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General introduction
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Chapter 1
Neurodevelopmental disorders (NDD) are impairments of the growth and development of
the brain and/or central nervous system, which lead to lifelong abnormal functioning of the
brain regarding emotion, learning and cognitive ability, and/or memory. Among the NDD,
frequent disorders include attention-deficit/hyperactivity disorder (ADHD), autism spectrum
disorders (ASD), and intellectual disabilities (ID). This thesis is aimed at gaining insight into
factors associated with the heterogeneity of NDD, especially in ADHD and ASD. The first part
of the thesis investigates the variation of ADHD symptomatology in the general population
and factors affecting this variation. In the second part, we investigated the neuroanatomic
heterogeneity of ADHD, as well as ASD, using brain imaging data.

ATTENTION-DEFICIT/HYPERACTIVITY DISORDER (ADHD)
Clinical aspects of ADHD
Clinical and epidemiological characteristics of ADHD
ADHD is a common NDD characterized by age-inappropriate inattentiveness and/or increased
impulsivity/hyperactivity (APA., 2013; Faraone et al., 2015). The symptoms become apparent in
childhood and persist into adulthood in about 60% of children (Karam et al., 2015; Sibley et al.,
2017). Prevalence estimates of ADHD within and between countries vary widely. Meta-analyses
estimate the world-wide prevalence to be between 2% and 7% (Polanczyk, de Lima, Horta,
Biederman, & Rohde, 2007; Simon, Czobor, Balint, Meszaros, & Bitter, 2009; Thomas, Sanders,
Doust, Beller, & Glasziou, 2015; Willcutt, 2012). ADHD is more commonly diagnosed in males in
children, with a sex distribution of 3:1 in children and 1:1 in adulthood (Ramtekkar, Reiersen,
Todorov, & Todd, 2010; Willcutt, 2012).

Diagnosis
The diagnosis of ADHD is made through behavioral assessments by trained clinicians based on
structured diagnostic interviews such as the International Classification of Diseases (ICD) (WHO,
2018) and the American Psychiatric Association’s Diagnostic and Statistical Manual of Mental
disorders (DSM) (APA., 2013). ADHD can be diagnosed if at least 6 out 9 symptoms in children
(5 out of 9 in adults) of inattention and/or hyperactivity/impulsivity are present for at least 6
months in at least two settings (for example home and school), with significant impairment in
social, academic and/or occupational functions.

10
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Box 1: DSM-5 diagnostic criteria for attention-deficit / hyperactivity disorder (ADHD)
A. A persistent pattern of inattention and/or hyperactivity-impulsivity that
interferes with functioning or development, as characterised by (1) and/or (2):
1) Inattention: six (or more) of the following symptoms of inattention have persisted
for at least six 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 behaviour, defiance,
hostility, or failure to understand task 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
b. often has difficulty sustaining attention in tasks or play activities
c. often does not seem to listen when spoken to directly
d. often does not follow through on instructions and fails to finish school work,
chores, or duties in the workplace
e. often has difficulty organising tasks and activities
f. often avoids, dislikes, or is reluctant to engage in tasks that require sustained
mental effort
g. often loses things necessary for tasks or activities
h. is often easily distracted by extraneous stimuli
i. is often forgetful in daily activities

1

2) Hyperactivity and impulsivity: six (or more) of the following symptoms of
hyperactivity-impulsivity have persisted for at least six 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 behaviour, defiance,
hostility, or failure to understand task 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 classroom or in other situations in which remaining seated
is expected
c. often runs about or climbs excessively in situations in which it is inappropriate
(in adolescents or adults, may be limited to subjective feelings of 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”
f. often talks excessively
g. often blurts out an answer before a question has been completed
h. often has difficulty awaiting his or her turn
i. often interrupts or intrudes on others

11
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B. Several hyperactivity-impulsivity and/or inattention symptoms that caused
impairment were present prior to age 12 years.
C. Several hyperactivity-impulsivity and/or inattention 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.
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.
314.01 (F90.1) Predominantly hyperactive/impulsive presentation: If Criterion A2
(hyperactivity-impulsivity) is met, but Criterion A1 (inattention) is not met over the past
6 months.
Specify if:
In partial remission: When full criteria were previously met, fewer than the full criteria
have been met for the past 6 months, and the symptoms still result in impairment in social,
academic, or occupational functioning.
Specify current severity:
Mild: Few, if any symptoms in excess of those required to make the diagnosis are present,
and symptoms result in only minor functional impairment.
Moderate: Symptoms or functional impairment between “mild” and “severe” are present.
Severe: Many symptoms in excess of those required to make the diagnosis, or several
symptoms that are particularly severe, are present, or the symptoms result in marked
impairment in social or occupational functioning.

Symptoms and Comorbidities
ADHD has two core symptom domains, inattention and hyperactivity/impulsivity. The
inattention symptoms refer to the difficulty of sustaining attention. Individuals with a high
number of inattention symptoms are easily distracted and forgetful. The hyperactivity/
impulsivity symptoms comprise fidgeting behavior and restlessness. In the school setting,
12
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individuals with a high number of hyperactivity/impulsivity symptoms have difficulty awaiting
their turn, frequently interrupt others, and blurt out answers before a question has been
completed. The DSM diagnostic criteria require a threshold for the number of symptoms to
be reached for a diagnosis to be given. However, ADHD traits are continuously distributed in the
general population, and ADHD is often presented as the extreme end of this continuum in the
general population (Figure 1) (Larsson, Anckarsater, Rastam, Chang, & Lichtenstein, 2012).
As a highly heterogeneous disorder, ADHD usually presents with comorbidities. In terms of
mental comorbidities, oppositional defiant disorder (ODD), conduct disorder (CD), ASD, tic
disorder, sleep disorders, dyslexia, motor coordination problems, depression, anxiety, and

1

substance use disorders (SUD) are frequent comorbidities in ADHD. In addition, ADHD in
connection with somatic comorbidities, including obesity, sleep disorder, asthma, immune
dysfunction, and gastrointestinal symptoms (Instanes, Klungsøyr, Halmøy, Fasmer, & Haavik,
2018; Muskens, Velders, & Staal, 2017). Comorbidities are common in both children and adults
with ADHD (Franke et al., 2018).

Figure 1: ADHD symptoms are continuously distributed in the general population. ADHD: attention-deficit/hyperactivity disorder. IA: Inattention symptoms, HI: Hyperactivity/impulsivity symptoms. Note: The
line represents the diagnostic threshold for ADHD, which is somewhat arbitrary. To have a diagnosis of
ADHD , the number of symptoms present in a given individual should be higher than this threshold. The
diagnosis of ADHD depends on psychiatric interviews by clinicians based on diagnostic criteria.

Treatment
Currently, ADHD cannot be cured, treatment is aimed at relieving symptoms. Available
treatments comprise medication and non-pharmacological treatments (Caye, Swanson, Coghill,
13
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& Rohde, 2019). Among medications, stimulants are the first choice, including methylphenidate,
dexamfetamine, and lisdexamfetamine. Non-stimulant medications include atomoxetine,
guanfacine, and clonidine. Randomized, placebo-controlled clinical trials have convinced the
effectiveness and safety of both stimulants and non-stimulant medication for ADHD. As for
non-pharmacological interventions, psycho-education, behavior therapy, and psychological
interventions are used for patients with ADHD and family members (Faraone et al., 2015;
Franke et al., 2018; National Guideline, 2018). Although non-pharmacological interventions
have lesser efficacy than mediation in reducing ADHD symptoms, they have crucial benefits
for co-occurring comorbidities and behavioral problems (Franke et al., 2018).

Genetic architecture of ADHD
Heritability
Family, adoption, and twin studies assert that genetic factors are involved in the etiology of
ADHD (Faraone & Larsson, 2019). Familial aggregation of ADHD has been consistently reported
and is related to genetic factors and to a smaller degree also to shared environmental factors
(Q. Chen et al., 2017) . A large cohort study on 1,656,943 individuals in Sweden indicated that
the hazard ratios (HRs) of ADHD decreased with the degree of genetic sharing: the birth yearadjusted HRs were 8.27 for full siblings, 2.86 for maternal half-siblings, and 2.31 in paternal
half siblings (Q. Chen et al., 2017). Adoption studies further suggest the rates of ADHD to be
greater in the biological parents of children with ADHD than in the adoptive parents (Sprich,
Biederman, Crawford, Mundy, & Faraone, 2000).
Twin studies provide useful insights into the contribution of genetic and environmental factors
to ADHD; those studies rely on the comparison of monozygotic twins, which have (nearly) 100%
identical genetic material, and of dizygotic twins, which share on average about 50% of their
genetic material. Both types of twins share much of their familial environment. Across 37 twin
studies, the mean heritability of ADHD is estimated to be 76% (Faraone & Larsson, 2019; Faraone
et al., 2005). The heritability of the inattention and hyperactivity symptom domains of ADHD
is similar (Nikolas & Burt, 2010). Twin studies also have suggested that the diagnosis of ADHD is
the extreme of a continuous trait of ADHD symptoms in the population, as strong genetic links
were found between the extreme and the sub-threshold variation of ADHD symptoms (Larsson
et al., 2012; Levy, Hay, McStephen, Wood, & Waldman, 1997). And there is higher genetic load in
individuals with ADHD symptoms compared to the general population (Demontis et al., 2019;
Middeldorp et al., 2016; Riglin et al., 2016).

14
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As ADHD is often observed with psychiatric comorbidities and has overlap with different
psychiatric disorders, cross-disorder genetic studies have found that psychiatric disorders share
genetic etiology (Docherty, Moscati, & Fanous, 2016; P. Lee, Anttila, Won, & Consortium., 2019;
S. H. Lee et al., 2013). Recently, the cross-disorder working group of the Psychiatric Genomics
Consortium (PGC) performed analyses of 232,964 cases and 494,162 controls from GWAS of
eight psychiatric disorders (anorexia nervosa, ADHD, ASD, bipolar disorder, major depression,
OCD, schizophrenia and Tourette syndrome); the results indicated that there were three groups
of inter-related disorders based on shared genomics. Among them, ADHD was grouped with
ASD, and also was closely correlated to major depression and Tourette syndrome (P. Lee et

1

al., 2019).

The search for common genetic variants
Despite the high heritability of ADHD, the identification of specific genetic risk factors has been
difficult, due to the complex polygenic architecture of ADHD where multiple genetic variants
with mostly small individual effects are thought to contribute to the etiology of ADHD.
In the early days of genetic association studies, the single candidate genes/variants
investigated in ADHD were related to dopaminergic or noradrenergic neurotransmission
because the medication for ADHD usually targets these neurotransmitters. Most studies
focused on candidate genes in these pathways and some neurite outgrowth genes. Metaanalyses identified several candidate gene variants that reached statistically significant levels
of association (Faraone & Larsson, 2019; Franke et al., 2012; Gizer, Ficks, & Waldman, 2009).
Although many candidate ADHD genes have been reported, the predetermined selection
largely limited the probability of discovering genetic variants associated with ADHD (Tabor,
Risch, & Myers, 2002). With the development of new, broader-reaching genomic tools, especially
the genome-wide association studies (GWAS), hypothesis free approaches usually are preferred
to investigate the genetic architecture of ADHD.
The search for genetic factors associated with ADHD focused, initially, on common genetic
variants, which are present at a level of 1% or more in the general population and generally have
small effect sizes. The (largely) hypothesis-free GWAS approach has been applied to ADHD since
2008. In GWAS, hundred thousand to millions of common single nucleotide polymorphisms
(SNPs) are investigated across the entire genome sequence. Because the number of variants
in GWAS is very high, a stringent association threshold (i.e. p-value) of 5*10 -8 has been set to
solve multiple comparison problems across the whole genome. Given that common variants
associated with ADHD have very small effects, GWAS requires very large sample sizes. The initial

15
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GWASs did not find any SNPs associated with ADHD that reached the threshold for significance,
even with meta-analysis (Middeldorp et al., 2016; Neale et al., 2010; Stergiakouli et al., 2012).
Recently, through the international collaboration of the Psychiatric Genomics Consortium
(PGC) and the Lundbeck Foundation Initiative for Integrative Psychiatric Research (iPSYCH), a
GWAS meta-analysis comprising 20,183 and 35,191 healthy controls discovered 12 regions in
the genome (loci) associated with ADHD that reached genome-wide significance (Demontis
et al., 2019).

Polygenic risk score (PRS) studies
With the advent of GWAS, it became possible to quantify the combined genetic risk (polygenic
risk) at the DNA sequence level in human complex traits, including mental disorders (Purcell
et al., 2009; Stranger, Stahl, & Raj, 2011) . For the PRS one calculates the cumulative effects of
many genetic loci into a single quantitative metric (Fullerton & Nurnberger, 2019; Purcell et al.,
2009), which provides a (general) quantitative index of the genomic burden of common risk
variants related to a particular disorder.
By estimating PRSs in independent samples, the ADHD-PRS calculated from the latest GWAS
explained about 5.5% variance in ADHD case-control status (Demontis et al., 2019). Another
study reported that ADHD-PRSs derived from a ADHD case-control clinical sample could predict
both inattention and hyperactivity in general population (Martin, Hamshere, Stergiakouli,
O’Donovan, & Thapar, 2014). Similarly, others found that an ADHD-PRS could predict inattention
in preschool and school-aged children in the population (Groen-Blokhuis et al., 2014). Also,
it was reported that ADHD-PRSs for ADHD traits in the population could predict ADHD
clinical diagnoses (Stergiakouli et al., 2015). These studies support the conclusion from twin
studies that the diagnosis of ADHD is the extreme of a continuous trait of ADHD symptoms
in population.
ADHD-PRS studies have also confirmed cross-disorder genetic associations, where higher
ADHD-PRS were documented for example with the combined ADHD/ASD status, comorbid
conduct problems, bipolar disorder, and eating disorders (Grigoroiu-Serbanescu et al., 2019;
Hamshere et al., 2013; Jansen et al., 2019; van Hulzen et al., 2017; Yao et al., 2019). Moreover,
other studies found that the ADHD-PRS could predict milder variation in characteristic traits
throughout the general population, for example education attainment and cognitive outcome
(Stergiakouli et al., 2017), literacy-related and/or language-related abilities (Verhoef et al., 2019).
ADHD-PRS was also related to broad childhood psychopathology in the general population
(Brikell et al., 2018). Lastly, the ADHD-PRS was found associated with higher BMI, neuroticism,

16
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risk taking, tobacco and alcohol use, anxiety and depression, and lower general cognitive ability
in an adult population sample (Du Rietz et al., 2018).

The search for rare genetic variants
The SNP-based heritability estimate for ADHD is 0.22, which is only about one-third of the
heritability estimated based on family studies (Demontis et al., 2019; Faraone et al., 2005).
This indicates that other types of genetic variation and/or gene-gene and gene-environment
interactions also are involved in the etiology of ADHD.
One other type of genetic variation observed in the human genome are the “rare” genetic

1

variants. These variants are present at a frequency of less than 1% in the general population
and may increase ADHD risk with higher effect sizes (Faraone & Larsson, 2019; Panoutsopoulou,
Tachmazidou, & Zeggini, 2013). Rare genetic variants include copy number variants (CNVs) and
rare single nucleotide variants (SNVs). Genome-wide analysis of rare CNVs found several rare
CNVs enriched in ADHD (Faraone & Larsson, 2019; Harich et al., 2020). CNV analyses pointed
to some biological pathways involved in ADHD, including ion channel function, regulation of
immune function, and oxidative stress (Buske-Kirschbaum et al., 2013; Harich et al., 2020; Thapar
et al., 2016). Recently, a sequencing study of families with individuals diagnosed with ADHD
showed 32 rare variants with predicted damaging effects in 31 genes (Al-Mubarak et al., 2020).
The other study identified 38 rare variants within 25 genes across three families with multiple
ADHD affected members (Corominas et al., 2018). However, as is the case for common variants,
the contribution of rare genetic variants to ADHD is also heterogeneous.

Environmental factors to ADHD
Although ADHD is a disorder with high heritability, genetic factors alone cannot completely
explain ADHD etiology. Main effects of environmental factors (with various effect sizes) and
gene-environment interactions (G*E) also contribute to ADHD etiology (Table 1) (Froehlich et
al., 2011; Thapar, Cooper, Jefferies, & Stergiakouli, 2012).

Maternal risk factors
ADHD pathophysiology includes in utero exposures to environmental (non-genetic) factors
(Sciberras, Mulraney, Silva, & Coghill, 2017). Maternal risk factors include maternal smoking,
alcohol and/or substance use, and maternal stress. A population-based cohort study reported
that maternal smoking increased the risk for ADHD by 1.75 times (Joelsson et al., 2016). Others
showed that the risk for ADHD significantly increased as a result of maternal smoking during
pregnancy by 2.64 times and exposure to alcohol by 1.55 times (Han et al., 2015). However,
17
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for maternal smoking, the effect seems to be not exclusively environmental. A ‘prenatal
cross-fostering’ study in children born after in vitro fertilization disentangled maternally
environmental and inherited influences found that maternal smoking was only significantly
associated with ADHD symptoms in related mother-offspring pairs (Rice et al., 2009). Other
studies found that prenatal exposure to cocaine was associated to ADHD (Bada et al., 2012;
Morrow et al., 2009). Prenatal exposure to smoking, alcohol and other illicit substances may
cause brain developmental alterations by damaging neuronal pathways, cellular proliferation
and/or differentiation, and increase the risk for cognitive developmental defects and behavior
problems in children and adolescents.
Maternal stress in pregnancy has been associated with adverse neuropsychiatric problems on
children. A meta-analysis reported exposure to prenatal stress increased the risk for offspring
ADHD symptoms (Manzari, Matvienko-Sikar, Baldoni, O’Keeffe, & Khashan, 2019). A systematic
review including 13 prospective studies indicated that prenatal depression is associated with
internalizing and externalizing behavior (Robinson, Lahti-Pulkkinen, Heinonen, Reynolds, &
Räikkönen, 2019). Moreover, maternal obesity, metabolic complications, gestational diabetes/
hypertension, preeclampsia during pregnancy also may be associated with the increased risk
of ADHD in the offspring (Bohm et al., 2019; Rivera, Christiansen, & Sullivan, 2015). However,
similar to the effects of maternal smoking during pregnancy, the prenatal risk effects may be
genetic rather than environmental in their nature (Rice et al., 2010). Maternal stress, obesity,
metabolic complications may affect the fetal development and birth outcome, and have
negative influence the cognitive development in offspring.

Pre- and perinatal complications
Low birth weight and prematurity seem to have relevance to ADHD, since they may affect the
neuronal development at the early developmental periods of the brain. A population-based
study reported that low birth weight, preterm birth and low Apgar scores increase the risk for
ADHD (Halmoy, Klungsoyr, Skjaerven, & Haavik, 2012). Also a recent meta-analysis showed that
participants with low birth weight have an increased risk for an ADHD diagnosis and higher
number of ADHD symptoms compared with controls (Franz et al., 2018).

Psychosocial adversity
Psychosocial adversity have been well documented to be associated with the development
of ADHD (Froehlich et al., 2011). A systematic review indicated that parental stress, maternal
depression, early deprivation, separation and adoption were associated with disruptive
behavior, including ADHD, oppositional defiant disorder and conduct disorder (Latimer et al.,
18
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2012). In the Quebec Longitudinal study of child development it was reported that nonintact
family, paternal history of antisocial behavior and maternal depression would heighten the
likelihood of persistent ADHD symptoms (Galera et al., 2011). Other studies reported early
institutional rearing was associated with increased ADHD-related symptoms (McLaughlin et
al., 2010; Merz & McCall, 2010), and exposure to early traumatic events also increase the odds
of ADHD in children (Briggs-Gowan et al., 2010).
Table 1. Environmental factors reported to be associated with ADHD
Maternal, prenatal risks

Prenatal exposure to cigarette smoking
Prenatal exposure to alcohol
Prenatal exposure to substance abuse
Prenatal exposure to maternal stress
Maternal health problems (obesity, metabolic complication,
gestational diabetes/hypertension) Preeclampsia during
pregnancy

Pre- and perinatal complications

Low birth weight and prematurity
Low Apgar score
Intrauterine growth restriction

External agents

Exposure to lead, PCBs, and other toxins
Nutritional factors
Psychosocial adversities

1

Note: The table was adapted from: Thapar, A., Cooper, M., Jefferies, R., and Stergiakouli, E. (2012). What
causes attention deficit hyperactivity disorder? Archives of disease in childhood 97, 260-265. ADHD:
attention-deficit/hyperactivity disorder; Apgar score: appearance, pulse, grimace, activity and respiration;
PCB: polychlorinated biphenyl.

Environmental toxins
Specific environmental exposures to toxins and food additives have been associated to the
etiology of ADHD, including polychlorinated biphenyl (PCBs), lead, mercury, organophosphates
and organochlorine pesticides (Polanska, Jurewicz, & Hanke, 2013). Early-life exposure to
persistent organic pollutants, including PCBs, was associated with increased odds of ADHD
(Lenters et al., 2019). Elevated early blood lead level were related to ADHD, particularly
inattention (Ji et al., 2018; Joo et al., 2017). Exposure to PCBs and lead may disturb attention
and executive function related to ADHD, including working memory, response inhibition and
alertness (Eubig, Aguiar, & Schantz, 2010).
Dietary patterns have also been associated to ADHD symptoms; those increasing the risk
include sugar, saturated fat, artificial food coloring, zinc, iron, and magnesium (Agostoni et al.,
2017; Del-Ponte, Quinte, Cruz, Grellert, & Santos, 2019; Doom et al., 2018; Eagle, 2014; Skalny
et al., 2019). Although there is no convincing casual evidence of the role in ADHD, dietary

19
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pattern may influence the gut microbiota community, which is linked to susceptibility for ADHD
(Szopinska-Tokov et al., 2020; Tengeler et al., 2020; L. J. Wang et al., 2019).

Brain alterations in ADHD
Structural brain alterations
A growing body of magnetic resonance imaging (MRI) studies have shown structural brain
alterations in ADHD. Brain volumetric analyses have reported that the total brain volume
in individuals with ADHD is 3-5% smaller than in healthy controls (Castellanos et al., 2002;
Greven et al., 2015; Hoogman et al., 2017; Stevens & Haney-Caron, 2012; Valera, Faraone,
Murray, & Seidman, 2007). Voxel-based morphometry (VBM) studies and region of interest
(ROI)-based analyses revealed reduced volume in prefrontal region, basal ganglia, amygdala,
hippocampus, thalamus and cerebellum (Ellison-Wright, Ellison-Wright, & Bullmore, 2008; Frodl
& Skokauskas, 2012; Hoogman et al., 2017; Nakao, Radua, Rubia, & Mataix-Cols, 2011; Norman
et al., 2016; Valera et al., 2007). ADHD also has been associated with reduced cortical thickness
and/or surface area in regions related to attention and cognition, including the frontal lobe,
anterior cingulate cortex, temporal pole and fusiform gyrus (Almeida et al., 2010; Castellanos
et al., 2002; Hoogman et al., 2019; Kumar, Arya, & Agarwal, 2017; McLaughlin et al., 2014). The
ENGIMA-ADHD working group conducted the largest cross-sectional mega-analysis to date and
found that differences in brain structure were most prominent in childhood (Hoogman et al.,
2017; Hoogman et al., 2019; Hoogman et al., 2020). In addition, delayed maturation of cortical
thickness and cortical surface area were found in ADHD patients compared to healthy controls
in a longitudinal study (Shaw et al., 2007; Shaw et al., 2012). Alterations in white matter have also
frequently been reported in ADHD. Diffusion tensor imaging (DTI) is often used to investigate
microstructural properties of white matter, like fractional anisotropy (the normalized variance
of the diffusion over the three orthogonal axes). Studies concerning ADHD showed altered
white matter characteristics in widespread regions in the brain in children and adults (Onnink
et al., 2015; van Ewijk, Heslenfeld, Zwiers, Buitelaar, & Oosterlaan, 2012; van Ewijk et al., 2014).
The most recent meta-analysis reported reduced fractional anisotropy in people with ADHD in
the tracts of corpus callosum, right cingulum, sagittal stratum and left tapetum (L. Chen et al.,
2016). Furthermore, white matter alterations associated with ADHD status have also been linked
to cognitive functioning and ADHD symptom severity (Onnink et al., 2015; Wu et al., 2017).

20
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Functional brain alterations
Meta-analyses of functional MRI studies of response and interference inhibition have showed
consistent functional alterations in fronto-basal ganglia networks, including the inferior frontal
cortex, supplementary motor area, anterior cingulate cortex, striato-thalamic areas, caudate
nucleus, dorsolateral prefrontal cortex, basal ganglia, and in parietal and cerebellar areas
(Cortese et al., 2012; Hart, Radua, Nakao, Mataix-Cols, & Rubia, 2013; Norman et al., 2016).
Despite the large body of the literature on the ADHD brain, referring to both structural
and functional analyses, most of the published analyses of brain alterations in ADHD are
characterized by small sample sizes and limited statistical power. Although many mega-
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analyses have also been conducted to overcome such limitations, observed effect sizes are
still small, suggesting the presence of neurobiological heterogeneity in ADHD in addition to
the heterogeneity at the level of clinical phenotype, cognitive profile, and genetics (Hart et al.,
2013; Hoogman et al., 2017; Hoogman et al., 2019; Hoogman et al., 2020).

AUTISM SPECTRUM DISORDER (ASD)
The other frequent disorder in the NDD spectrum with an early age of onset, which was
investigated as part of this thesis, is ASD.

Clinical aspects of ASD
Clinical and epidemiological characteristics of ASD
ASD is characterized by persistent deficits in communication and social-emotional reciprocity,
combined with repetitive and stereotypical behavior and interests (APA., 2013). The worldwide
prevalence estimates of ASD is around 1.4% with regional variations (Baird et al., 2006; Baxter
et al., 2015; Chiarotti & Venerosi, 2020; Christensen et al., 2018; Delobel-Ayoub et al., 2019;
Elsabbagh et al., 2012; Erskine et al., 2017). Prevalence is higher in males, with estimated maleto-female ratio around 3:1 (Delobel-Ayoub et al., 2019; Kim et al., 2011; Loomes, Hull, & Mandy,
2017).

Diagnosis
As the term “spectrum” refers to a wide range of symptoms, skills and functional disability
in people with ASD. The diagnosis of ASD is based on behavior symptoms, according to
Classification of Diseases (ICD) (WHO, 2018) and the American Psychiatric Association’s
Diagnostic and Statistical Manual of Mental disorder (DSM) (APA., 2013). In DSM-5, the
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criteria for diagnosis of ASD consists of two domains: i) impairments in social interaction
and communication and ii) repetitive and restricted behaviors and activities (Box 2). With
developmental screening and comprehensive diagnostic evaluation, a diagnosis of ASD can
be reliably made when children are around 2 years old, although an early diagnosis could be
possible from age 18 months and younger (Zwaigenbaum et al., 2015).
Box 2: DSM-5 diagnostic criteria for autism spectrum disorder
A. Persistent deﬁcits in social communication and social interaction across multiple
contexts, as manifested by the following, currently or by history (examples are
illustrative, not exhaustive; see text):
1. Deficits in social-emotional reciprocity, ranging, for example, from abnormal social
approach and failure of normal back-and-forth conversation to reduced sharing of
interests, emotions, or affect, to failure to initiate or respond to social interactions.
2. Deficits in nonverbal communicative behaviors used for social interaction, ranging,
for example, from poorly integrated verbal and nonverbal communication to
abnormalities in eye contact and body language or deficits in understanding and
use of gestures to a total lack of facial expressions and nonverbal communication.
3. Deficits in developing, maintaining, and understanding relationships, ranging,
for example, from difficulties adjusting behavior to suit various social contexts to
difficulties in sharing imaginative play or in making friends to absence of interest in
peers.
Specify current severity: Severity is based on social communication impairments and
restricted, repetitive patterns of behavior (see Table 2).
B. Restricted, repetitive patterns of behavior, interests, or activities, as manifested
by at least two of the following, currently or by history (examples are illustrative,
not exhaustive; see text):
1. Stereotyped or repetitive motor movements, use of objects, or speech (e.g., simple
motor stereotypes, lining up toys or flipping objects, echolalia, idiosyncratic phrases).
2. Insistence on sameness, inflexible adherence to routines, or ritualized patterns of
verbal or nonverbal behavior (e.g., extreme distress at small changes, difficulties with
transitions, rigid thinking patterns, greeting rituals, need to take same route or eat
same food every day).
3. Highly restricted, fixated interests that are abnormal in intensity or focus (e.g., strong
attachment to or preoccupation with unusual objects, excessively circumscribed or
perseverative interests).
4. Hyper- or hyporeactivity to sensory input or unusual interest in sensory aspects of
the environment (e.g., apparent indifference to pain/temperature, adverse response
to specific sounds or textures, excessive smelling or touching of objects, visual
fascination with lights or movement).
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Specify current severity: Severity is based on social communication impairments and
restricted, repetitive patterns of behavior (see Table 2).
C. Symptoms must be present in the early developmental period (but may not
become fully manifest until social demands exceed limited capacities, or may be
masked by learned strategies in later life).
D. Symptoms cause clinically signiﬁcant impairment in social, occupational, or other
important areas of current functioning.
E. These disturbances are not better explained by intellectual disability (intellectual
developmental disorder) or global developmental delay. Intellectual disability
and autism spectrum disorder

1

Note: Individuals with a well-established DSM-IV diagnosis of autistic disorder, Asperger’s
disorder, or pervasive developmental disorder not otherwise speciﬁed should be given
the diagnosis of autism spectrum disorder. Individuals who have marked deﬁcits in social
communication, but whose symptoms do not otherwise meet criteria for autism spectrum
disorder, should be evaluated for social (pragmatic) communication disorder.
Specify if:
With or without accompanying intellectual impairment
With or without accompanying language impairment
Associated with a known medical or genetic condition or environmental factor
(Coding note: Use additional code to identify the associated medical or genetic
condition.)
Associated with another neurodevelopmental, mental, or behavioral disorder
(Coding note: Use additional code[s] to identify the associated neurodevelopmental,
mental, or behavioral disorder[s].)
With catatonia (refer to the criteria for catatonia associated with another
mental disorder for deﬁnition) (Coding note: Use additional code 293.89 [F06.1]
catatonia associated with autism spectrum disorder to indicate the presence of the
comorbid catatonia.)
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Table 2. Severity level for autism spectrum disorder (ASD)
Severity level

Social communication

Restricted repetitive behaviors

Severe deficits in verbal and nonverbal social

Level 3
“Requiring very
substantial
support ”

communication skills cause severe impairments

inflexibility of behavior, extreme

in functioning, very limited initiation of social

difficulty coping with change,

interactions, and minimal response to social

or other restricted/repetitive

overtures from others. For example, a person

behaviors markedly interfere with

with few words of intelligible speech who rarely

functioning in all spheres. Great

initiates interaction and, when he or she does,

distress/difficulty changing focus

makes unusual approaches to meet needs only and

or action.

responds to only very direct social approaches.
Marked deficits in verbal and nonverbal social
communication skills; social impairments apparent
Level 2
“ Requiring
substantial
support ”

even with supports in place; limited initiation
of social interactions; and reduced or abnormal
responses to social overtures from others. For
example, a person who speaks simple sentences,
whose interaction is limited to narrow special
interests, and who has markedly odd nonverbal
communication.

inflexibility of behavior, difficulty
coping with change, or other
restricted/repetitive behaviors
appear frequently enough to be
obvious to the casual observer
and interfere with functioning in a
variety of contexts. Distress and/or
difficulty changing focus or action.

Without supports in place, deficits in social
communication cause noticeable impairments.
Difficulty initiating social interactions, and clear

Inflexibility of behavior causes

examples of atypical or unsuccessful responses to

significant interference with

Level 1

social overtures of others. May appear

functioning in one or more

“ Requiring

to have decreased interest in social interactions.

contexts. Difficulty switching

support ”

For example, a person who is able to speak in full

between activities. Problems of

sentences and engages in communication but

organization and planning hamper

whose to-and-fro conversation with others fails,

independence.

and whose attempts to make friends are odd and
typically unsuccessful.

Symptoms and comorbidities
Within the two behavior domains, the ASD symptoms should be present in the early
developmental period and cause significant impairment in social and occupational functioning
for a clinical diagnosis of the disorder. However, similar to the situation for ADHD, ASD traits
also are continuously distributed in the general population (Abu-Akel, Allison, Baron-Cohen,
& Heinke, 2019; Bralten et al., 2018; Ruzich et al., 2015).
There are many conditions comorbid to ASD, which increases the complication and burden
of ASD. Comorbid psycho- and neuro-pathologies over-represented in ASD include ADHD,
24
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intellectual disability, depression, anxiety, sleep problems, Fragile X syndrome, and epilepsy
(Masi, DeMayo, Glozier, & Guastella, 2017). In addition, ASD often presents with somatic
comorbidities, including immune dysregulation, gastrointestinal symptoms, and neurological
complications (Muskens et al., 2017; Pan, Tammimies, & Bölte, 2019).

Treatment
There are no medications that could cure ASD or treat the core symptoms, but medication
could help manage related medical conditions, like depression, anxiety and irritation. Nonpharmacological treatment aims to reduce ASD symptoms and improve the development of

1

social skills, and includes music therapy, cognitive behavior therapy, social behavior therapy,
nutritional supplements and dietary interventions (Sharma, Gonda, & Tarazi, 2018).

Genetic architecture of ASD and the role of environmental factors
The underlying etiology of ASD involves most likely a combination of genetic and environmental
risk factors (Chaste & Leboyer, 2012). Recent advances in research have identified that the genetic
architecture of ASD is shaped by a complex interplay between common and rare variants
(Iakoucheva, Muotri, & Sebat, 2019). Moreover, increasing evidence supports environmental
factors have significant contributions to ASD risk.
Twin studies and family studies have reported that the ASD estimated heritability ranged
between 0.64 and 0.91, suggesting that genetic factors are major contributors to the risk for
ASD (Sandin et al., 2017; Tick, Bolton, Happé, Rutter, & Rijsdijk, 2016; K. Wang, Gaitsch, Poon, Cox,
& Rzhetsky, 2017). Actually, ASD could be a collection of various genetic effects, with different
aetiology, ranging from monogenic to polygenic causes. De novo (“new” ) CNVs, not taken into
account in heritability estimates, have been shown to also contribute a significant proportion
of the risk for ASD (Pinto et al., 2010; Sebat et al., 2007). Compared with 1-2% in the general
population, de novo CNVs are present in 5-15% of individuals with ASD (Pinto et al., 2014; Velinov,
2019; Zarrei et al., 2019). In parallel, more recent next generation sequencing studies showed
that de novo loss-of-function mutations were enriched in individuals with ASD compared to
healthy controls (Satterstrom et al., 2020; Yuen et al., 2016). Common variants also contribute
to a high proportion of the genetic liability to ASD. To date, the largest GWAS meta-analysis of
18,381 ASD cases and 27,969 controls has identified 5 risk loci, and the SNP-based heritability
estimate for ASD was 0.12 (Grove et al., 2019).
Besides genetic factors, investigated environmental risk factors for ASD include parental age,
fetal environment (sex steroids, obesity, diabetes, maternal infections/immune activation),
25
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perinatal risk factors (prematurity, low birth weight and hypoxia), smoking and alcohol use,
nutrition (vitamin D, iron, zinc) and exposure to toxins (air pollution, pesticides, organic
pollutants) (Bölte, Girdler, & Marschik, 2019; Modabbernia, Velthorst, & Reichenberg, 2017;
Rossignol, Genuis, & Frye, 2014).

Brain alterations in ASD
Structural brain alterations
Structural brain alterations have been reported in ASD literature for several decades. Brain
volumetric analyses using MRI generally have provided evidence of age-specific anatomic
alterations in individuals with ASD, with enlarged brain volume during infancy and the toddler
years and decreased volumes from adolescence to adulthood (Courchesne, Campbell, &
Solso, 2011). VBM studies in ASD indicated that increases in total brain volume may be due to
enlargement of grey matter (Riddle, Cascio, & Woodward, 2017), although also overall increases
in white matter volume have been found, which may contribute to brain enlargement in ASD
(Bigler et al., 2010; Hazlett et al., 2011; Vaccarino & Smith, 2009). Atypical development of cortical
thickness trajectories has been reported in ASD. For example, a longitudinal study indicated
three distinct phases of abnormal cortical development in ASD: accelerated expansion in early
childhood, accelerated thinning in later childhood and adolescence, and decelerated thinning
in early adulthood (Zielinski et al., 2014). ASD trajectory features were reported to be atypical in
frontal, parietal and midline areas (Nunes et al., 2019). The largest case/control mega-analysis to
date, performed by the ENIGMA-ASD Working Group based on 51 existing datasets (1,571 ASD
patients and 1,651 healthy controls), reported that the alterations of cortical thickness are more
pronounced in adolescence, especially in frontal areas (van Rooij et al., 2018). Earlier ROI-based
analyses revealed considerable heterogeneity regarding the direction and size of subcortical
abnormalities in ASD (Donovan & Basson, 2017; Haar, Berman, Behrmann, & Dinstein, 2014).
Increased and decreased volume of amygdala, hippocampus, basal ganglia and thalamus have
been reported (Barnea-Goraly et al., 2014; Groen, Teluij, Buitelaar, & Tendolkar, 2010; Lange et
al., 2015; Maier et al., 2015; Nordahl et al., 2012; Schuetze et al., 2016). The ENIGMA-ASD Working
Group reported that individuals with ASD have overall smaller subcortical volumes, including
the pallidum, putamen, amygdala and nucleus accumbens (van Rooij et al., 2018).
White matter alteration has also been shown in ASD. Compared to healthy controls, reduction
in fractional anisotropy and an increase in mean diffusivity (the average diffusion irrespective
of the directionality) were the most common findings in ASD (Bloemen et al., 2010; Nickel et
al., 2017). These alterations were also detected in fiber tracking studies that reported altered
26
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tracts in cingulum, corpus callosum, cerebellum and dentate nucleus (Billeci, Calderoni, Tosetti,
Catani, & Muratori, 2012; Jeong, Chugani, Behen, Tiwari, & Chugani, 2012).

Functional brain alterations
Numerous resting-state functional MRI studies have indicated reduced functional connectivity
in individuals with ASD. A cross-sectional study reported that the functional connectivity
between amygdala and the ventromedial prefrontal cortex underlying socio-emotional
functioning was reduced in individuals with ASD (Odriozola et al., 2019). Others further found
atypical functional connectivity between amygdala and inferior occipital gyrus, which also
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was associated with symptom severity in children with ASD (Fishman, Linke, Hau, Carper, &
Muller, 2018).
Multiple task-based functional MRI studies have also been performed for ASD. Those have, for
example, associated reduced activity in processing social stimuli with ASD. Individuals with
ASD were found to have reduced functional connections between fusiform face area and other
brain regions, including dorsomedial prefrontal cortex and inferior parietal lobule during the
processing of faces (Lynn et al., 2018). Also, during implicit and explicit processing of emotional
facial expressions, it was found that implicit processing was related to reduced activity in several
brain regions (e.g., amygdala, fusiform gyrus) in ASD (Ciaramidaro et al., 2018).

THE HETEROGENEITY OF ADHD AND ASD
Addressing ADHD and ASD can be quite challenging. The heterogeneity in ADHD and ASD
contributes to this challenge, which could be reflected by the multifactorial causation, varied
clinical profiles, the diversity of psychiatric comorbidities. Various patterns of neurocognitive
impairment and developmental trajectories, and the wide range of structural and functional
brain alterations also conduce to the heterogeneity of ADHD and ASD.
it is crucial to consider the heterogeneous nature of NDD, in terms of mapping underlying
biological mechanism of clinical presentations towards precision medicine goals. And subtyping
may potentially resolve inconsistent findings in NDD and shed light on the complexity of NDD,
such as ADHD and ASD. Different subtyping approaches have been applied in ADHD and
ASD to tackle the heterogeneity issues. In ADHD, symptom measures, neuropsychological
performance, and temperament/ personality features have received considerable attention
(Fair, Bathula, Nikolas, & Nigg, 2012; Karalunas et al., 2014; Karalunas & Nigg, 2019; Stevens,
Pearlson, Calhoun, & Bessette, 2018). For example, utilizing a graph-theoretical measure,
scientists identified four clusters of children with different neuropsychological performance
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profiles across a battery of tasks (Fair et al., 2012; Mostert et al., 2018). For ASD, previous studies
aiming to parse heterogeneity by stratification approaches focused on the clinical phenotype,
neuroanatomy, and functional brain connectivity (H. Chen et al., 2019; Easson, Fatima, &
McIntosh, 2019; Feczko et al., 2018; Grzadzinski, Huerta, & Lord, 2013; Hong, Valk, Di Martino,
Milham, & Bernhardt, 2018; Syriopoulou- Delli & Papaefstathiou, 2020). For instance, Chen et
al. identified three distinct ASD subgroups based on neuro-anatomical different profiles in
male high-functioning participants, and this subgrouping was linked to clinical ASD symptom
severity and brain functional connectivity (H. Chen et al., 2019). Easson et al. characterized two
distinct clusters of functional connectivity across ASD and controls, which may reveal unique
brain-behavior relationships in each subgroup (Easson et al., 2019). Sum up, previous studies
on identifying homogenous subgroups have derived some implications for NDD in research
and clinical practices. However, conducting research on heterogeneity can be difficult due to
small sample sizes in individual studies (Lombardo, Lai, & Baron-Cohen, 2019). Big data is in
need for understanding heterogeneity of NDD.

THE AIM AND STRUCTURE OF THIS THESIS
The objective of the thesis can be divided into two sub-aims. The first one is to improve our
understanding of ADHD symptomatology in the general population. And the second sub-aim
is to tackle the neuroanatomic heterogeneity in ADHD and ASD. The thesis is comprised of two
parts, according to two sub-aims.
Part 1: ADHD symptomatology in the healthy adult population addresses the question
of whether the factors linked to ADHD are also associated with ADHD symptomatology in the
adult general population (Chapter 2 & 3).
Part 2: Neuroanatomic heterogeneity in NDDs addresses the question of whether
participants with the ADHD and ASD could be grouped into more homogenous subgroups
based on subcortical brain volumes (Chapter 4 & 5).

STUDY COHORTS
I would like to shortly introduce the datasets used in the current thesis.

Nijmegen Biomedical study (NBS)
The Nijmegen Biomedical study (NBS) is a population-based study that was initiated in 2000 by
Radboud university medical center (RUMC) in the municipality of Nijmegen, The Netherlands
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(Galesloot et al., 2017). The NBS was originally established to obtain a universal reference
population for studies on genetic variation, lifestyle and environmental exposures related to
traits or diseases of interest. And it has been proven that NBS is useful for studying population
traits. A random sample of 22,451 adult residents in Nijmegen received an invitation to fill
out a postal questionnaire on lifestyle and medical history in 2002 (NBS-1). Of these, 41.6%
(n=9,350) returned the first questionnaire. Participants (n=7,986) who had given permission to
be approached for further research (NBS-2), were invited to fill out a second questionnaire in
2005, including questions concerning mental traits and disorders. In following phases (NBS35), they received an invitation for an extensive examination and additional questionnaires,
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including nutrition, cancer, melanoma, and physical activity. I used the NBS study cohort in
Chapter 2.

Brain Imaging Genetics dataset (BIG)
The Brain Imaging Genetics (BIG) project was set up in 2007 and forms the basis for the
Nijmegen Cognomics program (http://www.cognomics.nl). Cognomics aims to unravel the
complex connections between genes, brain structure and function, and cognitive processes,
especially those related to memory, language and psychiatric behavioral traits and disorders.
The BIG project recruits its participants among healthy individuals at the Donders Centre
for Cognitive Neuroimaging, Nijmegen, the Netherlands. The BIG dataset currently contains
more than 2,500 self-reported healthy, mostly young adults. BIG participants tend to be highly
educated. The BIG cohort was used in Chapter 3.

The ENIGMA consortium
The Enhancing Neuroimaging Genetics through Meta-analysis (ENIGMA) consortium (http://
enigma.usc.edu) is an international network of over 1400 researchers in imaging genomics,
neurology and psychiatry. ENIGMA aims to understand brain structure and function, based
on MRI, DTI, functional MRI, genetic data in healthy individuals and many patient populations
(Bearden & Thompson, 2017; P. Thompson, 2019; P. M. Thompson et al., 2020; P. M. Thompson
et al., 2014). The ENIGMA consortium started in 2009. Currently, the consortium contains 51
working groups with over 350 institutions spanning 45 countries.

1. The ENIGMA ADHD Working Group shares structural MRI scans from children and adults
with ADHD, as well as phenotypic information, including comorbidities, IQ, age, and gender
from over 48 cohorts and over 4000 subjects across the world (http://enigma.ini.usc.
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edu/ongoing/enigma-adhd-working-group/ ). It carries out mega- and meta-analyses of
existing MRI data of children and adults with ADHD and controls. The group also analyses
developmental aspects of altered brain morphology in ADHD and tries to unravel the
effects of age, gender and medication on brain structure in ADHD. The EGIMGA ADHD
dataset was used in Chapter 4.
2. The ENIGMA ASD Working Group includes 56 cohorts from 38 research institutes, with
neuroimaging and clinical data from all ages of individuals with ASD and healthy controls
(http://enigma.ini.usc.edu/ongoing/enigma-asd-working-group/ ). The group analyzes data
relevant to ASD from people of all ages including case-control comparisons. Beyond it, they
examine the influence of gender and other variables of interest on ASD. The EGIMGA ASD
dataset was used in Chapter 5.
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Chapter 2

ABSTRACT
Attention-deficit/hyperactivity disorder (ADHD) is a neurodevelopmental disorder in children
and adults. It is characterized by inappropriate levels of inattention (IA) and/or hyperactivity
and impulsivity (HI). The ADHD diagnosis is hypothesized to represent the extreme of a
continuous distribution of ADHD symptoms in the general population. In this study, we
investigated whether factors linked to adult ADHD as a disorder are associated with adult
ADHD symptoms in the general population. Our population-based sample included 4,987
adults (mean age 56.1 years; 53.8% female) recruited by the Nijmegen Biomedical Study (NBS).
Participants completed the Dutch ADHD DSM-IV Rating Scale for current and childhood
ADHD symptoms, the Symptom Check List-90-R (SCL-90-R) anxiety subscale, and the Eysenk
Personality Questionnaire (EPQR-S). Partial Spearman correlation and Hurdle negative binomial
regression analysis were used to assess how age, sex, childhood ADHD symptoms, anxiety
symptoms, and personality traits (neuroticism, extraversion, and psychoticism) are associated
with current IA and HI symptoms. Increasing age was associated with a lower proportion of
participants reporting HI symptoms and with reduced levels of HI; IA levels remained fairly
stable over the age-range, but the probability of reporting IA symptoms increased throughout
middle/late adulthood. Females were more likely to report IA symptoms than males. Childhood
ADHD symptoms, neuroticism, and psychoticism were positively associated with current IA and
HI symptoms, while extraversion had an opposite association with these symptom domains.
Anxiety symptoms affected HI symptoms in females. Our results indicate that factors associated
with categorical ADHD are also correlated with ADHD symptoms in the adult population.
Keywords: ADHD symptomatology, Personality traits, Anxiety, Hurdle negative binomial
regression
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ADHD symptomatology in adult general population

1. INTRODUCTION
Attention-deficit/hyperactivity disorder (ADHD) is a prevalent neurobehavioral disorder in
children as well as in adults (Faraone et al., 2015). Meta-analyses of epidemiological studies
estimate the prevalence of ADHD to be around 5.3% to 7.2% in childhood/adolescence and 2.5%
to 4.4% in adulthood (Kessler et al., 2006; Polanczyk, de Lima, Horta, Biederman, & Rohde, 2007;
Simon, Czobor, Balint, Meszaros, & Bitter, 2009; Thomas, Sanders, Doust, Beller, & Glasziou, 2015).
ADHD is characterized by developmentally inappropriate, increased levels of two symptom
domains, inattention (IA) and/or hyperactivity and impulsivity (HI) (APA, 2013), which manifest
themselves during childhood. The diagnosis, according to the criteria established in the
Diagnostic and Statistical Manual of Mental Disorders 5th edition (DSM-5) or the International
Classification of Diseases and Related Health Problems (ICD-10) (APA, 2013; WHO, 1992), uses

2

a categorical definition based on the number of symptoms reported by patients and/or their
parents, with functional impairment being an important additional criterion. In the clinical
setting, ADHD shows the following main presentations: predominantly inattentive symptoms,
predominantly hyperactive-impulsive symptoms, and a combined presentation (having high
symptoms counts in both symptom domains).
As a multifactorial disorder, ADHD is influenced by genetic and environmental factors, as well
as the interplay between these factors (Faraone et al., 2015). It has a well-recognized genetic
vulnerability, with heritability estimates of 70-80% in both children and adults (Faraone et al.,
2015). In addition to genetic susceptibility, factors such as age, sex, psychiatric comorbidities,
and personality traits also influence the development of ADHD and its clinical manifestation
(Costello, Mustillo, Erkanli, Keeler, & Angold, 2003; Kessler et al., 2006; Nigg et al., 2002;
Ramtekkar, Reiersen, Todorov, & Todd, 2010).
In patients, the severity of ADHD symptoms declines with age, and it has been shown that
HI symptoms decline more rapidly than IA symptoms (Biederman, Mick, & Faraone, 2000).
Nonetheless, ADHD frequently persists from childhood into adulthood, with estimated
persistence rates varying between 15% and over 60%, depending on the definition of
persistence (Faraone et al., 2015). A clear difference in the male/female ratio in ADHD cases is
observed across the lifespan. In childhood, boys are more likely to be diagnosed with ADHD
than girls, with an estimated ratio of 3:1 in population-based studies and of 5:1 to 10:1 in clinical
studies (Biederman et al., 2002; Gaub & Carlson, 1997). ADHD in adults shows a more sexbalanced distribution, with male-female ratios from 1:1 to 2:1 (Cortese, Faraone, Bernardi, Wang,
& Blanco, 2016; Williamson & Johnston, 2015).
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Anxiety disorder is a common comorbidity in both children and adults with ADHD. It has been
estimated that 35% of children/adolescents and 47% of adults with ADHD have at least one
comorbid anxiety disorder (Kessler et al., 2006; Schatz & Rostain, 2006). On the other hand,
about 15-27% of adults with an anxiety disorder suffer from ADHD (Mancini, Van Ameringen,
Oakman, & Figueiredo, 1999; Van Ameringen, Mancini, Simpson, & Patterson, 2011).
An individual’s personality has also shown to be relevant for ADHD’s clinical manifestation.
Personality is often subdivided into five dimensions (neuroticism, agreeableness,
conscientiousness, extraversion and openness), and three of those (low agreeableness, low
conscientiousness, and high neuroticism) have shown reliable associations with overall ADHD
symptoms score, and IA and/or HI scores respectively (Gomez & Corr, 2014; McCrae & John,
1992). In studies using the Eysenck Personality Questionnaire (EPQ), which distinguishes the
three dimensions of neuroticism, psychoticism, and extraversion, ADHD symptoms were
strongly linked to high neuroticism and high psychoticism scores (Gudjonsson, Sigurdsson,
Young, Newton, & Peersen, 2009). These associations have been found in adult ADHD patients
(Gomez & Corr, 2014), as well as in adolescents with ADHD (Miller, Miller, Newcorn, & Halperin,
2008). The association between extraversion and ADHD is inconsistent across studies (Gomez &
Corr, 2014; Knouse, Traeger, O’Cleirigh, & Safren, 2013; Nigg et al., 2002). A clinical study showed
that hyperactivity predicted higher extraversion, but not impulsivity and inattention (Knouse
et al., 2013). Nigg and coworkers, after examining six adult clinical and population samples,
concluded that the association between extraversion and ADHD may be limited to self-reports
(Nigg et al., 2002).
Many symptoms/characteristics of psychiatric disorders are also observed in healthy individuals
(Coghill & Sonuga-Barke, 2012). Such disorder-like traits tend to show a continuous distribution
in the general population; where psychiatric cases, including ADHD, cluster at the extreme
end (Levy, Hay, McStephen, Wood, & Waldman, 1997). Arcos-Burgos et al. reported that nearly
60% of the general population displays symptoms of IA and HI (Arcos-Burgos & Acosta, 2007).
Genetic studies also yield support for a continuum of ADHD symptoms in the population
(Larsson, Anckarsater, Rastam, Chang, & Lichtenstein, 2012). Twin studies have shown high
heritability estimates for dimensional ADHD symptoms in non-clinical samples (Larsson et al.,
2012; Levy et al., 1997). Another study found that polygenic risk scores derived from population
ADHD symptoms were associated with ADHD (Stergiakouli et al., 2015). Within the Early genetics
and lifecourse Epidemiology (EAGLE) consortium, a genetic correlation estimated at 0.96 was
reported for genome-wide association study (GWAS) results of ADHD in patients and ADHD
symptoms in children/adolescents from the population (Middeldorp et al., 2016). This was
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confirmed in the most recent ADHD GWAS of the Psychiatric Genomics Consortium (PGC) and
iPSYCH, which showed a genetic correlation of 0.94 between clinically diagnosed ADHD and
ADHD symptoms in the general (childhood) population (Demontis et al., 2019).
Although ADHD symptoms exist in the population, there are few studies reporting on the
risk factors for those in the population. If ADHD is the extreme end of a continuum of ADHD
symptoms in the population, it stands to reason that associations with anxiety disorder
and personality traits observed in patients with ADHD should also be found in the general
population. In this study, we therefore set out to evaluate whether factors affecting clinically
diagnosed adult also associate with ADHD symptoms in adults from the general population.
We selected childhood ADHD symptoms, age, sex, anxiety symptoms, and personality traits
as factors of interest and investigated whether these are associated with the unique features

2

of each ADHD domain (IA and HI symptoms) in the general population.

2. EXPERIMENTAL PROCEDURES
2.1 Participants
This study was performed in participants from the Nijmegen Biomedical Study (NBS, www.
nijmegenbiomedischestudie.nl), a population-based survey conducted by the Radboud
university medical center(Galesloot et al., 2017). The study was approved by from the
Institutional Review Board. A random sample of 22,451 adult residents of the municipality of
Nijmegen, The Netherlands, received an invitation to fill out a postal questionnaire on lifestyle
and medical history in 2002 (NBS-1). Of these, 41.6% (n=9,350) returned the first questionnaire.
Participants (n=7,986) who had given permission to be approached for further research (NBS-2),
were invited to fill out a second questionnaire in 2005 including questions concerning ADHD
symptoms; a total of 4,987 participants filled out the ADHD related questionnaire. Sample sizes
for each of the analyses may slightly vary, depending on the availability of additional variables
included (see Table1). All participants completed written informed consent.

2.2 Measures
2.2.1 ADHD
ADHD symptoms in the NBS population were measured using the Dutch version of the ADHD
DSM-IV rating scale (Kooij et al., 2005), which assesses the 18 DSM-IV items for ADHD. This
rating scale assesses, through self-report, current IA symptoms, current HI symptoms, and
retrospectively ADHD symptoms in childhood. In order to increase the reliability of self-reports,
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five of the 18 DSM-IV current symptom items are split and reformulated into 2 items. Therefore,
the questionnaire on current symptoms (within the last 6 months) consists of 23 items in total.
Three items assess retrospective recall of the presence of inattention, hyperactivity, and
impulsivity symptoms in childhood at age of 7-8 years (Kooij et al., 2005). Each item was rated
on a four-point scale from 0 to 3 (0=“rarely or never”; 1=“sometimes”; 2=“often”; 3=“very often”).
A symptom was regarded as present if the answer given to the item was “often” or “very often”
(score 2 or 3). For analysis, the 23 items regarding current symptoms were re-calculated to the
original 18 DSM-IV items, where, for the five split items, the symptom was regarded as present
if the answer was positive (score 2 or 3) for either one of its parts.

2.2.2 Anxiety
Current anxiety symptoms were assessed using the Symptom Check List-90-R (SCL-90-R)
anxiety subscale (Derogatis & Savitz, 2000). The SCL-90-R is a widely applied self-assessment
instrument for a broad range of psychological problems. The anxiety subscale we applied
in NBS consists of ten items, which are rated from zero to four (0=“not at all”; 1=“a little bit”;
2=“moderately”; 3=“quite a bit” 4=“extremely”).We used the total score, with range from zero
to 40, for analysis.

2.2.3 Personality
Personality traits were assessed using the Eysenck Personality Questionnaire Revised-Short
Form (EPQR-S) (S. B. G. Eysenck, Eysenck, & Barrett, 1985). Three main personality dimensions
- neuroticism, extraversion, and psychoticism - are assessed by the EPQR-S through 12
binary (yes/no) questions for each of them. Scores for each dimension range from zero to
12, with higher scores indicating a higher tendency to have the representative personality
traits. Neuroticism represents emotional instability and stress reactivity; extraversion reflects
sociability and positive mood; and psychoticism refers to tough-mindedness, aggression, and
ego-centricity (H. J. Eysenck, 1990).

2.3 Statistical Analyses
Descriptive statistics (means, standard deviations (SDs), proportion, median and interquartile
range (Q1-Q3)) of IA and HI symptoms, sex, age, childhood ADHD symptoms, anxiety symptoms,
and personality traits were calculated for the total sample and stratified by sex. T-tests (for
normally distributed variables), Pearson’s Chi-squared test, or Mann-Whitney U tests (for nonnormal distributions) were conducted to assess differences between males and females.
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Pearson’s Chi-squared test was used to compare the frequency of current IA and HI symptoms
between groups defined by retrospectively self-reported number of childhood ADHD
symptoms. In these analyses, current IA and HI symptoms were categorized as not present
(0 symptoms), below ADHD-threshold (1-4 symptoms), and above ADHD-threshold (5-9
symptoms) for each domain, as the presence of five or more symptoms on at least one of the
ADHD domains is one of the diagnostic criteria for ADHD in adults according to DSM-5 (APA,
2013).
Partial Spearman correlation analysis was applied to estimate the relation between the number
of current IA/HI symptoms and age, while controlling for sex. We also stratified the sample by
the presence of childhood ADHD symptoms in order to test, whether observed differences
were similar between groups with and without childhood ADHD symptoms.

2

To assess how associated factors affect ADHD symptoms in the general population, the Hurdle
negative binomial (HNB) model was applied. The HNB model was developed to cope with count
data that are over-dispersed and zero-inflated (Zuur, Ieno, Walker, Saveliev, & Smith, 2009). It
consists of two sub-models: 1) a binomial logistic model (referred to as zero-model) is used on
all observations to predict the probability of having non-zero counts, 2) the negative binomial
model (referred to as count-model) is used on the subset of observations with counts >0 to
predict the number of symptoms. The zero- and count-models were run simultaneously.
In the present study, the statistical distribution of current ADHD symptoms was over-dispersed
with excessive zeros (IA symptoms: 71.4% were zero; HI symptoms: 54.9% were zero; the
symptom distributions are shown in Supplementary Figure 2); the characteristics of the data
fitted the assumptions for a HNB model. In order to assess the association between current
IA/HI symptoms and selected factors in the general population, we used the zero-model to
determine the relation between these factors and the probability of participants reporting
at least one IA or HI symptom (analyses were performed separately for each ADHD domain),
and the count-model for determining the relation between the factors and the number of IA
or HI symptoms that participants with at least one symptom reported. Given the known cooccurrence of IA and HI symptoms (APA, 2013), the number of IA or HI symptoms were included
as covariate for each other to extract the unique features of each ADHD domain.
Statistical analyses were conducted using SPSS 22.0 statistical software package (SPSS Inc.
Chicago, IL, USA). The HNB analyses were performed using the pscl package in R programming
v3.1.1 (Achim., Christian., & Simon., 2008). A Bonferroni-corrected p-value threshold for
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significance was set at 0.05/5 =0.0125. Secondary analyses were performed stratifying by
sex.

3. RESULTS
3.1. Participant characteristics
The NBS sample included in this study consisted of 4,987 participants, of whom 2,682 (53.8%)
were females. The mean age of participants was 56.1 years (SD 16.8, range 21-97 years). Table
1 shows the demographics of the sample. Supplementary Figure 1 shows a sex-stratified age
distribution of participants; In our sample, the mean age of males was 59.0±16.5 years, which
was significantly higher than the mean age of females ( 53.6±16.7 years; t=11.5, p<0.0001).
Supplementary Figure 2 shows the distribution of current ADHD symptoms. A higher
proportion of females than males reported current HI symptoms, but there was no significant
difference in current IA symptoms or childhood ADHD symptoms between females and males.
Females scored higher on anxiety symptoms and on neuroticism and extraversion personality
traits, but lower on psychoticism than males (see Table1).

3.2. Current IA and HI symptoms and stratification by childhood ADHD
symptoms
4747 participants havecomplete information of IA symptoms, 3400 (71.6%) scored zero, 1228
(25.9%) scored between 1-4, and 119 (2.5%) scored 5 or more current IA symptoms. 4778
participants completed the current HI symptom items. Among them, 2626 (55.0%) scored zero
HI symptoms, 2016 (42.2%) scored between 1-4, and 136 (2.8%) scored 5 or more HI symptoms.
The frequency of current IA and HI symptoms in adulthood stratified by childhood ADHD
symptoms is presented in Figure 1. Participants with a higher number of current symptoms
for the IA subscale and/or for the HI subscale also reported a significantly higher number of
childhood ADHD symptoms (IA: χ2=326.3; df=6, p<0.0001; HI: χ2=325.0; df=6, p<0.0001).

3.3. Current IA and HI symptoms over age
Current HI symptom score was negatively correlated with age (r=-0.15, p<0.0001; Figure 2A),
while current IA symptoms remained fairly constant over age (r=0.01, p=0.68; Figure 2A), after
adjustment for sex. A similar picture emerged, when the population was adjusted for the
absence/presence of childhood ADHD symptoms (Figure 2B-C).
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Age and Personality traits
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4766
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N

3.5 (2.9)
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1.0 (1.0, 2.0)

Median (Q1, Q3)
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Note: Significant differences are indicated in bold.

Anxiety

699

1symptoms (%)

Age (years)

3710
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N
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N
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Current IA symptoms
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Table 1. Characteristics of the NBS sample.
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3.4. Simultaneous relation between factors of interest and current IA
and HI symptoms
Results for the association of ADHD symptoms with factors of interest are given in Table 2. For
IA symptoms (Table 2a), the HNB regression zero-model showed that an increased age, more
childhood ADHD symptoms, higher neuroticism scores, and higher psychoticism scores were
associated with a higher probability of reporting current IA symptoms, whereas people scoring
higher on extraversion were less likely to report current IA symptoms. Also, females were more
likely to report current IA symptoms than males. In the count-model, higher neuroticism scores
were related to an increase in the number of IA symptoms reported, while higher levels of
extraversion were associated with less current IA symptoms. Resutls for childhood ADHD
symptoms did not reach significance in the count model. No significant association between
anxiety symptoms and IA symptoms was observed in either the zero-model or the countmodel. For HI symptoms (Table 2b), the zero-model showed that increasing age decreased the
proportion of participants reporting current HI symptoms. Higher levels of childhood ADHD
symptoms, anxiety symptoms, neuroticism, and extraversion were associated with a higher
proportion of participants having current HI symptoms (zero-model) and with a higher number
of current HI symptoms (count-model). Scoring high on psychoticism was related to a higher
numbers of current HI symptoms in the count-model. No effect of sex on HI symptoms was
observed in either the zero-model or the count-model.

3.5. Differences between sexes
After stratifying by sex, most of the associations remained the same as in the whole sample,
although some effects became less significant, due to the reduced sample size. For IA
symptoms, the sex-stratified analysis indicated that the effect of age observed in the overall
sample was only significant in females; however, inspection of effect sizes showed that those
were similar in both sexes (Supplementary Table 1). The association between IA symptoms and
childhood ADHD symptoms in the count model, which also only reached significance in females
(Supplementary Table 1). For HI symptoms, the count model association with childhood ADHD
appeared to be male-specific (Supplementary Table 2). In contrast, the association between
adult HI symptoms and anxiety symptom scores was only significant in females (Supplementary
Table 2). However, despite variation in the p-values, there was little difference in the actual
effect sizes and confidence intervals between males and females.
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-0.10 - -0.05

-0.07 (0.01)
0.15 (0.02)
0.62 (0.04)

Extraversion

Psychoticism

HI symptoms

0.04
0.13

-0.27 - -0.05
0.003 - 0.16

-0.11 (0.08)
0.08 (0.04)

0.002

0.03 - 0.09
-0.06 - -0.01
-0.03 - 0.06
0.18 - 0.27

-0.04 (0.01)
0.02 (0.02)
0.23 (0.02)

<.0001
<.0001

<.0001

-0.01- 0.04

0.02 (0.01)
0.06 (0.02)

<.0001

0.30

<.0001

<.0001

0.49

0.003

<.0001

0.19

0.62

0.001 (0.002)

p-value

95% CI
-0.003 - 0.01

Estimate (SE)

0.001

p-value

Count-model

Note. Significant differences are indicated in bold. Zero-model was used to predict the probability of having IA/HI symptoms, count-model predicted the number of IA/
HI symptoms. HI symptoms were included as covariate.* Number of participants with information on all variables; a Sex: effects for males as compared to females.

0.55 - 0.69

0.10 - 0.20

0.10 - 0.17

0.13 (0.02)

Neuroticism

-0.01 - 0.05

0.02 (0.02)

Anxiety symptoms

0.29 - 0.50

-0.42 - 0.09

0.40 (0.05)

-0.26 (0.08)

Childhood ADHD symptoms

Sex

a

95%CI
0.003 - 0.01

0.01 (0.002)

Estimate (SE)

Zero-model

Age

Predictor

Table 2a. Hurdle negative binomial regression analysis of current IA symptoms in adulthood (n=4232*)
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0.58 - 0.77

-0.05 - 0.04

0.05 (0.01)

<.0001
0.16 (0.01)

0.05 (0.01)

<.0001
0.88

0.09 (0.01)

0.02 (0.01)

0.09 (0.03)

-0.03 (0.05)

-0.002 (0.001)

Estimate (SE)

<.0001

0.004

<.0001
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<.0001

p-value

0.13 - 0.18

0.03 - 0.08

0.04 - 0.07

0.07 - 0.11

0.01 - 0.03

0.04 - 0.14

-0.13 - 0.07

-0.01 - 0.001

95% CI

Count-model

<.0001

0.0002

<.0001

<.0001

0.0001

<.0001

0.53

0.26

p-value

Note. Significant differences are indicated in bold. Zero-model was used to predict the probability of having IA/HI symptoms, count-model predicted the number of IA/
HI symptoms. IA symptoms were included as covariate. * Number of participants with information on all variables; a Sex: effects for males as compared to females.

0.67 (0.05)

IA symptoms

0.03 - 0.08

0.06 (0.01)
-0.003 (0.02)

Extraversion

Psychoticism

0.16 - 0.23

Neuroticism

0.01 - 0.08

0.05 (0.02)
0.20 (0.02)

Anxiety symptoms

0.24 - 0.44

-0.26 - 0.03

-0.12 (0.07)
0.34 (0.05)
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95%CI
-0.02 - -0.01

-0.02 (0.002)

Estimate (SE)

Zero-model

Childhood ADHD symptoms

a

Age

Predictor

Table 2b. Hurdle negative binomial regression analysis of current HI symptoms in adulthood (n=4232*)
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Figure 1. Current ADHD symptoms stratified by presence of childhood ADHD symptoms. A) Current IA symptoms; B) Current HI symptoms.
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Figure 2. Current ADHD symptoms across age in the NBS population sample, with and without stratification by the number of retrospective childhood ADHD symptoms: A) Any number ofchildhood symptoms (0-3 symptoms; n=4,885 for IA, n=4,914 for HI); B) no childhood symptoms (0 symptoms; n=3,640 for IA, n=3,667 for
HI); C) at least one childhood symptom (1-3 symptoms; n=1,107 for IA, n=1,111 for HI). Note: Age bin and mean were used to present the results. The correlation (r) and
P-value were determined for age in years.4.
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DISCUSSION
In this study, we sought to evaluate whether factors known to influence clinically diagnose of
ADHD are also linked to ADHD symptoms along the continuum of ADHD in adults from the
general population. Indeed, our data show that all factors of interest, i.e. childhood ADHD
symptoms, age, sex, anxiety symptoms, and personality traits were associated with current IA
or HI symptoms in adults from the general population.
Age was associated with ADHD symptoms in the general population as expected. The partial
correlation analyses indicated that IA symptoms remained fairly constant across adulthood,
whereas HI symptoms declined with increasing age; this age effect was seen regardless of
childhood ADHD symptom history. These findings are in line with clinical studies showing
that IA symptoms are more persistent than HI symptoms from childhood into adolescence and
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(early) adulthood (Biederman et al., 2000; Faraone, Biederman, & Mick, 2006). In the HNB model
analysis, age was associated with a smaller proportion of participants reporting HI symptoms,
but it increased the probability of participants to report current IA symptoms. This increased
probability of having IA symptoms probably reflects an age-related reduction in attention
efficiency in our middle to late adulthood sample (de Fockert, Ramchurn, van Velzen, Bergstrom,
& Bunce, 2009). The reduction of attention capability may be due to inhibition deficits, which
involve age-associated decline in neural function (Haring et al., 2013). Our results indicate
that the continuum of ADHD symptoms in the general population follows a similar pattern as
previously reported in patients, IA symptoms remain stable and HI symptoms decrease with
age, and this pattern continues into later stages of life. In addition, we may also have pickedup the first signs of cognitive decline with the HNB model, given the age of our sample.
For sex, our unadjusted analysis showed that more females had HI symptoms; in the HNB model,
in which the effects of age and other factors had been controlled, we found that female sex was
associated with the likelihood of reporting IA symptoms. This association was also observed
in the sex-stratified analysis. With a lack of information in the literature up to now, our result is
not well comparable with any of the few earlier population studies, which concentrated on the
severity of symptoms. In children, higher symptom scores have been reported in males (Arnett,
Pennington, Willcutt, DeFries, & Olson, 2015; Pinto, Rijsdijk, Ronald, Asherson, & Kuntsi, 2016),
but the differences between the sexes seem to become less pronounced later in life, where
studies have reported comparable symptom levels in males and females (Ghirardi et al., 2018;
Polderman, Hoekstra, Posthuma, & Larsson, 2014). A similar trend is seen in patients with ADHD,
in which the male preponderance of the disorder normalizes towards adulthood (Faraone et al.,
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2015; Huang, Weng, & Ho, 2016; Williamson & Johnston, 2015). In our study, differences in effect
size were small between males and females, and the confidence intervals often overlapped;
this suggests substantial similarities between the sexes in the presentation of ADHD symptoms
in adulthood despite some variation in the p-values (which could be affected by differential
sample sizes). Additional effects of age were observed in the sex-stratified analyses. As may
have been expected, associations of childhood ADHD symptoms with IA symptoms were
observed in females in the count model; and those with HI symptoms were seen in males.
However, in general, most associations observed in the total sample were shared among males
and females.
Childhood ADHD symptoms increased the likelihood of participants to report current IA and
HI symptoms as well as the number of these symptoms reported in the HNB model. Consistent
with this, the Pearson’s Chi-squared tests showed that participants with higher current ADHD
symptoms were inclined to report more ADHD symptoms in childhood. Numerous follow-up
studies have demonstrated that a significant proportion of individuals with ADHD in childhood
continues to experience symptoms in adolescence and (early) adulthood (Faraone et al.,
2006; Lara et al., 2009; Rasmussen & Levander, 2009). Moreover, genetic factors, which were
aggregated into polygenic risk scores for ADHD, were shown to contribute to the persistence
of ADHD symptoms from childhood to adolescence in the general population (Riglin et al.,
2016). Treating ADHD symptoms as a continuum in the general population, our results confirm
that the same pattern of correlation between ADHD symptoms in childhood and adulthood
exists in the general population as in clinical samples, and this pattern is also seen in middle
to late adulthood.
We found that anxiety symptoms in our population-based sample increased the likelihood and
the number of HI symptoms participants reported. No significant association with IA symptoms
was seen. Previously, childhood ADHD patients with comorbid anxiety disorders were shown
to be more likely to display IA symptoms than HI symptoms compared to patients only with
ADHD (Melegari et al., 2018; Newcorn et al., 2001); and females with ADHD tend to have more
internalizing problems, such as anxiety and depression (Quinn & Madhoo, 2014), in line with
the fact that the finding in our study only reached significance in females. However, there is
little literature on the relationship between adult ADHD symptom domains and anxiety. A
recent study reported that the severity of ADHD symptoms is associated with social anxiety
symptoms among university students (Evren, Dalbudak, Ozen, & Evren, 2017). Our findings
support a link between ADHD symptoms and anxiety in the general population, and implicate
HI symptoms in particular.
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Regarding personality traits, our results indicated that higher neuroticism scores were
significantly associated with increased adult IA and HI symptoms in the general population. This
finding is in line with results of a meta-analysis referring to the specific ADHD domain scores,
which indicated that neuroticism is linked to both IA and HI in clinical samples and (though
with somewhat smaller effects) in community samples (Gomez & Corr, 2014). For extraversion,
we found opposite links to current IA and HI symptoms: this personality trait was linked to
decreased IA and to increased HI symptoms. The existing literature on the association between
extraversion and ADHD is not consistent. A previous population study in adults showed that
undergraduates with high ADHD symptom counts had higher extraversion scores compared
to individuals with low ADHD symptoms (Braaten & Rosén, 1997). Another study found that
extraversion was a significant predictor of the predominantly HI subtype of ADHD, but not the
predominantly IA subtype (Parker, Majeski, & Collin, 2004). A third study reported no difference

2

in extraversion between university students with probable ADHD and those without ADHD
(Evren et al., 2017). Our study corroborates the findings for extraversion linking to HI in two of
the studies, and additionally presents evidence for an opposite relation with IA symptoms. A
possible mechanism behind this finding might be that positive affect is connected to loosened
inhibitory control resulting in increased attentional performance (Rowe, Hirsh, & Anderson,
2007), as an earlier study found that extraversion was linked to increased attention performance
during a change detection task (Hahn, Buttaccio, Hahn, & Lee, 2015). In addition to neuroticism
and extraversion, we also found that psychoticism was positively related to both IA and HI
symptoms in the adult population. The results are in line with a meta-analysis, which grouped
psychoticism from EPQ and agreeableness from the Big Five Model into ‘agreeable inhibition’.
It reported a significant positive association between this trait and ADHD symptoms (both IA
and HI) in clinical and community samples (Gomez & Corr, 2014).
This work has strengths and limitations that should be acknowledged. As often observed
in psychiatric research in the general population, the distribution of outcomes in our study
was often positively skewed and inflated at zero. More conventional statistical models, which
require normally distributed residuals, provide a poor fit for such data and may lead to incorrect
conclusions. We therefore used the HNB model, which provides the advantage of using two submodels, one investigating the probability of non-zero scores, and the second investigating the
distribution of non-zero scores. We found that several effects were seen in both models, which
indicate that age, sex, childhood ADHD, anxiety symptoms, and personality traits influence
the whole dimension of ADHD symptoms in the adult population. As another strength, this
study used data from the NBS, a population-based study set-up with the aim of obtaining a
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universal reference population and for studying population traits. It has large sample size and
covers a broad age range (21-97 years), which provides a good opportunity to examine the
natural distribution of ADHD symptomatology across the lifespan. However, our data came
from the second survey of NBS, with some selective dropout in terms of consent and response,
which may limit somewhat the generalizability of our findings to the general population. In
particular, the participants of the current study represent a relatively well-educated part of the
population with higher socioeconomic status and potentially less psychiatric morbidity than
the average of the population. Unfortunately, NBS did not hold information on diagnostic status
for ADHD in childhood and for the participants with more than five current IA/HI symptoms.
We kept these participants, who were probable-ADHD patients in the analysis; which may
have caused some bias. However, this being only a small precentage, we do not expect that
it influenced our results. Another limitation is that ADHD symptoms were assessed with a
self-report questionnaire without information on impairment, and childhood symptoms were
assessed by retrospective recall. Such data may be subjects to recall bias.
In this study, we did observe relatively strong associations among anxiety, personality traits,
and self-reported adult ADHD symptoms. An important point to be investigated in the future
based on those findings is the direction of effects and the underlying mechanisms. An earlier
study in Turkish university students reported that extraversion and neuroticism affected the
association between ADHD symptoms and anxiety symptoms, suggesting mediation by the
personality factors (Evren et al., 2017). Longitudinal studies would be optimal to investigate
causal relationships amongst the phenotypes in the future. Moreover, using the raw scores of
ADHD questionnaire instead of the ADHD symptoms would lead a better presentation of the
trait nature of ADHD in the general population.
In conclusion, our data suggest that ADHD symptoms in the general population are influenced
by childhood ADHD symptoms, age, sex, and personality traits, just like the clinical diagnosis
of ADHD. This strengthens the evidence that ADHD symptoms in the population have similar
relationships with other phenotypes as the clinical extreme of the continuum - also in adults.
An interesting future prospect arising from these findings is the possibility to perform genefinding studies for ADHD in population samples, which are easier to collect in larger numbers
than clinical samples.

Appendix A. Supporting information
Supplementary data associated with this article can be found in supplementary files.
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0.19 (0.02)

Supplementary Table 2b. Hurdle negative binomial regression analysis of current HI symptoms in females (n=2251)

0.01 - 0.10
0.09 - 0.17

0.06 (0.02)

<.0001

<.0001

0.01 - 0.13
0.03 - 0.08

0.10 (0.02)
0.05 (0.01)

<.0001
.0013

0.265

0.06 - 0.22
-0.01 - 0.04

<.0001

0.44

p-value

0.01 (0.01)

-0.002 (0.002)
0.14 (0.04)

95% CI
-0.01 - 0.002

Estimate(SE)

Count-model

0.08

<.0001

<.0001

p-value

Note. Significant differences are indicated in bold. IA symptoms were included as covariate.

0.03 (0.03)
0.58 (0.05)

Psychoticism

0.14 - 0.24

0.19 (0.03)
0.05 (0.02)

Neuroticism

Extraversion

0.05 (0.03)

Anxiety symptoms

0.25 - 0.53
-0.01 - 0.11

0.39 (0.07)

Childhood ADHD symptoms

95%CI
-0.02 - -0.01

-0.01 (0.003)

Estimate(SE)

Zero-model

Age

Predictor

Supplementary Table 2a. Hurdle negative binomial regression analysis of current HI symptoms in males (n=1981)

ADHD symptomatology in adult general population

2

73

26-11-2020 10:47:44

Chapter 2

Supplementary Figure 1. The age distribution of participants with sex stratification. Note: Age bin was used
to present the results.

74

147060_Ting_Li_BNW-def.indd 74

26-11-2020 10:47:44

ADHD symptomatology in adult general population

2

Supplementary Figure 2. The distribution of current IA and HI symptoms in the NBS population sample.
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ABSTRACT
Attention-Deficit/Hyperactivity Disorder (ADHD) symptoms are continuously distributed in
the general population, where both genetic and environmental factors play roles. Stressful life
events (SLEs) have been associated with ADHD diagnosis, but the relationship between ADHD
genetic liability, SLEs, and ADHD symptoms in healthy individuals is less clear. Using a sample
of 1531 healthy adults (average age 26.9 years; 55.8% female), we investigated relationships
between ADHD polygenic risk scores (ADHD-PRSs), SLEs, and ADHD symptoms in a general
population sample. Confirming earlier findings in an overlapping sample, all SLE-measures
assessed (lifetime SLEs, recent SLEs, and childhood trauma (CT)) were significantly correlated
with total ADHD, inattention (IA), and hyperactivity-impulsivity (HI) scores (r2 range=.08-.15; all
p<.005). ADHD-PRS was associated with HI (R2best-fit=.37%), lifetime SLEs (R2best-fit=.56%), and CT
(R2best-fit=.40%). Mediation analyses showed that lifetime SLEs partially mediated the association
between ADHD-PRSs and HI (indirect effect: β=68.6, BCa95%CI [11.9, 131.0], p=.016, PM =19.5%),
with strongest effects contributed by CT (β=34.4, BCa95%CI [0.4, 76.5], p=.040, PM=9.8%). On the
other hand, HI partially mediated the association between the ADHD-PRSs and lifetime SLEs
(β=42.9, BCa95%CI [7.3, 83.9], p=.014, PM=18.8%). Our study observed a complex relationship of
genetic and environmental risk factors contributing to ADHD symptoms in the healthy adult
population.
Keywords: ADHD scores, stressful life events (SLEs), childhood trauma (CT), ADHD-Polygenic
risk scores (ADHD-PRSs), mediation analysis
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1. INTRODUCTION
Attention-Deficit/Hyperactivity Disorder (ADHD) is a prevalent neurodevelopmental disorder
in children, and in over 60% of patients symptoms persist into adulthood (Faraone et al., 2015).
ADHD is characterized by the two symptom dimensions of inattention (IA) and hyperactivity
and impulsivity (HI). A growing number of studies has shown that the clinical diagnosis and
classification of ADHD may represent the extreme end of a continuum of traits in the population
(Larsson, Anckarsater, Rastam, Chang, & Lichtenstein, 2012; McLennan, 2016). Nearly 60% of the
general population have sub-threshold symptoms (Arcos-Burgos & Acosta, 2007), and our own
recent study showed that 28.5% of a general population sample (average age 56.1 years) have
at least one IA symptom and 46.1% have at least one HI symptom (Li et al., 2019).
ADHD has a substantial genetic background, with estimated heritability ranging between
70 and 80% based on family and twin studies (Faraone & Larsson, 2019). Population-based
studies also showed that ADHD traits are heritable (Arias-Vasquez et al., 2019; Crosbie et al.,
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2013; Middeldorp et al., 2016), and several studies showed substantial sharing of genetic
influences between the population ADHD symptoms and the clinical ADHD diagnosis, with
genetic correlations ranging between 0.94-0.96 (Demontis et al., 2019; Middeldorp et al., 2016;
Stergiakouli et al., 2015).
Besides genetic factors, environmental risk factors are known to contribute to ADHD etiology
(Froehlich et al., 2011). Stressful life events (SLEs) are among those environmental risk factors
for ADHD; the exposure to SLEs increases the risk of ADHD (Biederman, 2005; Sugaya et al.,
2012), as well as its severity and persistence (Biederman et al., 1995; Fairchild, 2012; Grizenko,
Shayan, Polotskaia, Ter-Stepanian, & Joober, 2008). Among SLEs, childhood adversity is a robust
predictor of ADHD (Bjorkenstam, Bjorkenstam, Jablonska, & Kosidou, 2018). On the other hand,
ADHD seems to predispose to SLEs. Compared to community controls, ADHD patients were
shown to be at increased risk of SLEs (Friedrichs, Igl, Larsson, & Larsson, 2012). For example,
children with ADHD experienced more adversity than their peers without ADHD (Humphreys
& Zeanah, 2015), and adults with ADHD have more longterm negative outcomes compared to
healthy controls in terms of occupation as well as marital and financial problems (Faraone et
al., 2015; Franke et al., 2018).
The association between SLEs and ADHD symptoms has also been reported in the general
population. Prenatal maternal stress has been associated with ADHD symptoms in early
childhood (Ronald, Pennell, & Whitehouse, 2010). Studies on adopted children indicated a link
between early deprivation and ADHD symptoms (Roskam et al., 2014), and numbers of SLEs
79
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have been associated with ADHD symptoms in childhood with small to moderate effect sizes
(Humphreys et al., 2019). For healthy adults, we also found SLEs to be positively correlated with
ADHD scores (Vrijsen et al., 2018), and childhood trauma (emotional and/or physical neglect,
physical and/or sexual abuse) have been associated with increased risk of ADHD symptom
(Capusan et al., 2016).
Although there is a clear link of both genetic and environmental factors with ADHD symptoms
in the population, the specific relationships among those factors are less clear. In this study,
we expand on our earlier work on SLEs and ADHD symptoms (Vrijsen et al., 2018) further
adding information on ADHD polygenic risk scores (ADHD-PRSs) in an extended sample of
self-reported healthy adults. We hypothesized that the genetic liability for ADHD is associated
with ADHD symptoms and/or an increased risk for SLEs in the general population. In order to
test this, we (i) sought to confirm the earlier association between SLEs and ADHD symptoms,
(ii) tested whether ADHD-PRSs, estimated from the largest ADHD GWAS study (Demontis et al.,
2019), were associated with ADHD total score, IA and/or HI score and/or SLEs, and (iii) tested if
mediational associations exist among ADHD-PRSs, SLEs and ADHD scores.

2. METHODS
2.1 Participants
This study was performed in participants from the Cognomics Initiative Resource, the Brain
Imaging Genetics (BIG) project (http://www.cognomics.nl). The BIG project was initiated
in 2007 and comprises of brain imaging data and genetic data of over 2500 self-reported
healthy adults, who were recruited in Nijmegen, The Netherlands. The exclusion criteria were
a history of neurological or psychiatric diseases. Cognitive data on the BIG participants were
collected through internet-based questionnaires and tests. A total of 1901 completed the
ADHD symptoms and SLEs questionnaires (described below). Among those, 1531 unrelated
participants of European descent had genome-wide genotype data available after appropriate
quality control (see below). The study was approved by the local ethics committee (CMO Region
Arnhem-Nijmegen, The Netherlands). All participants gave written informed consent and were
financially compensated for participation.

2.2 ADHD scores
The Dutch version of the ADHD DSM-IV Rating Scale was used to measure self-reported current
ADHD symptoms (Kooij et al., 2005). This instrument assesses ADHD symptoms in the last 6
80
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months on a four-point scale (1=“rarely or never”; 2=“sometimes”; 3=“often”; 4=“very often”).
The questionnaire consists of 23 items in total; 11 items are related to the IA symptom domain
and 12 to the HI symptom domain. In the analyses, the 23 items were re-calculated to the
original 18 DSM-IV ADHD diagnostic criteria items (APA., 2000). The variables ‘Total ADHD score’
(possible range 0-72), ‘IA score’ and ‘HI score’ (possible range 0-36 each) were then derived from
the questionnaire by summing up the responses that participants filled in. Only individuals
without missing data were included.

2.3 Stressful life events
SLEs were assessed using an adapted version of the List of Threatening Life Events (Brugha &
Cragg, 1990). The questionnaire consists of 21 binary (yes/no) questions about life events, which
are likely to occur frequently and have significant long-term impact. Participants were asked
to indicate whether they had experienced an event before the age of 16 years, after the age of
16, and/or within the last year. Three variables were calculated, as described in (Vrijsen et al.,
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2018): ‘lifetime-SLEs’ indicated the total number of experienced life events across the whole
life span; ‘Childhood Trauma (CT)’ reflected the number of traumatic events that participants
experienced (aggression, physical and/or sexual abuse) within or outside the family before 16
years old; ‘recent-SLEs’ indicated the number of stressful events (e.g. health problems, death
of a family member, problems in the romantic relationship, divorce, conflicts in work, financial
problems, or legal issues) that participants had within the last year.

2.4 Genotyping and quality control
DNA was isolated from saliva collected using Oragene containers (DNA Genotek, Ottawa,
ON, Canada) according to standard protocols. Genome-wide genotyping of single nucleotide
polymorphisms (SNPs) was performed for the 1531 unrelated individuals on three genotyping
platforms: for 678 participants, genotyping was performed using Affymetrix GeneChip
(Affymetrix Inc., Santa Clara, CA), for 634 participants, genotyping was performed using Infinium
OmniExpress BeadChip (Illumina Inc., San Diego, CA), and 219 participants were genotyped
using Infinium PsychArray BeadChip (Illumina Inc.). Using the Rapid Imputation Consortium
Pipeline (RICOPILI) (Lam et al., 2019), quality control was carried with default parameters and
ungenotyped SNPs were imputed using 1000 genomes Phase I version 2 as a reference and
IMPUTE2 software (Howie, Donnelly, & Marchini, 2009). RICOPILI was also used to carry out
principal component analysis (PCA) to generate ancestry-informative components (Lam et
al., 2019). After imputation, SNPs were filtered in order to keep only those with imputation
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quality scores (INFO) ≥0.8 and minor allele frequency (MAF) higher than 1%. Of the 6,889,427
SNPs on Affymetrix chip, 7,459,572 SNPs on OmniExpress, and 6,203,209 SNPs on PsychArray
Chip remaining after post-imputation quality control, only those present on all three platforms
(n=5,532,978 SNPs) were used for following analyses.

2.5 ADHD Polygenic risk scores (ADHD-PRSs)
ADHD-PRSs were calculated based on the results from the ADHD GWAS meta-analysis,
conducted by the Psychiatric Genomics Consortium (PGC) and the Lundbeck Foundation
Initiative for Integrative Psychiatric Research (iPSYCH), on 19,099 ADHD patients and 34,194
controls from European-ancestry (Demontis et al., 2019). The summary statistics were
downloaded from the PGC website (https://www.med.unc.edu/pgc/results-anddownloads).

2.6 Statistical Analyses
Correlation analyses were carried out to test relationships between SLE-based variables
and ADHD scores, with age and sex as covariates. Prior to analyses, log-transformation was
performed for non-normally distributed variables. Two outliers that are more than 4.5 standard
deviations (SD) in lifetime SLEs were excluded from analyses. Bonferroni correction for multiple
testing was implemented for the number of comparisons, resulting in a significance level of
p<0.0083 (6 comparisons).
Polygenic risk scores were created using PRSice2 software (Choi & O’Reilly, 2019). Independent
index SNPs for each linkage disequilibrium (LD) block in the genome were selected based on
significance levels in the reference data set and form clumps of all other SNPs that are within
250 kb window and in LD (r2>0.1). The ADHD meta-analysis results for SNPs up to eight p-value
thresholds (pT =0.001, pT =0.05, pT =0.1, pT =0.2, pT =0.3, pT =0.4, pT =0.5, and pT =1.0) were selected
to generate ADHD-PRSs in our targeted sample.
Regression models were built to detect whether ADHD-PRSs were associated with ADHD scores
and SLEs variables, with age, sex, genotyping array and 10 PCAs as covariates (Figure 2). Given
that ADHD-PRSs were calculated at different p-value thresholds, permutation was used to
adjust the best fit p-values. Empirical p-values were obtained by comparing the uncorrected
p-values from regression models with p-values from a null distribution generated by permuting
the phenotypes 10000 times. These analyses were performed in PRSice2 software (Choi &
O’Reilly, 2019).
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Mediation analyses were applied to test whether 1) SLEs variables with significant effects on
ADHD scores were tested as mediators in the association between ADHD-PRSs and ADHD
scores and 2) ADHD scores may mediate the association between ADHD-PRSs and SLEs
variables. ADHD-PRSs including SNPs at a threshold pT =0.001 were utilized in the mediation
model, where was significantly associated with HI score, lifetime SLEs and CT respectively.
Age, sex, genotyping array and 10 PCAs were included as covariates. Mediation analyses were
performed in IBM SPSS Statistics 22, with using the PROCESS macro for SPSS (F.Hayes, 2013;
Sales, 2016). A bootstrapping method was applied to assess the indirect effects based on 5,000
bootstrapped samples using 95% bias corrected accelerated confidence intervals (BCa 95% CI).
The PM value outputted by the program provides an effect size measure, which is referred to
as the ratio of the indirect effect to the total effect.

3. RESULTS

3

3.1 Participant characteristics
A total of 1531 individuals was included. The mean age of the study sample was 26.9 years (SD:
11.6, range 18-77 years), and 55.8% of the sample were females. Demographic characteristics of
the sample are presented in Table 1. Age was significantly negative correlated with total ADHD
score (r2=-.12, p<.001), IA score (r2=-.09, p<.001), and HI score (r2=-.13, p<.001), and positively
correlated with lifetime SLEs (r2=.43, p<.001). There was no sex difference in the total ADHD
score (t=0.67, p=.050), but males had higher IA score (t=3.47; p<.001) and lower HI score than
females (t=-2.75, p=.006).

3.2 Correlation between SLE variables and ADHD scores
Consistent with our earlier publication on 675 participants of BIG (Vrijsen et al., 2018), SLE
variables were positively correlated with total ADHD score (lifetime SLEs: r2=.12, p<.001; recent
SLEs: r2=.15, p<.001; CT: r2=.10, p<.001). Both IA (lifetime SLEs: r2=.11, p<.001; recent SLEs: r2=.12,
p<.001; CT: r2=.08, p=.002) and HI (lifetime SLEs: r2=.10, p=.001; recent SLEs: r2=.15, p<.001; CT:
r2=.11, p<.001) scores contributed to the correlation.
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Table 1. Characteristics of the BIG sample, including means (SD) or percentage and range
Variable

Total sample
(N=1531)
Mean (SD) / %

Males
(n=678)
Mean (SD) / %

Females
(n=853)
range

Mean (SD) / %

range

Age (years)

26.9 (11.6)

28.0 (13.2)

18-77

25.9 (9.9)

18-73

Total ADHD score

31.1 (6.6)

31.3 (6.6)

18-57

31.0 (6.5)

18-68

IA score

15.5 (4.0)

16.0 (4.0)

9-30.5

15.2 (4.0)

9-34

HI score

15.6 (3.5)

15.3 (3.5)

9-30.5

15.8 (3.5)

9-34

0-17

4.5 (2.5)

0-4

0.27 (0.6)

Experience lifetime SLEs
Lifetime SLEs
Experienced CT

98.8%

98.2%

4.6 (2.6)

4.7 (2.8)

99.3%

21.6%

22.9%

0.28 (0.6)

0.29 (0.6)

0

1200

523

677

1

250

119

131

2

68

30

38

3

9

5

4

Number of CT

4
Experienced recent SLEs
Number of recent SLEs

0-15

20.6%

4

1

3

32.6%

31.6%

33.4%

0.46 (0.8)

0.45 (0.8)

0

1032

464

0-4

0.46 (0.8)
568

1

341

143

198

2

122

53

69

3

30

15

15

4

6

3

3

0-4

0-4

SD: standard deviation; ADHD: attention-deficit/hyperactivity disorder; IA score: inattention score; HI score:
hyperactivity-impulsivity score; SLEs: stressful life events; CT: childhood trauma

3.3 Association of ADHD-PRSs with ADHD scores and with SLE variables
After correcting for multiple p-value thresholds tested, ADHD-PRSs were associated with HI
score in the BIG healthy adults (best-fit pT =0.001: R2=.37%, p=.016, pempirical=.046), with individuals
carrying higher ADHD-PRS reporting higher HI score. No significant association was observed
with total ADHD score (best-fit pT =0.001: R2=.16%, p=.118, pempirical=.288) or IA score (best-fit
pT =0.2: R2=.05%, p=.375, pempirical=.718) (Figure 1). We also observed significant associations
(corrected for multiple testing) between ADHD-PRSs and lifetime SLEs (best-fit pT =0.4: R2=.56%,
p=.001, pempirical=.002) in healthy adults, with higher ADHD-PRSs were linked to more lifetime
SLEs. This effect seemed to be contributed mainly by CT (best-fit pT =0.4: R2=.40%, p=.014,
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pempirical=.039); no associations were found with recent SLEs (best-fit pT =0.001: R2=.04%, p=.438,
pempirical=.797) (Figure 1).

3.4 Mediation analyses for ADHD-PRSs, ADHD scores, and SLE variables
Using mediation analyses, we found that lifetime SLEs mediated the association between
ADHD-PRSs and HI score (Figure 2A). In detail, the total effect of ADHD-PRSs on HI score
was β=352.1 (BCa 95%CI [55.8, 643.2], p=.018). Dissecting the total effect, the direct effect was
β=283.5 (BCa 95%CI [-3.2, 570.2], p=.053), and the indirect effect through lifetime SLEs was
β=68.6 (BCa 95%CI [11.9, 131.0], p=.016). The latter indirect contribution accounted for 19.5%
of the total effect (PM = 0.195).
We further examined whether this mediation effect could be recapitulated by CT (Figure 2B).
The results showed that the direct effect of ADHD-PRSs on HI score was β=318.4 (BCa 95%CI
[28.7, 608.1], p=.031). The indirect effect via CT was β=34.8, which also reached significance (BCa
95%CI [0.4, 76.5], p=.040). Of the total effect of ADHD-PRS on HI score, 9.8% seemed to operate

3

indirectly through CT (PM = 0.098).
Using an alternative mediation model, we also examined whether HI score played a role as
mediator between ADHD-PRSs and lifetime SLEs (Figure 2C). The results indicated the direct
effect of ADHD-PRSs on lifetime SLEs was β=185.1 (BCa 95%CI [2.6, 367.5], p=.047). The indirect
effect, operating through HI score, was β=42.9, which reached statistical significance (BCa 95%CI
[7.3, 83.9], p=.014). This indirect effect accounted for 18.8% (PM = 0.188) of the total effect.

85

147060_Ting_Li_BNW-def.indd 85

26-11-2020 10:47:45

Figure 1. Bar plot from PRSice 2 showing results at eight broad p-value thresholds (PT) for ADHD-PRSs associations with ADHD scores and SLE variables. *p<.05, **p<.01;
#empirical p <.05. ADHD: attention-deficit/hyperactivity disorder; IA score: inattention score; HI score: hyperactivity-impulsivity score; SLEs: stressful life events; CT:
childhood trauma
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Figure 2. Mediation results of ADHD-PRSs (at PT=0.001), SLE variables, and HI score. The indirect effect is
the product of the pathway from a and b. The direct effect (c’) refers to the regression of ADHD-PRSs on
HI score / lifetime SLEs after taking mediators into account. A) the effect of ADHD-PRSs on HI score was
mediated by lifetime SLEs; B) the effect of ADHD-PRSs on HI score was mediated by CT; and C) the effect
of ADHD-PRSs on lifetime SLEs was mediated by HI score.
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4. DISCUSSION
In the current study, we focused on determining the relationships among ADHD genetic liability,
SLE variables, and ADHD scores in an adult, healthy population sample. Firstly, we confirmed
the earlier finding that the number of SLEs was associated with ADHD scores and second, we
found a significant association between ADHD-PRSs with HI score and SLEs. Lifetime SLEs,
especially through CT, partly mediated the association between the ADHD-PRSs and HI score. In
addition, HI score also mediated the association between the ADHD-PRSs and lifetime-SLEs.
Using ADHD-PRSs derived from the results of the largest ADHD GWAS meta-analysis to date
(Demontis et al., 2019), our findings suggest that ADHD genetic liability was specifically
associated with HI symptom domain scores in the healthy adult population. This is consistent
with findings from several earlier studies. Brikell et al. reported unique associations between
ADHD-PRSs and HI symptoms in children from the general population, while there were
no associations between ADHD-PRSs and IA symptoms (Brikell et al., 2018). A study in 544
participants (mean age: 21 years, 212 (39%) with ADHD diagnosis) also reported ADHD-PRSs
to be significantly associated with HI symptoms, but not with IA symptoms (Sudre et al., 2019).
Our work further extends those findings to the adult general population. In twin study designs
the genetic correlation between IA and HI symptoms was estimated at 0.6 (Faraone et al., 2015;
Larsson et al., 2013); the apparent differential association of ADHD-PRSs with HI but not IA
symptoms may therefore be explained by the differential contribution of genetic variation to
the two symptom domains. Additionally, several studies have suggested that with the currently
available data, more genetic variance can be explained for HI symptoms than for IA symptoms
(Bidwell et al., 2017; McLoughlin, Ronald, Kuntsi, Asherson, & Plomin, 2007; Nikolas & Burt,
2010). We might therefore have had more power to observe associations of ADHD-PRSs with
HI symptoms. Other possible factors, such as the age structure and sex ratio of participants in
ADHD GWAS meta-analysis and the sample size of the current study may also have influenced
the statistical power and findings of our study.
We also found associations between ADHD-PRSs and self-reported SLEs in the adult general
population. Individuals with higher ADHD-PRSs were likely to report more SLEs across their
lifespan. Among SLEs, the subgroup of CT events seemed to contribute the most to the observed
association. This is in line with previous studies, which demonstrated that individuals with
ADHD report higher self-perceived stress and stressors than typically developing individuals
(Hirvikoski, Lindholm, Nordenstrom, Nordstrom, & Lajic, 2009) and that ADHD symptoms are
associated with perceived stress (Combs, Canu, Broman-Fulks, Rocheleau, & Nieman, 2015). Our
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work extends these earlier studies by showing associations between ADHD genetic liability
and SLEs in the adult population.
The mediation analyses showed that lifetime SLEs and CT partially mediated the link between
ADHD-PRSs and HI symptoms in the healthy adult population (19.5% and 9.8% of total
effect, respectively). Reversely, HI symptoms mediated the association between ADHD-PRSs
and lifetime SLEs (18.8% of total effect). Previous studies have reported that genetic and
environmental factors may contribute to ADHD in a non-independent way (Ficks & Waldman,
2009; Schuch, Utsumi, Costa, Kulikowski, & Muszkat, 2015; van der Meer et al., 2017). In the
current study, we observed genetic and environmental interplay in ADHD traits in the adult
population. In line with previous studies, individuals with higher ADHD genetic liability
appeared more prone to stress in daily life, with childhood trauma contributing most to the
(persistence of) ADHD symptoms. In addition, individuals with more ADHD risk alleles appear
to be at increased risk for SLEs due to their higher impulsivity and hyperactivity.
Our finding that individuals with stronger ADHD genetic liability were more likely to report more
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CT events may also be explained by the fact that ADHD has strong genetic family aggregation,
meaning that the family members of those with high ADHD-PRS might also have had problems
with impulse control themselves. In this line, a recent study reported the association of maternal
ADHD genetic liability and prenatal factors; mothers with higher ADHD-PRSs were more likely
to have smoked and experienced infection during pregnancy (Leppert et al., 2019). Our results
are in line with previous studies on children mental health (McLaughlin et al., 2010), which point
out childhood as a critical period for the development of ADHD symptoms (Bjorkenstam et
al., 2018; Roskam et al., 2014). We did not find a significant association between ADHD genetic
liability and recent SLEs. While this may confirm previous knowledge of stronger effects of life
events experienced in the critical developmental period early in life, this result may also be due
to the fact that the recent SLEs category in our study only considered stressful events within
the past year before the investigation, dramatically reducing power.
Our study should be interpreted in the context of strengths and limitations. A particular
strength of the study is that we investigated the entire continuum of ADHD symptoms in
the adult population, a group for which limited information is currently available. Our study
examined the complex relationships between ADHD genetic loadings, environmental risk
factors, and ADHD symptoms, which expanded our knowledge of ADHD symptomatology
in the healthy population. In terms of study limitations, it is worth pointing out that ADHD
symptoms and SLEs were assessed by self-report questionnaires, which may be subjected
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to biases. The questionnaire concerning SLEs were binary (yes/no) questions, which did not
measure the severity of SLEs. As a subtype of SLEs, CT only assessed whether participants
had traumatic events before 16 years old, like aggression, sexual, and/or physical abuse;
therefore, the variance of CT was limited in this healthy population sample. Lastly, CT was a
non-normally distributed variable and, by performing log-transformation, we cannot exclude
transformation-related biases. As an additional potential limitation, we did not control for the
presence of symptoms of other conditions, which are known to be (genetically) linked to ADHD.
Genetic studies have demonstrated genetic overlap of ADHD and a broad range of psychiatric
conditions in the general population. For example, Du Rietz et al. reported ADHD-PRSs to be
associated with neuroticism, depression, and anxiety in adults from the UK Biobank population
sample (Du Rietz et al., 2018). These psychiatric traits and conditions have been associated with
the number of SLEs in individuals with ADHD (Francis, Moitra, Dyck, & Keller, 2012; Jeronimus,
Ormel, Aleman, Penninx, & Riese, 2013; Jonker, Rosmalen, & Schoevers, 2017; Shapero et al.,
2014). In that sense, since we did not control for the presence of symptoms of these conditions,
we cannot exclude that these (also) play a role in observed associations.
In conclusion, our study observed a complex relationships of genetic and environmental risk
factors to ADHD symptoms in healthy adults. ADHD genetic liability exerts both direct and
indirect effects on HI symptoms, while no effect was observed in IA or total ADHD symptom
scores. SLEs, especially though traumatic events in childhood, partially mediated the effect on
HI symptoms; reciprocally, HI symptoms also partially mediated the effect of ADHD genetic
liability on SLEs.
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ABSTRACT
Background: Attention-Deficit/Hyperactivity Disorder (ADHD) is a prevalent
neurodevelopmental disorder. Neuroanatomic heterogeneity limits our understanding of
ADHD’s etiology. This study aimed to parse heterogeneity of ADHD, and to determine whether
patient subgroups could be discerned based on subcortical brain volumes.
Methods: Using the large ENIGMA-ADHD Working Group dataset, we applied exploratory
factor analysis (EFA) to subcortical volumes of 993 boys with and without ADHD, and to
subsamples of 653 adult men, 400 girls, and 447 women. Factor scores derived from the EFA
were used to build networks. A community detection (CD) algorithm clustered participants
into subgroups based on the networks.
Results: EFA revealed three factors (basal ganglia, limbic system, and thalamus) in boys and
men with and without ADHD. Factor structures for girls and women differed from those in
males. Given sample size considerations, we concentrated subsequent analyses on males. Male
participants could be separated into four communities, of which one was absent in healthy men.
Significant case-control differences of subcortical volumes were observed within communities
in boys, often with stronger effect sizes compared to the entire sample. As in the entire sample,
none were observed in men. Affected men in two of the communities presented comorbidities
more frequently than those in other communities. There were no significant differences in
ADHD symptom severity between communities in either boys or men.
Conclusions: Our results indicate that neuroanatomic heterogeneity in subcortical volumes
exists, irrespective of ADHD diagnosis. Effect sizes of case-control differences appear more
pronounced at least in some of the subgroups.
Keywords: ADHD, subcortical volume, neuroanatomic heterogeneity, community detection,
effect sizes
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INTRODUCTION
Attention-Deficit/Hyperactivity Disorder (ADHD) is a prevalent behavioral disorder of
neurodevelopmental origins, which is characterized by age-inappropriate inattention (IA)
and/or hyperactivity and impulsivity (HI) (Faraone et al., 2015). ADHD frequently persists from
childhood into adulthood, with a prevalence of 3.4-5.3% in childhood/adolescence and 2.5%
in adulthood (Polanczyk, de Lima, Horta, Biederman, & Rohde, 2007; Salum et al., 2015; Simon,
Czobor, Balint, Meszaros, & Bitter, 2009).
ADHD is a heterogeneous disorder on the clinical, behavioural, cognitive, genetic, and
neuroanatomic level. Clinically and behaviorally, there is strong interindividual variation in
psychiatric as well as somatic comorbidities across the lifespan (Franke et al., 2018). Most
individuals with ADHD have deficits in one or more cognitive domains, but there is substantial
overlap between ADHD and controls (Mostert et al., 2018; Mueller, Hong, Shepard, & Moore,
2017; Nigg, Willcutt, Doyle, & Sonuga-Barke, 2005) . The estimated heritability of ADHD is 7080%; and common genetic variants with small effect size are the major contributors to genetic
susceptibility to ADHD (Faraone & Larsson, 2019). Considerable heterogeneity is also present
in structural and functional brain architecture. The most consistent findings were observed
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for structural brain alterations in subcortical regions (De La Fuente, Xia, Branch, & Li, 2013).
To overcome the limitations of small sample size studies, the ENIGMA-ADHD Working Group
conducted a large mega-analysis (1713 cases and 1529 controls) across the lifespan (Hoogman,
Bralten, et al., 2017). This analysis confirmed earlier findings of smaller caudate nucleus,
putamen, and total intracranial volumes in ADHD, and identified smaller nucleus accumbens
and amygdala volumes in individuals with ADHD compared with healthy controls. Volumetric
case-control differences were most prominent in childhood. However, the effect sizes were
small, possibly reflecting neurobiological heterogeneity of ADHD.
Classification methods have been used to investigate heterogeneity within groups (Reichardt
& Bornholdt, 2007). In ADHD research, community detection (CD), a graph-theoretical measure,
has been applied to identify clusters of children with different neuropsychological performance
profiles across a battery of tasks (Fair, Bathula, Nikolas, & Nigg, 2012). A similar method was
used to identify three subgroups of children with ADHD presenting with distinct profiles of
emotional functioning associated with clinical outcome (Karalunas et al., 2014). Taximetric
analysis was applied in a sample of adolescents with ADHD, resulting in three subgroups with
different profiles of executive functioning and motor inhibition (Stevens, Pearlson, Calhoun,
& Bessette, 2018). In combination with other studies on the heterogeneity of functional brain
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architecture in ADHD (Costa Dias et al., 2015; Gates, Molenaar, Iyer, Nigg, & Fair, 2014), the results
of these investigations suggested that differences in clinical, behavioral, and neurobiological
presentation and course of ADHD may be captured in distinct subpopulations. Moreover, while
both cases and healthy controls were present in the same subgroups, affected individuals were
more impaired when compared to controls within the same subgroup (Fair et al., 2012; Mostert
et al., 2018; Stevens et al., 2018).
CD methods have been widely applied to brain networks.(Newman, 2006) Here, we applied
this approach to parse heterogeneity in subcortical brain volume using data from the ENIGMAADHD Working Group (n=2493 in total). Our objectives were 1) to examine whether subgroups
of participants could be defined based on subcortical volumes and whether this categorization
was related to the clinical presentation of ADHD, and 2) to explore whether case-control effect
sizes would be stronger within subgroups.

METHOD
Participants and ADHD assessment
This study used available magnetic resonance imaging (MRI) data from the international
ENIGMA-ADHD Working Group (http://enigma.ini.usc.edu/ongoing/enigma-adhd-workinggroup/). The group shares structural MRI scans from children and adults with ADHD, as well
as phenotypic information, including comorbidities, IQ, age, and gender from over 35 cohorts
across the world. With a rolling inclusion design, new cohorts can join the group at any time, but
data freezes are set for each analysis. Each site verified the diagnosis of ADHD and assessment of
comorbidities (Table S1). All participating sites had approval from local ethics committees.
To constrain heterogeneity in the ENIGMA-ADHD dataset, we stratified our sample by age and
sex. Our subsamples comprised 993 boys (aged 4-14 years), 400 girls (aged 4-14 years), 653
adult men, and 447 adult women (aged >22 years) (Table 1). We first applied EFA and CD to the
subsample of boys, which was the largest subsample within the dataset. The same method was
subsequently applied to the other three subsamples to investigate whether similar subgroups
exist in these subsamples.

Neuroimaging
Structural T1-weighted brain MRI data were collected at each site. All scans were subsequently
analyzed using the standardized ENIGMA protocols based on FreeSurfer version 5.1 or 5.3. For
each participant, we computed left and right volumes of the nucleus accumbens, putamen,
102

147060_Ting_Li_BNW-def.indd 102

26-11-2020 10:47:48

Neuroanatomical heterogeneity in ADHD
pallidum, caudate nucleus, thalamus, amygdala, and hippocampus, as well as intracranial
volume (ICV). For all analyses, we used the mean of the left and right subcortical volume.
Outliers were identified as above or below three times the interquartile range, and participants
with missing data were excluded from the analysis.

Factor Analysis
Exploratory factor analysis (EFA) was applied to reduce the space of subcortical volume data
by modelling latent factors, which in general requires 300 cases per analysis (Tabachnick &
Fidell, 2006). In current study, we invited EFA to identify underlying brain organization based
on subcortical brain volume. In considering non-linear patterns of subcortical brain volumes
across age, each subcortical volume was regressed individually with age, age^2, sex, ICV,
and sampling site; this was done for children and adults separately. Residuals were used to
construct covariance matrices. Squared multiple correlations were built as prior communality
estimates. Maximum likelihood and oblique rotation were used to extract factors. The number
of eigenvectors extracted was based on the scree-plot. A variable was considered to load on
one factor if the loading on the factor was 0.40 or more. Model fitness was evaluated based on
Tucker-Lewis Index (TLI), Bayesian information criterion (BIC), and the root mean square error of
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approximation (RMSEA). Confirmation Factor Analysis (CFA) was used to test whether the factor
structures generated in girls or women by EFA is superior than the factor structure observed
in males, based on comparative fit index (CFI), TLI, BIC, Akaike information criterion (AIC), and
RMSEA. The analyses were performed using the psych package in R programming 3.6.2.

Community Detection (CD)
We applied CD to identify distinct communities of participants based on factor scores generated
by the EFA of subcortical volumes. Applying a modularity algorithm, CD identifies clusters of
individuals in a network by requiring strong correlation among them (Newman, 2006). CD
was performed in three steps. First, n × n weighted, undirected networks were created by
correlating participants with each other on their normalized factor scores to provide distance
information between subject pairs. For this, a threshold of r = 0.5 was chosen, where reachability
remained equal to 1 (using r values of 0.3 and 0.7 did not change results). Subsequently, a
weight-conserving modularity algorithm was applied to identify distinct communities of
participants in each network (Fair et al., 2012; Rubinov & Sporns, 2011). To obtain the most
optimal partitioning of the network, this algorithm iteratively sorts nodes (participants in this
study) into communities until the modularity (Q) reaches a maximum. Q is the number of edges
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(correlations between participants) falling within communities minus the expected number
in a random network. Q ranges between -1 and 1, with positive values indicating that the
strength of edges within communities is larger than expected at random. In the current study,
all Q-values ranged between 0.45 and 0.49 (Table 3), indicating that the strength of correlations
between participants within communities was very strong, underscoring the robustness of the
network structure. To assess robustness of the community structure, we examined variation of
information (VOI). Briefly, a proportion of edges of a network was randomly perturbed (alpha).
VOI was calculated as the variance between the original and perturbed networks over a range
of alpha, which ranges between 0 and 1 (Karrer, Levina, & Newman, 2008).
All CD analyses were performed in Matlab (Mathworks) and the functions provided by Olaf
Sporns, Mikail Rubinov, and collaborators (Rubinov & Sporns, 2011).

Statistical Analyses
Age was compared between patients and controls using an independent-samples t-test.
Estimated IQ scores were compared between groups with Analysis of Variance (ANOVA) after
regressing the effects of age, IQ assessment instrument, and sampling site. For each community,
we compared subcortical factor scores between cases and controls using t-tests to link to
the previous studies of the ENIGMA-ADHD Working Group (Hoogman, Bralten, et al., 2017).
Starting with the subsample of boys, we also investigated whether ADHD symptom severity
and IQ differed among the communities using ANOVAs; Chi-square tests were used to compare
medication use and the presence of comorbidities between communities. False discovery rate
(FDR) was used to correct for multiple comparisons of case-control differences across age-bins
within the analyses of factor scores and the subcortical volumes, separately. All analyses were
performed in IBM SPSS Statistics 25.

RESULTS
Participant characteristics
Demographics of this sample are described in Table 1. Mean age did not differ between cases
and controls for boys (t = -1.7, p = 0.09), girls (t = 0.14, p = 0.89), men (t = 0.22, p = 0.83), and
women (t = -0.37, p = 0.71). Differences in IQ scores between cases and controls were significant
in boys (F = 44.1, df = 1, p = 5.6e-11), girls (F = 25.6, df = 1, p = 7.1e-7), men (F = 11.3, df = 1,
p = 0.001), but not in women (F = 0.94, df = 1, p = 0.33).
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11.0 (1.9)

103.2 (15.8)

Mean Age (SD)

Mean IQ*
(SD)

Boys

110.4 (14.8)

10.8 (1.9)

430

Controls

103.1 (14.8)

10.3 (1.9)

135

Patients

Girls

112.5 (13.8)

10.4 (1.8)

265

Controls
36.1 (10.1)

32.2 (8.7)
113.3 (14.8)

32.1 (8.9)
108.4 (14.3)

224

Controls

110.5 (15.3)

35.7 (11.0)

Women

108.5 (15.4)

223

241

412

Patients

Controls

Patients

Men

Note: SD: Standard deviation. * IQ: Intelligence quotient. IQ was only available for subsample of patients and controls (see Table S1 for details).

563

Patients

N

Variables

Table 1. Characteristics of participants
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EFA on subcortical volumes
Aiming to limit heterogeneity and maximize power, we started with the largest subsample
available, which was for boys, and performed EFA on residualised subcortical brain volumes.
From the covariance matrix, we extracted three eigenvectors (Figure 1, Table 2). Volumes of
caudate nucleus, globus pallidus, nucleus accumbens, and putamen loaded on the first factor.
We interpreted this first factor as “basal ganglia”. The second factor included hippocampus and
amygdala, and was interpreted as “limbic system”. The third factor comprised only the thalamus.
The three factors accounted for 25%, 16%, and 12% of the total shared variance, respectively
(TLI = 0.92, BIC = -1.45, RMSEA = 0.07).

Figure 1. The three-factor model that was generated by EFA in the boys with estimated factor loadings
of the latent factors. Note: Similar factor models were generated in boys with and without ADHD separately.

We next performed EFA in girls (Figure S1, Table 2). Volumes of caudate nucleus, nucleus
accumbens, and putamen loaded on the first factor; the second factor only included the globus
pallidus; the third factor comprised by the hippocampus, amygdala, and thalamus volume.
The three factors accounted for 16%, 18%, and 20% of the total shared variance, respectively
(TLI = 0.86, BIC = -3.43, RMSEA = 0.10). The comparison of model fitness indicated that this factor
structure (CFI = 0.87, TLI = 0.77, BIC = 39117, AIC = 39053, RMSEA = 0.12) was superior to the one
generated in boys (CFI = 0.82, TLI = 0.69, BIC = 39144, AIC = 39080, RMSEA = 0.14; chi square
difference = 26.4, p = 2.2e-16).
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EFA was also run for adult men and women, separately. In men with and without ADHD, the
same three eigenvectors as in boys were extracted, which accounted for 23%, 17%, and 17%,
respectively, of the total shared variance (TLI = 0.98, BIC = -13.8, RMSEA = 0.04). In women,
three eigenvectors were also found, but the factor structure differed from the others (Figure
S2, Table 2). Volumes of nucleus accumbens and putamen loaded on the first factor. The second
factor included caudate nucleus, globus pallidus, and thalamus. The third factor comprised
hippocampus and amygdala volume. The three factors accounted for 17%, 18%, and 23% of
the total shared variance, respectively (TLI = 0.98, BIC = -12.8, RMSEA = 0.01). Additional model
comparison indicated that this factor structure was superior in the subsample of women
(CFI = 0.51, TLI = 0.06, BIC = 44524, AIC = 44454, RMSEA = 0.29) to the factor structure we
observed in subsamples of males (CFI = 0.43, TLI = -0.01, BIC = 44584, AIC = 44518, RMSEA = 0.30;
chi square difference = 66.6, p = 3.4e-16).
Table 2. The model fitness of EFA in each subsample
Boys

Men

Girls

Women

TLI

0.92

0.98

0.86

0.98

BIC

-1.45

-13.8

-3.43

-12.8

RMSEA

0.07

0.04

0.10

0.04

4

CD on factor scores of subcortical volumes in boys and men
Given that factor structures differed between males and females, subsequent CD results would
have been incomparable between them. For the subsequent CD analyses, we therefore focused
exclusively on boys and adult men, where sample sizes were most appropriate for CD-type
analyses.
In all boys (with and without ADHD), we observed four distinct communities, each comprising
20-30% of the sample (Figure 2; Table 3). Community 1 was characterized by larger volume
in basal ganglia, normal volume in limbic system, and smaller volume of thalamus compared
to the average volume of the whole sample. Community 2 showed opposite characteristics
for basal ganglia and thalamus to Community 1. Community 3 had smaller basal ganglia and
thalamus and larger volume in the limbic system, whereas Community 4 showed the reverse
pattern compared to Community 3. Repeating the analysis in boys with and without ADHD
separately resulted in largely similar findings (Figure 2).

107

147060_Ting_Li_BNW-def.indd 107

26-11-2020 10:47:48

Chapter 4
Table 3. The distribution of participants in subsamples in communities
Subsamples

Total

Patients

Controls

Boys (N)

992

563

430

Community 1

220 (22.2%)

119 (21.1%)

130 (30.3%)

Community 2

270 (27.2%)

167 (29.7%)

95 (22.1%)

Community 3

234 (23.6%)

122 (21.8%)

103 (24.0%)

Community 4

268 (27.0%)

154 (27.4%)

101(23.5%)

Q values

0.45

0.45

0.46

Men (N)

653

412

241

Community 1

201 (30.8%)

127 (30.8%)

102 (42.3%)

Community 2

166 (25.4%)

90 (21.8%)

70 (29.0%)

Community 3

97 (14.9%)

79 (19.2%)

0

Community 4

189 (28.9%)

116 (28.2%)

69 (28.6%)

Q values

0.47

0.46

0.49

Quality control measures, i.e. the quality index (Q value) and VOI (Table3, Figure S3), showed
that these communities were significantly different from subgroups generated from random
networks, and the networks were robust against chance variation. Furthermore, although the
distribution of cases and controls across communities differed among cohorts (Table S2), leaveone-out analyses of the five largest cohorts showed no evidence for specific cohorts driving
the community structure, and the same four communities were found in each analysis.
CD in adult men (with and without ADHD) resulted in four communities similar to those
observed in boys, each accounting for 15-31% of the sample (Figure 2; Table 3; Figure S3).
Cases were distributed across all four communities, but the controls were only present in three
communities, with no healthy men in Community 3. The distribution of cases and controls over
communities is shown in Table S3 for each cohort.

Comparison of subcortical factor scores between patients and controls
in each community
Within each of the four unique communities observed in boys and men, we investigated
whether subjects with and without ADHD showed group differences in volumes for each
of the subcortical factor structures (Table 4, Figure 2). Boys with ADHD in Community 1 and
Community 3 had smaller subcortical volumes in basal ganglia compared to controls; boys
with ADHD in Community 1 also had larger volumes in the limbic system than controls.
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4

Figure 2. Communities generated by CD. A: Communities in boys; B: Communities in men. Note: Lines
represent participants in each community from CD. Y-axis indicates the mean factor scores for each factor.
Error bars: standard error of the mean. * indicates the difference of factor scores between patients and controls
are significant.
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Those with ADHD in Community 2 had smaller volumes in this system than controls. Boys with
ADHD in Community 2 and Community 3 also showed larger volumes for thalamus, and those in
Community 4 had smaller thalamus volume. Effect sizes for boys ranged from d = -0.90 (95%CIs
[-1.17, -0.62]) to d = 0.65 (95%CIs [0.39, 0.90]) (Table 4). In men, no case-control differences at
the factor score level survived FDR correction (Table 4). As a supplementary analysis step,
we also performed case-control comparisons for each individual subcortical volume in each
community and in the entire sample, for both boys (see Supplementary Table S4) and men (see
Supplementary Table S5). We observed several significant case-control differences in boys, and
the effect size ranged from d = -0.69 (95%CIs [ -0.95 - -0.62]) to d = 0.57 (95%CIs [0.31, 0.82]),
In men, pallidum and amygdala volume for Community 1 survived FDR correction (pallidum:
d = 0.43 (95%CIs [0.16 - 0.69]); amygdala: d = -0.34 (95%CIs [-0.60 - -0.07])). Importantly, the
effect sizes of case-control differences within communities were larger than those of the whole
subsample (Table 4, Table S4, and Table S5).

ADHD clinical profiles and comorbidities in communities
Among boys with ADHD, information on the severity of IA and HI symptoms was available for
n = 355 (63.0%) and n = 358 (63.5%), respectively (Table S6). This information was also available
for 135 men with ADHD (32.8%) (Table S7). Neither total ADHD symptoms nor IA/HI symptom
levels differed between communities in either boys or men (not shown). For 491 (87.2%) boys
with ADHD and 270 (65.5%) men with ADHD we had information on IQ available (Table S6/S7);
no association with the communities was observed for IQ (boys with ADHD: F = 0.63, df = 3,
p = 0.60; men with ADHD: F=0.80, df = 3, p = 0.49). For 517 (91.8%) boys with ADHD and 365
(88.6%) men with ADHD, information was also available on mediation use (Table S6/S7). There
was not significant association between medication use and the communities (boys with ADHD:
χ2 = 0.85, p = 0.84; men with ADHD: χ2 = 4.08, p = 0.25). For the analysis of comorbidities, we
concentrated only on the presence or absence of common psychiatric comorbidities in ADHD,
since the assessment of psychiatric comorbidities had been done using varied instruments
across cohorts. Information was available for 311 (55.2%) boys with ADHD. Among them, 120
(38.6%) reported comorbid psychiatric disorders (Table S6). Anxiety and oppositional defiant
disorder (ODD) were most frequently reported, occurring in 9.6% and 16.4%, respectively. There
was neither a difference in the presence of (any) comorbidity between communities (χ2=0.98,
p=0.81), nor were anxiety or ODD more frequently reported in one community compared to
any other (anxiety: χ2 = 4.95, p = 0.18; ODD: χ2 = 5.09, p = 0.17).
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0.44
(0.74)

-0.61
(0.64)

-0.68
(0.72)

0.49
(0.73)

1

2

3

4

0.02
(0.88)

0.74
(0.72)

-0.70
(0.71)

Men a

1

2

Cohen’s d
effect sizes*

-0.10
(0.90)

-0.74
(0.77)

0.59
(0.77)

-0.03
(0.93)

0.36
(0.70)

-0.06
(0.66)

-0.75
(0.73)

0.75
(0.71)

0.13
(0.89)

Patients Controls

Mean factor scores

Boys

Community

0.72

0.13

0.47

0.15

1.8e-10

0.11

1.0e-03

6.1e-05

P value

0.74

0.26

0.53

0.26

4.8e-09

0.23

5.0e-03

4.1e-04

Adjusted
P value

Cohen’s d
(95% CIs)

0.06
(-0.26 - 0.37)

0.20
(-0.06 - 0.46)

0.06
(-0.10 - 0.22)

0.18
(-0.07 - 0.43)

-0.90
(-1.17 - -0.62)

0.21
(-0.04 - 0.46)

-0.42
(-0.67 - -0.17)

-0.26
(-0.38 - -0.13)

Basal ganglia

0.26
(0.63)

-0.15
(0.80)

0.02
(0.85)

-0.65
(0.67)

0.62
(0.77)

-0.10
(0.64)

0.30
(0.72)

-0.01
(0.83)

Patients

0.37
(0.74)

0.07
(0.83)

-0.04
(0.86)

-0.58
(0.70)

0.70
(0.72)

0.14
(0.66)

-0.18
(0.75)

0.01
(0.84)

Controls

Mean factor scores
Adjusted
P value
0.74
6.3e-06
0.02
0.50
0.50

0.44
0.14
0.43

P value
0.74
2.8e-06
4.0e-03
0.43
0.41

0.34
0.05
0.30

0.02
(0.81)
-0.60
(0.67)
0.60
(0.65)
-0.21
(0.63)
0.06
(0.77)

0.03
(0.85)
-0.48
(0.76)
0.27
(0.68)

0.65
(0.39 - 0.90)
-0.37
(-0.63 - -0.12)
-0.11
(-0.37 - 0.16)
-0.10
(-0.35 - 0.15)

0.08
(-0.08 - 0.24)
-0.27
(-0.53 - 0.00)
-0.16
(-0.48 - 0.15)

0.15
(0.59)

-0.65
(0.77)

-0.06
(0.88)

0.59
(0.71)

-0.40
(0.65)

0.37
(0.65)

-0.51
(0.68)

-0.03
(0.82)

Patients Controls

Mean factor scores

-0.02
(-0.15 - 0.10)

Cohen’s d
(95% CIs)

Limbic system

Table 4. Comparison of the mean of three factor scores between ADHD patients and controls in each community

0.24

0.09

0.20

6.6e-08

0.02

0.01

0.40

0.29

P value

0.38

0.21

0.34

8.9e-07

0.08

0.04

0.44

0.43

Adjusted
P value

Thalamus

0.19
(-0.13 - 0.51)

0.22
(-0.04 - 0.49)

0.10
(-0.06 - 0.26)

-0.71
(-0.97 - -0.45)

0.30
(0.04 - 0.57)

0.37
(0.11 - 0.62)

-0.13
(-0.37 - 0.13)

0.07
(-0.06 - 0.19)

Cohen’s d
(95% CIs)
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-0.07
(0.65)

4

-0.24
(0.66)

NA

0.09

NA

P value

0.21

NA

Adjusted
P value
NA

Cohen’s d
(95% CIs)

0.26
(-0.04 - 0.56)

Basal ganglia

-0.42
(0.72)

0.69
(0.83)

Patients

-0.62
(0.71)

NA

Controls

Mean factor scores

0.07

NA

P value

0.19

NA
0.27
(-0.02 - 0.58)

NA

Cohen’s d
(95% CIs)

Limbic system
Adjusted
P value

0.66
(0.73)

-0.34
(0.63)
0.61
(0.70)

NA

Patients Controls

Mean factor scores

0.65

NA

P value

0.70

NA

Adjusted
P value

Thalamus

Note: Adjusted p value: FDR correction across age bins. Significant difference in bold. 95% CIs: 95% Confidence intervals. *Cohen’s s effect sizes come from t-test that compared
mean factor scores between ADHD patients and healthy controls within each community. a Community 3 is absent in men, because no healthy controls were presented. NA= not
available

Cohen’s d
effect sizes*

-0.20
(0.71)

Patients Controls

Mean factor scores

3

Community

Table 4. Continued

0.07
(-0.23 - 0.37)

NA

Cohen’s d
(95% CIs)
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In men with ADHD, 205 (49.8%) had available information; among them, 113 (55.1%) reported
comorbid psychiatric disorders (Table S7). Mood disorder and substance use disorder (SUD)
were most frequently reported, occurring in 32.4% and 22.9% of men with ADHD, respectively.
Presence of (any) comorbidity was more frequent in Community 1 and Community 4 than in the
other two communities (χ2 = 15.63, p = 0.001). Mood disorder and SUD were most frequent in
Community 1 and Community 4 (mood disorder: χ2 = 9.35, p = 0.02; SUD: χ2 = 23.08; p = 2.0e05).

DISCUSSION
In this study, we set out to investigate whether previously reported small effect sizes of casecontrol brain volume differences in ADHD might be explained by (structured) heterogeneity
and whether parsing heterogeneity could identify behaviorally and/or clinically meaningful
subgroups. Factor analysis of volumetric covariance indicated that the latent structure of
subcortical volumes consists of basal ganglia, limbic system, and thalamus in male participants.
Different latent factors seemed to underlie subcortical organization in females. Given sample
sizes considerations, we concentrated all subsequent analyses on males. Among them, we
discerned four distinct communities, one of which did not comprise any healthy adult males.

4

In the subsample of boys, effect sizes of several case-control differences were larger within
specific communities than in the total sample. The substructure of the brain volumes did not
seem to have a behavioral correlate at the level of ADHD symptom severity, but men with ADHD
in two communities more frequently reported the presence of comorbidities than those within
the other two communities.
Similar factor structures of subcortical brain volumes existed in boys and men, regardless of
ADHD status. The observed three-factor structure - basal ganglia, limbic system, and thalamus
- is consistent with functional neuroanatomy and neurodevelopmental connections (Hibar et
al., 2015). Interestingly, factor structures differed between male and female participants, and
also among females across the lifespan. Sex differences in subcortical brain volumes have
consistently been reported in previous studies. Some studies reported larger volumes of
amygdala, pallidum, and putamen in males (Cheng et al., 2009; Rijpkema et al., 2012); Other
studies observed larger hippocampus, caudate nucleus, and thalamus in females (Kiraly et al.,
2016; Luders, Gaser, Narr, & Toga, 2009; Takahashi, Ishii, Kakigi, & Yokoyama, 2011). However,
this is the first paper to report on different correlations between subcortical structures in the
two sexes. It is interesting to speculate, whether such differences in subcortical brain volume
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organization may be related to differences in ADHD presentation and comorbidity profiles
between sexes.
Both boys and men could be separated into communities based on subcortical volume
modularity. The community structure observed was similar in cases and controls, as has
been observed also in cognitive investigations of ADHD (Fair et al., 2012; Mostert et al., 2018),
providing further evidence that heterogeneity among individuals with ADHD is ‘nested’ in
normal variation (Fair et al., 2012). In the present study, four communities were observed
in boys with and without ADHD and in men with ADHD, while in healthy men, only three
communities were present. It seemed like community structure in healthy men simplified from
four to three communities, whilst patients retained a four-community distribution. Using the
same methodology in the ENIGMA-ASD cohorts, we found a similar community structure in
individuals with ASD and healthy controls; the number of communities went from four in boys
to three in male adolescents and men (Li et al., 2020). The retention of the four-community
structure in ADHD may thus be consistent with findings of delayed maturation in ADHD
(Hoogman, Bralten, et al., 2017; Hoogman et al., 2019; Shaw et al., 2018), but more research in
longitudinal samples is clearly needed.
Effect sizes for case-control differences reported for subcortical volumes have always been
small. The largest study of subcortical brain volumes in ADHD, performed by the ENIGMAADHD Working Group, reported effect sizes ranging from d =-0.19 to -0.10 across the lifespan,
with largest effects in children (Hoogman, Bralten, et al., 2017). Case-control differences within
each community showed that (a) not every community had significant differences for a specific
volume, and (b) among those communities showing significant differences at the factor level,
effect sizes ranged from d =-0.90 (95%CIs [-1.17, -0.62]) to 0.65 (95%CIs [0.39, 0.90]), which were
considerably larger than the largest effect size observed in the full cohort, which was -0.26
(95%CIs [-0.38, -0.13]) (Table 3). Similar trends were also present for individual subcortical brain
volumes (Tables S4 and S5). The current results highlight the neuroanatomical heterogeneity
in the population and suggest that brain-based ADHD subtypes may exist.
As in the ENIGMA-ADHD and previous meta-analyses, case-control differences in the basal
ganglia factor all pointed to smaller volumes in ADHD patients (Hoogman, Bralten, et al., 2017).
More differentiated results were observed for the limbic system and thalamus. For the limbic
system (and its components, amygdala and hippocampus), larger volumes were seen in boys
with ADHD in Community 1, whereas the cases in Community 2 had smaller volumes. For
the thalamus, we observed larger volumes in individuals with ADHD in Community 2 and
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Community 3, whereas those with ADHD in Community 4 had smaller volumes than healthy
controls. Such findings indicate that the direction of ADHD effects on subcortical volumes
may differ between communities. The effects may (partially) be cancelled out if analyzing the
whole sample containing such subgroups. Looking at the inconsistent findings reported in
literatures, different studies may have thus included different proportions of specific ADHD
communities. Our finding may therefore reconcile inconsistencies in the direction of ADHD
effects reported on subcortical volumes in previous studies. Case-control differences were not
significant in adult males. This result corroborates the earlier findings that developmental brainstructural differences observed with MRI in ADHD may normalize in adulthood (Hoogman,
Bralten, et al., 2017; Hoogman et al., 2019; Shaw et al., 2018). To analyze the significance of the
brain-structure-based communities for clinical presentation of ADHD, we explored potential
differences between ADHD patients in the different communities. The communities did not
appear to be associated with the severity of ADHD symptoms, IQ and medication use. This
might have been a result of our limited sample size for these analyses, but our earlier study
did not reveal significant association between subcortical volumes and ADHD symptoms
score using meta-analysis (Hoogman, Bralten, et al., 2017). Similarly, our earlier study also
found IQ did not account for case-control difference in subcortical volumes and no effect of

4

medication use on subcortical volumes in patients (Hoogman, Buitelaar, et al., 2017). We did
find some indication of clinical relevance of the communities when analyzing the presence
of comorbidity: adult males with ADHD in Community 1 and Community 4 more frequently
reported comorbidities than those in the other two communities, in particular mood disorder
and SUD. Community 1 and Community 4 were characterized by relatively larger basal ganglia
across the entire sample, which may be consistent with a previous study reporting increased
basal ganglia volume in long-term substance abusers (Moreno-Alcázar et al., 2018). The lack
of significant associations with symptom severity and the limited findings for comorbidities
may be due to insufficient power of the analyses in individual communities. Replication in
independent samples with larger sample sizes is needed.
The strengths of the current study include the use of the large sample size of the ENIGMAADHD dataset to explore neuroanatomic subgroups, which provides us with the opportunity
to better understand the small effect sizes of case-control differences in ADHD. The ENIGMAADHD dataset converged brain imaging data from over 35 cohorts, which were analyzed using
standardized protocols to harmonize segmentation and quality control processes. The large
sample size and harmonized procedures may blend random fluctuations in each cohort. A
potential limitation is the arbitrariness of using the modularity algorithm; the application of
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different classification methodologies could result in different communities. However, in this
study, we applied a widely used technique and obtained a consistent approximation across
two subsamples (boys & men). Our group has applied the same modularity algorithm for
neuropsychological performance, which included six input variables (Mostert et al., 2018). From
that study, we learned that CD may lead to instable results when there are too many degrees of
freedom. In the current study, we thus applied EFA step to explore latent structure in subcortical
brain volumes before running CD, which also helped us to constrain the complexity. EFA also
provided interesting information resulted in the basic organization of the subcortical brain
volumes and served as a check of underlying correlations of subcortical structures correlations
between groups. A second limitation was the heterogeneity of the ENIGMA-ADHD dataset,
where several different diagnostic instruments had been used, and the fact that sample sizes
were dramatically lower when we examined associations within single communities. Thirdly, we
only focused on subcortical brain volumes in this study, as these have been most consistently
associated with ADHD. However, differences between ADHD patients and controls are also
observed in cortical measures, especially in surface area (Hoogman et al., 2019). Therefore,
the clinical relevance of communities might be increased when cortical features are taken into
account. Lastly, because factor structures differed between males and females, we only applied
CD analyses in the male samples which provided more power than the female samples due to
their larger sample sizes. The neuroanatomic profiles of subcortical brain volumes in females
and the heterogeneity among genders requires further study.
To conclude, using subcortical MRI data from the ENIGMA-ADHD Working Group, we were able
to stratify our sample into neuroanatomically more homogeneous subgroups with preliminary
links to the clinical presentation of ADHD. Our study may provide groundwork for future studies
that parse neuroanatomical heterogeneity to increase our understanding of ADHD biology
and pathology.
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37

105

53

112

47

146

39

ADHD_UKA

ADHD200_KKI

ADHD200_
NYU

ADHD200_
OHSU

ADHD200_
Peking

Bergen_SVG

13

67

43

70

32

29

0

male female

ADHD_Rubia

Sample

N

10.1 (1.3)

11.4 (1.8)

9.3 (1.3)

10.5 (2.1)

10.3 (1.4)

10.8 (1.3)

12.3 (1.1)

Age (SD)

2

15

23

33

9

31

5

N
missingness

5.3

5.3

5.3

5.3

5.3

5.3

5.3

Freesurfer
version

Table S1. Additional information of methods in each participating site.

SUPPLEMENTARY

3 Tesla

3 Tesla

3 Tesla

3 Tesla

1.5 Tesla

3 Tesla

3 Tesla

Field
strength

DSM-IV

DSM-IV

DSM-IV

DSM-IV

DSM-IV

DSM-IV/ICD10

DSM-IV

Classification
for diagnosis

ADHD Rating
Scale IV (ADHDRS)
K-SADS-PL

Conners Parent
Rating scale 3rd
edition

German Parental
and Teacher
Report on ADHD
Conners Parent
Rating scale
revised Long
version (CPRSLV)
Conners Parent
Rating scale
revised Long
version (CPRSLV)

SDQ for HI and
Conners t-score
for IA

Instrument
for symptom
rating

K-SADS-PL

NA

NA

NA

NA

K-SADS-PL

Instrument
for
comorbidity
assessment
Comorbid
disorders were
exclusion
criteria

WISC-IV

51

212

90

Block Design,
Vocabulary and
information
subtests of
WISC-IV
WISCC-R

177

85

119

36

N for IQ
available

WASI

WISC-IV

NA/ CPM/WASI/
WISC-IV full
scale

WASI

IQ instrument
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N

45/46

31/5

21/4

NeuroImage
_ADAM*

NeuroImage
_NIJM*

19

DAT_London

EPOD*

33

19/2

9/3

0/0

0

15

male female

CAPS_UZH

Sample

Table S1. Continued

12.6 (1.3)
/23.5 (0.5)
6/0

4/4

5/0

10.8 (0.9)
/28.1 (4.6)

13.3 (0.9)
/23.1 (0.4)

0

6

N
missingness

13.1 (0.7)

11.2 (1.6)

Age (SD)

5.3

5.3

5.3

5.3

5.3

Freesurfer
version

1.5 Tesla

1.5 Tesla

3 Tesla

3 Tesla

3 Tesla

Field
strength

DISC-IV/MINIPlus

NA

DBD-RS/ADHDRS

K-SADS-PL

K-SADS-PL

DSM-IV

DSM-IV

DSM-IV

DSM-IV

K-SADS-PL

K-SADS-PL

NA

Parent Conners

DSM-IV

Instrument
for
comorbidity
assessment
K-SADS-PL

Instrument
for symptom
rating

Classification
for diagnosis
NA
Vocabulary,
Similarities,
Picture
Completion
and Block
Design, and
information
subtests of
WISC-IV
Vocabulary and
Block Design of
WISC-IIIR/DART
Vocabulary
and Block
Design, and
information
subtests of
WISC-IV
Vocabulary
and Block
Design, and
information
subtests of
WISC-IV

IQ instrument

40/6

40/8

NA

19

47

N for IQ
available
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N

51

22

ZI-CAPS

ADHD WUE

17/14

UCHZ*

44/77

127

NICHE

UAB-ADHD*

95

53

13/38

10

13/12

22

46

male female

NICAP

Sample

Table S1. Continued

5

0/0

10.2 (2.5)
/35.2 (8.1)
40.8 (11.0)

1

2/2

10.8 (1.6)
/35.0 (9.3)
12.6 (1.3)

2

28

N
missingness

10.2 (1.7)

9.9 (0.5)

Age (SD)

5.3

5.3

5.3

5.3

5.1

5.3

Freesurfer
version

1.5Tesla

3 Tesla

3 Tesla

3 Tesla

1.5Tesla

3 Tesla

Field
strength

DSM-IV

DSM-IV

DSM-IV

NA

DSM-IV

DSM-IV

Classification
for diagnosis

NA
SCID1

DSM-IV
interview

MWT-B

Subscales of
HAWIK-IV/ WISC

Subscales of
HAWIK-IV

ODD and CD
with structured
clinical
interview

Teachers
Conners Kiddie
SADS
NA

HAWIK-IV

WASI
vocabulary
matrix
reasoning
Vocabulary
and Block
Design, and
information
subtests of
WISC-III

IQ instrument

KSADS-PL

DSM-IV

DISC-IV

Instrument
for
comorbidity
assessment

Parent Conners

NA

NA

Instrument
for symptom
rating

93

10/NA

32

30/21

149

97

N for IQ
available
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N

14

14

43

86

61

98
34
80
13

ADHD-DUB2

ADHD-Mattos

Bergen_
adultADHD

IMpACT_NL

MGH_ADHD

MTA
NYU-ADHD
SAOPAULO
Tuebingen

23
27
35
3

61

126

46

7

3

8

24.8 (1.2)
35.0 (8.3)
29.1 (4.9)
30.9 (6.1)

38.9 (10.7)

37.5 (10.6)

32.1 (6.4)

25.3 (2.7)

35.3 (10.1)

27.1 (6.7)

Age (SD)

0
0
0
0

2

4

0

0

0

5

N
missingness

5.3
5.3
5.3
5.3

5.1

5.3

5.3

5.1

5.3

5.3

Freesurfer
version

3Tesla
3Tesla
1.5Tesla
3Tesla

1.5Tesla

1.5Tesla

3Tesla

3Tesla

1.5Tesla

3Tesla

Field
strength

Note: * Cohorts included both children and adult participants. NA = not available.

13

male female

ADHD-DUB1

Sample

Table S1. Continued

SCID1&2

SCID1

DSM-IV
interview

DSM-IV
interview
NA
NA
NA
NA

DSM-IV

DSM-IV
DSM-IV
DSM-IV
NA
NA

NA
SCID1
SCID1
NA

NA

NA

MINI

SCID1

DSM-IV/
ICD-10

DSM-IV

Conners Adults
ADHD rating
scale observer
K-SADS adapted
for adults

SCID1

Conners Adults
ADHD rating
scale observer

DSM-IV

DSM-IV

Instrument
for
comorbidity
assessment

Instrument
for symptom
rating

Classification
for diagnosis

Vocabulary and
block design
subtests of
WASI
Vocabulary and
block design
subtests of
WASI
WISC-III
WASI
WASI
NA

WASI

WASI

119
59
87
NA

121

212

62

21

NA

16

Verbal
comprehension,
perceptual,
reasoning,
working
memory and
processing
speed subtests
of WAIS-IV
NA

N for IQ
available

IQ instrument
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5 (6.5%)

5 (45.5%)
25 (55.6%)

19 (24.7%)

3 (15.8%)

18 (25.4%)

9 (47.4%)

4 (21.1%)

0

1 (2.2%)

ADHD200_NYU*

ADHD200_OHSU

ADHD200_Peking

Bergen_SVG

CAPS_UZH

DAT_London

6 (85.7%)

8 (50.0%)

UAB-ADHD

UCHZ

ZI-CAPS
174 (30.9%)

4 (25.0%)

25 (39.7%)

17 (34.0%)

3

133 (23.6%)

4 (25.5%)

0

2 (8.7%)

8 (12.7%)

10 (20.0%)

0

0

18 (40.0%)

6 (54.5%)

12 (63.2%)

9 (47.4%)

14 (19.7%)

4 (21.1%)

7 (9.1%)

0

23 (27.4%)

16 (72.7%)

146 (25.9%)

0

1 (14.3%)

9 (39.1%)

24 (38.1%)

15 (30.0%)

9 (60.0%)

7 (87.5%)

1 (2.2%)

0

0

1 (5.3%)

18 (25.4%)

4 (21.1%)

46 (59.7%)

7 (50.0%)

4 (4.8%)

0

4

1

110 (25.6%)

4 (66.7%)

6 (60.0%)

12 (60.0%)

5 (7.8%)

8 (17.8%)

0

9 (39.1%)

NA

0

3 (21.4%)

6 (30.0%)

25 (33.3%)

8 (28.6%)

9 (25.7%)

9 (23.1%)

1 (4.8%)

5 (33.3%)

96 (22.4%)

0

0

0

25 (39.1%)

14 (31.1%)

0

2 (8.7%)

NA

8 (100.0%)

2 (14.3%)

2 (10.0%)

20 (26.7%)

15 (53.6%)

0

2 (5.1%)

6 (28.6%)

0

2

101 (23.5%)

2 (33.3%)

1 (10.0%)

5 (25.0%)

9 (14.1%)

17 (37.8%)

0

1 (4.3%)

NA

0

9 (64.3%)

12 (60.0%)

16 (21.3%)

4 (14.3%)

1 (2.7%)

1 (2.6%)

13 (61.9%)

10 (66.7%)

3

Controls-Community (%)

122 (28.4%)

0

3 (30%)

3 (15.0%)

25 (39.1%)

6 (13.3%)

6 (100.0%)

11 (47.8%)

NA

0

0

0

14 (18.7%)

1 (3.6%)

25 (71.4%)

27 (69.2%)

1 (4.8%)

0

4

Note: The distribution of participants based on factor scores derived from EFA on boys (with and without ADHD). * Cohorts involved in leave-one-out analyses. NA = not
available.

110 (19.5%)

0

6 (9.5%)

10 (43.5%)

NICHE

Total

2 (8.7%)

8 (16%)

0

6 (40.0%)

NeuroImage_NIJM

NICAP

1 (12.5%)

0

3 (15.8%)

0 (0%)

21 (29.6%)

8 (42.1%)

NeuroImage_ADAM

EPOD

4 (28.6%)

ADHD200_KKI*

54 (64.3%)

3 (3.6%)

3 (21.4%)

ADHD_UKA*

0

2

6 (27.2%)

1

Patients-Community (%)

ADHD_Rubia*

Sample

Table S2. The distribution of boys (patients/controls) in each community
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1 (3.7%)

ADHD WUE

8 (20%)

2 (28.6%)

127 (30.8%)

UCHZ

Total

0

103 (25.0%)

1 (14.3%)

20 (50.0%)

7 (53.8%)

14 (30.4%)

0

1 (25%)

0

8 (11.4%)

3

62 (15.0%)

1 (14.3%)

7 (17.5%)

3 (23.1%)

6 (13.0%)

6 (37.5%)

0

0

8 (11.4%)

1 (2.9%)

0

12 (26.1%)

9 (37.5%)

4 (14.8%)

1 (7.1%)

3 (21.4%)

1 (14.3%)

4

NA

2 (28.6%)
63 (26.1%)

0
74 (30.7%)

3 (42.9%)

5 (12.5%)
120 (29.1%)

NA

5 (14.7%)

NA

0
13 (38.2%)

14 (77.8%)

21 (56.8%)

NA

NA

NA

3 (8.8%)

NA

NA

35 (14.5%)

1 (14.3%)

9 (24.3%)

4 (22.2%)

NA

NA

2 (7.1%)

0
6 (21.4%)

8 (28.6%)

0

0

NA

26 (100%)

NA
5 (11.9%)

9 (47.4%)

1 (5.3%)

NA

5 (20.8%)

15 (62.5%)

0
9 (47.4%)
4 (9.5%)

NA

NA
NA

NA
NA

3

0

2 (33.3%)

2

1
4 (66.7%)

4 (10.8%)

0

21 (45.7%)

0

1 (25%)

1 (20%)

33 (47.1%)

0

35 (79.5%)

4 (8.7%)

0

7 (25.9%)

3 (21.4%)

5 (35.7%)

2 (28.6%)

Controls-Community (%)

Note: The distribution of participants based on factor scores derived from derived from EFA on men (with and without ADHD). NA = not available.

3 (23.1%)

UAB-ADHD

2 (50%)

NeuroImage_NIJM

Tuebingen

4 (80%)

NeuroImage_ADAM

5 (10.9%)

21 (30%)

10 (62.5%)

34 (97.1%)

MGH_ADHD

MTA

SAOPAULO

2 (4.5%)

NYU-ADHD

21 (45.7%)

9 (19.6%)

EPOD

IMpACT_NL
7 (15.9%)

1 (4.2%)

15 (55.6%)

2 (14.3%)

14 (58.3%)

Bergen_adultADHD

0

8 (57.1%)

ADHD-DUB2
6 (42.9%)

2
0

1

Patients-Community (%)

4 (57.1%)

ADHD-Mattos

ADHD-DUB1

Sample

Table S3. The distribution of adult men (patients/controls) in each community

69 (28.6%)

4 (57.1%)

3 (8.1%)

NA

13 (38.3%)

0

NA

NA

12 (42.9%)

0

33 (78.6%)

NA

0

4 (16.7%)

NA

NA

0

4
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Thalamus

Hippocampus

Amygdala

Pallidum

Putamen

Caudate

Accumbens

Total sample
Mean volume
Adjusted Cohen’s d
Patients/
P value
P value
(95% CIs)
Controls
683.5 (112.5)/
-0.16
0.013
0.04
702.6 (118.2)
(-0.29 - -0.03)
4117.4 (561.2)/
-0.15
0.02
0.06
4217.7 (550.7)
(-0.28 - -0.03)
6274.0 (714.0)/
-0.24
2.0e-05 2.0e-03
6448.5 (735.3)
(-0.36 - -0.11)
1840.5 (247.8)/
-0.14
0.03
0.08
1880.8 (259.7)
(-0.27 - -0.01)
1633.5 (202.4)/
-0.15
0.03
0.05
1668.1 (216.5)
(-0.28 - -0.03)
4284.3 (476.6)/
0.14
0.03
0.07
4249.8 (447.8)
(0.02 - 0.27)
7867.0 (854.7)/
0.06
0.30
0.46
7871.6 (733.5)
(-0.06 - 0.19)
Mean volume
Patients/
Controls
750.7 (112.7)/
760.2 (111.4)
4088.1 (488.0)/
4351.3 (538.6)
6645.4 (593.9)/
6993.3 (615.3)
1805.5 (201.1)/
1971.7 (206.5)
1687.2 (179.7)/
1665.2 (209.2)
4214.9 (434.1)/
4131.8 (402.5)
7327.8 (709.6)/
7608.0 (707.7)
0.68

1.3e-06

4.5e-06

1.0e-06

5.0e-03

0.04

0.68

Mean volume
Adjusted Cohen’s d
Patients/
P value
(95% CIs)
Controls
0.05
616.6 (90.2)/
0.72
(-0.20 - 0.30) 625.0 (102.5)
-0.26
4142.0 (582.1)/
0.11
(-0.51 - -0.01) 3983.3 (572.7)
-0.36
5897.4 (575.4)/
0.02
(-0.61 - -0.11) 5787.7 (603.9)
-0.63
1843.1 (218.8)/
2.1e-05
(-0.89 - -0.38) 1721.4 (250.2)
0.45
1613.9 (188.3)/
3.0e-03
(0.20 - 0.70) 1638.4 (184.9)
0.57
4427.3 (437.1)/
1.6e-04
(0.31 - 0.82) 4367.3 (422.7)
-0.05
8372.5 (782.1)/
0.72
(-0.30 - 0.20) 8116.7 (661.1)

Community 1
P value

Table S4. Comparison of subcortical brain volumes of each community in subsample of boys

0.10

0.84

3.0e-03

1.0e-04

0.44

0.11

0.34

P value

0.22

0.84

0.02

1.0e-03

0.58

0.23

0.51

Adjusted
P value

Cohen’s d
(95% CIs)
-0.12
(-0.38 - 0.13)
0.20
(-0.05 - 0.46)
0.10
(-0.15 - 0.35)
0.51
(0.25 - 0.76)
-0.38
(-0.64 - -0.13)
-0.03
(-0.28 - 0.23)
0.21
(-0.04 - 0.46)

Community 2
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2.0e-06
3.0e-04
5.8e-07
5.7e-06
0.01
0.07
0.01

673.3 (95.2)/
731.3 (111.4)

3870.7 (530.7)/
4149.2 (487.7)

5941.7 (671.8)/
6339.7 (609.0)

1640.3 (199.7)/
1756.1 (212.7)

1727.7 (210.9)/
1809.5 (208.7)

4504.2 (465.9)/
4494.1 (410.6)

7694.1 (809.3)/
7683.2 (701.6)

Accumbens

Caudate

Putamen

Pallidum

Amygdala

Hippocampus

Thalamus
0.04

0.15

0.04

1.0e-03

1.8e-05

2.0e-03

3.1e-05

Adjusted
P value

Community 3

0.34
(0.08 - 0.61)

0.25
(-0.02 - 0.51)

-0.35
(-0.62 - -0.09)

-0.55
(-0.82 - -0.28)

-0.69
(-0.96 - -0.42)

-0.49
(-0.76 - -0.22)

-0.65
(-0.93 - -0.38)

Cohen’s d
(95% CIs)
P value
4.0e-03
0.38
0.02
0.15
0.19
0.22
2.6e-07

Mean volume
Patients/Controls
712.2 (106.3)/
672.4 (97.4)
4310.5 (541.5)/
4335.8 (527.5)
6661.0 (616.1)/
6479.7 (539.1)
2024.4 (213.5)/
2049.6 (221.6)
1537.9 (180.8)/
1555.6 (182.7)
4007.2 (408.1)/
4042.0 (415.9)
7873.7 (761.4)/
8172.7 (684.4)

1.6e-05

0.37

0.32

0.28

0.07

0.56

0.02

Adjusted
P value

Community 4

Note: Adjusted p value: FDR correction across age bins. 95% CIs: 95% Confidence intervals. Mean volumes were regressed for age, age^2, ICV and sampling sites.

P value

Mean volume
Patients/Controls

Table S4. Continued

-0.68
(-0.94 - -0.42)

-0.16
(-0.41 - 0.09)

-0.17
(-0.42 - 0.08)

-0.19
(-0.44 - 0.07)

0.30
(0.04 - 0.55)

-0.11
(-0.36 - 0.14)

0.38
(0.23 - 0.63)

Cohen’s d
(95% CIs)
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Thalamus

Hippocampus

Amygdala

Pallidum

Putamen

Caudate

Accumbens

Mean volume
Patients/Controls
636.9 (127.8)/
647.7 (144.7)
3972.9 (528.9)/
3922.0 (520.7)
5910.3 (733.7)/
5890.6 (732.9)
1760.8 (262.5)/
1738.1 (233.8)
1631.9 (200.3)/
1629.0 (210.9)
4383.0 (464.6)/
4226.8 (501.0)
8121.6 (870.3)/
8059.9 (919.3)
0.59

0.14

0.63

0.18

0.41

0.17

0.68

0.72

0.28

0.72

0.32

0.58

0.31

0.72

Total sample
Adjusted
P value
P value
Cohen’s d
(95% CIs)
-0.04
(-0.20 - 0.12)
0.11
(-0.04 - 0.27)
0.07
(-0.09 - 0.23)
0.11
(-0.05 - 0.27)
0.04
(-0.12 - 0.20)
0.12
(-0.04 - 0.28)
0.04
(-0.12 - 0.20)

Mean volume
Patients/Controls
736.2 (124.6)/
757.5 (120.2)
3999.0 (602.2)/
3962.1 (525.7)
6434.4 (655.3)/
6291.6 (681.2)
1831.5 (253.7)/
1735.8 (200.8)
1643.4 (190.2)/
1703.7 (204.0)
4192.7 (463.0)/
4204.3 (522.7)
7617.4 (790.3)/
7560.4 (823.2)

Table S5. Comparison of subcortical brain volumes of each community in subsample of adult men

0.84

0.77

0.01

1.0e-03

0.06

0.68

0.24

0.84

0.79

0.04

0.01

0.14

0.72

0.39

Community 1
Adjusted
P value
P value
Cohen’s d
(95% CIs)
-0.16
(-0.42 - 0.10)
0.06
(-0.21 - 0.32)
0.25
(-0.01 - 0.52)
0.43
(0.16 - 0.69)
-0.34
(-0.60 - -0.07)
-0.04
(-0.30 - 0.22)
0.03
(-0.24 - 0.29)
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Mean volume
Patients/Controls
553.9 (92.8)/
553.7 (104.9)
3845.2 (494.1)/
3796.9 (541.7)
5406.1 (563.0)/
5507.8 (646.0)
1654.9 (244.0)/
1610.1 (221.9)
1643.5 (159.4)/
1676.5 (163.5)
4603.9 (339.0)/
4621.5 (444.4)
8399.8 (765.2)/
8286.6 (698.3)
0.49

0.69

0.26

0.11

0.64

0.42

0.50

0.63

0.72

0.42

0.23

0.72

0.58

0.64

Community 2
Adjusted
P value
P value
Cohen’s d
(95% CIs)
0.11
(-0.21 - 0.42)
0.13
(-0.19 - 0.44)
-0.07
(-0.39 - 0.24)
0.26
(-0.06 - 0.57)
-0.18
(-0.50 - 0.13)
-0.06
(-0.38 - 0.25)
0.11
(-0.20 - 0.43)

Mean volume
Patients/Controls
583.5 (86.9)/
580.6 (97.5)
4021.7 (476.0)/
3989.6 (474.8)
5790.8 (596.4)/
5686.2 (590.3)
1879.1 (240.6)/
1871.2 (219.5)
1508.7 (161.2)/
1470.5 (178.1)
4246.5 (427.4)/
4208.9 (392.1)
8637.2 (749.6)/
7568.1 (890.0)
0.42
0.63
0.19
0.72
0.12
0.58
0.67

0.27
0.49
0.09
0.65
0.05
0.43
0.54

Community 4
Adjusted
P value
P value
Cohen’s d
(95% CIs)
0.16
(-0.13 - 0.47)
0.10
(-0.20 - 0.41)
0.26
(-0.04 - 0.56)
0.07
(-0.23 - 0.37)
0.30
(0.00 - 0.61)
0.12
(-0.18 - 0.42)
0.09
(-0.21 - 0.39)

Note: Adjusted p value: FDR correction across age bins. 95% CIs: 95% Confidence intervals. Mean volumes were regressed for age, age^2, ICV and sampling sites.

Thalamus

Hippocampus

Amygdala

Pallidum

Putamen

Caudate

Accumbens

Table S5. Continued
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16/0

355/15

ZI-CAPS

Total

71/0

491

16/0

7/0

9/14

63/0

49/1

15/0

8/0

11/0

19/0

18/1

76/8

175/342

10/6

4/3

23/0

50/13

20/30

15/0

5/3

NA

10/1

12/6

0/19

22/62

0/71

0/19

0/77

0/14

4/18

Medication a
(yes/no)

311/3

16/0

7/0

NA

63/0

50/0

15/0

8/0

NA

11/0

17/2

19/0

83/1

NA

NA

NA

NA

22/0

Comorbidities b
Available/missing

120/191

1/15

0/7

NA

32/31

21/29

9/6

3/5

NA

0/11

2/15

15/4

29/54

NA

NA

NA

NA

0/22

Comorbidities
(yes/no)

25/236

NA

0/7

NA

0/63

13/37

NA

NA

NA

NA

0/17

6/13

6/77

NA

NA

NA

NA

0/22

Anxiety
(yes/no)

50/254

1/15

0/7

NA

22/41

7/43

NA

NA

NA

NA

0/17

10/9

10/73

NA

NA

NA

NA

0/22

ODD
(yes/no)

Note: * n=21 participants have HI symptoms information. a medication: current psychostimulant use or ever used stimulant medication. b comorbidities: lifetime or current
comorbidity. NA: = available.

NA
7/0

NA

UCHZ

NA

NICAP

NICHE

UAB-ADHD

8/0
15/0

NA

EPOD

NeuroImage_ADAM

NA

DAT_London

NeuroImage_NIJM

19/0
18/0

Bergen_SVG

ADHD_UKA

CAPS_UZH

66/5
84/0

ADHD200_Peking

19/0

75/0

77/0
16/3

ADHD200_NYU

ADHD200_OHSU

11/3

21/1
14/0

18/4

IQ
Available/missing

ADHD200_KKI

ADHD symptoms
Available/missing

ADHD_Rubia*

Sample

Table S6. vADHD symptoms, IQ, comorbidities, and medication information in each cohort in boys with ADHD
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NA
NA
NA
NA
5/2
135

NYU ADHD

SAOPAULO

Tuebingen

UAB-ADHD

UCHZ

Total
270/142

7/0

NA

NA

38/8

15/1

4/0

5/0

69/1

34/1

44/0

14/10

21/6

14/0

138/227

5/2

0/40

0/12

12/34

6/10

3/1

5/0

0/70

24/11

30/14

15/9

15/12

9/5

8/6

6/1

Medication a
(yes/no)

1/0
3/9

32/3
NA
0/3
1/3

35/0
NA
3/2
4/0

NA

NA
0/2

NA
NA
0/2
113/92

NA
NA
2/5
205/14

61/127

NA

8/38

7/7
8/38

14/2
46/0

NA

NA

20/15

15/21

NA
33/11

1/13
8/13

6/8
17/5

14/0
22/5
NA

1/6
4/10

5/2
4/10

7/0
14/0

44/0

Mood disorder
(yes/no)

Comorbidities
(yes/no)

Comorbidities b
Available/missing

41/138

0/2

NA

NA

0/46

2/9

-

NA

NA

22/13

7/23

NA

4/17

2/12

0/14

4/2

SUD
(yes/no)

Note: SUD: substance use disorder. a medication: current psychostimulant use or ever used stimulant medication. b comorbidities: lifetime or current comorbidity. NA= not
available.

5/0

MTA
4/0

NA

MGH_ADHD

NeuroImage_NIJM

35/0

IMpACT_NL

NeuroImage_ADAM

NA
37/7

Bergen_adultADHD

14/0
15/12

ADHD_Mattos

ADHD_WUE

0/14

5/2

6/1
14/0

ADHD_DUB1

IQ
Available/missing

ADHD symptoms
Available/missing

ADHD_DUB2

Sample

Table S7. ADHD symptoms, IQ, comorbidities and mediation information in each cohort in adult men with ADHD
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Figure S1. The three-factor model that was generated by EFA in girls with estimated factor loadings of
the latent factors.

Figure S2. The three-factor model that was generated by EFA in adult women with estimated factor
loadings of the latent factors.
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Figure S3. Scree plot of EFA in each subsample.
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Figure S4. VOI in each subsample. VOI: variation of information. alpha: the proportion of edges of a network that was randomly perturbed.
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Dissecting the heterogenous subcortical brain
volumes of Autism spectrum disorder (ASD)
using community detection
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ABSTRACT
Background: Structural brain alterations found in Autism Spectrum Disorder (ASD) have
previously been very heterogeneous, with overall limited effect sizes for every region
implicated. In this study, we aimed at exploring the existence of subgroups in ASD, based on
neuroanatomic profiles; we hypothesized that effect sizes of case/control difference would be
increased in defined subgroups.
Method: Using the dataset from the ENIGMA-ASD Working Group (n=2661), exploratory factor
analysis (EFA) was applied on seven subcortical volumes of individuals with ASD and controls
to uncover the underlying organization of subcortical structures. Based on earlier findings in
ADHD patients and controls as well as data availability, we focused on three age groups: boys
(aged 4-14 years), male adolescents (aged 14-22 years), and adult men (aged >=22 years). The
resulting factor scores were used in a community detection (CD) analysis, to cluster participants
into subgroups.
Results: Three factors were found in each sample, with the factor structure in adult men
differing from that in boys and male adolescents. From the patterns in these factors, CD
uncovered four distinct communities in boys and three communities in adolescents and
adult men, irrespective of ASD diagnostic status. The effect sizes of case/control comparisons
appeared more pronounced than in the whole sample in some communities.
Conclusion: Based on subcortical volumes, we succeeded in stratifying our participants
into more homogeneous subgroups with similar brain structural patterns. The stratification
enhanced our ability to observe case/control differences of subcortical brain volumes in ASD,
and may help explain some of the heterogeneity of previous findings in ASD.
Key words: ASD, subcortical volume, neuroanatomic heterogeneity, Community detection
(CD)
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INTRODUCTION
Autism spectrum disorder (ASD) is a neurodevelopmental disorder, which is characterized by
persistent deficits in communication and social-emotional reciprocity combined with repetitive
and stereotypical behaviors and interests (APA, 2013). The worldwide prevalence estimate for
ASD is around 1,4% (Baird et al., 2006; Christensen et al., 2016; Elsabbagh et al., 2012), with an
estimated 3:1 higher prevalence rate in males than in females (Kim et al., 2011; Loomes, Hull,
& Mandy, 2017).
Structural brain alterations have been reported in ASD for several decades (Amaral, Schumann,
& Nordahl, 2008), with particularly lifespan-stable alterations observed especially in the
subcortical areas, though existing literature shows considerable heterogeneity regarding the
direction and size of subcortical alterations in ASD (Donovan & Basson, 2017; Haar, Berman,
Behrmann, & Dinstein, 2014). A number of studies have shown enlargement of amygdala,
especially in children with ASD (Groen, Teluij, Buitelaar, & Tendolkar, 2010; Munson et al., 2006;
Nordahl et al., 2012; Schumann et al., 2004; Sparks et al., 2002), while other studies on a wide
age range of subjects reported either no differences (Barnea-Goraly et al., 2014; Haznedar et al.,
2000; Schumann & Amaral, 2006) or a volumetric reduction of amygdala volume in ASD (Aylward
et al., 1999; Nacewicz et al., 2006). Findings from cross-sectional studies on hippocampal status
have not reached consistency either. Increased and decreased hippocampal volumes have been
found in ASD, irrespective of age (Aylward, et al., 1999; Barnea-Goraly, et al., 2014; Groen, et al.,

5

2010; Maier et al., 2015; Nicolson et al., 2006). Overall enlargement of the striatum in individuals
with ASD has been reported compared to healthy controls (Haznedar et al., 2006; Hollander
et al., 2005; Schuetze et al., 2016); however, notable inconsistencies also exist in this literature
(Haar, et al., 2014; Lange et al., 2015; McAlonan et al., 2008). Similarly discrepant findings exist for
the thalamus (Lange, et al., 2015; Lin, Ni, Lai, Tseng, & Gau, 2015; Schuetze, et al., 2016; Tsatsanis
et al., 2003). Recently, the ENIGMA-ASD Working Group conducted a large-scale case/control
mega-analysis based on 51 existing datasets and reported individuals with ASD to have smaller
subcortical volumes in the pallidum, putamen, amygdala, and nucleus accumbens (van Rooij
et al., 2018). However, all effect sizes observed within this large sample were small.
We expect that these limited effect sizes may be due to the heterogeneity of neuroanatomical
profiles that exists within both the clinical and general population. Earlier clustering studies
have shown that it was possible to stratify a population based on their neuroanatomical profiles,
which increased the power to detect case/control differences within each subgroup (Fair et
al., 2013). Similarly, our recent findings from the ENIGMA-ADHD Working Group also showed
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distinct subgroups based on subcortical brain patterns present in male participants with and
without ADHD (Li et al., 2019). Rather than expecting to find consistent anatomical alterations
across the entire ASD population, it may therefore be more reasonable to first stratify both
subjects with ASD and healthy controls into more homogeneous subgroups based on their
neuroanatomical profiles, and subsequently investigate ASD diagnostic group differences
within each subgroup.
Here, using subcortical brain volume data from the ENIGMA-ASD Working Group, we applied
exploratory factor analysis (EFA) and community detection (CD) to explore the existence of
more homogeneous subgroups in participants with and without ASD. We expected that similar
subgroups should be observed within cases and controls, and that the effect sizes of case/
control comparisons in these subgroups would be increased within each subgroup.

METHODS
Participants and ASD assessment
The analyzed magnetic resonance imaging (MRI) data in the current study come from the
ENIGMA-ASD Working Group (http://enigma.ini.usc.edu/ongoing/enigma-asd-working-group).
Full details about the international ENIGMA-ASD Working Group sample have been described
before (van Rooij, et al., 2018). The working group implemented a data freeze in July 2018, at
which point 1,353 patients with ASD and 1,308 healthy controls were included.
Based on earlier findings in subjects with ADHD, we expected sex difference in subcortical
brain volumes organization (Li, et al., 2019), and given the limited data availability in females
(only 145 girls, 45 female adolescents, and 33 women with ASD in ENIGMA-ASD cohort), we
decided to only focus on male participants in the current study. We subdivided the full cohort
into three subsamples based on age, a subsample comprised of 772 boys with ASD and 733
healthy controls (aged 4-13 years), a subsample of 360 male adolescents with ASD and 321
healthy controls (aged 14-22 years), and a subsample of 221 adult men with ASD and 254 healthy
controls (aged >22 years). Information on the cohort and the subsamples in the current study
is presented in Table 1 and Table S1.

Neuroimaging Segmentation
Structural T1-weighted brain MRI scans were collected at the various contributing sites. The
MRI data were segmented using standardized ENIGMA imaging protocols based on FreeSurfer
version 5.3 (http://enigma.ini.usc.edu/protocols/imaging-protocals/). Given the importance
140
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and stability of subcortical brain alterations in ASD as well as the need to limit the degrees
of freedom to reach robust results, we selected the seven subcortical structures from the
previous ENIGMA-ASD study for the current study. For each participant, the mean of the 7
subcortical volumes for two hemispheres were used for the analyses. The subcortical volumes
were regressed with age, age^2, intracranial volume (ICV), and cohort site in the whole ENIGMAASD cohort for children and the rest of participants separately to allow for non-linear patterns
of subcortical brain volumes across age.

Factor Analysis
We performed exploratory factor analysis (EFA) to uncover the latent structure underlying the
subcortical brain, and reduce the input variables to a more parsimonious model consisting
of fewer factors than the total number of subcortical volumes. Following our previously
established analysis pipeline (Li et al., 2019), covariance matrices and squared multiple
correlation were built as prior communality estimates for each subject over all subcortical
volumes. Subsequently, maximum likelihood method and oblique rotation were applied to
extract factors in the EFA. If the loading on the factor was 0.40 or more, a variable would
be loaded on one factor. Model fitness was evaluated by Tucker Lewis Index (TLI), Bayesian
information criterion (BIC), and the root mean square error of approximation (RMSEA). Given
the EFA generated differential model outcome in the adult males as compared to the boys

5

and adolescents, Confirmation Factor Analysis (CFA) was applied to test whether the factor
structure generated in adult men was superior to that of the factor structure observed in the
other two subsamples. This was done by evaluating Comparative Fit Index (CFI), TLI, BIC, and
RMSEA between the resulting models. The analyses were conducted in R programming v3.6.2
using the ‘psych’ package.

Community Detection (CD)
To identify distinct subgroups of participants based on factor scores generated from subcortical
volumes, we utilized community detection (CD) (Newman, 2006; Rubinov & Sporns, 2011).
Based on the normalized factor scores, n × n weighted, undirected networks were built to
obtain distance information among participants. Then, we performed a weight-conserving
modularity algorithm to identify distinct communities of participants in each network (Fair,
Bathula, Nikolas, & Nigg, 2012; Rubinov & Sporns, 2011). The algorithm sorts iteratively nodes
(participants in this study) into communities until the modularity (Q) reaches maximum to find
the optimal partition. The variation of information (VOI) was calculated to assess robustness of
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community structure. VOI indicates the variance between the original and perturbed networks
over a range of alpha, which ranges between 0 and 1 (Karrer, Levina, & Newman, 2008). The CD
analyses were performed in Matlab (Rubinov & Sporns, 2011).

Statistical Analysis
Descriptive statistics of age and estimated intelligence quotient (IQ) were compared between
individuals with and without ASD, using independent-samples t-test or Analysis of Covariance
(ANCOVA). Chi-square test was used to check whether the distribution between communities
differs for ASD cases and controls at each age bin. Within each sample, we compared subcortical
factor scores and subcortical brain volumes between individuals with ASD and healthy controls
using a t-test in each subgroup. Multivariate analysis of variance (MANOVAs) was applied to
test which grouping (brain-based subgroup or ASD diagnosis group) showed a main effect on
subcortical brain volumes in each subsample. False discovery rate (FDR) correction was used to
correct for multiple comparisons of case-control differences within communities in the factor
scores and subcortical volumes, separately in each age bin. All analyses were performed in
IBM SPSS Statistics 25.

RESULTS
1. Participant characteristics
Demographic information about the three subsamples in current study is presented in Table
1. There were no case/control differences in age in each subsample after regressing the effect
of cohort site (boys: t = -1.2, padjusted = 0.46; male adolescents: t = 0.97, padjusted = 0.53; adult men:
t = 1.29, padjusted = 0.42). Case/control differences in IQ were significant in each sample, with
participants with ASD showing lower IQ than controls (Boys: F = 45.1, df = 1, padjusted = 8.8e-10;
male adolescents: F = 26.5, df = 1, padjusted = 5.8e-06; adult men: F =17.7, df = 1, padjusted = 2.6e04).

2. EFA on subcortical volumes
2.1 EFA in boys
EFA was applied to the residualized subcortical volumes in boys with and without ASD
separately and together, which resulted in the similar factor structure. Three eigenvectors
were extracted from the covariance matrix (Model fitness: TLI = 0.95, BIC = 1.94, RMSEA = 0.07).
The first eigenvector is comprised of the volumes of caudate nucleus, globus pallidus, nucleus
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accumbens, and putamen. The second eigenvector included the hippocampus and amygdala,
and the third eigenvector only included the thalamus. We interpreted them as ‘basal ganglia’,
‘limbic system’, and ‘thalamus’ (Figure 1, Figure S1). The three eigenvectors accounted for
30%, 16%, and 9% of the total shared variance, respectively.

Table 1. Information on the three subsamples of the ENIGMA-ASD Working Group dataset
Variables

Boys
Patients

Male adolescents

Controls

Patients

Controls

Adult men
Patients

Controls

N

772

733

360

321

221

254

Mean Age (SD)

10.5 (2.8)

10.6 (2.5)

18.0 (2.0)

17.9 (2.0)

31.7 (9.4)

30.7 (8.1)

Mean IQ (SD)

103.9 (19.5)

111.0 (15.5)

105.4 (17.8)

111.8 (12.4)

109.7 (14.9)

115.1 (11.6)

Note: SD: Standard deviation; IQ: intelligence quotient

2.2 EFA in male adolescents
EFA was next performed in male adolescents, including both participants with and without
ASD. The same three eigenvectors as in boys were extracted (Model fitness: TLI = 0.94,
BIC = -3.72, RMSEA = 0.08) (Figure 1, Figure S1). The proportion of variance accounted for by
each eigenvector was 28%, 20%, and 12% of the total shared variance, respectively.

5

2.3 EFA in adult men
In the subsample of adult men, EFA resulted in a different factor structure from that observed
in boys and male adolescents (Model fitness: TLI = 1.01, BIC = -16.99, RMSEA = 0.00). The
volumes of caudate nucleus, globus pallidus, and putamen loaded on the first eigenvector,
which was interpreted as “basal ganglia”; The second eigenvector comprised the nucleus
accumbens, hippocampus, and amygdala, which we named “limbic system-accumbens”; the
third eigenvector only included the thalamus (Figure 1, Figure S1). The three eigenvectors
accounted for 28%, 21%, and 12% of the total shared variance. The factor structure with nucleus
accumbens loading on the second eigenvector was superior compared to the factor structure
observed in boys and male adolescents (Model fitness: CFI= 0.70, TLI = 0.47, BIC = 48570.5,
RMSEA = 0.24 compared to CFI= 0.59, TLI = 0.28, BIC = 48688.2, RMSEA = 0.28; chi square
difference = 117.69, padjusted = 1.1e-14).
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Figure 1. The three-factor model that was generated by EFA. A boys. B: male adolescents. C: adult men.

3. CD in each sample based on subcortical factor scores
3.1 CD in boys
The CD algorithm was first performed on the subcortical factor scores in boys (with and without

5

ASD). Four distinct communities were generated, each comprising between 22.9% and 26.7%
of the sample and containing boys with and without ASD (Figure 2; Table 2). Community 1
was characterized by increased volume of the basal ganglia and limbic system, but a smaller
thalamus compared to the average volume of the whole sample. Community 2 showed a
smaller basal ganglia and limbic system, but larger thalamus. Community 3 had a larger volume
in the limbic system, but smaller basal ganglia, compared to the average volume. Community
4 had a larger basal ganglia, and smaller limbic system and thalamus compared to the average
volume.

3.2 CD in male adolescents
CD in male adolescents resulted in three communities. Each community accounted for 27.0%
to 44.8% of the sample. No participants were present in the equivalent of Community 3 from
the CD analysis in boys (Figure 2, Table 2). The three remaining communities had quite similar
features to the equivalent communities in boys. Community 1 was characterized by increased
volumes of the basal ganglia and limbic system above the average volume, but with a smaller
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thalamus. The volume of basal ganglia and limbic system were smaller than average, but the
thalamus had a larger volume in Community 2. Community 4 showed a larger basal ganglia,
but smaller limbic system and thalamus than average in the adolescents.

3.3 CD in adult men
In adult men, CD revealed three communities with the proportion of participants from 21.3%
to 48.8% of the sample. The equivalent of Community 3 in boys was absent (Figure 2, Table
2). In Community 1, the basal ganglia and limbic system-accumbens had increased volumes
compared to the average level over all groups, but the thalamus was smaller. Community 2
had a reduced volume of the basal ganglia, but a larger thalamus than average. The volume of
basal ganglia in Community 4 was increased compared to the average volume, but the limbic
system-accumbens and thalamus were smaller than average.
In all three CD analyses, the quality index (Table 2) and VOIs (Figure S2) indicated that
these communities significantly differed from random networks, and the networks were
robust against chance variation. In this way, the VOI analysis can be viewed as an internal
replication method, showing that the CD results do not change when a random part of the
sample is perturbed. There were no significant differences in the distribution of ASD cases and
controls between communities at each age bin ( Boys: Chi square = 10.6, df = 3, padjusted = 0.08;
Male adolescents: Chi square = 3.3, df = 2, padjusted = 0.41; Adult men: Chi square = 2.5, df = 2,
padjusted = 0.49). The distribution of cases and controls in each cohort is presented in Table
S2-4.

3.2 CD in male adolescents
CD in male adolescents resulted in three communities. Each community accounted for 27.0%
to 44.8% of the sample. No participants were present in the equivalent of Community 3 from
the CD analysis in boys (Figure 2, Table 2). The three remaining communities had quite similar
features to the equivalent communities in boys. Community 1 was characterized by increased
volumes of the basal ganglia and limbic system above the average volume, but with a smaller
thalamus. The volume of basal ganglia and limbic system were smaller than average, but the
thalamus had a larger volume in Community 2. Community 4 showed a larger basal ganglia,
but smaller limbic system and thalamus than average in the adolescents.

3.3 CD in adult men
In adult men, CD revealed three communities with the proportion of participants from 21.3%
to 48.8% of the sample. The equivalent of Community 3 in boys was absent (Figure 2, Table
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2). In Community 1, the basal ganglia and limbic system-accumbens had increased volumes
compared to the average level over all groups, but the thalamus was smaller. Community 2
had a reduced volume of the basal ganglia, but a larger thalamus than average. The volume of
basal ganglia in Community 4 was increased compared to the average volume, but the limbic
system-accumbens and thalamus were smaller than average.
Table 2. The percentages of participants in each community of the three subsamples
Sample

Total

Patients

Controls

Boys (N)

1505

772

733

1

381 (25.3%)

221 (28.6%)

200 (27.3%)

2

402 (26.7%)

204 (26.4%)

240 (32.7%)

3

345 (22.9%)

193 (25.0%)

129 (17.6%)

4

377 (25.0%)

154 (19.9%)

164 (22.4%)

Q values

0.45

0.46

0.43

Male Adolescent (N)

681

360

321

1

184 (27.0%)

105 (29.2%)

105 (32.7%)

2

305 (44.8%)

159 (44.2%)

143 (44.5%)

4

192 (28.2%)

96 (26.7%)

73 (22.7%)

Q values

0.47

0.48

0.48

Men (N)

475

221

254

1

142 (29.9%)

60 (27.1%)

75 (29.5%)

2

232 (48.8%)

104 (47.1%)

119 (46.9%)

4

101 (21.3%)

57 (25.8%)

60 (23.6%)

Q values

0.44

0.47

0.44

5

Note: Q values: the quality index of modularity

In all three CD analyses, the quality index (Table 2) and VOIs (Figure S2) indicated that
these communities significantly differed from random networks, and the networks were
robust against chance variation. In this way, the VOI analysis can be viewed as an internal
replication method, showing that the CD results do not change when a random part of the
sample is perturbed. There were no significant differences in the distribution of ASD cases and
controls between communities at each age bin ( Boys: Chi square = 10.6, df = 3, padjusted = 0.08;
Male adolescents: Chi square = 3.3, df = 2, padjusted = 0.41; Adult men: Chi square = 2.5, df = 2,
padjusted = 0.49). The distribution of cases and controls in each cohort is presented in Table
S2-4.
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Figure 2. Subgroups generated by CD. A boys. B: male adolescents. C: adult men. Note: Lines represent
participants in each community from CD. Y-axis indicates the mean factor scores for each factor. Error bars:
standard error of the mean. *indicates case/control differences of subcortical factor scores are significant.

5

4. Case/control comparison of subcortical factor scores in ASD
We examined whether individuals with ASD showed altered subcortical factor scores from
healthy controls, first in each age group and then in each community separately. The results,
as presented in Table 2 and Figure 2, indicate that boys with ASD had smaller basal ganglia
than healthy controls in Community 3 (t = -5.6, padjusted = 1.0e-06, d = -0.63, 95% CIs [-0.86, -0.41]).
For the limbic system, boys with ASD compared to healthy controls showed increased volume
in Community 1 (t = 3.1, padjusted = 0.01, d = 0.30, 95% CIs [0.11, 0.49]), but reduced volumes in
Community 2 and 3 (Community 2: t = -5.9, padjusted = 1.4e-07, d = -0.56, 95% CIs [-0.75, -0.37];
Community 3: t = -4.4, padjusted = 1.6e-04, d = -0.50, 95% CIs [-0.73, -0.27]). In Community 3, boys
with ASD had a larger thalamus than healthy controls (t = 4.5, padjusted = 1.3e-04, d = 0.51, 95%
CIs [0.28, 0.74]). In the sample of male adolescents and adult men, two case/control differences
were found each, but did not survive FDR correction.
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4

2

1

-0.65

(0.69)

0.63

(0.76)

-0.49

(0.82)

0.58

(0.82)

0.45

(0.75)

0.21

0.00

(0.93)

0.00

(0.91)

Male

adolescents*

(0.68)

0.62

(0.68)

4

0.65

-0.24

(0.75)

-0.69

(0.68)

-0.67

(0.78)

-0.52

(0.75)

0.58

(0.58)

0.51

(0.91)

(0.93)

(0.73)

0.03

-0.03

Patients Controls

Mean factor scores

(0.69)

3

2

1

Boys

Community

0.67

0.07

0.02

1.0

0.67

5.2e-08

0.04

0.33

0.15

p value

0.81

0.22

0.09

1.0

0.81

1.0e-06

0.15

0.53

0.37

p value

adjusted

Basal ganglia

0.00

-0.49
(0.75)

-0.51
(0.79)

-0.06
(-0.37 - 0.24)

-0.20
(0.85)

-0.24
(0.73)

0.21

(0.72)

0.61

(0.90)

0.00

(0.64)

-0.56

(0.86)

0.77

(0.71)

-0.24

(0.67)

0.30

(0.85)

0.01

Controls

(-0.02 - 0.44)

0.83
(0.66)

-0.33
(-0.60 - -0.05)

(0.91)

5.7e-18
(-0.15 - 0.15)

-0.45
(0.60)

0.05
(-0.17 - 0.27)

0.39
(0.69)

-0.63
(-0.86 - -0.41)

-0.64
(0.70)

0.19
(-0.01 - 0.38)

0.52
(0.77)

-0.10

(0.87)

(-0.18 - 0.03)
(-0.29 - 0.10)

-0.01

Patients

Mean factor scores

-0.07

(95% CIs)

Cohen’s d

Table 3. Case/control Comparison of subcortical factor scores in ASD

0.89

0.06

0.02

1.0

0.26

1.5e-05

6.6e-09

2.0e-03

0.54

p value

0.94

0.20

0.10

1.0

0.31

1.7e-04

1.4e-07

0.01

0.74

p value

adjusted

Limbic system

0.00

0.60
(0.82)
-0.48
(0.74)

-0.06
(-0.28 - 0.17)
-0.03
(-0.33 - 0.28)

-0.47
(0.77)

0.32
(0.04 - 0.59)

(0.95)

2.2e-16
(-0.15 - 0.15)

-0.09
(0.56)

0.17
(-0.05 - 0.40)

0.11
(0.62)

-0.50
(-0.73 - -0.27)

0.55
(0.70)

-0.56
(-0.75 - -0.37)

-0.50
(0.64)

0.30

(0.75)

(-0.13 - 0.07)
(0.11 - 0.49)

0.01

Patients

(0.75)

-0.26

(0.72)

0.50

(0.57)

-0.51

(0.82)

0.00

(0.65)

-0.06

(0.68)

-0.22

(0.70)

0.57

(0.58)

-0.53

(0.78)

-0.01

Controls

Mean factor scores

-0.03

(95% CIs)

Cohen’s d

0.06

0.28

0.68

1.0

0.64

1.1e-05

0.82

0.41

0.57

p value

0.20

0.48

0.81

1.0

0.81

1.3e-04

1.0

0.62

0.74

p value

adjusted

Thalamus

(-0.60 - 0.01)

0.29

(-0.10 - 0.35)

0.12

(-0.21 - 0.33)

0.06

(-0.15 - 0.15)

-6.5e-17

(-0.27 - 0.17)

-0.05

(0.28 - 0.74)

0.51

(-0.21 - 0.17)

-0.02

(-0.14 - 0.24)

0.05

(-0.07 - 0.13)

0.03

(95% CIs)

Cohen’s d
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-0.62

(0.76)

0.55

(0.65)

-0.64

(0.60)

0.51

(0.62)

0.54

(0.71)

(0.93)

(0.92)

0.63

0.00

0.00

(0.88)

Controls

Patients

Mean factor scores

0.70

0.81

0.52

1.0

p value

0.83

0.90

0.72

1.0

p value

adjusted

Basal ganglia

0.08
(0.75)
-0.66
(0.66)

-0.03
(-0.30 - 0.23)
-0.06
(-0.42 - 0.29)

0.48
(0.95)

0.11

(0.89)

(-0.18 - 0.18)
(-0.23 - 0.46)

0.00

(0.64)

-0.56

(0.84)

-0.09

(0.80)

0.59

(0.89)

0.00

Patients Controls
1.0
0.69
0.30
0.61

0.49
0.11
0.40

p value

1.0

p value

adjusted

Limbic system-Accumbens
Mean factor scores

2.0e-17

(95% CIs)

Cohen’s d

0.49
(0.63)
-0.09
(0.68)

0.22
(-0.05 - 0.48)
-0.15
(-0.52 - 0.21)

-0.77
(0.66)

(0.83)

(-0.18 - 0.18)
-0.12

0.00

-2.7e-16

(-0.46 - 0.22)

Patients

(0.63)

-0.39

(0.52)

0.52

(0.60)

0.52

(0.82)

0.00

Controls

Mean factor scores

(95% CIs)

Cohen’s d

0.02

0.08

0.02

1.0

p value

0.08

0.24

0.10

1.0

p value

adjusted

Thalamus

6.9e-17

(95% CIs)

Cohen’s d

(0.09 - 0.82)

0.46

(-0.31 - 0.22)

-0.04

(-0.75 - -0.05)

-0.40

(-0.18 - 0.18)

Note: Adjusted p value : adjusted p value: FDR-correction in factor scores across age groups. Significant difference in bold. 95% CIs: 95% Confidence intervals. *
Community 3 is absent in male adolescents and adult men, because no healthy controls were loaded using CD.

4

2

1

Adult Men

*

Community

Table 3. Continued

Neuroanatomical heterogeneity in ASD
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Figure 3. Effect sizes of case/control comparison within each community and the whole subsample. A boys. B: male adolescents. C: adult men. Note: All: the whole
subsample, 1: Community 1; 2: Community 2; 3: Community 3; 4: Community 4.
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In Table S5-S7, we present case/control comparisons for each individual subcortical brain
volume in the whole sample and each community. We observed several significant case/control
differences within communities: eight case/control comparisons in boys and three in male
adolescents survived FDR correction. The effect sizes ranged from d = -0.84 (95% CIs [-1,07,
-0.60]) to d = 0.37 (95% CIs [0.14, 0.59]) within communities, which were more pronounced than
those in the whole subsample in which effect sizes d ranged -0.29 (95% CIs [-0.44, -0.13]) to 0.04
(95% CIs [-0.14, 0.22]). MANOVAs indicated that the communities accounted for more variance
in subcortical brain volumes than ASD diagnosis in each subsamples ( Boys: Communities:
F(21,4467) = 147.8, padjusted = 1.1e-14; ASD diagnosis: F(7,1487) = 0.95, padjusted = 0.69; Male
adolescents: Communities: F(14, 1332) = 113.7, padjusted = 1.1e-14; ASD diagnosis: F(7, 665) = 4.38,
padjusted = 6.5e-04; Men: Communities: F(14, 920) = 3.12, padjusted = 6.4e-04; ASD diagnosis:
F(7,459) = 0.83, padjusted = 0.74).

DISCUSSION
In this study, we aimed to dissociate subgroups of ASD participants based on neuroanatomic
profiles of subcortical structures. We hypothesized that effect sizes of case/control differences
would be larger within each subgroup. In our exploratory factor analysis (EFA), we found that

5

the latent structure of subcortical volumes is comprised of three factors, which remain largely
stable across the lifespan and are identical in those with and without ASD. Among them, we
discerned four distinct communities in boys and three in male adolescents and adult men.
Within several of the communities, effect sizes of case/control differences in neuroanatomical
volume were much stronger than the average differences across the whole sample.
In the samples of boys and male adolescents, the same three-factor structures - basal
ganglia, limbic system, and thalamus were observed based on their subcortical brain volume
distribution in healthy controls and participants with ASD taken together. In adult men, the
three-factor structure was slightly different; nucleus accumbens loaded onto the second
factor, which we named ‘limbic system-accumbens’, instead of the limbic system factor. These
structural patterns of subcortical brain volumes were found regardless of diagnostic status in
those with and without ASD, which indicates that no qualitative differences in subcortical brain
organization exist in ASD. The factor structures are largely in line with previous smaller scale
studies looking at subcortical brain organization. One previous study using 322 healthy adults
(age range 65-85 years) reported three clusters based on cortex and subcortical structures,
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with one cluster comprising of basal ganglia (caudate, putamen, and pallidum) and a second
cluster including nucleus accumbens, amygdala, hippocampus and thalamus; cortical lobes
were in the third cluster (Wen et al., 2016). A study on 404 healthy adults (age range 51-59 years)
indicated that subcortical brain volumes could be partitioned into three factors: basal ganglia/
thalamus, nucleus accumbens, and a limbic factor (Eyler et al., 2011). In a recent study of the
ENIGMA-ADHD Working Group, we found identical subcortical factor structure as in the current
analysis - basal ganglia, limbic system and thalamus - existed in boys and adult men, which was
irrespective of ADHD diagnosis and age (Li, et al., 2019). Nucleus accumbens receives direct
glutamatergic inputs from amygdala and hippocampus, and the nucleus accumbens shell may
be regarded as a part of the extended amygdala (Salgado & Kaplitt, 2015); this may explain why
the nucleus accumbens loads on either the basal ganglia or the limbic factor in the current
study. The variation of the factor structure between age groups observed in the current study,
in which we used a lifespan approach, may suggest that the correlation between subcortical
structures changes slightly during maturation, as has also been suggested previously (Sussman,
Leung, Chakravarty, Lerch, & Taylor, 2016).
Using CD analysis, each of the three subsamples could be stratified into similar subgroups with
more homogeneous neuroanatomic patterns. Four communities were observed in boys, three
were seen in the samples of male adolescents and adult men, irrespective of ASD status and age;
The CD results indicated that the heterogeneity in subcortical brain volumes is nested within
normative variability, with different neuroanatomic communities existing in both controls and
patients (Marquand, Rezek, Buitelaar, & Beckmann, 2016). Importantly, the observed community
structure is highly consistent with our recent findings in the ENIGMA-ADHD Working Group
(Li, et al., 2019). The fact that we observe not only a similar factor structure, but also similar
community structure in that sample greatly supports the robustness of our current analysis.
In fact, the CD results in the ENIGMA-ADHD control group can be viewed as an independent,
external validation of the currently observed community structure. This also allows us to
investigate where subjects with ADHD and ASD show differences in their community structure.
In the current analysis, Community 3 disappeared in adolescents and men. In the ENIGMAADHD analysis, we also observed that Community 3 was absent in healthy men, but not in
men with ADHD. This reduction of subgroups from four in the subsample of boys to three in
the male adolescents and adult men may be related to structural brain maturation over age,
leading to less diversity in the organization of subcortical volumes in the population (Coupe,
Catheline, Lanuza, & Manjon, 2017).
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In the current study, analyzing case/control differences within communities indicated
substantially larger effect sizes as compared to the previous study on the entire sample
without stratification (van Rooij, et al., 2018); interestingly, case/control differences are not
consistently present in each factor in each community. For example, boys with ASD have
increased volume of the limbic system in Community 1, but smaller volume in Community
2 and 3 compared to healthy controls. The substantially larger effect sizes within subgroups
suggest that neuroanatomically based subgroups may exist within the entire population,
and that distinct/alternative ASD-related anatomical alterations may be present in different
subgroups. An important consequence of these findings is that there might not be a single
neuroanatomical risk profile for ASD. Instead, the altered brain structures associated with ASD
may be dependent on both the age and the neuroanatomical subgroup of an individual. The
results also may explain some subcortical heterogeneity found in previous studies, as previous
smaller studies may have accidentally recruited a disproportionately higher number of any
specific subgroup, which may result in observed contradictory subcortical alterations in ASD
(e.g. Lombardo, Lai, & Baron-Cohen, 2019). In the current study, the brain-based ASD subgroups
accounted for more variance of subcortical brain volumes than just the ASD diagnostic groups.
However, because we did not have available to us deep phenotypic information, we could
not further characterize the clinical presentation of our brain-based subgroups. Therefore,
we cannot entirely rule out the existence of confounding factors that may be related to the

5

neuroanatomical profiles observed in the different communities.
This work has to be viewed in light of several strengths and limitations. Using the MRI dataset
from the ENIGMA-ASD Working Group, we had a large sample size, which allowed us to explore
underlying structural pattern and subgroups in ASD across the lifespan; however, as mentioned
previously, the limited availability of demographic information precluded our ability to explore
whether brain-based communities are linked to the clinical presentation of ASD. Moreover, in
the current study, we only had sufficient power to run the analysis in male participants. Previous
studies have reported sex differences in subcortical brain volumes (Ritchie et al., 2018), and
different underlying subcortical organizations were reported in females from ENIGMA-ADHD
cohort (Li, et al., 2019). Given that sex-based differences in neuroanatomy are a central topic in
ASD (Ecker et al., 2017; Lai et al., 2017), further analysis including females may help us elucidate
the association between neuroanatomical organization and the specific etiology of ASD in
females.
In conclusion, using subcortical brain volume data from the ENIGMA-ASD Working Group,
we were able to stratify subjects with and without ASD into more homogeneous subgroups
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based on underlying neuroanatomic organization. Our results indicate that this stratification
may enhance our ability to observe case/control differences and may explain some of the
contradictory results observed in previous, smaller studies of brain structure in ASD.
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22 (62.9%)

0

11 (26.8%)

0

2 (9.5%)

0

2 (22.2%)

4 (44.4%)

16 (45.7%)

5 (71.4%)

12 (75.0%)

1 (16.7%)

0

0

2 (28.6%)

8 (17.4%)

1 (12.5%)

1 (9.1%)

2 (28.6%)

1

12 (44.4%)

NA

6 (21.4%)

13 (13.7%)

0

3 (11.1%)

NA

12 (60.0%)

0

3 (33.3%)

3 (42.9%)

11 (40.7%)

2 (13.3%)

2 (12.5%)

1 (10.0%)

5 (62.5%)

2 (50.0%)

4 (36.4%)

25 (61.0%)

0

2 (28.6%)

3 (27.3%)

3 (11.1%)

NA

4 (14.3%)

14 (14.7%)

1 (100.0%)

15 (55.6%)

NA

0

11 (78.6%)

2 (22.2%)

0

3 (11.1%)

2 (13.3%)

2 (12.5%)

1 (10.0%)

2 (25.0%)

0

1 (9.1%)

1 (2.4%)

2 (40.0%)

1 (14.3%)

2 (18.2%)

2

9 (33.3%)

NA

1 (3.6%)

1 (1.1%)

0

7 (25.9%)

NA

5 (25.0%)

2 (14.3%)

1 (11.1%)

0

6 (22.2%)

4 (26.7%)

3 (18.8%)

0

1 (12.5%)

0

5 (45.5%)

8 (19.5%)

2 (40.0%)

3 (42.9%)

3 (27.3%)

3

Controls-Community (%)
4

3 (11.1%)

NA

17 (60.7%)

67 (70.5%)

0

2 (7.4%)

NA

3 (15.0%)

1 (7.1%)

3 (33.3%)

4 (57.1%)

7 (46.7%)

7 (46.7%)

9 (56.3%)

8 (80.0%)

0

2 (50.0%)

1 (9.1%)

7 (17.1%)

1 (20.0%)

1 (14.3%)

3 (27.3%)
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190 (24.6%)

Total

222 (28.8%)

22 (84.6%)

19 (23.5%)

2 (8.7%)

0

7 (33.3%)

20 (71.4%)

16 (43.2%)

6 (85.7%)

21 (65.6%)

7 (35.0%)

13 (48.1%)

1 (16.7%)

190 (24.6%)

4 (15.4%)

17 (21.0%)

3 (13.0%)

2 (40.0%)

7 (33.3%)

8 (28.6%)

15 (40.5%)

0 (0.0%)

3 (9.4%)

5 (25.0%)

5 (18.5%)

0

21 (77.8%)

1 (16.7%)

1 (7.7%)

1 (14.3%)

0

4 (21.1%)

3

Note: CD in boys (ASD patients and healthy controls). NA: not available.

0

35 (43.2%)

TORONTO

UMCU

3 (60.0%)

15 (65.2%)

SAOPAULO

TCD

0

3 (14.3%)

HGGM

PITT

0

2 (5.4%)

Nijmegen 3

1 (3.1%)

MYAD

Nijmegen 1

4 (20.0%)

FSM

1 (12.5%)

6 (75.0%)

4 (14.8%)

BRC

3 (11.1%)

FAIR

3 (11.1%)

3 (50.0%)

ABIDEII-USM_1

2 (15.4%)

Barcelona

6 (85.7%)

0

4 (30.8%)

ABIDEII-UCD_1

ABIDEII-UCLA_1

0

3 (15.8%)

9 (47.4%)

9 (90.0%)

2

Patients- Community (%)

ABIDEII-TCD_1

1

ABIDEII-SDSU_1

Cohorts

Table S2. Continued

15 (24.6%)
1 (5.9%)
191 (26.1%)

170 (22.0%)

1 (12.5%)

0 (0.0%)
5 (15.6%)

0
4 (19.0%)

0

17 (70.8%)
18 (56.3%)

0
7 (15.9%)

1 (14.3%)
4 (10.8%)

10 (12.3%)

15 (34.1%)

1 (9.1%)

7 (21.9%)

5 (62.5%)

8 (100.0%)

6 (30.0%)

4 (20.0%)

10 (52.6%)

7 (63.6%)

4 (14.8%)

0

1 (5.9%)

9 (52.9%)

1 (12.5%)
5 (18.5%)

3 (13.0%)

0

1 (50%)
5 (21.7%)

0 (0.0%)

180 (24.6%)

14 (82.4%)

17 (27.9%)

0

2 (10.0%)

9 (33.3%)

0

0

1 (16.7%)

3 (75.0%)

0
3 (30.0%)

0

0

1 (7.1%)

4 (28.6%)
6 (66.7%)

3 (15.8%)
1 (10.0%)
6 (46.2%)

2

155 (21.1%)

2 (11.8%)

16 (26.2%)

6 (31.6%)

2 (25.0%)

3 (9.4%)

7 (29.2%)

20 (45.5%)

0

1 (9.1%)

4 (20.0%)

4 (14.8%)

1 (5.9%)

17 (73.9%)

0

3 (30.0%)

1 (25.0%)

0

7 (50.0%)

3

Controls-Community (%)
1

4

207 (28.2%)

0 (0.0%)

13 (21.3%)

3 (15.8%)

0

6 (18.8%)

0

2 (4.5%)

0

2 (18.2%)

8 (40.0%)

10 (37.0%)

6 (35.3%)

1 (4.3%)

1 (50.0%)

4 (40.0%)

0

3 (33.3%)

2 (14.3%)

4
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0

ABIDE_MAX_MUN

0
8 (88.9%)
2 (28.6%)
0
6 (54.5%)
0
0

ABIDEII-ENI_1

ABIDEII-ETH_1

ABIDEII-IU_1

ABIDEII-KUL_3

ABIDEII-NYU_2

ABIDEII-OHSU_1

3 (11.1%)

ABIDE_USM

ABIDE_YALE

2 (40.0%)

ABIDE_UM_2

4 (26.7%)

0
3 (33.3%)

ABIDE_TCD

4 (57.1%)

ABIDE_SDSU

ABIDE_UM_1

0

1 (100.0%)

ABIDE_SBL

1 (7.7%)

2 (100.0%)

0

2 (18.2%)

9 (100.0%)

2 (28.6%)

1 (11.1%)

5 (100.0%)

22 (81.5%)

1 (20.0%)

3 (33.3%)

0

7 (70.0%)

7 (53.8%)
3 (30.0%)

ABIDE_OLIN

5 (50.0%)

1 (50.0%)

0

4 (40.0%)

1 (20.0%)

2

Patients- Community (%)

ABIDE_PITT

4 (40.0%)

ABIDE_LEUVEN_2

ABIDE_NYU

2 (20.0%)
1 (100.0%)

ABIDE_ LEUVEN_1

3 (60.0%)

ABIDE_CALTECH

Cohorts
4

0

1 (100.0%)

3 (27.2%)

0

3 42.9%)

0

0

2 (7.4%)

2 (40.0%)

3 (33.3%)

11 (73.3%)

3 (42.9%)

0

0

5 (38.4%)

1 (10.0%)

1(50.0%)

0

4 (40.0%)

1 (20.0%)

Table S3. The distribution of male adolescents (patients/controls) in each community

1

NA

NA

NA

0

3 (50.0%)

4 (66.7%)

0

3 (27.3%)

1 (14.3%)

2 (14.3%)

1 (7.7%)

0

1 (100.0%)

5 (71.4%)

3 (42.9%)

15 (60.0%)

1 (50.0%)

4 (57.1%)

4 (57.1%)

1 (33.3%)

NA

NA

NA

7 (100.0%)

0

2 (33.3%)

3 (100.0%)

3 (27.3%)

1 (14.3%)

6 (42.9%)

2 (15.4%)

0

0

1 (14.3%)

0

7 (28.0%)

1 (50.0%)

2 (28.6%)

2 (28.6%)

0

2

Controls- Community (%)
4

NA

NA

NA

0

3 (50.0%)

0

0

5 (45.5%)

5 (71.4%)

6 (42.9%)

10 (76.9%)

6 (100.0%)

0

1 (14.3%)

4 (57.1%)

3 (12.0%)

0

1 (14.3%)

1 (14.3%)

2 (66.7%)
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173 (48.1%)

7 (100.0%)

11 (45.8%)

6 (28.6%)

1 (25.5%)

7 (36.8%)

5 (100.0%)

9 (100.0%)

7 (100.0%)

3 (11.1%)

9 (90.0%)

2 (100.0%)

1 (100.0%)

2 (66.7%)

4 (36.4%)

4 (40.0%)

0

0

1 (12.5%)

3 (42.9%)

9 (90.0%)

2

Patients- Community (%)

0
0

6 (54.5%)
0

1 (14.3%)
5 (62.5%)
1 (100.0%)

NA
10 (90.9%)

10 (62.5%)
1 (33.3%)
0
NA

1 (9.1%)
0
0
0

1 (33.3%)
8 (33.3%)
4 (28.6%)
0
93 (29.0%)

1 (25.5%)
7 (33.3%)
4 (16.7%)
0
96 (26.7%)

6 (100.0%)

0
3 (20.0%)

0

0

0
6 (31.6%)

4 (100.0%)

0

0

132 (41.1%)

9 (100.0%)

8 (57.1%)

9 (37.5%)

1 (33.3%)

10 (66.7%)

13 92.8%)

0

0
1 (9.1%)

0
24 (88.9%)

1 (100.0%)

2 (66.7%)

3 (18.8%)

2 (22.2%)

1 (50.0%)
2 (22.2%)

2 (66.7%)
3 (30.0%)

0

6 (100.0%)

8 (100.0%)

0
4 (57.1%)

1 (10.0%)

2

Controls- Community (%)
1

4

Note: CD in male adolescents (ASD patients and healthy controls). NA: not available.

91 (25.3%)

9 (37.5%)

TORONTO

Total

8 (38.1%)

TCD
0

2 (50.0%)

SAOPAULO

UMCU

0
6 (31.6%)

0

Nijmegen 2

PITT

0

Nijmegen 1

HGGM

0

MRC

1 (10.0%)

0

FRANKFURT

0

1 (33.3%)

CMU

FAIR

6 (54.5%)

BRC

Dresden

1 (33.3%)
3 (25.3%)

0

ABIDEII-UCD_1

ABIDEII-USM_1

2 (25.0%)

ABIDEII-TCD_1

Barcelona

0
3 (42.9%)

ABIDEII-SDSU_1

1

ABIDEII-OILH_2

Cohorts

Table S3. Continued

96 (29.9%)

0

2 (14.3%)

7 (29.2%)

1 (33.3%)

2 (13.3%)

0

0

1 (7.2%)

10 (90.9%)

1 (9.1%)

NA

0

0

3 (18.8%)

5 (55.6%)

1 (50.0%)

0

5 (45.5%)

3 (42.9%)

0

4
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2 (33.3%)

CMU

0

ABIDEII-NYU_2
3 (75.0%)

8 (53.3%)

ABIDEII-KUL_3

1 (50.0%)

2 (40.0%)

ABIDEII-IU_1

ABIDEII-USM_1

1 (100.0%)

ABIDEII-IP_1

ABIDEII-OILH_2

7 (41.2%)
3 (60.0%)

ABIDEII-ETH_1

ABIDE_USM

ABIDEII-ENI_1

NA
6 (28.6%)

ABIDE_UM_2

0

7 (50.0%)

ABIDE_SBL
1 (50.0%)

2 (25.0%)

ABIDE_PITT

ABIDE_TCD

NA

ABIDE_NYU

ABIDE_OLIN

ABIDE_SDSU

4 (40.0%)

6 (60.0%)

ABIDE_MAX_MUN

2 (33.3%)

0

1 (25.0%)

2 (100.0%)

6 (40.0%)

3 (60.0%)

0

1 (20.0%)

8 (47.1%)

9 (42.9%)

NA

1 (50.0%)

0

4 (28.6%)

5 (62.5%)

NA

3 (75.0%)
3 (30.0%)

0
3 (30.0%)

ABIDE_ LEUVEN_1

2
4 (50.0%)

4 (50.0%)

1

Patients- Community (%)

ABIDE_CALTECH

Cohorts

Table S4. The distribution of adult men (patients/controls) in each community

2 (33.3%)

1 (50.0%)

0

0

1 (6.7%)

0

0

1 (20.0%)

2 (11.8%)

6 (28.6%)

NA

0

1 (100.0%)

3 (21.4%)

1 (12.5%)

NA

0

4 (40.0%)

1 (25.0%)

0

4

1

0

4 (50.0%)

3 (33.3%)

NA

NA

4 (57.1%)

3 (37.5%)

5 (35.7%)

4 (21.1%)

6 (33.3%)

1 (100.0%)

1 (50.0%)

NA

1 (7.7%)

3 (60.0%)

1 (100.0%)

8 (53.3%)

3 (17.6%)

2 (33.3%)

1 (10.0%)

5 (71.4%)

4 (50.0%)

5 (55.6%)

NA

NA

3 (42.9%)

3 (37.5%)

7 (50.0%)

13 (68.4%)

7 (38.9%)

0

1 (50.0%)

NA

10 (76.9%)

2 (40.0%)

0

5 (33.3%)

10 (58.8%)

4 (66.7%)

6 (60.0%)

2

Controls- Community (%)
4

2 (2.6%)

0

1 (11.1%)

NA

NA

0

2 (25.0%)

2 (14.3%)

2 (10.5%)

5 (27.8%)

0

0

NA

2 (15.4%)

0

0

2 (13.3%)

4 (23.5%)

0

3 (30.0%)
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73 (33.0%)

TCD

Total

100 (45.2%)

NA

2 (100.0%)

5 (62.5%)

13 (76.5%)

15 (34.1%)

8 (57.1%)

2

Patients- Community (%)

Note: CD in adult men (ASD patients and healthy controls). NA: not available.

0
NA

UMCU

0

2 (11.8%)

Nijmegen 3

PITT

5 (35.7%)
10 (22.7%)

MRC

1

Dresden

Cohorts

Table S4. Continued

69 (27.2%)

48 (21.7%)

132 (52.0%)

1 (100.0%)

5 (83.1%)

0

3 (42.9%)

0

8 (72.7%)

2 (18.2%)
2 (28.6%)

2 (11.8%)
3 (37.5%)
0

2
27 (43.5%)

0
12 (19.4%)

1 (7.1%)
26 (43.3%)

NA

2

Controls- Community (%)
1

4

53 (20.9%)

0

1 (16.7%)

2 (28.6%)

1 (9.1%)

23 (37.1%)

0

4
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Thalamus

Hippocampus

Amygdala

Pallidum

Putamen

Caudate

Accumbens

Total sample
Mean volume
adjusted
Cohen’s d
Patients/
p value
p value
(95% CIs)
Controls
697.1 (140.2)/
-0.10
0.08
0.24
712.1 (133.9)
(-0.20 - 2.0e-03)
4125.3 (561.2)/
-0.02
0.66
0.81
4138.9 (553.7)
(-0.12 - 0.08)
6332.8 (795.2)/
-0.05
0.31
0.51
6387.3 (817.6)
(-0.15 - 0.05)
1855.6 (270.5)/
-0.04
0.41
0.62
1866.7 (274.5)
(-0.15 - 0.06)
1638.8 (270.7)/
-0.06
0.14
0.35
1659.09 (256.3)
(-0.17 - 0.04)
4198.0 (564.5)/
0.01
0.84
0.92
4203.5 (518.5)
(-0.09 - 0.11)
7773.0 (879.9)/
5e-04
0.68
0.81
7783.9 (893.9)
(-0.10 - 0.10)

Community 1
Mean volume
adjusted
Patients/
p value
p value
Controls
804.8 (113.8)/
0.80
0.90
812.0 (100.0)
4206.3 (524.2)/
0.66
0.81
4250.8 (523.1)
6754.9 (666.5)/
0.14
0.35
6851.6 (585.8)
1892.0 (231.5)/
0.86
0.93
1890.0 (225.2)
1803.5 (251.2)/
0.35
0.55
1780.2 (248.1)
4370.8 (483.1)/
9.0e-03
0.05
4263.5 (465.2)
7493.0 (780.4)/
0.28
0.48
7540.3 (779.0)

Table S5. Comparison of subcortical brain volumes within each community and the whole subsample of boys

-0.06
(-0.25 - 0.13)
-0.06
(-0.26 - 0.13)
-0.13
(-0.33 - 0.06)
0.02
(-0.17 -0.21)
0.17
(-0.03 - 0.36)
0.37
(0.18 - 0.57)
-0.02
(-0.22 - 0.17)

Cohen’s d
(95% CIs)

Mean volume
Patients/
Controls
594.5 (101.2)/
600.2 (109.6)
4050.0 (580.9)/
4015.7 (547.5)
5922.9 (667.2)/
5843.6 (703.2)
1860.5 (276.0)/
1802.1 (278.3)
1462.9 (246.2)/
1548.4 (205.4)
3996.0 (550.3)/
4238.5 (482.0)
8069.5 (983.6)/
8204.1 (891.5)
0.28

5.0e-09

2.0e-05

5.0e-03

0.11

0.22

0.57

p value

0.48

1.2e-07

2.0e-04

0.03

0.30

0.45

0.74

adjusted
p value

Community 2

-0.02
(-0.20 - 0.17)
0.14
(-0.05 - 0.32)
0.20
(0.01 - 0.39)
0.29
(0.10 – 0.48)
-0.37
(-0.56 - -0.19)
-0.55
(-0.74 - -0.36)
-0.09
(-0.27 – 0.10)

Cohen’s d
(95% CIs)
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2.8e-11
0.10
2.3e-05
0.05
9.0e-07
0.02
4.2e-05

633.0 (110.4)/
714.8 (100.3)

3922.1 (511.3)/
3937.1 (531.1)

5869.4 (615.3)/
6078.1 (668.3)

1696.2 (241.3)/
1721.0 (237.2)

1691.8 (204.1)/
1768.6 (270.3)

4481.1 (497.2)/
4479.2 (504.6)

7916.0 (815.5)/
7518.1 (800.4)

Accumbens

Caudate

Putamen

Pallidum

Amygdala

Hippocampus

Thalamus
3.2e-04

0.10

1.2e-05

0.17

2.0e-04

0.29

8.8e-10

adjusted
p value

Mean volume
Patients/Controls
758.8 (108.5)/
751.8 102.5)
4363.7 (524.1)/
4341.3 (520.3)
6850.7 (678.3)/
6859.7 (712.5)
1996.8 (252.1)/
2047.5 (249.3)
1568.8 (238.7)/
1587.3 (223.5)
3862.1 (496.6)/
3862.1 (467.7)
7602.7 (788.6)/
7675.0 (880.0)

Cohen’s d
(95% CIs)
-0.84
(-1.07 - -0.60)
-0.21
(-0.44 - 0.01)
-0.50
(-0.73 - -0.27)
-0.23
(-0.46 - -0.01)
-0.61
(-0.84 - -0.38)
-0.28
(-0.51 - -0.06)
0.37
(0.14 - 0.59)

0.97

0.25

0.94

0.08

0.77

0.38

0.25

p value

1.00

0.46

0.99

0.24

0.89

0.59

0.46

adjusted
p value

Community 4

Note: Adjusted p value: FDR correction in subcortical volumes across age bins. Significant difference in bold. 95% CIs: 95% Confidence intervals.

p value

Community 3

Mean volume
Patients/
Controls

Table S5. Continued

0.01
(-0.21 - 0.23)

0.15
(-0.07 - 0.38)

0.05
(-0.18 - 0.26)

-0.19
(-0.42 - 0.03)

0.09
(-0.13 - 0.31)

0.11
(-0.11 - 0.33)

0.13
(-0.09 - 0.35)

Cohen’s d
(95% CIs)
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p value
2.0e-03
0.05
2.3e-05
0.12
0.03
0.03
0.25

Mean volume
Patients/Controls

681.4 (142.9)/
716.9 (150.6)

4103.4 (562.2)/
4184.3 (548.1)

6322.5 (802.4)/
6547.8 (755.8)

1825.6 (288.2)/
1858.6 (259.6)

1687.2 (273.1)/
1730.7 (251.1)

4368.3 (520.9)/
4442.1 (478.2)

8030.2 (1002.8)/
8088.4 (897.4)

Accumbens
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Caudate

Putamen

Pallidum

Amygdala

Hippocampus

Thalamus
0.46

0.12

0.12

0.31

2.0e-04

0.17

0.01

adjusted
p value

Total sample

-0.09
(-0.24 - 0.06)

-0.17
(-0.32 - -0.01)

-0.17
(-0.32 - -0.02)

-0.12
(-0.27 - 0.03)

-0.29
(-0.44 - -0.13)

-0.15
(-0.30 - -3.0e-03)

-0.24
(-0.39 - -0.09)

Cohen’s d
(95% CIs)

7659.0 (804.9)/
7803.8 (688.8)

4639.0 (459.0)/
4600.4 (458.0)

1926.8 (210.3)/
1922.6 (189.6)

1773.6 (220.8)/
1869.3 (224.9)

6537.1 (600.3)/
6964.3 (569.5)

4093.6 (507.6)/
4235.7 (521.3)

756.3 (116.9)/
818.6 (126.6)

Mean volume
Patients/Controls

0.20

0.28

0.72

3.0e-03

4.0e-07

0.04

1.4e-05

p value

0.42

0.48

0.85

0.02

5.8e-06

0.15

1.6e-04

adjusted
p value

Community 1

Table S6. Comparison of subcortical brain volumes within each community and the whole subsample of male adolescents

-0.16
(-0.44 - 0.11)

0.14
(-0.13 - 0.42)

0.04
(-0.23 - 0.31)

-0.42
(-0.69 - -0.14)

-0.73
(-1.01 - -0.45)

-0.28
(-0.55 - -0.01)

-0.54
(-0.82 - -0.27)

Cohen’s d
(95% CIs)
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0.57
0.50
0.16
0.87
0.20
0.64

4030.5 (575.2)/
4051.6 (539.5)

5885.0 (701.5)/
5981.1 (538.2)

1780.2 (309.1)/
1768.3 (248.4)

1625.1 (204.8)/
1654.1 (229.9)

4395.7 (483.1)/
4459.7 (468.4)

8560.1 (942.0)/
8422.9 (938.2)

Caudate

Putamen

Pallidum

Amygdala

Hippocampus

Thalamus
0.81

0.42

0.93

0.37

0.70

0.74

0.17

Mean volume
Patients/Controls
730.3 (131.5)/
766.8 (111.2)
4234.8 (579.5)/
4370.2 (543.0)
6812.4 (778.7)/
7058.5 (586.3)
1958.7 (278.0)/
2019.9 (249.0)
1528.0 (261.0)/
1604.7 (206.5)
4026.3 (453.9)/
4179.9 (417.1)
7558.6 (876.3)/
7842.8 (869.8)

Cohen’s d
(95% CIs)
-0.12
(-0.35 - 0.11)
-0.09
(-0.32 - 0.13)
-0.17
(-0.39 - 0.06)
0.01
(-0.22 - 0.24)
-0.19
(-0.41 - 0.04)
-0.24
(-0.46 - -0.01)
0.04
(-0.19 - 0.26)

0.180

0.11

0.18

0.27

0.04

0.34

0.15

p value

0.40

0.30

0.40

0.48

0.14

0.54

0.37

adjusted
p value

Community 4

Note: Adjusted p value: FDR correction in subcortical volumes across age bins. Significant difference in bold. 95% CIs: 95% Confidence intervals.

0.05

p value

adjusted
p value

Community 2

602.4 (124.7)/
616.7 (118.5)

Mean volume
Patients/Controls

Accumbens

Table S6. Continued

-0.28
(-0.59 - 0.03)

-0.30
(-0.60 - 0.01)

-0.27
(-0.57 - 0.04)

-0.19
(-0.50 - 0.12)

-0.33
(-0.64 - -0.03)

-0.19
(-0.50 - 0.12)

-0.25
(-0.56 - 0.06)

Cohen’s d
(95% CIs)
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0.23
0.67
0.19
0.16
0.81
0.73
0.62

649.4 (137.9)/
663.8 (151.9)

4033.8 (538.4)/
4002.8 (580.5)

6228.7 (878.6)/
6339.8 (812.2)

1726.1 (275.5)/
1761.8 (265.1)

1668.0 (280.7)/
1656.5 (295.8)

4387.9 (578.4)/
4328.6 (574.0)

7933.8 (1051.7)/
7897.1 (962.3)

Caudate

Putamen

Pallidum

Amygdala

Hippocampus

Thalamus

p value

Accumbens

Mean volume
Patients/Controls

0.80

0.85

0.90

0.37

0.41

0.81

0.45

adjusted
p value

Total sample

-0.04
(-0.22 - 0.14)

0.03
(-0.15 - 0.21)

-0.02
(-0.21 - 0.16)

-0.13
(-0.31 - 0.05)

-0.13
(-0.31 - 0.06)

0.04
(-0.14 - 0.22)

-0.11
(-0.29 - 0.07)

Cohen’s d
(95% CIs)

7516.3 (954.1)/
7650.3 (830.9)

4375.6 (505.0)/
4412.8 (524.6)

1862.3 (245.5)/
1825.1 (255.7)

1800.8 (262.3)/
1814.7 (242.8)

6798.2 (801.1)/
6729.5 (678.3)

4024.2 (483.9)/
4080.3 (541.5)

787.4 (132.1)/
814.3 (126.7)

Mean volume
Patients/Controls

Table S7. Comparison of subcortical brain volumes within each community and the whole subsample of adult men

0.22

0.49

0.47

0.78

0.48

0.48

0.24

p value

0.45

0.69

0.69

0.89

0.69

0.69

0.46

adjusted
p value

Community 1

-0.20
(-0.54 - 0.14)

-0.14
(-0.48 - 0.20)

0.11
(-0.23 - 0.45)

-0.05
(-0.39 - 0.30)

0.13
(-0.21 - 0.47)

-0.12
(-0.46 - 0.22)

-0.21
(-0.56 - 0.13)

Cohen’s d
(95% CIs)
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0.28
0.03
0.03
0.49
0.05
0.33

3970.7 (546.6)/
3840.9 (575.9)

5680.5 (667.2)/
5819.4 (642.4)

1595.9 (241.9)/
1642.0 (249.4)

1651.2 (252.1)/
1646.3 (276.4)

4635.7 (501.4)/
4451.2 (546.0)

8295.0 (1031.3)/
8216.8 (991.3)

Caudate

Putamen

Pallidum

Amygdala

Hippocampus

Thalamus
0.53

0.17

0.69

0.12

0.12

0.48

0.89

Mean volume
Patients/Controls
618.7 (92.2)/
649.0 (96.0)
4159.0 (564.9)/
4223.8 (551.1)
6629.5 (684.8)/
6884.7 (620.5)
1885.1 (234.2)/
1933.4 (201.0)
1494.2 (239.5)/
1465.9 (258.8)
3948.7 (522.3)/
3980.2 (555.6)
7714.4 (975.8)/
7571.6 (865.2)

Cohen’s d
(95% CIs)
0.05
(-0.21 - 0.31)
0.15
(-0.12 - 0.41)
-0.30
(-0.57 - -0.03)
-0.29
(-0.55 - -0.02)
-0.09
(-0.35 - 0.18)
0.27
(0.00 - 0.53)
-0.11
(-0.37 - 0.16)

Note: Adjusted p value: FDR correction in subcortical volumes across age bins. 95% CIs: 95% Confidence intervals.

0.77

p value

adjusted
p value

Community 2

586.5 (101.9)/
576.3 (112.2)

Mean volume
Patients/Controls

Accumbens

Table S7. Continued

0.25

0.26

0.80

0.57

0.16

0.87

0.11

p value

0.46

0.47

0.90

0.74

0.37

0.93

0.30

adjusted
p value

Community 4

0.29
(-0.37 - 0.16)

-0.14
(-0.51 - 0.23)

0.07
(-0.30 - 0.44)

-0.04
(-0.41 - 0.32)

-0.25
(-0.62 - 0.12)

-3.0e-03
(-0.37 - 0.36)

-0.31
(-0.68 - 0.06)

Cohen’s d
(95% CIs)
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Figure S1. Scree plot in each subsample
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Figure S2. VOI in each subsample. VOI: variation of information. alpha: a proportion of edges of a network was randomly perturbed.
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Chapter 6
In the final chapter, I discuss how results from the work presented in this thesis have
improved our understanding of the ADHD symptomatology in the general population, of the
neuroanatomic heterogeneity in neurodevelopmental disorders, and how the work described
in this thesis may influence future research.

SUMMARY OF RESULTS
ADHD symptomatology
In the first part of this thesis (Chapter 2 and Chapter 3), we investigated how ADHD symptoms
are distributed in the general population and how the factors related to ADHD, as a disorder,
link to ADHD symptoms in individuals from the general population. Utilizing the Nijmegen
Biomedical Study (NBS) cohort, we investigated the existence of a continuum of ADHD
symptoms in adults, and found that ADHD symptomatology in the general population
behaves similar to ADHD in the clinical extreme. Both are influenced by the same factors,
i.e. by childhood ADHD symptoms, age, gender, and personality traits (Chapter 2). Using a
second population-based sample, the Brain Imaging Genetics (BIG) cohort, we estimated ADHD
genetic liability in the adult healthy population using polygenic risk scores, and found that
ADHD genetic liability is significant associated with hyperactivity/impulsivity symptoms and
stressful life events. Stressful life events, especially through childhood trauma, partly mediated
the association between ADHD genetic liability and hyperactivity/impulsivity symptoms in
healthy adult population; Reciprocally, hyperactivity/impulsivity symptoms also mediated the
association between the ADHD genetic liability and stressful life events (Chapter 3).

The neuroanatomical heterogeneity in neurodevelopmental disorders
In the second part of this thesis (Chapter 4 and Chapter 5), we dissected neuroanatomic
heterogeneity in neurodevelopmental disorders. Utilizing the large sample from the ENIGMAADHD Working Group, we applied exploratory factor analysis (EFA) and community detection
analysis (CD) to subcortical brain volumes of 2493 individuals with and without ADHD (Chapter
4). Our results suggest the existence of more homogeneous subgroups within the male
participants (boys and men) based on brain volume patterns, same in those with and without
ADHD. Effect sizes of several case-control differences in the factors as well as the communities
appeared more pronounced than those observed in the entire sample. The biological validity
of the communities was suggested by the fact that one of the communities was enriched in
individuals showing psychiatric comorbidity. In females, different latent factors seemed to
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underlie (a possible) subcortical organization, which indicates differential correlations patterns
across various subcortical structures between the two sexes.
We applied the same analytical approach to the dataset of the ENIGMA-ASD Working Group,
(Chapter 5) and observed similar communities in male participants with ASD and healthy
controls (boys, male adolescents, and men) with increased effect sizes for several case-control
differences in the communities compared to the entire sample. The number of communities
was reduced from four in the subsample of boys to three in male adolescents and adult men,
both in those with and without ASD. Due to the greatly limited data availability, we did not
perform any analyses in females.

INTERPRETATION IN THE CONTEXT OF EXISTING
LITERATURE
ADHD symptomatology
Our results on ADHD symptomatology (Chapter 2 and Chapter 3) fit with the existing
literature suggesting that neurodevelopmental psychiatric disorders can be investigated by
using dimensional approaches in population samples (Hengartner & Lehmann, 2017; Kelly,
Clarke, Cryan, & Dinan, 2018). In the past, the majority of studies aimed at understanding
the underpinnings of ADHD focused on individuals with an ADHD diagnosis, thus excluding
those with symptoms below a diagnostic threshold from research and clinical scope. More
recent research suggests that there is not a simple, clear-cut boundary between ADHD as a
disorder and ‘normality’ (Biederman et al., 2018; Faraone, Biederman, Spencer, et al., 2006;

6

Heidbreder, 2015; Kirova et al., 2019). For example, a systematic review of 18 studies reported
the prevalence rate of subthreshold ADHD in children and adolescents to range from 0.8% and
23.1% (Balázs & Keresztény, 2014); the broad range was explained by differences in the definition
of subthreshold ADHD, the measures, and the source of the sample. As described in Box 1 in
Chapter 1, an ADHD diagnosis is based on at least six out of nine symptoms (five out of nine
in adults) of inattention and/or hyperactivity/impulsivity. This clinical boundary, built on the
number and severity of ADHD symptoms and impairment, is increasingly being criticized as
being somewhat arbitrary. In addition, there is accumulating evidence that ADHD symptoms
occur on a continuum. Using a dimensional rather than a categorical approach in research (and
clinic) may therefore better reflect the underlying reality of ADHD, and provide findings with
an increased reliability and validity (Markon, Chmielewski, & Miller, 2011). To underscore this
idea, in 2010, the US National Institute of Mental Health (NIMH) launched the Research Domain
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Criteria (RDoC), which is a research framework to utilize dimensional approaches in mental
health research (Carcone & Ruocco, 2017; Garvey, Avenevoli, & Anderson, 2016; Insel et al., 2010).
An important driver for the development of this framework was the aim to provide a better
understanding of the full range of human behaviour from normal to abnormal by integrating
multiple levels of information (from genomics and neural circuits to cognition and behaviour)
(Carcone & Ruocco, 2017; Garvey et al., 2016). The two studies on ADHD symptomatology in
healthy population in the current thesis picked up the idea to anchor ADHD research in the full
range of human behaviour. Showing that ADHD symptoms in the general population behave
similar as the clinical extreme of the continuum, extends existing evidence for such a continuum
into adulthood, with regard to the developmental trajectory of ADHD symptomatology and
the comorbidity profile. Building on this, we break new ground by identifying bidirectional
interplay of genetic and environmental risk factors for ADHD.
Our findings show that the developmental trajectory of ADHD symptomatology in the general
population is similar to that of the clinical extreme the continuum (Chapter 2). Characteristic
changes are known to occur in the presentation of ADHD across the lifespan. In clinics,
individuals with ADHD are more likely to display hyperactivity/impulsivity symptoms in
early childhood; later, in middle childhood, inattention symptoms become more obvious
and tend to persistent in late adolescence and adulthood, while hyperactivity/impulsivity
symptoms decrease during this developmental period (Biederman, Mick, & Faraone, 2000;
Faraone, Biederman, & Mick, 2006; Franke et al., 2018). Similar changes are also present in
ADHD symptoms in healthy individuals across the lifespan. A community-based study reported
that inattention symptoms are more persistent than hyperactivity/impulsivity symptoms
in the developmental trajectory from early childhood to late adolescence (Holbrook et al.,
2016). Our own study in Chapter 2 extended such analyses to adulthood by reporting that
inattention symptoms remained fairly stable and hyperactivity/impulsivity symptoms declined
with increasing age throughout adulthood across a large age range from 18 to 77 years. A
second developmental change in ADHD is seen in the male : female ratio. Males are more
often affected than females in childhood and adolescence (Biederman et al., 2002; Ramtekkar,
Reiersen, Todorov, & Todd, 2010); in adulthood, the ratio of affected males and females is close
to 1 (Biederman, Faraone, Monuteaux, Bober, & Cadogen, 2004; Cortese, Faraone, Bernardi,
Wang, & Blanco, 2016). Studying ADHD symptoms in children from the general population,
researchers found boys had higher ADHD symptom counts than girls, but the persistence
patterns were similar between sexes (Holbrook et al., 2016). However, other studies indicated
that sex discrepancies in hyperactivity/impulsivity and inattention symptoms were small
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(Ghirardi et al., 2018; Polderman, Hoekstra, Posthuma, & Larsson, 2014). In our own studies,
we did observe sex differences between inattention and hyperactivity/impulsivity symptom
dimensions in healthy adults, but these findings were inconsistent across cohorts. In the NBS
cohort, more females had hyperactivity/impulsivity symptoms than males, but no significant
sex difference in inattention symptoms (Chapter 2). In the BIG cohort, males were the ones
with higher inattention scores and lower hyperactivity/impulsivity scores (Chapter 3). In both
cases, effect sizes of the differences were very small and could represent random fluctuations.
Also with regard to the developmental trajectories, we conclude that ADHD symptomatology
in the general population and ADHD as a disorder behave similar. The similarity is likely to
indicate common biological mechanism underlying ADHD as a disorder and ADHD traits.
Our own study of polygenic risk scores based on GWAS of clinical ADHD showed associations
with hyperactivity/impulsivity in the adults (Chapter 3), and also others have shown that the
genetic risk variants for ADHD are associated with ADHD symptoms in the general population
(Demontis et al., 2019; Groen-Blokhuis et al., 2014; Martin, Hamshere, Stergiakouli, O’Donovan, &
Thapar, 2014; Stergiakouli et al., 2015); However, information about the biological underpinning
of ADHD, especially the developmental trajectories across the lifespan is still limited (Rovira
et al., 2020).
Our studies in Chapter 2 also show that ADHD symptomatology in the general population also
behaves similar to ADHD as a disorder with regard to comorbidity profile, including anxiety
symptoms, and with regard to personality traits. This subject was first approached by Faraone
and co-workers, who studied adults with ADHD symptoms that never reached the DSM-IV
clinical diagnosis for this disorder; they found that these subthreshold ADHD subjects had
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similar patterns of psychiatric comorbidity, functional impairment and familial transmission
as ADHD individuals (Faraone, Biederman, Spencer, et al., 2006). In line with this, other studies
subsequently also indicated the association between subsyndromal ADHD and psychiatric
comorbidities, including mood disorders, anxiety disorders, substance use disorders, and
aggressive behaviour (Biederman et al., 2018; Cho et al., 2009; S. Hong et al., 2014; Kirova et al.,
2019), similar to studies of individuals with the clinical ADHD diagnosis. Our studies in Chapter
2 expand this work from subthreshold ADHD to the full range of the ADHD trait continuum
in the general population by demonstrating that ADHD symptomatology is associated with
anxiety symptoms and with personality traits in a similar way as has been shown for diagnosed
ADHD. Beyond the factors of interest in our studies, other mental conditions, such as depression
symptoms and substance abuse, as well as experiencing mental health discrimination have been
associated with ADHD symptomatology in the general population (Das, Cherbuin, Butterworth,
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Anstey, & Easteal, 2012; Lundervold, Hinshaw, Sørensen, & Posserud, 2016; Petker et al., 2020;
Stickley et al., 2019), and ADHD symptomatology is also associated with violence, financial crisis,
and unemployment (Das et al., 2012; Gonzalez, Kallis, & Coid, 2013). Taking all of these studies
together demonstrates that ADHD symptomatology constitutes a substantial psychosocial
and health burden in the general population, again raising the point of the arbitrariness of the
symptom cut-off for diagnosis discussed above. Since ADHD symptomatology (non-zero scores)
is so common in the general population, this burden results in significant cost for individuals
as well as the society. Thus, it is urgent to have a better understanding of the impact of ADHD
symptomatology in the general population, especially over the lifespan. There is a good
prospect of suitable education and intervention in the general population, which would reduce
the substantial negative impact of ADHD symptomatology on health and quality of life.
Building on the findings that ADHD symptomatology behaves as a continuum in the population,
our studies in Chapter 3 break new ground in the understanding of the relationship between
genetic and environmental risk factors for ADHD. We observed that the interplay of ADHD
genetic liability and stressful life events contributes to ADHD symptomatology in the healthy,
adult population and bidirectional effects exist between stressful life events and ADHD
symptomatology. The role of interplay between genes and environmental factors has so far
been underestimated, according to many researchers (Nigg, Nikolas, & Burt, 2010; Palladino,
McNeill, Reif, & Kittel-Schneider, 2019). Research of this subject lags behind, with the majority
of published studies focused on some single candidate genes, such as DAT1 and DRD4 (Altink
et al., 2008; Brookes et al., 2008; Kahn, Khoury, Nichols, & Lanphear, 2003; Neuman et al., 2007;
Palladino et al., 2019), often in minute sample sizes, and all investigated gene-environment
interaction specifically. Not surprisingly, several studies have reported that the interaction
between a risk allele and environmental risk factors was associated with the risk of developing
ADHD as a disorder, while others did not find such associations (Altink et al., 2008; Brookes et
al., 2008; Kahn et al., 2003; Neuman et al., 2007). As ADHD is a polygenic disorder, polygenic risk
scores (PRS) can now be used to characterize the genetic liability of a person for ADHD, and such
a measure may also be used to investigate interplay with environmental risk; however, there
are yet few studies on this subject, and even fewer ones have addressed mediation. Of the few
studies that have been published, Leppert and coworkers reported that maternal ADHD-PRS
was associated with prenatal exposures linked to neurodevelopmental disorders in offspring,
including smoking, pre-pregnancy BMI, stressful life events in the first trimester of pregnancy,
higher risk of experiencing severe depression (Leppert et al., 2019). These investigated
prenatal exposures were associated with increased risk of ADHD in children; However, no
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mediation analysis were performed to explore the relationship of maternal ADHD-PRS, earlylife exposures and ADHD symptoms in the offspring; Stergiakouli and colleagues found that
ADHD-PRS was associated with educational attainment, and both IQ and ADHD symptoms in
childhood mediated this association (Stergiakouli et al., 2017). In our study, we examined the
complex relationship among ADHD-PRS, stressful life events, and ADHD symptomatology
in the healthy population. We found that individuals with high ADHD-PRS were likely to
have higher dimensional hyperactivity/impulsivity score and more stressful life events; Our
findings are in line with previous study on the youth and adults, reporting ADHD-PRS was
associated with having an ADHD diagnosis and/or dimensional ADHD symptoms (Vuijk et al.,
2019). Other study based on population-based sample have evidenced the effects of ADHD
symptoms on increased risk of stressful life events (Friedrichs, Igl, Larsson, & Larsson, 2012). Our
study further explicated the relationship among them by reporting bidirectional influences
between hyperactivity/impulsivity symptoms and stressful life events. In detail, stressful life
events mediated the effect of ADHD-PRS on hyperactivity/impulsivity symptoms; reciprocally,
hyperactivity/impulsivity symptoms mediated the effect of stressful life events. Moreover, we
found that childhood trauma contributes most to the mediation effect of lifetime stressful
life events on ADHD symptoms. This results substantiated that childhood is a crucial period
for the development of ADHD symptoms (Bjorkenstam, Bjorkenstam, Jablonska, & Kosidou,
2018; Liu, Asherson, Viding, Greven, & Pingault, 2019; Roskam et al., 2014). Sum up, our study in
Chapter 3 shows that each individual has ADHD genetic predisposition in some extent; and it
interplay with stressful life events and influence the development of ADHD symptomatology.
The study further supports that the psychosocial and health burden of ADHD exist in the
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general population and the diagnostic threshold of ADHD is kind of arbitrary.

The neuroanatomical heterogeneity in neurodevelopmental disorders
Our results on neuroanatomical heterogeneity in ADHD and ASD (chapter 4 and chapter
5) suggested that subgroups exist in the population based on subcortical brain profiles,
irrespective of a disease diagnosis. The stratification may enhance our ability to observe (brain)
differences between those with and without neurodevelopmental disorders, which is in line
with previous studies reporting that the power to detect diagnostic effects was increased to
some extent within subgroups (Fair, Bathula, Nikolas, & Nigg, 2012; Feczko et al., 2018; Mostert
et al., 2018). Previous studies on brain structure in neurodevelopmental disorders have been
limited in statistical power due to small sample sizes; even with large meta-/mega-analyses,
effect sizes of case-control differences still were small (Hoogman et al., 2017; van Rooij et al.,
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2018). This is probably due to the fact that conventional case-control comparisons average
inter-individual variability. In both ENIGMA-ADHD and ENIGMA-ASD cohorts, we observed
that case-control differences of opposite direction were present in some subgroups. These
observations might be helpful to explain the contradictory reports of subcortical alterations
that have been published in ADHD and ASD. Probably, such studies with small sizes may have
accidentally recruited a disproportionately large number of cases from a specific subgroup
(Lombardo, Lai, & Baron-Cohen, 2019). In summary, the stratified approaches may provide us
the possibility to examine complex relationship between case-control by grouping individuals
with similar profiles.
Applying factor analysis (Chapter 4 and Chapter 5), we reported consistent latent structures
of subcortical volumes, in male participants, consisting of the basal ganglia, limbic system,
and thalamus, irrespective of disease diagnosis. This factor structure is consistent with known
functional relationships among inter-connected regions. The basal ganglia, which were
represented by caudate nucleus, globus pallidus, putamen and accumbens in our analyses,
plays roles in behavioral, cognitive, and emotional processes by integrating information from
cortical areas (Ward, Seri, & Cavanna, 2013). The limbic system, represented by amygdala and
hippocampus, connects prefrontal region and is involved in the regulation of attentional and
emotional processes (Kerr et al., 2015). The thalamus integrates and conveys information to the
cortex, it is a crucial hub in neuronal networks (Power & Looi, 2015). The same latent factors
were found in those with ADHD and ASD as well as in the healthy individuals, suggesting
there is no qualitative difference in subcortical brain volumes in either ADHD or ASD (P. S. W.
Boedhoe et al., 2020). Unexpectedly, different latent factors seemed to underlie subcortical
organization in females, which we examined in the ENIGMA-ADHD cohort (Chapter 4). There
were also apparent developmental changes in the latent factors in the females. Due to the
small sample size of females, we were not able to do such analyses in the ENIGMA-ASD cohort.
Given sex differences in subcortical volumes have been evidenced (Rijpkema et al., 2012; Ritchie
et al., 2018; Ruigrok et al., 2014), we assume that the different subcortical factor structures
are the result of different correlations between subcortical brain volumes in the two sexes.
Previous studies have associated sex differentiation in the brain with cognitive, emotional, and
behavioral differences between males and females, and differences in the risk for developing
specific psychiatric disorders (Grabowska, 2017; Ritchie et al., 2018). It is interesting to speculate
whether the observed differences in the latent structure of subcortical brain volumes may
be related to differences between sexes in neurodevelopmental disorders and associated
comorbidity profiles.
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Using CD analysis, we found that male participants in each age-cohort could be stratified
into similar subgroups with homogeneous neuroanatomical patterns; this was irrespective of
diagnosis and seen in those with ADHD, ASD and in healthy controls (Chapter 4 and Chapter 5).
Our results are in line with previous studies, which have documented similarities in structural
brain volumes between ADHD and ASD (Premika S.W. Boedhoe et al., 2019; Dougherty, Evans,
Myers, Moore, & Michael, 2016), and in line with studies indicating that the heterogeneity
of brain volumes among individuals with neurodevelopmental disorders is ‘nested’ within
normative variability (Andre F. Marquand, Rezek, Buitelaar, & Beckmann, 2016; Wolfers et al.,
2020; Zabihi et al., 2019). We also observed that the number of subgroups reduced from four
to three in going from childhood to adulthood samples in both ENIGMA-ADHD and ENIGMAASD cohort. This reduction may be related to structural brain maturation over age, leading to
less diversity in the organization of subcortical volumes in the population (Coupe, Catheline,
Lanuza, & Manjon, 2017). In detail, three subgroups were found only in healthy adult men
from the ENIGMA-ADHD cohort (Chapter 4); but in the ENIGMA-ASD cohort, three subgroups
were found in male adolescents and adult men, irrespective of ASD diagnosis (Chapter 5). The
discrepancy may indicate different maturation pattern between ADHD and ASD. Longitudinal
studies have indicated that ADHD is characterized by delayed cortical maturation (Hoogman
et al., 2019; Shaw et al., 2007). The ENIGMA-ADHD working group reported a delayed peak
subcortical volume in participants with ADHD, which extends the brain maturation delay
theory for ADHD to subcortical structures (Hoogman et al., 2017). In ASD, flattened curves of
maturation have been reported (Ouyang et al., 2016; Raznahan et al., 2010), but on average,
ASD participants have similar brain maturation patterns as healthy controls (Tunç et al., 2019).

6

Sum up, our observation by community detection maybe helpful in understanding both the
similarity and the diversity of neuroanatomy of neurodevelopmental disorders.
The subcortical brain structure-based stratification observed in our studies may have clinical
relevance to the presence of comorbidities in ADHD, but no link was observed with the
symptom severity of ADHD, IQ, or medication use (Chapter 4). Due to the lack of information
of clinical profiles, we were not able to investigate the links with clinical/cognitive features
in the ENIGMA-ASD cohort (Chapter 5). Previous studies have indicated that subtyping in
neurodevelopmental disorders may be related to clinical presentation (Costa Dias et al., 2015;
S. J. Hong, Valk, Di Martino, Milham, & Bernhardt, 2018; Loo, McGough, McCracken, & Smalley,
2018). In ADHD, reward system connectivity related subgroups were linked to impulsivity and
reward task performance (Costa Dias et al., 2015), and electroencephalography (EEG) frequency
patterns were associated with cognitive performance and comorbidity (Loo et al., 2018). In
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ASD, distinctive anatomical subtypes based on vertical and horizontal cortical organization
were associated with autism diagnostic observation schedule (ADOS) score (S. J. Hong et al.,
2018). Other studies reported no association between subgroups based on neuropsychological
performance and clinical presentations (Fair et al., 2012; Mostert et al., 2018). Potential reasons
could be that stratification reduces the sample sizes in the analyses, which may lead to less
statistical power. Other studies pointed out that the data-derived stratification of individuals
with neurodevelopmental disorders vary with regard to its clinical relevance, which heavily
depends on the dataset used and it is in need of further validation (A. F. Marquand, Wolfers,
Mennes, Buitelaar, & Beckmann, 2016). In our case, despite the large initial sample size of the
ENIGMA working group samples, statistical power may also have been too limited to observe
any links with clinical variables, especially given the large heterogeneity of the tests used to
measure most of such variables. However, using factor analyses and community detection, we
got similar homogeneous subgroups from two independent and sizeable samples (ENIGMAADHD and ENIGMA-ASD cohort), which suggests that our stratification are valid.

STRENGTHS AND LIMITATIONS
ADHD symptomatology
The analyses performed in the first part of this thesis have the great strength that two large
population-based samples could be used to investigate ADHD symptomatology across the
lifespan. The samples not only have large sample sizes, but also cover broad age ranges,
which has allowed us to examine the natural distribution of ADHD symptomatology across
the lifespan (dimensional approach). The methodologies applied in our studies were another
strength of this work. In the first part of studies, we applied an Hurdel negative binomial (HNB)
model to non-normalized data with positive skewness and excess zeros, which provided better
model fitness than conventional statistical models. We also utilized polygenic risk scoring,
which estimates the contribution of common variants that usually exert small effects on ADHD.
The approach sums up the effects of common variants and allows more powerful analyses in
exploring the interplay between ADHD genetic predisposition and environmental factors in
ADHD symptomatology in the general population than would have been not possible based
on candidate gene approaches.
Some limitations should also be noted. Firstly, we studied only a limited number of etiological
factors of interest in ADHD symptomatology, including age, gender, childhood ADHD
symptoms, anxiety symptoms, personality traits and stressful life events, we may have not
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include key predictors for ADHD symptomatology. As there is evidence of ADHD coexisting
with additional psychiatric conditions (Franke et al., 2018), the relatively narrow scope of only
including anxiety symptoms and personality traits has limited our capability to elucidate the
relationships between ADHD symptomatology in the general population and psychiatric
comorbidity. With regard to environmental risk factors, we could not include prenatal and
perinatal environmental exposures, due to unavailability for our dataset. Secondly, being
cross-sectional, our studies provided limited information about the dynamics of ADHD
symptomatology and (psychiatric) comorbidity across the lifespan in the general population.
We were not able to study how ADHD symptomatology changes with the onset of an anxiety
disorder and/or other psychiatric comorbidities. Similarly, our studies could not show how
ADHD symptoms fluctuate with the varying intensity of stressful life events in the general
population across lifespan. Other limitations include the self-reported and retrospective
recalled questionnaires, the limited detection power due to binary (yes/no) questions, which
have been discussed in the individual chapters (Chapter 2 & Chapter 3).

The neuroanatomical heterogeneity in neurodevelopmental disorders
The strengths of the analyses in the second part of this thesis would be the large samples to
explore neuroanatomical subgroups in neurodevelopmental disorders. Small sample sizes are
often found in neuroimaging studies, which lead to low statistical power and high sampling
variability (Hoogman et al., 2017; Szucs & Ioannidis, 2019; van Rooij et al., 2018). For tackling
neuroanatomical heterogeneity in neurodevelopmental disorders, sample sizes need to be
even larger. The ENIGMA consortium coordinates neuroimaging data from collaborators

6

worldwide and consist the largest samples in the field, which enabled us to conduct datadriven stratification analysis in ADHD and ASD (Thompson, 2019). Secondly, although stratified
models have been widely used to decompose heterogeneity in neurodevelopmental disorders
(Karalunas & Nigg, 2019; Lombardo et al., 2019; A. F. Marquand et al., 2016), the number and
characteristics of the subgroups vary between studies, which is suggesting the importance
of validation and replication (A. F. Marquand et al., 2016). In our studies, both ENIGMA-ADHD
and ENIGMA-ASD working group had subcortical volumes data available; this enabled us to
validate the neuroanatomical subgroups across different neurodevelopmental disorders (ADHD
to ASD), which is another strength of this work. Especially, the harmonized protocols for brain
segmentation and quality control used across the different ENIGMA working groups limited
variation in these datasets. The broad age range in our samples provided us with an opportunity
to replicate the subgrouping across the lifespan - in children, adolescents and adults - which led
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to a better understanding of the life trajectory of neuroanatomical heterogeneity in healthy
individuals as well as those with the different neurodevelopmental disorders.
There are also some limitations to consider in the second part of the studies. The arbitrariness of
employing the modularity algorithm is one of those potential limitations. Although we applied
a widely used technique and obtained a consistent approximation across subsamples (boys
& men) and disease diagnoses (ADHD and ASD), we cannot exclude that other classification
methodologies may result in different subgroups. Another limitation is the inter-cohort
variability due to different scanners and acquisition protocols. With regard to the diagnosis,
clinical phenotyping, IQ, and assessment of comorbidities, there were not systematic
methodologies used across cohorts to collect information; this methodological heterogeneity
limited our capability to explore the clinical relevance of the biological subgroups. Especially,
as several subgroups were found, the sample size in each subgroup was dramatically reduced,
leaving little statistical power to detect significant differences of clinical/cognitive variables
between subgroups. Moreover, both the ENIGMA ADHD and ASD cohorts have limited female
samples, which hampers the understanding of neuroanatomical heterogeneity in this sex.

FUTURE RESEARCH
ADHD symptomatology
Based on the findings and the discussion in this thesis, some suggestions can be given for
future research. As mentioned above, current studies in this thesis only included a limited
number of etiological factors of interest; future research should expand to studying etiological
influences more broadly. As ADHD symptomatology is a developmentally complex phenotype,
large-scale longitudinal population-based studies are required. With detailed, multi-level
characterisation of participants across different phases of the lifespan, further studies can assess
how the fluctuation of ADHD symptoms across the lifespan is influenced by other psychiatric
comorbidities and environmental factors. Future studies should also forge links to cognitive
functioning and the brain’s developmental trajectory across the lifespan. Moreover, the
utilization of polygenic scores in the research field of genetic and environmental interaction/
interplay on ADHD is still very scarce. In the future, well-conducted genetic and environmental
studies on ADHD symptomatology and ADHD-related cognitive and brain impairments are
required, especially with advanced methods. Last but not the least, negative outcome of ADHD
symptoms on individuals from the general population and the community in general has been
documented; however, the majority of studies on the impact of ADHD focus on diagnosed
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and treated ADHD. The general lack of research into the impacts of ADHD symptomatology in
the general population requires more work to address this gap in evidence. Public education
and better exploitation of research findings is also needed to translate the findings from the
research to the public.

The neuroanatomical heterogeneity in neurodevelopmental disorders
Neurodevelopmental disorders, such as ADHD and ASD, are not unitary disorders, but
represent spectra with a large amount of heterogeneity in symptomatology, neuropsychology,
neurobiology and comorbidity (Heidbreder, 2015; Luo, Weibman, Halperin, & Li, 2019). To
tackle the heterogeneity in neurodevelopmental disorders, some prospective directions
are proposed. Firstly, to date, few studies have stratified neurodevelopmental disorders on
the basis of quantitative biological measures. In the future, multi-level analyses should be
used to investigate the multi-level heterogeneity in ADHD and ASD, from genetics to brainimaging, cognition, and to behavioral phenotypes. Second, longitudinal analyses could be
included. As neurodevelopmental disorders are not static within individuals, illustration of
the developmental trajectory in each characterized subgroup would contribute to a better
understanding of neurodevelopmental disorders. Third, computationally driven research, such
as artificial intelligence, machine learning with novel methodological approaches are needed
to parse the complex, heterogeneous nature of neurodevelopmental disorders. These datadriven approaches to heterogeneity may be promising for developing personalized treatment
in neurodevelopmental disorders (Jacob et al., 2019).

6

KEY FINDINGS OF THIS THESIS
● Childhood ADHD symptoms, age, sex, anxiety symptoms, and personality traits were
associated with current inattention and/or hyperactivity/impulsivity symptoms in adults
from the general population (Chapter 2).
● ADHD-PRS was associated with hyperactivity/impulsivity score, lifetime stressful life events
and childhood trauma in healthy adults (Chapter 3).
● Lifetime stressful life events partially mediated the association between ADHD-PRS and
hyperactivity/impulsivity score, with strongest effects contributed by childhood trauma.
Conversely, hyperactivity/impulsivity score also partially mediated the association between
the ADHD-PRS and lifetime stressful life events (Chapter 3).
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● Utilizing the ENIGMA-ADHD and ENIGMA-ASD cohorts, we found that homogeneous
subgroups (communities) based on subcortical brain volumes exist, irrespective of disease
diagnosis and age (Chapter 4 and 5).
● The effect sizes of case-control differences appear more pronounced in some of
communities compared to the entire sample (Chapter 4 and 5).
● In the ENIGMA-ADHD cohort, different latent factors seemed to underlie subcortical brain
organization in males and females (Chapter 4).
● In the ENIGMA-ADHD cohort, affected men in two of the communities presented
comorbidities more frequently than those in other communities (Chapter 4).
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SUMMARY
Neurodevelopmental disorders (NDD) are a group of disorders with impaired development
of the brain and/or central nervous system, which often lead to lifelong abnormal brain
functioning. The abnormal brain function may affect emotion, learning and cognitive ability,
and memory. Attention-deficit/hyperactivity disorder (ADHD) and autism spectrum disorders
(ASD) are among the most common childhood-onset NDD. Two types of evidence about the
nature of ADHD and ASD formed the starting points for this thesis. First, as a disorder, ADHD
and ASD are at the extreme end of a trait distribution that extends throughout the general
population. ADHD-related traits (ADHD symptomatology) and autistic traits are common in the
general population. Second, both ADHD and ASD are heterogenous with regard to etiology,
clinical phenotypes and psychiatric comorbidities, the developmental trajectories, and the
associated structural and functional brain alterations.
My aim in the research project was to gain further insight in the ADHD symptomatology in the
general population, and disentangle the neuroanatomical heterogeneity of ADHD and ASD.

Part 1 ADHD symptomatology in the healthy adult population
In part 1 of this thesis, I focussed on the question which factors affect ADHD symptomatology
in the healthy adult population. In chapter 2, I worked on epidemiological factors, such as
age, sex, childhood ADHD symptoms, anxiety symptoms, and personality traits. In chapter
3, I investigated whether and how genetic risk factors and stressful life events (SLE) influence
investigated ADHD symptomatology.
In chapter 2, ADHD symptomatology was measured using the ADHD DSM-IV rating scale on
4987 adults from the general population, participants from Nijmegen Biomedical Study (NBS)
cohort. We found 28.5% of the NBS population to have at least one inattention symptom and
46.1% to have at least one hyperactivity/impulsivity symptom. As the ADHD symptoms were
over-dispersed with excessive zeros in the statistical distribution, the Hurdel negative binomial
(HNB) model was used to evaluate whether factors known to influence clinically diagnosed
ADHD are also associated with ADHD symptomatology along the continuum of ADHD traits
in adults from the general population. We found that childhood ADHD symptoms, age, sex,
anxiety symptoms, and personality traits were associated with current inattention and/or
hyperactivity/impulsivity symptoms in the adults from the general population.
As earlier work by our group had shown that ADHD symptoms are associated with stressful
life events in the adult healthy population, we expanded this work in chapter 3 by adding
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information on ADHD genetic liability. Analyzing the Brain Imaging Genetics (BIG) cohort
with1531 participants, mediation analyses was used to explore how the interplay of ADHD
genetic liability and stressful life events affect ADHD symptoms in the healthy adults. We
observed a complex relationship of ADHD genetic lability, stressful life events , and ADHD
symptoms in the healthy adults. In detail, we found that ADHD genetic liability exerts both
direct and indirect effects on hyperactivity/impulsivity symptoms. Lifetime stressful life events
, especially though childhood trauma, partly mediated the association between ADHD genetic
liability and hyperactivity/impulsivity symptoms. In addition, hyperactivity/impulsivity scores
also partly mediated the association between ADHD genetic liability and lifetime stressful life
events.
To summarize, part 1 of this thesis shows ADHD symptomatology in the general population
behave similar as the clinical extreme of the continuum, regarding to the developmental
trajectory of ADHD symptoms, the comorbidity profile and the interplay of genetic and
environmental risk factors for ADHD.

Part 2 Neuroanatomical heterogeneity in neurodevelopmental disorders
In part 2 of this thesis, I focussed on neuroanatomical heterogeneity in the neurodevelopmental
disorders (NDD). We started from the hypothesis that the small effect sizes of case-control
brain volume differences in NDD could be accounted for by neuroanatomical heterogeneity.
Parsing neuroanatomical heterogeneity could enhance the capability to detect case-control
differences in brain volumes and identify behaviorally and/or clinical meaningful subgroups.
In this thesis, I employed exploratory factor analysis (EFA) and community detection (CD). In
chapter 4, I studied ADHD in chapter 5, I studied ASD in this way.

A

In chapter 4, I utilized the large ENIGMA-ADHD dataset of 2493 individuals and found that the
latent structure of subcortical volumes consists of basal ganglia, limbic system, and thalamus in
male participants (boys and adult men). Among them, we discerned four distinct communities,
one of which did not comprise any healthy adult males. In the subsample of boys, significant
case-control differences of subcortical volumes were observed within communities, often
with stronger effect sizes compared to the entire sample. No difference of the effect sizes
within communities and the whole sample were observed in the subsample of adult men. The
latent structure of the subcortical brain volumes did not seem to have a behavioral correlate
at the level of ADHD symptom severity, IQ and medication use, but men with ADHD in two
communities more frequently reported the presence of comorbidities than those within the
203
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other two communities. In females, we observed different latent factors underlie subcortical
organization, which suggesting different correlations between subcortical structures in the
two sexes.
In chapter 5, the same methodology was applied in a subset of the ENIGMA-ASD dataset of
2661 individuals, which included three subsamples (boys, male adolescents, and adult men).
Similar subcortical structures were found in the subsamples of boys and male adolescents.
In the subsample of adult men, the three-factor structure was slightly different: the nucleus
accumbens loaded onto the factor containing the limbic system structures, which was named
‘limbic system-accumbens’. Using CD, we observed four distinct communities in the subsample
of boys and three in male adolescents and adult men across individuals with and without
ASD. We found the effect sizes of case-control comparisons was more pronounced in some
communities than in the whole sample. We could not link these subcortical brain grouping to
ASD clinical phenotype due to limited data availability.
To summarize, part 2 of this thesis shows that more homogeneous subgroups with similar
subcortical pattern exist in the population, irrespective of ADHD/ASD diagnosis. The
stratification enhanced our ability to observe case-control differences of subcortical brain
volumes in both ADHD and ASD.
Overall, the work reported in this thesis provides new insights in ADHD symptomatology in
the general population, which behaves similar as the clinical extreme of the continuum. We
also showed that ADHD and ASD populations can be subdivided into potentially meaningful
subgroups based on subcortical brain volumes, which provides further insights into the
heterogeneity of the ADHD/ASD diagnosis.
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SAMENVATTING
Neurologische ontwikkelingsstoornissen (NDD) zijn een groep aandoeningen met een
verstoorde ontwikkeling van de hersenen en / of het centrale zenuwstelsel, die vaak leiden
tot een levenslang abnormaal functioneren van de hersenen. De abnormale hersenfunctie kan
emotie, leer- en cognitief vermogen en geheugen beïnvloeden. Attention-deficit / hyperactivity
disorder (ADHD) en autismespectrumstoornissen (ASS) behoren tot de meest voorkomende
NDD bij kinderen. Twee soorten bewijs over de aard van ADHD en ASS vormden de
uitgangspunten voor dit proefschrift. Ten eerste bevinden de aandoeningen ADHD en ASS zich
binnen de algemene bevolking aan het uiterste einde van een kenmerkendistributie. ADHDgerelateerde kenmerken (ADHD-symptomatologie) en autistische kenmerken komen veel
voor in de algemene bevolking. Ten tweede zijn zowel ADHD als ASS heterogeen wat betreft
etiologie, klinische fenotypes en psychiatrische comorbiditeiten, de ontwikkelingstrajecten en
de daarmee samenhangende structurele en functionele hersenveranderingen.
Mijn doel in het onderzoeksproject was om meer inzicht te krijgen in de ADHD symptomatologie
in de algemene bevolking, en om de neuro-anatomische heterogeniteit van ADHD en ASS te
ontleden.

Deel 1 ADHD-symptomatologie in de gezonde volwassen populatie
In deel 1 van dit proefschrift concentreerde ik me op de vraag welke factoren van invloed zijn
op ADHD-symptomatologie in de gezonde volwassen populatie. In hoofdstuk 2 heb ik gewerkt
aan epidemiologische factoren, zoals leeftijd, geslacht, ADHD-symptomen bij kinderen, angst
symptomen en persoonlijkheidskenmerken. In hoofdstuk 3 heb ik onderzocht of en hoe
genetische risicofactoren en stressvolle levensgebeurtenissen (SLE) de onderzochte ADHDsymptomatologie beïnvloeden.

A

In hoofdstuk 2 werd ADHD-symptomatologie gemeten met behulp van de ADHD DSM-IVbeoordelingsschaal bij 4987 volwassenen uit de algemene populatie, deelnemers uit het
Nijmegen Biomedical Study (NBS) -cohort. We ontdekten dat 28,5% van de NBS-populatie
ten minste één symptoom van onoplettendheid had en 46,1% ten minste één symptoom van
hyperactiviteit / impulsiviteit. In de dataset bestond de verdeling van ADHD-symptomen uit
overmatig veel nullen. Om hiermee in de statistische analyse rekening te houden werd het
Hurdel-negatieve binominale (HNB) -model gebruikt om te evalueren of factoren waarvan
bekend is dat ze klinisch gediagnosticeerde ADHD beïnvloeden, ook in de algemene gezonde
volwassen bevolking geassocieerd zijn met ADHD-symptomatologie. We ontdekten associaties
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in volwassenen uit de algemene bevolking tussen ADHD-symptomen, leeftijd, geslacht,
angstsymptomen en persoonlijkheidskenmerken gemeten in hun kindertijd en hun huidige
gerapporteerde symptomen van onoplettendheid en / of van hyperactiviteit / impulsiviteit.
Omdat eerder werk van onze groep had aangetoond dat ADHD-symptomen verband
houden met stressvolle levensgebeurtenissen in de volwassen gezonde populatie, hebben
we dit werk in hoofdstuk 3 uitgebreid met informatie over de genetische aansprakelijkheid
van ADHD. Bij analyse van het Brain Imaging Genetics (BIG) -cohort met 1531 deelnemers
werden mediatie-analyses gebruikt om te onderzoeken hoe het samenspel van genetische
aanleg van ADHD en stressvolle levensgebeurtenissen de ADHD-symptomen bij gezonde
volwassenen beïnvloeden. We observeerden een complexe relatie van genetische aanleg van
ADHD, stressvolle gebeurtenissen in het leven en ADHD-symptomen bij gezonde volwassenen.
Specifiek ontdekten we dat genetische aanleg van ADHD zowel directe als indirecte
effecten heeft op symptomen van hyperactiviteit / impulsiviteit. Levenslange stressvolle
levensgebeurtenissen, vooral door trauma uit de kindertijd, bepalen gedeeltelijk de associatie
tussen de genetische aanleg van ADHD en symptomen van hyperactiviteit / impulsiviteit.
Bovendien bepalen hyperactiviteit / impulsiviteitsscores gedeeltelijk de associatie tussen de
genetische aansprakelijkheid van ADHD en levenslange stressvolle levensgebeurtenissen.
Samenvattend laat deel 1 van dit proefschrift zien dat ADHD-symptomatologie in de algemene
populatie zich vergelijkbaar gedraagt a ls het klinische uiterste van het continuüm, wat betreft
het ontwikkelingstraject van ADHD-symptomen, het comorbiditeits-profiel en het samenspel
van genetische en omgevingsrisicofactoren voor ADHD.

Deel 2 Neuroanatomische heterogeniteit bij neurologische ontwikkelingsstoornissen
In deel 2 van dit proefschrift heb ik me gericht op neuroanatomische heterogeniteit in de
neurologische ontwikkelingsstoornissen ADHD en ASS. We gingen uit van de hypothese dat
de verschillen tussen NDD patiënten en controle proefpersonen (case-control verschillen)
in hersenvolume statistisch zo klein zijn neuroanatomische heterogeniteit in de patiënt
populatie, die verschillen met de controle groep moeilijk vindbaar maakt. Het ontleden
van neuroanatomische heterogeniteit zou het vermogen om case-control verschillen in
hersenvolumes te detecteren en gedragsmatig en / of klinisch zinvolle subgroepen te
identificeren kunnen verbeteren. In dit proefschrift heb ik exploratieve factoranalyse (EFA) en
gemeenschaps-detectie (CD) toegepast. In hoofdstuk 4 bestudeerde ik ADHD in hoofdstuk 5,
ik bestudeerde ASS op deze manier.
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In hoofdstuk 4 heb ik de grote ENIGMA-ADHD dataset van 2493 individuen gebruikt en
ontdekte bij mannelijke deelnemers (jongens en volwassen mannen) een latente structuur
van subcorticale volumes bestaande uit basale ganglia, limbisch systeem en thalamus. Binnen
deze subgroep mannelijke deelnemers hebben we vier verschillende gemeenschappen
onderscheiden, waarvan er één geen gezonde volwassen mannen omvatte. Als ik alleen keek
naar de subgroep van jongens werden significante case-control verschillen in subcorticale
volumes waargenomen binnen de gemeenschappen, vaak met sterkere statistische effecten
vergeleken met de gehele groep. Binnen de groep van volwassen mannen werd binnen
gemeenschappen geen verschil in de grootte van het statistisch effect waargenomen
ten opzichte van de hele groep. De latente structuur van de subcorticale hersenvolumes
leek in de groep volwassen mannen geen gedragscorrelatie te hebben met de ernst
van de ADHD-symptomen, het IQ en het medicatiegebruik. Maar binnen twee van de
gevonden gemeenschappen rapporteerden mannen met ADHD vaker de aanwezigheid
van comorbiditeiten dan in de andere twee gemeenschappen. Bij vrouwen hebben we
verschillende latente factoren waargenomen die ten grondslag liggen aan de subcorticale
organisatie, die verschillende correlaties suggereren tussen subcorticale structuren bij de twee
geslachten.
In hoofdstuk 5 werd dezelfde methodologie toegepast in een subset van de ENIGMA-ASD
dataset van 2661 individuen, die drie subgroepen bevatte (jongens, mannelijke adolescenten
en volwassen mannen). Vergelijkbare subcorticale structuren werden gevonden in de
subgroepen van jongens en mannelijke adolescenten. In de subgroep van volwassen mannen
was de drieledige structuur enigszins anders: de nucleus accumbens werd geclassificeerd bij de
factor die de limbische systeemstructuren bevat, die zodoende ‘limbisch systeem-accumbens’
werd genoemd. Met behulp van CD observeerden we vier verschillende gemeenschappen

A

in de subgroep van jongens en drie bij mannelijke adolescenten en volwassen mannen over
individuen met en zonder ASS. We ontdekten dat de statistische effecten van case-controlvergelijkingen groter waren in sommige gemeenschappen dan in de hele steekproef. We
konden deze subcorticale hersengroepering niet koppelen aan het klinische ASD-fenotype
vanwege de beperkte beschikbaarheid van gegevens.
Samenvattend laat deel 2 van dit proefschrift zien dat er meer homogene subgroepen met
een vergelijkbaar subcorticaal patroon bestaan in de populatie, ongeacht de diagnose ADHD
/ ASS. De stratificatie verbeterde ons vermogen om case-control verschillen in subcorticale
hersenvolumes te observeren bij zowel ADHD als ASS.
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Over het algemeen levert het werk in dit proefschrift nieuwe inzichten op in de ADHDsymptomatologie in de algemene populatie, die zich vergelijkbaar gedraagt als het klinische
uiterste van het continuüm. We toonden ook aan dat ADHD- en ASS-populaties kunnen worden
onderverdeeld in potentieel zinvolle subgroepen op basis van subcorticale hersenvolumes die
meer inzichten geven in de heterogeniteit van de ADHD / ASS-diagnose.
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小结
神经发育障碍性疾病 (NDD) 是一组大脑和/或中枢神经系统发育受损的疾病，可导致终生大
脑功能异常。脑部功能异常可表现为情绪，学习和认知能力以及记忆和行为上的功能失调。
注意缺陷多动障碍 (ADHD) 和孤独症谱系障碍 (ASD)是儿童期最常见的神经发育障碍性疾
病。关于ADHD和ASD疾病的两个表现特征是本论文的出发点。首先，作为疾病，ADHD和
ASD是处于复杂数量性状分布的最末端，而这类复杂性状分布于整个人群。ADHD相关特征
(多动症症状)和ASD 相关特征 (孤独症症状) 在普通人群中很常见。其次，ADHD和ASD都
具有高度是异质性。异质性主要表现在疾病的病因学，临床表现和精神病共病，疾病发展轨
迹以及大脑的结构和功能改变。
本研究的目的是进一步分析人群的ADHD症状的分布和影响因素，探索ADHD和ASD 的脑
神经解剖学异质性。

第一部分 健康成年人群的多动症症状
本论文的第一部分重点讨论了影响健康成年人群中多动症症状的因素。论文的第二章节主要
研究了ADHD 相关的流行病学因素，例如年龄，性别，儿童时期多动症症状，焦虑症状和人格
特质与健康成年人群多动症症状的关系。第三章则研究了ADHD遗传危险因素和应激性生活
事件是否以及如何影响健康人群的多动症症状。
第二章，我们通过使用DSM-IV多动症评分量表测量了Nijmegen生物医学研究样本 (NBS)中
4987名健康成年人群的多动症症状，发现28.5%人群至少有一项注意力不集中症状，而46.1%
人群至少有一项过度活跃/冲动症状。由于多动症症状在健康成年人群的统计分布过度分散且
带有过多的零，因此我们使用了Hurdel阴性二项式 (HNB) 模型来评估临床上已经证实的影
响因素是否也参与作用健康成年人群的多动症症状表现。我们发现儿童时期的多动症的症状
数量，年龄，性别，焦虑症状和人格特质都会影响健康成年人群的多动症症状严重程度，包括

A

注意力不集中或多动/冲动症状。
第三章，基于我们组前期研究报道了健康成年人群的多动症症状与应激性生活事件相关，我们
通过增加有关多动症遗传学方面的信息对前期研究进行了扩展。通过对脑成像遗传学(BIG)队
列中1531名健康成年人群进行分析, 我们观察到健康成年人群的多动症遗传力，应激性生活
事件和多动症症状之间存在非常复杂关系。详细地说，多动症遗传力可以通过直接或者间接
作用影响 成年人群的过度活跃/冲动症状。终生应激性生活事件（尤其是儿童时期的应激性
生活事件）部分介导了多动症遗传力与过度活跃/冲动症状之间的关联。此外，过度活跃/冲
动症状也参与介导了多动症遗传力与应激性生活事件之间的关联。
综上所述，本论文的第一部分表明健康成年人群的多动症症状的发展轨迹，共病，遗传和环
境危险因素之间的相互作用与临床上ADHD病人的表现相似。
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第二部分 神经发育障碍性疾病中的脑神经解剖异质性
本文的第二部分重点介绍神经发育障碍性疾病- ADHD和ASD的脑神经解剖异质性。以往的
病例对照研究发现ADHD和ASD病人与对照组存在脑体积差异。即使使用荟萃分析，比较的
统计效能也非常小。我们提出的假设是脑神经解剖异质性可以解释ADHD和ASD 病例对照组
脑体积比较的小效应值。解析脑神经解剖异质性可以提高检测病例对照组大脑体积差异的检
验效能，并识别具有行为和/或临床意义的亚组。我们采用探索性因子分析 (EFA) 和社区检
(CD) 来验证该研究假设。第四章使用了ENIGMA-ADHD数据库。第五章使用了ENIMGAASD数据库。
第四章通过利用ENIMGA-ADHD数据库中男性被试(男孩和成年男性)，我们发现根据大脑
皮层下区核团体积大小的关系，大脑皮层下区可以分为基底神经节，边缘系统和丘脑三个部
分。利用这个结构，我们可以分辨出四个不同特征的亚组，但是其中一个亚组不包含成年男
性对照。在男孩子样本中，特定亚组中病例对照组比较的检验效能往往大于在整体样本中进
行病例对照组比较所获得的检验效能。各个亚组中ADHD 病例的多动症症状严重程度，智
商和药物使用情况没有明显差异。然而其中有两个亚组，ADHD成年男性病例出现共病的机
率高于其他两个亚组。
第五章通过ENIGMA-ASD数据库的三个子样本 (男孩，男性青少年和成年男性)，我们采用了
相同的方法研究ASD 大脑皮质下区的异质性。研究发现在男孩和男性青少年子样本中，大脑
皮层下区同样可以分为基底神经节，边缘系统和丘脑三个部分。在成年男性子样本中，大脑皮
质下区的结构略有不同：伏隔核与边缘系统更加相关，因此被称为“边缘系统-伏隔核”。 在
男孩子样本中存在四个不同特征的亚组，但是在男性青少年和成年男性子样本中，只存在三个
亚组。在特定亚组中，病例对照组比较的检验效能往往大于在整体样本中进行病例对照组比较
所获得的检验效能。然而受限于数据库临床行为信息的缺失，我们无法将利用大脑皮质下区
核团体积所获得的亚组于ASD 临床表型联系起来。
综上所述，本论文的第二部分表明利用大脑皮质下区核团体积，我们发现ADHD，ASD 和正
常对照可以划分为具有不同特征的亚组。这种分层可以提高进行病例对照组比较的检验效
能。
总之，本论文的工作为健康成年人群的多动症症状提供了一些的见解。健康成年人群的多动
症症状的发展轨迹，共病，遗传和环境危险因素之间的相互作用与临床ADHD病例的表现相
似。本论文还分析了ADHD和ASD的脑神经解剖学异质性，这为研究ADHD和ASD病例对照
组大脑皮质下区核团体积差异提供进一步的见解。
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RESEARCH DATA MANAGEMENT
All the primary data used for this thesis is stored on the secured Radboudumc server.
The study sample used in chapter 2 was from the Nijmegen Biomedical Study (NBS). Data for
this study is available upon request (Galesloot et al., 2017). The data used for Chapter 2 were
requested from the department of Health Evidence Development in 2015 (approved by Dr.
Tessel Galesloot), and all data from subsequent analyses were stored at the Human Genetics
department on secured servers with regular back-up (T-drive: ‘T:\PIgroup-Barbara-Franke\
ADHD\Ting Li\NBS\Analysis’).
The data for the study described in chapter 3 came from the Brain Imaging Genetics (BIG)
project, which was conducted by the Cognomics Initiative in Nijmegen ((http://www.
cognomics.nl). Data management and monitoring for this cohort are also performed within
the Cognomics Initiative, and the BIG resource is available to researchers upon request (see
website). The data used for Chapter 3 was requested from the Cognomics Initiative in 2017
(approved by Dr. Elena Shumskaya), and all data from subsequent analyses were stored at the
Human Genetics department on secured servers with regular back-up (T-drive: ‘T:\PIgroupBarbara-Franke\ADHD\Ting Li\BIG_PRS\Data_analysis’).
For the study in chapter 4, we used the data from the ENIGMA-ADHD Working Group (http://
enigma.ini.usc.edu/ongoing/enigma-adhd-working-group/ ). The processed data from the
publication by Hoogman and coworkers (Hoogman et al., 2017) was requested for this secondary
analysis from the ENIGMA-ADHD Working Group (approved by Dr. Martine Hoogman.), and all
data from subsequent analyses were stored at the Human Genetics department on secured
servers with regular back-up (T-drive: ‘T:\PIgroup-Barbara-Franke\ADHD\Ting Li\ENIGMAADHD\Data_analysis‘).
The data for the study described in chapter 5 was obtained from the ENIGMA-ASD Working
Group (http://enigma.ini.usc.edu/ongoing/enigma-asd-working-group/ ). The data from the
publication by van Rooij and coworkers (van Rooij et al., 2018) was requested from the ENIGMAASD Working Group (approved Dr. Daan van Rooij), and all data from subsequent analyses were
stored at the Human Genetics department on secured servers with regular back-up (T-drive:
‘T:\PIgroup-Barbara-Franke\ADHD\Ting Li\ENIGMA-ASD\data_analysis’).
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夫洪建帮我打点长沙的事务。
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亲爱的弟弟和弟妹，正是因为后方有你们，我才能放心追求梦想。谢谢你们照顾父母，
时不时给孩子们寄来中文书和礼物。
亲爱的爸爸和妈妈，感谢您们几十年来辛苦劳作，倾其所有支持我和弟弟求学，追求梦
想。正是从您们辛勤劳作的背影，我逐渐明白了很多生活的道理。如今您的孩子们都获
得了博士学位，建立了美满的家庭。希望您们能多休息休息，安享晚年生活。特别感谢
公公和婆婆，对我们小家庭的选择无条件的支持。我们小家庭才可以自由追求。
亲爱的浯溪和皓溪，成为你们的母亲，一直是为娘最骄傲的事情。谢谢你们的到来，带
给了我们无尽的快乐。
最后要谢谢我的先生石岩博士。11年前，我们在湘雅的校园里相遇，后来从长沙走到上
海，从上海到德国海德堡，从海德堡走到荷兰内梅亨。一路上经历风风雨雨，住过狭小
的房子，战胜过疾病的困扰，生育了两个可爱的孩子。谢谢你，无论发生什么，一直都
在我身边。
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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. Positions in 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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Heterogeneity in
neurodevelopmental disorders
Research into symptomatology, risk factors, and neuroanatomical profiles

TING LI

Ting Li
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