data Management was conducted according to the FAIR principles. The
paragraphs below specify in detail how this was achieved.

Ethics
This thesis is based on the results of human studies, which were conducted in
accordance with the principles of the Declaration of Helsinki. The Ethical Committee
of Peking University Sixth Hospital has given a positive advice to conduct these
studies to the Dean of the Faculty, who formally approved the conduct of these studies
(Number 2007 (39)). This research is funded by the National Basic Research Program
of China (973 program 2014CB846104, to Prof. Dr. Yu-Feng Wang), the Veni Innovation
Program (grant number 91619115 to Martine Hoogman), and the Vici Innovation
Program (grant 016-130-669 to Barbara Franke).

Findable Accessible
The table below details where the data and research documentation for each chapter can
be found. All data remain available for at least 10 years after termination of the studies.

Type of data

Subject to Way of
Storage
privacy
anonymization
(yes/no)

Research data
Working memory taskbased fMRI data
(chapter2)

NO

N.A.

This dataset contains neuroimage and
neuropsychological testing data from ADHD
patients and healthy controls. All ADHD
patients were diagnosed clinically based
on DSM-IV and by using K-SADS-PL. It is a
randomized study and the patient is asked
to take a single dose of 10mg methylphenidate or placebo. The working memory task
(n-back) behavioral data and the fMRI data
used in Chapter 2 of this thesis, as well as
corresponding analyzing scripts were all
stored in central PC in Peking University Sixth
Hospital. These data can be requested from
the corresponding author (Prof. Dr. Yufeng
Wang) on the publication.

>>

137

Type of data

Subject to Way of
Storage
privacy
anonymization
(yes/no)

Research data
DTI data of the Chinese
cohort
(chapter3)

NO

N.A.
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those used in IMAGEN database can be found together with the original data. Also,
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Attention deficit/Hyperactivity disorder (ADHD), ook wel aandachtstekort/ hyperactiviteitstoornis genoemd, is een van de meest voorkomende psychiatrische
stoornissen bij kinderen en de meest behandelde neuropsychiatrische stoornis. Het
is een heterogene, erfelijke en multifactoriële stoornis. Het bestuderen van ADHD
vervult daarom een maatschappelijke en wetenschappelijke behoefte. In aanvulling
op klinische symptomen, zijn cognitieve stoornissen in verschillende domeinen
ook kenmerkend voor ADHD. Verminderde response inhibitie en problemen met het
werkgeheugen zijn twee van de meest consistente bevindingen in ADHD. In ADHD
onderzoek zijn verschillen in hersenstructuur en functie waargenomen tussen
mensen met en zonder ADHD met verschillende beeldvormende modaliteiten. De
erfelijke component van ADHD is hoog en wordt geschat rond de 74%. Van het medicijn
methylfenidaat, de primaire behandeling voor ADHD, is aangetoond dat het met succes
de klinische symptomen vermindert en cognitie verbetert bij kinderen met ADHD. Zowel
van ADHD in het algemeen, als van de werking van methylfenidaat, is het onderliggende
neurobiologische mechanisme grotendeels onduidelijk. Deze aspecten vormden het
uitgangspunt van mijn proefschrift en worden behandeld in de onderzoeken die worden
beschreven in de empirische hoofdstukken van dit proefschrift.
In hoofdstuk 2 hebben we de functionele connectiviteit van de hersenen onderzocht
in relatie tot cognitieve prestaties bij mensen met ADHD. Het effect van methylfenidaat
op de functionele connectiviteit van de hersenen werd ook onderzocht. We vergeleken
kinderen met en zonder ADHD aan de hand van patronen in functionele connectiviteit
tijdens een werkgeheugentaak. Tweeëntwintig jongens met ADHD ondergingen
tweemaal een MRI scan, ofwel nadat ze methylfenidaat (enkelvoudige dosis, 10 mg)
hadden gekregen of nadat ze een placebo hadden gekregen, op een gerandomiseerd
manier. Dertig gezonde jongens werden één keer gescand en dienden als controles.
Functionele MRI data, verkregen tijdens het uitvoeren van een werkgeheugentaak,
werden geanalyseerd met behulp van onafhankelijke component analyse. De
resultaten lieten zien dat deelnemers met ADHD die een placebo hadden gekregen een
verhoogde functionele connectiviteit vertoonden binnen fronto-pariëtale en auditieve
netwerken, en verminderde functionele connectiviteit binnen het uitvoerende
controle netwerk, vergeleken met kinderen zonder ADHD, hoewel er geen significante
verschillen in gedragsprestaties werden geïdentificeerd. Het vergelijken van de
placebo- en methylfenidaat groep liet ons zien dat de mensen in de methylfenidaat
groep een sterkere functionele connectiviteit binnen het uitvoerende controle
netwerk hadden, hoewel deze gebieden niet overlapten met de gebieden die werden
waargenomen in de ADHD-controles-vergelijking. Veranderingen in functionele
connectiviteitspatronen kunnen wijzen op verschillende hersenverwerkings- of
functiestrategieën bij kinderen met ADHD in vergelijking met gezonde individuen,
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wanneer wordt geprobeerd vergelijkbare taakprestaties te bereiken. De dissociatie
van hersenfunctie en gedragsprestaties die in dit onderzoek is waargenomen, kan
erop wijzen dat de veranderingen in functionele connectiviteit en effecten van
methylfenidaat die in het huidige onderzoek zijn gedetecteerd, niet allemaal specifiek
zijn voor het werkgeheugen.
Hoewel we zowel anatomische (verwijzend naar mijn eerdere werk, de basis van mijn
Chinese proefschrift) als functionele connectiviteitsveranderingen bij kinderen met
ADHD ontdekten, wisten we niet of en hoe deze met elkaar verbonden waren. Daarom
hebben we in hoofdstuk 3 gebruik gemaakt van een multimodale analytische
methode, genaamd FSL’s linked independent component analysis (FLICA). Deze
methode combineert de analyses van structurele, functionele en diffusie gewogen
MRI-gegevens. Met FLICA waren we in staat componenten te extraheren over
meerdere beeldvormingsmetingen die variatie met elkaar delen. We ontdekten dat
kinderen met ADHD een verschillende microstructuur van witte stof vertoonden
in wijdverspreide witte stofbanen. Ook vonden we een groter volume van de grijze
stof in bilaterale frontale regio’s, kleinere volumes in grijze stof in posterieure
regio’s en verschillende functionele connectiviteit in standaardmodus en frontopariëtale netwerken, vergeleken met controles. We gebruikten de FLICA-methode
ook om naar de relaties tussen ADHD-diagnose en de ernst van de symptomen te
kijken. In de totale groep, kinderen met ADHD en controles, was het hebben van
meer symptomen gerelateerd aan een kleiner grijze stof volume in wijdverspreide
gebieden in bilaterale frontale, pariëtale en temporale hersenkwabben, evenals een
groter grijze stof volume in intracalcarine en temporale hersenkwabben. Daarnaast
werden leeftijdsgebonden effecten onderzocht om mogelijke ontwikkelingseffecten
te bekijken. De leeftijdsgerelateerde groei van het grijze-stofvolume van de bilaterale
occipitale kwab, functionele connectiviteit in de frontale regio’s, evenals de
leeftijdsgebonden afname van het grijze-stofvolume in de mediale regio’s die we bij
controles zien, bleek bij kinderen met ADHD omgekeerd te zijn. Met behulp van de
multimodale methode FLICA konden we de structurele en functionele veranderingen
aantonen in hersenregio’s waarvan bekend is dat ze veranderingen laten zien bij
proefpersonen met ADHD uit unimodale studies die met verschillende modaliteiten
zijn verbonden. Hierdoor werd duidelijk dat multimodale methoden aanvullende
informatie geven over de onderlinge relatie tussen verschillende modaliteiten,
terwijl ze het vermogen behouden om anatomische en functionele verschillen in
elke modaliteit te identificeren. De gevonden hersenverschillen hielden verband
met klinische kenmerken van ADHD, zowel categorisch (het wel of niet hebben van
ADHD) als dimensioneel (de hoeveelheid symptomen).
We weten dat ADHD in sterke mate erfelijk bepaald is en genetische factoren een
belangrijke rol spelen bij deze aandoening. Het is ook bekend dat diffusie tensor
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imaging (DTI) parameters, die worden gebruikt om witte stof integriteit te meten,
matig tot sterk erfelijk zijn (erfelijkheid waardes worden geschat tussen de 53 en 90%.
In Hoofdstuk 4 wilden we onderzoeken of genetische factoren die bijdragen aan het
hebben van ADHD ook een link laten zien met ADHD symptomen en microstructurele
eigenschappen van witte stof in de algemene populatie. Hiervoor gebruikten we
een polygene risico score (PRS), een samenvattende score die het genetische risico
voor een bepaalde aandoening vertegenwoordigt. Wij maakten zo een additieve
genetische risicoscore die weergeeft wat iemands genetische risico is voor het hebben
van (klinisch gediagnosticeerde) ADHD op basis van veel voorkomende genetische
risico varianten. In onze studie bekeken we 1190 typisch ontwikkelende 14-jarige
adolescenten (574 mannen en 616 vrouwen) uit het IMAGEN-consortium. We
bestudeerden de link tussen klinische kenmerken van ADHD, ADHD-PRS en ADHDgerelateerde witte-stofkenmerken. Onze hypothese was dat het verband tussen
ADHD-PRS en klinische kenmerken van ADHD wordt gemedieerd door kenmerken
van witte stof in het brein. Deze populatiestudie liet zien dat het polygene risico
van een individu voor ADHD verband hield met het aantal ADHD-symptomen. Deze
resultaten lieten zien dat er een dimensionaliteit is voor ADHD symptomen in de
algemene populatie. We ontdekten ook een significant verband tussen waarden in de
linker en rechter interne capsules van het brein en ADHD-symptomen van mensen uit
de algemene bevolking, waarbij een lagere fractionele anisotropie (FA) in deze gebieden
geassocieerd is met meer ADHD-symptomen. Hoewel geen enkel verband tussen
het polygene risico voor ADHD en ADHD-gerelateerde witte-stofregio’s statistische
significantie bereikte in ons onderzoek, vonden we wel een nominaal significant
verband tussen ADHD-PRS en de FA-waarden van de linker en rechter interne capsules
van het brein; deze bevinding overleefde echter niet de Bonferroni-correctie voor het
testen van meerdere hypotheses. Toen we deze nominale associaties verder bekeken,
zagen we dat de FA-waarde in de linker interne capsule mogelijk de effecten van het
polygene risico van ADHD op de ADHD-symptomen in onze data had gemedieerd .
Onze resultaten passen bij het idee dat ADHD-symptomen een continuüm zijn in de
populatie, met klinische ADHD aan het uiterste uiteinde waarbij wij dit zagen voor
de microstructuur van de witte stof in de hersenen en de link met ADHD genetische
factoren.
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Advanced Medical Genetics

2014

Beijing
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Applied Linear Regression

2014

Beijing

0.5
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Applied Multivariate Statistical Analysis
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Beijing
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Neuropsychopharmacology

2014

Beijing

1

Child and Adolescent Psychiatry

2014

Beijing

0.5
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Beijing

0.5
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Beijing
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2014

Beijing

0.5
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1

Getting Started with SAS
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Beijing
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2014

Beijing

1

Multivariate Statistical Analysis with SPSS
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Beijing
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Multivariate Statistics in Medicine (1) & (2)
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Beijing
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2

Psychotherapy and Counseling

2014

Beijing

1
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Beijing

1
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Beijing
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Beijing
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Beijing
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Radboud summer school (Brain Imaging Genetics)
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Nijmegen

1
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Nijmegen

1

Adult ADHD symposium
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2016

Nijmegen

1
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Nijmegen
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0.5
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Donders Discussions
th

5 World congress on ADHD
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0.5
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DONDERS GRADUATE SCHOOL FOR COGNITIVE NEUROSCIENCE
For a successful research Institute, it is vital to train the next generation of young
scientists. To achieve this goal, the Donders Institute for Brain, Cognition and
Behaviour established the Donders Graduate School for Cognitive Neuroscience
(DGCN), which was officially recognised as a national graduate school in 2009.
The Graduate School covers training at both Master’s and PhD level and provides
an excellent educational context fully aligned with the research programme of the
Donders Institute.
The school successfully attracts highly talented national and international students
in biology, physics, psycholinguistics, psychology, behavioral science, medicine
and related disciplines. Selective admission and assessment centers guarantee the
enrolment of the best and most motivated students.
The DGCN tracks the career of PhD graduates carefully. More than 50% of PhD alumni
show a continuation in academia with postdoc positions at top institutes worldwide,
e.g. Stanford University, University of Oxford, University of Cambridge, UCL London,
MPI Leipzig, Hanyang University in South Korea, NTNU Norway, University of Illinois,
North Western University, Northeastern University in Boston, ETH Zürich, University
of Vienna etc.
Positions outside academia spread among the following sectors:
–	specialists in a medical environment, mainly in genetics, geriatrics, psychiatry
and neurology,
–	specialists in a psychological environment, e.g. as specialist in neuropsychology,
psychological diagnostics or therapy,
–	higher education as coordinators or lecturers.
A smaller percentage enters business as research consultants, analysts or head
of research and development. Fewer graduates stay in a research environment as
lab coordinators, technical support or policy advisors. Upcoming possibilities are
positions in the IT sector and management position in pharmaceutical industry. In
general, the PhDs graduates almost invariably continue with high-quality positions
that play an important role in our knowledge economy.
For more information on the DGCN as well as past and upcoming defenses please
visit: http://www.ru.nl/donders/graduate-school/phd/
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