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Chapter 1

Rationale

Boek, jij bent geleefd, zeg ons hoe te leven. Wou je leven met zovelen? Hier op aarde moet je 
delen. Licht en adem, geld en goed. Wie maar leeft om meer te krijgen, die zal sterven aan 
zijn eigen overvloed. – Huub Oosterhuis

Throughout the journey of a human lifetime, approximately half of the population at some 
point meets the criteria for a psychiatric diagnosis.1 For many individuals, the first onset 
of this diagnosis takes place somewhere during childhood and adolescence, and indeed 
for emotional and behavioral development, childhood and adolescence are particularly 
crucial time windows.1-3 For example, typical two-year old children have recurring 
temper tantrums, but over time most children learn to regulate their emotions and so the 
tantrums disappear.4 Around six years of age, children in the Netherlands are expected 
to be able to sit in a classroom for an extended period, for which a certain attention span 
is required. When entering puberty, young adolescents face new challenges that require 
rapid adaptation. Certainly, the idea that some individuals develop psychopathology, 
whereas others do not, is too simplistic. Rather, it is increasingly highlighted that every 
individual can be described as having some level of psychopathology symptoms, in which 
those at the higher end of this spectrum qualify for clinical diagnoses.5 There are many 
types of problems that an individual can develop, ranging from anxiety to aggressive 
behavior. We may wonder why some individuals develop more behavioral or emotional 
problems than others? Why does one individual develop anxiety, whereas another 
person develops aggressive behavior? Or maybe, is it possible that someone first presents 
anxiety symptoms, but later develops aggressive behavior? How are cognition and sleep 
affected by psychopathology symptoms? And finally, what underlies psychopathology? 
To ultimately understand and improve prevention and intervention for emerging 
psychopathology, these questions are crucial to address.3, 6

Emerging psychopathology

Inherent to the word ‘development’ is the fact that the course of a human life is not set-
in-stone on the day we are born. Rather, our behavioral and emotional development 
results from a complex interplay between genes, environment, previous experiences, 
and stochastic events. These events can be viewed as cumulative, in the sense that later 
behavior builds on earlier foundations.7 Within this framework, it is therefore easy to 
grasp that psychopathology symptom levels exist across a spectrum of symptom severity, 
as opposed to a categorical state of psychiatric diagnoses that some do and others do not 
have.5, 8 Additional to this dimensionality between individuals (e.g., one child can be more 
anxious than another child), there are also temporal changes within one person (e.g., 
the same child can be more anxious in a given time period than in another time period).9 
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Two broad domains of psychopathology, in which many individual symptoms fall 
into include internalizing and externalizing symptoms.5, 6, 10 Examples of internalizing 
symptoms include anxiety and depressive symptoms, whereas examples of 
externalizing symptoms include aggressive or rule-breaking behaviors. To increase our 
understanding of emerging psychopathology, we can follow individuals for an extended 
period of time. This allows for determining when individuals develop psychopathology 
symptoms, whether individuals remain having the same symptoms across time 
(homotypic continuity), whether they continue to have symptoms but the type of 
symptoms expressed changes (heterotypic continuity) or whether earlier symptoms 
decrease.11 Earlier work assessing the homotypic continuity of symptoms showed that 
of the children that exhibit internalizing or externalizing symptoms within the deviant 
range, up to 54% continue to have the same symptoms in adulthood, in which, having 
an older age at initial assessment is related to higher stability of symptoms.12 However, 
regarding heterotypic continuity, there is also evidence that during development up to 
30% of children remains having psychopathology symptoms with the type of symptoms 
changing (e.g., a child first expresses internalizing and later externalizing symptoms).13

Not only are there children who may have internalizing and externalizing symptoms 
evolving over time, there are also children who have both internalizing and 
externalizing symptoms concomitantly. Children with emotion dysregulation have 
combined symptoms of anxiety, attention problems and aggressive behavior, thereby 
cutting across the boundaries of internalizing and externalizing symptoms.14 Initially, 
this phenotype was wrongly introduced as ‘pediatric/juvenile bipolar disorder’15, 
but instead of being a unique predictor of bipolar disorder, it is an at-risk state for 
a multitude of psychiatric disorders in adulthood.12, 16-18 This implies that emotion 
dysregulation can be conceptualized as a plateau of susceptibility, from where, at 
some point in development, symptoms diverge and evolve into a variety of different 
types of psychopathology. Thus, to accommodate a better understanding of how 
psychopathology emerges and develops across time, work included in this thesis 
tracked emotional and behavioral development from very early in life throughout 
childhood and adolescence in a population-based setting.

Cognition and sleep

For those that experience high levels of psychopathology symptoms, it is highly 
probable that these symptoms present themselves together with difficulties in other 
areas.19-22 Imagine again a six-year-old child. The child is expected to listen to the 
teacher and practice skills by engaging in assignments. In this way, we expect children 
to learn how to read, write, use math, and get an understanding of various other 

1
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topics. While these are challenging tasks to execute simultaneously for all children, 
for those with higher levels of psychopathology symptoms, these tasks can be even 
more demanding. Indeed, earlier work has shown that children, from five to eight 
years of age, with psychopathology symptoms have a lower cognitive performance 
than typically developing children.23 Compared to typically developing children, those 
with emotion dysregulation had a striking 11 point lower nonverbal IQ.23 Expanding 
these findings by studying to what extent these individual psychopathology domains 
are differentially related to subdomains of cognitive performance has the potential to 
improve theory building on underlying mechanisms contributing to the development 
of psychopathology. Going back to the example, after a long day of school, a child 
returns home, and eventually goes to bed to rest for the next day of school. Getting a 
good night of sleep is essential to help consolidate information learned during the day 
and is also especially important for the regulation of emotion, behavior and cognitive 
performance that the child will express the following day.24, 25 It has been shown that 
attention problems can increase the risk for troubles falling asleep.26 Reported sleep 
problems (i.e., experiences of having a good night’s sleep) have consistently been related 
to psychopathology, but it remains to be elucidated to what extent more objective 
sleep measures (e.g., the time before falling asleep) are related to psychopathology. To 
promote optimal development throughout childhood and adolescence, work in this 
thesis aimed to address the relationship between psychopathology, and cognitive 
performance and sleep, at multiple time points in development. 

Underlying neurobiology of psychopathology

Psychopathology, as well as related factors including cognitive performance and sleep, 
are rooted in the brain. In 2010, Dick Swaab titled his book, somewhat provocative, ‘Wij 
zijn ons brein’ (‘We are our brain’).27 While this vision remains controversial, our brain 
is indisputably the most complex and, in my personal opinion, the most fascinating 
organ of the human body. Through highly complex processes, involving widespread 
areas of the brain, our brains orchestrate our behavior, emotions, thoughts and 
cognitive processes. It is therefore unsurprising that a myriad of studies as sought to use 
neuroimaging to determine the underlying neurobiology of psychopathology.28-31 These 
studies assessing both brain structure and function have used multiple modalities, 
including magnetic resonance imaging (MRI). While most research has been performed 
in relatively small sample sizes and using cross-sectional data, earlier work has found 
evidence for associations between internalizing and externalizing symptoms, and 
brain morphology in widespread regions of the brain.29-31 Following the severity of 
symptomatology and the differences in cognitive performance, it could be expected 
that in terms of brain morphology, those with emotion dysregulation symptoms would 
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also be most heavily affected. However, using data from the same children in which an 
11 point lower IQ was observed,23 original studies in the Generation R cohort found no 
evidence for associations between structural or functional brain measures and emotion 
dysregulation symptoms (unpublished results). 

Three hypotheses that could potentially explain the absence of evidence for a 
relationship between brain structure and function, and emotion dysregulation 
symptoms were tested in this thesis. First, it is possible that emotion dysregulation 
becomes more stable with time (i.e., the homotypic continuity increases) and that, 
in terms of symptom stability, measurement of emotion dysregulation becomes more 
reliable with time. Second, there are differences between developmental trajectories 
in brain development between individuals.32 It might be that these developmental 
differences initially obscure detectable associations, and differences eventually become 
‘unmasked’ over time. Finally, emerging evidence suggests that continued engagement 
in certain behaviors can result in changes in brain morphology over time, meaning that 
cross-sectional relationships may only become detectable at later ages.33 To address 
these potential explanations, earlier cross-sectional work needed to be extended, by 
studying the relationship between psychopathology and brain morphology starting in 
early childhood, from where children are followed into adolescence. This can improve 
our understanding in two pivotal ways. First, it offers the opportunity to model typical 
developmental trajectories and assess to what extent deviations from those trajectories 
across development are related to psychopathology. Second, repeated measures of brain 
morphology and psychopathology allow to assess to what extent psychopathology 
influences brain morphology. If indeed, as some evidence suggests,33 psychopathology 
becomes progressively rooted in the brain, intervening on (subclinical) symptom levels 
is crucial to optimizing healthy brain development. 

Open Research

Although decades of research into underlying mechanisms and downstream 
consequences of psychopathology have shaped our understanding as it is today, the 
process of scientific progression is heavily dependent on the way researchers phrase 
research questions, articulate hypotheses, design their study, analyze data, interpret 
and ultimately publish their results. At all of these stages, the researcher has, what has 
been called previously, ‘researcher degrees of freedom’.34 These researcher degrees of 
freedom refer to the decisions that are made by the researcher in each step of conducting 
a study. They are to some extent of great value, as it is the researcher that has the 
expertise to make decisions to conduct their study. However, given external incentives 
that may not align with verification and confirmation of scientific findings, researcher 

1
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degrees of freedom could become harmful for scientific progress.35, 36 A clear example of 
such harmful external incentives is the focus that scientific journals place on novelty 
and the presence of statistically significant findings.37, 38 To most academics, it is well-
known that non-significant findings may end up not being published, which is known 
as the ‘file-drawer problem’ and leads to publication bias.39 Within the current reward 
system, another issue is that the incentive structure focuses heavily on individual 
rather than collaborative output.40, 41 Given time and monetary constraints, researchers 
are limited in the amount of data that can be acquired for their research. While it is 
widely accepted that larger, and where necessary combined, datasets can foster more 
reliable outcomes, the lack of incentives for data sharing can steer researchers towards 
publishing on smaller individual datasets, resulting in more false positive findings.42 
As a result, we have experienced a reproducibility crisis, in which it was shown that 
many findings in the current literature are not replicable, and the incentive structure 
in academia has thought to be a cause of this reproducibility crisis.43 Now, it is thus 
upon institutions, policy makers, scientific journals and researchers to make a change 
and realign the incentives of science and the individual researchers. Work in this thesis 
provides an outlook towards a more open and collaborative research culture, including 
concrete steps that can be taken by stakeholders within our scientific landscape. 

Ultimately, it is clear that scientific knowledge should not remain within the 
academic world, but is meant to be shared and have ‘real world’ implications. It is 
thus unsurprising that ever more attention is given to engaging the general public 
in scientific knowledge generation (e.g., focus groups, citizen science), as well as 
increasing the efforts for communicating outcomes of scientific studies to the general 
public (e.g., media outlets, popular science books) and policy makers. One group of 
individuals that is especially important to invite into the scientific process, markedly in 
child research, are children themselves. To accommodate this, there are opportunities 
for academic researchers to write scientific research targeted at children or adolescents, 
in which children and adolescents themselves can serve as peer reviewers. The final 
chapter of this thesis includes such work, targeted at and co-created with children 
aged 8 – 11 years. 

This thesis

Aims
This thesis consists of three parts. The first part is focused on the continuity and change 
of psychopathology symptoms, as well as the relationship between psychopathology, 
cognition and sleep. In chapter 2 the homo- and heterotypic continuity of internalizing, 
externalizing and emotion dysregulation symptoms is assessed. This chapter provides 
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the foundation to interpret associations between psychopathology and cognition, 
sleep and brain development at different ages in later chapters. In chapter 3 and 4 
the relationship between psychopathology, cognition and sleep is assessed both in 
late childhood and early adolescence. The second part of this thesis focuses on the 
underlying neurobiology of psychopathology. In chapter 5 normative trajectories 
of brain development across childhood and adolescence are derived, after which 
deviations from these trajectories are related to psychopathology symptoms. In 
chapter 6 we specifically concentrated on symptoms of emotion dysregulation and 
brain development. The novel hypothesis of a bidirectional relationship between brain 
and behavioral and emotional development was tested in two independent population-
based samples. Finally, the third part of this thesis is focused on opportunities for 
researchers to improve the scientific process by embracing open research practices, 
concluding with an article specifically written for children. In chapter 7 we motivate our 
opinion regarding data sharing, with a particular emphasis on the role of participants 
in the decision whether data can be shared. Chapter 8 is targeted at senior academics, 
providing three easily implementable steps to shape the academic landscape towards a 
more open research culture. Finally, chapter 9 is an article discussing neural substrates 
of irritability, a construct closely related to emotion dysregulation.

Setting
All studies that form the basis of this thesis were performed within population-based 
samples. First, the Generation R study is a population-based cohort for which pregnant 
women with a delivery date between April 2002 and January 2006, living in Rotterdam, 
were invited. These families are still followed, resulting in behavioral, cognitive and 
MRI data at multiple time points throughout development. At 5 to 8 years of age, 
behavioral data was collected in 6,194 children and MRI data was obtained from 1,070 
children. At 8 to 13 years, behavioral data was collected in 4,884 children and MRI data 
was obtained from 3,992 children. Finally, at 13 to 16 years of age, behavioral data was 
collected in 4,705 children, MRI data was obtained from 3,571 children and cognitive 
performance was assessed in 4,200 children. In a subsample of the Generation R study, 
objective sleep data was collected in 915 children at 10 to 12 years of age, and in 490 
children at 13 to 15 years of age. Second, the Adolescent Brain Cognitive Development 
(ABCD) study follows children from 9 years of age onwards in 21 data collection sites 
located throughout the US. For the studies in this thesis, we used data at 9 to 10 years 
of age, at which point behavioral data was collected in 11,875 children, MRI data was 
obtained from 11,760 children and cognitive performance was assessed in 11,392 
children, as well as data collected at 11 to 12 years, when behavioral data was collected 
in 10,414 children and MRI data was available from 7,827 children. 

1
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Chapter 2

Abstract 

Assessing stability and change of children’s psychopathology symptoms can help 
elucidate whether specific behaviors are transient developmental variations or indicate 
persistent psychopathology. This study included 6,930 children across early childhood 
(T1), late childhood (T2) and early adolescence (T3), from the general population. 
Latent profile analysis identified psychopathology subgroups and latent transition 
analysis quantified the probability that children remained within or transitioned 
across psychopathology subgroups. We identified four psychopathology subgroups; no 
problems (T1: 85.9%, T2: 79.0%, T3: 78.0%), internalizing (T1: 5.1%, T2: 9.2%, T3: 9.0%), 
externalizing (T1: 7.3%, T2: 8.3%, T3: 10.2%) and the dysregulation profile (DP) (T1: 1.7%, 
T2: 3.5%, T3: 2.8%). From T1 to T2, 44.7% of the children remained in the DP. Between 
T2 and T3, 33.6% remained in the DP; however, 91.4% were classified in one of the 
psychopathology subgroups. Our findings suggest that for many children, internalizing 
or externalizing symptoms encompass a transient phase within development. Contrary, 
the DP resembles a severe at-risk state in which the predictive value for being in one of 
the psychopathology subgroups increases over time.
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Stability and change of psychopathology symptoms throughout childhood and adolescence

Introduction

It is widely known that children with symptoms of psychopathology in childhood and 
adolescence are at higher risk of psychopathology in adulthood.12, 16, 17, 44, 45 Studying the 
stability and change of child behavior over time can elucidate those characteristics of 
psychopathology that are transient phases of development versus those that signal 
persistent psychopathology. Symptoms of psychopathology in children can be divided 
broadly into two domains: namely internalizing (e.g., anxiety) and externalizing problems 
(e.g., aggressive behavior). Additionally, there is a group of children with comorbid 
internalizing and externalizing problems. In the literature these children have been 
labelled as either a comorbid group or a group with the dysregulation profile (DP).9, 13, 16, 46

Many studies have assessed the prevalence of psychopathology and the continuity 
of individual domains of psychopathology separately (e.g. depressive symptoms, 
aggressive behavior).12, 47-49 These studies provide evidence that overall stability 
decreases when the time interval between the first measurement and follow-up waves 
increases,47-49 and that externalizing behavior tends to be more stable than internalizing 
behavior.47 Additionally, stability in symptoms of psychopathology has been shown to 
be higher in children who were older at initial assessment, suggesting that symptoms 
of psychopathology become more predictive of persistent psychopathology with age.12 
However, studying persistence and change of individual domains of psychopathology 
has two limitations. First, as internalizing and externalizing symptoms are highly 
comorbid,48 the continuity and change of the correlated domains will likely, to some 
extent, reflect the same underlying process. Second, when there is a reduction of 
symptoms in one domain, we do not know whether this reflects a decrease in overall 
symptoms, or alternatively, a change only in those specific symptoms (e.g., decrease 
in aggression coupled with an increase in attention problems).

An increasingly adopted method that identifies subgroups of children based on their 
continuous symptoms across domains of psychopathology is latent profile analysis (LPA). 
This data-driven approach minimizes the heterogeneity of comorbid symptoms and 
allows for a more integrated analysis of child behavior compared to assessing specific 
domains (e.g., depressive symptoms) separately. In a recent review, 23 studies that used 
LPA to study symptoms of psychopathology in 4 to 11 year-old children were compared.50 
Three of these studies analyzed symptoms across internalizing and externalizing 
domains in a population-based setting, of which two were performed at younger ages 
in the current sample.9, 51 All studies identified four psychopathology subgroups; (1.) 
no problems, (2.) internalizing, (3.) externalizing and (4.) a comorbid or DP group.9, 

13, 51 Across all ages, approximately 2% of the population was classified in the DP with 
comorbid internalizing and externalizing problems. The percentage of children included 

2
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in either the internalizing or externalizing subgroup differed substantially between the 
two studies, with prior work in early childhood showing higher rates of externalizing, 
but lower rates of internalizing symptoms compared to studies in later childhood and 
adolescence.9, 13 An internalizing subgroup was present in toddlers aged 3 to 4.5 years 
and children between 5 and 9 years of age, with respectively 4.8% and 5.3% being 
included in the internalizing subgroup in these age ranges. An externalizing subgroup 
was present as early as 1.5 to 2.5 years of age, with 11.1% of the children exhibiting this 
profile. Further, between 3 and 4.5 years of age, 6.5% was included in the externalizing 
profile and between 5 and 9 years of age, the proportion of children included was 7.3%.9 
Within another sample, assessing children in late childhood (mean age 7.5 years) and 
early adolescence (mean age 14 years), respectively 16.1% and 13.9% of the children were 
included in the internalizing and 2.5% and 4.4% in the externalizing subgroup.9, 13

To answer questions on individual developmental trajectories within or across 
psychopathology subgroups, latent transition analysis (LTA) can be applied. During 
development, children can either remain in the same subgroup over time, or transition 
between psychopathology subgroups. The former is typically referred to as homotypic 
continuity, which elucidates the predictive validity of children remaining in the same 
subgroup at each subsequent time point. Transitioning between psychopathology 
subgroups is referred to as heterotypic continuity, in which an earlier psychopathology 
subgroup can be an underlying risk factor for a child to transition to a different 
subgroup. Earlier work on the stability of symptoms of psychopathology in children 
has shown that stability increases with age9 and that between mid-childhood and early 
adolescence, homotypic continuity is higher for the internalizing and externalizing 
subgroups than for the DP.13 More specifically, from those children included in the 
internalizing subgroup in late toddlerhood, only 23% remained in this subgroup 
in early childhood9 and from those identified with internalizing symptoms in late 
childhood, 61% exhibited internalizing symptoms in early adolescence.13 Likewise 
for the externalizing subgroup, homotypic continuity was present for 31% between 
early and late toddlerhood, 39% between late toddlerhood and early childhood9 and 
62% between late childhood and early adolescence.13 Regarding the DP, homotypic 
continuity did not consistently increase across age. Between early and late toddlerhood, 
late toddlerhood and early childhood, and finally between late childhood and early 
adolescence, homotypic continuity of the DP was present for 37%, 18% and 44%.9, 13

Our study addresses several knowledge gaps to further improve the understanding of 
stability and change in symptoms of psychopathology from childhood into adolescence. 
First, prior work by Basten et al. within the current sample, assessed the stability and 
change of psychopathology symptoms until early childhood,9 not yet covering late 
childhood and early adolescence. Studying the stability and change of psychopathology 
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symptoms in this age period is crucial, given the rapid changes in behavior that occur 
during adolescence52 and since many psychiatric disorders emerge during adolescence.1, 

53 Second, despite the fact that the two previous longitudinal studies applied similar 
analyses, they used different measures of psychopathology. Basten et al. used parent 
reported questionnaire data, assessing psychopathology as symptoms along a continuum, 
whereas McElroy et al. used a structured clinical interview, implemented as a parent 
reported questionnaire, generating binary variables for the presence of psychiatric 
diagnoses.9, 13 Thus, it remains unclear whether the substantial differences in prevalence 
can be attributed to age differences or to differences in sample or methodology.

Within this context, it is the primary goal of this study to assess developmental trajectories 
of children with psychopathology symptoms as they progress into adolescence. 

We evaluate which psychopathology subgroups are present in the general population at 
different ages and the probability that individuals remain within or transition between 
the observed psychopathology subgroups over time. Based on previous literature, we 
hypothesized that we would observe four psychopathology subgroups (no problems, 
internalizing, externalizing and DP) in all age groups, and that the psychopathology 
subgroups become more stable with age, except for the DP group. We hypothesize that 
this group will begin to diverge during adolescence, transitioning to primarily either 
internalizing or externalizing subgroups.

Methods

Participants
This study was embedded within the Generation R study, which is a large longitudinal 
birth cohort in Rotterdam, the Netherlands, in which pregnant women with a delivery 
date between April 2002 and January 2006 were invited to participate.54 Since 
recruitment, the children and their families have been invited for multiple waves of 
data collection. Children were included in this study if their parents filled out the Child 
Behavior Checklist (CBCL) at 5 to 8 (T1, N = 6,194), at 9 to 12 (T2, N = 4,884), or at 13 
to 16 (T3, N = 4,705) years of age. This resulted in a total sample of 6,930 participants 
who were eligible for inclusion. Of these participants, 736 had missing data at T1, 2,046 
had missing data at T2 and 2,225 had missing data at T3. The majority of participants 
(n = 3,633) participated in all measurement waves, 1,587 participated in two 
measurement waves and 1,710 participated in one measurement wave. Demographic 
information is provided in Table 2.1 and a flowchart of the study sample is provided in 
Figure 2.1. The study was approved by the Medical Ethical Committee of the Erasmus 
Medical Centre in Rotterdam and was conducted according to the Declaration of 
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Helsinki. Written informed consent was obtained from the legal representatives and, 
when children were older than 12 years of age, children also provided informed assent.

Generation R sample
N = 9,901

CBCL at T1
n = 6,194

CBCL at T2
n = 4,884

CBCL at T3
n = 4,705

CBCL at least one
timepoint
n = 6,930

No CBCL at T3
n = 5,196

No CBCL at T2
n = 5,017

No CBCL at T1
n = 3,707

Figure 2.1. Flowchart of study sample
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Table 2.1. Demographic characteristics

T1
N = 6,194

T2
N = 4,884

T3
N = 4,705

Age (M, SD) 6.06 (0.47) 9.71 (0.31) 13.55 (0.39)

Sex (% female) 49.6% 50.4% 50.4%

National origin (%)

Western 71.0% 74.2% 74.2%

Non Western 28.9% 24.6% 24.8%

Missing 0.1% 1.1% 1.0%

Education (%)

Low 6.6% 4.6% 5.1%

Middle 38.4% 37.6% 36.2%

High 48.4% 51.9% 52.9%

Missing 6.6% 5.9% 5.9%

Family income (%)

< € 2,000 per month 21.3% 15.5% 14.2%

> € 2,000 per month 72.1% 70.8% 71.2%

Missing 6.7% 13.7% 14.6%

Instruments
Child behavior
Child behavior was assessed using the CBCL. The CBCL version 1.5-5 years consists of 
99 items, with a three-point Likert scale (0 = not true, 1 = somewhat true, 2 = very true). 
Seven empirically derived syndrome scales were calculated, being anxious/depressed, 
aggressive behavior, emotionally reactive, somatic complaints, withdrawn, sleep 
problems and attention problems. Similarly, the CBCL version 6-18 years consists of 112 
items, of which eight syndrome scales were derived, anxious/depressed, withdrawn/
depressed, somatic complaints, thought problems, attention problems, rule-breaking 
behavior and aggressive behavior. Both versions are reliable and valid questionnaires for 
assessing behavioral problems.55, 56 The primary caregiver completed the questionnaires, 
which was the CBCL v1.5-5 at T1 and CBCL v6-18 at T2 and T3.57, 58 Notably, given the age 
range included at T1, for some children the CBCL v1.5-5 and for other children the CBCL 
v6-18 would have been age appropriate. The CBCL v1.5-5 was used at T1 for all participants 
to keep the CBCL version consistent with earlier measurement waves of Generation R.57, 

58 T-scores of all syndrome scales were computed based on normative data for both the 
CBCL v1.5-5 and the CBCL v6-18 using ASEBA-PC.59

2
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Demographic characteristics
Sex was obtained from birth records. Maternal education and household income were 
assessed through questionnaire. Maternal education was categorized into low (no 
education, primary school), middle (high school, vocational training) and high (higher 
vocational training, university). Household income was scored low in Generation R 
when parents had less than 2,000 euros a month and high when parents had more 
than 2,000 euros a month. Child national origin was based on the birth country of 
the parents and categorized as western (Dutch, American western, Asian western, 
European, Indonesian & Oceania) and non-western (African, American non-western, 
Asian non-western, Cape Verdean, Dutch Antilles, Moroccan, Surinamese & Turkish).

Statistical Analyses
Latent profile analysis
Psychopathology profiles at T1 were previously derived using the same procedures 
described below.60 In earlier work, the sleep problems syndrome scale of the CBCL was 
not included in the analyses. Here, we applied LPA to define psychopathology subgroups 
at T1, T2 and T3, using CBCL T-scores of all available syndrome scales as indicators, 
including sleep problems. Consistent with earlier work within Generation R, we used 
five criteria to determine the optimal number of profiles.9, 60 The Bayesian Information 
Criterion (BIC) and the Bootstrapped likelihood ratio test (BLRT) were used to evaluate 
the fit of each model. The BIC is a measure of model fit considering the rule of parsimony, 
with a lower BIC indicating a better fit. The BLRT is a likelihood ratio for k classes 
versus k – 1 classes, with a p-value greater than 0.05 indicating that k – 1 classes are 
sufficient. Entropy of the models was evaluated with values closer to 1 indicating better 
classification. Moreover, all profiles obtained should include a minimum of 1% of the 
participants. Lastly, all profiles were inspected visually to ensure each additional profile 
had a distinct severity or shape pattern. 

Latent transition analysis
We applied LTA to calculate transition probabilities between psychopathology profiles 
over time. Due to the use of different CBCL versions, we were unable to test a model 
where we held the profiles equal across all ages. Therefore, the quantitative change in 
profile patterns was taken into account in interpreting the transition probabilities. In 
our primary model we allowed profiles to be estimated freely. Additionally, a partial 
invariant model was tested in which the profiles were held equal between T2 and T3. 
Lastly, we tested a model in which demographic characteristics (biological sex, national 
origin and SES based on maternal education and household income) were included as 
covariates. The number of profiles included in the LTA at each age wave was based on 
the optimal number of profiles at each individual time point.
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Both LPA and LTA were performed using Mplus version 8.6.61 Full information maximum 
likelihood (FIML) was used in both the LPA and the LTA analyses to account for missing 
data, which can be used to account for data considered either missing at random (MAR) 
or missing completely at random (MCAR). No missing data was imputed. A detailed 
overview showing in how many data collection waves each individual participated, 
split by demographic variables is provided in Table S2.1. Participants with a lower SES 
and participants from non-western national origin were more likely to have fewer 
measurements available, pointing towards a pattern of MAR. 

Results

Latent profile analysis
The optimal model fit was determined, based on the BLRT, the BIC, the entropy and the 
inclusion of at least 1% of the participants in the smallest profile obtained. When two or 
more models fitted the data equally well, optimal fit was based on visual inspection. We 
were unable to discriminate between models based on the BLRT, since the BLRT was < 0.001 
across all waves and across all tested profiles, indicating that adding a profile would improve 
model fit, even when six profiles were fitted to the data. Likewise, the BIC decreased with 
an increasing number of profiles added to the model and could therefore not discriminate 
between the models at T1 to T3. At T1, a four-profile fit was determined the best fitting 
model, as the five-profile fit resulted in one profile with fewer than 1% of participants. At 
T2, the entropy varied between the models, indicating that the model with four, five or 
six profiles at T2 fit the data equally well. Visual inspection of the four- and five-profile fit 
showed that the fifth profile did not differ largely in both shape and severity from profiles 
that were already identified in the four-profile fit (Figure S2.1). Therefore, a four-profile fit 
was determined optimal at T2. At T3, the optimal fit was based on the entropy, which was 
highest for the four-profile fit. Model fit indices are provided in Table S2.2.

We describe these four profiles as: (1.) no problems (T1: 85.9%, T2: 79.0%, T3: 78.0%) 
with low scores on all syndrome scales, (2.) internalizing (T1: 5.1%, T2: 9.2%, T3: 9.0%) 
with particularly high scores on anxious/depressed, withdrawn/depressed and thought 
problems, (3.) externalizing (T1: 7.3%, T2: 8.3%, T3: 10.2%), consisting of children scoring 
high on attention problems, rule-breaking behavior and aggressive behavior, and finally 
(4.) the DP (T1: 1.7%, T2: 3.5%, T3: 2.8%), with elevated scores on all syndrome scales, see 
Table 2.2 and Figure 2.2. To remain consistent with our earlier work, we use the term DP 
with the understanding that the term is synonymous with the term ‘comorbid group’.

2
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Figure 2.2. Behavioral subgroups derived with latent profile analyses (A) at T1, (B) at T2 and (C) at T3 
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Table 2.2. Mean T-scores of psychopathology profiles derived using LPA

Wave Syndrome scale Psychopathology subgroup

No problems Internalizing Externalizing Dysregulation

T1

Anxious/depressed 50.58 62.06 52.47 65.92

Aggressive behavior 50.31 52.54 59.16 70.11

Emotionally reactive 51.29 61.49 60.32 73.62

Somatic complaints 52.35 59.40 56.55 62.06

Withdrawn 52.02 59.67 57.78 67.35

Sleep problems 51.20 55.38 53.59 59.11

Attention problems 51.24 53.75 57.02 64.62

T2

Anxious/depressed 50.95 62.34 53.45 65.93

Withdrawn/depressed 52.36 60.27 56.56 64.59

Somatic complaints 53.55 59.16 56.43 63.60

Social problems 51.35 57.02 56.66 66.63

Thought problems 51.99 59.70 57.58 69.22

Attention problems 52.58 57.42 58.92 67.04

Rule-breaking behavior 51.04 52.55 59.26 61.93

Aggressive behavior 50.74 53.71 59.27 67.04

T3

Anxious/depressed 51.11 63.08 53.29 66.63

Withdrawn/depressed 52.54 61.81 56.38 66.25

Somatic complaints 53.99 61.54 57.92 66.35

Social problems 51.23 60.26 55.63 65.90

Thought problems 52.27 62.67 57.08 68.90

Attention problems 52.73 59.36 59.60 66.46

Rule-breaking behavior 50.78 52.14 58.46 62.66

Aggressive behavior 50.84 55.37 58.10 67.88

Latent transition analysis
Based on fit statistics, the freely estimated model and the partial invariant model 
fitted the data equally well (freely estimated: BIC = 660,642.04, entropy = 0.87, partial 
invariant: BIC = 660,641.32, entropy = 0.87). Transition probabilities, based on the 
freely estimated model, from T1 to T3 are shown in Table 2.3 and Table 2.4. Transition 
probabilities for the partial invariant model are presented in Table S2.3 and S2.4. 
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Homotypic continuity, indicating that children were classified in the same psycho-
pathology subgroup at two consecutive time points, was 84.5% between T1 and T2 
for the no problems group and 88.1% between T2 and T3. As expected, homotypic 
continuity was lower for the psychopathology subgroups than for the no problems 
group. Homotypic continuity between T1 and T2 and between T2 and T3 for the 
internalizing group was 38.1% and 37.6%, for the externalizing subgroup was 37.3% 
and 46.8%, and for the DP subgroup was 44.7% and 33.6%, respectively. Heterotypic 
continuity was present for all profiles, with some children transitioning from the no 
problems subgroup to internalizing (T1-T2: 7.6%, T2-T3: 5.1%) and externalizing (T1-T2: 
6.5%, T2-T3: 6.1%) subgroups, but very few to the DP (T1-T2: 1.4%, T2-T3: 0.7%). For the 
internalizing subgroup, most children transitioned to the no problems subgroup (T1-T2: 
43.1%, T2-T3: 51.0%), with some transitioning to the externalizing (T1-T2: 3.4%, T2-T3: 
7.7%) and DP (T1-T2: 15.5%, T2-T3: 3.7%) subgroups. Those children in the externalizing 
subgroup were also likely to transition to the no problems subgroup (T1-T2: 35.6%, 
T2-T3: 33.4%), and to a lesser extent to the internalizing (T1-T2: 10.1%, T2-T3: 8.1%) and 
DP (T1-T2: 17.0%, T2-T3: 10.7%) subgroups. Lastly, for those in the DP, the transition 
probability towards the no problems group decreased with age (T1-T2: 21.9%, T2-T3: 
8.6%), whereas the probability of transitioning towards the internalizing subgroup 
increased with age (T1-T2: 11.1%, T2-T3: 35.6%) and transitioning to the externalizing 
subgroup remained stable across age (T1-T2: 22.3%, T2-T3: 22.1%). Transition 
probabilities for the model including covariates were similar to those obtained in the 
model without covariates and are presented in Table S2.5 and Table S2.6.

Table 2.3. Stability of psychopathology from T1 to T2

No problems Internalizing Externalizing Dysregulation

No problems 0.845 0.076 0.065 0.014

Internalizing 0.431 0.381 0.034 0.155

Externalizing 0.356 0.101 0.373 0.17

Dysregulation 0.219 0.111 0.223 0.447

Profiles on the x-axis represent T2, profiles on the y-axis represent T1. Profiles were not held equal over time, 
due to the fact that different versions of the CBCL were used (at T1: CBCL v1.5-5, at T2 and T3: CBCL v6-18). Bold 
numbers indicate homotypic continuity. Model accounted for missing data using full information maximum 
likelihood (FIML) in Mplus.
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Table 2.4. Stability of psychopathology from T2 to T3

No problems Internalizing Externalizing Dysregulation

No problems 0.881 0.051 0.061 0.007

Internalizing 0.51 0.376 0.077 0.037

Externalizing 0.334 0.081 0.468 0.107

Dysregulation 0.086 0.356 0.221 0.336

Profiles on the x-axis represent T3, profiles on the y-axis represent T2. Profiles were not held equal over time, 
due to the fact that different versions of the CBCL were used (at T1: CBCL v1.5-5, at T2 and T3: CBCL v6-18). Bold 
numbers indicate homotypic continuity. Model accounted for missing data using full information maximum 
likelihood (FIML) in Mplus.

Discussion

We utilized three time points of behavioral assessments in a large, population-based 
birth cohort to examine stability and change in symptoms of psychopathology from 
childhood into adolescence. Similar to earlier studies, subgroups of psychopathology 
included four profiles, namely: no problems, internalizing, externalizing and DP.9, 13, 60 In 
line with our hypotheses, we observed that externalizing behavior becomes more stable 
with age, but that the stability of children remaining within the DP subgroup decreases 
from late childhood into adolescence. Contrary to our hypothesis, internalizing 
problems did not become increasingly stable with age. Interestingly, the majority (51%) 
of the children classified in the internalizing subgroup in late childhood progressed to 
the no problems group in adolescence. Our most notable finding is that, while there is 
considerable change in behavior for children classified in the DP in childhood, the vast 
majority (91% of the children) remain in one of the three psychopathology subgroups.

Not surprising, the largest number of children was classified as having no problems 
across childhood and adolescence. Further, the homotypic continuity observed 
in this subgroup was 85-88%, meaning that most individuals that do not exhibit 
psychopathology at an early age, will remain having no psychopathology in 
adolescence. However, our results also indicate that 5-8% of the children that had no 
problems in either early or late childhood, transition towards the internalizing group in 
early childhood or early adolescence, and similarly about 6% transitioned towards the 
externalizing subgroup. Studying potential underlying mechanisms, including genetic, 
biological and environmental factors, could ultimately help study and implement 
prevention strategies targeted on those individuals at-risk.

Together with the work by Basten et al. we show that from late toddlerhood until late 
childhood the percentage of children included in the internalizing subgroup increases, 
whereas the rates of children classified in the internalizing subgroup remains stable 
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from late childhood into adolescence.9 Indeed, studies assessing the age of onset 
for internalizing disorders find that anxiety disorders, dependent of the subtype of 
disorder, can emerge at any time during life, whereas the incidence of mood disorders 
begins to rise during adolescence.1 However, the median age of onset for specific 
anxiety and mood disorders is either in early childhood or after early adolescence, 
with the exception of social phobia. The stable prevalence we observe between late 
childhood and early adolescence suggests a certain stability in the rate of anxiety 
symptoms, with fewer children developing internalizing symptoms during this age 
range. More importantly, in late childhood and early adolescence we found that an 
increasing proportion of those who transition to the internalizing symptoms subgroup, 
transitioned either from the externalizing or the DP subgroup at an earlier time point. 
Thus, these individuals represent a group of children who are already identifiably as 
at-risk, as opposed to those who develop internalizing symptoms after initially having 
no problems. A future extension of our findings should assess whether intervening 
to reduce externalizing and DP symptoms can help prevent the later development of 
internalizing symptoms in those individuals. 

We found an increase in the percentage of children with externalizing behavior as 
these children develop from early childhood into adolescence. This pattern has been 
observed in earlier work using LPA13 and it is known that externalizing disorders, such 
as oppositional defiant disorder and conduct disorder, can develop until late childhood.1, 

62, 63 However, studies have also found a decrease in continuous externalizing symptoms 
using growth modelling in this age range.64 While at first glance these results appear 
contradicting, LTA results obtained in our study as well as in earlier work13 show that 
children transitioning to the externalizing subgroup are mainly those who were in the DP 
at earlier time points. As those in the DP have higher symptoms on all syndrome scales, 
this increase in individuals in the externalizing subgroup is in line with a decrease in 
continuous externalizing symptoms. Moreover, those children who transitioned out of 
the externalizing subgroup, transitioned primarily to the no problems subgroup, which 
also translates into an overall decrease in externalizing symptoms.

Although a similar pattern for stability within the internalizing and externalizing 
subgroups was observed earlier, the homotypic continuity we observe is lower than 
previously reported.13 Most notably, a larger number of children from the internalizing 
and externalizing subgroups in early or late childhood transitioned to the no problems 
group over time, suggesting that for many children symptoms of psychopathology 
during childhood are a transient phase of development. The differences in homotypic 
continuity might reflect actual differences between the samples used, but are also likely 
to be partially dependent on the differences in how psychopathology is reported on 
the CBCL used here and the Development and Wellbeing Assessment (DAWBA) used 
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in earlier work.65 Whereas the CBCL is a continuous measure of psychopathology, the 
DAWBA is a structured clinical interview to diagnose psychopathology. Because of our 
use of continuous measures, the internalizing and externalizing subgroup consists of 
children with mostly subclinical symptoms. Possibly, homotypic continuity is higher 
for those with clinical diagnoses than for those with subclinical symptoms. It would 
thus be interesting to study whether the initial level of symptoms is predictive of the 
likelihood that children have persistent problems in a sample enriched for children 
with subclinical and clinical levels of psychopathology. 

Consistent with earlier literature and the conceptualization of the DP, we found that 
the prevalence of the dysregulation profile is highest in late childhood, after which 
there is a decline into adolescence.66 Regarding the development of DP symptoms, we 
show that those children who already exhibit internalizing or externalizing symptoms 
are most likely to transition to the DP. However, similar to earlier work, and in line 
with decreasing prevalence of DP with age, few children transition to the DP after 
late childhood. Those who are in the DP in early adolescence largely originated from 
the externalizing and DP subgroups. Notably, the homotypic continuity of the DP 
decreases between late childhood and early adolescence. Together with the decrease 
in prevalence, this implies that, for most individuals, psychopathology becomes more 
clustered within the internalizing or externalizing domain. Despite this decrease in 
homotypic continuity, our results support the evidence that the DP is an at-risk state 
for persistent psychopathology, in which the risk of persistence increases with the age 
at which the DP is exhibited.16, 17, 44 Where between early and late childhood, 23% of 
those children that are in the DP transitioned to the no problems group, only 9% of 
children in the DP transitioned to the no problems group between late childhood and 
early adolescence. Thus, children exhibiting DP symptoms in late childhood are an 
optimal target for future intervention studies, as those children are likely to benefit 
most from early treatment. 

The strengths of our study include the large sample size and the longitudinal design 
embedded within a population-based cohort. Moreover, using data-driven approaches, 
namely LPA and LTA, we were able to separately measure psychopathology in a more 
integrated way, compared to assessing individual traits that are likely correlated. 
Despite these strengths, this study should be considered in light of some limitations. 
First, we included parental report of child behavior only, other informants (self-report, 
teacher report) may provide other valuable insights into the development of childhood 
psychopathology. Unfortunately, we do not have parallel repeated measures of other 
informants. Second, at T1, the CBCL version 1.5-5 was used, where for those that were 
older than 5 years of age at assessment, the CBCL version 6-18 would have been more 
appropriate. At the time of data-collection the decision to use the version 1.5-5 was 
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made to maintain consistency with earlier waves of data-collection not included in 
the current study. Third, at T2, fit indices provided almost equal support for a four 
and five profile fit (Table S2.2). However, after visual inspection of the profiles that 
emerged from our LPA with five subgroups, the additional subgroup seemed to be a 
mix of children with internalizing problems and children with the DP (Figure S2.1). 
This was further supported by the results that we obtained from rerunning the LTA 
with five profiles at T2. Most children that were included in the additional fifth profile 
transitioned to either the internalizing subgroup or the DP at T3 (Table S2.7). 

We present both the prevalence and characteristics of psychopathology subgroups and 
stability and change children exhibit in their behavioral development across childhood 
and adolescence in a large, longitudinal population-based study. Our findings suggest 
that for many children, internalizing and externalizing problems can be considered 
a transient phase of development, but that for externalizing problems the predictive 
value of persistent problems increases with age. Children classified in the DP in late 
childhood are much more likely to have psychopathology later and the divergence to 
more specific patterns of psychopathology begins in early adolescence.
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Table S2.2. Fit statistics for latent profile models at T1, T2 and T3

Timepoint Number of Profiles BIC BLRT Entropy Smallest profile

T1

2 239,532.4 <0.001 0.979 8.80%

3 234,820.8 <0.001 0.968 2.66%

4 231,719.7 <0.001 0.982 1.73%

5 229,221.2 <0.001 0.988 0.97%

6 227,0036 <0.001 0.989 0.66%

T2

2 224,485.6 <0.001 0.968 12.59%

3 220,740.8 <0.001 0.951 3.97%

4 218,509.0 <0.001 0.964 3.52%

5 217,158.1 <0.001 0.963 1.76%

6 216,078.3 <0.001 0.966 1.11%

T3

2 217,893.2 <0.001 0.957 15.56%

3 214,312.3 <0.001 0.945 4.57%

4 211,789.0 <0.001 0.967 2.83%

5 210,360.9 <0.001 0.935 2.59%

6 209,497.0 <0.001 0.957 2.78%

BIC = Bayesian information criterion, BLRT = Bootstrapped likelihood-ratio test.

Table S2.3. Stability of psychopathology from T1 to T2 with equal profiles between T2 and T3 (partial 
invariant model)

No problems Internalizing Externalizing Dysregulation

No problems 0.854 0.064 0.069 0.013

Internalizing 0.441 0.382 0.040 0.137

Externalizing 0.346 0.103 0.386 0.165

Dysregulation 0.219 0.121 0.227 0.434

Profiles on the x-axis represent T2, profiles on the y-axis represent T1. Profiles were held equal between T2 and 
T3, but not between T1 and T2 due to different versions of the CBCL (at T1: CBCL v1.5-5, at T2 and T3: CBCL 
v6-18). Bold numbers indicate homotypic continuity. Model accounted for missing data using full information 
maximum likelihood (FIML) in Mplus.
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Table S2.4. Stability of psychopathology from T2 to T3 with equal profiles between T2 and T3 (partial 
invariant model)

No problems Internalizing Externalizing Dysregulation

No problems 0.879 0.060 0.054 0.007

Internalizing 0.443 0.434 0.061 0.062

Externalizing 0.344 0.089 0.460 0.107

Dysregulation 0.079 0.312 0.231 0.378

Profiles on the x-axis represent T3, profiles on the y-axis represent T2. Profiles were held equal between T2 and 
T3, but not between T1 and T2 due to different versions of the CBCL (at T1: CBCL v1.5-5, at T2 and T3: CBCL 
v6-18). Bold numbers indicate homotypic continuity. Model accounted for missing data using full information 
maximum likelihood (FIML) in Mplus.

Table S2.5. Stability of psychopathology from T1 to T2 with correction for covariates

No problems Internalizing Externalizing Dysregulation

No problems 0.847 0.083 0.060 0.011

Internalizing 0.448 0.384 0.041 0.127

Externalizing 0.375 0.093 0.373 0.159

Dysregulation 0.201 0.111 0.254 0.434

Profiles on the x-axis represent T2, profiles on the y-axis represent T1. Profiles were not held equal over time, 
due to the fact that different versions of the CBCL were used (at T1: CBCL v1.5-5, at T2 and T3: CBCL v6-18). Bold 
numbers indicate homotypic continuity. Model accounted for missing data using full information maximum 
likelihood (FIML) in Mplus.

2
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Table S2.6. Stability of psychopathology from T2 to T3 with correction for covariates

No problems Internalizing Externalizing Dysregulation

No problems 0.879 0.053 0.059 0.008

Internalizing 0.510 0.350 0.062 0.078

Externalizing 0.309 0.052 0.547 0.092

Dysregulation 0.071 0.265 0.251 0.413

Profiles on the x-axis represent T3, profiles on the y-axis represent T2. Profiles were not held equal over time, 
due to the fact that different versions of the CBCL were used (at T1: CBCL v1.5-5, at T2 and T3: CBCL v6-18). Bold 
numbers indicate homotypic continuity. Model accounted for missing data using full information maximum 
likelihood (FIML) in Mplus.

Table S2.7. Stability of psychopathology from T2 to T3 (five subgroups at T2)

No problems Internalizing Externalizing Dysregulation

No problems 0.887 0.045 0.061 0.007

Internalizing 0.616 0.269 0.088 0.026

Externalizing 0.334 0.079 0.487 0.101

Internalizing & 
Dysregulation

0.259 0.535 0.088 0.117

Dysregulation 0.067 0.205 0.255 0.479

Profiles on the x-axis represent T3, profiles on the y-axis represent T2. Profiles were not held equal over time, 
due to the fact that different versions of the CBCL were used (at T1: CBCL v1.5-5, at T2 and T3: CBCL v6-18). Bold 
numbers indicate homotypic continuity. Model accounted for missing data using full information maximum 
likelihood (FIML) in Mplus.
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Supplemental figures

Figure S2.1. Psychopathology subgroups derived with latent profile analysis at T2 with a five-profile fit 

 
Figure S2.2. Psychopathology subgroups derived with latent transition analysis with equal profiles for T2 
and T3 (partial invariant model)

2

166007_Blok_BNW-def.indd   39166007_Blok_BNW-def.indd   39 14-07-2023   07:2814-07-2023   07:28



166007_Blok_BNW-def.indd   40166007_Blok_BNW-def.indd   40 14-07-2023   07:2814-07-2023   07:28



Cognitive performance in 
children and adolescents with 

psychopathology traits: a cross-
sectional multicohort study in the 

general population

Blok, E., Schuurmans, I. K., Tijburg, A. J., Hillegers, M. J. H., Koopman-Verhoeff, M. E., Muetzel, 
R. L., Tiemeier, H., & White, T. 

Development and Psychopathology, 2022

166007_Blok_BNW-def.indd   41166007_Blok_BNW-def.indd   41 14-07-2023   07:2814-07-2023   07:28



42

Chapter 3

Abstract

Background: Psychopathology and cognitive development are closely related. 
Assessing the relationship between multiple domains of psychopathology and cognitive 
performance can elucidate which cognitive tasks are related to specific domains of 
psychopathology. This can help build theory and improve clinical decision making in 
the future.

Methods: The study included 13,841 children and adolescents drawn from two large 
population-based samples (Generation R and ABCD studies). We assessed the cross-
sectional relationship between three psychopathology domains (internalizing, 
externalizing, dysregulation profile (DP)) and four cognitive domains (vocabulary, 
fluid reasoning, working memory and processing speed) and the full-scale intelligence 
quotient (FSIQ). Lastly, differential associations between symptoms of psychopathology 
and cognitive performance by sex were assessed.

Results: Internalizing symptoms were related to worse performance in working 
memory and processing speed, but better performance in the verbal domain. 
Externalizing and DP symptoms were related to poorer global cognitive performance. 
Notably, those in the DP subgroup had a 5-point lower IQ than those without behavioral 
problems. Cognitive performance was more heavily affected in boys than in girls given 
comparable levels of psychopathology. 

Conclusions: We provide evidence for globally worse cognitive performance in children 
and adolescents with externalizing and DP symptoms, with those in the DP subgroup 
being most heavily affected. 
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Introduction

There is a saying from the 13th century that states “misfortunes never come singly”,67 which 
can easily be applied to children with psychopathology. Symptoms of psychopathology 
and cognitive performance are inherent to brain function, and thus it is not surprising 
that they are closely related during development.19, 20, 68 Indeed, both psychopathology 
symptoms and cognitive deficits put children at risk for later adverse outcomes.16, 17, 44, 

69 Relating specific types of psychopathology to specific cognitive domains provides 
the opportunity to build theories of the underlying neurobiology during development. 
Further, when psychopathology is assessed in children in clinical settings, cognitive 
performance is often tested concurrently. Understanding how cognitive performance 
is altered in those with symptoms of psychopathology can help the diagnostic process 
and clinical decision making. Thus, from both an etiological and a clinical perspective, 
understanding which cognitive domains are impaired, either across or within domains 
of psychopathology, is of crucial importance. 

Symptoms of behavioral problems derived from questionnaires are often divided in 
two broad domains: internalizing (e.g., anxiety, depression) and externalizing (e.g., 
aggressive behavior) symptoms. Additionally, the Dysregulation Profile (DP) resembles 
combined symptoms of anxiety, attention problems and aggressive behavior and is thus 
a reflection of combined internalizing and externalizing symptoms.16 Children with DP 
symptoms are of particular interest. From a clinical perspective, those children with DP 
symptoms have been shown to be at increased risk for continued psychopathology.16, 17, 70 
In addition, cognitive performance has been shown to be considerably lower compared 
to children without DP symptoms.23 From an etiological perspective, the DP is also a 
compelling phenotype to study, as the underlying neurobiology of the DP may share 
components with both internalizing and externalizing symptoms.

For internalizing symptoms, there is considerable evidence for associations with 
global cognitive performance as well as specific cognitive domains.68, 71-75 In clinical 
populations, anxiety has been linked to a decreased full scale intelligence quotient 
(FSIQ), with impairments across multiple cognitive domains.71 Likewise, for cognitive 
functioning in children and adolescents with major depressive disorder (MDD) a meta-
analysis has found that children with MDD had broad cognitive deficits, including 
lower performance in working memory, verbal fluency, and a lower FSIQ.68 Further, 
studies in clinical and population-based samples have observed impairments in the 
verbal performance,72, 73 working memory73, 75 and in processing speed.74 

In the externalizing domain, studies have observed a lower FSIQ in those with 
externalizing symptoms20 as well as more focused deficits in executive functioning.73 An 
11-point lower IQ has been observed in children with antisocial behavior as compared 
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to typically developing children.76 As cognitive deficits are proposed to be at the core 
of neurodevelopmental disorders,3 many studies assessing the externalizing domain 
have focused on ADHD and cognitive performance. Similar to studies on antisocial 
behavior, a meta-analysis on cognitive performance in children with ADHD found 
a 9-point lower IQ.19 Further, worse working memory performance was observed in 
children with ADHD, oppositional defiant disorder (ODD) and conduct disorder (CD) 
as compared to typically developing children.77 

Relatively few studies have specifically focused on children with DP symptoms. In an 
earlier wave of the Generation R study, an 11-point lower non-verbal IQ was observed 
in children classified as having the DP compared to typically developing children.23 
These results are similar to those described above for children with ADHD and 
antisocial behavior19, 76 and indeed studies have failed to detect differences in cognitive 
performance between children with ADHD compared to those with comorbid DP 
symptoms.78, 79 However, these studies only compared those with ADHD and the DP in 
clinical and smaller samples. Together with earlier work in which those with the DP 
appeared to have a lower IQ than those with internalizing and externalizing problems,23 
this underlines the importance of direct comparisons of psychopathology subgroups. 

Despite the amount of effort spent on understanding how psychopathology symptoms 
and cognitive performance are related, there are crucial questions that remain 
unanswered. First, while studies comparing clinical diagnoses of psychopathology 
with typically developing controls provide insight into the differences between 
cases and controls, these clinical categories may not adequately capture the 
underlying mechanisms. Second, earlier work has often compared different 
categories of psychopathology to typically developing children. However, whether 
cognitive performance in specific domains can distinguish between categories of 
psychopathology cannot be fully assessed by comparing them individually to typically 
developing children. Rather, it is important to directly compare cognitive performance 
across domains in children that show different types of psychopathology (e.g., an 
internalizing subgroup vs. an externalizing subgroup) in order to better understand 
the specificity of the relationships. Lastly, even though sex has known effects on both 
cognitive performance and behavioral problems,80, 81 only some work has specifically 
tested whether associations were different for boys and girls.82 Even though this 
study did not find differences, given the known unequal prevalence rates for specific 
behavioral problems between boys and girls, coupled with the paucity of studies, sex 
differences warrant further exploration.

We aim to address these three knowledge gaps in two large population-based 
samples of children and adolescents. First, we aim to assess the relationship between 
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psychopathology and cognitive performance within two large samples of children and 
adolescents drawn from the general population. In line with the recommendations 
of the RDoC initiative, which aims for a better understanding of the underlying 
mechanisms of dysfunction through assessment of mental health traits along a 
continuous spectrum,83 we use continuous measures of internalizing, externalizing 
and DP symptoms. While using continuous measures of psychopathology symptoms 
can provide insight in the underlying mechanisms, this approach also has one potential 
downside. Seemingly distinct domains of psychopathology (e.g., internalizing 
and externalizing symptoms) are likely to be, to some extent, correlated.84 When 
assessing their relationship with cognitive performance, it could be that some of the 
associations observed with, for example, internalizing symptoms are actually driven 
by their association with externalizing symptoms. Thus, this continuous approach 
could mask specificity of individual domains of psychopathology in their relationship 
with cognitive performance. We have earlier identified more homogeneous behavioral 
subgroups in our sample using a data-driven approach.70 These homogeneous 
behavioral subgroups included adolescents without symptoms of psychopathology, 
and internalizing, externalizing, and DP subgroups. Thus, within our first aim we 
incorporate both continuous and categorical approaches. Second, we aim to directly 
compare mutually-exclusive subgroups of children and adolescents with internalizing, 
externalizing and DP symptoms, rather than only comparing them to the typically 
developing children. This will provide insight into whether specific domains of 
psychopathology are related to specific alterations in cognitive performance. Third, we 
test whether an interaction with sex is present in the relationship between behavioral 
problems and cognitive performance. Based on earlier work, we hypothesized that 
internalizing symptoms would be associated with impaired performance on verbal and 
working memory tasks, that those with externalizing symptoms would show global 
cognitive deficits that are most pronounced in the working memory domain, and that 
those with the DP would have global cognitive deficits which would be significantly 
greater than the internalizing subgroup. Since only one study has examined sex effects 
in the association between psychopathology and cognition, we include the role of sex 
in exploratory analyses.

Methods

Participants
Participants were drawn from two large population-based cohorts, the Cognitive 
Development (ABCD) study85 and the Generation R study (hereafter Generation R).86 The 
ABCD study recruited participants through elementary schools from 21 participating 
sites in the US, between September 2016 and August 2018. Children that participated 
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in the cognitive and behavioral assessment at 9 to 11 years of age (N = 11,392) were 
eligible for inclusion. The ABCD study aimed for a sample of which approximately 50% 
of the participants showed early signs of internalizing or externalizing symptoms.87 
As a substantial proportion of siblings, twins and triplets were included, we randomly 
selected one child from each family to participate, resulting in 9,641 children that were 
eligible for inclusion. 

Generation R is a longitudinal birth cohort study in Rotterdam, the Netherlands. 
Pregnant women with a delivery date between April 2002 and January 2006, who 
were living within specific zip codes in Rotterdam, were invited for participation. Since 
recruitment, families have participated in multiple waves of data collection. For this 
study, all adolescents who participated in the cognitive and behavioral assessment 
during the 13- to 16-year-old assessment were included (N = 4,200). There were no pre-
specified exclusion criteria for participation in the cognitive or behavioral assessment. 
The follow-up rate was high (81.7% of the initial sample was invited for participation 
in this wave of data-collection). However, mothers from invited participants more 
often had a Dutch national background and a high educational level than those that 
discontinued participation.88 Both studies were approved by the medical ethics 
committee or the institutional review board. Written informed consent and assent 
was obtained prior to enrollment.

Measures
Cognitive performance
The ABCD study and Generation R used a different set of tests to assess cognitive 
performance. The cognitive domains assessed in both studies included verbal 
comprehension, fluid reasoning, working memory and processing speed. 

In the ABCD study, the cognitive test battery consisted of the NIH toolbox measures 
of cognition and additional measures that have been described in more detail 
previously.89 Briefly, to assess fluid reasoning, the matrix reasoning subtest from the 
Wechsler Intelligence Scale for Children-Fifth Edition (WISC-V) was used. Raw scores 
were converted to T-scores (US WISC-V manual Table A1). Verbal comprehension was 
measured using the picture vocabulary and the oral reading recognition test, working 
memory was measured using the list sorting working memory test, and processing 
speed was assessed using a pattern comparison task. All NIH toolbox measures of 
cognition were included to obtain a latent variable with a cognitive composite score 
(CCS) that best represents the FSIQ, as described earlier.90 

In Generation R, a subset of tests included in the WISC-V was used.91 The WISC-V is 
an instrument assessing individual cognitive functioning in 6- to 16-year-olds. In 
collaboration with Pearson (Pearson Clinical Assessment, San Antonio, TX, US), four 
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core subtests from the WISC-V were selected to assess specific cognitive domains and 
to derive an estimated FSIQ. All four subtest were administered by trained research 
assistants. The matrix reasoning and coding subtests were administered via the 
Q-Interactive system of Pearson92 on an iPad Air 2, which is used by the child while 
the examiner remained in the room. These tests were automatically scored within the 
Q-Interactive system. For the vocabulary subtest, measuring verbal comprehension/
reasoning, adolescents had to provide definitions for words read out loud by the 
examiner. Responses on this subtest were recorded with an audio recorder, which 
could be used for scoring of the subtest additional to the responses written down by 
the examiner. Scoring of the vocabulary subtest was performed by research assistants. 
In the matrix reasoning subtest, which measures fluid reasoning, adolescents were 
provided with an incomplete matrix and asked to select the completing response 
option. The digit span subtest, measuring working memory, consisted of three separate 
tasks. First, the adolescents were asked to repeat a sequence of numbers in the same 
order that the numbers were presented. Second, the adolescents were asked to repeat 
a sequence of numbers in reverse order that the numbers were presented. Third, the 
adolescents were asked to repeat a sequence ordered from low to high. Scoring of 
the digit span subtest was performed by research assistants, after which the three 
subtasks were equally weighted to compute a digit span summary score. Lastly, in the 
subtest coding, a measure of processing speed, adolescents were introduced to a key 
with numbers and corresponding symbols. Subsequently, with the key still present 
on the screen, adolescents were asked to match as many numbers as possible with 
the corresponding symbols within two minutes. The digitally administered coding 
subtest of the WISC-V has reported issues of inflated scores following hardware and 
software updates.93 Together with Pearson, we extensively checked for the presence 
of drift in scores over time. We did not observe this drift in the current sample, likely 
because hardware and software was held as constant as possible. In a small number of 
adolescents (n = 132), the tablet was not functioning at the time of the assessment. In 
these adolescents, the paper and pencil version of the matrix reasoning and the coding 
subtest was administered.

Raw subtest scores of the vocabulary, matrix reasoning, digit span and paper and pencil 
version of the coding subtests were converted to age-standardized T-scores based on 
Dutch norm-scores (Dutch WISC-V manual Table A1). Importantly, given that the iPad 
and paper and pencil version of the matrix reasoning task are equivalent, no distinction 
in scoring (i.e., digitally versus paper and pencil) of this subtest is necessary. The 
coding subtest has documented differences between the digital and paper and pencil 
assessment,94 therefore raw coding subtest scores were converted to raw paper pencil 
scores and then converted to T-scores based on Dutch norm-scores (personal contact 
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with Pearson, December 2020). T-scores for all subtests ranged from 1 to 19 and were 
summed and converted to a four-subtest estimated FSIQ. This custom index shows 
high reliability and similarity with a FSIQ (average reliability across age 6 to 16: 0.93). 
The reliability by age and the conversion table (Erasmus Index) can be found in the 
supplemental material, Table S3.1 and Table S3.2. To make the results of the CCS and 
the FSIQ analyses comparable, we scaled the CCS to the mean and standard deviation 
observed on the FSIQ in Generation R. 

Behavioral assessment
Child behavior was assessed using the Child Behavior Checklist (CBCL) version 6-18 
in both the ABCD study and Generation R. This questionnaire is a reliable and valid 
questionnaire to assess child behavior throughout childhood and adolescence.55 The 
CBCL has 112 items, rated on a three-point Likert scale (0 = not true, 1 = somewhat 
true, 2 = often true). The primary caregiver was asked to complete the questionnaire 
and answer the questions regarding the behavior of their child in the past six months. 
Scores for eight empirically derived syndrome scales can be calculated; anxious/
depressed, withdrawn/depressed, somatic complaints, social problems, thought 
problems, attention problems, rule-breaking behavior and aggressive behavior. These 
syndrome scales can be summed up to three broader behavioral constructs, namely 
internalizing problems (sum score of anxious/depressed, withdrawn/depressed and 
somatic complaints), externalizing problems (sum score of rule-breaking behavior and 
aggressive Behavior) and the DP (sum score of anxious/depressed, attention problems 
and aggressive behavior).55 Crohnbach’s alphas were calculated for all CBCL scales, 
based on the samples included. These metrics indicated good to excellent internal 
consistency (range: 0.87 – 0.93). Full results are reported in Table S3.3. 

In addition to these three broad constructs, Latent Profile Analysis (LPA) was used to 
derive distinct behavioral subgroups from the T-scores of the eight syndrome scales, as 
has been described previously for the Generation R sample.70 Subgroups derived based 
on LPA were preferred over creating categorical subgroups based on subclinical cut-
offs as (1.) LPA can better capture the complexity and diversity in symptoms, and (2.) 
using LPA mutually exclusive subgroups that allow for a head-to-head comparison are 
created. Thus, LPA allows for the creation of independent groups, while maximizing the 
probability that a participant is similar to others within the group. Details regarding 
the LPA are provided in the supplemental material. Subgroup profiles and fit indices for 
the ABCD study were very similar to those observed in Generation R and are provided 
in the supplemental material (Table S3.4, Figure S3.1). Four subgroups were observed 
in both samples, namely profiles with no problem behavior, internalizing problems, 
externalizing problems and the DP. 
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Covariates
Multiple parental and child characteristics were included as covariates. Sex and date 
of birth of the child were obtained via questionnaire in the ABCD study and from 
medical records in Generation R. Age of the child during assessment was calculated 
from the date of birth and the assessment date. Race was assessed with the Multigroup 
Ethnic Identity Measure Revised (MEIM-R)95 in the ABCD study, and categorized 
as Asian, black, Hispanic, white and other. Child national origin was based on the 
birth country of the parents in Generation R. Three categories were used for child 
national origin, including Dutch, other western (American western, Asian western, 
European, Indonesian & Oceania) and non-western (African, American non-western, 
Asian non-western, Cape Verdean, Dutch Antilles, Moroccan, Surinamese & Turkish). 
Socioeconomic status (SES) was determined based on household income and maternal 
education. Household income was assessed through questionnaire and harmonized 
across the two samples by categorizing in two levels, it was rated low in the ABCD 
study if they had less than 25,000 dollar a year and in Generation R when the household 
had less than 2,000 euro a month; above these thresholds income was classified as 
above low. Maternal education was assessed by questionnaire and divided into low 
(ABCD study: education until 6th grade, Generation R: no education, primary school), 
middle (ABCD study: education until 12th grade, high school diploma, associate degree, 
Generation R: high school, vocational training), and high (ABCD study: educational 
level above associate degree, Generation R: higher vocational training, university). 
Parental psychopathology was measured by the Adult Self Report (ASR) total problems 
scale T-scores,55 in the ABCD study. In Generation R, parental psychopathology was 
measured with the anxiety and depression subscales of the brief symptom inventory 
(BSI).96 Maternal IQ was measured in Generation R only, using a computerized version 
of the Ravens Advanced Progressive Matrices Test, set I.97 

Statistical analyses
Primary analyses
Our primary analyses aimed to assess the relationship between continuous and 
categorical measures of psychopathology (internalizing, externalizing, and DP 
symptoms) and distinct cognitive domains. All analyses were performed separately 
in the ABCD study and Generation R. Linear regression analyses were used, in 
which cognitive domains were entered as dependent variables, and the continuous 
measures of psychopathology or subgroups derived with LPA were used as independent 
variables. Separate regression analyses were performed for each continuous measure 
of psychopathology and each cognitive domain. As we used population-based samples, 
CBCL-scales were right-skewed, thus we square root transformed all continuous CBCL-
scales prior to running the analyses. To increase interpretability, we standardized all 
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cognitive and behavioral measures for our continuous analyses to a mean of 0 and a 
standard deviation of 1. In the categorical approach, unstandardized cognitive domains 
were used. The no problems subgroup was entered as the reference group. All analyses 
were adjusted for several covariates in two models. In the first model we included child 
sex and age at assessment, in the second model we additionally adjusted for child 
national origin/race, SES and parental psychopathology. 

Secondary analyses
In our secondary analyses we tested whether there was an effect of sex on the 
relationship between continuous measures of psychopathology and cognitive 
performance. Therefore, continuous analyses were repeated, including an interaction 
term for sex. 

Post-hoc analyses
Three types of post-hoc analyses were conducted. First, following our continuous 
analyses, we performed linear regression analyses to assess whether specific syndrome 
scales underlying the assessed broadband CBCL scales (internalizing, externalizing 
and DP) were associated with cognitive domains. Second, following the categorical 
analyses, psychopathology subgroups were directly compared; thus, in separate 
models, we entered the internalizing and externalizing subgroups as the reference 
group. Lastly, when significant interaction effects with biological sex were detected in 
our secondary analyses, post-hoc simple slopes analyses were conducted.

Sensitivity analyses
To assess whether the relationship was independent of maternal IQ, sensitivity analyses 
were performed within Generation R, where maternal IQ was added as a covariate. 
Further, to assess whether the group of children that scored in the lowest 25% on 
the CCS/FSIQ measure was driving the obtained results. Continuous analyses were 
repeated excluding all children scoring under the first quantile (CCS: 94.8, FSIQ: 
93.0). Lastly, categorical analyses were repeated, in which the presence of subclinical 
psychopathology traits was based on raw score cut-offs. Children and adolescents that 
scored above the 80th percentile on internalizing, externalizing or DP symptoms were 
coded to have subclinical symptoms, children and adolescents that scored below this 
threshold were coded to have no symptoms.

Analyses were performed in R version 3.6.3.98 Missing covariates were imputed using 
multiple imputation through chained equations (mice),99 with 30 imputed datasets and 
30 iterations per dataset with a maximum of 15.8% missing. Primary and exploratory 
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analyses were corrected for multiple testing using the FDR-Benjamini Hochberg 
procedure for a total of 99 tests.100

Results

Sample characteristics
Sample characteristics, including demographics, levels of psychopathology, number of 
children and adolescents included in each psychopathology subgroup, and cognitive 
performance for both samples are shown in Table 3.1. In the ABCD study approximately 
half of the children were white (51.0%), and in Generation R, the majority of adolescents 
had a Dutch background (64.5%). Both samples had a high SES on average, with most 
parents classified as having a high education level (ABCD study: 53.0%, Generation 
R: 56.7%) and an above low income (ABCD study: 77.2%, Generation R: 71.0%). In 
Table 3.2, the sample characteristics split by biological sex are provided. Within 
sample comparisons showed small, but mostly significant differences between boys 
and girls. Lastly, in Generation R a non-response analysis was performed comparing 
those participants who were included at baseline but did not take part in the current 
study, to those included in the current study. Comparing data collected at baseline, 
the participants who were included in this study were more often girls (χ2 = 7.86, 
df = 1, p = 0.005), had a Dutch national background (χ2 = 446.40, df = 2, p < 0.001) 
and had mothers with a higher educational level (χ2 = 189.99, df = 2, p < 0.001), higher 
household income (χ2 = 216.50, df = 1, p < 0.001), lower anxiety (mean difference = 0.30, 
t-statistic = 3.74, df = 2108.5, p < 0.001) and lower depressive symptoms (mean 
difference = 0.36, t-statistic = 4.18, df = 2010.1, p < 0.001). 

Table 3.1. Sample characteristics

ABCD study Generation R

N = 9,641 N = 4,200

Age (M, SD) 9.90 (0.62) 13.53 (0.37)

Sex (n, % female) 4,564 (47.3%) 2,140 (51.0%)

Ethnicity (n, %)

Dutch  - 2,707 (64.5%)

Other Western  - 367 (8.7%)

Non-Western  - 1,089 (25.9%)

Asian 223 (2.3%)  -

Black 1,449 (15.0%)  -

Hispanic 2,033 (21.1%)  -

White 4,918 (51.0%)  -

3
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Table 3.1. (continued)

ABCD study Generation R

N = 9,641 N = 4,200

Other 1,005 (10.4%)  -

Missing 13 (0.1%) 37 (0.9%)

Education (n, %)

Low 72 (0.7%) 93 (2.2%)

Middle 4,445 (46.1%) 1,296 (30.9%)

High 5,112 (53.0%) 2,380 (56.7%)

Missing 12 (0.1%) 431 (10.3%)

Family income (n, %)

< € 2,000 per month/$25,000 per year 1,363 (14.1%) 610 (14.5%)

> € 2,000 per month/$25,000 per year 7,446 (77.2%) 2,981 (71.0%)

Missing 832 (8.6%) 609 (14.5%)

Parental psychopathology (median, IQR)

Anxiety symptoms  - 1 (0-2)

Depressive symptoms  - 0 (0-1)

Adult Self Report (total problems) 43 (36-50)  -

Missing 81 (0.8%) 665 (15.8%)

Maternal IQ (M, SD)  - 98.6 (14.3)

Missing  - 394 (9.4%)

Child psychopathology (median, IQR)

Internalizing symptoms (raw CBCL scores) 3 (1-7) 4 (1-8)

Externalizing symptoms (raw CBCL scores) 2 (0-6) 2 (0-6)

DP symptoms (raw CBCL scores) 6 (2-13) 6 (3-12)

Subgroups of psychopathology (n, %)

No problems 7,500 (77.8%) 3,278 (78.0%)

Internalizing 1,020 (10.6%) 368 (8.8%)

Externalizing 702 (7.3%) 433 (10.3%)

DP 419 (4.3%) 121 (2.9%)

Cognitive performance (M, SD)

Vocabulary/Picture vocabulary 84.5 (8.1) 9.8 (2.9)

Oral reading 91.0 (6.9)  -

Fluid reasoning 9.1 (2.9) 9.3 (2.7)

Working memory 96.7 (12.1) 9.6 (2.8)

Processing speed 87.9 (14.6) 12.8 (3.4)

FSIQ/CCS 102.6 (13.7) 102.6 (13.7)
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Table 3.2. Cognitive performance and psychopathology levels stratified by sex

ABCD study Generation R

girls boys girls boys

n = 4,564 n = 5,077 n = 2,140 n = 2,060

Child psychopathology (median, IQR)

Internalizing symptoms (raw CBCL scores) 3 (1-7) 3 (1-7) 4 (2-8) 4 (1-7) *

Externalizing symptoms (raw CBCL scores) 2 (0-5) 3 (1-7) * 2 (0-5) 3 (1-7) *

DP symptoms (raw CBCL scores) 5 (2-11) 7 (3-14) * 6 (2-12) 7 (3-13) *

Subgroups of psychopathology (n, %)

No problems 3,688 (80.8%) 3,812 (75.1%) * 1,654 (77.3%) 1,624 (78.8%)

Internalizing 426 (9.3%) 594 (11.7%) * 192 (9.0%) 176 (8.5%)

Externalizing 315 (6.9%) 387 (7.6%) * 232 (10.8%) 201 (9.8%)

DP 135 (3.0%) 284 (5.6%) * 62 (2.9%) 59 (2.9%)

Cognitive performance (M, SD)

Vocabulary/Picture vocabulary 84.3 (8.2) 84.8 (8.1) * 10.0 (2.9) 9.7 (2.9) *

Oral reading 91.0 (6.8) 91.0 (7.1) - -

Fluid reasoning 9.3 (2.8) 9.0 (2.9) * 9.4 (2.6) 9.2 (2.8) *

Working memory 96.2 (12.0) 97.0 (12.2) * 9.6 (2.7) 9.6 (2.9)

Processing speed 88.9 (14.2) 87.1 (14.8) * 13.7 (3.2) 12.0 (3.3) *

FSIQ/CCS 102.9 (13.5) 102 (13.9) * 104.5 (13.0) 100.7 (14.0) *

* Indicates a significant difference between boys & girls within one sample (p < .05). T-tests and χ2-tests were 
performed to compare the groups for psychopathology traits and cognitive performance.

Continuous measures of psychopathology
Internalizing symptoms
For internalizing symptoms, we found worse processing speed performance in the 
first, but not the second model, within the ABCD study. Contrary, we observed better 
performance in children with higher internalizing problems for the picture vocabulary 
subtest (ß = 0.03, S.E. = 0.01, p-value = 0.012). In Generation R, worse working memory 
(ß = -0.04, S.E. = 0.02, p-value = 0.006) and processing speed (ß = -0.06, S.E. = 0.02, 
p-value < 0.001) performance was observed. Additionally, a lower FSIQ was observed 
after adjustment for child sex and age at assessment (model 1), but this association 
disappeared in model 2, after additional adjustment for child national origin/race, SES 
and parental psychopathology (Table 3.3). In our second model associations became 
significant that did not reach statistical significance in our first models, suggesting 
negative confounding effects of the variables included in the second model (national 

3
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origin/race, SES and parental psychopathology). In the ABCD study higher internalizing 
symptoms were associated with a lower CCS (ß = -0.03, S.E. = 0.01, p-value = 0.01), and 
in Generation R, higher internalizing symptoms were related to better performance on 
the vocabulary subtest (ß = 0.04, S.E. = 0.02, p-value = 0.007). 

Externalizing & DP symptoms
Children and adolescents with greater externalizing and DP symptoms had lower 
cognitive performance across all cognitive domains. One exception was the verbal 
domain in Generation R, in which no statistically significant association was observed 
with DP symptoms after correction for multiple testing (Table 3.3). 

Categorical subgroups of psychopathology
Our categorical approach provided very similar results to those obtained in our 
continuous analyses (Figure 3.1 & Table 3.4). In the internalizing subgroup, worse 
performance in working memory, processing speed, and the FSIQ/CCS was observed 
in both samples. The externalizing and DP subgroups showed global worse performance 
in both samples. In the ABCD study, an exception was the processing speed subtest in 
the externalizing subgroup, which did not reach statistical significance. Additionally, 
the verbal domain was not significant for the DP subgroup and only reached statistical 
significance in the first model for the externalizing subgroup, within Generation R. 
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Figure 3.1. Cognitive performance of children in subgroups of psychopathology as compared to those with 
no behavioral problems, (A) in Generation R and (B) in the ABCD study

Interaction with sex
An interaction effect of sex was observed for externalizing symptoms and the CCS 
(ß = 0.03, S.E. = 0.02, p = 0.043) within the ABCD study. In Generation R, interaction 
effects with sex were observed with the working memory subtest in Generation R 
for internalizing symptoms (ß = -0.06, S.E. = 0.03, p-value = 0.033), externalizing 
symptoms (ß = -0.07, S.E. = 0.03, p-value = 0.016), and DP symptoms (ß = -0.11, 
S.E. = 0.03, p-value < 0.001). Additionally, interaction effects were observed with 
the FSIQ for externalizing symptoms (ß = -0.07, S.E. = 0.03, p-value = 0.029) and DP 
symptoms (ß = -0.09, S.E. = 0.03, p-value = 0.003). After correction for multiple testing, 
the association between working memory and externalizing or DP symptoms and the 
FSIQ and DP symptoms remained statistically significant. Full results for interaction 
effects with sex are shown in Table 3.5.

3
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Post-hoc analyses
Syndrome scales underlying internalizing, externalizing and DP scales
The first set of post-hoc analyses assessed the relationship between cognitive 
performance and the syndrome scales underlying the included broad CBCL scales. 
Interestingly, most of the observed effects in the broad scales were mirrored in the 
underlying syndrome scales. A notable exception was the positive relationship 
between the vocabulary domain and internalizing symptoms. In the ABCD study, 
none of the individual syndrome scales was associated with higher performance on 
the verbal tasks, whereas in Generation R higher performance was mainly driven by 
the withdrawn/depressed, and to a lesser extent by the anxious/depressed symptoms. 
Further, regarding the internalizing domain, the lower CCS observed in the ABCD study 
was driven mainly by the anxious/depressed and withdrawn/depressed syndrome 
scales. Negative associations for working memory and processing speed were present 
for anxious/depressed symptoms and somatic complaints, but not for withdrawn/
depressed symptoms, in Generation R. Lastly, while all syndrome scales underlying 
the DP showed the negative associations with cognitive performance observed for the 
DP, the attention problems syndrome scale was most strongly associated to cognitive 
performance. Full results are shown in Table S3.5.

Direct comparison of categorical subgroups of psychopathology
In the second set of post-hoc analyses, we compared the mutually exclusive subgroups 
of psychopathology. Direct comparison with the internalizing subgroup revealed 
differences in the verbal domain of the externalizing subgroup in the ABCD study 
(picture vocabulary: B = -0.97, S.E. = 0.34, p-value = 0.004) and Generation R 
(B = -0.43, S.E. = 0.20, p-value = 0.028), with the externalizing subgroup performing 
worse than the internalizing subgroup. In the ABCD study, the externalizing 
subgroup additionally performed significantly worse on the fluid reasoning subtest 
(B = -0.34, S.E. = 0.13, p-value = 0.009) and had a lower CCS (B = -1.16, S.E. = 0.56, 
p-value = 0.038). Children in the DP subgroup performed worse on all cognitive 
domains except processing speed as compared to those in the internalizing subgroup, 
in the ABCD study. In Generation R, those in the DP subgroup performed worse 
compared to those in the internalizing subgroup on fluid reasoning (B = -0.84, 
S.E. = 0.27, p-value = 0.002) and FSIQ (B = -3.26, S.E. = 1.35, p-value = 0.016). 
Comparing the externalizing and DP subgroup directly, those in the DP showed worse 
performance in the working memory domain (B = -1.81, S.E. = 0.70, p-value = 0.009) 
and the CCS (B = -1.54, S.E. = 0.71, p = 0.029) in the ABCD study only. Full results for 
the direct comparisons are shown in Table S3.6 and Table S3.7. 

3
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Simple slopes analyses
Simple slopes analyses of the significant interaction effects indicated that cognitive 
domains were more heavily affected in boys than in girls with comparable 
psychopathology symptoms. Full results for the simple slopes analyses are presented 
in Table 3.6, and plots are provided in Figure 3.2.

Table 3.6. Simple slopes analyses for significant sex interactions on the associations between continuous 
symptoms of psychopathology and cognitive performance

Relationship Child biological sex ß S.E. p-value

Working memory & externalizing symptoms
Girl -0.05 0.02 0.013

Boy -0.12 0.02 < 0.001

Working memory & DP symptoms
Girl -0.08 0.02 < 0.001

Boy -0.18 0.02 < 0.001

FSIQ & DP symptoms
Girl -0.10 0.02 < 0.001

Boy -0.19 0.02 < 0.001

Models were corrected for child sex and age at assessment, child national origin/race, socioeconomic status 
and parental psychopathology. Psychopathology and cognitive performance measures were standardized 
to obtain ß coefficients.

Figure 3.2. Simple slopes analyses for significant sex interactions on the associations between continuous 
symptoms of psychopathology and cognitive performance. Panel A shows the relationship between working 
memory and externalizing symptoms, panel B shows the relationship between working memory and DP 
symptoms, and panel C shows the relationship between the FSIQ and DP symptoms. All results shown here 
are obtained within the Generation R sample. 

Sensitivity analyses
We performed three sets of sensitivity analyses. In the first set, we additionally 
adjusted for maternal IQ in Generation R. Obtained results from both the continuous 
and categorical analyses were very comparable to those in model 2, full results are 
shown in Table S3.8 and Table S3.9. Second, we excluded children scoring below the first 
quartile of the CCS/FSIQ measure. Some of the effects, most notably those observed for 
externalizing and DP symptoms, attenuated after excluding these children. However, 
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the majority of the findings remained statistically significant. Full results are presented 
in Table S3.10. Finally, categorical analyses were repeated using raw score cut-offs. The 
results were largely consistent with the continuous analyses in both cohorts and are 
described in Table S3.11.

Discussion

We examined the relationship between broad symptom domains of psychopathology 
and multiple domains of cognitive performance using both continuous and categorical 
approaches. In the latter we also directly compared mutually exclusive subgroups of 
psychopathology. Lastly, we explored the effect of sex on the relationship between 
psychopathology and cognitive performance. Regarding internalizing symptoms, we 
observed worse performance in the working memory and processing speed subtests, 
but contrary to our hypotheses, we also found better performance in the verbal domain, 
both in the Generation R and ABCD studies. In line with our hypothesis, we found 
evidence for worse cognitive performance across domains in children and adolescents 
with externalizing and DP symptoms. Notably, we observed a 5-point lower FSIQ in 
the DP subgroup compared to typically developing children and adolescents, even 
after correction for multiple covariates. When compared to children and adolescents 
in the internalizing and externalizing subgroups, those in the DP subgroup also 
had worse cognitive performance. Lastly, we show that the relationship between 
cognitive performance (working memory and FSIQ) and psychopathology is stronger 
in adolescent boys than in girls. 

Our categorical analyses showed a lower FSIQ/CCS in those with internalizing 
symptoms, driven by worse performance in working memory and processing speed, 
which is in line with earlier work in both clinical and population-based settings.20, 71, 

73-75 The working memory and processing speed together form the cognitive proficiency 
index of the WISC-V, which measures how efficient information is processed.91 Indeed, 
the attentional control theory makes a distinction between performance effectiveness 
(i.e. how accurate is the task performed) and performance efficiency (i.e. how many 
resources are spent on the task).101 Internalizing symptoms include depressive 
symptoms as well as anxiety. In depression, having slowed thought processes is a 
key symptom,102 which may underlie the lower processing speed. Moreover, although 
speculative, it could be that anxious thoughts consume some cognitive capacity, which 
in turn reduces the resources available for other tasks. Thus, those with internalizing 
symptoms could perform worse on tasks with increased demand of resources, such as 
working memory tasks. 

3
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Contrary to our hypothesis, we observed a positive relationship between internalizing 
symptoms and verbal performance. In line with these results, earlier work in 
undergraduate students observed a positive relationship between verbal skills and 
ruminating, and between verbal skills and internalizing symptoms.103 Potentially, for 
susceptible individuals, better verbal skills could lead to greater rumination, which 
can eventually lead to internalizing symptoms. However, there are also many studies 
that reported a negative relationship or did not find evidence for a relationship between 
internalizing symptoms and verbal performance.72, 73, 104-107 Multiple explanations 
could underlie these differences in findings. First, disparate findings between studies 
could be attributed to sample differences. For example, within the ABCD study, recent 
work has shown that those with a current depression had a lower verbal performance 
than typically developing children, but no differences were observed between 
typically developing children and those at high-risk or those that had remitted from a 
depression.104 In our study, we focused on children with mostly subclinical symptoms, 
suggesting that the positive relationship may be present for subclinical, but not current 
clinical symptoms. Second, both internalizing symptoms and verbal performance are 
multi-facetted. It is possible that the positive relationship observed here is present 
for some, but not all of the multi-facetted elements. This idea is supported by our 
findings that the relationship was driven by anxiety/depressed and withdrawn/
depressed symptoms, but not somatic complaints, as well as findings from earlier work. 
A previous study in early childhood showed that separation anxiety was related to lower 
reading achievement, whereas harm avoidance was related to higher achievement.108 
Additionally, recent work showed that those with low worrying symptoms, as opposed 
to high worrying symptoms, in combination with high physical anxiety, had a higher 
verbal performance.106

Children and adolescents with externalizing and DP symptoms showed global 
cognitive deficits. This is in line with earlier findings in children with ADHD, antisocial 
behavior and the DP.19, 23, 76 Factors contributing to these global deficits could be genetic, 
environmental or stochastic processes.109 Within the domain of modifiable factors, 
education plays an important role in cognitive development. Externalizing symptoms 
can interfere with school functioning82, 110 and worse academic performance can lead 
to increased externalizing symptoms.110 Potentially, breaking this vicious cycle can 
improve cognitive development in those with externalizing symptoms. To date only one 
study has assessed the relationship between DP symptoms and educational attainment, 
showing that in adulthood the highest educational level completed is lower in those 
with more DP symptoms.22 Future studies should assess the relationship between 
cognitive performance and DP symptoms using longitudinal models and compare the 
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discrepancy between academic performance and IQ in this group to elucidate how 
much school performance is hampered by DP symptoms.

A qualitative comparison between the relationships observed in children (ABCD 
study) and adolescents (Generation R) reveals that both in childhood and adolescence 
externalizing and DP symptoms are related to lower cognitive performance. While 
effect sizes cannot be directly compared for most cognitive domains, due to the use 
of different measures of cognitive performance, the matrix reasoning subtask, which 
measured fluid reasoning, was used in both cohorts. Effect sizes were highly similar, 
indicating that this relationship was similar in childhood and adolescence. However, 
regarding DP symptoms, earlier work within Generation R has revealed an 11-point 
lower non-verbal IQ in early childhood after adjustment for age and sex,23 whereas 
here we observed a 6-point lower IQ using the same covariates. While this difference 
could be explained by a multitude of environmental and methodological differences, 
it is likely that the magnitude of the relationship between DP symptoms and cognitive 
performance undergoes some change over time.

Few studies have directly compared subgroups with distinct patterns of 
psychopathology, and thus did not assess the specificity of cognitive performance 
differences between domains of psychopathology.78, 79 Compared to the internalizing 
subgroup, children in the externalizing group performed worse on vocabulary, fluid 
reasoning and CCS in the ABCD study, but adolescents only performed worse on the 
vocabulary subtest in Generation R. Those in the DP subgroup showed a lower FSIQ 
than those in the internalizing subgroup, driven by worse performance on all domains 
in the ABCD study and on fluid reasoning in Generation R. Regarding the difference 
between the externalizing and DP subgroup, earlier work examining differences 
between ADHD and DP was unable to discriminate between the two.78, 79 Here, we show 
that children in the DP subgroup have worse working memory performance and CCS 
than those in the externalizing subgroup. 

In Generation R, boys with externalizing and DP symptoms performed worse than 
girls on the working memory subtest. Regarding DP symptoms, boys also had worse 
performance than girls on the FSIQ. Thus, for those domains the relationship between 
psychopathology and cognitive performance is stronger in boys than in girls. These 
findings, together with earlier evidence that boys in general have more externalizing 
and DP symptoms,111 suggest that clinicians should be aware of possible poorer cognitive 
skills in boys as compared to girls with the same level of psychopathology. 

Findings that warranted further exploration were the associations between the 
vocabulary subtest and the CCS, and continuous internalizing symptoms. For 
vocabulary and the CCS we only observed significant associations in the second 

3
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model, but not in the first model, pointing towards negative confounding effects 
from at least one of the covariates added in the second model.112 Exploration of these 
covariates revealed that for the verbal domain, having a non-western national origin or 
having a lower SES were driving the worse performance. For the CCS, SES and ethnic 
background influenced cognitive performance. This is an interesting starting point 
for future studies to assess why these differences arise. Notably, we assessed these 
differences within two western populations. We can speculate that having a migration 
background can have impact on both cognitive development and psychopathology. 
Regarding cognitive development, it might be that those with non-native backgrounds 
use a different language in their home environment, by which they spend less time 
practicing the language from the country of residence, potentially leading to worse 
test performance in the verbal domain. Further, parents from non-native backgrounds 
could have more trouble with the school-system, simply because they are less familiar 
with it. Lastly, it could be that parents with a lower SES have less time and capacity to 
help their children with homework. Regarding psychopathology, those that migrated 
themselves can have severe traumas and higher rates of psychopathology depending 
on the reason for immigration.113 Further, for those with a migration background, 
racial discrimination can impact mental health outcomes114 and some migrant groups 
have more trouble accessing mental health care.115 To adequately help all children 
and adolescents, we need to acknowledge that there are certain groups that are 
more vulnerable than others, and study how psychopathology can be reduced and 
concurrently cognitive development can be improved in these groups.

The current study has several clinical implications. First, both in a continuous and a 
categorical approach we observed that cognitive performance and psychopathology 
were closely related. These findings suggest that not only those at the clinical end 
of the spectrum have lower cognitive performance, but that the relationship exists 
along the spectrum of symptom severity. Thus, cognitive training interventions that 
are effective for children with clinical symptoms, may also be effective for those 
who have subclinical symptoms, but who may not be help seeking. Second, lower 
cognitive performance was observed spanning all cognitive domains, as opposed to 
deficits in only specific neuropsychological domains, in those with externalizing and 
DP symptoms. Thus, treatment strategies should be directed at improving cognition 
across multiple domains, rather than targeting a specific cognitive domain. Third, 
those in the externalizing and DP subgroups showed worse cognitive performance 
than those in the internalizing subgroup. Although these differences were less 
pronounced in adolescence, it is important to understand in clinical settings that 
children with externalizing and DP symptoms will, on average, have poorer cognitive 
performance. Thus, treatment may not only be directed towards the clinical symptoms, 
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but these children will likely also need extra support in the classroom. This stresses 
the importance of implementing recommendations made over a decade ago by the 
American Academy of Child and Adolescent Psychiatry, stating that psychiatrists and 
teachers should work together to improve the learning environment for individuals 
with psychopathology symptoms.116 Lastly, the interaction and simple slopes analyses 
revealed that the relationship between psychopathology and cognitive performance 
was stronger in boys than in girls, implying that an extra focus on boys is warranted. 

In addition to these clinical implications, our findings can also be extended in several 
ways. Most importantly, longitudinal studies will be important to identify the 
trajectories of behavior and cognition over time, including their interplay. Further, 
this study has shown that cognitive performance is related to psychopathology, 
but an important extension would be to assess whether cognitive performance can 
be improved with treatment for psychopathology; and conversely, to what extent 
symptoms of psychopathology can be reduced by implementing cognitive training. 
Given that those with DP symptoms are most severely affected, this group of children 
provides an interesting sample for pilot studies to implement such cognitive training. 
Potentially fruitful future work could also be focused on interventions in the classroom 
to promote equal learning opportunities for all children, regardless of their level of 
psychopathology symptoms. For example, by designing courses directed at teachers 
that can better equip them to promote a more inclusive learning environment. This 
is especially important in countries, such as the Netherlands, in which ‘inclusive 
education’ has been implemented, but where currently 25% of the teachers feel that 
they do not possess sufficient knowledge to adequately teach those children with more 
psychopathology symptoms and approximately 50% of the teachers expressed a desire 
for support in terms of knowledge and practical tips to improve the learning experience 
for children with psychopathology.117 Lastly, for internalizing symptoms specifically, the 
positive relationship observed with verbal performance requires further exploration 
and confirmation. Given the mixed literature, a promising future direction would be 
to dissect internalizing symptoms into multiple sub-domains along a continuum, to 
capture the complexity and dimensionality of these symptoms and the relationship 
between each sub-domain with dimensions of cognition.

Strengths of this study include the large sample size involving two separate studies on 
two different continents. The ABCD study had nearly 10,000 children and Generation 
R had approximately 4,000 adolescents and both participated in extensive cognitive 
testing. The two large studies offered the opportunity to demonstrate replication of the 
findings. Second, the population-based characteristics of both studies allowed for both 
a continuous and a categorical approach regarding psychopathology. Third, within our 
categorical approach, we compared subgroups of psychopathology not only to a group 

3

166007_Blok_BNW-def.indd   65166007_Blok_BNW-def.indd   65 14-07-2023   07:2814-07-2023   07:28



66

Chapter 3

of typically developing children and adolescents, but also directly compared mutually 
exclusive subgroups of psychopathology. Despite these strengths, our results should 
also be interpreted in the light of some limitations. First, a different set of measures 
was used to assess cognitive performance in the two samples, with the exception of 
fluid reasoning. However, the tests, although different, did capture the same cognitive 
domains and the results were very similar across both samples. The similarity in the 
findings supports that the effects are not test-specific, but rather truly related to the 
underlying cognitive construct. Second, in the current study we used cross-sectional 
data, by which we cannot draw conclusions about the directionality of the observed 
associations. Future studies should use longitudinal designs to assess the temporal 
relationship between cognitive and behavioral development. 

Taken together, our findings provide evidence for globally worse cognitive performance 
in children and adolescents with externalizing and DP symptoms, with those in the 
DP subgroup being most heavily affected. Internalizing problems are more subtly 
related to cognitive performance, with worse performance on working memory and 
processing speed, but higher performance in the verbal domain. We did not identify 
specific patterns of impairments of cognitive domains with distinct subtypes of 
psychopathology, with the exception of the increased performance in the verbal domain 
for those with internalizing symptoms. Rather, we provide evidence for DP symptoms 
as a severe behavioral phenotype that is related to impaired cognitive performance 
across childhood as compared to both typically developing children and adolescents, 
and those with other types of psychopathology. 
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Supplemental material

Supplemental methods
Latent profile analysis
Latent Profile Analysis (LPA) was previously performed and described within the 
Generation R study70 and for the purpose of this study repeated within the ABCD study. 
In brief, T-scores of all syndrome scales from the CBCL (anxious/depressed, withdrawn/
depressed, somatic complaints, social problems, thought problems, attention problems, 
rule-breaking behavior and aggressive behavior) were used as indicators. The optimal 
number of profiles was determined based on five criteria: (1.) the Bayesian Information 
Criterion (lower values indicating a better fit), (2.) the Bootstrapped Likelihood Ratio 
Test (compares k classes versus k – 1 classes), (3.) the entropy of the models (values 
closer to 1 indicating better classification), (4.) all profiles should contain at least 1% of 
the participants, and (5.) all additional profiles should have a distinct severity or shape 
pattern based on visual inspection. Model fit indices for the ABCD study are provided 
in Table S3.4 and obtained LPA profiles for the ABCD study are presented in Figure S3.1. 
LPA was performed in MPlus version 8.

Supplemental tables

Table S3.1. Reliability of the Erasmus Index, by age and overall

Age 6 7 8 9 10 11 12 13 14 15 16 average

Reliability .93 .92 .93 .93 .93 .92 .95 .93 .94 .94 .95 .93

Table S3.2. Erasmus Index equivalents of sums of scaled scores 

Sum of scaled scores ERAI Percentile
rank

90% Confidence interval 95% Confidence interval

4 45 <0.1 43–55 42–56

5 46 <0.1 44–56 43–57

6 47 <0.1 45–57 43–58

7 48 <0.1 46–58 44–59

8 49 <0.1 46–59 45–60

9 50 <0.1 47–60 46–61

10 52 0.1 49–61 48–63

11 53 0.1 50–62 49–64

12 55 0.1 52–64 51–65

13 56 0.2 53–65 52–66

14 58 0.3 55–67 54–68

3
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Table S3.2. (continued) 

Sum of scaled scores ERAI Percentile
rank

90% Confidence interval 95% Confidence interval

15 59 0.3 56–68 55–69

16 61 0.5 58–70 56–71

17 62 1 59–71 57–72

18 64 1 60–73 59–74

19 65 1 61–74 60–75

20 67 1 63–75 62–77

21 68 2 64–76 63–77

22 70 2 66–78 65–79

23 71 3 67–79 66–80

24 73 4 69–81 68–82

25 74 4 70–82 69–83

26 76 5 72–84 70–85

27 77 6 73–85 71–86

28 79 8 74–87 73–88

29 81 10 76–88 75–90

30 82 12 77–89 76–90

31 84 14 79–91 78–92

32 86 18 81–93 80–94

33 88 21 83–95 82–96

34 90 25 85–97 83–98

35 91 27 86–98 84–99

36 93 32 87–100 86–101

37 94 34 88–100 87–102

38 96 39 90–102 89–104

39 98 45 92–104 91–105

40 100 50 94–106 93–107

41 102 55 96–108 95–109

42 103 58 97–109 96–110

43 105 63 99–111 97–112

44 107 68 100–113 99–114

45 109 73 102–114 101–116

46 111 77 104–116 103–117
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Table S3.2. (continued) 

Sum of scaled scores ERAI Percentile
rank

90% Confidence interval 95% Confidence interval

47 112 79 105–117 104–118

48 114 82 107–119 106–120

49 116 86 109–121 108–122

50 117 87 110–122 109–123

51 119 90 112–124 110–125

52 120 91 113–125 111–126

53 122 93 114–127 113–128

54 123 94 115–127 114–129

55 125 95 117–129 116–130

56 126 96 118–130 117–131

57 128 97 120–132 119–133

58 130 98 122–134 121–135

59 132 98 124–136 123–137

60 133 99 125–137 123–138

61 135 99 126–139 125–140

62 136 99 127–140 126–141

63 138 99 129–141 128–143

64 139 99.5 130–142 129–144

65 140 99.6 131–143 130–144

66 142 99.7 133–145 132–146

67 143 99.8 134–146 133–147

68 145 99.9 136–148 135–149

69 146 99.9 137–149 136–150

70 148 99.9 139–151 137–152

71 149 99.9 139–152 138–153

72 151 >99.9 141–154 140–155

73 152 >99.9 142–154 141–156

74 153 >99.9 143–155 142–157

75 154 >99.9 144–156 143–157

76 155 >99.9 145–157 144–158

3
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Table S3.3. Crohnbach’s alphas for broad CBCL scales

ABCD study Generation R

Internalizing 0.87 0.88

Externalizing 0.89 0.88

Dysregulation Profile 0.93 0.91

Table S3.4. Model fit LPA ABCD study

Cohort Classes N BIC Entropy VLMR p-value

ABCD study 2 9,981 471,070.817 0.973 < 0.001

ABCD study 3 9,981 462,143.864 0.952 < 0.001

ABCD study 4 9,981 457,674.831 0.962 < 0.001

ABCD study 5 9,981 454,403.722 0.945 0.004

ABCD study 6 9,981 452,066.816 0.948 0.294
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Table S3.5. Associations between continuous symptoms of psychopathology for syndrome scales underlying 
broad CBCL scales and cognitive performance

Anxious/depressed Withdrawn/depressed Somatic complaints

Sample Measure ß S.E. p-value ß S.E. p-value ß S.E. p-value

ABCD study

Picture vocabulary 0.00 0.00 0.157 0.00 0.01 0.779 0.01 0.00 0.253

Oral reading 0.00 0.00 0.565 -0.01 0.01 0.133 -0.01 0.01 0.232

Fluid reasoning 0.00 0.00 0.463 -0.01 0.01 0.298 -0.01 0.01 0.102

Working memory -0.01 0.00 0.033 -0.02 0.01 0.009 -0.01 0.01 0.186

Processing speed -0.01 0.00 0.003 0.00 0.01 0.749 -0.01 0.01 0.293

Cognitive composite 
score

-0.01 0.00 < 0.001 -0.02 0.01 < 0.001 -0.01 0.00 0.080

Attention problems Rule-breaking behavior Aggressive behavior

ß S.E. p-value ß S.E. p-value ß S.E. p-value

Picture vocabulary -0.02 0.00 < 0.001 -0.03 0.01 < 0.001 -0.01 0.00 < 0.001

Oral reading -0.05 0.00 < 0.001 -0.04 0.01 < 0.001 -0.01 0.00 < 0.001

Fluid reasoning -0.03 0.00 < 0.001 -0.04 0.01 < 0.001 -0.02 0.00 < 0.001

Working memory -0.04 0.00 < 0.001 -0.04 0.01 < 0.001 -0.02 0.00 < 0.001

Processing speed -0.03 0.00 < 0.001 -0.01 0.01 0.200 -0.01 0.00 0.011

Cognitive composite 
score

-0.05 0.00 < 0.001 -0.05 0.01 < 0.001 -0.02 0.00 < 0.001

Anxious/depressed Withdrawn/depressed Somatic complaints

Sample Measure ß S.E. p-value ß S.E. p-value ß S.E. p-value

Generation R

Vocabulary 0.03 0.01 0.019 0.07 0.01 < 0.001 0.00 0.02 0.879

Fluid reasoning 0.00 0.02 0.855 0.02 0.02 0.294 -0.04 0.02 0.018

Working memory -0.04 0.02 0.005 -0.02 0.02 0.196 -0.03 0.02 0.035

Processing speed -0.06 0.02 < 0.001 -0.02 0.02 0.189 -0.06 0.02 < 0.001

FSIQ -0.03 0.02 0.043 0.01 0.02 0.326 -0.05 0.02 0.001

Attention problems Rule-breaking behavior Aggressive behavior

ß S.E. p-value ß S.E. p-value ß S.E. p-value

Vocabulary -0.06 0.01 < 0.001 -0.03 0.01 0.022 -0.04 0.01 0.017

Fluid reasoning -0.09 0.02 < 0.001 -0.07 0.02 < 0.001 -0.07 0.02 < 0.001

Working memory -0.15 0.02 < 0.001 -0.08 0.02 < 0.001 -0.08 0.02 < 0.001

Processing speed -0.21 0.02 < 0.001 -0.07 0.02 < 0.001 -0.09 0.02 < 0.001

FSIQ -0.19 0.01 < 0.001 -0.09 0.01 < 0.001 -0.10 0.01 < 0.001

Models were corrected for child sex and age at assessment, child national origin/race, socioeconomic status 
and parental psychopathology. Psychopathology and cognitive performance measures were standardized 
to obtain ß coefficients.
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Table S3.6. Associations between categorical subgroups of psychopathology and cognitive performance, 
with the internalizing subgroup as reference category 

Externalizing Dysregulation Profile

Sample Measure Model B S.E. p-value B S.E. p-value

ABCD study

Picture vocabulary
1 -2.34 0.39 < 0.001 -2.46 0.46 < 0.001

2 -0.97 0.34 0.004 -0.99 0.40 0.014

Oral reading
1 -1.53 0.33 < 0.001 -2.33 0.39 < 0.001

2 -0.59 0.31 0.056 -1.29 0.37 < 0.001

Fluid reasoning
1 -0.69 0.14 < 0.001 -1.03 0.16 < 0.001

2 -0.34 0.13 0.009 -0.64 0.16 < 0.001

Working memory
1 -2.49 0.58 < 0.001 -4.34 0.69 < 0.001

2 -0.91 0.55 0.098 -2.72 0.65 < 0.001

Processing speed
1 -0.80 0.70 0.248 -1.93 0.82 0.019

2 0.09 0.69 0.900 -0.91 0.82 0.267

Cognitive composite score
1 -3.63 0.64 < 0.001 -5.32 0.75 < 0.001

2 -1.16 0.56 0.038 -2.70 0.66 < 0.001

Generation R

Vocabulary
1 -0.48 0.21 0.022 -0.34 0.31 0.273

2 -0.43 0.20 0.029 -0.15 0.29 0.611

Fluid reasoning
1 -0.35 0.19 0.063 -0.96 0.28 < 0.001

2 -0.33 0.19 0.072 -0.84 0.27 0.002

Working memory
1 -0.14 0.20 0.473 -0.68 0.29 0.019

2 -0.13 0.19 0.505 -0.55 0.28 0.053

Processing speed
1 0.02 0.23 0.920 -0.43 0.34 0.204

2 0.02 0.23 0.924 -0.40 0.34 0.240

FSIQ
1 -1.57 0.95 0.099 -4.07 1.41 0.004

2 -1.44 0.91 0.114 -3.26 1.35 0.016

Model 1 was corrected for child sex and age at assessment, model 2 was additionally corrected for child 
national origin/race and socioeconomic status.
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Table S3.7. Associations between categorical subgroups of psychopathology and cognitive performance, 
with the externalizing subgroup as reference category

Dysregulation Profile

Sample Measure Model B S.E. p-value

ABCD study

Picture vocabulary
1 -0.12 0.49 0.800

2 -0.02 0.43 0.968

Oral reading
1 -0.81 0.42 0.053

2 -0.70 0.39 0.073

Fluid reasoning
1 -0.33 0.17 0.055

2 -0.30 0.17 0.069

Working memory
1 -1.86 0.74 0.012

2 -1.81 0.70 0.009

Processing speed
1 -1.13 0.88 0.199

2 -1.00 0.87 0.253

Cognitive composite score
1 -1.69 0.80 0.036

2 -1.54 0.71 0.029

Generation R

Vocabulary
1 0.14 0.30 0.645

2 0.28 0.29 0.321

Fluid reasoning
1 -0.61 0.27 0.029

2 -0.51 0.27 0.059

Working memory
1 -0.54 0.28 0.058

2 -0.42 0.28 0.130

Processing speed
1 -0.45 0.33 0.173

2 -0.42 0.33 0.206

FSIQ
1 -2.51 1.38 0.069

2 -1.82 1.32 0.169

Model 1 was corrected for child sex and age at assessment, model 2 was additionally corrected for child 
national origin/race and socioeconomic status.
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Table S3.8. Sensitivity analyses of the associations between continuous symptoms of psychopathology and 
cognitive performance (additionally adjusted for maternal IQ)

Internalizing Externalizing Dysregulation Profile

Measure ß S.E. p-value ß S.E. p-value ß S.E. p-value

Vocabulary 0.04 0.02 0.014 -0.03 0.01 0.021 -0.03 0.01 0.043

Fluid reasoning -0.01 0.02 0.417 -0.07 0.02 < 0.001 -0.07 0.02 < 0.001

Working memory -0.05 0.02 0.002 -0.09 0.02 < 0.001 -0.13 0.02 < 0.001

Processing speed -0.06 0.02 < 0.001 -0.09 0.02 < 0.001 -0.16 0.02 < 0.001

FSIQ -0.03 0.02 0.028 -0.10 0.01 < 0.001 -0.14 0.01 < 0.001

Psychopathology and cognitive performance measures were standardized to obtain ß coefficients.

Table S3.9. Sensitivity analyses of the associations between categorical subgroups of psychopathology and 
cognitive performance (additionally adjusted for maternal IQ)

Internalizing Externalizing Dysregulation Profile

Measure B S.E. p-value B S.E. p-value B S.E. p-value

Vocabulary 0.19 0.15 0.209 -0.24 0.14 0.088 0.07 0.26 0.796

Fluid reasoning -0.03 0.14 0.837 -0.37 0.13 0.006 -0.85 0.24 < 0.001

Working memory -0.40 0.15 0.007 -0.53 0.14 < 0.001 -0.92 0.25 < 0.001

Processing speed -0.82 0.18 < 0.001 -0.80 0.17 < 0.001 -1.19 0.30 < 0.001

FSIQ -1.79 0.71 0.012 -3.26 0.65 < 0.001 -4.90 1.19 < 0.001

Table S3.10. Associations between continuous symptoms of psychopathology and cognitive performance, 
excluding those children in the lowest 25% of the FSIQ/CCS

Internalizing Externalizing Dysregulation Profile

Sample Measure ß S.E. p-value ß S.E. p-value ß S.E. p-value

ABCD study

Picture vocabulary 0.05 0.01 < 0.001 -0.02 0.01 0.052 0.01 0.01 0.529

Oral reading 0.03 0.01 0.011 -0.03 0.01 0.015 -0.04 0.01 0.001

Fluid reasoning 0.00 0.01 0.996 -0.04 0.01 0.004 -0.03 0.01 0.023

Working memory -0.01 0.01 0.379 -0.05 0.01 < 0.001 -0.05 0.01 < 0.001

Processing speed 0.00 0.01 0.899 0.02 0.01 0.225 -0.02 0.01 0.110

Cognitive composite 
score

0.00 0.01 0.840 -0.04 0.01 < 0.001 -0.05 0.01 < 0.001

Generation R

Vocabulary 0.06 0.02 < 0.001 -0.01 0.02 0.680 0.01 0.02 0.520

Fluid reasoning 0.00 0.02 0.921 -0.04 0.02 0.015 -0.03 0.02 0.050

Working memory -0.04 0.02 0.021 -0.05 0.02 0.002 -0.07 0.02 < 0.001

Processing speed -0.06 0.02 < 0.001 -0.07 0.02 < 0.001 -0.11 0.02 < 0.001

FSIQ -0.02 0.01 0.219 -0.06 0.01 < 0.001 -0.08 0.01 < 0.001

Models were corrected for child sex and age at assessment, child national origin/race, socioeconomic status 
and parental psychopathology. Psychopathology and cognitive performance measures were standardized 
to obtain ß coefficients.
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Supplemental figures

Figure S3.1. Mean T-scores of the CBCL syndrome scales for Latent Profile Analysis in the ABCD study
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Abstract

Background: Sleep problems, altered sleep patterns and mental health difficulties 
often co-occur in the pediatric population. Different assessment methods for sleep 
exist, however, many studies only use one measure of sleep or focus on one specific 
mental health problem. In this population-based study, we assessed different aspects 
of sleep and mother-reported mental health to provide a broad overview of the 
associations between reported and actigraphic sleep characteristics and mental health. 

Methods: This cross-sectional study included 788 children 10- to 11-year-old children 
(52.5% girls) and 344 13- to 14-year-old children (55.2% girls). Mothers and children 
reported on the sleep of the child and wrist actigraphy was used to assess the child’s 
sleep patterns and 24h activity rhythm. Mental health was assessed via mother-report 
and covered internalizing, externalizing and a combined phenotype of internalizing 
and externalizing symptoms, the dysregulation profile. 

Results: Higher reported sleep problems were related to more symptoms of mental 
health problems in 10- to 11- and 13- to 14-year-old adolescents, with standardized 
ß-estimates ranging between 0.11 and 0.35. There was no association between 
actigraphy-estimated sleep and most mental health problems, but earlier sleep onset 
was associated with more internalizing problems (ß = -0.09, SE = 0.03, p-value = 0.002), 
and higher intra-daily variability of the 24h activity rhythm was associated with more 
dysregulation profile symptoms at age 10 to 11 (ß = 0.11, SE = 0.04 p-value = 0.002). 

Discussion: Reported sleep problems across informants were related to all domains 
of mental health problems, providing evidence that sleep can be an important topic 
to discuss for clinicians seeing children with mental health problems. Actigraphy-
estimated sleep characteristics were not associated with most mental health problems. 
The discrepancy between reported and actigraphic sleep measures strengthens the idea 
that these two measures tap into distinct constructs of sleep. 
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Background

Sleep problems and mental health difficulties often co-occur in childhood and 
adolescence.21, 118 Children transitioning from late childhood into early adolescence, 
undergo rapid biological and emotional changes,2, 52 including changes in sleep.119 Thus, 
studying sleep in relation to mental health in preadolescence and early adolescence has 
the potential to provide insight into how sleep and behavior are related. Understanding 
how sleep is related to mental health is of clinical relevance. First, sleep problems can 
be an early and sensitive marker for parents and clinicians to help identify emerging 
mental health problems. Second, sleep is a modifiable factor,120 making it a potential 
target for different treatment strategies. 

The relationship between sleep and psychopathology has been studied extensively 
in adults. Sleep problems are a common complaint across psychiatric diagnoses,21, 121 
including disorders in the internalizing domain (e.g., depression122-125 and anxiety125-127), 
the externalizing domain (e.g., ADHD128, 129 and aggression130), and disruptive mood 
dysregulation disorder (DMDD),131, 132 a diagnosis with characteristics of both the 
internalizing and externalizing domains. However, it is important to note that the 
relationship between sleep and mental health is not consistent across sleep measurements 
used. Studies focusing on reported sleep problems, measured via questionnaire completed 
by the child or the parent, have consistently demonstrated more sleep problems in 
children with mental health problems across domains of psychopathology.122, 123, 125-

127, 129-131, 133 In contrast, results of studies based on objective sleep measures, such as 
polysomnography and actigraphy, are less consistent. Using actigraphy, both sleep 
patterns and 24h activity rhythm measures can be obtained. Regarding sleep patterns, 
some studies report no associations between depression, ADHD and DMDD, and objective 
sleep measures.134-136 Yet, other studies indicate reduced total sleep time in children with 
ADHD133 and increased total sleep time in adolescents with depression.124 Additionally, 
reduced sleep efficiency is observed in children with ADHD,133 depression123 and DMDD.132 
The relationship between the 24h activity rhythm and mental health has not been 
widely studied, even though significant changes in the 24h activity rhythm occur in 
early adolescence.119 For example, the 24h activity rhythm shifts to a later phase, which 
in combination with increased autonomy could lead to a lower interdaily stability (i.e., 
less regularity) of the 24h activity rhythm. Indeed, a lower interdaily stability has been 
observed in adolescents as compared to children.137 

Despite previous studies on sleep and mental health in children, several knowledge 
gaps remain. First, results have been shown to vary depending on the sleep measure 
collected and reporter,138-141 but we are not aware of studies which have assessed 
both self- and mother-reported sleep problems as well as actigraphic sleep measures 

4
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together with mental health within one sample. Comparing results using multiple 
assessment methods and raters within the same sample can elucidate whether 
prior inconsistent findings can be explained by the choice of assessment or reporter. 
Second, the current literature lacks studies on the associations between the 24h 
activity rhythm and mental health problems. Third, earlier work provided evidence 
that the association between sleep and depression appeared stronger in adolescents 
than in children.142 Potentially, this is also true for other mental health problems 
in late childhood and early adolescence. Lastly, the relationship between mental 
health problems and sleep might be specific to certain mental health difficulties 
(e.g., depressive symptoms are related to longer sleep duration whereas ADHD 
symptoms are related to a shorter sleep duration124, 133). Unraveling whether the 
relationship between mental health and different sleep aspects is similar across or 
specific to mental health domains can improve our understanding of co-occurrence 
and has the potential to ultimately guide the clinical practice. Thus, in this study we 
incorporate both self- and mother-reported perceived sleep problems, and actigraphic 
measures of sleep patterns and the 24h activity rhythm to study how mental health 
problems relate to these measures across late childhood and early adolescence. We 
focus on continuous measures of three broad domains of mental health, including an 
internalizing domain, an externalizing domain and a domain that has internalizing 
and externalizing features called the dysregulation profile.16

The primary aim of this study is to assess the relationship between sleep and mental 
health, incorporating a wide range of sleep measures, including both reported as 
well as actigrapic sleep measures, and broad domains of mental health across late 
childhood and early adolescence in a large population-based cohort. Our primary 
analyses included both confirmatory and exploratory analyses. Regarding confirmatory 
analyses, we hypothesized that all domains of mental health would be associated with 
reported sleep problems.122, 123, 125-127, 129-131, 133 For the actigraphy measures we hypothesized 
that longer total sleep time would be associated with internalizing symptoms124 and 
shorter sleep duration with externalizing symptoms and the dysregulation profile.133 
Further we expected that all domains of mental health would be associated with 
reduced sleep efficiency.123, 132, 133 Since no prior work has focused on the relationship 
between mental health and the 24h activity rhythm in children, we include these as 
exploratory analyses. As a secondary aim of this study, we employ exploratory analyses 
to assess mental health domains that are not covered by the broad internalizing, 
externalizing and dysregulation profile domains, assessing the relationships between 
sleep and thought problems and social problems. 
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Methods

Participants
Participants were drawn from the Generation R study, a birth cohort from Rotterdam, 
the Netherlands. All pregnant women with a delivery date between April 2002 and 
January 2006 were invited to participate.88 Since recruitment, the children and their 
families have been invited for multiple waves of data collection. At 10 years of age 
8,548 children were invited to visit the research center, of those, 7,968 were invited 
again at 13 years of age. Actigraphic sleep patterns were estimated in a subsample of 
Generation R, for which in total 1,910 children were invited in two separate waves. A 
detailed description of the sampling strategy for this subsample has been described 
previously.143 Briefly, included participants had high follow-up rates, premature born 
participants were oversampled, and were more often of western decent. The first 
actigraphy data collection started nearly one year after the 10-year assessment (N = 915) 
and the second was conducted nearly one year after the 13-year assessment (N = 490), 
these assessments included no repeated measurements. Children were excluded from 
analyses if the reported sleep or behavioral data was missing at the corresponding 
age and when outliers corresponding to impossible or highly unlikely values were 
detected, resulting in a total of 788 children who were included at 10 to 11 years of age 
and 344 children at 13 to 14 years of age. Figure 4.1 presents a flowchart of the study 
sample. The Medical Ethics Committee of the Erasmus Medical Center approved all 
study procedures, and all parents and participants provided written informed consent 
or assent if appropriate.

4
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Invited to participate in
actigraphy substudy

N = 1,910

n = 915

n = 830

Included at
10-11 years

n = 788

n = 490

n = 385

Included at
13-14 years

n = 344

No participation
13-14 year old actigraphy

sample
n = 1,420

No reported sleep
available

n = 105

No behavioral data
available

n = 9

No participation
10-11 year old actigraphy

sample
n = 995

No reported sleep
available

n = 85

No behavioral data
available

n = 26

n = 804 n = 376

Sleep onset latency
< 0 minutes or Sleep

efciency > 100%
n = 32

Sleep onset prior to 6PM
or Sleep onset latency <

0 minutes 
n = 16

Figure 4.1. Flowchart of the study sample

Instruments
Child Behavior Checklist (CBCL)
The CBCL is a widely used parent-reported screening questionnaire to assess child 
behavior. The CBCL version 6-1855 was used in both waves and consists of 112 items 
scored on a three point Likert scale (0 = not true, 1 = somewhat true, 2 = very/often 
true). It is a reliable and valid questionnaire assessing mental health problems in school 
age children and adolescents.55 The questionnaire was completed at both age waves by 
the primary caregiver, which was in the majority of the cases the mother. Specifically, 
at 10 years of age all data was obtained from maternal report, and at 13 years of age, 
8.3% of the CBCL reports were obtained from fathers. Symptom severity is scored with 
eight empirically derived syndrome scales, being anxious/depressed, withdrawn/
depressed, somatic complaints, social problems, thought problems, attention problems, 
rule-breaking behavior, and aggressive behavior. From these syndrome scales, three 
broadband scales can be derived, the internalizing scale consists of anxious/depressed, 
withdrawn/depressed and somatic complaints, (range 0 – 64), the externalizing scale 
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consists of rule-breaking behavior, and aggressive behavior (range 0 – 70) and the 
dysregulation profile scale comprises subscales from both domains as it is a sum 
score of the anxiety/depressed, attention problems, and aggressive behavior scales 
(range 0 – 82), with a higher score reflecting more problems. In the current sample, the 
dysregulation profile is highly correlated with the total problems score of the CBCL, 
that includes all 112 items, at both age waves the correlation is 0.96. Further, since this 
study is embedded in a population-based study, all measures of mental-health were 
positively skewed. Given that the range was different for the broad domains of mental 
health, we standardized all mental health measures to a mean of 0 with a standard 
deviation of 1. 

Actigraphy-estimated sleep 
Sleep patterns and the 24h activity rhythm were estimated with wrist tri-axial 
actigraphy (GENEActiv; Activinsights, UK) worn on non-dominant wrist for nine 
subsequent days (five school days and four weekend days).144 Each morning children 
filled out sleep diaries answering questions about their sleep timing (e.g., the time they 
went to bed). All data from the diaries was manually entered in a database and checked 
for outliers; no human censoring of bedtime/rise-time was performed. This data was 
used as input to guide fully automated actigraphy analyses. The binary files were 
processed using the R-package GGIR.145 This procedure generated the following sleep 
measures: total sleep time, sleep onset, sleep onset latency, sleep efficiency, and the 
total number of awakenings after sleep onset. Total sleep time is the duration of epochs 
classified as sleep during the night. Sleep onset is the time of falling asleep. Sleep onset 
latency indicates the time between the reported bedtime and the sleep onset. Sleep 
efficiency is the total sleep time divided by time in bed. Additionally, we calculated 
24h activity rhythm parameters: the interdaily stability (IS), the intradaily variability 
(IV), and the onset of the least active 5-hour period in 24-hours (L5 onset), according 
to a method described by Van Someren and colleagues.146 Due to the nonparametric 
nature of the variables no specific waveform is assumed. IS indicates the resemblance 
of the rhythm between different days. IV indicates the fragmentation of the rhythm to 
its 24h amplitude (i.e., the frequency of alterations between active and rest states). L5 is 
defined as resting levels during the 5-hour period when there was the least activity, the 
L5 onset indicates the timing of the 24h activity rhythm. Most actigraphy-estimated 
sleep measures were normally distributed, with the exception of the sleep onset latency, 
which was right-skewed.

Self reported sleep problems (10 to 11 years)
Child reported sleep problems were assessed by self-report questionnaire with six 
questions about their perceived sleep in general: “Do you find it difficult to go to bed?”; 

4
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“Do you find it difficult to fall asleep?”; “Do you think you get enough sleep?”; “If you 
wake up at night, do you find it difficult to fall asleep again?”; “Do you feel rested when 
you wake in the morning?”; “When you come out of your bed in the morning, do you 
feel rested?”. These questions were derived from the widely used Sleep Disturbance 
Scale for Children (SDSC)147 and slightly rephrased for our pediatric population. Similar 
questions can be found in other sleep scales for children such as the Sleep Self Report,148 
and the Sleep Habits Survey.149 The three possible responses for each item were scored 
on a Likert scale (no, sometimes, yes). Responses from all six items were summed to 
calculate a total score; the total score had an internal consistency of α = 0.65; higher 
scores indicate more sleep problems. 

Self reported sleep problems (13 to 14 years)
Child reported sleep problems in general were assessed via a questionnaire consisting 
of questions derived from the Sleep Habits Survey (SHS)149 and the Youth Self Report 
(YSR).55, 56 Sleep problems were assessed using four items from the SHS: “How many 
minutes do you need to fall asleep after the light is shut off”; “How many times do you 
wake up during the night?” (never, once, two or three times, more than three times); 
“Do you feel like you normally sleep enough?” (too little, enough, too much); “Do you 
think you are a good or a poor sleeper?”, and two items from the YSR: “I sleep less than 
most boys and girls” and “I have trouble sleeping”. Items were individually standardized 
between 0 and 1, to give all items the same the same weight and summed to make a 
total sleep problems score; the total score had an internal consistency of α = 0.69; higher 
scores indicate more sleep problems. For ease of comparison, we standardized both 
sleep problem scale scores. 

Mother-reported sleep problems
Mother-reported sleep problems were obtained during a structured interview that 
took place during the home-visits performed in the actigraphy subsample. Mothers 
were asked to report their children’s experienced difficulties initiating or maintaining 
sleep by using this subscale of the Sleep Disturbance Scale for Children (SDSC).147 Seven 
items were included: “How many hours of sleep does your child get on most nights”, 
“How long after going to bed does your child usually fall asleep”, “The child goes to bed 
reluctantly”, “The child has difficulty getting to sleep at night”; “The child feels anxious 
or afraid when falling asleep”, “The child wakes up more than twice per night”; “After 
waking up in the night, the child has difficulty to fall asleep again”. All items were 
scored on a five-point Likert scale. Items were summed to create the sum score; the total 
score had an internal consistency of α = 0.63, with higher scores indicating more sleep 
problems. Both child- and mother-reported sleep problems were positively skewed. 
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Covariates
To address potential confounding, sex, age at assessment, child national origin, 
gestational age at birth, maternal education and maternal psychopathology were 
included as covariates. Child national origin was based on the birth country of 
the parents and categorized as western (American western, Asian western, Dutch, 
European, Indonesian & Oceania) and non-western (Moroccan, Surinamese & Turkish, 
Dutch Antilles, African, American non-western, Asian non-western, Cape Verdean). 
Gestational age was entered in the model, because in the actigraphy subsample we 
oversampled children with a lower gestational age at birth.143 Maternal education was 
assessed through questionnaire at birth and divided into three categories, being low 
(no education, primary school), middle (high school, vocational training), and high 
(higher vocational training, university). Maternal psychopathology was included using 
measures of the anxiety and depression subscales of the brief symptom inventory (BSI), 
which was completed when the child was 9 years of age.96

Statistical analyses
We assessed the cross-sectional relation between self- and mother-reported sleep 
problems and parent-reported mental health problems (internalizing, externalizing, 
dysregulation profile) at age 10 to 11 and 13 to 14. Linear regression analyses were used 
with sleep problems as the dependent and mental health problems as independent 
variables in separate models. Similarly, we analyzed the association between 
actigraphic sleep patterns (sleep duration, sleep onset, sleep onset latency, sleep 
efficiency, nocturnal awakenings) and mental health problems. Lastly, we assess the 
relationship between the 24h activity rhythm (IS, IV, L5 onset) and mental health 
problems.

All analyses were adjusted for different covariates in two stepwise models. The first 
model was adjusted for age and sex. The second model was additionally adjusted for 
gestational age at birth, child national origin, maternal educational level, and maternal 
psychopathology. 

All analyses were performed in R 3.6.3.98 Our analyses include separate models for ten 
measures of sleep and three domains of mental health problems, performed at two 
different ages, resulting in a total of 60 tests. Because of the high number of models 
we adjusted for multiple testing using the Benjamini-Hochberg procedure.100 Missing 
values on covariates, with a maximum of 6.1% missing, were imputed with multiple 
imputation through chained equations, using the mice package99 (30 imputed datasets 
with 30 iterations).

4
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Sensitivity & exploratory analyses
To assess the robustness of our findings, we performed two sensitivity analyses. First, 
as the actigraphy subsample might be affected by selection bias, we reran the analyses 
of self-reported sleep problems and mental health within the larger full samples of 
children that have self-reported sleep measures and CBCL data (10 to 11 years: n = 4,180; 
13 to 14 years: n = 3,468). Second, we assessed whether individual domains of mental 
health underlie the associations between sleep measures (sleep patterns, 24h activity 
rhythm and reported sleep) and the broad domains of mental health. The six syndrome 
scales that were used to calculate sum scores for the broad domains (anxious/depressed, 
withdrawn/depressed, somatic complaints, attention problems, rule-breaking behavior 
and aggressive behavior) were entered into separate models and analyzed using the 
same models and covariates used in the primary analyses. 

To explore whether sleep problems and patterns are related to the two syndrome 
scales not included in the broad domains (social problems and thought problems), 
these syndrome scales were entered as independent variables in separate models as 
exploratory analyses. 

Results

Sample characteristics
Table 4.1 shows the sample characteristics and mean scores for sleep measures and 
mental health problems of the children that participated in the study in the 10- to 
11-year-old and the 13- to 14-year-old wave. Comparison of the two age groups revealed 
that apart from age, differences were present in maternal education, more mothers 
were classified as high education in the sample assessed at age 10 to 11. No significant 
differences were observed in the other demographic variables. Children in the 13- to 
14-year-old wave had a shorter sleep duration, later sleep onset, shorter sleep onset 
latency, higher sleep efficiency, lower nocturnal waking times, a lower interdaily 
stability and intradaily variability, but no differences were present between the L5-
onsets. Moreover, children in the 13- to 14-year-old wave had fewer self-reported sleep 
problems, but more internalizing symptoms. 
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Table 4.1. Sample characteristics

10 to 11 years
N = 788

13 to 14 years 
N = 344

Age actigraphy (M, SD)* 11.67 (0.20) 14.70 (0.33)

Age self-reported sleep (M, SD)* 9.75 (0.23) 13.93 (0.62)

Age CBCL (M, SD)* 9.70 (0.24) 13.52 (0.29)

Sex (%)

Girl 52.5% 55.2%

Boy 47.5% 44.8%

National origin (%)

Western 90.9% 92.4%

Non-western 9.1% 7.6%

Maternal education level (%)*

High 64.6% 56.4%

Middle 31.1% 40.4%

Low 1.3% 2.0%

Missing 4.7% 2.1%

Gestational age at birth (M, SD) 39.63 (2.26) 39.54 (2.31)

Maternal anxiety (M, SD) 1.43 (2.09) 1.39 (1.99)

Maternal depression (M, SD) 1.00 (2.16) 1.05 (2.02)

Behavior (M, SD)

Internalizing * 4.47 (4.79) 5.25 (5.57)

Externalizing 3.59 (4.45) 3.63 (4.39)

Dysregulation Profile 7.85 (7.27) 7.21 (7.55)

Sleep (M, SD)

Sleep duration (time duration; hh:mm)* 7:42 (0:40) 7:16 (0:52)

Sleep onset (clock time; hh:mm)* 22:26 (0:54) 23:27 (0:50)

Sleep onset latency (time duration; hh:mm)* 0:52 (0:37) 0:19 (0:23)

Sleep efficiency (%)* 83.96 (4.52) 85.35 (5.15)

Nocturnal waking times* 3.05 (1.53) 2.83 (1.55)

Interdaily Stability* 0.18 (0.04) 0.15 (0.05)

Intradaily Variability* 0.58 (0.09) 0.52 (0.11)

Onset least active 5 hours 00:47 (0:51) 00:44 (0:58)

Self-report* 2.50 (1.24)** 1.44 (1.26)

Mother-report 9.26 (2.64) 9.14 (2.65)

* Represent significant difference between the two age groups. ** The range was different for both 
measurement waves, due to the use of different instruments. For ease of comparison this measurement was 
rescaled to range from 0 - 6.

4
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Reported sleep problems
Associations between reported sleep problems and internalizing, externalizing, and 
dysregulation profile symptoms are presented in Table 4.2. Positive associations 
were observed between both mother-reported and self-reported sleep problems and 
internalizing symptoms (range standardized ß-estimates: 0.11-0.35), externalizing 
symptoms (range standardized ß-estimates: 0.13-0.24), and dysregulation profile 
symptoms (range standardized ß-estimates: 0.14-0.33). These relationships were 
present after adjustment for sex, age, gestational age at birth, child national origin, 
maternal education and maternal psychopathology. All results remained after 
correction for multiple testing. 

Table 4.2. Associations of mental health problems with reported sleep problems

Sleep problems Model ß S.E. p-value ß S.E. p-value

10 to 11 years 13 to 14 years

Internalizing problems

Self-reported
1 0.12 0.03  0.001 0.31 0.05 <0.001

2 0.11 0.03  0.002 * 0.31 0.05 <0.001 *

Mother-reported
1 0.25 0.03 <0.001 0.35 0.05 <0.001

2 0.20 0.03 <0.001 * 0.34 0.05 <0.001 *

Externalizing problems

Self-reported
1 0.14 0.03 <0.001 0.22 0.04 <0.001

2 0.13 0.03 <0.001 * 0.22 0.04 <0.001 *

Mother-reported
1 0.24 0.03 <0.001 0.21 0.04 <0.001

2 0.20 0.03 <0.001 * 0.20 0.04 <0.001 *

Dysregulation profile

Self-reported
1 0.16 0.03 <0.001 0.32 0.05 <0.001

2 0.14 0.03 <0.001 * 0.32 0.05 <0.001 *

Mother-reported
1 0.29 0.03 <0.001 0.33 0.05 <0.001

2 0.24 0.03 <0.001  * 0.32 0.05 <0.001 *

Sleep characteristics and behavioral measurements were standardized to a mean of 0 and SD 1, ß coefficients 
represent change in SD. Model 1 is corrected for age at reported sleep measurement, age at behavioral 
measurement and sex, model 2 is additionally corrected for gestational age at birth, child national origin, 
maternal education and maternal psychopathology. * Significant after FDR-BH correction for multiple testing.
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Figure 4.2. Associations of mental health problems with reported sleep problems. Panel A and B show results 
for the 10-to 11-year-old subgroup, panel C and D show results for the 13- to 14-year-old subgroup. 

Actigraphy estimated sleep and the 24-hour activity rhythm
Results of the cross-sectional relation between actigraphic sleep patterns and 
symptoms of mental health problems are presented in Table 4.3. Earlier sleep onset 
was associated with more internalizing problems in 10- to 11-year-old children 
(ß = -0.09, SE = 0.03, p-value = 0.002). No associations between sleep duration, sleep 
onset latency, sleep efficiency, and nocturnal waking times and any of the mental 
health domains were observed. 

Table 4.3. Associations of mental health problems with actigraphic sleep patterns

 Sleep patterns Model ß S.E. p-value ß S.E. p-value

10-11 years 13-14 years

Internalizing problems

Sleep duration
1 0.01 0.03 0.657 0.04 0.05 0.423

2 0.03 0.03 0.279 0.05 0.05 0.285

Sleep onset
1 -0.06 0.03 0.021 -0.07 0.04 0.095

2 -0.09 0.03 0.002 * -0.07 0.04 0.086

4
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Table 4.3. (continued)

 Sleep patterns Model ß S.E. p-value ß S.E. p-value

Sleep onset latency
1 -0.03 0.03 0.322 -0.02 0.02 0.436

2 -0.04 0.03 0.254 -0.03 0.02 0.208

Sleep efficiency
1 0.02 0.03 0.577 -0.11 0.05 0.038

2 0.01 0.03 0.712 -0.09 0.05 0.083

Nocturnal waking times
1 -0.02 0.04 0.494 0.10 0.06 0.067

2 -0.01 0.04 0.864 0.10 0.06 0.067

Externalizing problems

Sleep duration
1 -0.01 0.03 0.650 0.03 0.06 0.567

2 0.01 0.03 0.876 0.04 0.06 0.477

Sleep onset
1 -0.01 0.03 0.772 0.00 0.05 0.997

2 -0.03 0.03 0.352 -0.01 0.05 0.771

Sleep onset latency
1 0.01 0.03 0.863 -0.04 0.03 0.185

2 0.00 0.03 0.939 -0.05 0.03 0.070

Sleep efficiency
1 0.01 0.03 0.656 -0.00 0.06 0.979

2 0.01 0.03 0.664 -0.01 0.06 0.921

Nocturnal waking times
1 -0.03 0.04 0.434 0.01 0.06 0.881

2 -0.02 0.04 0.648 0.02 0.07 0.757

Dysregulation profile

Sleep duration
1 0.00 0.03 0.910 0.07 0.05 0.141

2 0.02 0.03 0.504 0.09 0.05 0.095

Sleep onset
1 -0.04 0.03 0.155 -0.06 0.04 0.183

2 -0.06 0.03 0.034 -0.06 0.04 0.138

Sleep onset latency
1 0.01 0.03 0.801 -0.04 0.02 0.128

2 0.01 0.03 0.743 -0.05 0.02 0.048

Sleep efficiency
1 0.02 0.03 0.505 -0.05 0.05 0.350

2 0.02 0.03 0.593 -0.04 0.05 0.445

Nocturnal waking times
1 -0.04 0.04 0.298 0.06 0.06 0.312

2 -0.02 0.04 0.533 0.06 0.06 0.275

Sleep characteristics and behavioral measurements were standardized to a mean of 0 and SD 1, ß coefficients 
represent change in SD. Model 1 is corrected for age at actigraphy measurement, age at behavioral 
measurement and sex, model 2 is additionally corrected for gestational age at birth, child national origin, 
maternal education and maternal psychopathology. * Significant after FDR-BH correction for multiple testing.
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Table 4.4 shows the relationship between the 24h activity rhythm and mental health 
problems. We observed that a higher intradaily variability had a statistically significant 
association with more dysregulation profile symptoms in our 10- to 11-year-old age 
group (ß = 0.11, SE = 0.04 p-value = 0.002) (Table 4.4). However, these relationships 
were not found in the 13- to 14-year-old children and no other relationships were 
observed between the 24h activity rhythm and mental health problems. 

Table 4.4. Associations of mental health problems and the 24h activity rhythm, measured by actigraphy

 24h activity rhythm Model ß S.E. p-value ß S.E. p-value

10-11 years 13-14 years

Internalizing problems

Interdaily Stability
1 -0.01 0.03 0.693 0.03 0.05 0.527

2 -0.01 0.03 0.835 -0.00 0.05 0.946

Intradaily Variability
1 0.08 0.03 0.020 0.08 0.06 0.206

2 0.08 0.03 0.022 0.07 0.06 0.266

Onset least active 5 hours
1 -0.06 0.03 0.078 -0.04 0.06 0.526

2 -0.05 0.04 0.120 -0.02 0.06 0.735

Externalizing problems

Interdaily Stability
1 0.02 0.03 0.446 0.05 0.06 0.415

2 0.03 0.03 0.305 0.03 0.06 0.631

Intradaily Variability
1 0.02 0.04 0.533 0.00 0.07 0.969

2 0.02 0.04 0.661 -0.01 0.07 0.913

Onset least active 5 hours
1 -0.00 0.04 0.967 -0.06 0.06 0.386

2 0.00 0.04 0.951 -0.05 0.07 0.432

Dysregulation profile

Interdaily Stability
1 0.03 0.03 0.424 0.05 0.05 0.324

2 0.04 0.03 0.229 0.03 0.05 0.610

Intradaily Variability
1 0.11 0.03 0.002 * 0.09 0.06 0.177

2 0.11 0.04 0.002 * 0.08 0.06 0.215

Onset least active 5 hours
1 -0.04 0.04 0.269 -0.06 0.06 0.336

2 -0.03 0.04 0.446 -0.05 0.06 0.415

Sleep characteristics and behavioral measurements were standardized to a mean of 0 and SD 1, ß coefficients 
represent change in SD. Model 1 is corrected for age at actigraphy measurement, age at behavioral 
measurement and sex, model 2 is additionally corrected for gestational age at birth, child national origin, 
maternal education and maternal psychopathology. * Significant after FDR-BH correction for multiple testing.
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Figure 4.3. Significant associations of mental health problems and sleep measured by actigraphy. Panel A 
shows the relationship between internalizing symptoms and sleep onset latency, panel B shows the relation-
ship between dysregulation profile symptoms and intradaily variability. 

Sensitivity and exploratory analyses
First, we assessed whether the findings on self-reported sleep problems and mental 
health problems were similar in the full sample of Generation R participants and 
in the actigraphic subsample. No substantial differences were observed, similar to 
our primary findings, self-reported sleep problems were strongly associated with all 
domains of mental health problems in the larger sample (Table S4.1). 

Second, we assessed whether specific syndrome scales accounted for the associations 
between sleep measures and the broad domains of mental health that we studied. 
Reported sleep problems were associated with all syndrome scales, except for the 
withdrawn/depressed syndrome scale at 10 to 11 years (Table S4.2). For actigraphy-
estimated sleep, associations were observed between sleep onset, sleep onset latency, 
sleep efficiency and nocturnal awakenings and the syndrome scales included in 
the internalizing domain (anxiety/depressed, withdrawn/depressed and somatic 
complaints) (Table S4.3). For the 24h activity rhythm, we found that the relationship 
observed between intradaily variability and dysregulation profile symptoms in our 
10- to 11-year-old wave was mainly driven by attention problems (ß = 0.165, SE = 0.04, 
p-value < 0.001 (Table S4.4). 

In our exploratory analyses, we analyzed those syndrome scales that were not included 
in the broad domains of mental health problems. Reported sleep problems were 
positively associated with both social problems and thought problems (Table S4.5). 
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Regarding actigraphic sleep measures, a longer sleep duration (ß = 0.09, SE = 0.03, 
p-value = 0.009), earlier sleep onset (ß = -0.11, SE = 0.03, p-value < 0.001) and a higher 
intradaily variability (ß = 0.12, SE = 0.04, p-value = 0.001) were related to more social 
problems at 10 to 11 years (Table S4.6 and Table S4.7).

Discussion

This population-based study provides evidence for associations between sleep problems 
reported by different informants and mental health problems in late childhood and 
early adolescence. We observed that more reported sleep problems were related to 
more mental health problems, which was consistent across reporters, different sleep 
questionnaires and all domains of psychopathology, bolstering the robustness of the 
associations detected. Notably, these findings are in line with the existing literature in 
adults.120, 150, 151 Contrary to our hypotheses, we did not observe any associations between 
actigraphic sleep patterns and broad domains of mental health apart from an earlier 
sleep onset in those with more internalizing symptoms. Regarding the 24h activity 
rhythm measures, we observed that a higher intradaily variability of the 24h activity 
rhythm was related to more dysregulation profile symptoms at 10 to 11 years of age. This 
association did not reach significance at 13 to 14 years of age, but the effect size was 
similar. No other associations between mental health problems and the 24h activity 
rhythm were observed.

We found a notable discrepancy between results from reported and actigraphic sleep 
measures. This discrepancy was present across all broad domains and most individual 
syndrome scales of mental health problems. Although earlier work in children with 
dysregulation symptoms, ADHD and depression showed reduced sleep efficiency using 
both reported and objective sleep measures,123, 132, 133 we did not observe associations 
between decreased sleep efficiency and the corresponding behavioral scales in our 
study. Likewise, we did not replicate earlier work from clinical populations that showed 
a shorter sleep duration in children with ADHD133 or longer sleep duration in children 
with depression.124 However, our findings were in line with previous actigraphic 
studies that reported no associations between continuous ADHD symptoms and 
sleep parameters.152 Similarly, in previous population-based samples actigraphic 
sleep parameters were not associated with depressive and anxiety symptoms.153 
Multiple explanations can underlie the discrepancy between reported and actigraphic 
sleep measures. First, sleep is multi-facetted and it is possible that actigraphic sleep 
measures, such as total sleep time are unaffected, while the neuronal activity during 
sleep in children with mental health problems is affected. Possibly, reported sleep taps 
into those domains of sleep that are not captured by actigraphy, neuronal activities 
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such as arousal and sleep depth. This possibility is supported by the general absence of 
significant correlations between reported and actigraphic sleep measures (Figure S4.1 
and Figure S4.2). Second, actigraphic sleep measures were obtained approximately 1 
year after assessment of mental health. Even though there is considerable continuity 
of mental health problems between late childhood and early adolescence,70 the effect 
may have attenuated due to the time interval between measurements. Third, it is 
possible that there truly is no relationship between objective sleep measures and most 
domains of mental health problems in a population-based setting, but that children 
and adolescents with more psychopathology are simply more likely to report sleep 
problems. This would imply that asking children about their sleep is very relevant for 
detecting co-occurring mental health problems, but we do not provide evidence that 
assessing their sleep using objective sleep measures is equally relevant to detect co-
occurring mental health problems. It is important to address the relation between 
sleep and mental health in future work with PSG to clarify the discrepancy between 
reported and actigraphic sleep measures. PSG is able to capture the neuronal activity 
during sleep that potentially map more closely to those assessed with reported sleep. 

We observed a relationship between intradaily variability and dysregulation symptoms in 
our 10- to 11-year-old sample. The effect size was similar in the 13- to 14-year-old sample, 
although it did not reach statistical significance, potentially because of the smaller sample 
size. Our sensitivity analyses, where we analyzed syndrome scales separately, revealed 
that this association was largely driven by the relationship with attention problems and 
to a small extent by anxiety/depressed symptoms, but not by aggressive behavior. This 
indicates that not children with the dysregulation profile have a more fragmented pattern 
of active and rest states, but rather those with attention problems. In line with these 
findings, a delayed 24h activity rhythm has been proposed to be partly underlying ADHD 
symptoms.154 Longitudinal research in clinical samples is needed to unravel how ADHD 
and the 24h activity rhythm influence each other over time. 

Our findings have both clinical and future research implications. Given the associations 
between reported sleep measures and all domains of mental health problems, the 
current study and earlier work suggest that sleep problems might have prognostic 
value for detecting general mental health problems.21 Potentially, talking about sleep 
problems can help caregivers identify emerging mental health problems and seek 
appropriate help in an early stage. However, to adequately address to what extent 
sleep problems can indeed be used for this purpose, longitudinal studies delineating 
the causal pathway between sleep and mental health problems are needed. This is 
especially crucial for a better understanding of the relationship between sleep and 
mental health, given that the relationship is likely to be bidirectional, meaning that 
sleep difficulties can potentially preceed mental health problems as well as vice versa. 
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Second, in our multi-method approach, we identified discrepancies between results 
for reported sleep measures and actigraphic sleep characteristics. Often, reported and 
actigraphic sleep measures are considered to be respectively subjective and objective 
sleep measures, suggesting they are different measures of the same underlying 
construct.155 However, the current results, together with earlier findings within the 
current sample showing low correlations between reported and actigraphic sleep 
measures,144 show that they may tap into distinct constructs. Indeed, this is in line 
with other studies incorporating both reported and actigraphic sleep measures.156 
Reported sleep is a measure of perceived sleep quality,157 whereas actigraphic sleep is 
derived from activity measured by an accelerometer.158 Potentially, actigraphic sleep is 
a more physiological measure particularly relevant for understanding cardiovascular 
and genetic factors,159 whereas the perception of sleep problems is a better indicator of 
mental health outcomes.21 

Our findings should be considered in the light of some limitations. First, we used 
questionnaires to identify child mental health problems, it would have been optimal 
to have also obtained clinical psychiatric interviews. Second, we used different 
questionnaires to assess self-reported sleep at age 10 to 11 and at age 13 to 14 years. 
Notwithstanding these differences, results were similar across ages. Third, while 
questionnaires regarding behavior were focused on the past 6 months, no time 
frame was given to children to report on their perceived sleep problems. Fourth, in 
our analyses between mother-reported sleep problems and mother-reported mental 
health problems, estimates might be inflated due to reporter bias. However, results 
were consistent with self-reported sleep problems. Fifth, the current study was cross-
sectional and therefore unable to address the temporal relationship between sleep 
and mental health problems. Lastly, even though we had a large sample size, given 
the relatively low number of children that have mental health problems and altered 
sleep patterns or 24h activity rhythm, it might be that some relationships remained 
undetected due to lack of power. The current study had several strengths. We studied a 
large population-based sample, in which both actigraphic and reported sleep problems 
were measured as well as a broad spectrum of mental health problems and confounders, 
enabling us to directly compare actigraphic and reported sleep measures and explore 
patterns of associations across domains of mental health. Moreover, we included 
children both during late childhood and in early adolescence, which has shown to 
be a vulnerable period for development of sleep problems and psychopathology.2, 52, 119 
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Conclusions

In conclusion, this large study with multimodal assessments of sleep provided 
evidence for consistent associations between mental health problems and reported 
sleep problems in a large population-based sample of children and adolescents. The 
results underscore the role of perceived sleep problems in children with mental health 
problems across all domains. However, we found few associations between actigraphic 
sleep patterns and 24h activity rhythm measures and mental health problems. The 
discrepancies between the reported and actigraphic sleep measures strengthen the idea 
that these sleep measures assess different constructs of sleep, rather than providing 
a subjective and an objective measure of the same underlying construct. A promising 
extension of our findings regarding reported sleep would be to use longitudinal data to 
assess to what extent the relationship between mental health problems and reported 
sleep problems is bidirectional. Regarding objective sleep measures, more work is 
needed to confirm the absence of the relationship between mental health problems 
and actigraphic sleep patterns in samples enriched for mental health problems. 
Additionally, the use of PSG is important to provide more insight in sleep in individuals 
with mental health problems.
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Supplemental material

Supplemental methods and results
Nocturnal waking times
As supplemental follow-up analyses, we reran all models including the variable 
nocturnal waking times as a count variable. To this end, we applied negative binomial 
regression analyses in which we used the untransformed variable for nocturnal waking 
times as the dependent, and mental health problems as the independent variables. 
Consistent with our main analyses, we performed these analyses using two models. 
In model 1 we corrected for age at reported sleep measurement, age at behavioral 
measurement and sex, and in model 2 we additionally corrected for gestational age at 
birth, child national origin, maternal education and maternal psychopathology. Results 
obtained from these models were highly similar to those from our main analyses, 
in which no statistically significant associations were observed between nocturnal 
waking times and mental health problems. Full results are shown in Table S4.8.

Supplemental tables

Table S4.1. Associations of mental health problems with reported sleep problems in the full Generation R sample

Sleep problems Model ß S.E. p-value ß S.E. p-value

10-11 years 13-14 years

Internalizing problems

Self-reported
1 0.19 0.02 <0.001 0.26 0.02 <0.001

2 0.16 0.01 <0.001 0.25 0.02 <0.001

Parent-reported
1 0.23 0.02 <0.001 0.29 0.03 <0.001

2 0.19 0.03 <0.001 0.26 0.03 <0.001

Externalizing problems

Self-reported
1 0.17 0.02 <0.001 0.20 0.02 <0.001

2 0.15 0.01 <0.001 0.19 0.02 <0.001

Parent-reported
1 0.18 0.03 <0.001 0.22 0.03 <0.001

2 0.16 0.03 <0.001 0.20 0.03 <0.001

Dysregulation profile

Self-reported
1 0.21 0.02 <0.001 0.25 0.02 <0.001

2 0.19 0.01 <0.001 0.24 0.02 <0.001

Parent-reported
1 0.25 0.03 <0.001 0.31 0.03 <0.001

2 0.21 0.03 <0.001 0.29 0.03 <0.001

Sleep characteristics and behavioral measurements were standardized to a mean of 0 and SD 1, ß coefficients 
represent change in SD. Model 1 is corrected for age at reported sleep measurement, age at behavioral 
measurement and sex, model 2 is additionally corrected for gestational age at birth, child national origin, 
maternal education and maternal psychopathology. 
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Table S4.2. Sensitivity analyses: associations of individual syndrome scales with reported sleep problems

Sleep problems Model ß S.E. p-value ß S.E. p-value

10-11 years 13-14 years

Anxious/depressed

Self-reported
1 0.12 0.04 0.001 0.25 0.05 <0.001

2 0.10 0.04 0.004 0.26 0.05 <0.001

Parent-reported
1 0.26 0.04 <0.001 0.28 0.06 <0.001

2 0.22 0.04 <0.001 0.27 0.06 <0.001

Withdrawn/depressed

Self-reported
1 0.04 0.04 0.285 0.27 0.05 <0.001

2 0.02 0.04 0.505 0.28 0.05 <0.001

Parent-reported
1 0.17 0.04 <0.001 0.33 0.05 <0.001

2 0.14 0.04 <0.001 0.32 0.05 <0.001

Somatic complaints

Self-reported
1 0.12 0.03 <0.001 0.20 0.04 <0.001

2 0.11 0.03 0.001 0.21 0.04 <0.001

Parent-reported
1 0.15 0.03 <0.001 0.24 0.05 <0.001

2 0.11 0.03 0.001 0.22 0.05 <0.001

Attention problems

Self-reported
1 0.11 0.03 0.001 0.32 0.05 <0.001

2 0.10 0.03 0.003 0.32 0.05 <0.001

Parent-reported
1 0.21 0.03 <0.001 0.33 0.05 <0.001

2 0.17 0.03 <0.001 0.32 0.05 <0.001

Rule-breaking behavior

Self-reported
1 0.08 0.03 0.017 0.17 0.04 <0.001

2 0.07 0.03 0.033 0.17 0.04 <0.001

Parent-reported
1 0.16 0.03 <0.001 0.17 0.04 <0.001

2 0.13 0.03 <0.001 0.16 0.04 <0.001

Aggressive behavior

Self-reported
1 0.16 0.03 <0.001 0.22 0.04 <0.001

2 0.14 0.03 <0.001 0.22 0.04 <0.001

Parent-reported
1 0.24 0.03 <0.001 0.21 0.05 <0.001

2 0.21 0.03 <0.001 0.20 0.05 <0.001

Sleep characteristics and behavioral measurements were standardized to a mean of 0 and SD 1, ß coefficients 
represent change in SD. Model 1 is corrected for age at reported sleep measurement, age at behavioral 
measurement and sex, model 2 is additionally corrected for gestational age at birth, child national origin, 
maternal education and maternal psychopathology.
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Table S4.3. Sensitivity analyses: associations of individual syndrome scales with actigraphic sleep patterns

Sleep patterns Model ß S.E. p-value ß S.E. p-value

10-11 years 13-14 years

Anxious/depressed

Sleep duration
1 0.00 0.03 0.974 0.07 0.05 0.117

2 0.01 0.03 0.660 0.03 0.02 0.088

Sleep onset
1 -0.05 0.03 0.087 -0.08 0.04 0.031

2 -0.06 0.03 0.023 -0.03 0.01 0.033

Nocturnal waking times
1 -0.01 0.04 0.760 0.06 0.05 0.239

2 0.01 0.04 0.819 0.02 0.02 0.239

Withdrawn/depressed

Sleep duration
1 0.02 0.03 0.473 0.02 0.02 0.512

2 0.03 0.03 0.259 0.02 0.02 0.372

Sleep onset
1 -0.06 0.03 0.035 -0.01 0.02 0.798

2 -0.07 0.03 0.011 -0.01 0.02 0.775

Sleep onset latency
1 -0.02 0.03 0.576 0.00 0.01 0.720

2 -0.02 0.03 0.559 0.00 0.01 0.970

Sleep efficiency
1 0.04 0.03 0.174 -0.01 0.02 0.839

2 0.04 0.03 0.190 0.00 0.03 0.978

Nocturnal waking times
1 -0.06 0.04 0.084 0.00 0.03 0.917

2 -0.05 0.04 0.157 0.00 0.03 0.962

Somatic complaints

Sleep duration
1 0.02 0.03 0.570 -0.01 0.02 0.663

2 0.04 0.03 0.199 -0.00 0.03 0.880

Sleep onset
1 -0.05 0.03 0.061 -0.03 0.02 0.148

2 -0.08 0.03 0.009 -0.03 0.02 0.133

Sleep onset latency
1 -0.05 0.03 0.140 -0.00 0.01 0.742

2 -0.06 0.03 0.089 -0.01 0.01 0.447

Sleep efficiency
1 -0.00 0.03 0.980 -0.08 0.03 0.001

2 0.00 0.03 0.991 -0.08 0.03 0.003

Nocturnal waking times
1 0.00 0.04 0.913 0.09 0.03 0.001

2 0.02 0.04 0.670 0.10 0.03 0.001

Attention problems

Sleep duration
1 0.02 0.03 0.528 0.01 0.01 0.391

2 0.03 0.03 0.326 0.02 0.02 0.302
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Table S4.3. (continued)

Sleep patterns Model ß S.E. p-value ß S.E. p-value

Sleep onset
1 -0.04 0.03 0.151 -0.01 0.01 0.510

2 -0.06 0.03 0.058 -0.01 0.01 0.443

Sleep onset latency
1 0.02 0.03 0.423 -0.00 0.01 0.549

2 0.04 0.03 0.268 -0.01 0.01 0.425

Sleep efficiency
1 0.03 0.03 0.396 -0.01 0.02 0.578

2 0.03 0.03 0.398 -0.01 0.02 0.683

Nocturnal waking times
1 -0.05 0.04 0.153 0.02 0.02 0.342

2 -0.05 0.04 0.217 0.02 0.02 0.319

Rule-breaking behavior

Sleep duration
1 -0.02 0.03 0.523 -0.03 0.03 0.403

2 0.00 0.03 0.999 -0.03 0.03 0.459

Sleep onset
1 0.00 0.03 0.892 0.03 0.03 0.262

2 -0.01 0.03 0.646 0.02 0.03 0.408

Sleep onset latency
1 0.01 0.03 0.881 -0.01 0.02 0.542

2 0.00 0.03 0.988 -0.02 0.02 0.263

Sleep efficiency
1 0.00 0.03 0.886 0.02 0.04 0.662

2 0.01 0.03 0.843 0.01 0.04 0.758

Nocturnal waking times
1 -0.03 0.04 0.482 -0.01 0.04 0.767

2 -0.02 0.04 0.655 -0.00 0.04 0.931

Aggressive behavior

Sleep duration
1 -0.01 0.03 0.735 0.02 0.01 0.257

2 0.01 0.03 0.845 0.02 0.02 0.202

Sleep onset
1 -0.01 0.03 0.663 -0.01 0.01 0.620

2 -0.03 0.03 0.306 -0.01 0.01 0.452

Sleep onset latency
1 0.01 0.03 0.871 -0.01 0.01 0.129

2 0.00 0.03 0.919 -0.01 0.01 0.052

Sleep efficiency
1 0.02 0.03 0.615 -0.00 0.02 0.821

2 0.01 0.03 0.642 -0.00 0.02 0.789

Nocturnal waking times
1 -0.03 0.04 0.477 0.01 0.02 0.739

2 -0.02 0.04 0.697 0.01 0.02 0.649

Sleep characteristics and behavioral measurements were standardized to a mean of 0 and SD 1, ß coefficients 
represent change in SD. Model 1 is corrected for age at actigraphy measurement, age at behavioral 
measurement and sex, model 2 is additionally corrected for gestational age at birth, child national origin, 
maternal education and maternal psychopathology.
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Table S4.4. Sensitivity analyses: associations of individual syndrome scales and the 24h activity rhythm, 
measured by actigraphy

 24h activity rhythm Model ß S.E. p-value ß S.E. p-value

10-11 years 13-14 years

Anxious/depressed

Interdaily Stability
1 0.02 0.03 0.423 0.05 0.05 0.324

2 0.03 0.03 0.343 0.01 0.02 0.607

Intradaily Variability
1 0.07 0.03 0.032 0.11 0.06 0.045

2 0.07 0.03 0.031 0.04 0.02 0.067

Onset least active 5 hours
1 -0.04 0.03 0.224 -0.06 0.05 0.212

2 -0.03 0.03 0.385 -0.02 0.02 0.338

Withdrawn/depressed

Interdaily Stability
1 -0.02 0.03 0.588 0.00 0.02 0.969

2 -0.01 0.03 0.723 -0.01 0.02 0.558

Intradaily Variability
1 0.06 0.03 0.051 0.02 0.03 0.480

2 0.06 0.03 0.058 0.02 0.03 0.523

Onset least active 5 hours
1 -0.07 0.03 0.031 -0.01 0.03 0.713

2 -0.07 0.03 0.045 -0.01 0.03 0.832

Somatic complaints

Interdaily Stability
1 -0.06 0.03 0.076 0.01 0.03 0.788

2 -0.05 0.03 0.105 -0.01 0.03 0.666

Intradaily Variability
1 0.05 0.04 0.181 0.00 0.03 0.896

2 0.04 0.04 0.250 -0.00 0.03 0.964

Onset least active 5 hours
1 -0.04 0.04 0.321 0.01 0.03 0.780

2 -0.04 0.04 0.296 0.02 0.03 0.537

Attention problems

Interdaily Stability
1 0.02 0.03 0.618 0.01 0.02 0.622

2 0.03 0.03 0.299 0.00 0.02 0.911

Intradaily Variability
1 0.16 0.03 <0.001 0.02 0.02 0.189

2 0.17 0.04 <0.001 0.02 0.02 0.188

Onset least active 5 hours
1 -0.05 0.03 0.177 -0.00 0.02 0.889

2 -0.03 0.04 0.343 -0.00 0.02 0.907

Rule-breaking behavior

Interdaily Stability
1 0.03 0.03 0.376 0.02 0.03 0.662

2 0.04 0.03 0.250 0.00 0.04 0.936

4
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Table S4.4. (continued)

 24h activity rhythm Model ß S.E. p-value ß S.E. p-value

Intradaily Variability
1 0.01 0.03 0.814 0.00 0.04 0.917

2 0.00 0.04 0.974 -0.00 0.04 0.925

Onset least active 5 hours
1 0.01 0.04 0.685 -0.02 0.04 0.661

2 0.01 0.04 0.671 -0.01 0.04 0.745

Aggressive behavior

Interdaily Stability
1 0.02 0.03 0.523 0.01 0.02 0.370

2 0.03 0.03 0.385 0.01 0.02 0.547

Intradaily Variability
1 0.02 0.03 0.481 0.00 0.02 0.987

2 0.02 0.04 0.584 -0.00 0.02 0.925

Onset least active 5 hours
1 -0.01 0.04 0.825 -0.02 0.02 0.333

2 -0.00 0.04 0.922 -0.02 0.02 0.365

Sleep characteristics and behavioral measurements were standardized to a mean of 0 and SD 1, ß coefficients 
represent change in SD. Model 1 is corrected for age at actigraphy measurement, age at behavioral 
measurement and sex, model 2 is additionally corrected for gestational age at birth, child national origin, 
maternal education and maternal psychopathology.

Table S4.5. Exploratory analyses: associations of individual syndrome scales with reported sleep problems

 Sleep problems Model ß S.E. p-value ß S.E. p-value

10-11 years 13-14 years

Social problems

Self-reported
1 0.08 0.03 0.015 0.24 0.05 <0.001

2 0.06 0.03 0.047 0.24 0.05 <0.001

Parent-reported
1 0.21 0.03 <0.001 0.18 0.05 <0.001

2 0.17 0.03 <0.001 0.17 0.05 0.001

Thought problems

Self-reported
1 0.18 0.03 <0.001 0.33 0.05 <0.001

2 0.16 0.03 <0.001 0.34 0.05 <0.001

Parent-reported
1 0.31 0.03 <0.001 0.35 0.05 <0.001

2 0.27 0.03 <0.001 0.35 0.05 <0.001

Sleep characteristics and behavioral measurements were standardized to a mean of 0 and SD 1, ß coefficients 
represent change in SD. Model 1 is corrected for age at reported sleep measurement, age at behavioral 
measurement and sex, model 2 is additionally corrected for gestational age at birth, child national origin, 
maternal education and maternal psychopathology.
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Table S4.6. Exploratory analyses: associations of syndrome scales with actigraphic sleep patterns

Sleep patterns Model ß S.E. p-value ß S.E. p-value

10-11 years 13-14 years

Social problems

Sleep duration
1 0.06 0.03 0.085 0.03 0.03 0.251

2 0.09 0.03 0.009 0.04 0.03 0.187

Sleep onset
1 -0.08 0.03 0.007 -0.03 0.02 0.173

2 -0.11 0.03 <0.001 -0.03 0.02 0.152

Sleep onset latency
1 -0.03 0.03 0.441 -0.01 0.01 0.420

2 -0.03 0.03 0.380 -0.02 0.01 0.205

Sleep efficiency
1 0.05 0.03 0.097 -0.00 0.03 0.914

2 0.06 0.03 0.085 0.01 0.03 0.858

Nocturnal waking times
1 -0.07 0.04 0.066 0.02 0.03 0.472

2 -0.06 0.04 0.138 0.03 0.03 0.418

Thought problems

Sleep duration
1 -0.05 0.03 0.133 0.01 0.02 0.629

2 -0.04 0.03 0.248 0.01 0.02 0.608

Sleep onset
1 0.01 0.03 0.612 -0.02 0.02 0.321

2 0.00 0.03 0.989 -0.02 0.02 0.387

Sleep onset latency
1 -0.01 0.03 0.773 -0.00 0.01 0.870

2 -0.01 0.03 0.804 -0.01 0.01 0.620

Sleep efficiency
1 0.04 0.03 0.188 -0.04 0.02 0.097

2 0.03 0.03 0.283 -0.04 0.02 0.136

Nocturnal waking times
1 -0.07 0.04 0.070 0.04 0.03 0.166

2 -0.05 0.04 0.166 0.04 0.03 0.178

Sleep characteristics and behavioral measurements were standardized to a mean of 0 and SD 1, ß coefficients 
represent change in SD. Model 1 is corrected for age at actigraphy measurement, age at behavioral 
measurement and sex, model 2 is additionally corrected for gestational age at birth, child national origin, 
maternal education and maternal psychopathology.

4
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Table S4.7. Exploratory analyses: associations of syndrome scales and the 24h activity rhythm, measured 
by actigraphy

 24h activity rhythm Model ß S.E. p-value ß S.E. p-value

10-11 years 13-14 years

Social problems

Interdaily Stability
1 0.01 0.03 0.664 0.04 0.03 0.204

2 0.03 0.03 0.409 0.02 0.03 0.479

Intradaily Variability
1 0.12 0.04 0.001 0.06 0.03 0.073

2 0.12 0.04 0.001 0.06 0.03 0.104

Onset least active 5 hours
1 -0.03 0.04 0.435 -0.04 0.03 0.229

2 -0.02 0.04 0.533 -0.03 0.03 0.320

Thought problems

Interdaily Stability
1 0.02 0.03 0.504 0.03 0.02 0.164

2 0.03 0.03 0.343 0.02 0.02 0.297

Intradaily Variability
1 0.03 0.03 0.387 0.04 0.03 0.203

2 0.03 0.04 0.387 0.03 0.03 0.277

Onset least active 5 hours
1 -0.06 0.04 0.068 0.00 0.03 0.918

2 -0.05 0.04 0.150 0.01 0.03 0.708

Sleep characteristics and behavioral measurements were standardized to a mean of 0 and SD 1, ß coefficients 
represent change in SD. Model 1 is corrected for age at actigraphy measurement, age at behavioral 
measurement and sex, model 2 is additionally corrected for gestational age at birth, child national origin, 
maternal education and maternal psychopathology.

Table S4.8. Associations of mental health problems and nocturnal waking times as count variable

 Sleep patterns Model ß S.E. p-value ß S.E. p-value

10-11 years 13-14 years

Internalizing problems

Nocturnal waking times
1 -0.00 0.02 0.929 0.06 0.03 0.092

2 0.01 0.02 0.688 0.06 0.04 0.089

Externalizing problems

Nocturnal waking times
1 -0.01 0.02 0.674 -0.01 0.04 0.821

2 -0.00 0.03 0.891 -0.00 0.04 0.943

Dysregulation Profile

Nocturnal waking times
1 -0.01 0.02 0.575 0.03 0.04 0.411

2 -0.01 0.03 0.858 0.03 0.04 0.369

Model 1 is corrected for age at actigraphy measurement, age at behavioral measurement and sex, model 2 is 
additionally corrected for gestational age at birth, child national origin, maternal education and maternal 
psychopathology.
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Supplemental figures

Figure S4.1. Correlogram of sleep data in the 10- to 11-year-old subgroup

4
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Figure S4.2. Correlogram of sleep data in the 13- to 14-year-old subgroup
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Abstract

Introduction: Childhood and adolescence are crucial periods for brain and behavioral 
development. However, it is not yet clear how and when deviations from typical brain 
development are related to broad domains of psychopathology.

Methods: Using three waves of neuroimaging data within the population-based 
Generation R study sample, spanning a total age range of 6 to 16 years, we applied 
normative modeling to establish typical development curves for (sub-)cortical volume 
in 37 brain regions and cortical thickness in 32 brain regions. Z-scores representing 
deviations from typical development were extracted and related to internalizing, 
externalizing and dysregulation profile (DP) symptoms.

Results: Normative modeling showed regional differences in developmental trajectories. 
Psychopathology symptoms were related to negative deviations from typical development 
in cortical volume in widespread regions of the cortex and subcortex, and to positive 
deviations from typical development for cortical thickness in the orbitofrontal, frontal 
pole, pericalcarine and posterior cingulate regions of the cortex.

Discussion: Taken together, this study charts developmental curves across the 
cerebrum for (sub-)cortical volume and cortical thickness. Our findings show that 
psychopathology symptoms, are associated with widespread differences in brain 
development, in which those with DP symptoms are most heavily affected.
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Introduction

Over the course of childhood and adolescence, both the brain and behavior undergo 
tremendous development. Regarding the relationship between the developing brain and 
atypical behavior, a body of evidence has associated differences in brain morphology to 
multiple domains of psychopathology. 29-31, 160, 161 These studies have assessed multiple 
measures of brain morphology, including cortical volume and cortical thickness. However, 
the brain regions that have been identified are widespread and vary substantially across 
studies.30, 162 Additionally, the direction of effect also differs across studies, meaning 
that some studies find positive relationships between cortical thickness/volume and 
psychopathology, whereas others find negative associations. 31, 163-166

The age at which children are assessed may potentially be a crucial factor to unravel 
why effects across studies differ in both location and direction. Non-linear patterns 
in brain development across age may partially underlie differences in the direction of 
observed effects. Total brain volume, for example, increases until adolescence, where 
it reaches a plateau and starts to decline,167 whereas grey matter volume reaches this 
peak in early childhood.32 Additionally, evidence suggests that distinct brain lobes and 
regions within lobes, develop at their own pace.167, 168 The asynchronous development 
of regions and lobes may be an explanation for the effect differences observed in the 
brain regions involved in these studies. Recent work has therefore used data-driven 
normative modeling, a technique that can be used to derive typical development curves 
for brain morphology.169-171 Emerging evidence suggests that deviations from typical 
brain development, estimated using these normative models, improves prediction of 
psychopathology over predictions based on raw brain morphology measures.172

Two broad domains of psychopathology, that have been widely studied in children, 
in relation to brain morphology include the internalizing domain (e.g., anxiety, 
depression) and the externalizing domain (e.g., aggressive behavior). A third domain 
is emotion dysregulation, which includes symptoms of both the internalizing and 
externalizing domain. Regions that were reported most consistently across studies for 
the internalizing domain include the orbitofrontal cortex (OFC), 31, 162, 164, 166, 173, 174 rostral 
middle frontal cortex,29, 160, 175 anterior cingulate cortex (ACC),29, 160, 162, 173 amygdala29, 

160, 163, 175, 176 and hippocampus.160, 162, 174, 175 Regions that have shown to be associated 
with externalizing symptoms partially overlap with those reported for internalizing 
symptoms. These include the OFC,177 ACC,178-180 amygdala,30, 161, 181-183 hippocampus 179, 182, 

184 and striatum.165, 178, 181 Research on emotion dysregulation is relatively scarce. However, 
Shaw et al. proposed that the OFC, amygdala and striatum, brain regions involved in 
the bottom-up response to emotional cues, are mainly associated with symptoms of 
emotion dysregulation.185 The direction of the effect in earlier work on internalizing 

5
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symptoms, seems to be dependent on the age range that is used in studies. Namely, 
studies including younger age ranges generally observed positive associations,31, 163, 173 
whereas in older age ranges negative associations are observed.164, 166 In contrast, for 
externalizing symptoms, the majority of studies, including a meta-analysis for cortical 
and subcortical grey matter volume, point towards lower volume and thickness in 
children with externalizing disorders,30, 165, 177, 179-184 while a few report higher cortical 
volume or thickness165, 186 and one reports a non-linear relationship.178

The aims of this study were to establish normative developmental curves for cortical 
thickness and (sub-)cortical volumes, covering the grey matter of the cerebrum 
and to study to what extent deviations from typical development are related to 
psychopathology symptoms in a large population-based cohort of children and 
adolescents. We hypothesized that all three domains of psychopathology would be 
related to deviations from normative development of brain morphology. Specifically, we 
hypothesized that for internalizing symptoms, alterations would be most prominent in 
the rostral middle frontal cortex, OFC, amygdala and hippocampus; for externalizing in 
the ACC, OFC, amygdala, hippocampus and striatum; and for DP symptoms in the OFC, 
amygdala and striatum. Further, we hypothesized that the direction of these deviations 
varies with age for internalizing symptoms, with positive deviations at younger and 
negative deviations at older ages. For the externalizing domain we hypothesized that, 
in line with most prior work, higher symptoms are related to negative deviations from 
normative development at all ages.

Methods

Participants
This study is embedded in the neuroimaging component of the Generation R study, a large, 
longitudinal, population-based cohort with an observational design. The recruitment 
strategy has been described elsewhere.57, 58, 86 In brief, women living within specific zip 
codes of Rotterdam with a delivery date between April 2002 and January 2006 were 
invited to participate. The families are still being followed. When children were 6 to 
10 years old (T1), 8 to 12 years old (T2), and 13 to 16 years old (T3), neuroimaging and 
behavioral data were collected. Children were included in the current study if they had 
good quality neuroimaging and behavioral data available in at least one wave of data 
collection. Neuroimaging data were excluded if any of the following conditions were 
present: dental braces, incidental findings that significantly alter brain morphology or 
poor image quality. At T1 a total of 842 children were included, at T2 2,708 children were 
included and at T3, 1,904 were included, resulting in a total sample of 5,454 scans from 
4,415 children. A flowchart of the study sample is provided in Figure 5.1. The Generation R 
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study was approved by the medical ethics committee at the Erasmus MC and conducted 
according to the Declaration of Helsinki. Written informed consent, and when applicable 
assent, was obtained from the caregivers and their children.

T1 participated in
neuroimaging

N = 1,070

T2 participated in
neuroimaging

N = 3,992

T3 participated in
neuroimaging

N = 3,571

n = 926 n = 3,199 n = 2,165

n = 842 n = 2,708 n = 1,904

No usable MRI data
T1 = 144
T2 = 793

T3 = 1,406

No CBCL data available
T1 = 84

T2 = 491
T3 = 261

Included sample
n scans = 5,454

n children = 4,415

Figure 5.1. Flowchart of the study sample

Measures
Behavioral assessment
Child behavior was assessed using the Child Behavior Checklist (CBCL). At T1, the 
CBCL version for children aged 1.5 to 5 years was used,56 and at T2 and T3, the CBCL 
version for children aged 6 to 18 years was used.55 Both versions are reliable and valid 
questionnaires to assess child behavior.55, 56 The CBCL v1.5-5 has 99 items, and v6-18 
has 112 items that are scored on a threepoint Likert scale (0 = not true, 1 = somewhat 
true, 2 = very true). From the CBCL v1.5-5, seven empirically derived syndrome 
scales were calculated. From the CBCL v6-18, eight syndrome scales were obtained. 
These syndrome scales were summed into three broad domains of psychopathology 
(internalizing, externalizing and dysregulation profile (DP) symptoms). In the CBCL 
v1.5-5, the internalizing scale includes the emotionally reactive, anxious/depressed, 
withdrawn and somatic complaints syndrome scales, and in the CBCL v6-18 it is a 
sum-score of the anxious/depressed, withdrawn/depressed and somatic complaints 
syndrome scales. Externalizing symptoms were assessed with the attention problems 
and aggressive behavior syndrome scales in CBCL v1.5-5 and with the rule-breaking 
behavior and aggressive behavior syndrome scales in v6-18. Lastly, the DP is a comorbid 
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profile, which is the summed score of the anxious/depressed, attention problems and 
aggressive behavior syndrome scales in both CBCL versions. 55, 56

MRI acquisition
Neuroimaging data were collected on two scanners. At T1, structural MRI scans 
were acquired on a 3.0 Tesla GE Discovery MR750 MRI System (General Electric, 
Milwaukee, WI, USA). At T2 and T3, structural MRI scans were collected using a 3.0 
Tesla GE Discovery MR750w MRI System (General Electric, Milwaukee, WI, USA). In all 
waves, we used an 8-channel receive only head coil. At T1, images were acquired using 
an inversion recovery fast spoiled gradient recalled (IR-FSPGR) sequence (sequence 
parameters: TE: 4.2 ms, TR: 10.3 ms, TI: 350 ms, flip angle: 16◦, acquisition time: 5 min 40 
s, FOV: 230.4 x 230.4, in-plane resolution: 0.9 mm3, coverage: whole-brain).58 At T2 and 
T3, images were acquired using a 3D coronal inversion recovery fast spoiled gradient 
recalled (IR-FSPGR, BRAVO) sequence (sequence parameters: TE: 3.4 ms, TR: 8.77 ms, TI: 
600 ms, flip angle: 10◦, acquisition time: 5 min 20 s, FOV: 220 x 220, in-plane resolution: 
1.0 mm3, phase encoding: R/L, fat suppression: yes, coverage: whole-brain).58

MRI processing
Image processing for data from T1 to T3 was performed using FreeSurfer analysis suite 
v6.0.0 (http://surfer.nmr.mgh.harvard.edu/). All images were processed individually 
using FreeSurfer. FreeSurfer processing steps have been described in detail previously.187 
Briefly, the analysis stream includes converting raw DICOM data to “MGZ-files,” skull 
stripping, intensity normalization, and voxel segmentation of gray matter, white matter 
and cerebrospinal fluid. Labeling of the gray matter regions was performed using the 
Desikan-Killiany atlas.188

MRI quality assurance
MRI quality assurance has been described previously.33, 57, 58 To summarize, FreeSurfer 
image reconstructions were visually inspected by at least one rater. Based on how well 
FreeSurfer delineated the gray-white matter and the outer gray matter boundaries, each 
scan was rated on a Likert scale. Raters included master students, PhD students and 
postdoctoral researchers, who were all trained extensively, which was completed after 
correctly rating 30 scans of which quality was determined previously. At T1 and T2, scans 
were rated on a five-point Likert scale (unusable, poor, sufficient, good, excellent). At T3, 
scans were rated on a three-point Likert scale (poor, questionable, good). All scans that 
were unusable or of poor quality were excluded from the analyses. Quality assessment 
based on visual inspection was also compared to an automated quality assessment, which 
has been described previously for T1 and T2 data.189 Visual ratings were also compared 

166007_Blok_BNW-def.indd   120166007_Blok_BNW-def.indd   120 14-07-2023   07:2914-07-2023   07:29



121

Neurodevelopmental trajectories in children with psychopathology symptoms

to this automated quality assessment at T3, as well as to the Euler number which can be 
extracted after FreeSurfer reconstruction,190 this comparison is depicted in Figure S5.1.

Covariates
Multiple covariates were included in the analyses. Sex was derived from medical records 
at birth. Handedness was measured at each data collection wave, with the Edinburgh 
Handedness Inventory (EHI),191 from which a laterality quotient was obtained 
ranging from –1 (fully left-handed) to +1 (fully righthanded). Maternal education, 
household income and child national origin were assessed using a questionnaire. 
Maternal education and household income were assessed at T1 and used as proxies for 
socioeconomic status (SES). Maternal education was divided into three categories: low 
(no education/primary school), middle (high school/vocational training), and high 
(higher vocational training/university) and household income into two categories: 
below 2,000 euros per month and above 2,000 euros per month. Child national origin 
was assessed at baseline, based on the birth country of the parents, it was categorized 
as Dutch and non-Dutch (African, American western, American non-western, Asian 
western, Asian non-western, Cape Verdean, Dutch Antilles, European, Indonesian, 
Moroccan, Oceania, Surinamese and Turkish).

Statistical analyses
Our primary analyses assessed the relationship between deviations from typical 
development in cortical and subcortical regions of interest (ROIs) and multiple domains 
of psychopathology, using normative modeling. Specifically, we included the following 
ROIs: the ACC (sum of rostral and caudal ACC), OFC (sum of lateral and medial OFC), 
rostral middle frontal cortex, the amygdala, hippocampus and the striatum (sum of 
putamen, caudate and nucleus accumbens). For cortical ROIs, we included measures 
of cortical thickness as well as cortical gray matter volume, for subcortical ROIs, gray 
matter volumes were included. In our secondary analyses, we explored the remaining 
(sub-)cortical regions labeled within FreeSurfer,188, 192 following the same procedure 
as for our primary analyses. To reduce the total number of tests, brain measures were 
averaged across both hemispheres.

The analyses consisted of five steps. First, we residualized brain morphology measures 
for possible covariate effects using two different models. In model 1 the effects of 
sex and handedness were regressed out of brain and CBCL measures, in model 2 
the effects of SES and child national origin were additionally regressed out. Second, 
these residualized brain morphology measures were used to fit our normative model. 
A common way to fit a normative model is to use Gaussian process regression with 
age, and have the model predict the brain measure from those inputs. Generally, the 
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subjects used in these analyses are considered to have typical development and the 
model is then validated using a held out subset of typically developing subjects.169-171 
The Generation R study, however, is a population-based sample that is not enriched 
for children with psychopathology. Thus, we fit the model on all participants, which 
has been described as a viable option previously.169 Importantly, the current sample 
did not merely include cross-sectional data, but also longitudinal data for many of the 
participants. We leveraged the longitudinal data by bootstrapping multiple unique 
combinations of subsets of scans as training sets. In the individual training sets, 
all participants were only included once, to prevent overfitting on a single person’s 
development. To reach an approximately even distribution of participants across ages 
in each training set, approximately 50% of the scans acquired at T2 and T3 were not 
included in each individual training set. In each test set, 10% of the participants from 
T1, T2, and T3 were included.

We used Gaussian process regression (GPR) to fit (non)-linear normative trajectories 
to each brain measure across age. GPRs fit a Gaussian process to the given data points, 
such that any age, along a continuum (x-axis), is associated with a normal distribution 
for each brain region (y-axis). This approach is especially well-suited for normally 
distributed data. Given that we used a population sample, we assume that points for 
each brain region are normally distributed. Each brain measure was thus fit using a 
separate Gaussian process with GPytorch’s193 exact Gaussian processes module. The 
Gaussian process is continuous and can interpolate and extrapolate from the age range 
of a given set of points. An added benefit of associating a normal distribution with 
each brain measure given a certain age is that we can use the standard deviation of the 
distribution to calculate how confident the Gaussian process is in its prediction. It also 
allows us to interpret the distributions over time as each brain measure’s normative 
trajectory. An important hyperparameter for Gaussian process regression is its kernel, 
which determines the shape of the line that the normal distributions are centered 
on. We empirically evaluate a variety of typical kernels for each brain region to limit 
assumptions about their normative trajectory. Before fitting the GPR, all brain measures 
were standardized to a mean of 0 and a standard deviation of 1, to accommodate direct 
comparisons of effect-size estimates across brain regions and measures. The age was 
rescaled between 0 and 1 based on the minimum and maximum age in the dataset. To 
assure we obtain the best fit for the trajectory of a given region, we evaluated multiple 
types of kernels on an unseen validation set. This validation set was a small (10% of 
each wave in the training fold) subsample of the training set. The kernels we used 
included a linear, Matern, radial basis function (RBF), and a rational quadratic kernel. 
We averaged the performance of each kernel over the validation sets to select the best 
kernel. The best kernel and complete training set, including the validation set, were 
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used to train the final model. The final models for each training set were then used to 
predict the mean and standard deviance at each age in the test fold.

Third, the difference between these predicted mean and standard deviations for each 
morphological value and the true morphological values were used to calculate the 
z-scores for each participant. The formula for this calculation is shown in Equation 1.

𝑧𝑧 = 	
𝑦𝑦 − ŷ
𝜎𝜎(  

Where, y are the true values for the brain measures at each age, 
𝑧𝑧 = 	

𝑦𝑦 − ŷ
𝜎𝜎(   

are the mean predicted 
brain measures at each age, and 

𝑧𝑧 = 	
𝑦𝑦 − ŷ
𝜎𝜎(  

 are the predicted variances at each age. Note that 
because the normative model predicts a normal distribution at each age, average 
predicted brain measure at each age is the most likely value of that brain measure. 
Fourth, the association between the deviations of each individual from normative 
development and psychopathology was tested, using separate linear mixed model 
analyses. Internalizing, externalizing and DP symptoms were entered as dependent 
variables, z-scores for all brain measures were entered as independent variables, and 
a random effect was applied for participant ID. Finally, these analyses were repeated 
with an interaction term for age, to assess whether differences in the slope of deviations 
from typical development were age dependent.

To assess the robustness of the findings, two sensitivity analyses were performed. First, 
normative development curves for (sub-)cortical volume in each region were fit with the 
effect of total intracranial volume (ICV) regressed out of individual volumes. Z-scores 
obtained from this model were subsequently related to psychopathology symptoms, 
to assess whether the effects observed were global or specific to regions. Second, we 
assessed whether deviations from typical development are specific to psychopathology 
domains. Therefore, analyses were repeated for brain regions that showed a significant 
relationship with two or more individual psychopathology domains, in which all 
significant psychopathology domains were entered in the model simultaneously.

Lastly, as post-hoc analyses, both normative developmental trajectories and deviations 
due to psychopathology were established for surface area in all hypothesis-driven and 
exploratory regions of interest, after which deviations from typical development were 
related to all psychopathology domains.

Bootstrapping and regression analyses were performed in R version 3.6.3,98 normative 
modeling was performed in Python version 3.9.0.194 Missing data in the covariates 
were imputed 30 times with 30 iterations using multiple imputation through chained 
equations with the mice package.99 The false discovery rate (FDR) was controlled using 
the Benjamini Hochberg procedure.100 Primary analyses were corrected for a total of 

5
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27 tests, at q-value = 0.05. Exploratory analyses were separately corrected for a total 
of 180 tests (q-value = 0.05). Analyses using an interaction term were corrected for 
multiple testing following the same procedure for a total of 207 tests. Hypotheses and 
analyses for this project were publicly preregistered, a time-stamped version of this 
preregistration is available via: www.osf.io/aqc4s. Slight deviations from our initial 
preregistration are described in the supplemental material. Analysis scripts are publicly 
available via https://github.com/ eloygeenjaar/normative-smri-psychopathology.

Results

Sample characteristics
Sample characteristics are described in Table 5.1. At all time points the majority of the 
children included were of Dutch national origin (T1: 70.8%, T2: 65.4%, T3: 63.0%), had 
mothers with high educational levels (T1: 56.7%, T2: 61.9%, T3: 59.8%) and came from 
households with an income > € 2,000 per month (T1: 76.7%, T2: 80.5%, T3: 78.8%).

Table 5.1. Demographic charachteristics

T1 T2 T3

n Mean, SD / % / 
Median, IQR

n Mean, SD / % / 
Median, IQR

n Mean, SD / % / 
Median, IQR

Age MRI (Mean, SD) 842 7.96 (1.00) 2,708 10.10 (0.57) 1,904 14.00 (0.60)

Age CBCL (Mean, SD) 842 6.06 (0.45) 2,708 9.70 (0.28) 1,904 13.52 (0.36)

Child national origin (%)

Dutch 596 70.78% 1,771 65.40% 1,199 62.97%

Non Dutch 246 29.22% 937 34.60% 705 37.03%

Maternal education (%)

Low 30 3.56% 47 1.74% 57 2.99%

Middle 335 39.79% 986 36.41% 708 37.18%

High 477 56.65% 1675 61.85% 1139 59.82%

Household income (Median, IQR)

< € 2,000 per month 196 23.28% 528 19.5% 404 21.22%

> € 2,000 per month 646 76.72% 2,180 80.5% 1,500 78.78%

Handedness (Median, IQR) 842 0.82 (0.64–0.92) 2,708 0.83 (0.67–1.00) 1,904 0.83 (0.67–1.00)

Child psychopathology (Median, IQR)

Internalizing 842 6 (2–11) 2,708 3 (1–7) 1,904 4 (1–8)

Externalizing 842 8 (3–15) 2,708 2 (0–5) 1,904 2 (0–6)

Dysregulation Profile 842 10 (4–18) 2,708 6 (3–11) 1,904 6 (3-12)
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Normative development of brain morphology
The developmental curves were fit for each residualized brain region (model 1 and model 
2) included in the Desikan-Killiany atlas.188 Examples of the most common patterns that 
we observed are depicted in Figure 5.2 and Figure 5.3. Full results from the normative 
model are shown in Figure S5.2 and Figure S5.3. The average change in (sub-)cortical 
volume and cortical thickness across 6 to 16 years of age is provided in Figure 5.4.

Cortical and subcortical volume 
Normative development curves between age 6 and 16 revealed an increasing slope for 
(sub-)cortical volume in the entorhinal, inferior temporal, middle temporal, temporal 
pole, hippocampus, pallidum and thalamic regions; a decreasing slope for the cuneus, 
frontal pole, isthmus cingulate, lateral occipital, lingual, paracentral, pars opercularis, 
pars triangularis, pericalcarine, precuneus, post central, supramarginal and transverse 
temporal regions; and an inverted U-shaped curve for the anterior cingulate, banks 
of superior temporal sulcus, caudal middle frontal, inferior parietal, orbitofrontal, 
pars orbitalis, precentral, posterior cingulate, rostral middle frontal, superior frontal, 
superior parietal, superior temporal, amygdala and striatal regions. Flat trajectories 
were observed in the fusiform, insula and parahippocampal regions. These patterns 
were consistent across model 1 and 2. Given that normative development curves were 
fit on 12 bootstrapped folds of the dataset, the optimal fit differed slightly between 
individual folds, however, patterns described were consistent across all folds.

5
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Cortical thickness
The normative models fit on cortical thickness data showed a decreasing slope from 
early to later neurodevelopment in the majority of regions (see Figure S5.1). The steepest 
slope was primarily seen between 6 and 12 years of age. Noteworthy exceptions with 
a fairly flat slope across neurodevelopment were the entorhinal and temporal pole 
regions. These patterns were consistent across models and folds.

Figure 5.4. The absolute average percentage change per year of morphological measures. The change is 
calculated with absolute percentages of change per year, calculated across a span of 6 to 16 years of age 
in (A) cortical volume, (B) cortical thickness, (C) surface area, and (D) subcortical volume. To enhance 
interpretability, absolute average change was calculated using brain measures that were rescaled to their 
original means and standard deviations.

Deviations from normative development and psychopathology
Hypothesis-driven analyses - cortical and subcortical volume
All a priori selected, hypothesis-driven, regions of interest for cortical and subcortical 
volume showed a negative relationship with some psychopathology domains, meaning 
that psychopathology symptoms were related to negative deviations from typical 
brain development. After correction for multiple testing, negative deviations from 
typical development in the ACC were related to all psychopathology domains; negative 
deviations in the OFC, the rostral middle frontal cortex, and the amygdala were 
related to externalizing and DP symptoms. Lastly, negative deviations from typical 
development in hippocampal and striatal volume were related to DP symptoms. Full 
results are shown in Figure 5.5 (model 2), Table 5.2 (model 2) and Table S5.1 (model 1).
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Table 5.2. Hypothesis-driven (sub-)cortical volume model 2

Brain region Psychopathology symptoms ß S.E. p-value

Anterior cingulate

Internalizing –0.27 0.09 0.001 *

Externalizing –0.35 0.09 < 0.001 *

Dysregulation Profile –0.57 0.12 < 0.001 *

Orbitofrontal

Internalizing –0.09 0.08 0.292

Externalizing –0.25 0.08 0.003 *

Dysregulation Profile –0.36 0.11 0.001 *

Rostral middle frontal

Internalizing –0.18 0.08 0.033

Externalizing –0.27 0.08 0.002 *

Dysregulation Profile –0.47 0.12 < 0.001 *

Amygdala

Internalizing –0.15 0.08 0.052

Externalizing –0.32 0.08 < 0.001 *

Dysregulation Profile –0.37 0.11 < 0.001 *

Hippocampus

Internalizing –0.01 0.08 0.881

Externalizing –0.05 0.08 0.562

Dysregulation Profile –0.28 0.12 0.016 *

Striatum

Internalizing –0.16 0.09 0.056

Externalizing –0.13 0.09 0.118

Dysregulation Profile –0.30 0.12 0.012 *

* Indicates significance after correction for multiple testing using FDR-BH at a q-value of 0.05.

Hypothesis-driven analyses - cortical thickness
Positive associations were observed between deviations from typical cortical thickness 
development in the OFC, and externalizing and DP symptoms after correction 
for multiple testing. No associations were observed between deviations from 
normative development in the ACC and rostral middle frontal cortex, and each of the 
psychopathology domains. Full results are shown in Figure 5.6 (model 2), Table 5.3 
and Table S5.2 (model 1).

Exploratory analyses - cortical and subcortical volume
Exploratory analyses revealed significant negative associations between deviations 
from typical development in several (sub-)cortical volume regions and psychopathology 
domains. After correction for multiple testing, all psychopathology domains were 
related to negative deviations from typical development in the precuneus. Negative 

5

166007_Blok_BNW-def.indd   129166007_Blok_BNW-def.indd   129 14-07-2023   07:2914-07-2023   07:29



130

Chapter 5

deviations from typical development in the cuneus, fusiform, inferior parietal, inferior 
temporal, isthmus cingulate, lateral occipital, lingual, middle temporal, posterior 
cingulate, precentral, superior parietal and thalamus were observed for externalizing 
and DP symptoms. Lastly, negative deviations in the parahippocampal region were 
specific to externalizing symptoms and negative deviations in the insula, pars 
triangularis, pericalcarine, postcentral and superior temporal region were specific to 
DP symptoms. Full results are shown in Figure 5.5 (model 2), Table 5.4 (model 2) and 
Table S5.3 (model 1).

Figure 5.5. Standardized ß estimates of the relationship between z-scores (representing deviations of typ-
ical development in (sub-)cortical volume) and psychopathology symptoms. * Indicates a priori defined, 
hypothesis-driven regions of interest.
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Table 5.3. Hypothesis-driven cortical thickness model 2

Brain region Psychopathology symptoms ß S.E. p-value

Anterior cingulate

Internalizing 0.02 0.07 0.786

Externalizing 0.08 0.07 0.256

Dysregulation Profile 0.18 0.10 0.071

Orbitofrontal

Internalizing 0.06 0.06 0.283

Externalizing 0.14 0.06 0.013 *

Dysregulation Profile 0.17 0.08 0.022 *

Rostral middle frontal

Internalizing 0.06 0.06 0.311

Externalizing 0.11 0.06 0.079

Dysregulation Profile 0.10 0.09 0.234

* Indicates significance after correction for multiple testing using FDR-BH at a q-value of 0.05.

Figure 5.6. Standardized ß estimates of the relationship between z-scores (representing deviations of typical 
development in cortical thickness) and psychopathology symptoms. * Indicates a priori defined, hypothe-
sis-driven regions of interest. 

5
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Table 5.4. Exploratory (sub-)cortical volume model 2

Internalizing Externalizing Dysregulation Profile

Brain region ß S.E. p-value ß S.E. p-value ß S.E. p-value

Banks of the superior 
temporal sulcus

–0.08 0.08 0.319 –0.19 0.09 0.027 –0.27 0.12 0.024

Caudal middle frontal –0.09 0.09 0.280 –0.12 0.09 0.145 – 0.30 0.12 0.011

Cuneus –0.18 0.08 0.026 –0.23 0.08 0.006 * –0.47 0.11 < 0.001 *

Entorhinal –0.02 0.08 0.765 –0.06 0.08 0.420 –0.11 0.11 0.306

Frontal pole 0.09 0.07 0.177 0.10 0.07 0.158 0.13 0.09 0.180

Fusiform –0.12 0.09 0.161 –0.26 0.09 0.002 * –0.36 0.12 0.002 *

Inferior parietal –0.15 0.08 0.076 –0.31 0.08 < 0.001 * –0.48 0.12 < 0.001 *

Inferior temporal –0.09 0.08 0.257 –0.22 0.08 0.009 * –0.36 0.11 0.002 *

Insula –0.11 0.08 0.181 –0.19 0.08 0.026 –0.38 0.12 < 0.001 *

Isthmus cingulate –0.19 0.08 0.025 –0.27 0.08 0.001 * –0.45 0.12 < 0.001 *

Lateral occipital –0.20 0.08 0.014 –0.27 0.08 0.001 * –0.50 0.12 < 0.001 *

Lingual –0.21 0.08 0.012 –0.26 0.08 0.001 * –0.48 0.11 < 0.001 *

Middle temporal –0.11 0.08 0.208 –0.23 0.08 0.007 * –0.39 0.12 < 0.001 *

Paracentral –0.02 0.08 0.790 –0.18 0.08 0.030 –0.22 0.11 0.057

Parahippocampal –0.02 0.08 0.802 –0.34 0.08 < 0.001 * –0.20 0.12 0.086

Pars opercularis –0.02 0.08 0.777 –0.09 0.08 0.286 –0.25 0.12 0.031

Pars orbitalis –0.09 0.08 0.307 –0.20 0.09 0.018 –0.29 0.12 0.014

Pars triangularis –0.13 0.08 0.111 –0.17 0.08 0.045 –0.37 0.12 0.001 *

Pericalcarine –0.08 0.08 0.348 –0.13 0.08 0.103 –0.35 0.11 0.002 *

Posterior cingulate –0.11 0.08 0.181 –0.26 0.09 0.002 * –0.46 0.12 < 0.001 *

Postcentral –0.07 0.08 0.400 –0.16 0.08 0.048 –0.34 0.12 0.004 *

Precentral –0.12 0.09 0.162 –0.25 0.09 0.003 * –0.43 0.12 < 0.001 *

Precuneus –0.21 0.08 0.010 * –0.31 0.08 < 0.001 * –0.45 0.12 < 0.001 *

Superior frontal –0.01 0.08 0.876 –0.10 0.08 0.217 –0.19 0.12 0.110

Superior parietal –0.18 0.08 0.026 –0.27 0.08 0.001 * –0.36 0.11 0.002 *

Superior temporal –0.04 0.08 0.635 –0.15 0.09 0.085 –0.30 0.12 0.009 *

Supramarginal –0.07 0.08 0.411 –0.09 0.09 0.314 –0.22 0.12 0.062

Temporal pole –0.03 0.08 0.662 –0.06 0.08 0.456 –0.05 0.10 0.649

Transverse temporal 0.03 0.08 0.691 –0.05 0.08 0.554 –0.16 0.12 0.173

Pallidum –0.05 0.08 0.500 0.01 0.08 0.855 –0.12 0.11 0.277

Thalamus –0.16 0.08 0.630 –0.22 0.09 0.010 * –0.41 0.12 < 0.001 *

* Indicates significance after correction for multiple testing using FDR-BH at a q-value of 0.05.
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Exploratory analyses - cortical thickness
Positive deviations were observed in the pericalcarine region in relation to internalizing 
symptoms. Additionally, positive deviations from typical development in the frontal 
pole and the posterior cingulate region were related to higher externalizing and DP 
symptoms. Deviations from typical development in cortical thickness for most regions 
were not related to psychopathology symptoms. Full results are shown in Figure 5.6 
(model 2), Table 5.5 (model 2) and Table S5.4 (model 1).

Table 5.5. Exploratory cortical thickness model 2

Internalizing Externalizing Dysregulation Profile

Brain region ß S.E. p-value ß S.E. p-value ß S.E. p-value

Banks of the superior 
temporal sulcus

–0.09 0.07 0.246 0.09 0.08 0.251 0.11 0.10 0.277

Caudal middle frontal 0.06 0.08 0.481 0.04 0.08 0.631 0.00 0.11 0.995

Cuneus 0.06 0.06 0.365 0.03 0.07 0.666 –0.01 0.09 0.920

Entorhinal –0.14 0.08 0.066 –0.03 0.08 0.744 –0.13 0.11 0.211

Frontal pole 0.12 0.06 0.062 0.18 0.06 0.005 * 0.25 0.09 0.003 *

Fusiform 0.02 0.07 0.843 0.12 0.07 0.115 0.08 0.10 0.409

Inferior parietal –0.11 0.07 0.124 –0.12 0.07 0.085 –0.16 0.09 0.099

Inferior temporal 0.07 0.07 0.317 0.12 0.07 0.092 0.09 0.01 0.352

Insula 0.04 0.07 0.558 0.10 0.07 0.140 0.11 0.01 0.263

Isthmus cingulate –0.02 0.08 0.788 –0.03 0.08 0.736 0.01 0.11 0.898

Lateral occipital 0.08 0.06 0.190 –0.02 0.06 0.749 –0.03 0.08 0.699

Lingual –0.02 0.06 0.773 0.02 0.06 0.748 –0.04 0.08 0.629

Middle temporal –0.01 0.08 0.950 0.12 0.08 0.111 0.09 0.10 0.371

Paracentral –0.04 0.07 0.611 –0.02 0.07 0.784 –0.00 0.10 0.967

Parahippocampal –0.08 0.09 0.353 –0.05 0.09 0.554 –0.07 0.12 0.572

Pars opercularis 0.04 0.07 0.626 0.05 0.07 0.465 0.05 0.10 0.599

Pars orbitalis 0.01 0.07 0.177 0.11 0.07 0.134 0.19 0.10 0.055

Pars triangularis 0.06 0.07 0.355 0.09 0.07 0.172 0.15 0.09 0.093

Pericalcarine 0.15 0.06 0.010 * 0.13 0.06 0.026 0.08 0.08 0.313

Posterior cingulate 0.11 0.07 0.127 0.21 0.07 0.003 * 0.25 0.10 0.010 *

Postcentral 0.04 0.07 0.586 –0.06 0.07 0.397 –0.06 0.10 0.545

Precentral 0.02 0.08 0.817 –0.01 0.08 0.907 –0.01 0.11 0.927

Precuneus –0.11 0.07 0.102 –0.05 0.07 0.468 –0.01 0.09 0.876

Superior frontal 0.10 0.07 0.148 0.14 0.07 0.053 0.21 0.10 0.031

5
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Table 5.5. (continued)

Internalizing Externalizing Dysregulation Profile

Brain region ß S.E. p-value ß S.E. p-value ß S.E. p-value

Superior parietal –0.04 0.07 0.529 –0.11 0.07 0.105 –0.13 0.09 0.158

Superior temporal 0.09 0.07 0.225 0.19 0.07 0.012 0.22 0.10 0.033

Supramarginal 0.01 0.07 0.944 0.04 0.07 0.564 0.08 0.10 0.413

Temporal pole –0.02 0.08 0.786 0.03 0.08 0.663 0.06 0.10 0.540

Transverse temporal 0.14 0.08 0.083 0.18 0.08 0.022 0.26 0.11 0.015

* Indicates significance after correction for multiple testing using FDR-BH at a q-value of 0.05.

Interaction effect of age
After correction for multiple testing, a significant positive interaction effect between 
age and the deviations from typical development in cortical volume was observed in 
the fusiform and parahippocampal region in relation to externalizing symptoms. This 
indicates that with increasing age, deviations from typical development become larger 
in those with externalizing symptoms. Full results are shown in Tables S5.5–S5.8.

Sensitivity analyses
In the first sensitivity analysis we repeated our analyses on cortical and subcortical 
volume while correcting for ICV, to assess whether the observed relationships were 
global or region specific. While the relationships attenuated in many regions, some 
region specific deviations were identified. In our hypothesis-driven regions, the 
relationship between the ACC development and all psychopathology domains, as well 
as the relationship between the amygdala and externalizing symptoms remained 
statistically significant after adjustment for ICV. Additionally, exploratory analyses 
indicated a significant relationship between the lingual region and all psychopathology 
domains; between the cuneus, inferior parietal, lateral occipital and precuneus, and 
externalizing and DP symptoms; and between the isthmus cingulate, pars triangularis, 
pericalcarine and posterior cingulate, and DP symptoms. Full results are shown in 
Tables S5.9 and Table S5.10. In the second sensitivity analysis we assessed whether, for 
those regions that showed a significant relationship with multiple psychopathology 
domains, certain psychopathology domains were associated to deviations from 
typical development above and beyond other psychopathology symptoms. Regarding 
cortical volume, our findings indicated that internalizing and externalizing symptoms 
are not related to deviations from typical development when controlling for other 
psychopathology domains. DP symptoms, however, were related to deviations from 
typical development in the ACC and the precuneus, when adjusting for internalizing 
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and externalizing symptoms. Additionally, DP symptoms were related to deviations in 
the rostral middle frontal, cuneus, inferior parietal, isthmus cingulate, lateral occipital, 
middle temporal, posterior cingulate, precentral and thalamic region after adjustment 
for externalizing symptoms. For cortical thickness, none of the psychopathology 
symptoms were related when controlling for other psychopathology domains. Full 
results are shown in Table S5.11 and Table S5.12.

Post-hoc analyses
As post-hoc analyses, normative trajectories were established for cortical surface area. 
Normative trajectories showed an inverted U-shaped relationship for the majority 
of regions. Notable exceptions were positive trajectories in the anterior cingulate, 
entorhinal, fusiform, inferior temporal, insula, middle temporal, orbitofrontal, 
parahippocampal, pars opercularis, pars orbitalis, pars triangularis and temporal pole; 
and a negative trajectory for the transverse temporal region. Examples of the most 
common patterns are shown in Figure 5.7 and full results from the normative model 
are shown in Figure S5.4.

Relationships between deviations from typical development of surface area and 
psychopathology largely mirrored the associations between cortical volume and 
psychopathology, in which most regions showed negative deviations from typical 
development. Full results are presented in Figure 5.8 and Table 5.6 and Table 5.7.

Table 5.6. Hypothesis-driven surface area model 2

Brain region Psychopathology symptoms ß S.E. p-value

Anterior cingulate

Internalizing –0.26 0.08 0.001

Externalizing –0.36 0.08 < 0.001

Dysregulation Profile –0.60 0.11 < 0.001

Orbitofrontal

Internalizing –0.12 0.08 0.131

Externalizing –0.29 0.08 < 0.001

Dysregulation Profile –0.43 0.11 < 0.001

Rostral middle frontal

Internalizing –0.23 0.08 0.005

Externalizing –0.34 0.08 < 0.001

Dysregulation Profile –0.55 0.11 < 0.001

5
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Table 5.7. Exploratory surface area model 2

Brain region ß S.E. p-value ß S.E. p-value ß S.E. p-value

Banks of the superior temporal 
sulcus

–0.10 0.09 0.252 –0.27 0.09 0.002 –0.39 0.12 0.001

Caudal middle frontal –0.16 0.08 0.046 –0.20 0.08 0.017 –0.39 0.11 < 0.001

Cuneus –0.33 0.08 < 0.001 –0.37 0.08 < 0.001 –0.58 0.11 < 0.001

Entorhinal 0.06 0.08 0.484 –0.01 0.08 0.930 –0.02 0.11 0.853

Frontal pole –0.11 0.08 0.140 –0.22 0.08 0.004 –0.33 0.10 0.002

Fusiform –0.13 0.08 0.116 –0.27 0.08 < 0.001 –0.43 0.11 < 0.001

Inferior parietal –0.16 0.08 0.520 –0.33 0.08 < 0.001 –0.47 0.12 < 0.001

Inferior temporal –0.16 0.08 0.045 –0.33 0.08 < 0.001 –0.46 0.11 < 0.001

Insula –0.05 0.08 0.581 –0.12 0.08 0.145 –0.34 0.11 0.003

Isthmus cingulate –0.21 0.09 0.014 –0.33 0.09 < 0.001 –0.52 0.12 < 0.001

Lateral occipital –0.39 0.08 < 0.001 –0.42 0.08 < 0.001 –0.60 0.11 < 0.001

Lingual –0.25 0.08 0.002 –0.39 0.08 < 0.001 –0.55 0.11 < 0.001

Middle temporal –0.17 0.08 0.033 –0.37 0.08 < 0.001 –0.53 0.11 < 0.001

Paracentral –0.03 0.08 0.736 –0.21 0.08 0.013 –0.29 0.12 0.012

Parahippocampal 0.08 0.08 0.311 –0.17 0.08 0.038 –0.10 0.11 0.377

Pars opercularis –0.10 0.08 0.231 –0.20 0.08 0.018 –0.39 0.12 < 0.001

Pars orbitalis –0.16 0.08 0.044 –0.32 0.08 < 0.001 –0.45 0.11 < 0.001

Pars triangularis –0.19 0.08 0.024 –0.29 0.08 < 0.001 –0.51 0.11 < 0.001

Pericalcarine –0.24 0.08 0.003 –0.32 0.08 < 0.001 –0.50 0.12 < 0.001

Posterior cingulate –0.15 0.08 0.070 –0.34 0.08 < 0.001 –0.56 0.12 < 0.001

Postcentral –0.17 0.09 0.045 –0.20 0.09 0.021 –0.41 0.12 < 0.001

Precentral –0.21 0.08 0.012 –0.36 0.08 < 0.001 –0.55 0.12 < 0.001

Precuneus –0.20 0.08 0.020 –0.31 0.08 < 0.001 –0.48 0.12 < 0.001

Superior frontal –0.10 0.08 0.220 –0.21 0.08 0.010 –0.37 0.11 0.001

Superior parietal –0.21 0.08 0.009 –0.25 0.08 0.002 –0.33 0.11 0.003

Superior temporal –0.15 0.09 0.077 –0.33 0.09 < 0.001 –0.56 0.12 < 0.001

Supramarginal –0.14 0.09 0.114 –0.18 0.09 0.040 –0.34 0.12 0.005

Temporal pole –0.09 0.08 0.263 –0.18 0.08 0.021 –0.25 0.10 0.016

Transverse temporal –0.10 0.09 0.225 –0.21 0.09 0.014 –0.41 0.12 < 0.001

5
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Figure 5.8. Standardized B estimates of the relationship between z-scores (representing deviations of typical 
development in cortical surface area) and psychopathology symptoms. * Indicates a priori defined, hypoth-
esis-driven regions of interest. Range indicates 95% confidence interval.

Discussion

This study aimed to assess the relationship between deviations from typical brain 
development and psychopathology symptoms using three waves of neuroimaging 
and behavioral data from a large population-based cohort. We applied normative 
modeling to derive typical development curves, which showed regional differences 
in the development of subcortical and cortical volume, as well as cortical thickness 
and surface area. Psychopathology symptoms were related to deviations from typical 
development in subcortical volumes, and widespread regions across the cortex for 
cortical volume and surface area, and some regions for cortical thickness.
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Our hypothesis-driven and exploratory analyses together revealed that deviations from 
normative development related to psychopathology symptoms are not restricted to the a 
priori defined regions of interest, but rather that these deviations were present in regions 
across the entire cortex, as well as subcortical gray matter volumes. This raises the idea 
that the observed associations might not be region specific, but rather represent a global 
effect on brain development. Indeed, the majority of these findings did not remain after 
additional correction for ICV, indicating that the effects obtained are mostly global. 
Some areas, however, show a significant relationship on top of this global effect. Taken 
together, the observed pattern suggests that, while some regions may be particularly 
important for the emergence of psychopathology symptoms or affected by downstream 
effects of psychopathology,33 associations between cortical volume and psychopathology 
are not necessarily restricted to these regions. Given that emotion and behavior require 
integration of information that involves many brain regions, these small, but widespread 
differences may together lead to differences in psychopathology symptoms. Thus, our 
findings bolster the importance of analyzing the entire cortex and subcortex when 
assessing the relationship between brain morphology and psychopathology in youth, 
as opposed to restricting analyses to a priori defined regions of interest.

In line with our hypotheses, children with externalizing symptoms deviated from 
typical development for (sub-)cortical volumes in the ACC, OFC and amygdala, and 
children with DP symptoms deviated from typical development in the OFC, amygdala 
and striatum. As opposed to our initial hypothesis, we did not find evidence for a 
relationship between internalizing symptoms and the hypothesized regions of interest. 
Additionally, the relationship between deviations from typical development in the 
hippocampus and the striatum, and externalizing symptoms did not reach statistical 
significance. In line with the widespread alterations in development of subcortical 
and cortical volume, we additionally observed associations between the development 
of the ACC, and internalizing and DP symptoms, the rostral middle frontal cortex and 
externalizing and DP symptoms, and the hippocampus and DP symptoms. Earlier 
research on brain morphology and DP symptoms is relatively scarce, which is likely to 
explain why fewer regions had been reported to be related to DP symptoms previously. 
Our findings showed that associations between brain morphology and the DP were 
even more widespread than those for internalizing and externalizing symptoms. 
After correction for ICV, our results indicated region specific deviations from typical 
development for cortical volume in the ACC in relation to all psychopathology domains. 
Indeed, the ventral part of the ACC has been shown to have an important role in emotion 
regulation, including contextual fear generalization and the top-down regulation 
of aggressive impulses,195-198 and the dorsal ACC is crucial for cognitive control.199 
Altered development of amygdala volume was only associated to externalizing and 

5
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DP symptoms in this study, which is surprising given the role of the amygdala in 
processing of emotional cues that are important for all psychopathology domains.200 
We had predicted that deviations in amygdala volume would also be associated with 
internalizing symptoms, although an earlier meta-analysis indicated that results on 
amygdala volume are somewhat inconsistent across studies, resulting in an absence 
of an effect in this meta-analysis.162 

Regarding cortical thickness, deviations from typical development in the OFC were 
related to externalizing and DP symptoms, which is in line with the results obtained 
for cortical volume. However, in contrast with the findings for cortical volume, no 
associations between deviations from typical cortical thickness development in 
the ACC and any type of psychopathology were observed. Lastly, we hypothesized 
deviations from typical development in cortical thickness in the rostral middle frontal 
cortex to be related to internalizing symptoms, however, we did not find evidence for 
the presence of this relationship.

Deviations from typical development in surface area in children with symptoms of 
psychopathology showed remarkably similar results as those obtained for cortical 
volume. The overlap is likely partially explained by the high correlations between 
cortical volume and surface area, which in our sample ranged between 0.26 and 0.94. 
Given the low correlation between cortical thickness and surface area, these findings 
point toward surface area as an important brain morphology measure to study in 
relation to psychopathology. Although surface area is studied less extensively than 
cortical volume and cortical thickness in relation to psychopathology, recent work also 
showed similar results between psychopathology, and both cortical volume and surface 
area, but no relationship with cortical thickness.201 Contrary to these findings and the 
current findings, other work has observed alterations in cortical thickness in relation to 
multiple domains of psychopathology, whereas alterations in surface area were specific 
to externalizing disorders.202 A critical difference is, however, that the latter study 
evaluated the association between childhood psychopathology and brain morphology 
in mid-adulthood, and thus may not generalize to developmental populations. It will be 
important for future work to extend the current findings by assessing the relationship 
between brain morphology and psychopathology at multiple ages across the lifespan.

In both our hypothesis driven and exploratory analyses we showed that deviations from 
normative development were associated with psychopathology. Although the overlap 
in confidence intervals in the majority of regions do not suggest significant differences 
in effect sizes between psychopathology domains, a consistent pattern is observed with 
the largest effect sizes for DP symptoms and the smallest effect sizes for internalizing 
symptoms. This pattern was also observed in earlier work using the first and third 
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wave of the current sample, for the relationship between cognitive performance, 
and internalizing, externalizing and DP symptoms.23, 203 These findings align closely 
with recent evidence that some alterations in brain structure and function are shared 
across many psychiatric disorders.204, 205 It is likely that the overlap in involved brain 
regions can partially be attributed to the high correlation among psychopathology 
domains. For example, internalizing and externalizing symptoms generally correlate 
with a coefficient of around 0.5.84 Achenbach et al.84 recommended adjustment for 
externalizing symptoms when internalizing symptoms are assessed and vice versa. 
Following this recommendation we performed sensitivity analyses for those regions in 
which deviations from typical development were related to multiple psychopathology 
domains. Our findings indicated that only DP symptoms were related to regional 
deviations from typical development above and beyond internalizing and externalizing 
symptoms. Thus, our findings add to the current knowledge that those with DP 
symptoms are most heavily affected in terms of symptomatology206 and cognitive 
performance,23, 203 that they are also most heavily affected in terms of deviations from 
brain development. A promising line of research that has emerged in recent years, aims 
to unpack the shared variance between individual dimensions of psychopathology into 
a general psychopathology factor.207, 208 The variance in symptomatology that remains 
after extraction of the general psychopathology factor can then be viewed as more 
specific internalizing and externalizing symptoms. Indeed, recent work has used a 
similar approach to normative modeling as used in the current study, and showed that 
general psychopathology was associated with deviations from typical development 
for gray matter volume in widespread regions across the cortex and additionally 
identified regions that associated with specific psychopathology dimensions.172 This 
study focused on gray matter volume and used clinical cases to assess associations with 
psychopathology. Thus, a promising extension of our study would be to assess whether 
deviations from typical development in relation to the general psychopathology factor 
are also more pronounced in cortical volume than cortical thickness.

Regarding the direction of effect, negative deviations from typical development 
were observed for cortical volume and surface area, and psychopathology, whereas 
positive deviations were observed in the relationship between cortical thickness 
and psychopathology. These directions were consistent across all psychopathology 
domains, in which very few interaction effects for age were observed. The absence of 
this interaction effect suggests that the direction of effect between psychopathology 
symptoms and deviations from typical development were largely stable between 6 and 16 
years of age. Thus, while we had hypothesized an age-dependent effect on the deviations 
of typical development related to internalizing symptoms, we only provide evidence for 
age related effects in the development of the fusiform and parahippocampal volume in 
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relation to externalizing symptoms. To provide more context to the direction of effect, 
both in cortical volume and thickness, it would be beneficial to not only establish typical 
development curves using cross-sectional data, but also using longitudinal MRI data. 
Indeed, some evidence suggests that longitudinal trajectories of cortical development 
are different in those with internalizing31, 164 and externalizing symptoms.179 Extending 
findings of the current study, by studying temporal changes in the deviations from typical 
development in relation to temporal changes in psychopathology, could provide unique 
insights in the bidirectional relationship between behavioral and brain development.

Findings from our normative model are in line with contemporary work that finds the 
average growth trajectory for gray matter volume to peak at 6 to 10 years of age, after 
which it declines.32, 209-211 This pattern is also observed for total brain volume, although 
earlier work did not model a decline in total brain volume after this peak.212 The parietal 
and occipital lobe mirror this inverted U-shaped pattern in our normative model. 
Regional differences in developmental trajectories have been reported previously167, 168, 

213 and indeed we extend prior knowledge by showing that, similar to the earlier work,213 
across a span of 6 to 16 years of age, many regions in the frontal and temporal lobe reach 
their peak volume after 6 years of age. Thus, our findings indicate that each brain region 
develops at its own pace, with brain regions located in the same lobe showing similar 
developmental trajectories. We also observed almost identical patterns in subcortical 
gray matter volume as previous work,32, 210 which showed inverted U-shaped trajectories 
that reached a peak around 15 years of age. Our findings indicate either an inverted 
U-shaped or positive developmental trajectory for individual subcortical regions. 
Further, our model showed that cortical thickness has a negative developmental curve 
for the vast majority of regions, with only some regions showing a fairly flat trajectory. 
This is consistent with earlier findings showing a decrease in cortical thickness across 
this age range214 and largely consistent with other work, although the peak of cortical 
thickness was either reached at earlier ages210 for average cortical thickness or later ages 
for average as well as regional cortical thickness.209, 215 Further, our findings showed that 
the rate of change differs across brain regions. For example, regions in the occipital lobe 
have a steep decline in cortical thickness between 6 and 12 years of age, after which they 
reach a plateau, whereas regions in the parietal and cingulate cortex have a more linear 
decline over time, of which most do not yet reach a plateau at 16 years of age. Regarding 
surface area, earlier work indicated that across the entire cortex, development follows 
an inverted Ushaped trajectory across childhood and adolescence.209, 210 In line with 
these findings, our results indicate similar trajectories for most regions. However, 
our findings also indicate that for regions mostly in the frontal and temporal lobe, 
surface area continues to increase until after 10 to 12 years of age, mirroring the regional 
differences in development observed for cortical volume and thickness.
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Our study has several strengths and limitations. First, a key strength of the current 
study is that we used normative modeling to establish z-scores representing deviations 
from normative development, which were subsequently related to psychopathology 
symptoms. Earlier work has shown that these regional deviations form typical 
development provide a greater prediction accuracy for psychopathology symptoms 
than using raw measures of brain morphology.172 Second, this study included a large 
age range, spanning early childhood to mid-adolescence, which allowed us to extend 
contemporary findings32, 214 in an age range that has not been studied extensively. Third, 
we were able to adjust our analyses for many potentially confounding factors. Although 
we interpreted the second model, some associations observed in model 1, corrected for 
biological sex and handedness, attenuated upon adjustment for SES and child national 
origin. These differences in the results obtained from the first and second model 
indicate the importance of adjustment for potentially confounding factors. Fourth, 
the population-based setting of the current study is both a strength and limitation. 
To derive typical developmental trajectories of brain morphology, a population-based 
sample is ideal. However, the majority of participants in this study exhibit relatively low 
levels of psychopathology, limiting the power to detect associations that might exist 
in those with clinical psychopathology levels. Fifth, while the current sample covers 
a large and important age range for developmental studies, the data acquired was not 
equally distributed across all ages. This can potentially influence the results around 
ages where fewer data was available. Sixth, although the current findings were derived 
from one of the largest population-based samples covering childhood and adolescence, 
our findings warrant replication in other comparable cohorts. Seventh, the data at 
T1 was obtained on a different MRI scanner than the data at T2 and T3, which may 
have influenced the results. Finally, a limitation of the current study is the amount of 
inter-individual variability in brain morphology measures and subsequently in the 
obtained z-scores. This results in small effect sizes in the associations we observed. 
However, small effect sizes are consistently reported for studies on brain morphology 
and psychopathology, and in those that have obtained large effect sizes, the effect size 
is often inflated by the small sample size.216

In summary, this study charted regional typical development of subcortical and cortical 
volume, surface area and cortical thickness. Findings showed that deviations from this 
typical development curve were related to psychopathology symptoms in widespread 
regions of the cerebral (sub-)cortex. DP symptoms were related to regional deviations 
from typical brain development above and beyond internalizing and externalizing 
symptoms in cortical volume. Our findings underline the evidence that assessing 
deviations from typical development in terms of (sub-)cortical volume and thickness 
can provide insights in the coupling between brain and behavioral development.

5
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Supplemental material

Deviations from preregistration
Hypotheses and analyses for this project were publicly preregistered, a time-stamped 
version of this preregistration is available via: www.osf.io/aqc4s. We have deviated 
from this preregistration, in four ways. First, while we originally stated that linear 
regression analyses would be used to assess the relationship between deviations from 
typical development and psychopathology, we have performed a linear mixed model to 
analyze the data. We have altered the analyses, given that our dataset included repeated 
measurements for some participants. The linear mixed model can account for within 
participant clustering of the data. Second, an analysis was added to explore age-related 
differences in the slope of the relationship, which was done by including an interaction 
term between z-scores, representing the deviations from typical development, and 
age at MRI scan. Finally, two sensitivity and one set of post hoc analyses were added 
to assess the robustness of our findings. In the first sensitivity analysis we corrected 
our analyses with (sub-)cortical volume for total intracranial volume (ICV) to assess 
whether the observed effects were global or region specific. In the second sensitivity 
analysis we simultaneously modelled all psychopathology domains that showed a 
significant relationship with regional deviations from typical development to assess 
whether individual psychopathology domains were related to brain development 
after correction for other psychopathology domains. In the set of post hoc analyses, 
normative developmental trajectories were modeled for surface area and deviations 
from typical development were related to psychopathology measures.
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Supplemental tables

Table S5.1. Hypothesis-driven (sub-)cortical volume model 1

Brain region Psychopathology symptoms ß S.E. p-value

Anterior cingulate

Internalizing -0.38 0.09 < 0.001

Externalizing -0.46 0.09 < 0.001

Dysregulation Profile -0.69 0.12 < 0.001

Orbitofrontal

Internalizing -0.23 0.08 0.005

Externalizing -0.38 0.08 < 0.001

Dysregulation Profile -0.51 0.11 < 0.001

Rostral middle frontal

Internalizing -0.31 0.09 < 0.001

Externalizing -0.39 0.09 < 0.001

Dysregulation Profile -0.60 0.12 < 0.001

Amygdala

Internalizing -0.25 0.08 0.001

Externalizing -0.41 0.08 < 0.001

Dysregulation Profile -0.47 0.11 < 0.001

Hippocampus

Internalizing -0.19 0.09 0.029

Externalizing -0.25 0.09 0.003

Dysregulation Profile -0.47 0.12 < 0.001

Striatum

Internalizing -0.26 0.09 0.003

Externalizing -0.23 0.09 0.008

Dysregulation Profile -0.41 0.12 < 0.001

Table S5.2. Hypothesis-driven cortical thickness model 1

Brain region Psychopathology symptoms ß S.E. p-value

Anterior cingulate

Internalizing 0.03 0.07 0.685

Externalizing 0.09 0.07 0.246

Dysregulation Profile 0.19 0.10 0.060

Orbitofrontal

Internalizing 0.05 0.06 0.349

Externalizing 0.13 0.06 0.023

Dysregulation Profile 0.17 0.08 0.027

Rostral middle frontal

Internalizing 0.05 0.06 0.473

Externalizing 0.09 0.07 0.158

Dysregulation Profile 0.09 0.09 0.321

5
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Table S5.3. Exploratory (sub-)cortical volume model 1

Internalizing Externalizing Dysregulation Profile

Brain region ß S.E. p-value ß S.E. p-value ß S.E. p-value

Bankssts -0.18 0.09 0.033 -0.29 0.09 < 0.001 -0.37 0.12 0.002

Caudal middle frontal -0.22 0.09 0.011 -0.24 0.09 0.005 -0.44 0.12 < 0.001

Cuneus -0.31 0.08 < 0.001 -0.36 0.08 < 0.001 -0.60 0.12 < 0.001

Entorhinal -0.09 0.08 0.282 -0.12 0.08 0.130 -0.18 0.11 0.111

Frontal pole 0.05 0.07 0.490 0.05 0.07 0.453 0.08 0.09 0.371

Fusiform -0.26 0.09 0.002 -0.38 0.09 < 0.001 -0.50 0.12 < 0.001

Inferior parietal -0.28 0.08 < 0.001 -0.43 0.08 < 0.001 -0.61 0.12 < 0.001

Inferior temporal -0.23 0.08 0.005 -0.35 0.08 < 0.001 -0.60 0.12 < 0.001

Insula -0.25 0.09 0.003 -0.32 0.09 < 0.001 -0.53 0.12 < 0.001

Isthmus cingulate -0.30 0.09 < 0.001 -0.38 0.09 < 0.001 -0.58 0.12 < 0.001

Lateral occipital -0.37 0.08 < 0.001 -0.43 0.08 < 0.001 -0.68 0.12 < 0.001

Lingual -0.28 0.08 < 0.001 -0.34 0.08 < 0.001 -0.57 0.11 < 0.001

Middle temporal -0.27 0.09 0.001 -0.40 0.09 < 0.001 -0.56 0.12 < 0.001

Paracentral -0.16 0.08 0.066 -0.31 0.08 < 0.001 -0.36 0.11 0.002

Parahippocampal -0.03 0.09 0.702 -0.23 0.09 0.009 -0.19 0.12 0.117

Pars opercularis -0.15 0.09 0.076 -0.21 0.09 0.014 -0.39 0.12 0.001

Pars orbitalis -0.19 0.09 0.023 -0.31 0.09 < 0.001 -0.40 0.12 < 0.001

Pars triangularis -0.22 0.09 0.008 -0.26 0.09 0.002 -0.47 0.12 < 0.001

Pericalcarine -0.13 0.08 0.107 -0.19 0.08 0.021 -0.41 0.11 < 0.001

Posterior cingulate -0.21 0.09 0.015 -0.34 0.09 < 0.001 -0.56 0.12 < 0.001

Postcentral -0.25 0.08 0.003 -0.34 0.08 < 0.001 -0.53 0.12 < 0.001

Precentral -0.26 0.09 0.003 -0.38 0.09 < 0.001 -0.59 0.12 < 0.001

Precuneus -0.39 0.08 < 0.001 -0.48 0.08 < 0.001 -0.63 0.12 < 0.001

Superior frontal -0.16 0.09 0.057 -0.25 0.09 0.003 -0.35 0.12 0.003

Superior parietal -0.33 0.08 < 0.001 -0.41 0.08 < 0.001 -0.52 0.12 < 0.001

Superior temporal -0.15 0.09 0.081 -0.25 0.09 0.003 -0.43 0.12 < 0.001

Supramarginal -0.21 0.09 0.015 -0.21 0.09 0.012 -0.36 0.12 0.002

Temporal pole -0.04 0.08 0.585 -0.06 0.08 0.406 -0.05 0.10 0.601

Transverse temporal -0.13 0.09 0.122 -0.22 0.09 0.010 -0.33 0.12 0.006

Pallidum -0.09 0.08 0.272 -0.02 0.08 0.789 -0.17 0.11 0.130

Thalamus -0.30 0.09 < 0.001 -0.35 0.09 < 0.001 -0.56 0.12 < 0.001
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Table S5.4. Exploratory cortical thickness model 1

Internalizing Externalizing Dysregulation Profile

Brain region ß S.E. p-value ß S.E. p-value ß S.E. p-value

Bankssts -0.13 0.08 0.090 0.05 0.08 0.524 0.09 0.10 0.415

Caudal middle frontal 0.03 0.08 0.691 0.02 0.08 0.857 -0.03 0.11 0.806

Cuneus -0.01 0.07 0.844 -0.04 0.07 0.503 -0.08 0.09 0.389

Entorhinal -0.09 0.08 0.242 0.02 0.08 0.768 -0.08 0.11 0.470

Frontalpole 0.14 0.06 0.357 0.20 0.07 0.002 0.28 0.09 0.001

Fusiform -0.02 0.07 0.754 0.08 0.07 0.289 0.05 0.10 0.599

Inferior parietal -0.13 0.07 0.052 -0.15 0.07 0.029 -0.18 0.09 0.060

Inferior temporal 0.06 0.07 0.425 0.11 0.07 0.147 0.08 0.10 0.403

Insula 0.01 0.07 0.887 0.07 0.07 0.313 0.08 0.10 0.405

Isthmus cingulate -0.07 0.08 0.388 -0.07 0.08 0.390 -0.03 0.11 0.795

Lateral occipital 0.01 0.06 0.892 -0.09 0.06 0.135 -0.10 0.08 0.234

Lingual -0.06 0.06 0.260 -0.03 0.06 0.603 -0.08 0.08 0.281

Middle temporal -0.02 0.08 0.834 0.11 0.08 0.157 0.08 0.10 0.415

Paracentral -0.07 0.07 0.301 -0.06 0.07 0.413 -0.04 0.10 0.674

Parahippocampal -0.12 0.09 0.157 -0.10 0.09 0.271 -0.12 0.12 0.333

Pars opercularis 0.04 0.07 0.597 0.05 0.07 0.473 0.06 0.10 0.549

Pars orbitalis 0.11 0.07 0.145 0.12 0.08 0.107 0.21 0.10 0.039

Pars triangularis 0.05 0.07 0.431 0.08 0.07 0.256 0.14 0.09 0.112

Pericalcarine 0.13 0.06 0.027 0.11 0.06 0.063 0.07 0.08 0.407

Posterior cingulate 0.09 0.07 0.185 0.18 0.07 0.009 0.23 0.10 0.017

Postcentral -0.03 0.07 0.702 -0.13 0.07 0.072 -0.13 0.10 0.203

Precentral -0.02 0.08 0.795 -0.05 0.08 0.529 -0.04 0.11 0.690

Precuneus -0.16 0.07 0.014 -0.11 0.07 0.102 -0.07 0.09 0.455

Superior frontal 0.10 0.07 0.159 0.13 0.07 0.071 0.21 0.10 0.034

Superior parietal -0.10 0.07 0.306 -0.15 0.07 0.031 -0.16 0.09 0.085

Superior temporal 0.08 0.07 0.290 0.18 0.08 0.017 0.21 0.10 0.036

Supramarginal -0.06 0.07 0.421 -0.02 0.07 0.737 0.03 0.10 0.772

Temporal pole 0.02 0.08 0.820 0.07 0.08 0.348 0.10 0.10 0.315

Transverse temporal 0.07 0.08 0.387 0.12 0.08 0.139 0.21 0.11 0.051

5
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Table S5.5. Interaction effect age: hypothesis-driven (sub-)cortical volume model 2

Brain region Psychopathology symptoms ß S.E. p-value

Anterior cingulate

Internalizing -0.01 0.03 0.633

Externalizing 0.04 0.03 0.204

Dysregulation Profile -0.01 0.04 0.900

Orbitofrontal

Internalizing -0.03 0.03 0.325

Externalizing 0.04 0.03 0.155

Dysregulation Profile 0.02 0.04 0.554

Rostral middle frontal

Internalizing -0.06 0.03 0.056

Externalizing 0.02 0.03 0.482

Dysregulation Profile -0.03 0.04 0.444

Amygdala

Internalizing -0.03 0.03 0.301

Externalizing 0.07 0.03 0.010

Dysregulation Profile 0.04 0.04 0.239

Hippocampus

Internalizing -0.04 0.03 0.120

Externalizing 0.01 0.03 0.733

Dysregulation Profile 0.01 0.04 0.881

Striatum

Internalizing -0.04 0.03 0.222

Externalizing 0.06 0.03 0.037

Dysregulation Profile 0.02 0.04 0.604

Table S5.6. Interaction effect age: hypothesis-driven cortical thickness model 2

Brain region Psychopathology symptoms ß S.E. p-value

Anterior cingulate

Internalizing -0.05 0.03 0.076

Externalizing -0.04 0.03 0.111

Dysregulation Profile -0.05 0.03 0.105

Orbitofrontal

Internalizing -0.03 0.02 0.101

Externalizing -0.04 0.02 0.044

Dysregulation Profile -0.03 0.03 0.199

Rostral middle frontal

Internalizing -0.01 0.02 0.827

Externalizing -0.01 0.02 0.691

Dysregulation Profile 0.01 0.03 0.826
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Table S5.7. Interaction effect age: exploratory (sub-)cortical volume model 2

Internalizing Externalizing Dysregulation Profile

Brain region ß S.E. p-value ß S.E. p-value ß S.E. p-value

Bankssts -0.04 0.03 0.230 0.03 0.03 0.286 0.01 0.04 0.707

Caudal middle frontal -0.06 0.03 0.046 0.01 0.03 0.797 -0.02 0.04 0.695

Cuneus 0.01 0.03 0.639 0.04 0.03 0.154 0.03 0.04 0.338

Entorhinal 0.01 0.03 0.725 0.05 0.03 0.060 0.04 0.04 0.297

Frontal pole -0.06 0.03 0.057 -0.04 0.03 0.149 -0.02 0.04 0.528

Fusiform -0.01 0.03 0.786 0.10 0.03 < 0.001 * 0.06 0.04 0.115

Inferior parietal -0.01 0.03 0.722 0.05 0.03 0.055 0.05 0.04 0.188

Inferior temporal -0.03 0.03 0.310 0.02 0.03 0.384 -0.01 0.04 0.764

Insula -0.06 0.03 0.024 0.01 0.03 0.823 -0.05 0.04 0.174

Isthmus cingulate -0.03 0.03 0.340 0.04 0.03 0.121 0.02 0.04 0.662

Lateral occipital -0.02 0.03 0.388 0.03 0.03 0.282 0.01 0.04 0.716

Lingual 0.01 0.03 0.606 0.03 0.03 0.226 0.00 0.04 0.913

Middle temporal -0.04 0.03 0.165 0.01 0.03 0.798 -0.03 0.04 0.499

Paracentral -0.02 0.03 0.496 0.01 0.03 0.770 0.01 0.04 0.845

Parahippocampal 0.02 0.03 0.442 0.10 0.03 < 0.001 * 0.07 0.04 0.051

Pars opercularis -0.01 0.03 0.808 0.05 0.03 0.073 0.05 0.04 0.190

Pars orbitalis -0.03 0.03 0.267 0.04 0.03 0.197 0.01 0.04 0.895

Pars triangularis -0.05 0.03 0.122 0.01 0.03 0.824 -0.01 0.04 0.741

Pericalcarine 0.04 0.03 0.128 0.05 0.03 0.063 0.05 0.04 0.176

Posterior cingulate 0.05 0.03 0.095 0.07 0.03 0.011 0.07 0.04 0.042

Postcentral -0.02 0.03 0.385 0.02 0.03 0.406 0.03 0.04 0.475

Precentral -0.06 0.03 0.036 0.01 0.03 0.695 -0.03 0.04 0.363

Precuneus 0.01 0.03 0.843 0.06 0.03 0.030 0.04 0.04 0.318

Superior frontal -0.06 0.03 0.031 0.01 0.03 0.787 -0.01 0.04 0.895

Superior parietal 0.01 0.03 0.862 0.06 0.03 0.019 0.05 0.04 0.154

Superior temporal -0.05 0.03 0.116 0.04 0.03 0.145 -0.00 0.04 0.982

Supramarginal -0.05 0.03 0.103 0.05 0.03 0.097 0.02 0.04 0.656

Temporal pole -0.01 0.03 0.714 0.03 0.03 0.406 -0.00 0.04 0.970

Transverse temporal -0.03 0.03 0.025 0.04 0.03 0.202 0.03 0.04 0.380

Pallidum -0.06 0.03 0.024 0.01 0.03 0.638 -0.03 0.04 0.431

Thalamus -0.07 0.03 0.014 0.01 0.03 0.710 -0.03 0.04 0.414

*Indicates significance after correction for multiple testing using FDR-BH at a q-value of 0.05

5

166007_Blok_BNW-def.indd   149166007_Blok_BNW-def.indd   149 14-07-2023   07:2914-07-2023   07:29



150

Chapter 5

Table S5.8. Interaction effect age: exploratory cortical thickness model 2

Internalizing Externalizing Dysregulation Profile

Brain region B S.E. p-value B S.E. p-value B S.E. p-value

Bankssts -0.04 0.03 0.131 -0.02 0.03 0.387 -0.03 0.03 0.359

Caudal middle frontal -0.06 0.03 0.036 -0.03 0.03 0.304 -0.03 0.04 0.399

Cuneus -0.02 0.02 0.522 -0.01 0.02 0.629 -0.02 0.03 0.456

Entorhinal 0.00 0.03 0.965 0.05 0.03 0.120 0.01 0.04 0.855

Frontal pole -0.02 0.03 0.413 -0.06 0.03 0.018 -0.02 0.04 0.506

Fusiform -0.04 0.03 0.179 -0.01 0.03 0.783 -0.03 0.04 0.335

Inferior parietal -0.04 0.03 0.096 -0.00 0.03 0.942 -0.01 0.03 0.802

Inferior temporal -0.04 0.03 0.136 -0.00 0.03 0.893 -0.02 0.04 0.510

Insula -0.04 0.03 0.138 0.01 0.03 0.725 0.02 0.03 0.603

Isthmus cingulate -0.02 0.03 0.458 -0.00 0.03 0.945 -0.04 0.04 0.318

Lateral occipital -0.03 0.02 0.213 -0.03 0.02 0.160 -0.04 0.03 0.157

Lingual -0.01 0.02 0.482 -0.01 0.02 0.747 -0.02 0.03 0.424

Middle temporal -0.04 0.03 0.133 -0.02 0.03 0.471 -0.06 0.04 0.117

Paracentral -0.04 0.03 0.079 -0.06 0.03 0.019 -0.06 0.03 0.087

Parahippocampal -0.01 0.03 0.775 0.01 0.03 0.656 0.01 0.04 0.872

Pars opercularis -0.04 0.03 0.157 -0.02 0.03 0.350 -0.02 0.03 0.588

Pars orbitalis -0.02 0.03 0.515 -0.00 0.03 0.948 0.01 0.04 0.871

Pars triangularis -0.03 0.02 0.238 -0.02 0.02 0.337 -0.01 0.03 0.839

Pericalcarine 0.01 0.02 0.831 0.02 0.02 0.265 0.02 0.03 0.450

Posterior cingulate 0.01 0.03 0.761 -0.02 0.03 0.517 0.01 0.03 0.860

Postcentral 0.03 0.03 0.292 0.04 0.03 0.175 0.06 0.03 0.082

Precentral -0.06 0.03 0.026 -0.01 0.03 0.648 -0.03 0.04 0.376

Precuneus -0.02 0.02 0.488 -0.02 0.02 0.516 -0.01 0.03 0.628

Superior frontal -0.04 0.03 0.159 -0.02 0.03 0.356 -0.01 0.03 0.790

Superior parietal -0.01 0.03 0.610 -0.00 0.03 0.952 -0.00 0.03 0.910

Superior temporal -0.03 0.03 0.277 0.02 0.03 0.585 -0.01 0.04 0.727

Supramarginal -0.02 0.03 0.552 0.01 0.03 0.831 0.01 0.033 0.743

Temporal pole 0.00 0.03 0.906 0.03 0.03 0.293 0.02 0.04 0.692

-0.02 0.03 0.594 0.01 0.03 0.649 0.03 0.04 0.472
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Table S5.9. Hypothesis-driven (sub-)cortical volume, corrected for ICV

Brain region Psychopathology symptoms ß S.E. p-value

Anterior cingulate

Internalizing -0.17 0.08 0.037

Externalizing -0.21 0.08 0.010

Dysregulation Profile -0.31 0.11 0.005

Orbitofrontal

Internalizing 0.03 0.07 0.646

Externalizing -0.01 0.07 0.191

Dysregulation Profile -0.10 0.10 0.341

Rostral middle frontal

Internalizing -0.07 0.08 0.396

Externalizing -0.11 0.08 0.164

Dysregulation Profile -0.20 0.11 0.055

Amygdala

Internalizing -0.05 0.08 0.511

Externalizing -0.21 0.08 0.010

Dysregulation Profile -0.12 0.11 0.266

Hippocampus

Internalizing 0.05 0.08 0.554

Externalizing 0.02 0.08 0.776

Dysregulation Profile -0.06 0.12 0.612

Striatum

Internalizing -0.06 0.08 0.476

Externalizing 0.03 0.08 0.741

Dysregulation Profile -0.02 0.12 0.867

5
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Table S5.10. Exploratory (sub-)cortical volume, corrected for ICV

Internalizing Externalizing Dysregulation Profile

Brain region ß S.E. p-value ß S.E. p-value ß S.E. p-value

Bankssts -0.01 0.08 0.872 -0.10 0.08 0.240 -0.09 0.11 0.434

Caudal middle frontal 0.03 0.08 0.744 0.04 0.08 0.605 -0.03 0.11 0.769

Cuneus -0.15 0.08 0.055 -0.18 0.08 0.021 -0.37 0.11 < 0.001

Entorhinal 0.04 0.08 0.628 0.03 0.08 0.703 0.02 0.11 0.837

Frontal pole 0.09 0.07 0.220 0.09 0.07 0.212 0.11 0.09 0.252

Fusiform 0.04 0.08 0.656 -0.01 0.08 0.887 -0.05 0.11 0.681

Inferior parietal -0.06 0.08 0.435 -0.19 0.08 0.011 -0.26 0.11 0.012

Inferior temporal 0.02 0.08 0.848 -0.09 0.08 0.292 -0.10 0.11 0.387

Insula -0.00 0.08 0.954 -0.05 0.08 0.493 -0.13 0.11 0.221

Isthmus cingulate -0.09 0.08 0.263 -0.14 0.08 0.082 -0.23 0.11 0.037

Lateral occipital -0.15 0.08 0.052 -0.20 0.08 0.009 -0.33 0.11 0.001

Lingual -0.17 0.08 0.028 -0.20 0.08 0.008 -0.36 0.11 < 0.001

Middle temporal -0.03 0.08 0.695 -0.15 0.08 0.081 -0.18 0.11 0.113

Paracentral 0.08 0.08 0.318 -0.05 0.08 0.492 -0.00 0.11 0.970

Parahippocampal 0.12 0.08 0.140 -0.04 0.08 0.644 0.10 0.12 0.412

Pars opercularis 0.05 0.08 0.554 0.00 0.08 0.996 -0.08 0.11 0.503

Pars orbitalis -0.02 0.08 0.851 -0.11 0.08 0.170 -0.12 0.11 0.288

Pars triangularis -0.07 0.08 0.382 -0.09 0.08 0.267 -0.23 0.11 0.038

Pericalcarine -0.05 0.08 0.511 -0.10 0.08 0.218 -0.28 0.11 0.010

Posterior cingulate -0.00 0.08 0.993 -0.11 0.08 0.150 -0.22 0.11 0.046

Postcentral 0.00 0.08 0.964 -0.06 0.07 0.388 -0.13 0.10 0.207

Precentral -0.03 0.08 0.686 -0.16 0.08 0.054 -0.20 0.11 0.069

Precuneus -0.12 0.07 0.104 -0.18 0.07 0.015 -0.21 0.10 0.037

Superior frontal 0.14 0.08 0.074 0.08 0.08 0.281 0.15 0.11 0.166

Superiorparietal -0.09 0.07 0.233 -0.14 0.08 0.064 -0.14 0.10 0.176

Superior temporal 0.05 0.08 0.490 -0.04 0.08 0.066 -0.08 0.11 0.471

Supramarginal 0.06 0.08 0.443 0.09 0.08 0.238 0.05 0.11 0.617

Temporal pole -0.01 0.08 0.933 -0.02 0.08 0.778 0.01 0.10 0.959

Transverse temporal 0.08 0.08 0.316 0.00 0.08 0.972 -0.01 0.11 0.955

Pallidum 0.04 0.08 0.617 0.15 0.08 0.073 0.14 0.11 0.215

Thalamus -0.03 0.08 0.687 -0.05 0.08 0.539 -0.09 0.11 0.434

166007_Blok_BNW-def.indd   152166007_Blok_BNW-def.indd   152 14-07-2023   07:2914-07-2023   07:29



153

Neurodevelopmental trajectories in children with psychopathology symptoms

Table S5.11. Simultaneously modelled significant psychpathology domains in relation to deviations from 
typical development for (sub-)cortical volume

Brain region Psychopathology symptoms Psychopathology 
symptoms modelled 

simultaneously

ß S.E. p-value

Anterior cingulate Internalizing
Internalizing,
Externalizing & DP

0.06 0.05 0.238

Anterior cingulate Externalizing
Internalizing,
Externalizing & DP

0.05 0.04 0.232

Anterior cingulate Dysregulation Profile
Internalizing,
Externalizing & DP

-0.15 0.04 < 0.001

Precuneus Internalizing
Internalizing,
Externalizing & DP

0.05 0.05 0.380

Precuneus Externalizing
Internalizing,
Externalizing & DP

0.01 0.04 0.723

Precuneus Dysregulation Profile
Internalizing,
Externalizing & DP

-0.10 0.04 0.014

Orbitofrontal Externalizing Externalizing & DP -0.00 0.04 0.977

Orbitofrontal Dysregulation Profile Externalizing & DP -0.09 0.06 0.098

Rostral middle frontal Externalizing Externalizing & DP 0.05 0.04 0.220

Rostral middle frontal Dysregulation Profile Externalizing & DP -0.18 0.06 0.001

Amygdala Externalizing Externalizing & DP -0.06 0.04 0.125

Amygdala Dysregulation Profile Externalizing & DP -0.03 0.05 0.633

Cuneus Externalizing Externalizing & DP 0.07 0.04 0.065

Cuneus Dysregulation Profile Externalizing & DP -0.21 0.05 < 0.001

Fusiform Externalizing Externalizing & DP -0.02 0.04 0.570

Fusiform Dysregulation Profile Externalizing & DP -0.06 0.06 0.250

Inferior parietal Externalizing Externalizing & DP -0.00 0.04 0.941

Inferior parietal Dysregulation Profile Externalizing & DP -0.12 0.06 0.033

Inferior temporal Externalizing Externalizing & DP 0.01 0.04 0.758

Inferior temporal Dysregulation Profile Externalizing & DP -0.10 0.06 0.061

Isthmus cingulate Externalizing Externalizing & DP 0.03 0.04 0.397

Isthmus cingulate Dysregulation Profile Externalizing & DP -0.15 0.05 0.006

Lateral occipital Externalizing Externalizing & DP 0.05 0.04 0.214

Lateral occipital Dysregulation Profile Externalizing & DP -0.19 0.05 < 0.001

Middle temporal Externalizing Externalizing & DP 0.03 0.04 0.514

Middle temporal Dysregulation Profile Externalizing & DP -0.15 0.06 0.005

Posterior cingulate Externalizing Externalizing & DP 0.04 0.04 0.358

5
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Table S5.11. (continued)

Brain region Psychopathology symptoms Psychopathology 
symptoms modelled 

simultaneously

ß S.E. p-value

Posterior cingulate Dysregulation Profile Externalizing & DP -0.15 0.05 0.006

Precentral Externalizing Externalizing & DP 0.02 0.04 0.581

Precentral Dysregulation Profile Externalizing & DP -0.15 0.06 0.009

Superior parietal Externalizing Externalizing & DP -0.01 0.04 0.751

Superior parietal Dysregulation Profile Externalizing & DP -0.07 0.05 0.200

Thalamus Externalizing Externalizing & DP 0.05 0.04 0.200

Thalamus Dysregulation Profile Externalizing & DP -0.16 0.06 0.004

Table S5.12. Simultaneously modelled significant psychpathology domains in relation to deviations from 
typical development for cortical thickness

Brain region Psychopathology symptoms Psychopathology 
symptoms modelled 

simultaneously

ß S.E. p-value

Orbitofrontal Externalizing Externalizing & DP 0.02 0.03 0.472

Orbitofrontal Dysregulation Profile Externalizing & DP 0.02 0.04 0.596

Frontalpole Externalizing Externalizing & DP -0.00 0.03 0.966

Frontalpole Dysregulation Profile Externalizing & DP 0.04 0.04 0.355

Posteriorcingulate Externalizing Externalizing & DP 0.04 0.03 0.279

Posteriorcingulate Dysregulation Profile Externalizing & DP 0.02 0.05 0.691
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Table S5.13. Hypothesis-driven surface area model 1

Brain region Psychopathology symptoms ß S.E. p-value

Anterior cingulate

Internalizing -0.36 0.08 < 0.001

Externalizing -0.44 0.08 < 0.001

Dysregulation Profile -0.70 0.11 < 0.001

Orbitofrontal

Internalizing -0.23 0.08 0.004

Externalizing -0.39 0.08 < 0.001

Dysregulation Profile -0.54 0.11 < 0.001

Rostral middle frontal

Internalizing -0.33 0.08 < 0.001

Externalizing -0.48 0.08 < 0.001

Dysregulation Profile -0.67 0.11 < 0.001

5

166007_Blok_BNW-def.indd   155166007_Blok_BNW-def.indd   155 14-07-2023   07:2914-07-2023   07:29



156

Chapter 5

Table S5.14. Exploratory surface area model 1

Brain region ß S.E. p-value ß S.E. p-value ß S.E. p-value

Bankssts -0.17 0.09 0.048 -0.34 0.09 < 0.001 -0.46 0.12 < 0.001

Caudal middle frontal -0.28 0.08 < 0.001 -0.31 0.08 < 0.001 -0.52 0.11 < 0.001

Cuneus -0.43 0.08 < 0.001 -0.47 0.08 < 0.001 -0.68 0.11 < 0.001

Entorhinal -0.03 0.08 0.697 -0.09 0.08 0.277 -0.11 0.11 0.330

Frontal pole -0.22 0.08 0.004 -0.33- 0.08 < 0.001 -0.44 0.11 < 0.001

Fusiform -0.25 0.08 0.002 -0.39 0.08 < 0.001 -0.55 0.11 < 0.001

Inferior parietal -0.29 0.08 < 0.001 -0.45 0.08 < 0.001 -0.59 0.12 < 0.001

Inferior temporal -0.29 0.08 < 0.001 -0.46 0.08 < 0.001 -0.59 0.11 < 0.001

Insula -0.15 0.08 0.069 -0.22 0.08 0.007 -0.45 0.11 < 0.001

Isthmus cingulate -0.30 0.09 < 0.001 -0.41 0.09 < 0.001 -0.62 0.12 < 0.001

Lateral occipital -0.53 0.08 < 0.001 -0.55 0.08 < 0.001 -0.75 0.11 < 0.001

Lingual -0.32 0.08 < 0.001 -0.46 0.08 < 0.001 -0.63 0.11 < 0.001

Middle temporal -0.29 0.08 < 0.001 -0.48 0.08 < 0.001 -0.64 0.11 < 0.001

Paracentral -0.14 0.09 0.106 -0.32 0.09 < 0.001 -0.41 0.12 < 0.001

Parahippocampal 0.05 0.08 0.515 -0.20 0.08 0.016 -0.13 0.11 0.239

Pars opercularis -0.23 0.08 0.008 -0.32 0.09 < 0.001 -0.52 0.12 < 0.001

Pars orbitalis -0.28 0.08 < 0.001 -0.43 0.08 < 0.001 -0.57 0.11 < 0.001

Pars triangularis -0.28 0.08 < 0.001 -0.38 0.08 < 0.001 -0.61 0.12 < 0.001

Pericalcarine -0.30 0.08 < 0.001 -0.37 0.08 < 0.001 -0.56 0.12 < 0.001

Posterior cingulate -0.24 0.09 0.004 -0.42 0.09 < 0.001 -0.66 0.12 < 0.001

Postcentral -0.31 0.09 < 0.001 -0.33 0.09 < 0.001 -0.56 0.12 < 0.001

Precentral -0.33 0.08 < 0.001 -0.48 0.08 < 0.001 -0.69 0.12 < 0.001

Precuneus -0.35 0.09 < 0.001 -0.46 0.09 < 0.001 -0.63 0.12 < 0.001

Superior frontal -0.23 0.08 0.005 -0.33 0.08 < 0.001 -0.51 0.11 < 0.001

Superior parietal -0.35 0.08 < 0.001 -0.39 0.08 < 0.001 -0.48 0.11 < 0.001

Superior temporal -0.25 0.09 0.004 -0.42 0.09 < 0.001 -0.67 0.12 < 0.001

Supramarginal -0.25 0.09 0.004 -0.29 0.09 < 0.001 -0.46 0.12 < 0.001

Temporal pole -0.14 0.08 0.069 -0.23 0.08 0.004 -0.30 0.10 0.004

Transverse temporal -0.19 0.09 0.030 -0.30 0.09 < 0.001 -0.51 0.12 < 0.001
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Supplemental figures

Figure S5.1. Automated quality assessment for included and excluded scans based on visual inspection. 
Panel A represents the Euler number and panel B the automated quality assessment described in White et 
al. (2018).189
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Figure S5.2. The (sub-)cortical volume for each subject in the test fold and the fit of the normative model 
to the (sub-)cortical volume in the training set. The predicted normative model is presented in a wider age 
range than the data that was included to derive predictions. For illustrative purposes, measures are rescaled 
to the original means and standard deviations.
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Figure S5.3. The cortical thickness for each subject in the test fold and the fit of the normative model to the 
cortical thickness in the training set. The predicted normative model is presented in a wider age range than 
the data that was included to derive predictions. For illustrative purposes, measures are rescaled to the 
original means and standard deviations.
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Figure S5.4. The surface area for each subject in the test fold and the fit of the normative model to the surface 
area in the training set. The predicted normative model is presented in a wider age range than the data that 
was included to derive predictions. For illustrative purposes, measures are rescaled to the original means 
and standard deviations.
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Abstract

Objective: Youth with symptoms of emotion dysregulation are at risk for a multitude of 
psychiatric diagnoses later in life. However, few studies have focused on the underlying 
neurobiology of emotion dysregulation. This study assessed the bidirectional 
relationship between emotion dysregulation symptoms and brain morphology 
throughout childhood and adolescence. 

Method: A combined total of 8,235 children and adolescents drawn from two 
large population-based cohorts, the Generation R and Adolescent Brain Cognitive 
Development (ABCD) studies, were included. In Generation R, data was acquired in 
three waves (ages: Wave 1: mean = 7.8, SD = 1.0; Wave 2: mean = 10.1, SD = 0.6; Wave 3: 
mean = 13.9, SD = 0.5) and in the ABCD study in two waves (ages: Wave 1: mean = 9.9, 
SD = 0.6; Wave 2: mean = 11.9, SD = 0.6). Cross-lagged panel models were used to 
determine the bidirectional relationships between emotion dysregulation symptoms 
and brain morphology. The study was pre-registered prior to performing analyses.

Results: In Generation R, emotion dysregulation symptoms at W1 preceded lower 
hippocampal (ß = -0.07, S.E. = 0.03, p-value = 0.017) and temporal pole (ß = -0.19, 
S.E. = 0.07, p-value = 0.006) volumes at W2. Emotion dysregulation symptoms at W2 
preceded lower FA in the uncinate fasciculus (ß = -0.11, S.E. = 0.05, p-value = 0.017) and 
the cortico-spinal tract (ß = -0.12, S.E. = 0.05, p-value = 0.012). In the ABCD sample, 
emotion dysregulation symptoms preceded posterior cingulate (ß = 0.01, S.E. = 0.003, 
p-value = 0.014) and nucleus accumbens volumes (left hemisphere: ß = -0.02, 
S.E. = 0.01, p-value = 0.014; right hemisphere: ß = -0.02, S.E. = 0.01, p-value = 0.003).

Conclusion: In population-based samples, with relatively low psychopathology 
symptoms in the majority of children, symptoms of emotion dysregulation can precede 
differential development of brain morphology. This provides the foundation for future 
work to assess to what extent optimal brain development can be promoted through 
early intervention. 
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Introduction

Emotion dysregulation is a broad psychiatric phenotype, in which individuals have 
excessive responses to emotional stimuli, rapid changes in mood, and often suffer from 
irritability. This phenotype cuts across different psychopathology domains, such as 
internalizing and externalizing domains. During development, emotion dysregulation 
is often comorbid with various psychiatric diagnoses, including Attention Deficit 
Hyperactivity Disorder (ADHD) and Autism Spectrum Disorder (ASD),78, 217-220 and 
associated with other adverse outcomes including lower cognitive performance and 
higher rates of substance use.23, 73, 221 Ultimately, emotion dysregulation is an at-risk 
state for developing a multitude of psychiatric diagnoses later in life,12, 16, 17 of which the 
etiology remains largely unknown. 

To better understand the underlying neurobiology of emotion dysregulation, studies 
have explored differences in brain structure and function. Earlier work has mainly 
observed alterations in grey matter regions and white matter tracts of the limbic 
system. Specifically, functional alterations have been observed in the left amygdala and 
the ventral striatum,222, 223 and structural alterations have pointed towards involvement 
of the right amygdala, putamen, nucleus accumbens, uncinate fasciculus, cingulum 
bundle and forceps minor.218, 224, 225 In line with these findings, Shaw et al. proposed that 
(sub-)cortical regions involved in the bottom-up responses to emotional stimuli are 
involved in emotion dysregulation, which include the amygdala, the ventral striatum 
and the posterior orbitofrontal cortex (pOFC).185 

While most studies have assessed cross-sectional associations, longitudinal work 
observed that earlier cingulum bundle length predicts later clinical outcome, providing 
early evidence for a temporal relationship.224 Since emotion dysregulation encompasses 
both internalizing and externalizing symptoms, it is not surprising that alterations 
in the limbic system have also been observed in children with internalizing and 
externalizing symptoms.33, 184, 226, 227 One particularly interesting finding of earlier 
work is that internalizing and externalizing symptoms can precede later subcortical 
volume, raising the possibility that psychopathology can influence downstream brain 
development.33 

Since only a limited number of studies have assessed brain morphology in emotion 
dysregulation and most studies have used cross-sectional data, two key gaps can be 
addressed. First, the temporal interplay between emotion dysregulation and brain 
morphology warrants further exploration. Assessing the temporal relationship can 
elucidate to what extent brain morphology precedes psychopathology. Further, 
studying whether emotion dysregulation symptoms are associated with later brain 
morphology potentially has implications to promote healthy brain development. 

6
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Second, prior work has mainly been performed in clinical samples using relatively small 
sample sizes.218, 222-225 It is not yet clear to what extent these morphological differences 
can be replicated in larger, population-based samples and whether greater statistical 
power can help discover additional brain morphology measures involved in emotion 
dysregulation. 

The aim of this study was to assess the bidirectional relationship between emotion 
dysregulation and brain morphology across childhood and adolescence. The 
hypothesis-driven analyses focused on those regions that have been implicated in 
emotion dysregulation; namely the volume of the amygdala, nucleus accumbens, and 
OFC; and white matter microstructure of the uncinate fasiculus, cingulum bundle 
and forceps minor. We hypothesized that cross-sectional relationships exist between 
emotion dysregulation and all brain features implicated in earlier studies. Further, in 
line with Bertocci et al.,224 we hypothesized earlier brain morphology to be associated 
with later emotion dysregulation. We also explored the inverse relationship. Since 
earlier work found that internalizing and externalizing symptoms are associated with 
later subcortical volume,33 we hypothesized that emotion dysregulation symptoms 
would similarly be related to later subcortical volumes. Lastly, we hypothesized the 
effect of emotion dysregulation symptoms to be largest on the uncinate fasciculus 
and the cingulum bundle, given that their microstructure undergoes considerable 
change over the lifespan.228 Because research in children with emotion dysregulation 
is relatively scarce, we also included brain features that have not previously been linked 
to emotion dysregulation as exploratory analyses, covering the entire cerebral cortex 
and twelve large white matter tracts.

Methods

Participants
This study was embedded within two large population-based studies: the Generation 
R and Adolescent Brain Cognitive Development (ABCD) studies. Generation R is a 
population-based prospective birth cohort in Rotterdam, the Netherlands.57, 58, 88 Women 
with a delivery date between April 2002 and January 2006, living in Rotterdam, were 
invited in the initial recruitment. Children were scanned between the ages of 6 to 10 
years (Wave 1, N = 1,070)58, 8 to 13 years (Wave 2, N = 3,992)57 and 13 to 16 years (Wave 3, 
N = 3,571). Recruitment of the ABCD study participants took place between September 
2016 and August 2018 and included 11,875 9-to-11-year-old children.85 These children 
were invited through elementary schools from 21 participating sites within the United 
States. Neuroimaging data were collected at baseline (Wave 1, N = 11,760), at 9 to 11 
years of age, and the second follow-up wave (Wave 2, N = 7,827), at ages of 11 to 13 years. 
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Concurrently, both studies collected behavioral data using the Child Behavior Checklist 
(CBCL). Children were included if they had good quality T1-weighted or DTI data as 
well as parent-reported CBCL data in at least two waves. Neuroimaging data were 
excluded if children had dental braces, incidental findings that significantly altered 
brain morphology or poor image quality. This resulted in a sample size of 1,842 children 
in the Generation R sample and 6,393 children in the ABCD study sample (Figure S6.1). 
Both studies were approved by the medical ethics committee or the institutional review 
board and were conducted according to the Declaration of Helsinki. Written informed 
consent and when applicable assent was obtained from the legal representatives of the 
children and the children themselves.

Measures
Child behavior
Child behavior was assessed using the CBCL version 1.5-556 at wave 1 in Generation R, 
and version 6-1855 at wave 2 and wave 3 in Generation R and both waves of the ABCD 
study. These questionnaires consist of 99 and 112 items respectively, that are both 
scored on a three-point Likert-scale (not true, somewhat true, very true). The primary 
caregiver was asked to fill out the questionnaire about the behavior of their child within 
the past six months. The CBCL-Dysregulation Profile (CBCL-DP) is a sum score that 
is calculated from three syndrome scales: anxious/depressed, attention problems, 
and aggressive behavior. CBCL-DP symptoms were positively skewed, a square root 
transformation was applied to better approximate a normal distribution. Since two 
different versions of the CBCL were used in Generation R with different ranges for the 
CBCL-DP (range v1.5-5: 0-64, v6-18: 0-82) and MRI measures, all CBCL-DP scores and 
MRI measures were standardized. All the reported beta coefficients can thereby be 
interpreted as effect sizes. Distributions of CBCL-DP scores in each wave are shown in 
Figure S6.2 and QQ-plots of the raw and transformed data are shown in Figure S6.3.

MRI acquisition
Details of the MRI acquisition in Generation R have been described elsewhere.57, 58 
MRI scans were acquired on a 3.0 Tesla GE Discovery MR750 MRI System (General 
Electric, Milwaukee, WI, USA) at wave 1 and on a 3.0 Tesla GE Discovery MR750w MRI 
System (General Electric, Milwaukee, WI, USA) at wave 2 and wave 3. An eight-channel 
receive-only head coil was used for all waves. In the ABCD study, T1-weighted scans 
were acquired at multiple sites with 3.0 Tesla scanners (Siemens Prisma or Prisma 
Fit, GE MR 750, Philips Achieva or Ingenia) with multi-channel head coils. Sequence 
parameters have been described previously for both the Generation R study57, 58 and the 
ABCD study229 (supplemental material). 
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MRI processing and image quality assurance
Processing of the T1-weighted images was performed using FreeSurfer v6.0 in 
Generation R and v5.3 in the ABCD study (http://surfer.nmr.mgh.harvard.edu/). Image 
processing included removal of non-brain tissue, correction of B1 field inhomogeneities, 
and segmentation of voxels into grey matter, white matter, and cerebral spinal fluid. 
Regions of interest (ROI) were automatically labeled using the Desikan-Killiany atlas.188 

In Generation R, DTI data were processed using the FSL FMRIB Software Library 
version 5.0.9230 (supplemental material).231 Mean fractional anisotropy (FA) and mean 
diffusivity (MD) were calculated for twelve large white matter tracts.33 In the ABCD 
study, preprocessing has been described in detail previously229 and included skull 
stripping, eddy current distortion and motion correction. White matter tracts were 
subsequently labelled using AtlasTrack232 and the scalar DTI metrics of FA and MD 
were calculated for specific tracts.233 

Image quality assurance has been described previously for both the Generation R 
study33, 57, 58 and the ABCD study229 and included visual and automated quality assurance 
(supplemental material). 

Covariates
Analyses were corrected for several covariates. Sex was retrieved from medical 
records at birth in Generation R and obtained via questionnaire in the ABCD study. 
In Generation R, age at behavioral assessment and the difference between the age at 
behavioral assessment and MRI assessment were both included as covariates, as these 
involved two separate visits. In the ABCD study, the behavioral assessment and the 
MRI took place on the same day and analyses were corrected for age at assessment. 
Handedness was assessed using the Edinburgh Handedness Inventory (EHI).191 The 
full EHI was used in Generation R, whereas a shortened version of 4 items was used 
in the ABCD study to derive a laterality quotient. Child national origin was based on 
the birth country of the parents in Generation R, categorized as Dutch, other western 
(American western, Asian western, European, Indonesian, Oceania) and non-western 
(African, American non-western, Asian non-western, Cape Verdean, Dutch Antilles, 
Moroccan, Surinamese, Turkish). In the ABCD study, race was assessed with the 
Multigroup Ethnic Identity Measure Revised (MEIM-R), categorized as Asian, black, 
Hispanic, white, and other.95 Maternal education was assessed by questionnaire and 
divided into low (Generation R: no education, primary school; ABCD study: education 
until 6th grade), middle (Generation R: high school, vocational training; ABCD study: 
education until 12th grade, high school diploma, associate degree), and high (Generation 
R: higher vocational training, university; ABCD study: educational level above associate 
degree). Since neuroimaging data were acquired across multiple sites in the ABCD 
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study, scanner site was included as a covariate in ABCD study analyses. In Generation R, 
child IQ was assessed at wave 3 with four subtests of the WISC-V to derive an estimated 
full scale IQ.203 In the ABCD study the NIH toolbox measures of cognition were used at 
wave 1 to derive a latent cognitive composite score (CCS).89

Statistical analyses
Hypothesis-driven analyses focused on the bidirectional relationship between multiple 
brain ROIs and the CBCL-DP. ROIs included volumes of the medial and lateral OFC, 
amygdala, and nucleus accumbens. Tracts of interest included mean FA and MD of the 
uncinate fasciculus, the cingulum bundle, and the forceps minor. Given the evidence 
for hemisphere specific alterations for the amygdala and the nucleus accumbens,218 left 
and right volumes were analyzed separately for these structures, measures for other 
regions and tracts were averaged across hemispheres. Exploratory analyses assessed 
the bidirectional relationship between the remaining brain regions188 as well as the 
following white matter tracts: corticospinal tract, inferior longitudinal fasiculus, 
superior longitudinal fasiculus, and the forceps major. 

Within both samples a cross-lagged panel model (CLPM) was used to assess the 
interplay between brain features and CBCL-DP symptoms over time. Model fit was 
evaluated using the Comparative Fit Index (CFI), Tucker-Lewis Index (TLI), root mean 
square error of approximation (RMSEA) and standardized root mean square residual 
(SRMR). Since there are important sample differences, results obtained within the two 
cohorts were viewed as two separate approaches to address our research questions. An 
evaluation of comparability of results is provided in the supplemental material. 

In Generation R, data have been collected at three time points, which offers the 
opportunity to use a random intercept CLPM (RI-CLPM) to parse between-participant 
and within-participant effects. Between-participant effects are the deviations in 
CBCL-DP symptoms from the sample mean that can be related to deviations in brain 
features from the sample mean. Within-participant effects represent the deviations 
from participant’s mean symptoms across different measurements that can be related 
to the deviations in the participant’s mean of brain features.234 Within-participant 
effects were the focus of these analyses. 

Hypothesis-driven and exploratory analyses were run in a hierarchical approach where 
sex, the age at assessment, and handedness were included as covariates in the first 
model. In the ABCD study, scanner site was also included in the first model. In the 
second model we additionally adjusted for child national origin/race and maternal 
education. To assess whether specific regions of interest were associated to the CBCL-
DP independent of total intracranial volume (ICV), we adjusted for ICV in a third model. 

6
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Results for model 1 and 2 are included in the supplemental material. As a substantial 
amount of data were derived from siblings, twins, or triplets, we applied analyses that 
accommodate clustered observations, in which members of the same family were 
included within one cluster. 

Four sensitivity analyses were performed to regions the showed a statistically significant 
association. First, to assess whether separate domains underlying the CBCL-DP were 
independently associated with the brain features of interest, we repeated the analyses 
and assessed the bidirectional relationship with anxious/depressed, attention problems 
and aggressive behavior syndrome scales. Second, to further assess the specificity of the 
findings for the CBCL-DP, we repeated analyses using the total problems score of the 
CBCL. Third, we aimed to assess to what extent the relationship between brain features 
and CBCL-DP symptoms is independent of IQ and thus we repeated analyses with child 
IQ as an additional covariate. Fourth, given the potential influence that medication use 
can have on childhood psychopathology and brain morphology, we repeated analyses 
excluding children using psychotropic medications. 

Finally, despite the sample differences, we aimed to assess the generalizability of 
findings by performing meta-analyses using CLPM results from both the Generation 
R and ABCD studies. To perform this quantitative comparison, we reran the CLPM in 
Generation R using wave 2 and wave 3 data only. The CLPM results were weighted by 
the sample sizes for each cohort in the meta-analyses.

All analyses were performed in R, version 4.1.0.98 The ‘lavaan’235 and ‘lavaan.survey’236 
packages were used to fit the (RI-)CLPM, and the ‘meta’237 package was used for the 
meta-analysis. Missing data on covariates were imputed 30 times with 30 iterations, 
using multiple imputation through chained equations with the ‘mice’ package.99 The 
false discovery rate was controlled for using the Benjamini Hochberg procedure100 
(q = 0.05) for a total of 12 hypothesis-driven brain features of interest and a total of 
8 autoregressive and cross-lagged paths and 1 cross-sectional baseline association in 
each model (total number of tests = 108) in the Generation R study and separately for 
a total of 4 autoregressive and cross-lagged paths, as well as the baseline association 
in each model (total number of tests = 60) in the ABCD study. Exploratory analyses 
were corrected separately from the hypothesis-driven analyses for a total of 45 features 
(37 grey matter regions, 4 white matter tracts), resulting in 405 tests in Generation 
R and 225 tests in the ABCD study. Raw p-values are presented together with the 
notion of whether they reached the adjusted threshold for statistical significance. 
The analysis script is available online (https://github.com/elisabetbl/Bidirectional_
EmotionDysregulation_MRI/). 
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Results

Sample characteristics
Included participants had an age range between 6 to 16 years in Generation R (wave 
1: mean = 7.8, SD = 1.0; wave 2: mean = 10.1, SD = 0.6; wave 3: mean = 13.9, SD = 0.5) 
and 9 to 13 years (wave 1: mean = 9.9, SD = 0.6; wave 2: mean = 11.9, SD = 0.6) in the 
ABCD study. Both samples included an approximately equal distribution of girls and 
boys (% girls in Generation R: 50.6%, ABCD study: 46.5%), primarily included children 
from mothers with a high educational level (Generation R: 59.5%, ABCD study: 84.8%), 
and Dutch or white children (Generation R: 65.9%, ABCD study: 56.0%). All sample 
characteristics are shown in Table 6.1. A comparison of sample characteristics is 
provided in the results section of the supplemental material. 

Table 6.1. Sample characteristics

Generation R ABCD study

n % / mean, SD / 
median, IQR

n % / mean, SD / 
median, IQR

Child biological sex (%)

Girl 932 50.6% 2,973 46.5%

Boy 911 49.4% 3,420 53.5%

Age MRI (Mean, SD)

W1 687 7.8 (1.0) 6,393 9.9 (0.6)

W2 1,706 10.1 (0.6) 6,393 11.9 (0.6)

W3 1,717 13.9 (0.5)

Age CBCL (Mean, SD)

W1 1,778 6.0 (0.4) 6,393 9.9 (0.6)

W2 1,730 9.7 (0.3) 6,393 11.9 (0.6)

W3 1,736 13.5 (0.3)

Handedness (Median, IQR)

W1 707 0.8 (0.6-0.9) 6,393 1.0 (1.0-1.0)

W2 1,644 0.8 (0.7-1.0)

W3 1,711 0.8 (0.7-1.0)

Maternal education (%)

Low 41 2.2% 38 0.6%

Middle 631 34.2% 922 14.4%

High 1,096 59.5% 5,423 84.8%
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Table 6.1. (continued)

Generation R ABCD study

n % / mean, SD / 
median, IQR

n % / mean, SD / 
median, IQR

Missing 75 4.1% 10 0.2%

Child national origin/
Race (%)

Dutch 1,215 65.9%

Other western 172 9.3%

Non western 448 24.3%

Asian 126 2.0%

Black 777 12.2%

Hispanic 1,263 19.8%

White 3,580 56.0%

Other 647 10.1%

Missing 8 0.4% 0 0.0%

MRI = Magnetic Resonance Imaging; CBCL = Child Behavior Checklist; W1 = Wave 1; W2 = Wave 2; W3 = Wave 3.

Hypothesis-driven analyses
Cross-lagged panel models
Full results are shown in Table 6.2 (Generation R) and Table 6.3 (ABCD study). No 
significant cross-sectional coefficients were observed at wave 1 in Generation R or the 
ABCD study. Autoregressive coefficients indicated statistically significant stability in 
both Generation R and the ABCD study. Group-level stability for DP symptoms was 
between 0.64-0.71 (Generation R wave 1 - wave 2: range ß = 0.64-0.66; Generation R 
wave 2 - wave 3: range ß = 0.68-0.71; ABCD study: range ß = 0.70-0.71). Autoregressive 
coefficients for individual brain regions and white matter tracts varied between 0.25-
0.89 (Generation R wave 1 - wave 2: range ß = 0.25–0.68; Generation R wave 2 - wave 3: 
range ß = 0.38–0.81; ABCD study: range ß = 0.59–0.89). In Generation R, DP symptoms 
at wave 2 were associated with lower FA in the uncinate fasciculus at wave 3 (ß = -0.11, 
S.E. = 0.05, p-value = 0.017). In the ABCD study, DP symptoms at wave 1 were related 
to lower nucleus accumbens volumes at wave 2 (left hemisphere: ß = -0.02, S.E. = 0.01, 
p-value = 0.014; right hemisphere: ß = -0.02, S.E. = 0.01, p-value = 0.003) after multiple 
testing correction (Figure 6.1). Fit measures are provided in Table S6.1 (Generation R) 
and Table S6.2 (ABCD study), a quantitative comparison is presented in Table S6.3.
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Figure 6.1. Significant Cross-lagged Associations in Cross-lagged Panel Model (CLPM) Analyses

Note: White regions and tracts represent non-significant results. All significant associations were in the 
direction from behavior towards brain in the subsequent wave. ABCD = Adolescent Brain Cognitive 
Development study; FA = fractional anisotropy; MD = mean diffusivity; W1 = Wave 1; W2 = Wave 2; W3 = Wave 3. 
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Random intercept cross-lagged panel models
In the RI-CLPM in Generation R, the autoregressive coefficients represent the 
individual-level stability of DP symptoms and brain morphology measures. Regarding 
DP symptoms, these coefficients showed substantial stability of DP symptoms over 
time (wave 1 - wave 2: range ß = 0.26–0.52; wave 2 - wave 3: range ß = 0.30–0.54) and 
varying stability for brain morphology measures (wave 1 - wave 2: range ß = -0.36–
0.36; wave 2 - wave 3: range ß = -0.34–0.46). No statistically significant cross-lagged 
or baseline cross-sectional effects were observed. Full results are depicted in Table 6.4, 
fit measures are provided in Table S6.4.

Exploratory analyses
Cross-lagged panel models
Full results are presented in Table S6.5 (Generation R) and Table S6.6 (ABCD study). 
In Generation R, no cross-sectional associations were observed. In the ABCD study, 
a cross-sectional association surviving multiple testing correction was observed 
between DP symptoms and hippocampal volume (ß = -0.01, S.E. = 0.002, p-value < 
0.001). Autoregressive coefficients for DP symptoms were similar to those reported 
for hypothesis-driven analyses. For MRI measures, these ranged between ß = 0.27 
and ß = 1.02 in Generation R and between ß = 0.60 and ß = 0.97 in the ABCD study. 
In Generation R, higher DP symptoms at wave 1 were related to lower hippocampal 
(ß = -0.07, S.E. = 0.03, p-value = 0.017) and lower temporal pole (ß = -0.19, S.E. = 0.07, 
p-value = 0.006) volumes at wave 2. Further, DP symptoms at wave 2 preceded lower 
FA in the cortico-spinal tract at wave 3 (ß = -0.12, S.E. = 0.05, p-value = 0.012) after 
correction for multiple testing. In the ABCD study, higher DP symptoms at wave 1 were 
associated with greater posterior cingulate volume at wave 2 (ß = 0.01, S.E. = 0.003, 
p-value = 0.014, Figure 6.1). 

Random intercept cross-lagged panel models
No cross-sectional associations at wave 1 were observed. Further, individual-level 
stability of DP symptoms was similar to the stability obtained in the hypothesis-
driven analyses. Regarding stability of brain morphology measures, stability was 
region dependent (wave 1 - wave 2: range ß = -0.86–0.97; wave 2 - wave 3: range 
ß = -0.52–0.88). Regarding cross-lagged associations, higher DP symptoms at wave 2 
preceded greater volume in the superior parietal region at wave 3 (ß = 0.14, S.E. = 0.06, 
p-value = 0.012). Full results are depicted in Table S6.7. A comparison of fit between 
CLPM’s and RI-CLPM’s, showing a favorable fit for the RI-CLPM’s for all analyses, is 
available in Table S6.8. Results for minimally corrected models are provided in Table 
S6.9-S6.17. 
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Sensitivity analyses
Full results for the first four sensitivity analyses are presented in Table S6.18 and 
Table S6.19 (Generation R) and Table S6.20 (ABCD study) and are described in the 
supplemental material. The cross-lagged associations observed with DP symptoms were 
distributed over the different symptom domains, thus were not individually driven by 
either the anxious/depressed, attention problems or aggressive behavior syndrome 
scales. Results obtained were highly similar for the total problems score of the CBCL 
to those observed for DP symptoms, with the only exception being the relationship 
between the total problems score at wave 2 and FA in the uncinate fasciculus at wave 
3 in Generation R, which did not reach statistical significance. Interestingly, additional 
correction for cognitive performance of the child did not meaningfully alter our results. 
Likewise, after excluding children using psychotropic medication, most associations 
remained present. However, the relationship between DP symptoms at wave 1 and 
hippocampal volume at wave 2 in Generation R, and the relationship between DP 
symptoms at wave 1 and posterior cingulate volume at wave 2 in the ABCD study no 
longer reached statistical significance. 

Meta-analyses
Meta-analyses of the results obtained in Generation R using two waves of data 
collection (wave 2 and wave 3) only, and results obtained in the ABCD study indicated 
high group-level stability for both DP symptoms and individual brain measures. Cross-
lagged associations were observed between DP symptoms and later nucleus accumbens 
(left hemisphere: ß = -0.02, S.E. = 0.01, p-value = 0.015; right hemisphere: ß = -0.02, 
S.E. = 0.01, p-value = 0.009), posterior cingulate (ß = 0.01, S.E. = 0.003, p-value = 0.022) 
and inferior temporal volume (ß = 0.01, S.E. = 0.003, p-value = 0.045). Additionally, 
higher cingulum bundle FA was related to later higher DP symptoms (ß = 0.02, 
S.E. = 0.01, p-value = 0.016). Full results are shown in Table S6.21.

Discussion

This study examined the bidirectional relationship between emotion dysregulation 
symptoms and brain morphology. In line with our hypotheses, symptoms of emotion 
dysregulation preceded later lower nucleus accumbens volumes in the ABCD study and 
emotion dysregulation symptoms preceded later lower FA in the uncinate fasciculus in 
Generation R. The relationship with nucleus accumbens volumes were also observed in 
the meta-analysis using both cohorts. Further, the pooled meta-analysis revealed that 
higher FA in the cingulum bundle preceded higher emotion dysregulation symptoms. 
While this association was not present in the individual cohorts, potentially due to 
lack of statistical power, FA in the cingulum bundle is a potential early marker of later 
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emotion dysregulation symptoms, making it critical for future studies to replicate these 
findings. In our exploratory analyses, emotion dysregulation symptoms were associated 
with later hippocampal, temporal pole and posterior cingulate cortex volume, as well as 
lower FA in the cortico-spinal tract. The relationship between emotion dysregulation 
symptoms and later posterior cingulate volume also reached statistical significance in 
the meta-analysis using both cohorts. However, it is important to note that for most 
brain regions and white matter tracts, no temporal associations were detected and 
that the observed statistically significant associations all yielded small effect sizes. 

Our findings suggest that for some areas and tracts, symptoms of emotion dysregulation 
can precede differences in brain morphology, which extends earlier work in children 
with internalizing and externalizing symptoms using the first two waves from 
Generation R and findings from a clinical sample of youth with emotion dysregulation.33, 

224 Etiologically, our results align with the probabilistic epigenesis model that poses that 
brain development is a process in which there are bidirectional relationships between 
genes, brain morphology and function, behavior and environmental factors.238 The 
direction of effect is also of particular interest from a clinical perspective, as potentially 
optimal brain development can be promoted through reducing emotion dysregulation 
symptoms before brain differences arise, unless the later brain differences are 
endophenotypes that later become unmasked with development. In either case, our 
findings provide a foundation for intervention studies, in which it will be important 
to unravel to what extent alterations in brain morphology can be prevented with early 
interventions targeted at (sub-)clinical symptoms. 

In line with earlier work, we found little evidence for brain morphology preceding later 
emotion dysregulation symptoms.33 This absence of findings was earlier hypothesized 
to be partially attributed to differences between those with subclinical and clinical 
symptoms. The pooled meta-analysis, in which the largest sample size could be used, 
showed that earlier FA in the cingulum bundle can precede later emotion dysregulation 
symptoms, which, in part, contradicts this hypothesis. It may be the case that the 
effect sizes for were too small to be detected in earlier work. Indeed, recently it has 
been recognized that to detect some of the associations between the brain and 
psychopathology, we may need substantially larger sample sizes.239 Additionally, it is 
possible that the relationship between earlier brain measures and later DP symptoms 
(or psychopathology more broadly) would be stronger in functional brain measures 
compared to structural measures. Lastly, it is likely that the underlying neurobiology 
responsible for emotion dysregulation symptoms is not optimally captured when 
studying isolated structural brain morphology measures. It may be that integrating 
structural and functional imaging measures can better detect effects on later emotion 
dysregulation symptoms. 

6
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Our sensitivity analyses indicated that most of the observed findings were largely 
robust after adjusting for cognitive performance and after exclusion of children 
using psychotropic medication. Thus, these effects were largely not driven by 
cognitive performance or medication. Further, our sensitivity analyses showed that 
most associations were similar for general psychopathology, assessed with the total 
problems score, indicating that findings may not be specific to symptoms of emotion 
dysregulation, but to global psychopathology measures. This lack of specificity could 
arise due to overlapping involved brain regions.33, 240, 241 Additionally, the correlation 
between symptoms of emotion dysregulation and general psychopathology ranged 
between 0.95-0.97 in the current samples, which is similar to what has been reported 
previously.242

An important methodological implication from the current study regards the 
differences in findings between the CLPM and RI-CLPM. Opportunities and limitations 
of these models have been described previously.234, 243 The CLPM can answer questions 
on variations from the group-level mean, whereas the RI-CLPM can address questions 
regarding variation from the individual mean. It is not surprising that group-level and 
individual-level processes do not necessarily take place at the same rate or in the same 
location. Most notably, the stability of brain morphology measures was substantially 
lower on the individual compared to the group-level means. However, while the RI-
CLPM can be employed using three time points, including more time points will 
enhance the reliability of measuring deviations from the individual mean across time. 
Ultimately, both the CLPM and the RI-CLPM can yield important insights for the field, 
but it is crucial for researchers to specify on which level they aim to draw inferences.244 
Our results showcase that these insights do not necessarily overlap and can be seen 
as complementary. 

Strengths of our study include the large sample size, the use of two multi-ethnic cohorts 
across two continents, the inclusion of brain morphology measures spanning the entire 
cerebral cortex and the use of multiple modalities to assess brain morphology. This 
study also has some limitations. First, because the ABCD study currently includes 
two waves of data collection, we could not apply a RI-CLPM in both cohorts. Second, 
the average time between assessment waves was longer in Generation R than in the 
ABCD study, which may have influenced the pooled meta-analyses and hampered 
generalizability of the results obtained in both cohorts separately. It is likely a reason 
for auto-regressive measures being somewhat stronger and having fewer and smaller 
cross-lagged associations in the ABCD study. Third, given the design of this study, 
we cannot infer causality in the relationships observed. Future intervention studies 
will be required to provide further insight in potential causal mechanisms. Fourth, 
the first wave of data collection in Generation R was obtained on a different scanner 
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than the second and third waves of data collection. However, the results obtained 
in the analysis including data using only the second and third waves of Generation 
R were highly comparable to those obtained using all three time points. Fifth, in 
Generation R, there was a time lag between the assessments of emotion dysregulation 
and the MRI measurements. While we have adjusted our analyses for both the age at 
psychopathology and MRI measurement, this data collection procedure is less optimal 
for the statistical models employed. Finally, within the ABCD study a smaller number 
of gradient directions were collected at lower b-values than in the Generation R study, 
which increases variability in MD and FA metrics and may have contributed to the 
differences in the observed results between the two samples.

In conclusion, this work provides support that emotion dysregulation symptoms can 
precede differential development of brain morphology. These findings provide an 
important incentive for future early intervention or prevention studies to assess to 
what extent reduction of subclinical symptoms of emotion dysregulation can prevent 
differential brain development.

6
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Supplemental material

Supplemental methods
MRI acquisition
In Generation R at wave 1, T1-weighted images were acquired using an inversion 
recovery fast spoiled gradient recalled (IR-FSPGR) sequence (sequence parameters: time 
to echo (TE): 4.2ms, repetition time (TR): 10.3ms, TI: 350ms, flip angle: 16°, acquisition 
time: 5 min 40 sec, field of view (FOV): 230.4x230.4mm, in-plane resolution: 0.9mm3). 
Diffusion Tensor Imaging (DTI) data was obtained with an echo planar imaging 
sequence (sequence parameters: TE: 8ms, TR: 11,000ms, acquisition time: 7 min 40 
sec, FOV: 256x256mm, in-plane resolution: 2.0mm3, number of directions: 35, number 
of b=0 images: 3, b=1,000s/mm2).58 During wave 2 and wave 3, T1-weighted images 
were acquired with a 3D coronal inversion recovery fast spoiled gradient recalled (IR-
FSPGR, BRAVO) sequence (sequence parameters: TE: 3.4ms, TR: 8.77ms, TI: 600ms, 
flip angle: 10°, acquisition time: 5 min 20 sec, FOV: 220x220mm, in-plane resolution: 
1.0mm3, phase encoding: R/L, fat suppression: yes, coverage: whole-brain). DTI data was 
obtained with an axial spin echo, echo planar imaging sequence (sequence parameters: 
TE: 72.8ms, TR: 12,500ms, acquisition time: 8 min 8 sec, FOV: 240x240mm, in-plane 
resolution: 2.0mm3, number of directions: 35, number of b=0 images: 3, b=900s/mm2).57

In the ABCD study, scan protocols were harmonized across sites and scanners (sequence 
parameters: Siemens: TE: 2.88ms, TR: 2,500ms, TI: 1060ms, flip angle: 8°, acquisition 
time: 7 min 12 sec, FOV: 256x256, in-plane resolution: 1.0mm3, coverage: whole-brain; 
GE: TE: 2ms, TR: 2,500ms, TI: 1,060ms, flip angle: 8°, acquisition time: 6 min 9 sec, 
FOV: 256x256, in-plane resolution: 1.0mm3, coverage: whole-brain; Philips: TE: 2.9ms, 
TR: 6.31ms, TI: 1,060ms, flip angle: 8°, acquisition time: 5 min 38 sec, FOV: 256x240, 
in-plane resolution: 1.0mm3, coverage: whole-brain). DTI data was obtained with a 
multiband echo planar imaging sequence (sequence parameters: Siemens: TE: 88ms, 
TR: 4,100ms, acquisition time: 7 min 31 sec, FOV: 240x240mm, in-plane resolution: 
1.7mm3; GE: TE: 81.9ms, TR: 4,100ms, acquisition time: 7 min 30 sec, FOV: 240x240mm, 
in-plane resolution: 1.7mm3; Philips: TE: 89ms, TR: 5,300ms, acquisition time: 9 min 14 
sec, FOV: 240x240mm, in-plane resolution: 1.7mm3). All DTI protocols included 7 b=0 
images and four b-values: 6 directions with b=500s/mm2, 15 directions with b=1,000s/
mm2, 15 directions with b=2,000s/mm2 and 60 directions with b=3,000s/mm2.229 

DTI processing Generation R
DTI processing steps have been described previously.245 All images were corrected 
for head motion and eddy-current distortion, and non-brain tissue was removed.246, 

247 To correct for rotations and translations due to head motion, volume realignment 
was applied. Thereafter the tensor was fit at each voxel using a weighted least squares 
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method and fractional anisotropy (FA) and mean diffusivity (MD) were computed. 
Probabilistic tractography was performed on subject-level data using the FSL plugin 
AutoPtx248 and connectivity distributions for twelve large white matter tracts were 
extracted. For these twelve tracts, mean FA and MD were extracted and calculated, 
weighted by the connectivity distributions.33

Image quality assurance
In Generation R, FreeSurfer reconstructions of the T1-weighted images were rated on a 
five-point Likert scale (unusable, poor, sufficient, good, excellent) at wave 1 and wave 2, 
and using a three-point Likert scale (poor, questionable, good) by visual inspection. All 
images that were rated as unusable or poor were excluded from the analyses.57, 58 DTI 
data quality was assessed using automated and visual inspection. Visual inspection 
included evaluation of the voxel-wise maps of the sum of squares error of the diffusion 
tensor fit calculations. Lastly, quality of the nonlinear registration to standard space 
and the probabilistic tractography path reconstructions was assessed by visual 
inspection.33 The automated quality check was performed using the eddy tool quality 
control metrics, for which a threshold of 3mm of absolute motion was used. Images 
with poor quality were excluded from the analyses. 

In the ABCD study, both automated quality assurance (QA) and visual inspection was 
performed, which have been described in more detail previously.229 Automated QA 
included for example calculation of the signal-to-noise ratio (SNR) and head motion 
statistics, additionally visual inspection was performed by trained technicians that 
included assessment on poor image quality, artifacts and excessive head motion that 
was not captured by the automated QA. 

Qualitative comparison between Generation R and ABCD study samples
The two most important sample differences are that the Generation R study has three 
waves of data collection, whereas the ABCD study currently has two data collection 
waves, and that the ABCD study has a narrower time interval between data collection 
waves (approximately 2 years). A qualitative comparison between the results obtained 
in both cohorts was made. In this qualitative comparison, we focused on standardized 
ß-coefficients and the explained variance (R2) of the models. Since the explained 
variance of a model is dependent on all variables in the model, raw R2 values cannot 
be easily compared across different sets of covariates or different samples. Therefore, 
‘relative R2’ values were calculated by mean standardizing the R2 values of the models 
of all brain measures, within one sample and one covariate set, in our primary and 
secondary analyses. This ‘relative R2’ shows how much variance a particular brain 
measure explains relative to the other brain regions studied.

6
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Supplemental results
Comparison sample characteristics
Comparing data collected in Generation R and the ABCD study, participants in 
Generation R were older at MRI assessment at wave 2 as compared to those in the 
ABCD study at wave 1 (mean difference = 0.22, t-statistic = 12.78, df = 2,677, p < 0.001), 
and wave 3 compared to those in the ABCD study at wave 2 (mean difference = 1.97, 
t-statistic = 130.80, df = 3,204, p < 0.001). Participants in Generation R were younger 
at CBCL assessment at wave 2 as compared to those in the ABCD study at wave 1 
(mean difference = -0.24, t-statistic = -24.00, df = 6,923, p < 0.001), but older at 
CBCL assessment at wave 3 compared to those in the ABCD study at wave 2 (mean 
difference = 1.58, t-statistic = 140.77, df = 5,603, p < 0.001). Further, participants 
in Generation R were more left-handed than those in the ABCD study (mean 
difference = -0.05, t-statistic = -3.43, df = 2,961, p < 0.001). No differences between both 
samples were detected for biological sex (χ2 = 2.21, df = 1, p = 0.137), maternal education 
(χ2 = 8.16, df = 4, p = 0.086) or CBCL-DP scores (Generation R wave 2/ABCD wave 1: 
mean difference = 1.35*10-16, t-statistic = 4.95*10-15, df = 2,700, p > 0.999; Generation 
R wave 3/ABCD wave 2: mean difference = 2.93*10-17, t-statistic = 1.08*10-15, df = 2,685, 
p >0.999). 

Sensitivity analyses
Syndrome scales underlying the DP
In Generation R, the negative relationship between DP symptoms at wave 1 and 
hippocampal volume at wave 2 was driven by the aggressive behavior syndrome 
scale (ß = -0.08, S.E. = 0.03, p-value = 0.006), and the negative relationship with and 
temporal pole volume at wave 2 was driven by both the anxious/depressed (ß = -0.14, 
S.E. = 0.07, p-value = 0.038) and aggressive behavior scales (ß = -0.18, S.E. = 0.07, 
p-value = 0.008). The relationship between DP symptoms at wave 2 and FA in the 
uncinate fasciculus (ß = -0.14, S.E. = 0.05, p-value = 0.013) and cortico-spinal tract 
(ß = -0.13, S.E. = 0.05, p-value = 0.011) at wave 3 were both driven by the anxious/
depressed scale. Regarding results observed in the random intercept cross-lagged 
panel model (RI-CLPM) in Generation R, the relationship between DP symptoms at 
wave 1 and superior parietal volume at wave 2 was driven by the anxious/depressed 
(ß = 0.08, S.E. = 0.04, p-value = 0.030) and the attention problems (ß = 0.13, S.E. = 0.06, 
p-value = 0.021) scales. In the ABCD study, the association between earlier DP symptoms 
and later nucleus accumbens volume was driven by aggressive behavior (ß = -0.02, 
S.E. = 0.01, p-value = 0.013) for the left hemisphere and by all syndrome scales for the 
right hemisphere (anxious/depressed: ß = -0.01, S.E. = 0.01, p-value = 0.034; attention 
problems: ß = -0.02, S.E. = 0.01, p-value = 0.002; aggressive behavior: ß = -0.02, 
S.E. = 0.01, p-value = 0.020). The positive relationship between DP symptoms at wave 
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1 and posterior cingulate volume at wave 2 was driven by attention problems (ß = 0.01, 
S.E. = 0.003, p-value = 0.006). 

Total problems score
Similar to the results obtained for DP symptoms, we observed a relationship 
between the total problems score at wave 1 and hippocampal (ß = -0.06, S.E. = 0.03, 
p-value = 0.023) and temporal pole (ß = -0.15, S.E. = 0.06, p-value = 0.015) volume at 
wave 2 in Generation R. The relationship between the total problems score at wave 2 
and FA in the cortico-spinal tract at wave 3 was also present (ß = -0.10, S.E. = 0.05, 
p-value = 0.033). However, no association between the total problems score and FA 
in the uncinate fasciculus was observed. The relationship observed in the RI-CLPM 
between DP symptoms at wave 1 and superior parietal volume at wave 2 was also 
observed for the total problems score (ß = 0.14, S.E. = 0.05, p-value = 0.010). In the 
ABCD study, results obtained for the total problems score were also highly similar to 
those obtained for DP symptoms. Negative relationships between the total problems 
score at wave 1 and nucleus accumbens volumes (left hemisphere: ß = -0.02, S.E. = 0.01, 
p-value = 0.008; right hemisphere: ß = -0.02, S.E. = 0.01, p-value = 0.002) and a positive 
relationship with posterior cingulate volume (ß = 0.01, S.E. = 0.003, p-value = 0.041) 
at wave 2 were observed. 

Additional correction for IQ
In Generation R, the cross-lagged coefficients between DP symptoms at wave 1 and 
hippocampal and temporal pole volume at wave 2, as well as the coefficients between DP 
symptoms at wave 2 and FA in the uncinate fasciculus and cortico-spinal tract at wave 
3, remained unchanged after additional correction for IQ. Similarly, the relationship 
observed in the RI-CLPM, between DP symptoms at wave 2 and superior parietal 
volume at wave 3 only changed marginally (ß = 0.13, S.E. = 0.05, p-value = 0.010). Cross-
lagged coefficients obtained in the ABCD study between DP symptoms at wave 1 and 
the nucleus accumbens in both hemispheres and the posterior cingulate cortex at wave 
2 were likewise unchanged. 

Excluding children with psychotropic medication use
In Generation R, the temporal relationship between wave 1 DP symptoms and temporal 
volume at wave 2 (ß = -0.21, S.E. = 0.07, p-value = 0.005), as well as the relationship 
between DP symptoms at W2 and FA in the uncinate fasciculus (ß = -0.11, S.E. = 0.05, 
p-value = 0.033) and the cortico-spinal tract (ß = -0.13, S.E. = 0.05, p-value = 0.009) at 
wave 3 remained statistically significant. The relationship with hippocampal volume at 
wave 2, however, did no longer reach statistical significance. Further, the relationship 
observed in the RI-CLPM, between DP symptoms at wave 2 and superior parietal volume 

6
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at wave 3 remained statistically significant (ß = 0.14, S.E. = 0.06, p-value = 0.014). In the 
ABCD study, the relationship between DP symptoms at wave 1, and nucleus accumbens 
volumes (left hemisphere: ß = -0.02, S.E. = 0.01, p-value = 0.024; right hemisphere: 
ß = -0.02, S.E. = 0.01, p-value = 0.018) at wave 2 remained statistically significant 
after exclusion of children using psychotropic medication. However, the relationship 
between DP symptoms at wave 1 and posterior cingulate volume at wave 2 no longer 
reached statistical significance. 

Qualitative comparison based on relative R2 values
Relative R2 values are provided in Table S6.3. Generally, they provide a similar view 
for the Generation R study and the ABCD study, regarding regions that explain most 
of the variance. For example, as compared to other brain regions, thalamus, lateral 
orbitofrontal and superior frontal volumes explained more variance, whereas the 
entorhinal, frontal pole and temporal pole volumes explained relatively little variance. 
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Table S6.3. Relative Rsquared cross-lagged panel models

Generation R 
(RI-CLPM)

Generation R 
(CLPM)

ABCD study 
(CLPM)

Brain region W1 W2 W3 W1 W2 W3 W1 W2

Thalamus 0.10 0.17 0.10 0.18 0.09 0.02 0.21 -0.01

Caudate 0.00 0.04 0.08 -0.05 0.17 0.12 -0.05 0.07

Putamen -0.28 -0.03 0.05 -0.14 0.09 0.08 -0.04 0.04

Pallidum -0.03 -0.06 -0.12 -0.03 -0.09 -0.11 0.03 -0.17

Hippocampus 0.15 0.19 0.08 0.04 0.09 0.08 0.09 0.05

Banks of the superior temporal sulcus 0.08 0.08 0.12 0.06 0.08 0.09 -0.07 0.04

Caudal anterior cingulate 0.19 0.06 0.05 -0.08 0.08 0.09 -0.15 0.06

Caudal middle frontal 0.06 0.03 0.07 0.01 0.05 0.07 -0.03 0.03

Cuneus 0.05 0.21 -0.09 -0.20 0.07 0.09 -0.15 0.06

Entorhinal -0.38 -0.45 -0.56 -0.21 -0.23 -0.35 -0.19 -0.09

Fusiform 0.01 0.00 0.11 0.11 -0.01 0.07 0.14 0.06

Inferior parietal 0.06 0.17 0.19 0.17 0.12 0.11 0.04 0.07

Inferior temporal -0.04 -0.11 0.05 0.03 -0.07 0.00 0.12 0.06

Isthmus cingulate 0.12 0.14 0.13 0.01 0.15 0.11 0.00 0.06

Lateral occipital 0.18 0.12 0.04 0.03 0.12 0.08 0.08 0.07

Lateral orbitofrontal 0.09 0.01 0.06 0.16 -0.03 -0.05 0.16 -0.01

Lingual 0.12 0.29 0.03 -0.19 0.09 0.11 -0.11 0.07

Medial orbitofrontal 0.05 -0.01 -0.07 0.15 -0.04 -0.14 0.14 -0.06

Middle temporal -0.03 0.06 0.09 0.08 -0.02 0.02 0.14 0.07

Parahippocampal -0.14 -0.35 -0.05 -0.23 0.00 0.03 -0.16 -0.01

Paracentral 0.14 0.05 -0.07 -0.09 0.00 0.02 -0.05 0.01

Pars opercularis 0.23 0.12 0.10 0.06 0.13 0.09 -0.12 0.03

Pars orbitalis -0.11 -0.08 0.07 -0.03 -0.09 0.02 -0.04 0.04

Pars triangularis 0.16 -0.02 0.01 0.00 0.09 0.09 -0.14 0.04

Pericalcarine -0.30 -0.05 -0.08 -0.24 0.04 -0.01 -0.22 0.05

Postcentral 0.14 0.09 0.12 0.03 0.07 0.12 0.07 0.05

Posterior cingulate 0.27 0.18 0.16 0.04 0.16 0.12 0.03 0.07

Precentral 0.17 0.07 0.11 0.08 0.03 0.09 0.11 0.03

Precuneus 0.07 0.20 0.19 0.23 0.14 0.11 0.13 0.06

Rostral anterior cingulate 0.25 0.17 0.11 0.15 0.12 0.07 0.00 0.01

Rostral middle frontal 0.13 0.10 0.07 0.18 0.01 0.03 0.07 0.03

6
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Table S6.3. (continued)

Generation R 
(RI-CLPM)

Generation R 
(CLPM)

ABCD study 
(CLPM)

Brain region W1 W2 W3 W1 W2 W3 W1 W2

Superior frontal 0.13 0.16 0.18 0.22 0.09 0.10 0.16 0.05

Superior parietal -0.19 0.09 0.13 0.04 0.03 0.04 0.02 0.01

Superior temporal 0.05 0.04 0.15 0.14 0.02 0.07 0.11 0.07

Supramarginal 0.19 0.12 0.18 0.21 0.10 0.11 0.03 0.04

Frontal pole -0.54 -0.63 -0.57 -0.29 -0.55 -0.53 -0.11 -0.17

Temporal pole -0.49 -0.62 -0.49 -0.30 -0.54 -0.38 -0.18 -0.20

Transverse temporal 0.19 0.05 0.07 -0.13 0.13 0.08 -0.11 0.03

Insula 0.08 0.06 0.02 0.21 0.04 -0.05 0.11 -0.03

Amygdala - LH -0.10 -0.06 -0.19 -0.01 -0.15 -0.14 0.03 -0.13

Amygdala - RH -0.04 -0.10 -0.12 0.00 -0.21 -0.09 0.03 -0.09

Nucleus Accumbens - LH -0.51 -0.32 -0.28 -0.23 -0.22 -0.25 -0.03 -0.27

Nucleus Accumbens - RH -0.28 -0.20 -0.22 -0.17 -0.15 -0.20 -0.08 -0.18

Cingulum bundle - FA -0.01 -0.01 0.00 -0.01 -0.13 -0.17 -0.03 0.08

Corticospinal tract - FA -0.01 -0.05 -0.02 0.07 0.03 0.11 0.04 0.08

Uncinate fasciculus - FA -0.03 0.18 -0.01 -0.03 -0.06 -0.03 0.08 0.06

Inferior longitudinal fasciculus - FA -0.03 0.30 0.04 -0.03 -0.01 0.03 -0.06 0.11

Superior longitudinal fasciculus - FA -0.05 0.48 -0.07 -0.01 -0.05 0.03 0.04 0.17

Forceps major - FA -0.02 0.01 -0.02 0.02 -0.14 -0.21 0.05 0.12

Forceps minor - FA -0.06 0.01 -0.05 -0.01 -0.06 -0.06 0.18 0.02

Cingulum bundle - MD 0.11 -0.08 0.06 0.05 -0.03 0.04 -0.11 -0.21

Corticospinal tract - MD -0.04 -0.15 0.13 -0.01 -0.17 -0.17 0.06 -0.20

Uncinate fasciculus - MD 0.06 -0.14 0.15 -0.01 0.09 0.21 -0.05 -0.07

Inferior longitudinal fasciculus - MD 0.03 -0.12 -0.04 -0.01 0.30 0.23 -0.13 0.02

Superior longitudinal fasciculus - MD 0.09 -0.11 -0.05 -0.01 0.40 0.31 -0.10 0.05

Forceps major - MD 0.01 -0.16 -0.03 0.01 0.01 -0.05 0.03 -0.02

Forceps minor - MD -0.06 -0.17 -0.08 -0.03 -0.17 -0.27 -0.01 -0.22

ABCD = Adolescent Brain Cognitive Development; RI-CLPM = random intercept cross-lagged panel model; 
CLPM = cross-lagged panel model; W1 = Wave 1; W2 = Wave 2; W3 = Wave 3; LH = left hemisphere; RH = right 
hemisphere; FA = fractional anisotropy; MD = mean diffusivity.
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The bidirectional relationship between brain features and the dysregulation profile
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The bidirectional relationship between brain features and the dysregulation profile
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The bidirectional relationship between brain features and the dysregulation profile
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Chapter 6
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The bidirectional relationship between brain features and the dysregulation profile
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The bidirectional relationship between brain features and the dysregulation profile
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Table S6.8. Comparison of model fit between RI-CLPM and CLPM in Generation R

Brain region Model Degrees of 
freedom

AIC BIC Chisq Chisq 
difference

Pr 
(>Chisq)

Thalamus
RI-CLPM 87 17288 17512 1349.20

CLPM 90 17414 17622 1481.19 5.33 0.149

Caudate
RI-CLPM 87 14984 15208 1211.91

CLPM 90 15161 15369 1395.42 13.43 0.004

Putamen
RI-CLPM 87 17811 18035 1081.89

CLPM 90 17901 18108 1176.98 5.48 0.140

Pallidum
RI-CLPM 87 20399 20622 916.96

CLPM 90 20577 20785 1101.54 12.40 0.006

Hippocampus
RI-CLPM 87 16679 16903 1095.48

CLPM 90 17011 17218 1432.70 550.73 <0.001

Banks of the superior temporal 
sulcus

RI-CLPM 87 17067 17291 1120.92

CLPM 90 17170 17378 1229.50 9.95 0.019

Caudal anterior cingulate
RI-CLPM 87 16369 16593 1299.74

CLPM 90 16531 16738 1466.89 9.62 0.022

Caudal middle frontal
RI-CLPM 87 17880 18104 1189.42

CLPM 90 17946 18154 1261.53 4.27 0.233

Cuneus
RI-CLPM 87 17056 17280 990.98

CLPM 90 17375 17582 1315.74 9.24 0.026

Entorhinal
RI-CLPM 87 21048 21271 1023.39

CLPM 90 21289 21497 1271.16 21.52 <0.001

Fusiform
RI-CLPM 87 18162 18386 1052.44

CLPM 90 18325 18533 1221.75 17.29 0.001

Inferior parietal
RI-CLPM 87 16716 16940 1149.39

CLPM 90 16753 16961 1192.96 3.27 0.352

Inferior temporal
RI-CLPM 87 19424 19648 1198.88

CLPM 90 19518 19725 1298.17 6.33 0.096

Isthmus cingulate
RI-CLPM 87 15787 16011 1378.00

CLPM 90 15859 16067 1455.77 4.71 0.194

Lateral occipital
RI-CLPM 87 16329 16552 1440.73

CLPM 90 16529 16737 1647.32 10.66 0.014

Lateral orbitofrontal
RI-CLPM 87 18693 18916 1224.54

CLPM 90 18795 19002 1332.62 3.54 0.315

Lingual
RI-CLPM 87 16655 16879 1140.84

CLPM 90 17013 17221 1504.67 12.04 0.007

Medial orbitofrontal
RI-CLPM 87 19448 19672 1402.89

CLPM 90 19519 19727 1479.28 2.68 0.443

Middle temporal
RI-CLPM 87 18870 19093 1097.91

CLPM 90 18948 19155 1181.94 4.25 0.236
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Table S6.8. (continued)

Brain region Model Degrees of 
freedom

AIC BIC Chisq Chisq 
difference

Pr 
(>Chisq)

Parahippocampal
RI-CLPM 87 19113 19337 1061.63

CLPM 90 19569 19777 1523.48 24.02 <0.001

Paracentral
RI-CLPM 87 18896 19120 1212.85

CLPM 90 19040 19248 1363.38 4.72 0.194

Pars opercularis
RI-CLPM 87 17167 17391 1320.51

CLPM 90 17429 17637 1588.39 20.00 <0.001

Pars orbitalis
RI-CLPM 87 19430 19654 1125.20

CLPM 90 19459 19667 1160.23 2.43 0.489

Pars triangularis
RI-CLPM 87 17130 17354 1044.61

CLPM 90 17298 17506 1218.02 30.07 <0.001

Pericalcarine
RI-CLPM 87 18899 19123 991.23

CLPM 90 18972 19180 1070.40 6.66 0.084

Postcentral
RI-CLPM 87 16448 16672 1194.07

CLPM 90 16641 16849 1392.51 4.67 0.198

Posterior cingulate
RI-CLPM 87 15709 15932 1308.72

CLPM 90 15798 16006 1404.30 4.30 0.231

Precentral
RI-CLPM 87 17185 17409 1391.43

CLPM 90 17369 17576 1581.20 4.84 0.184

Precuneus
RI-CLPM 87 15563 15787 1265.07

CLPM 90 15620 15828 1328.08 4.46 0.216

Rostral anterior cingulate
RI-CLPM 87 16779 17002 1278.53

CLPM 90 16961 17168 1466.53 17.62 0.001

Rostral middle frontal
RI-CLPM 87 18198 18422 1407.25

CLPM 90 18270 18478 1485.34 3.84 0.279

Superior frontal
RI-CLPM 87 16783 17007 1253.92

CLPM 90 16807 17015 1284.11 1.76 0.623

Superior parietal
RI-CLPM 87 18252 18475 973.75

CLPM 90 18326 18534 1054.35 4.81 0.187

Superior temporal
RI-CLPM 87 17894 18118 1101.66

CLPM 90 17962 18169 1174.96 3.94 0.268

Supramarginal
RI-CLPM 87 16191 16415 1160.75

CLPM 90 16236 16444 1212.01 3.23 0.358

Frontal pole
RI-CLPM 87 22948 23172 1092.59

CLPM 90 23011 23219 1161.58 4.97 0.174

Temporal pole
RI-CLPM 87 23138 23362 1038.37

CLPM 90 23343 23551 1249.15 28.53 <0.001

Transverse temporal
RI-CLPM 87 16686 16910 1089.97

CLPM 90 16813 17021 1223.22 11.23 0.011

6
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Table S6.8. (continued)

Brain region Model Degrees of 
freedom

AIC BIC Chisq Chisq 
difference

Pr 
(>Chisq)

Insula
RI-CLPM 87 18310 18534 1283.11

CLPM 90 18480 18688 1458.74 7.98 0.046

Amygdala - LH
RI-CLPM 87 20623 20847 972.62

CLPM 90 20696 20904 1051.24 5.24 0.155

Amygdala - RH
RI-CLPM 87 20064 20288 1071.81

CLPM 90 20308 20516 1321.82 19.18 <0.001

Nucleus Accumbens - LH
RI-CLPM 87 21935 22159 1035.27

CLPM 90 22244 22452 1349.99 23.72 <0.001

Nucleus Accumbens - RH
RI-CLPM 87 21164 21387 1054.73

CLPM 90 21312 21519 1208.74 8.91 0.030

Cingulum bundle - FA
RI-CLPM 87 24855 25083 1126.64

CLPM 90 25436 25648 1714.34 35.94 <0.001

Corticospinal tract - FA
RI-CLPM 87 24569 24797 1237.91

CLPM 90 24607 24819 1282.10 2.32 0.508

Uncinate fasciculus - FA
RI-CLPM 87 24059 24287 1305.74

CLPM 90 24575 24787 1828.10 35.80 <0.001

Inferior longitudinal fasciculus 
- FA

RI-CLPM 87 23999 24227 1496.38

CLPM 90 24966 25178 2469.28 98.49 <0.001

Superior longitudinal fasciculus 
- FA

RI-CLPM 87 24439 24667 1575.99

CLPM 90 25090 25302 2233.65 55.43 <0.001

Forceps major - FA
RI-CLPM 87 24642 24870 1345.73

CLPM 90 25065 25277 1775.26 24.58 <0.001

Forceps minor - FA
RI-CLPM 87 25018 25247 1623.95

CLPM 90 25215 25427 1826.61 9.71 0.021

Cingulum bundle - MD
RI-CLPM 87 24183 24411 1128.64

CLPM 90 24649 24861 1600.40 59.99 <0.001

Corticospinal tract - MD
RI-CLPM 87 25211 25439 1379.03

CLPM 90 25232 25444 1406.34 1.90 0.594

Uncinate fasciculus - MD
RI-CLPM 87 23693 23921 1329.46

CLPM 90 23974 24186 1617.04 25.23 <0.001

Inferior longitudinal fasciculus 
- MD

RI-CLPM 87 22802 23031 1396.46

CLPM 90 22933 23145 1532.83 9.57 0.023

Superior longitudinal fasciculus 
- MD

RI-CLPM 87 21806 22034 1226.20

CLPM 90 22342 22554 1768.25 86.61 <0.001

Forceps major - MD
RI-CLPM 87 24754 24982 1186.62

CLPM 90 25059 25271 1498.06 13.49 0.004

Forceps minor - MD
RI-CLPM 87 25913 26141 1444.95

CLPM 90 26017 26229 1555.03 5.88 0.118

AIC = Akaike information criterion; BIC = Bayesian information criterion; RI-CLPM = random intercept cross-
lagged panel model; CLPM = cross-lagged panel model.
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The bidirectional relationship between brain features and the dysregulation profile
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The bidirectional relationship between brain features and the dysregulation profile
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The bidirectional relationship between brain features and the dysregulation profile
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The bidirectional relationship between brain features and the dysregulation profile
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The bidirectional relationship between brain features and the dysregulation profile
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The bidirectional relationship between brain features and the dysregulation profile
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The bidirectional relationship between brain features and the dysregulation profile
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The bidirectional relationship between brain features and the dysregulation profile
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The bidirectional relationship between brain features and the dysregulation profile

T
ab

le
 S

6.
15

. (
co

nt
in

ue
d)

C
ro

ss
-s

ec
ti

on
al

 
co

ef
fic

ie
nt

s 
W

1
Au

to
re

gr
es

si
ve

 c
oe

ffi
ci

en
ts

C
ro

ss
-l

ag
ge

d 
co

ef
fic

ie
nt

s

C
BC

L
M

R
I

C
BC

L 
->

 M
R

I
M

R
I -

> 
C

BC
L

Br
ai

n 
re

gi
on

W
av

e
ß

S.
E

.
p-

va
lu

e
ß

S.
E

.
p-

va
lu

e
ß

S.
E

.
p-

va
lu

e
ß

S.
E

.
p-

va
lu

e
ß

S.
E

.
p-

va
lu

e

Te
m

po
ra

l p
ol

e
W

1-
W

2
0.

0
6

0.
0

8
0.

45
4

0.
32

0.
18

0.
0

67
-0

.1
3

0.
17

0.
45

3
-0

.14
0.

16
0.

38
7

0.
01

0.
14

0.
95

4

W
2-

W
3

0.
37

0.
17

0.
03

0
0.

22
0.

11
0.

0
41

0.
0

4
0.

14
0.

79
3

0.
03

0.
0

8
0.

73
5

T
ra

ns
ve

rs
e 

te
m

po
ra

l
W

1-
W

2
-0

.0
9

0.
0

8
0.

24
2

0.
13

0.
42

0.
76

1
0.

85
0.

49
0.

0
88

-0
.0

2
0.

0
8

0.
83

0
-1

.6
7

2.
29

0.
46

5

W
2-

W
3

0.
34

0.
18

0.
05

3
0.

65
0.

10
<0

.0
01

-0
.0

4
0.

0
7

0.
52

3
-0

.2
0

0.
22

0.
37

8

In
su

la
W

1-
W

2
-0

.0
4

0.
0

6
0.

49
7

0.
36

0.
17

0.
03

4
0.

42
0.

24
0.

0
81

-0
.0

6
0.

0
8

0.
40

1
0.

40
0.

32
0.

21
3

W
2-

W
3

0.
36

0.
21

0.
0

93
0.

05
0.

23
0.

82
9

0.
14

0.
16

0.
35

7
0.

0
0

0.
21

0.
99

5

A
m

yg
da

la
 - 

LH
W

1-
W

2
-0

.0
6

0.
0

7
0.

45
5

0.
28

0.
18

0.
12

8
-0

.2
4

0.
26

0.
36

3
-0

.0
5

0.
15

0.
71

7
-0

.2
3

0.
26

0.
36

9

W
2-

W
3

0.
30

0.
21

0.
14

0
0.

30
0.

26
0.

25
5

0.
03

0.
14

0.
81

2
0.

21
0.

30
0.

48
3

A
m

yg
da

la
 - 

R
H

W
1-

W
2

-0
.0

1
0.

0
7

0.
88

5
0.

32
0.

17
0.

0
61

-0
.4

7
0.

44
0.

28
6

-0
.0

1
0.

15
0.

95
1

0.
0

0
0.

36
0.

99
6

W
2-

W
3

0.
35

0.
18

0.
05

7
0.

34
0.

14
0.

01
6

0.
10

0.
11

0.
35

4
0.

0
8

0.
17

0.
62

7

N
uc

le
us

 A
cc

um
be

ns
 - 

LH
W

1-
W

2
0.

0
2

0.
0

8
0.

76
4

0.
33

0.
17

0.
0

47
0.

0
8

0.
28

0.
77

4
0.

16
0.

13
0.

22
2

0.
28

0.
19

0.
13

4

W
2-

W
3

0.
35

0.
18

0.
05

5
0.

21
0.

19
0.

28
8

0.
27

0.
14

0.
05

7
0.

0
9

0.
12

0.
44

9

N
uc

le
us

 A
cc

um
be

ns
 - 

R
H

W
1-

W
2

0.
03

0.
0

7
0.

69
5

0.
33

0.
16

0.
0

42
0.

20
0.

20
0.

30
3

0.
14

0.
10

0.
17

5
0.

27
0.

21
0.

18
6

W
2-

W
3

0.
33

0.
20

0.
10

2
0.

0
8

0.
28

0.
76

2
0.

23
0.

18
0.

18
9

0.
17

0.
19

0.
38

9

M
od

el
 is

 c
or

re
ct

ed
 fo

r a
ge

, b
io

lo
gi

ca
l s

ex
 a

nd
 h

an
de

dn
es

s.
 C

oe
ffi

ci
en

ts
 re

pr
es

en
t w

it
hi

n-
pa

rt
ic

ip
an

t e
ff

ec
ts

. C
ro

ss
-s

ec
ti

on
al

 re
la

ti
on

sh
ip

s a
re

 o
nl

y 
pr

es
en

te
d 

fo
r W

1,
 a

s c
ro

ss
-

se
ct

io
na

l a
ss

oc
ia

ti
on

s 
at

 W
2 

an
d 

W
3 

re
pr

es
en

t c
or

re
la

ti
on

s 
be

tw
ee

n 
re

si
du

al
s 

an
d 

ar
e 

no
t s

tr
ai

gh
tf

or
w

ar
d 

to
 in

te
rp

re
t.

 C
BC

L 
= 

C
hi

ld
 B

eh
av

io
r C

he
ck

lis
t;

 M
R

I =
 M

ag
ne

ti
c 

Re
so

na
nc

e 
Im

ag
in

g;
 L

H
 =

 le
ft

 h
em

is
ph

er
e;

 R
H

 =
 r

ig
ht

 h
em

is
ph

er
e;

 W
1 =

 W
av

e 
1;

 W
2 

= 
W

av
e 

2;
 W

3 
= 

W
av

e 
3.

6

166007_Blok_BNW-def.indd   233166007_Blok_BNW-def.indd   233 14-07-2023   07:2914-07-2023   07:29



234

Chapter 6

T
ab

le
 S

6.
16

. R
an

do
m

 In
te

rc
ep

t c
ro

ss
-l

ag
ge

d 
pa

ne
l m

od
el

s 
fo

r c
or

ti
ca

l v
ol

um
e 

in
 G

en
er

at
io

n 
R 

(m
od

el
 2

)

C
ro

ss
-s

ec
ti

on
al

 
co

ef
fic

ie
nt

s 
W

1
Au

to
re

gr
es

si
ve

 c
oe

ffi
ci

en
ts

C
ro

ss
-l

ag
ge

d 
co

ef
fic

ie
nt

s

C
BC

L
M

R
I

C
BC

L 
->

 M
R

I
M

R
I -

> 
C

BC
L

Br
ai

n 
re

gi
on

W
av

e
ß

S.
E

.
p-

va
lu

e
ß

S.
E

.
p-

va
lu

e
ß

S.
E

.
p-

va
lu

e
ß

S.
E

.
p-

va
lu

e
ß

S.
E

.
p-

va
lu

e

Th
al

am
us

W
1-

W
2

0.
0

8
0.

05
0.

13
5

0.
40

0.
17

0.
0

20
0.

31
0.

23
0.

16
3

0.
0

4
0.

0
6

0.
52

2
0.

37
0.

28
0.

19
3

W
2-

W
3

0.
45

0.
16

0.
0

0
6

0.
12

0.
34

0.
72

9
0.

0
4

0.
11

0.
73

9
0.

38
0.

31
0.

21
8

Pu
ta

m
en

W
1-

W
2

0.
11

0.
0

9
0.

24
8

0.
41

0.
19

0.
03

3
0.

57
0.

22
0.

01
0

0.
03

0.
0

7
0.

68
7

0.
28

0.
33

0.
40

1

W
2-

W
3

0.
49

0.
13

<0
.0

01
0.

58
0.

16
<0

.0
01

0.
11

0.
0

6
0.

10
0

0.
01

0.
24

0.
96

0

Pa
ll

id
um

W
1-

W
2

0.
14

0.
0

8
0.

10
0

0.
37

0.
23

0.
10

8
0.

25
0.

37
0.

50
4

0.
0

2
0.

15
0.

89
4

0.
56

0.
43

0.
19

7

W
2-

W
3

0.
54

0.
13

<0
.0

01
0.

44
0.

10
<0

.0
01

-0
.0

3
0.

0
9

0.
73

2
-0

.0
7

0.
11

0.
55

7

H
ip

po
ca

m
pu

s
W

1-
W

2
0.

0
6

0.
05

0.
25

9
0.

44
0.

16
0.

0
0

6
0.

28
0.

13
0.

0
29

-0
.0

3
0.

0
6

0.
60

5
0.

33
0.

27
0.

21
2

W
2-

W
3

0.
51

0.
13

<0
.0

01
0.

14
0.

27
0.

61
0

0.
0

6
0.

0
9

0.
46

9
0.

10
0.

40
0.

80
8

Ba
nk

s 
of

 th
e 

su
pe

ri
or

 te
m

po
ra

l 
su

lc
us

W
1-

W
2

0.
0

0
0.

0
6

0.
96

5
0.

44
0.

16
0.

0
0

6
0.

03
0.

21
0.

89
6

0.
05

0.
0

7
0.

49
8

0.
51

0.
40

0.
19

6

W
2-

W
3

0.
46

0.
18

0.
0

0
9

0.
11

0.
65

0.
85

9
0.

14
0.

17
0.

38
9

0.
0

9
0.

70
0.

89
7

C
au

da
l a

nt
er

io
r c

in
gu

la
te

W
1-

W
2

0.
0

4
0.

0
6

0.
53

9
0.

40
0.

17
0.

01
9

-0
.0

6
0.

48
0.

89
8

0.
11

0.
0

8
0.

15
1

0.
68

0.
67

0.
31

0

W
2-

W
3

0.
43

0.
18

0.
01

8
0.

33
0.

38
0.

38
6

0.
0

8
0.

11
0.

47
6

0.
30

0.
61

0.
62

0

C
au

da
l m

id
dl

e 
fr

on
ta

l
W

1-
W

2
-0

.0
1

0.
05

0.
87

5
0.

45
0.

16
0.

0
0

4
0.

03
0.

20
0.

87
0

0.
0

7
0.

0
7

0.
33

5
0.

39
0.

32
0.

22
3

W
2-

W
3

0.
47

0.
19

0.
01

3
-0

.0
1

0.
67

0.
98

7
0.

16
0.

17
0.

35
4

0.
0

2
0.

50
0.

96
7

C
un

eu
s

W
1-

W
2

0.
01

0.
05

0.
90

7
0.

41
0.

18
0.

0
21

-0
.0

3
0.

19
0.

87
6

0.
0

0
0.

0
7

0.
95

9
0.

0
2

0.
57

0.
96

8

W
2-

W
3

0.
40

0.
19

0.
03

8
-0

.0
1

0.
53

0.
98

0
0.

0
8

0.
14

0.
54

4
0.

67
0.

73
0.

35
4

En
to

rh
in

al
W

1-
W

2
-0

.0
2

0.
0

6
0.

73
6

0.
37

0.
17

0.
03

6
0.

19
0.

14
0.

15
8

-0
.0

1
0.

10
0.

90
8

0.
0

9
0.

17
0.

57
1

W
2-

W
3

0.
39

0.
17

0.
0

22
-0

.2
1

0.
32

0.
51

5
0.

0
7

0.
15

0.
64

2
0.

45
0.

26
0.

0
83

Fu
si

fo
rm

W
1-

W
2

-0
.0

5
0.

0
8

0.
53

1
0.

40
0.

17
0.

01
8

0.
30

0.
21

0.
15

3
-0

.0
3

0.
11

0.
80

3
0.

28
0.

23
0.

22
9

W
2-

W
3

0.
44

0.
16

0.
0

05
0.

58
0.

13
<0

.0
01

0.
0

4
0.

0
7

0.
58

8
0.

0
8

0.
24

0.
72

9

In
fe

ri
or

 p
ar

ie
ta

l
W

1-
W

2
0.

0
0

0.
0

9
0.

95
9

0.
41

0.
17

0.
01

4
0.

67
0.

27
0.

01
4

0.
0

0
0.

0
7

0.
94

8
0.

10
0.

35
0.

76
5

W
2-

W
3

0.
47

0.
14

0.
0

01
0.

76
0.

10
<0

.0
01

0.
0

6
0.

05
0.

20
4

-0
.1

0
0.

24
0.

67
7

166007_Blok_BNW-def.indd   234166007_Blok_BNW-def.indd   234 14-07-2023   07:2914-07-2023   07:29



235

The bidirectional relationship between brain features and the dysregulation profile
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The bidirectional relationship between brain features and the dysregulation profile
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The bidirectional relationship between brain features and the dysregulation profile
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The bidirectional relationship between brain features and the dysregulation profile
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The bidirectional relationship between brain features and the dysregulation profile
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The bidirectional relationship between brain features and the dysregulation profile
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Figure S6.2. Distribution of raw CBCL-DP scores in both samples at each wave, (A) in Generation R and (B) 
in the ABCD study. Since two different versions of the CBCL were used in Generation R, the CBCL-DP has 
different ranges (range v1.5-5 at wave 1: 0-64, v6-18 at wave 2 and wave 3: 0-82). 
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The bidirectional relationship between brain features and the dysregulation profile

Figure S6.3. QQ-plots of the raw and transformed CBCL-DP scores, (A) in Generation R and (B) in the ABCD 
study

6
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Chapter 7

Abstract

Collaborative networks and data sharing initiatives are broadening the opportunities 
for the advancement of science. These initiatives offer greater transparency in science, 
with the opportunity for external research groups to reproduce, replicate, and 
extend research findings. Further, larger datasets offer the opportunity to identify 
homogeneous patterns within subgroups of individuals, where these patterns may 
be obscured by the heterogeneity of the neurobiological measure in smaller samples. 
However, data sharing and data pooling initiatives are not without their challenges, 
especially with new laws that may at first glance appear quite restrictive for open 
science initiatives. Interestingly, what is key to some of these new laws (i.e, the 
European Union’s general data protection regulation) is that they provide greater 
control of data to those who “give” their data for research purposes. Thus, the most 
important element in data sharing is allowing the participants to make informed 
decisions about how they want their data to be used, and, within the law of the specific 
country, to follow the participants’ wishes. This framework encompasses obtaining 
thorough informed consent and allowing the participant to determine the extent that 
they want their data shared, many of the ethical and legal obstacles are reduced to just 
monsters under the bed. In this manuscript we discuss the many options and obstacles 
for data sharing, from fully open, to federated learning, to fully closed. Importantly, we 
highlight the intersection of data sharing, privacy, and data ownership and highlight 
specific examples that we believe are informative to the neuroimaging community.
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Data sharing in neuroimaging research

Introduction

The word “data” is the plural form of the Latin word datum, meaning “a thing given.” 
This definition is very appropriate in human subjects research, as participants are 
giving (actually entrusting) researchers something of themselves, which researchers 
in turn collect and store (as data) to be used to address important questions in science. 
In many cases, these “things given” by the participants result in no direct benefit to the 
individual themselves, but there lies the hope that it may help others. Indeed, within 
the larger scope of medical research, the use of these “things given” (data) has resulted 
in immense progress over the past century in preventions, cures, and in the treatments 
of a myriad of conditions. Just two widely known examples include the links between 
smoking and cardiovascular disease249 and cancer;250 and the links between low folate 
during pregnancy and the increased risk of neural tube defects.251 However, these are 
just a drop in the bucket of how medical research has resulted in improving the health 
and well-being of the population. Translating research for the benefit of the population 
would be very challenging without participants entrusting researchers with their data.

In addition to the dramatic progress over past century in the manner in which data has 
been used, there have also been considerable advances in the methods of study design, 
data collection, and data analyses and importantly, dramatic changes in the ethics of 
human subject data.252, 253 Recent advances have not only involved the creation and 
improvement of treatments and preventive care, but also the cessation of treatments or 
programs that either do not work, or worse, are harmful to patients. Thus, these “things 
given” have resulted in much that is good and very beneficial for others. At the same 
time that study participants are providing their data for research, there has also been 
dramatic progress over the last decade with researchers beginning to “share” these 
“things given” (data) with other researchers. Within human subjects research, large 
data sharing or data pooling initiatives have been especially prominent in the fields 
of genetics, neuroimaging, and the combination of the two.254-256 These data sharing 
initiatives help advance the process of scientific discovery through increasing sample 
sizes, which allows for greater precision and the ability to measure smaller effects, 
although smaller effects can also be associated with either smaller biological effects 
or potentially confounding factors.257 Larger sample sizes also offer the ability to parse 
the considerable heterogeneity of the population into more homogeneous groups. This 
may be beneficial in increasing the specificity of the underlying neurobiology of specific 
characteristics or illnesses or to develop more individualized reference models.258 
Larger sample sizes will offer the opportunity to apply more sophisticated statistical 
models to the data,259 since most biological processes have non-linear and stochastic 
mechanisms.109 In addition, data sharing initiatives open the door for reproducibility, 
replication, and increased transparency.260

7
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Typically, when you give something away, that which was given is no longer yours, but 
rather belongs now to the person who received the gift. Researchers and universities 
often hold the view that the data “belongs” to them, they have received the gift and 
are now the true owners of the data. Funding agencies in the United States consider 
institutions to be the owners of the data. However, the question regarding ownership 
of data is quite complex and, as discussed below, recent laws such as the European 
Union (EU)’s general data protection regulation (GDPR) are giving more rights to the 
individuals who are participating in studies.261

The GDPR went into effect on May 25, 2018 and involves data privacy laws involving the 
storage, transfer, and sharing of data, both within and outside the EU and extending to 
the European Economic Area. The GDPR places greater responsibility on institutions to 
safeguard the privacy of personal data, such as assuring that there is a data controller 
to monitor data security. In addition, the GDPR’s “Privacy by Design” requires that 
the safeguarding of data should be discussed and implemented during the design 
phase of the study. Contrasting the GDPR with laws in the United States, the GDPR 
provides regulations that extend broadly to all personal information, whereas personal 
information in the United States falls either under the Common Rule or the Health 
Insurance Portability and Accountability Act (HIPAA). These are described in more 
detail later.

There has been a paradigm shift over the last decade with respect to data ownership, 
partially driven by recent events in which personal data was used without consent of the 
individuals for monetary or political motives. These events that received considerable 
media coverage highlight the importance of big data.262 However, these recent events 
also highlight the importance of the conscientious and ethical use of human subjects 
data, fostering a culture of data sharing for the benefit of the population, while 
also protecting the privacy of the individuals who are participating in the studies. 
Different institutions and countries have differences in their approach to balancing 
data protection and data sharing and researchers need to work within the borders of 
the laws of the countries where they reside. Within this context, it is the goal of this 
manuscript to provide information on the opportunities, obstacles, and challenges 
related to sharing human subjects data. While we focus specifically on the sharing of 
neuroimaging data, many of the points discussed can extend to other types of data 
elements. One key element present in privacy laws, including the GDPR and the HIPAA, 
involves the right of the individual to make decisions regarding their own data. Within 
the context of obtaining thorough and transparent informed consent or assent from 
our participants, we discuss whether certain regulations, such as the GDPR and HIPAA 
are truly monsters, or merely monsters under the bed.
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Fully anonymized versus de-identified data

Within the framework of privacy protection, the degree of anonymization of the data is 
an important consideration and thus is an aspect incorporated in privacy regulations. 
Different rules apply to data, which are dependent on whether the data is considered 
personal data, fully anonymized or de-identified. Fully anonymized data has all 
personalized data removed, is given a separate identification code, and the key between 
the fully anonymized dataset and any path back to the original data is deleted such 
that it would be extremely difficult to trace the data back to an individual. However, 
depending on the type and amount of data, machine learning algorithms could, within 
a specific probability distribution, trace back to a specific individual.

Typically, fully anonymized data can be shared without the consent of an individual. 
However, there are a set number of criteria that need to be met before data can be 
considered fully anonymized. These include taking actions to prevent the possibility 
of tracing, linking or deducing individuals from the data. Each variable or combination 
of variables that could reasonably be used to identify an individual should be taken 
into account. For example, low rates of specific ethnic minorities in combination with 
other variables, such as age and gender, could be used to re-identify individuals. Also, 
more rare medical conditions coupled with other demographic features could be used 
to re-identify individuals. Within this context, there has been recent concern that 
large datasets with multiple variables cannot truly be anonymized. By merging with 
other large databases, algorithms can predict within a certain error margin, whether a 
specific dataset belongs to a certain individual. Thus, for some large datasets it may be 
best consider the dataset in the de-identified category when large numbers of variables 
will be shared.

Within the GDPR a clear distinction is made between personal data, de-identified 
data, and fully anonymized data. Personal data refers to data that can directly 
define the identity of an individual, such as the name, date of birth, or the address 
of the individual. Within the HIPAA protected health information (PHI) is defined as 
“individually identifiable health information.” This includes demographic and data 
related to: (1.), the individual’s past, present or future physical or mental health or 
condition; (2.), the provision of health care to an individual; or (3.), the past, present, 
or future payment for the provision of health care to an individual and that identifies 
the individual or for which there is a reasonable basis to believe can be used to identify 
the individual (45 C.F.R. § 160.103). Examples of PHI are individual’s names, birth dates, 
and genetic information.

De-identified data means that the personal data is stripped from the dataset and the 
individuals are given a unique identification number, that is, the age of an individual is 

7
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provided without the date of birth. However, for de-identified data a key remains which 
can be used to link the de-identified data back to the personalized data.

The data can be considered de-identified when identifiers are replaced by artificial 
identifiers, so that the data cannot be linked to individuals by third parties. The 
possibility of encryption remains, the host researchers/data managers are allowed to 
have the key, which serves as the link between data and individuals. Importantly, the 
receivers of the data being shared also play a key role here, because they should agree 
to not attempt to re-identify individuals, and, as such, terminology along these lines 
should be included in the data use agreement.

Privacy

Privacy concerns have only increased since the initial cautionary tales of the Netflix 
competition in which competitors inadvertently re-identified individuals from 
anonymous datasets (Netflix Prize Privacy Concerns: https://en.wikipedia.org/
wiki/Netflix_Prize#Privacy_concerns) and the example of genetic reidentification 
from datasets anonymized per NIH guidelines.263-265 Privacy regulations are rapidly 
changing, including the GDPR, the California Consumer Privacy Act (CCPA), and 
policy restrictions across Asian countries. Projects such as the decentralized internet266 
and differential privacy, such as used by Apple267 and the 2020 U.S. Census268 have 
entered public discourse. Differential privacy involves adding characteristic noise, 
often noise fitting a Laplacian distribution, in order to prevent the re-identification of 
individuals.269, 270 However, for group analyses with large sample sizes, the noise will 
be filtered out as the residuals.

Examples of re-identification, such as highly accurate identification via facial 
reconstruction271 and machine learning identification from generative models272 
challenge the technical and legal adequacy of the de-identification release-and-
forget model, spurring calls for additional privacy guidance.273 Other issues specific 
to neuroimaging data, such as personal identifiers in the DICOM header, should be 
removed prior to data sharing. Generally shared de-identified or anonymized data is 
downloaded from a hosted site, whether the servers are located at a specific university 
or in the cloud. It is possible for researchers to obtain some study data, that is, Human 
Connectome Project data, via an encrypted hard drive that is mailed. However, given 
the sheer quantity of data available, image processing for large studies will require 
supercomputing facilities, which may include commercial cloud-based facilities. With 
the proper safeguards and data agreements, cloud-based computing will be equally as 
safe as an encrypted hard drive with a strong password that is behind locked doors.
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In light of the possibility to re-identify individuals based on the facial reconstruction 
from high-resolution structural MRI data, there have been a number of software 
packages that are able to “de-face” MR images.274, 275 Thus, for data sharing of high-
resolution structural MRI images it is important to first remove or blur the surface-
based features in the images. While programs that remove the possibility of re-identify 
individuals based on their surface anatomy, they may reduce the image quality for 
downstream pre-processing algorithms.276

Separate from structural neuroimaging data, other neuroimaging modalities (EEG, 
magnetic resonance spectroscopy, magnetoencephalography (MEG) do not lend 
themselves to easily identifying individuals. The exception would be in the case of 
artifacts, such as a specific seizure disorder in EEG data which could be then coupled 
with other data to potentially identify an individual. The spatial resolution of both 
diffusion tensor imaging and functional MRI is continuously increasing, which many 
allow for facial characteristics to be identified and thus these high-resolution DTI and 
fMRI images should also undergo defacing. While there is support that individuals 
have characteristic patterns of functional brain connectivity, known as functional 
connectome fingerprinting, these have not been used to identify individuals.277 Finally, 
in our longitudinal study of child development,57 we give children several photos of 
their brains (i.e., sagittal midline slice from the structural MRI) following their session, 
of which we have learned that some of the children have placed on social media. Thus, 
even removal of facial features from an MRI scan may not completely ensure privacy.

Missed opportunities

Within neuroimaging there are considerable missed opportunities for data sharing: 
thousands of studies with data collected from valuable populations did not include 
data sharing language within their consent forms and some IRB and medical ethics 
committees are refusing to allow these data to be shared. In general, and across 
most countries, consent from the participants is necessary prior to the sharing of 
de-identified data. While it may be possible for researchers to design their study and 
inclusion criteria to include only those participants who are willing to share their data, 
for clinical studies, this may result in a selection bias. However, this same selection 
bias would be present when only data with consent to share data, is shared. Thus, 
especially for clinical studies, an indication of the representativeness of the participants 
included in the data sharing initiative should be provided. The representativeness can 
be illustrated by comparing the demographic and clinical information of those who 
chose not to share their data compared to those who are willing share their data. While 
this will provide an indication of representativeness between those willing and not 
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willing to share their data, it does not account for representativeness as a result of 
potential biases during the inclusion phase of the study (i.e., selection bias).

NIH program officers have raised concerns regarding reanonymization attacks,278, 279 the 
importance of security-hardening of software tools, and privacy protection. Entering a 
data use agreement (DUA) can help mitigate these issues, but setting up a DUA is often 
a cumbersome process, requiring multiple agreements (one per site and sometimes 
even one per researcher, including institutional sign-off), discouraging potential users 
and still providing no more than a trust-based protection of the data. Nevertheless, in 
spite of the obstacles, many forms of data sharing are taking place and the benefits of 
these efforts have been seen.260

Data ownership

Data sharing is intimately tied to data ownership. However, the question of who is the 
actual owner of research data is complex; yet understanding this question is crucial 
from the perspective of data sharing. Whoever owns the data has control over the data, 
its dissemination, and the timing of dissemination.280 There are many parties who 
stake a claim for ownership; including academic institutions, researchers, funding 
agencies, and journals that are more and more requesting that the data supporting 
the articles be uploaded.281 In many cases, both in Europe and North America, it is the 
academic institutions that claim ownership of data from sponsored research projects.282 
In many cases of government sponsored projects, that is, the U.S. National Institutes 
of Health, are considered the owners of the data. With the funding of the sponsored 
project, the academic institutions are then contracted to collect, clean, and to serve as 
the custodians of the data.282 The university agrees to comply with specific regulations 
regarding the ethical collection, storage, sharing, and use of the data. The last decade 
has seen a paradigm shift with a number of federal government funding institutes (i.e., 
the National Institutes of Drug Abuse (NIDA) and the National Institutes of Mental 
Health (NIMH)) have laid requirements for data sharing for research that they fund. 
For example, the perspective of the NIH for nearly two decades has been that “all data 
should be considered for data sharing”.283 Researchers submitting applications have 
yearly direct costs greater than $500,000 are required to submit a data sharing plan, 
with the release of the data coinciding with the publication of the main findings of the 
study. Similarly, the EU’s Human Brain Project also has a major component involving 
data sharing. Under the recent Horizon 2020 call, as far as possible, research data 
should be made available to “access, mine, exploit, reproduce, and disseminate (free 
of charge)” research data.261
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There has been little discussion in the literature of the participants themselves being 
the true owners of their research data. Yet one of the strongest messages inherent in 
the EU’s GDPR is that individuals have much more control of their own data. This is 
best highlighted in the GDPR law that entails the individuals to have the “Right to 
be Forgotten.” The “Right to be Forgotten” essentially means that an individual can 
request that their complete paper and electronic research history be “erased” for a 
specific organization.284 When an individual participant living within the EU invokes 
their “Right to be Forgotten,” any personal and de-identified data are then erased 
or destroyed. It could be argued that if an individual has the right to have their data 
removed or destroyed, that they are the “true owners of their data.” However, the GDPR 
“Right to be Forgotten” does not apply to any fully anonymized data that has been 
released. Fully anonymized data would not contain the coded link, which would allow 
the data to be traced back to a specific individual.

Understanding who are the rightful owners, and who are the custodians of the data is 
beneficial to know how we go about data sharing. In most cases, de-identified human 
subject’s data, including neuroimaging and its associated meta-data, cannot be shared 
without adequate consent that specifically states that the data can be shared. However, 
it is the researchers who write the consent forms and thus can ultimately control, to 
some extent, the opportunities for data sharing. A consent form written that precludes 
the option for data sharing dramatically limits the ability for sharing to occur, although 
if it’s possible to fully anonymize the data, then sharing is possible in most situations. 
Thus, it is important that the opportunity for data sharing be given to the participants 
via consent, and when applicable, assent, so that they can make the decision whether 
they, with the optimal data protection under the law, want to share their data or not.

Under some laws individual participants can request their own data and personally 
share it. However, this would require considerable organization and knowledge of 
how the data are organized. That said, mechanisms are emerging, such as “Open 
Humans”285 that allow research participants, after obtaining their own data, to allow 
it to be uploaded to a site in which the participants receive requests when researchers 
would like to access their data to address specific questions. Initiative such as “Open 
Humans” are highlighting the potential paradigm shift related to the ownership of 
personal data moving in the direction of the owners being those from whom the data 
were originally derived. While the topic of data ownership is complex, it is a crucial 
element that should be discussed in the context of data sharing.
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Opportunities for data sharing

The brain is a highly complex organism housing billions of neurons and trillions of 
synapses that have the ability to orchestrate a beautiful symphony of social, cognitive, 
and emotion functions. Within this backdrop, there is no question that it takes 
teamwork to understand the brain from the sub molecular to the gross anatomical 
level. This is supported by the recent increase in both large scale studies that make the 
data openly available to researchers and consortia which pool many smaller studies 
for either meta- or mega-analyses.

The fields that have been at the forefront of data sharing or data pooling initiatives 
are those fields in which (1.) data can be easily harmonized; and (2.) large sample 
sizes are necessary and potentially available to address specific questions. Thus, it is 
not surprising that within medicine, it is the field of human genetics that has been 
at the forefront of these initiatives, followed closely by the field of neuroimaging. 
The combination of neuroimaging and genetics, coined “imaging genetics” has 
also emerged, with the Enhancing Neuro Imaging Genetics through Meta Analyses 
(ENIGMA) consortium playing a leading role in this initiative.256 Fields such as 
epidemiology, which also benefit from larger sample sizes, lag behind in data sharing 
initiatives partly due to the complexities in harmonizing the different approaches to 
measure environmental variables.286, 287

The opportunities for data sharing can best be portrayed in those studies or initiatives 
that have been very successful, with success being defined as contributing positively 
to the advancement of knowledge. One well known and successful approach for 
data sharing within a collaborative network involves the ENIGMA consortium.256 
In the ENIGMA model, the approach which allows the largest participation involves 
sharing pre- and post-processing analysis scripts with the group. Results from each 
participating site are then returned to the site leading the analysis in order to conduct 
a meta-analysis (e.g., Kelly et al., 2018288). This provides a powerful way to leverage data 
from around the world and has received wide adoption by the community. Moreover, 
performing analyses at a centralized site has the benefit of being able to work within 
local or regional restrictions, whether defined by law or by the facility. However, such 
metaanalytic approaches are limited to low dimensional analyses (such as volumetric 
analyses) and do not yet enable the use of voxelwise, surface-based, or iterative 
machine learning analyses (i.e., those that perform iterative analyses using the entire 
dataset). To accomplish the latter, for the subset of sites that are able to have their data 
centralized, data can be pooled in order to perform mega-analyses.289

There are also data sharing initiatives in which neuroimaging data collected by many 
different studies is retrospectively made anonymous and pooled. Examples include 
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the Autism Brain Imaging Data Exchange (ABIDE I and II),290 1,000 Functional 
Connectomes,291 Consortium on Reliability and Reproducibility,292 the REST-meta-MDD 
consortium293 and the Healthy Brains Consortium.294

Funding agencies have also been instrumental in pushing for and funding a number of 
large studies of which data sharing is a key element. From the United States the most 
common include the Human Connectome Project,295, 296 Baby Connectome Project,297 
Alzheimer’s Disease Neuroimaging Initiative,298 Longitudinal Study of Adolescent Brain 
Cognitive Development or the ABCD study,87 MIND Clinical Imaging Consortium,299 
COBRE,300 Pediatric Imaging, Neurocognition, and Genetics Study,301 Philadelphia 
Neurodevelopmental Cohort,302 and Infant Brain Imaging Study;303 from the United 
Kingdom the UK Biobank has the goal to release neuroimaging data from 100,000 
participants,304 and the EU Human Brain Project305 has data sharing as a key element of 
the grant. The NIMH currently mandates data sharing (with an institutionally signed 
DUA306) for almost all funded studies (there are some notable exceptions to this in 
the case of extremely sensitive data which might lead to the ability to re-identify an 
individual).

A spectrum of sharing

Data sharing of neuroimaging data can be considered to lie on a spectrum; ranging 
from fully open to completely closed. While the “open science” philosophy typically 
suggests that researchers should share as much data as possible, sharing can also be 
done on a smaller scale, depending on the goals. There is a broad-spectrum of goals 
for which data can be shared. At one end of the spectrum data can be shared solely for 
reproduction (i.e., sharing only the data and code necessary to rerun the analyses to 
reproduce the results). In the middle of the spectrum, a subset of data can be shared 
that allow others to replicate findings from other studies (i.e., re-running analyses). 
Finally, on the other end of spectrum is sharing all data obtained from a study. The 
latter allows researchers to address questions that have not been addressed before.

Table 7.1 lays out the trade-offs that are present in the existing spectrum of data 
sharing. At one end is the sharing of peak coordinates. These are often extracted 
from existing manuscript tables, but may also be provided for specific individuals 
to provide more accurate information. This enables meta-analytic approaches to be 
performed by combining experiments and studies.307 However, regions that did not 
reach statistical significance in the original analyses will not be included in this meta-
analytic approach. The next level is to share unthresholded308 or network maps,309 which 
allows for voxelwise or connectivity analyses to be done even for regions that did not 
achieve significance in the original study. Multivariate and other advanced analytic 
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approaches have the ability to extract a remarkable amount of information from 
these highly distilled features, for example, intrinsic networks can be captured from 
covariation among individual datasets.310, 311 However, both of these approaches, though 
more informative and useful than peak results, still provide relatively low information 
relative to the raw data.312 In addition, these approaches involve retrospective storage 
of completed studies and do not allow for novel subject-level models to be run on the 
time series data.

Table 7.1. A sampling of sharing approaches and their trade-offs

What is shared Centralized 
full data

Centralized 
individual 
features

Voxel-based 
and machine
learning

Infor-
mation 
content

Compute 
load

Custom
subject-level 
models

Privacy

Nothing No No No None None No Highest

Privatized 
intermediates (e.g., 
COINSTAC313)a

No No Yes High Med-
lowb

Yes Higherc

Intermediates 
(e.g., COINSTAC313)

No No Yes High Med-
lowb

Yes Highc

Group coordinates 
(e.g., Brainmap307)

No No Yes Low Low No Highd

Features 
(e.g., dataShield314

No Yes Yes Med-
high

Med-low Yes Med-
highc

Data (temporarily) 
(e.g., ViPAR315)

Yes 
(private)

Yes Yes Med-
high

Med-
high

Yes Highc

Group maps 
(e.g., neurovault308)

No No Yes Med-low Med-low No Highd

Meta data 
(e.g., ENIGMA256)

No No No Med-low Med-low Yes Med

Mega data 
(e.g., ENIGMA256)

Yes Yes Yes Med Med Yes Med

Preprocessed data Yes Yes Yes High High Yes Med

NIfTI data Yes Yes Yes High High Yes Low

DICOM data Yes Yes Yes High High Yes Low

Everything Yes Yes Yes Highest Highest Yes Lowest

a One can use decentralized algorithms which also include additional privacy protection by, for example, 
adding structured noise to the derivatives before they are sent to the aggregator (e.g., differential privacy). 
b Because COINSTAC preprocessing for a given site can be pre-computed once, the computational demands 
for subsequence analyses can be much lower (e.g., if one wants to incorporate a remote large N dataset with 
a local smaller N dataset). c Derivatives are privately aggregated. d It has been shown that in multiple cases, 
even group averages can reveal unanticipated information about the individual.
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The next level of sharing involves building consortia to analyze previously collected 
data as a group, often without sharing of the raw data. ENIGMA consortia256 have been 
highly successful in creating a culture of sharing built primarily around distributing 
a common set of scripts which are run locally. The results run locally (e.g., analyses 
involving volumetric MRI data) are then shared for centralized meta-analysis. In some 
cases, if allowable, raw or preprocessed data can also be shared, these can then be used 
for mega-analyses.

Pooling results for meta-analyses has the major advantage that data is analyzed 
locally and thus it is not necessary to share individual data. Moreover, it does not 
require advanced analysis methods to account for clustering-effects within cohorts. 
However, sharing of the individual datasets can be extremely beneficial for numerous 
reasons, including increasing sample size,316 better performance,289 greater flexibility 
in controlling for confounders and the ability to parse heterogeneous groups to better 
understand the underlying neurobiology. While certain analyses cannot be applied to 
small datasets, pooling these smaller datasets expands the opportunities to address 
specific questions and to assess the replicability of the findings.

There are also some drawbacks of pooling datasets for mega-analyses. Differences in 
data-acquisition protocols and MR platforms introduce noise in the data. However, 
from a clinical perspective, it is critical that findings are robust enough to be detectable 
across scanners and protocols. When comparing results of meta- and mega-analyses, 
the two are fortunately quite similar.317 In addition, iterative meta-analyses can be 
identical to mega-analysis.318 However meta-analysis are limited in that it is inefficient 
to add additional features that were not originally included in the distributed scripts 
to the different sites. Further, meta-analyses do not allow iterative approaches that 
require access to the first level data. Beyond this, mega-analyses have the advantage 
of an increased power to detect differences, which is especially important when there 
are non-significant associations at individual sites.289 If certain associations reach 
sub-threshold significance at individual sites, they will not be taken into account in 
the pooled meta-analysis, whereas in a mega-analysis, those associations might be 
discovered, simply because of the increased power.

Approaches for decentralized sharing provide a way to “thread the needle” between 
privacy and openness. Approaches like data SHIELD314 enable analysis of centralized 
pre-computed features and another approach called ViPAR (virtual pooling and analysis 
of research data) leverages federated databases to provide temporal pooling of the 
actual data for analysis.315 The collaborative informatics and neuroimaging suite toolkit 
for anonymous computation (COINSTAC313; https://github.com/trendscenter/coinstac) 
tool and approach goes a step further in offering fully decentralized (and potentially 
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privatized analysis), allowing the data to remain local at the site of collection, by 
leveraging local compute resources for each site’s data. This allows researchers to draw 
conclusions from large scale data without the need to have full control over the samples 
or aggregating them in a central place. An ongoing project (http://grantome.com/
grant/NIH/R01-MH121246-01) is focused on combining the ENIGMA and COINSTAC 
approaches together, offering a powerful approach that leverages a large and active 
consortium with a decentralized analysis approach that offers advanced and high 
dimensional approaches to data that is unable to be centrally shared.

Decentralized analysis such as COINSTAC provide a way to offer access to datasets 
that are not currently shareable due to regulatory or other concerns. However, another 
important use case is the ability to link external data sources (e.g., a large, curated 
repository of data) to local data without requiring a huge amount of local storage. 
The current “big data in neuroscience” era has led to, in some cases, an “analytic 
bottleneck,” with some groups being unable to leverage the necessary compute 
resources, despite the availability of cloud based analytic workbenches and repositories 
such as NDA, brainlife.io, OpenNEURO, COINS, and many others.319 Often there is a 
need to compare across datasets that are not centralized, but do allow for common 
references to be rapidly updated and used and to enable these data to be quickly 
combined with (potentially unsharable) local data. Assuring that the shared data has 
the optimum data quality, or including metrics that allow users to understand the 
underlying quality of pre-processed images189, 320 is important to reduce noise-related 
variability and to increase power.321

At the other end of the spectrum are fully open approaches mentioned earlier that 
share the preprocessed data, NIfTI files (avoiding potential privacy issues included 
in the DICOM file headers) or the DICOM files. This is the best option for research 
groups that focus on creating novel neuroimaging methodologies and require the raw 
DICOM or NIfTI neuroimaging data, as they will need software and computational 
power (i.e., GPUs) to run their algorithms). An early example of an fully open approach 
is the OpenfMRI Project,322 which provided an open dissemination of task-based 
functional neuroimaging data. OpenfMRI has since been depreciated and has migrated 
to OpenNEURO (openneuro.org), which provides a platform for sharing not only MRI 
data, but also other imaging modalities. However, sharing data within OpenNEURO has 
the requirement that, following a 36-month grace period following the first successful 
analysis of the data, the data will be become publicly available under a Creative 
Commons (CC0) license. Thus, under some regulations and certain countries, the data 
would need to be fully anonymized prior to being uploaded.
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While there are many challenges of data sharing, sharing data alone is often not 
sufficient. Neuroimaging data can be highly complex and different groups have 
traditionally come up with their own approach to naming and storing data. However, 
the combination of the complexity of neuroimaging data, coupled with data sharing 
can result in groups spending a considerable amount of time becoming acquainted with 
how the data is structured. Thus, the creation of standardized approaches for naming 
and storing data, such as the Brain Imaging Data Structure (BIDS),323 is becoming 
increasingly adopted in the neuroimaging community. BIDS provides a mechanism 
to organize both NIfTI image and metadata in a uniform structure (both a uniform 
tree structure, naming of the data elements, and the coding of metadata) across 
datasets. The utilization of standardized approaches can dramatically reduce the time 
necessary to understand the nature of the data and to reduce the number of errors due 
to misunderstandings surrounding the data. In addition, increasingly more databases, 
such as OpenNEURO,324 and tools for validation and data analysis packages are nested 
within the BIDS format, creating a greater incentive to be used by future researchers.

When the goal of sharing is reproduction, it is important to share not only the data, but 
also the scripts used to analyze the data. Pure reproduction can only be established 
with detailed information on the coding of variables, the approach to missing data and 
how the analyses were performed. In these cases, it may be important to share not only 
the data that has been used for the analyses, but also the data that was excluded from 
the analyses. While not optimal, new techniques provide algorithms that can be used 
to simulate data similar to the data used in the specific studies.325 This simulated data 
can then be used for other researchers to run the scripts on the simulated data, without 
gaining access to the actual data.

Sharing of scripts/code is good, but it is also not sufficient. Code is often complex and 
is constantly undergoing changes and updates. Versioning approaches like GitHub 
can help with tracking the versions used, but beyond this it would be beneficial to 
have tools that would enable recording the full provenance of the analyses, including 
code. Both code and data could be stamped with a unique doi, for example, including 
information about the computer used and each process having a timestamp. Even just 
the analysis pipeline is incredibly complex, initiatives like the neuroimage data model 
are working to try to incorporate standardized provenance tracking into the major 
analysis packages.326, 327

Obstacles for data sharing

Funding agencies are nearly unanimous in their support of data sharing. With 
appropriate consent and, if necessary, assent, participants can determine whether they 
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wish to have their data shared or not. Thus, the greatest obstacle for data sharing lies 
not with the participants, nor with the funding institutions, nor with legal aspects 
related to data sharing, but rather with the researchers. One obstacle for researchers is 
that it requires considerable work to do it well and there is currently very little credit or 
compensation for data sharing. Shared data needs to be carefully curated and described 
in ways that other researchers can use the data properly,328 which is above and beyond 
the standard work load. Research careers are primarily evaluated on the number, 
quality and impact of papers published; and the acquisition of grant funding, where 
the acquisition of grant funding is dependent on the number, quality and impact of the 
publications. There are a number of valid concerns raised by researchers related to data 
sharing, however, for every concern there is a feasible solution (Figure 7.1). 

Funding agencies
Pros:

• Better return for their money
• Increased number of scientific discoveries

Cons:
• Data sharing requires extra financial resources

Researchers
Pros:

• Can address scientific questions not possible with data from a single lab
• Allows researchers without the financial resources to conduct neuroimaging

studies to analyze the data 
• Fosters collaboration
• Data paper citations
• Recognition from peers for data sharing
• Seeing fruits from data collection

Cons:
• It requires considerable work to prepare the data for sharing
• Other researchers can scoop us with the data we’ve collected
• Other researchers receive credit for your work
• Other researchers might get grants instead of you to work with your data

Public
Pros:

• Quicker scientific advances
Cons: 

• The data can be used to re-identify individuals
• The data can be used for harmful purposes

Data Sharing

Researchers

Funding
Agencies

Public

Figure 7.1. The pros and cons of data sharing from the perspective of funding agencies, the public and re-
searchers
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Data sharing requires considerable work and there is currently little credit for data sharing. 
Data collection takes considerable time and effort to assure that the quality of the 
data is high and the data is properly cleaned and used appropriately. Researchers are 
evaluated not on data sharing, but rather based on publications and grants, thus there is 
less incentive to engage in the considerable effort necessary to make a dataset available 
for sharing. Solution: Creating a mechanism that provides credit for researchers who 
make their data available to other researchers. This could be via a similar metric as a 
weighted “h-index” for data sharing (share-index), weighted by the amount or type 
of data that are made available. Researchers who use the data would then provide a 
data citation for the shared dataset and these could be used for promotion, tenure, and 
metrics used in decisions for grant funding.

Since researchers currently receive credit for the number of papers, one current 
approach to receive credit for data pooling initiatives is through authorship. This form 
of credit is highlighted by the increase in publications with over 200 authors. While 
the large number of authors may dilute the impact of those authors contributing the 
most work, without rewarding via authorship would likely impair initiatives such as 
the ENIGMA consortium. With the high impact of the ENIGMA papers, most journals 
provide a mechanism for allowing a large number of co-authors. However, separating 
the names into “authors” and “contributors,” while providing equivalent credit for 
both, would provide a mechanism to credit those authors who did most of the work. 
Currently, crediting those authors who did most of the work or who play a major role 
in the consortium is accomplished via the order of the authors at the beginning and 
end of the author list.

It is also possible to cite datasets as well as data papers, that provide a description 
of the data and metadata within a dataset. There are a growing number of journals 
that welcome data papers, such as Nature - Scientific Data and GigaScience, and thus 
creating a mechanism in which credit is received for citations of data papers or datasets 
could provide a mechanism to help foster data sharing. An example of making data 
open access for researchers, coupled with the data and metadata involves a multimodal 
7-Tesla study that includes structural, diffusion-weighted, susceptibility weighted, and 
functional MRI while watching the movie “Forrest Gump.”

Other researchers will scoop us with data that we collected. Assuring that the quality of the 
data is high and the data is properly cleaned and used appropriately is time consuming, 
but extremely important. Data sharing requires that those who use the data have a 
good understanding of the key variables, including the nuances of the data. If the data 
is released relatively quickly after collection, other groups may access the data and 
publish prior to those who actually have collected the data. Junior investigators are 
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especially at risk, as they typically need more time to analyze and write the papers. 
They also may be busy curating other data or involved in course work, which would 
slow down the process of publishing. If a different group publishes first, it may make 
it difficult for the PhD student to publish and thus could hamper their career. Solution: 
Providing a relatively short “grace period” that allows the researchers to publish initial 
studies with the data could resolve this issue.

I don’t have the financial resources needed for data sharing. Preparing data for sharing is 
work above and beyond what is needed for a group to analyze data locally. From the 
perspective of a research group, this time could be spent doing other tasks important 
to completing the research project or for obtaining additional funding. Thus, there is 
little motivation for many researchers to take the time and effort to engage in data 
sharing. Solution: Funding agencies should both reward those who make the effort to 
share data and provide extra support that covers the costs of the work, storage and 
support involved in data sharing.

The data can be easily used to re-identify the individual. In some cases, for example, rare 
disease, or an extremely high-profile scientific focus, the risk level may be too high for 
sharing. Solution: In this case one can still share coordinates or group level maps or use 
a decentralized approach such as COINSTAC.

I’m afraid my data can be used for unintended purposes. Data misuse can occur at different 
levels. An extreme example would be that data is leaked to health insurance companies. 
Solution: A valid DUA and Data Transfer Agreement (DTA), based on the laws of the 
country of the researchers, should help prevent the possibility of further distribution. 
However, there is always a risk and thus minimizing the risk, while promoting the 
advancement of scientific discovery is the goal. Attorneys whose job is to protect the 
university may side on being overly risk aversive, limiting the risk to a university, while 
at the same time potentially limiting the advancement of scientific discovery. Thus, 
both teamwork and creating a risk/benefit balance is necessary and these may differ 
per institution.

While there are obstacles to data sharing, most of these can be overcome. Changing 
some of the obstacles would likely require changes in policies of funding agencies 
and journals to provide support and credit for those who make the time and effort 
to participate in data sharing. For additional references and resources related to data 
sharing, we point the reader to the following articles: Poline et al., 2012; Keator et al., 
2013; Poldrack et al., 2014; Gibaud, 2011; Temal et al., 2008; Jack et al., 2008; Zou et al., 
2005; and Van Essen et al., 2012.254, 255, 296, 327, 329-332
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The ethics of data sharing

There are many challenges relating to the sharing of neuroimaging data, of which 
each could be a paper in and of itself. One of the challenges for data sharing includes 
navigating data sharing initiatives within the ethical and the changing legal tides 
related to human subjects data. In light of recent legal changes, notably in the EU, 
ethical aspects related to data have actually become more straightforward. These 
laws, in essence, give much of the control back to the participants. Within this context, 
the most important aspect of data sharing is obtaining thorough and transparent 
informed consent and when appropriate, informed assent. Research studies involving 
neuroimaging require approval from the local medical ethics committee or institutional 
review board in accordance with the Declaration of Helsinki.333 The consent form should 
provide an overview of the goals of the study, how the data will be used, a general 
description of who will have access to the data (academic institutions, industry, etc.), 
how long the data will be stored and safeguards for data security. Further, data use or 
DTAs should be created to adhere to the laws of the country where the data has been 
collected. Those who sign the DTA or the DUA must agree to abide by the laws regarding 
the use of the data from the country which the data has been collected.

All human subjects data that is shared should have all personal identifiers removed and 
data that is not already open to the public should be stored both locally and at the site 
where the data is shared behind protected firewalls. If the data is analyzed external to 
these settings, it should be on a securely encrypted drive.

Data sharing and the GDPR
Those who are living in Europe are well acquainted with changes in data as a result 
of the GDPR. The GDPR was implemented on the 25th of May, 2018 to provide data 
protection regulations for the inhabitants living or traveling within the EU. For data 
sharing of human subjects data both within and outside of the EU, the GDPR requires 
that specific information be provided on both participant information forms and 
consent forms. Explicit information regarding how the personal data will be used, for 
how long it will be used, who will have access to the data (e.g., researchers, industry), 
whether the data will be shared in a de-identified manner should be provided in plain 
language to the participants. Moreover, the consent form should specifically ask for 
consent to share data with countries that have both similar and less strict privacy 
protection policies than the EU. Specific rules apply for data sharing with countries 
with similar privacy protection, (i.e., countries that fall under the GDPR adequacy 
decision [Council of the European Union and European Parliament, 2016]), and thus 
to share data with other countries, additional safeguards are often necessary.

7
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Data sharing and the HIPAA
For those living in the United States, most human subjects research falls under the 
“Common Rule” (45 C.F.R. § 46 Subpart A), which is based on the 1975 revision of 
the Declaration of Helsinki. However, research taking place with personal health 
information from covered institutions (e.g., hospitals, clinics, etc.) falls under the 
HIPAA. HIPAA was implemented in 1996 and the “Privacy Rule” was incorporated April 
14th, 2003. The most notable difference between the GDPR and HIPAA is to whom the 
regulations apply. The GDPR applies to anyone who is processing personal data within 
the EU and anyone outside the EU processing personal data from individuals within 
the EU. HIPAA applies to covered entities only, covered entities are health plans, health 
care clearinghouses, and health care providers electronically transmitting health 
information in connection with transactions for which Health and Human Services 
(HHS) has adopted standards (45 C.F.R. § 160.103). Research involving PHI from non-
covered institutions does not fall under HIPAA, but rather under the Common Rule. As 
certain institutions have both covered and non-covered functions, there is a possibility 
to elect for being a hybrid entity, where only the covered functions must comply with 
the HIPAA requirements under the Privacy Rule. PHI not held by a covered entity can 
be used and disclosed without regard to the Privacy Rule. However, specific state 
regulations such as the “Federal Policy for the Protection of Human Subjects” or the 
Common Rule still apply.

For data sharing within and outside the United States, HIPAA does offer opportunities 
for sharing with researchers. For example, clinical neuroimaging data is held by covered 
entities and HIPAA applies to this data. Covered entities are permitted to share PHI 
without individual consent if (1.), a waiver of authorization for the disclosure of PHI 
is approved by the IRB; (2.), with confirmation by researchers that they will use the 
data only to prepare a research protocol or for similar purpose preparatory to research 
and the researcher will not remove PHI from the covered entity and that the data is 
necessary for the study; or (3.), with representations of the researcher that data will be 
used only for research on the PHI information of decedents and the data is necessary for 
the study and documentation of the death of the individual (45 C.F.R. § 164.512(i)). In 
addition, similar to the GDPR, the Privacy Rule also allows for research use, disclosure 
and data sharing when consent is obtained from the participant (45 C.F.R. § 164.508). 
With the protection of a DUA limited datasets can also be shared to address specific 
research questions.
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Discussion

The last decade has seen a dramatic increase in data sharing, data pooling and the 
formation of collaborative data harmonization and analysis networks, such as 
ENIGMA. The reason why these initiatives are gaining momentum is because they 
foster collaboration and can advance the pace of scientific discovery. Data sharing 
allows for greater transparency in science with the ability to promote reproducibility 
and replication of study findings.316, 334, 335 Data sharing is cost effective for funding 
agencies,260 as they are not funding redundant studies and thus they see “more bang for 
their buck.” In addition, data can be shared with investigators from low- and middle-
income countries who may not have the resources to conduct expensive neuroimaging 
studies, but do have the ability to ask interesting and creative questions of the data. 
Finally, if participants provide consent for their data to be shared, which is the most 
important element, then they can enjoy knowing that researchers across the globe are 
potentially working with their data to better understand the complexities of brain 
structure and function and to bring about novel discoveries.

Scientists without borders
The greatest obstacle to sharing medical research data is not because of the laws, 
but rather the researchers and the institutions. Scientists are sometimes not overly 
keen about sharing their data with others. There are very real issues related to data 
sharing that make researchers less willing to share. The most common is that it takes 
considerable effort to collect and collate the data and others could then publish results 
sooner than those who actually collected the data. Providing some time for those who 
collected the data to write up the results, however, can typically circumvent this 
issue. Further, some studies may be quite complex and those using the data may not 
fully understand the sometimes-subtle complexities of the data. This can result in 
either misuse or the investigators who collected the data serving as a “help desk” for 
those using the data. Further, some studies have a different business plan in which 
data sharing is tied to monetary reimbursement to help support further work or data 
collection by the researchers.

However, we believe that scientists should be at least as altruistic as the participants 
who are participating in their research studies. While it may appear that laws, such as 
the GDPR are in place to limit data sharing initiatives, this is far from the truth. The goal 
of the GDPR is to provide greater control and protection to the individual whose data 
has been collected. Thus, the key issue is to offer the opportunity for the participants 
to share their data, if they would like. This can be done through obtaining consent 
for data sharing (and assent when appropriate) that adhere to the regulatory laws of 
the country of the study. Researchers should strongly consider that the participants 

7
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are provided the option whether they want their data shared with other researchers. 
Further, it is often the case that researchers who utilize shared de-identified human 
research data will need to sign DUAs that adhere to the laws specific to the country of 
the participants (e.g., GDPR for data shared from the EU, or the DUA to use ABCD study 
data from NIDA). Within the EU and likely other countries, the complexities of these 
laws and the fears of retribution may serve as a rationale for some researchers for not 
sharing. However, with proper consent and, when necessary, completing data use or 
DTAs, sharing data in most countries, including the EU, is possible.

Scientists within borders
There is no question that data sharing will entail some level of risk. A data leak of 
sensitive information, for example, could result in individual’s data being used for 
unintended and potentially harmful purposes. However, if all researchers kept their 
data under tight control with no data sharing outside their research group, this will 
hamper the progress of scientific discovery. Thus, there is a balance. Not only should 
strict precautions be set to assure to the best means possible the protection of individual 
data, but there needs to be some level of risk/benefit ratio for data sharing. Different 
countries may differ slightly in the level of restrictions towards data, however, these 
differences become equalized to some extent if the participants are allowed to decide 
how they want their data to be used.

Attorneys who work for specific universities have the goal to assure that the university 
is protected from potential legal actions, such as the potential 20 million euro fine 
imposed by non-compliance with the GDPR. This may result in the setting of a very 
restrictive bar for individual researchers within certain institutions. Thus, within 
this framework, it is very important that the research community work together 
with attorneys and ethicists to determine what is necessary with respect to making 
important advances in medical research while offering adequate protection for human 
subjects data. Within the field of bioinformatics, mechanisms are emerging that 
allow for data sharing without the data ever leaving the institution where the data 
collected,336 which can offer the opportunity for institutions with more restrictive 
policies to be able to engage in data sharing initiatives.

Conclusions

Collaborative networks and data sharing initiatives are broadening the opportunities 
for the advancement of science and the ability to ask important research questions 
that could benefit others. These initiatives offer greater transparency, with the 
opportunity for external research groups to reproduce and/or replicate findings.253 
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There are both real and imagined obstacles for data sharing which equate with not 
all researchers being supportive of data sharing initiatives. For researchers who are 
not keen on data sharing, recent and emerging regulations regarding human subjects 
data can be used as a barrier, or excuse, for not taking part in data sharing initiatives. 
However, there should be a balance, as keeping data under lock and key for use by 
only a handful of researchers may protect privacy, but will limit scientific discovery. 
Alternatively, sharing everything with everyone does not safeguard individual privacy. 
The safeguarding and ethical use of that which has been entrusted to us (data) is the 
responsibility of all researchers, irrespective of the GDPR, HIPAA and other regulations 
that exist. While we do not intend to minimize the importance of data security, there 
is a certain fear that has emerged regarding data sharing where it has become greater 
than life, monsters under the bed. We have provided approaches to neuroimaging and 
metadata that can help protect the privacy of the research participants involving data 
sharing initiatives. However, one key element that is often not discussed in regard to 
data sharing is the wishes of the participant in allowing their data to be shared.

Researchers can provide the opportunity for the participants to decide whether they 
are willing or would like that their data be shared. This can take place via discussions 
with the participants and providing information and the choice on the consent form. 
The researchers should then set up the proper safeguards under the law to both protect 
the data to the greatest extent possible, while also sharing the data if that is the wish 
of the participant. Then, within the context of contentiously obtaining consent and 
the use of proper data use and DTAs, if legal cases are brought against a researcher 
or an institution, then it is open science that will be brought to trial, which is a battle 
worth fighting for.

7
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Abstract

Increasingly, policies are being introduced to reward and recognise open research 
practices, while the adoption of such practices into research routines is being facilitated 
by many grassroots initiatives. However, despite this widespread endorsement and 
support, as well as various efforts led by early career researchers, open research is 
yet to be widely adopted. For open research to become the norm, initiatives should 
engage academics from all career stages, particularly senior academics (namely senior 
lecturers, readers, professors) given their routine involvement in determining the 
quality of research. Senior academics, however, face unique challenges in implementing 
policy change and supporting grassroots initiatives. Given that - like all researchers 
- senior academics are motivated by self-interest, this paper lays out three feasible 
steps that senior academics can take to improve the quality and productivity of their 
research, that also serve to engender open research. These steps include changing 
(1.) hiring criteria, (2.) how scholarly outputs are credited and (3.) how we fund and 
publish in line with open research principles. The guidance we provide is accompanied 
by material for further reading.

166007_Blok_BNW-def.indd   280166007_Blok_BNW-def.indd   280 14-07-2023   07:2914-07-2023   07:29



281

What senior academics can do to support reproducible and open research: a short, three-step guide 

Introduction

Increasing evidence shows that research in the biomedical and social sciences and 
research more broadly is difficult to replicate and/or reproduce.335, 337-340 One of 
the causes of this ‘replication crisis’ is thought to be misplaced incentives that can 
undermine research quality. For instance, publishers and funders generally give a 
selective advantage to novel or statistically significant results, thereby devaluing 
efforts to confirm published research.35, 37 Further, employment evaluation criteria 
unduly focus on individual achievement, publication track records, and grant funding 
acquisition, which can hamper data sharing and collegiality while incentivising 
publishing in quantity at the cost to quality.36, 341-343 Many and varied changes in policies 
and procedures are seeking to realign incentives to reward transparent, accessible and 
reproducible research,344-346 while grassroots initiatives are removing barriers to entry 
in learning and adopting best research practice.337, 347-356 However, despite significant 
support, widespread adoption of open and reproducible research remains elusive.357-360 
Further, there is little attention paid to how the current research culture contributes to 
bullying, harassment, mental health and the resulting rising tide of researchers leaving 
academia.361

For open research to become the norm, further engagement and support must come 
from senior academics given their routine involvement in supervision, peer review, 
journal editing, hiring and informing institutional policies. Senior academics are, 
however, presented with unique social and practical barriers. For example, setting 
higher quality standards for junior researchers can be negatively perceived as ‘ladder 
pulling’,362 while the widely held perception that open research can stifle innovation 
or long-held academic freedoms can make researchers at all career stages hesitant 
to change current practices.359, 363-365 Further, given that applying for grants366-368 and 
teaching369 occupy an increasing amount of work time, attending training, developing 
open research practices or changing long-standing research routines can be costly 
and therefore deprioritized. Finally, the increasing literature on how to adopt open 
research is fast becoming overwhelming, contradictory, and mainly tailored to early 
career researchers.348, 350, 355, 357, 358 

Therefore, we present a short guide highlighting three easy steps to introduce open 
research ideas and practices into existing research routines while avoiding the barriers 
mentioned above. These steps include (1.) modifying hiring criteria, (2.) crediting 
scholarly outputs with the contributorship model and (3.) securing grant funding 
and publishing in line with open research. Following the lead of similar initiatives, 
these steps are designed to appeal to the self-interests of researchers and motivate 

8
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their engagement with open research practices,355, 370, 371 with a unique focus on the 
viewpoint of senior academics. This is supplemented by materials for further reading. 

Step 1: Change how you hire 

Evidence shows that open research practices confer a competitive advantage in 
publishing scholarly outputs and acquiring grant funding (see Table 8.1), meaning 
that individuals with open research expertise are a desirable asset in lab groups or 
departments. However, such individuals will likely be missed in hiring and promotion 
opportunities as a result of the undue weight given to evaluation metrics such as 
h-indices and journal impact factors.342, 372 Further, as open research is rarely mentioned 
in job descriptions, sought-after candidates cannot easily identify potential employers 
valuing open research. Therefore, we encourage senior academics (where possible) to 
modify their hiring criteria to incorporate open research practices supporting research 
quality and productivity. 

Modelled on a crowd-sourced initiative,373 one feasible approach is to modify desirable/
essential person specification criteria to include a track record of one or more open 
research practices (e.g., open data, open materials/code, pre-registration, open 
access publication, publishing preprints, and/or open peer review; see Table 8.1 for 
definitions). Criteria should be stated clearly and publicly in advertised job descriptions 
and/or hiring policies, while decisions about which open research practices to include 
should be made in consultation with faculties/departments to avoid unnecessarily 
disadvantaging staff/students. For example, where a track record of open access 
publications is not expected (e.g., for a PhD student/postdoctoral researcher), proxies 
for productivity or keen engagement in open research can include preprints, open 
materials, or open peer review. Instructive examples of how this can be achieved can 
be found here374 and in our supplemental material (Table S8.1).
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Table 8.1. Open research practices and the career benefits that confer. Definitions are lifted from the Open 
Science Framework375

Open 
Research 
Practice

Definition Competitive advantage

Open 
Access 
Publishing

A scholarly output accessible to the public 
free of charge. This can include green, gold 
or platinum/diamond forms of open access. 
Open access can be applied to the following 
scholarly outputs: peer-reviewed journal 
articles, conference papers, theses, book 
chapters, monographs and images.

Publishing via open access is associated with 
higher citation rates and improves the speed 
and breadth of dissemination of scholarly 
outputs.376, 377

Open Data Publicly accessible, digitally shareable data that 
are necessary to reproduce the reported results.

Facilitates collaboration;378 increases efficiency 
and sustainability;379 published papers linked 
with open data and/or materials are associated 
with a higher citation rate on average;355, 377, 380 
when published with a digital object identifier 
(DOI), open data and/or materials can be a 
citable publication;381 synthetic datasets can 
help cross-validate analysis and improve 
reproducibility of analysis workflows.382

Open 
Materials

Publicly available components of the research 
methodology needed to reproduce the reported 
procedure and analysis (e.g., code, software, 
workflows, etc.).

Open Peer 
Review

A findable, freely and publicly accessible 
and signed peer review either pre- or post-
publication.

Academics who act as reviewers can get credit 
for their work.383

Preprints Complete, non-peer-reviewed manuscript 
entered in a time-stamped and publicly 
accessible location, usually an institutional 
or disciplinary repository (e.g., PsyArXiv, 
LawArXiv, UCL Press, MedrXiv). Preprints 
are often also submitted for peer review and 
publication in a traditional scholarly journal, 
but this is not mandatory.

Wider, faster and cheaper dissemination of 
research;384 greater opportunity for feedback 
outside of formal peer review;356 posting 
a manuscript as a preprint before formal 
publication can increase citations and 
impact;385, 386 improves chances of publication 
in journals with high impact factors.387

Preregi-
stration

A publicly available time-stamped study 
design and/or analysis plan that is registered 
in an institutional registration system (e.g., 
ClinicalTrials.gov, Open Science Framework, 
AEA Registry, EGAP).

Boost a research’s reputation;388 preventative 
measure against post-hoc critique (i.e., 
CARKing - critiquing after the results are 
known) during peer-review;371, 389, 390 prospective 
registration of a study design can be a citable 
publication; comply with submissions 
guidelines set by International Committee of 
Medical Journal Editors (ICMJE).

Registered 
Reports

A peer-reviewed journal article where the 
decision to publish is based on a two-stage 
peer review process. First, following successful 
peer review, a pre-specified study and/or 
analysis protocol is accepted in principle by 
a participating journal before data has been 
collected or accessed. Second, providing 
the authors closely followed the protocol and 
successful peer review, the final manuscript is 
published regardless of the results.

Guaranteed publication regardless of study 
results, providing the registered protocol 
and/or analysis is followed;391 reduces 
CARKing;371, 389, 390 cited at comparable or 
slightly higher levels than conventional peer-
reviewed articles;392 stage one peer review 
provides additional peer review feedback.

8
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Step 2: Change authorship to contributorship 

The main currency for career progression is authorship on scholarly outputs.343, 393, 394 As 
a result, authorship disputes are widespread, leading to delays in submissions, conflicts 
among collaborators and journal editors395-397 and retractions.398-400 Such intense 
competition over credit for scholarly outputs has significantly disadvantaged those in 
more precarious positions (such as black and minority ethnic groups, individuals on 
fixed-term contracts and women), with 40% of early-career researchers reporting that 
credit for their work was given to other academics or research staff.361, 401, 402 As large 
collaborative projects become the norm, contributions will be more difficult to dissect 
and authorship-related issues more common.41, 403-405 

Issues with assigning credit for scholarly outputs are in part due to the lack of 
consensus-based and comprehensive standards. The commonly used standard, 
the International Committee of Medical Journal Editors (ICMJE; or the Vancouver 
guidelines), stipulates that authorship is contingent on substantive contributions (e.g., 
conceptual design, data collection, analysis or interpretation, drafting and/or revising 
a manuscript).406 Still, ICMJE offers no adequate guidance on contentious issues, such 
as designating first, last or corresponding authorship; assigning responsibility for the 
research; or dealing with large collaborations or other contributions (such as from 
librarians and statisticians).407, 408 These issues can be avoided with contributorship 
models of authorship, such as the Contributor Roles Taxonomy (CRediT), a consensus-
based classification system that distinguishes 14 contributor roles (see Table S8.2) that 
is now adopted in the submission process at leading publishers (e.g., Elsevier, PLoS, 
Wiley, and Springer) and hundreds of journals.409, 410 

CRediT documents individual contributions to a scholarly output in a standardised, 
accessible, and discoverable manner. This can be done at any stage in a research 
project, although the earlier the better to manage expectations of team members and to 
minimise future authorship issues. The web-based application, Tenzing, automates this 
process and produces a CRediT-compatible manuscript for publication.411 Although the 
contributor roles are fixed, their definitions can be customised to a particular research 
discipline for clarity. Further, CRediT can provide a useful framework for deciding 
on authorship designation. For instance, the degree of contribution can be specified 
as ‘lead’, ‘equal’ or ‘supporting’, which can inform authorship order.41, 404 Moreover, 
contributions to ‘data curation’, ‘project administration’, and ’validation’ can instruct 
who should be the corresponding author. CRediT also offers unique opportunities to 
improve productivity, particularly in terms of fostering collaborations, by signalling 
the expertise of members of your research group, recognising individual contributions 
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to large teams, and acknowledging roles which tend to be overlooked despite providing 
valuable insight (e.g., project administration, funding acquisition). See Table S8.3. 

Step 3: Change how you fund and publish with open 
research

Funders and journals are beginning to advantage open research practices with novel 
initiatives and policy changes. Thus, to be in a position of strength, senior academics should 
engage with open research in seeking funding and publishing their research outputs. 

Policy changes
Funders and journals widely endorse the practice of making sure that research 
data should be ‘as open as possible, as closed as necessary’, with new policies being 
introduced to further compliance with this practice.412 Most funders now also require 
a data management plan (i.e., a detailed specification of how data or materials will 
be curated, shared or used) as standard.413 Data availability statements, indicating 
where data and materials are available or specifying reasons for exemptions from 
data-sharing, are also compulsory for submissions to a growing number of journals, 
including Science, Nature and the BMJ.414-416 Data can also be archived and shared 
through data journals417-423 or in third-party repositories (e.g., GitHub, Open Science 
Framework and Zenodo), which allow control over how data and code are used and 
shared by assigning licences and DOIs (see Table S8.4).337, 381, 424 

Perhaps the most significant and less well-known policy changes concern preprints, 
which encourage the publication of scholarly outputs in a faster, more impactful and 
more accessible manner. A preprint is a time-stamped, non-peer reviewed manuscript 
made freely and publicly accessible via an online server typically within 72-hours 
of submission (e.g., PsyArXiv, LawArXiv). Thus, the significant time lag between 
manuscript submission and its publication (median days, 165)425 and the infeasible 
journal open access fees426 do not apply to preprints. Because of faster and wider 
dissemination, grantees are increasingly required to deposit preprints, particularly 
if funded research is of significant public health benefit (e.g., Bill & Melinda Gates 
Foundation).427 Further, a majority of journals permit preprints to be shared before or 
during manuscript submission428 (Table S8.4), presumably due to evidence that journal 
articles linked to preprints have higher citation rates.385, 387 Influential journals (e.g., 
BMJ, The Lancet) and funders (e.g., The National Institutes of Health, Wellcome Trust) 
are now explicitly stating that preprints can be cited.429, 430 Preprints can additionally 
be referenced in researcher track records when applying for funding427 and included 
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in submissions to the UK Government funding organisation, the Research Excellence 
Framework.429 

Funding opportunities
The move from funders to investing in open research is set to gather pace, particularly 
following the invaluable role open research played in the COVID-19 pandemic.431 
However, identifying and keeping track of open research funding opportunities is 
challenging. We therefore provided key examples of funding opportunities supporting 
open research in Table 8.2 and additionally curated a list of funding opportunities 
obtained by using data scraping, available at https://lorenzada.github.io/openresearch_
funding/. In this list, we selected funding opportunities mentioning keywords related 
to open research (e.g., replication study, reproducible code, preprint), after data scraping 
was performed from the NIH and UKRI funding websites. Of note, website selection 
for data scraping was based on whether automated data collection was permitted for a 
given website. For further information, please refer to the open code at https://github.
com/LorenzaDA/openresearch_funding. This list not only illustrates the mounting 
financial commitment to open research practices and projects from grant funders, but 
will hopefully encourage senior academics to apply for funding or for them to support 
applications from early career researchers in their research team.

Table 8.2. Examples of funding opportunities supporting or rewarding open research, with accompanying 
text lifted directly from funders’ websites

Funder Scope

Centre for Open 
Science

In 2015, the Incubator and Integration Grants provided funding for advancing 
openness, integrity, and reproducibility in science. Incubator grants supported 
the development of new open tools and services. Integration grants supported 
integrating tools and services that are useful to scientists through the Open Science 
Framework, a free, open-source infrastructure (total budget $300,000).432

Up to 2019, as part of the Preregistration Challenge, prizes were awarded to 
researchers who published the results of a preregistered study ($1,000).433

The Dutch 
Research Council 
(NWO)

Open Science Fund: Grant offering funding to develop, test, and implement 
novel ways to make science more open, accessible, transparent, and reusable (up 
to €50,000).
Up until 2019, Replication Studies Grants were offered for replication of existing data 
(reproducibility), replication with new data and replication of research questions 
(total budget €3 million).434

The Einstein 
Foundation 
Award

The Einstein Foundation Award for Promoting Quality in Research aims to provide 
recognition and publicity for outstanding efforts that enhance the rigor, reliability, 
robustness and transparency of research in the natural sciences, the social sciences 
and the humanities, and stimulate awareness and activities fostering research 
quality among scientists, institutions, funders and politicians (  up to €200,000).435
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Table 8.2. (continued)

Funder Scope

Fostering 
Responsible 
Research 
Practices

Up until 2020, ‘research on research’ funds were awarded to address the need for 
greater quality, integrity and efficiency in academic research (€75,000 Euro each).436

Horizon Europe Several grant opportunities funded by the European Commission (EU Budget for 
the Future) for research performed with open science practices and published open 
access (total budget €95,5 billion).437

Learned Societies Learned societies have also started to reward open research practices. A few 
notable examples include the British Neuroscience Association Credibility Prize to 
reward efforts to ensure neuroscience research is as robust, reliable, replicable, and 
reproducible as possible (£500), and the Organisation for Human Brain Mapping 
Open Science Award to recognise sustained and impactful efforts in the area of open 
science ($2500).438, 439

Leamer-
Rosenthal Prizes

Up until 2017, this prize rewarded social scientists for open research practices (up to 
$60,000).440

Mozilla Up until 2019, Open Science Mini-Grants provided funding for researchers who are 
making science more accessible, transparent and reproducible ($3,000-$10,000).441

National 
Institutes of 
Health (NIH)

A series of funding opportunities for creating rigor and reproducibility across 
several disciplines. Supports open access publication and requires the use of a data 
management and sharing plan for all grant submissions.442

National Science 
Foundation (NSF)

Grant for Ethical and Responsible Research to produce knowledge about what 
constitutes or promotes responsible or irresponsible conduct of research and why, 
as well as how to best instil this knowledge into researchers, practitioners and 
educators at all career stages (up to $700,000).443

QUEST The QUEST Null Results and Replication Study Award is offering a research bonus to 
researchers who publish a null result, perform a replication study, preregister a study 
protocol for a preclinical study, reuse data, or include public engagement in their 
study (€1,000).444

Shuttleworth 
Foundation 
Fellowship 
Programme

Funding for researchers working openly on diverse problems (up to $250,000).445

Universities Universities have started to reward open research practices through Open Research 
Awards. A few notable examples include the Finnish Open Science Awards, 
University of Bristol, University of Reading, University of Surrey, University of 
Groningen. Senior academics can follow this guide to run awards at their own 
institutions (https://osf.io/kqgez/)

UK Research 
and Innovation 
(UKRI)

Provides open-access block grants to enable grant-holders to publish open access.446

Wellcome Trust Research Enrichment Fund to support grantholders to use public insights to develop 
their research (£10,000-£250,000).447

Wellcome Data Re-use prizes to stimulate and celebrate the innovative re-use of 
research data (£5,000-£15,000).448

Up until 2021, the Open Research Fund supported individuals and teams anywhere 
in the world to carry out groundbreaking experiments in open research (£50,000).

8
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Outlook

‘We create our culture, invisible though it may be, and we therefore have it collectively within 
ourselves to change our culture for the better’.449 

Academic researchers typically aim to reach the highest standards of best research 
practice, but are hampered by perverse incentives and cultural norms. However, 
senior academics in particular face additional, unique challenges especially in terms of 
workload that prevent them from supporting or practising open research even though 
they might view this as necessary or worthwhile. This is a problem. The success of 
policies and grassroots initiatives aiming to engender open research relies on the 
collective action of researchers, but only when open research is practised routinely 
by those in positions of seniority can a positive change in research culture and quality 
take effect. In this context, we sought to lower barriers of entry into open research for 
senior academics and to highlight that open research is advantageous for research grant 
capture, productivity and integrity. More remains to be done, but our short, easy-to-
follow, three-step guide will hopefully mark the first steps into a wider adoption of 
open research for many senior academics.
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Supplemental material

Supplemental tables

Table S8.1. Examples of open science practices in university policies for hiring and promotion 

Country University Policies

United 
Kingdom

Bristol

From 2020-2021, progression and promotion criteria include: open 
access publication, open data and code, open materials, preprints and 
preregistration of study protocols. Applicants are required to specify their 
contribution to multi-author publications and avoid referring to publication 
metrics such as Journal Impact Factors. 
In November 2019, the university announced the establishment of a Centre for 
Academic Research Quality linked to the following new positions: 1 Chair, 6 
Research Fellows, 6 PhD studentships.

Glasgow

Criteria for promotion to Professorship include a commitment to open research 
practices, including open access publications and “transparency of data, methods, 
materials, design and analysis, and practices that support replication”. Journal 
impact factors are not considered as part of research quality assessment, applicants 
for promotion are required to select only 4 of their publications to discuss and CRediT 
taxonomy is included in all institutional repositories.

UCL
Applicants for promotion are required to confirm that their publications are 
openly accessible. Promotion to above grades 7 to 10 include the expectation that 
all research outputs are made available through open access wherever possible.

Cardiff

The academic promotion procedure makes reference to DORA and specifies 
that when assessing research quality, consideration will be given to all outputs 
including datasets and software, as well as a broad range of impact measures. 
Have asked some candidates applying for positions in psychology to provide a 
track record of open science methods.

Netherlands*

Utrecht

Adapting tenure and promotion criteria to include openness. The university 
welcomes open access publications, FAIR and open data, sharing code and software, 
outreach and public engagement. To provide incentives for staff retention, the 
university aims to fully implement DORA and facilitate the reuse of data and code.

TU Delft

Their 2018-2024 strategic framework suggests that R&O evaluation cycles will 
include explicit recognition of engagement with open science. The university 
endorses the use of open science practices, which are part of its mission 
statement. In the guidelines, they promote open science practices across 
the planning, conducting and publishing research stages. These include, for 
example, open research data management and open access publications.

Eindhoven

Prospective applicants and employees need to abide by the code of conduct 
which states that research products as well as the materials used to produce 
such outputs should be made openly available. Such materials include 
any information needed for intersubjective testing of design results and 
processes. Research data should be available to colleagues, after publication. 
Publications methods should be meticulously described to ensure that 
replication studies could be performed based on such descriptions. 
Additionally, it does not accept the fabrication and falsification of results 
as well as unjustified selective reporting. Authorship should be granted to 
researchers who made a significant contribution to a research study.

Vrije 
Universiteit 
Amsterdam

Their strategic plan for 2017-2020 states that the university will provide 
infrastructure for new ways to assess academic values to underpin open 
research ambitions. Research data will be considered as part of assessment, 
reward and evaluation systems.

8
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Table S8.1. Examples of open science practices in university policies for hiring and promotion 

Country University Policies

USA

Harvard
The School of Engineering and Applied Sciences recommended that faculty 
applying for promotion or tenure archive their articles in the university’s 
open repository.

Oregon

Many job advertisements include the following statement: “Our department 
embraces the values of open and reproducible science and candidates are 
encouraged to address (in their statements and/or cover letter) how they have 
pursued and/or plan to pursue these goals in their work.”

Wisconsin-
Madison

Policies for post-tenure review include considerations for “open-source 
databases, online tools and other networked, digital resources related to 
scholarship” as evidence of productivity.

Utah Valley
Interviews include the question: ““Describe any steps you have taken to 
implement the principles of open science in your research”.

IUPUI
Promotion and tenure criteria specify placing higher value on quality rather than 
quantity of publications, require applicants to specify their exact contribution to 
publications and highlight the importance of open-access publication.

Southern 
methodist

Encourages all faculty members to practice open science, including 
preregistration, data sharing and open scripts. These efforts are viewed 
favourably as part of the annual review.

Germany

Berlin 
Charite 
University 
Hospital

Requires applicants for professorship to report on their open science and 
reproducible research activities, as well as their contribution to team science. 
These requirements are part of the MERIT-Quest criteria, which include 
open research practices such as: distinguishing between exploratory or 
confirmatory research, pre-registration, open access/code/materials/data and 
publication of null results. QUEST (Quality-Ethics-Open-Science-Translation) 
team members screen applications and provide support to hiring committees, 
to incentivise researchers to adopt responsible research practices.450

LMU 
Munchen

The Dean of Research has submitted a proposal to include open research 
principles in decisions regarding hiring and tenure-track. This would include 
the requirement for candidates to write an open-science statement as part 
of their application process. At the moment, the job advertisements in their 
department of Psychology states: “We support transparent research with 
open data, open material, and pre-registrations”.

Cologne

Many job advertisements include the statement: “The 
Department of Psychology aims for transparent and reproducible 
research (including Open Data, Open Materials and Preregistrations). 
Applicants are asked to illustrate how they have pursued these goals in the 
past and/or how they plan to do so in the future.”

Bielefeld
The Centre for Cognitive Interaction Technology released an Open Science 
Manifesto and expects researchers to make their data and methods publicly 
available after a period of exclusive exploitation for their own research questions.

Leibniz

Is committed to promoting open science practices. Formed the Leibniz 
Research Alliance Open Science. 
Researchers at the Fritz Lipmann Institute are required to submit every paper and 
doctoral thesis to an outside company for integrity vetting before submission.
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Table S8.1. Examples of open science practices in university policies for hiring and promotion 

Country University Policies

Canada

Toronto

Job advertisements include the statement: “Our department embraces the 
values of open science and strives for replicable and reproducible research. 
We therefore support transparent research with open data, open material and 
pre-registrations. Candidates are asked to describe in what way they have 
already pursued and/or plan to pursue open science.”

Montreal 
Neurological 
Institute

Declared itself to be a fully open science centre and is actively recruiting 
scientists who are open science advocates. Formed the Tanenbaum Open 
Science Institute

Belgium

Liege
Candidates for promotion are only considered if their publications have been 
included in an open access repository.

Ghent
Research evaluation is done with the aim of combating questionable research 
practices. There is a zero-tolerance policy towards data falsification and 
fabrication. Scientific impact of research is assessed based on FAIR principles.

Finland

Helsinki

Is committed to promoting open research practices, with open science being 
one of its strategic development areas. Researchers must make publications 
open access. They describe open science as being the foundation of their 
research and a main reason why researchers should choose a career there.

Tampere

Their 2018 action plan states that the university will ensure that the process 
of merit and reward supports its commitment to open science. They have 
extensive open science guidelines for their staff. Their 2030 strategy states 
that they aim to implement a human resource programme to support the 
university strategy, which includes integrating the principles of open and 
responsible science into the organizational culture.

The 
University of 
Jyväskylä

Received the Finnish Open Science and Research Award for the most 
comprehensive measures for promoting openness and visibility.

Spain Barcelona Seeks to provide incentives for its academic community to publish open access

*Research at Dutch Universities is assessed using a Standard Evaluation Protocol. From 2021, this will include 
Open Science principles. 

Other universities that have expressed their commitment to promoting open research practices, but for 
which we could not find any open-research related policies in their hiring and promotion include: University 
of Virginia, Arizona State, Indiana Bloomington (USA), University of Eastern Finland, LUT University and 
Abo Akademi. 

8
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Table S8.2. The CRediT Taxonomy of Roles (adapted from Allen et al., 201941)

# Role Definition Authors 
(initials)

1  Conceptualization  Ideas; formulation or evolution of overarching research goals and aims.

2 Data curation Management activities to annotate (produce metadata), scrub data and 
maintain research data (including software code, where it is necessary 
for interpreting the data itself) for initial use and later re-use.

3 Formal analysis Application of statistical, mathematical, computational, or other 
formal techniques to analyse or synthesize study data.

4 Funding 
acquisition 

 Acquisition of the financial support for the project leading to this 
publication.

5  Investigation  Conducting a research and investigation process, specifically 
performing the experiments or data/evidence collection.

6  Methodology  Development or design of methodology; creation of models.

7 Project 
administration 

 Management and coordination responsibility for the research 
activity planning and execution.

8  Resources  Provision of study materials, reagents, materials, patients, laboratory 
samples, animals, instrumentation, computing resources or other 
analysis tools.

9  Software  Programming, software development; designing computer 
programs; implementation of the computer code and supporting 
algorithms; testing of existing code components.

10  Supervision  Oversight and leadership responsibility for the research activity 
planning and execution, including mentorship external to the core team.

Table S8.3. Prospective benefits of CRediT (adapted from Allen et al., 201941)

• Providing visibility and recognition for researchers working in large teams whose individual contributions 
are lost in an expansive author list.

• Providing visibility for a diverse range of research contributions that are key to research output being 
published beyond a traditional focus on writing and drafting (e.g., data curation, statistical analysis, etc.).

• Supporting research institutions and authors to resolve author disputes by providing more transparency 
around individual author roles and responsibility.

• Supporting research and researcher evaluation by providing a more holistic and nuanced view of the 
contributions of researchers to research output.

• Improving the ability to track the outputs and contributions of individual research specialists and grant 
recipients.

• Easy identification of potential collaborators and opportunities for research networking.
• Supporting identification of potential reviewers, experts and specialists for a variety of roles across 

research.
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Table S8.4. List of useful online resources to track funding and journal policies regarding open access, 
preprints and open data/materials. Accompanying text is lifted directly from the corresponding website.

Resource (URL) Description

Digital Curation Centre 
(https://www.dcc.ac.uk/about)

The DCC provides expert advice and practical help on 
how to store, manage, protect and share digital research 
data. They provide a broad range of resources including 
online tools, guidance and training. DCC also provides 
consultancy services on issues such as policy development 
and data management planning.

FAIRsharing.org 
(https://fairsharing.org/)

A curated, informative and educational resource on data 
and metadata standards, inter-related to databases and 
data policies.

Sherpa Juliet 
(https://v2.sherpa.ac.uk/juliet/)

Sherpa Juliet is a searchable database and single focal point 
of up-to-date information concerning funders’ policies 
and their requirements on open access, publication and 
data archiving.

Sherpa Romeo 
(https://v2.sherpa.ac.uk/romeo/)

Sherpa Romeo is an online resource that aggregates and 
analyses publisher open access policies from around the 
world and provides summaries of publisher copyright and 
open access archiving policies on a journal-by-journal basis.

Transparency & Openness Promotion (TOP) 
Factor (https://www.topfactor.org/)

An alternative to journal impact factor (JIF) to evaluate 
qualities of journals, the TOP Factor assesses journal 
policies for the degree to which they promote core 
scholarly norms of transparency and reproducibility.

Transpose 
(https://transpose-publishing.github.io/#/)

A database of journal policies on peer review, co-reviewing 
and preprinting.

8
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Abstract

Some children can handle big problems without getting upset, while other children 
quickly become frustrated or irritable. If we want to understand why some children 
become more frustrated or irritable than other children, we need to study the brain, 
because the brain controls behavior. To understand irritability in children, we need to 
learn about three things. First, we need to know how children recognize the emotions 
of other people, because if children are not able to understand the emotions of other 
children, they might get frustrated. Second, we need to learn about how it feels to 
get a reward, because children who expect a reward, but do not get one, can become 
frustrated. Finally, we can ask how we can teach children to cope better. Learning 
about how children’s brains work can help us to understand why some children become 
frustrated or irritable more quickly than other children.
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Is your brain unique?

Everyone who has seen the Disney movie “Inside Out” knows about Riley. For those 
who have not seen the movie, Riley is a girl with a control center in her brain where 
all her emotions are located. The emotion with the name Joy tries to make Riley happy 
and the emotion Fear protects Riley from danger. Riley’s emotions control her behavior. 
While growing up, Riley moves from Minnesota to San Francisco and on the first day 
at her new school everything goes wrong. Two emotions, Joy and Sadness, get lost in 
Riley’s brain and must get back to the control center. In the meantime, we see how 
Riley’s feelings and behavior change because she is now controlled by her remaining 
emotions: Fear, Anger and Disgust!

Riley’s brain is shown in a way that is simpler than how the brain really works, but the movie 
does a nice job showing how emotions can change behavior. Just like in Riley’s brain, all 
our thoughts and emotions can influence each other. If we understand more about how our 
brain works, we can understand why everyone behaves in their own unique way!

How do we study the brain?

In the movie Inside Out, we can look straight into Riley’s brain and see the different 
emotions that she is experiencing. Of course, in real life we cannot look inside the brain! 
However, we do have a machine, called a magnetic resonance imaging (MRI) scanner. 
The MRI scanner can create a picture of not only how your brain looks, but also how it 
works. MRI scanners can show researchers which part of the brain is being used when 
a person is doing a certain activity or feeling a certain emotion. For example, when 
you are coloring, some parts of your brain are active, like the brain area that controls 
your hand. Feeling frustration or irritability also involves specific parts of the brain.

If you think about your friends, probably some of them can handle big problems without 
getting upset, while others quickly become frustrated or irritable. By studying the brain, we 
can learn why some children become more frustrated or irritable than other children. If we 
understand why some children are more irritable, we can better help them cope with this 
irritability so that ultimately, they can handle big problems without getting really upset.

Recognizing the emotions of others with your “almond” 

While talking with your friends, you see their emotions on their faces. If a friend is sad, 
you will see it on their face. So, you try to cheer your friend up and when your friend’s 
face shows a smile, you know that they are feeling better. Now imagine if it were hard 
for you to recognize that your friend is sad. It would then be a lot harder to know how 

9
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to respond to your friend. So, you can see that recognizing the emotions of others is 
important for being a good friend.

What does all of that have to do with an almond? Well, there is a region in the brain that 
is shaped like an almond. The Greek name is for this region is amygdala (Figure 9.1). 
That almond, the amygdala, is important for many different tasks, one of which is being 
able to recognize the emotions of others. Researchers wondered if children who are 
irritable have more trouble recognizing the emotions of others. Maybe the activity of the 
amygdala is different in children with irritability than in children without irritability 
when they are trying to understand the emotions of others.

Prefrontal cortex

Striatum

Amygdala (almond)

Figure 9.1. Three brain regions involved in irritability. This image is drawn as if the person is facing left and 
you were looking at the brain from the side.

To study this possibility, 71 children participated in a study. While they were in an MRI 
scanner, they looked at photos of people and were asked to name the emotions of the people 
in the photos. The researchers found that the brain activity in the amygdala was different 
in children with irritability. Children who were more irritable were more likely to say that 
faces were angrier than they really were.223 If you see someone looking angrily at you, it can 
be frustrating. So, children with irritability are more likely to think that someone is angry 
at them. This might explain why they are more frustrated than other children (Figure 9.2A).
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Figure 9.2. Three ways that children can get irritable. Irritability can happen when children (A) see faces 
of others angrier than they really are, (B) expect a reward, but do not get one, or (C) spend so much energy 
focusing on their frustration that they cannot focus on other things.

9
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Is an almond the same size as a real amygdala?

After reading about the amygdala, you might wonder: is an almond the same size as 
a real amygdala? To answer this question, we compared the volume of almonds to 
the amygdala volume of children (age 9 to 11) that participated in our study.57 For this 
experiment we used: (1.) one cup of almonds, bought at the local supermarket, (2.) one 
measuring cup, filled with 200 ml of water, and (3.) brain scans of 4,000 children. We 
randomly selected 30 amygdalae and 30 almonds and calculated their mean volumes. 
The amygdalae volumes were calculated with a computer program. To calculate the 
volume of the almonds, we filled the measuring cup with 200 ml of water, placed our 
30 almonds inside the measuring cup, and measured how much the water rose. We 
repeated the random selection 30 times, calculating 30 mean amygdala and 30 mean 
almond volumes. We plotted the measurements in Figure 9.3. We found that, in general, 
the amygdalae of the children are larger than almonds! But, if you look at the data 
closely, you can see that some amygdalae are the size of some almonds.

Figure 9.3. Comparing amygdalae to almonds. Your brain has a left and a right side that are connected in the 
middle. Both sides of your brain have an amygdala, so you have a left and a right amygdala. The the blue box 
shows the volume for the almonds, the orange box shows the volume of the left amygdalae and the pink box 
shows the volume of the right amygdalae. You can see that, in general, amygdalae are larger than almonds. How-
ever, the “whiskers” protruding from each box show the variation in the data, and you can see that the blue and 
orange “whiskers” slightly overlap. This means there are some almonds that are the same size as an amygdala.
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Expecting rewards: a job for the striatum

Can you imagine a time where you were promised to get something for doing a chore? 
For example, imagine you were promised that, after cleaning your room, you could 
watch TV. But, after cleaning your room, your mom suddenly says that you cannot 
watch TV! How would that make you feel? Pretty frustrated, of course! Now imagine 
you were asked to clean your room without the promise that you could watch TV 
afterwards. When you finish cleaning and your mom gives you a reward by letting 
you watch TV, you are happy. But, if after you clean your room, you do not get a reward, 
you are still happy—you would not be frustrated because you did not expect to be 
rewarded. So, whether we expect a reward can influence whether we get frustrated or 
not. When children have problems knowing when they should get a reward and they 
think that they should be rewarded a lot, they will probably get frustrated more often 
(Figure 9.2B).

To study how the brain works when children think they should get a reward, children 
performed a task in the MRI that was designed to make them feel some frustration. 
Researchers made the task frustrating by sometimes telling children they got the task 
wrong, even when they did it right! The researchers then looked at the children’s brains 
when they were frustrated. The researchers located a brain region that was less active 
when the children were frustrated.222 This brain region is called the striatum (Figure 
9.1), and it tells you whether to expect a reward or not. This finding is interesting, 
because we think that the children with irritability were more upset than the non-
irritable children when they were told that they were wrong when they were actually 
right. While everyone thought that they would get a reward because they got right 
answer, the irritable children got more frustrated when they did not get a reward.

Coping with frustration: to the front! 

We showed that frustration can come from different brain activity in the amygdala 
and the striatum. Now we are going to look at the part of the brain that tries to control 
frustration. Children use different strategies to control their emotions. One option is 
to focus on something that is not frustrating. The part of your brain that is involved 
in focusing attention on something else is in the front of the brain, right behind the 
forehead. We call it the prefrontal cortex (Figure 9.1).

Researchers invited 200 children to do a similar task as described above in the MRI 
scanner, in which the researchers tried to get the children a little frustrated.451 What 
they noticed was very interesting. The prefrontal cortex was more active in the children 
who were more irritable. This may mean that the children with irritability were trying 

9
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extremely hard to focus on the task rather than on the frustration that they felt. 
Remember, this task is frustrating for everyone. The children with irritability were 
trying even harder to cope with their frustration (Figure 9.2C). So, children who are 
more irritable may need to use more “brain power” to deal with their frustration than 
children who are not irritable. When the brain needs to work harder than usual, then 
other tasks become even more difficult or can make someone feel even more frustrated. 
Say, for example, that you feel frustrated because you had a bad day at school where 
nothing seemed to go right. You get home and your brain is working hard to control 
your frustration. But then your little brother has a new toy that makes lots of noise and 
your father asks you if want to practice words for your spelling test. Then your mother 
reminds you that your room is a mess and that you said you would clean it yesterday, 
and you shout at her. You normally would not shout at your mom, but because your 
brain is using lots of “brain power” to control the frustration, the brain does not want 
more things coming in. As you can see by this example, situations in daily life are often 
more challenging than tasks that researchers ask children to do in the MRI. However, 
the reseachers did find that with more challenging situations, more brain power is 
needed, and it becomes too hard to cope with the situation, and this could lead to more 
problems in school, with friends,and with family.

What is next?

Now you know quite a bit about irritability and the brain. Your brain is just like Riley’s, 
with a control center that is full of different types of emotions. You have learned how 
we can measure brain function using an MRI scanner and that there are three key brain 
regions that function differently in children with irritability. But there is so much more 
that we still need to learn about how the brain works in children who are irritable.452 So, 
what are the next steps? Well, if we think back to Riley, her behavior changed dramatically 
when she was controlled by only some of her emotions. In real life, everyone has some 
level of irritability. Your brain might look a lot like those of other children. However, if 
you are easily frustrated, maybe your frontal regions must work just a bit harder than 
those of other children. What we want to know now is whether we all have to work to 
control our frustration and whether, if we learn to have more control over our frustration, 
we can then see changes in the brain. By learning how the brain works in children who 
become easily frustrated, we can see if the brain becomes more normal after we teach 
these children better ways of coping. Perhaps some ways of learning to cope are better 
than others and we can test this in the MRI by seeing how much “brain power” children 
use when they are trying to cope. Understanding how the brain works in children who 
become easily irritable is the first step, the next step is to teach children better ways to 
cope and see if the brain uses less power to do certain tasks.
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Children with psychopathology symptoms are at-risk for persisting psychopathology 
and other adverse outcomes later in life. Surprisingly, emotion dysregulation, a 
phenotype that encompasses broad psychiatric problems in multiple domains, 
which puts children most heavily at-risk for adverse outcomes, has been relatively 
understudied. Since its introduction in the scientific literature, emotion dysregulation 
has been an umbrella term for many related, but slightly different constructs that all 
aim to capture a phenotype of broad psychiatric problems. Most definitions describe 
emotion dysregulation symptoms as cutting across more traditionally defined domains 
of internalizing (e.g., anxiety, depression) and externalizing (e.g., aggressive behavior) 
symptoms. The primary aims of this thesis were to shed light on (1.) how emotion 
dysregulation symptoms emerge and change throughout childhood and adolescence, 
(2.) the relationship between emotion dysregulation and other areas of development and 
finally (3.) provide insight into the underlying neurobiology of emotion dysregulation. 
The practical utility of empirical studies, however, is dependent on the way research 
is carried out. This includes the way we select our study populations, design our 
studies, perform our analyses and ultimately interpret and describe our findings in 
scientific publications. Over the past decade, it has become evident that there are ample 
opportunities to improve the way we do scientific research. As a secondary aim, this 
thesis therefore includes meta-scientific work that identifies such opportunities to 
realign researcher incentives with scientific progression.

Main findings in perspective

Emotion Dysregulation – A plateau of susceptibility
As eluded to in the introduction of this thesis, emotion dysregulation can be viewed as 
a plateau of susceptibility, a severe at-risk state for the development of a wide variety 
of psychiatric diagnoses in adulthood.16-18 Earlier work within the Generation R study 
has shown that in early childhood, having emotion dysregulation symptoms was 
associated with having a 11 point lower IQ than children without psychopathology 
symptoms.23 Knowing that children with emotion dysregulation symptoms have severe 
psychiatric symptoms and have a markedly lower IQ, with both psychopathology and 
cognition having their origin in the brain, it was to be expected that differences in brain 
morphology or function would also be present. However, perplexingly, no associations 
were observed between emotion dysregulation symptoms and brain structure or 
function in early childhood (unpublished results). We hypothesized that the lack of 
associations could arise due to (1.) a lack of stability of emotion dysregulation at young 
ages, (2.) the possibility that brain differences would initially be hidden but become 
apparent as distinct developmental trajectories, or (3.) that via kindling processes, 
continued behavior would result in brain differences over time. 
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To address the first hypothesis, we used a data-driven approach to provide in-
depth insight in the way emotion dysregulation emerges and changes throughout 
childhood and adolescence in chapter 2. Our findings showed that indeed, between 
early and late childhood, emotion dysregulation symptoms were much more stable; 
approximately 45% of children showed stable symptoms. In order to confirm whether 
the association between emotion dysregulation symptoms and cognitive performance 
was still present in late childhood and early adolescence, we used data from two 
population-based cohorts in chapter 3 and showed that at both ages children with 
emotion dysregulation had an approximately 5-point lower IQ than children without 
psychopathology symptoms. Knowing that indeed emotion dysregulation symptoms 
become more stable over time and that the association with cognitive performance was 
still present, the support for the first hypothesis could be determined by the emergence 
of a cross-sectional relationship between emotion dysregulation symptoms and brain 
morphology in late childhood. In our results from chapter 6, we only observed a cross-
sectional relationship between higher emotion dysregulation symptoms and a lower 
hippocampal volume in late childhood. Other studies have likewise found only some 
cross-sectional associations between emotion dysregulation symptoms and brain 
structure during the period of late childhood and adolescence. Specifically, associations 
were observed between emotion dysregulation symptoms and putamen and amygdala 
volumes, as well as differences in fractional anisotropy, a measure of white matter 
microstructure, in the uncinate fasciculus.218, 225 Thus, while emotion dysregulation 
symptoms become more stable over time, it is not likely that this fully explains the 
earlier absence of cross-sectional associations.

The second hypothesis, the extent to which associations with emotion dysregulation 
would be detectable as differences in developmental trajectories of brain morphology, 
was assessed in chapter 5. A relatively new technique in studying typical development 
of brain morphology is the use of normative modeling. Using large samples of 
neuroimaging data, it is possible to obtain charts of typical brain development for 
individual brain regions.169, 170, 172 In these charts, every individual has a predicted value 
for a given brain morphology measure (e.g., cortical volume) at a given age, and using 
that predicted value and their true value, we can calculate whether an individual has a 
lower (negative deviation) or higher (positive deviation) brain measure than could be 
expected based on their age. This type of modeling thus provides the opportunity to 
study psychopathology symptoms in the context of deviations from typical development 
in brain morphology. Our findings showed that emotion dysregulation symptoms are 
related to negative deviations from typical development in cortical volume and surface 
area across widespread regions of the cerebral cortex and subcortical grey matter 
volume. Contrary, relatively few associations were observed with cortical thickness and 
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in those regions that had a statistically significant relationship, positive deviations from 
typical development were related to higher emotion dysregulation symptoms. In line 
with our findings, some evidence suggests that deviations from typical development 
may have a higher predictive value for psychopathology symptoms than raw brain 
morphology measures.172 Taken together, it is likely that differences in the underlying 
neurobiology of children with emotion dysregulation are better described as variations 
in non-linear neurodevelopmental trajectories and may stay hidden when analyzing 
cross-sectional differences in raw brain morphology measures. 

Finally, in chapter 6 we tested the hypothesis that, through behavioral kindling 
processes, emotion dysregulation symptoms may precede differences in brain 
morphology. Although it is not possible to determine causality of such effects based 
on observational cohort studies, earlier evidence has shown that psychopathology 
symptoms can precede changes in brain morphology.33 Using data from the two largest 
population-based cohorts, we showed emotion dysregulation symptoms can precede 
later brain morphology. In a meta-analysis of both cohorts, emotion dysregulation 
symptoms preceded later nucleus accumbens, posterior cingulate and inferior temporal 
volume. While such associations were not present in the vast majority of regions and 
tracts that form the cerebral grey and white matter, this evidence suggests that – at 
least for some brain areas – behavioral kindling may play a role in the emergence 
of detectable associations between brain morphology and emotion dysregulation 
symptoms. 

Emotion Dysregulation in context of internalizing and externalizing symptoms
While emotion dysregulation remains to be a relatively understudied phenotype, 
considerable work has been devoted to unraveling the underlying neurobiology 
of internalizing and externalizing symptoms. Since emotion dysregulation 
symptoms include features from both the internalizing and externalizing domain, 
it was important to address our questions in the context of both internalizing and 
externalizing symptoms to study to what extent these phenotypes show similar or 
distinct processes throughout development. Emotion dysregulation, internalizing and 
externalizing symptoms were thus simultaneously studied in their stability and change 
across development, their associations with cognitive development and sleep, and their 
underlying neurobiology. 

Regarding the stability of psychopathology symptoms, findings from chapter 2 showed 
that, where emotion dysregulation symptoms tend to become more predictive of persistent 
psychopathology over time, internalizing and externalizing symptoms were more likely 
to be transient and dissolve at later ages. Most notably, 51% of children with internalizing 
symptoms in late childhood had no behavioral problems in adolescence. Children with 
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externalizing symptoms in late childhood had a 33% chance of having no problems in 
adolescence. In line with these findings, results from chapter 3 showed that children with 
internalizing symptoms generally performed worse than typically developing children in 
cognitive performance, but better than those classified as having emotion dysregulation 
symptoms. Cognitive performance of children with externalizing symptoms generally 
ranged somewhere between the cognitive performance of those with internalizing 
and emotion dysregulation symptoms. However, little specificity was observed for the 
relationship between individual cognitive and psychopathology domains. In other words, 
there was no clear pattern of certain cognitive domains being related to specifically one 
psychopathology domain, but not the other domains. This lack of specificity was also 
observed in chapter 4 where sleep was related to psychopathology symptoms. Internalizing, 
externalizing and emotion dysregulation symptoms were all related to perceived sleep 
problems, but generally not to more objective sleep patterns or the 24h activity rhythm, 
as measured with actigraphy watches. Contrary to our findings with general cognitive 
performance, there were no noticeable differences in the magnitude of the associations 
with perceived sleep problems across different psychopathology domains (i.e., the level of 
sleep problems was comparable in children with internalizing, externalizing and emotion 
dysregulation symptoms). Finally, we assessed neurodevelopmental trajectories in children 
with different types of psychopathology in chapter 5. When comparing the results across 
psychopathology domains, two key findings emerged. First, all psychopathology domains 
were related to widespread deviations from typical development in (sub-)cortical volume 
and surface area, meaning we found little evidence for specific brain regions to be related to 
one particular type of psychopathology. Second, similar to our results for general cognitive 
performance, we observed largest deviations from typical development with higher emotion 
dysregulation symptoms and smallest deviations with higher internalizing symptoms. 

It is widely known that internalizing, externalizing and emotion dysregulation 
symptoms are related on a phenotypic level.84 Our findings show that these phenotypic 
relationships are also represented on the level of brain morphology, cognitive 
performance and sleep problems. In line with our findings, the existing literature 
also pointed towards the involvement of overlapping brain regions across multiple 
domains of psychopathology.204, 205 However, identified associations between brain 
morphology and psychopathology vary tremendously across studies (e.g., some studies 
point towards involvement of the amygdala in internalizing symptoms, whereas others 
do not162). Regarding cognitive performance and sleep problems, some earlier work 
suggested differential associations for individual psychopathology domains.21, 73 For 
example, externalizing symptoms have been shown to be more prominently related to 
executive functioning than internalizing or emotion dysregulation symptoms.73 One 
of the challenges with interpreting results that are inconsistent across studies is that, 
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with traditional null hypothesis testing, we cannot delineate whether the absence of 
statistically significant findings is due to an actual absence of an association or due to a 
lack of power resulting in a false-negative finding, something that is particularly likely 
when small effect sizes are to be expected.239 Thus, while our results pointed towards 
some differences across psychopathology domains, the overlap in findings raises 
the question to what extent internalizing, externalizing and emotion dysregulation 
symptoms are truly distinct domains of psychopathology. Thereby our findings 
challenge our current division of psychiatric symptoms and can be interpreted as an 
open invitation to iteratively revisit our definitions of psychiatric disorders based on 
new etiological evidence. 

Towards an open research culture 
In the last decade, it has become undeniable that science is facing a reproducibility 
crisis. For example, about 60% of researchers in the field of medicine indicated that they 
have ever failed to reproduce either their own results or the results of others.43 There 
are many factors that have together contributed to the reproducibility crisis, including 
steps in conducting research (e.g., low statistical power or a poor experimental design), 
insufficient supervision or mentoring, and external factors such as the pressure 
to publish and a focus on novelty, which may lead to p-hacking (i.e., analyzing and 
“massaging” data until a significant association is detected) and selective reporting 
(e.g., only reporting significant findings).35, 43, 337 While it is not possible to change the 
past, it is of the utmost importance to strive for a future in which scientific findings 
are more reliable and reproducible. 

Those fields where most statistical power is required, given the expectation of small 
effect sizes, have unsurprisingly been at the forefront of seeking such solutions. This 
has resulted in large consortia in both the field of genetics and neuroimaging, of which 
the ENIGMA consortium, currently including 50 different working groups, is one 
example.256 In light of privacy regulations, oftentimes the data is stored and analyzed 
locally, after which these results are combined into larger meta-analyses. However, 
research indicates that results of meta-analyses and mega-analyses (i.e., combining 
all data and analyzing it all at once) can provide different views, with mega-analyses 
giving a more precise representation.289 While it cannot be stressed enough that 
adhering to privacy regulations is vital when sharing data, these regulations are not 
meant to hamper scientific advancement by restricting researchers to share data. The 
Adolescent Brain Cognitive Development (ABCD) study,85 used in chapter 3 and 6 of 
this thesis, provides an excellent example of a large-scale study that has successfully 
pseudonymized and shared data, which led to a considerable increase in power and 
the possibility to replicate and extend our findings obtained from the Generation R 

166007_Blok_BNW-def.indd   310166007_Blok_BNW-def.indd   310 14-07-2023   07:2914-07-2023   07:29



311

General Discussion

study. In chapter 7 we therefore argue that, while researchers may yield the power to 
serve as gatekeepers for the data that they have acquired, it should ultimately be up to 
the participant to make the decision whether they are willing to share their data with 
researchers across the globe. Certainly, there are other understandable challenges that 
come with data sharing (e.g., the additional time that needs to be spent on preparing 
data into a shareable format), therefore, we also provide some straightforward solutions 
to overcome these barriers.

In my eleventh proposition, I quote Sjaak Horstink, who once comforted me by saying: 
“Time goes by quickly, there is not a lot you can do about it, but there is a lot you can 
do with it”. We allocate our time based on what we find most valuable, and what is 
most valuable to us is in part led by implicit or explicit incentives. When you ask an 
academic how they are doing, you will generally get an answer that includes the word 
“busy”. Limited by time constraints, everyone has to make choices regarding which 
tasks they can take on, and to a certain degree these choices are made based on what 
benefits the academic most in the short or long term. Interestingly, what benefits the 
academic, is not necessarily aligned with what benefits scientific progression. One of 
the quickest ways to evaluate and compare academics is to look at their h-indices (the 
h-index is a metric that incorporates the amount of publications and citations, and is 
designed to represent the scientific impact of an academic).453 Thus, tasks that return 
in co-authorships and publications are highly valuable, or vice versa, those tasks that 
do not necessarily lead to co-authorships and publications may end up at the bottom 
of our to-do lists. As there are currently not (enough) incentives to do tasks such as 
preparing datasets in a shareable format, making data analysis scripts reproducible and 
properly annotated or assessing the robustness of results when statistical significance 
is reached for a given analysis, the execution of these tasks relies too heavily upon the 
altruistic willingness of individual researchers to take them on. Changing the incentive 
structure will be a joint effort in which funding bodies, publishers and academics have 
the opportunity co-create a more reliable future for science within a global perspective. 
In the Netherlands, universities and funding bodies are paving the way for such changes 
with the “Recognition and Reward” model.454 Further, early career researcher-led 
initiatives such as the ReproducibiliTea, Open Science Communities, the Framework 
for Open and Reproducible Research Training (FORRT), and the Reproducible, 
Interpretable, Open and Transparent (R.I.O.T.) Science Club, aim to provide peer-to-
peer training and community building to ease academics into implementing open 
research practices in their own work. The work in chapter 8 is specifically aimed at 
senior academics to encourage them to promote and support this cultural change, 
following three easy steps. First, changes in hiring criteria are suggested, second, easy 
to implement opportunities to change the way individual academics are credited are 
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provided, and lastly, possible changes for the way funding is acquired and manuscripts 
are published are discussed. 

Methodological considerations

The construct emotion dysregulation
It has been recognized previously that emotion dysregulation is an umbrella term, 
which encapsulates symptoms of irritability and temper outbursts.206 With the 
introduction of the DSM-5, these symptoms have been clustered under the clinical 
diagnosis Disruptive Mood Dysregulation Disorder (DMDD).455 In this thesis, emotion 
dysregulation is measured with the Child Behavior Checklist Dysregulation Profile 
(CBCL-DP), which is a combination of anxiety, attention problems and aggressive 
behavior.14 A commonality of these definitions is that it is an at-risk state for a variety 
of later psychopathology,16, 17, 456, 457 which is also supported by our results in chapter 2. 
While it is important to recognize that there are children that show symptoms that 
cut across the division of internalizing and externalizing symptoms, the non-specific 
nature of the risk for later psychopathology raises the question to what extent the 
CBCL-DP captures a phenotype that is fundamentally different from the total problems 
score, which represents a general risk for psychopathology. While it is not an easy task 
to address this question, we can speculate on the extent to which they represent unique 
constructs by comparing the measurements themselves, using data-driven approaches 
and by comparing potential underlying neurobiology and related outcomes.

Comparing the measurements directly, we can assess the correlation between the 
CBCL-DP and the total problems score. In the samples used in this thesis, this showed 
a Pearson’s correlation between 0.95-0.97. However, the fact that this correlation is very 
high, by itself is not sufficient to draw the conclusion that the CBCL-DP and the CBCL 
total problems score measure the same construct, as the CBCL-DP is nested within 
the total problems score and thus by definition those scoring higher on the CBCL-
DP will also score high on the total problems score. Using data-driven approaches, 
earlier work, as well as chapter 2, has aimed at identifying a dysregulation profile 
using essentially all information from the CBCL.16, 46, 51 All of these studies have pointed 
towards a dysregulation profile in which children do not exclusively score high on 
anxiety, attention problems and aggressive behavior, but have the highest scores on 
all syndrome scales. 

In chapter 6, the temporal relationship between CBCL-DP symptoms and brain 
morphology was tested. All analyses that included a statistically significant result were 
repeated, in which the relationship with the total problems score and brain morphology 
was tested. Results for both cohorts remained highly similar, pointing towards similar 
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patterns in brain and behavioral development for both constructs. Similarly, earlier 
work has compared the CBCL-DP and a general psychopathology factor extracted from 
all CBCL syndrome scales, and observed an association between both CBCL-DP and 
general psychopathology levels, and self-harm and suicidality.458

Taken together, the CBCL-DP may not represent a construct that is fundamentally 
different from the total problems score of the CBCL. While at first glance, that may 
seem to undermine the importance of the work carried out in this thesis, as well as 
other literature assessing the CBCL-DP, I want to argue the contrary. First, the fact 
that the CBCL-DP is non-specific does not diminish the value as indicator of severe 
psychopathology. Multiple chapters in this thesis indicate that the CBCL-DP has 
stronger associations with cognitive performance, sleep problems and deviations 
from typical brain development than internalizing and externalizing symptoms, which 
is explicitly tested for cognitive performance. This suggests that children who have 
symptoms that span across multiple domains are more heavily at-risk than those with 
symptoms within one domain. Thus, the DP remains to be a plateau of susceptibility. 
Second, even if the CBCL-DP and the total problems score measure essentially the same 
general psychopathology construct, the CBCL-DP has one clear advantage over the total 
problems score in instances where time-constraints are in place for the assessment of 
psychopathology; it is much shorter. In those situations where the primary interest is 
having a measure of general psychopathology and it is beneficial to acquire this measure 
using a limited number of questions, the CBCL-DP can be used to replace the total 
problems score. Finally, the CBCL-DP and the total problems score have bidirectional 
relationships with brain development. This, together with the findings that deviations 
from typical brain development existed in many regions for internalizing, externalizing 
and CBCL-DP symptoms, exemplifies that the etiology of these ‘distinct’ domains of 
psychopathology may be, to some extent, shared. Thus, the CBCL-DP can be described 
as a short and efficient measure of non-specific general psychopathology, which is 
rooted in the brain, by which it challenges the common approach of studying the 
etiology individual diagnoses separately. 

Group differences and individual differences
In tracking emerging psychopathology, studying underlying neurobiology and assessing 
to what extent other areas of development are related to psychopathology symptoms, 
inferences can be drawn on the group level and on the individual level. On a group level, 
it might be of interest to assess whether, on average, higher psychopathology symptoms 
are related to lower cognitive performance. On an individual level, the equivalent of 
this question would be whether an individual has higher psychopathology symptoms 
at a certain point in time compared to what they usually have (i.e., relative to their own 
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mean psychopathology symptoms), if their cognitive performance becomes worse than 
it usually is. The extent to which the direction, as well as the magnitude of the effects, 
differ between the individual and the group level, determines the degree to which 
group level findings can be generalized to the individual level. 

For many findings in this thesis, it is likely that the observed associations have at least 
the same direction on the group- and individual-levels. An example is the relationship 
between perceived sleep and psychopathology, where we observed that those with 
greater psychopathology symptoms also had more trouble sleeping. However, there 
are also some relationships tested in this thesis that may not be as easily generalizable 
from the group to the individual level. In chapter 3 we observed that youth with more 
internalizing symptoms had a higher cognitive performance in the verbal domain. 
While this could not be tested within our sample, it is not unlikely that the individual 
effect goes in the opposite direction, meaning that if an individual experiences more 
internalizing symptoms than their individual mean symptom level, their verbal 
performance would be worse than their own average verbal performance. In chapter 
6 we have specifically employed both a model assessing group-level and individual-
level differences. We observed that group-level stability of psychopathology and brain 
morphology measures was notably higher than individual-level stability, pointing 
towards sizeable differences in the magnitude of effects.

An important study design requirement of addressing questions on an individual level, 
is that at least three time points of data collection are required.234 While in this thesis, 
three time points of data were available to accommodate such analyses in chapter 
6, it remains the bare minimum, and having more than three time-points allows for 
a more precise representation of an individual mean for the measured construct. 
Multiple measures also would show better accuracy in determining deviations from 
this mean. While traditionally, collecting data at more than three time points has been, 
and remains to be, a time consuming task, experience sampling methods have emerged 
and digitalized in the recent years, resulting in repeated measurements of the same 
items that are obtained with only a short time interval between measurements, albeit 
often at the cost of obtaining less in-depth measures.459 Such methods can provide 
detailed insight in within-individual changes in psychopathology levels. To extent 
findings from this thesis and assess longitudinal and bidirectional relationships, these 
psychopathology measures could be coupled with measures regarding perceived sleep, 
as well as obtaining actigraphy measures. Coupling these measures with cognitive 
performance would be a more difficult task, but could be done by asking the teachers 
to report on classroom performance at the end of each day for the time period of data 
collection. In the foreseeable future, it will not be possible to scale up the amount of 
neuroimaging measurements taken as quickly as is possible for the aforementioned 
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measurements. For now, it will thus be important for researchers in the field of 
neuroimaging to realize and explicitly acknowledge that group-level findings may not 
be directly translatable to the individual level. Additionally, for those that have three 
or more waves of data collection available, it will be beneficial to the field to build on 
our findings and assess more broadly how large the differences between group-level 
and individual-level results are. 

Small effect sizes and sample size
As stated in the introduction of this thesis, the brain is indisputably the most complex 
organ of the human body, in which many regions together facilitate a myriad of higher 
order processes, including our behavior. However, while disentangling these complex 
processes is an exciting endeavor to take part in as a researcher, it comes with (at least) 
two large difficulties. The first difficulty that arises is the fact that for most brain 
regions, the associations with psychopathology yield small effect sizes.239 Indeed, a 
recent meta-analysis showed that currently neuroimaging measures can account for 
about 8% of affective symptoms on average.216 Somewhat worrying is the point that the 
smallest sample sizes actually showed the highest explained variance, which is in line 
with other findings that small sample sizes can lead to an overestimation of prediction 
accuracy.42, 216 A logical solution to address the low statistical power issue that arises 
with expected small effect sizes is to increase the sample size to obtain appropriate 
statistical power. Increasing power can be done through the collection of larger 
datasets. However, given that this requires a lot of time and monetary investments, 
another solution, which we suggest in chapter 7, is to enhance data sharing within the 
neuroimaging community. 

Though increasing sample size at first glance seems to resolve the issue of limited 
statistical power, this solution will also introduce a new issue; how to interpret and 
explain all these small effect sizes? Some work has even suggested that with large 
sample sizes, we should move from thresholding p-values towards thresholding effect 
sizes.460 In 2017, Daniël Lakens predicted that, after having faced the reproducibility 
crisis, between 2017-2025 the field of psychology would face a ‘theory crisis’, then 
between 2025-2030 a ‘falsification crisis’, after which the timeline of predictions goes 
on beyond 2050.461 The theory crisis represents the field of psychiatric neuroimaging 
having issues formulating theories regarding underlying neurobiological pathways 
towards the development of psychopathology.462 Further, the falsification crisis points 
to the fact that even in the presence of such theories, we often lack testing of auxiliary 
hypotheses (i.e., if we observe a causal effect between A and C, our theory may state 
that this goes through pathway B, but there may be other pathways that could explain 
this causal effect).463 
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To overcome these hurdles and get to the prediction of ‘the golden age of psychology’, 
which is in Lakens’ prediction scheduled from 2050 onwards, there are several 
areas that require attention. To study underlying mechanisms, including genetic 
predisposition that can, via brain development, lead to psychopathology, non-human 
studies can provide a controlled environment.464 Further, techniques that facilitate the 
integration of multiple imaging modalities (e.g., combining functional and structural 
MRI measures) can be used to detect associations that would otherwise remain 
hidden.465 Together, these non-human and human studies can iterate and articulate 
theories, in which it will be crucial to also articulate and specifically test potential 
auxiliary hypotheses. 

Clinical implications

The work in this thesis was performed in two large population-based settings, in which 
the vast majority of children experienced relatively low levels of psychopathology. It is 
by now widely recognized that psychopathology symptoms exist along a continuum, 
instead of in a binary division between individuals with and without psychopathology.8, 

466 By analyzing these continuous levels of psychopathology symptoms in relation to 
cognitive performance, sleep and brain morphology, we provide evidence that not only 
psychopathology symptoms, but also associated factors and underlying neurobiology 
exist along this continuum. 

The existence of these relationships along a continuum may imply that not only those 
individuals at the highest end of the spectrum, those who receive clinical diagnoses, 
can benefit from intervention and treatment strategies, but also those with subclinical 
traits that impair function. The etiological findings from this thesis further have 
important implications for cognitive performance, sleep and brain development as 
potential fruitful targets for treatment strategies. Regarding cognitive performance, we 
observed that externalizing and emotion dysregulation symptoms were most strongly 
associated with worse cognitive performance. Using longitudinal data, others have 
shown that an increase in externalizing symptoms is associated with a decrease in 
cognitive performance, and that externalizing symptoms can precede lower academic 
performance, as well as vice versa.20, 82, 110 While this evidence points to a potential 
vicious cycle, it also provides opportunities for infusing treatment. Providing support 
for a better academic performance or providing treatment for psychopathology 
symptoms may have a positive effect in both areas. 

On the subject of sleep and psychopathology, our findings pointed towards a consistent 
relationship with perceived sleep problems, but not with more objective measures of 
sleep. Given the co-occurrence of perceived sleep problems and psychopathology, it 
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has been suggested previously that sleep problems may be an easier topic to discuss 
for youth than psychopathology symptoms.21 Thereby, sleep problems could be a 
conversation starter to ease youth into talking about their psychopathology symptoms. 
On the other hand, it is important for clinicians to realize that when they see children 
with psychopathology, it is not unlikely for them to have co-existing sleep problems. 
Given that sleep problems can be a factor that sustains the presence of psychopathology 
symptoms, the extent to which an individual is experiencing sleep problems is 
important to take into account in clinical practice.24, 25, 467

Concerning brain development in children with psychopathology symptoms, results 
in this thesis mirror earlier work in the Generation R study that pointed towards a 
temporal relationship between earlier psychopathology symptoms and later brain 
morphology measures.33 While these findings were limited and warrant further 
replication in clinical samples, this may provide a fruitful treatment target in the future. 
To ultimately promote optimal brain development, it will therefore be important for 
future studies to assess to what extent differential brain development can be prevented 
by interventions aimed at reducing psychopathology symptoms. 

Finally, work in this thesis showed considerable change in the type of psychopathology 
exhibited by children across time (e.g., some children with externalizing problems at 
an earlier age would later exhibit internalizing problems). In addition, considerable 
similarities in the associations between cognitive performance, sleep and brain 
development were observed for internalizing, externalizing and emotion dysregulation 
symptoms. Together, these findings raise the question as to the extent that these 
separate domains are truly distinct or can, in part, be attributed to a single underlying 
cause. This is also one of the questions underlying the discussion regarding the use 
of DSM-5 diagnoses in the evaluation and treatment of patients with psychiatric 
problems.468-470 In my opinion, a shared language to articulate common characteristics 
of psychiatric disorders, a purpose currently fulfilled by the DSM-5, is beneficial, but 
not sufficient in the evaluation and treatment of psychiatric disorders. Beneficial, 
as the DSM-5 is designed to aid objectivity in the assessment of, as well as provide 
a common nomenclature to communicate about psychiatric disorders.102 It can 
aid recognition and acknowledge difficulties experienced by patients, not only for 
the patients themselves, but also for clinicians, family and friends.471 At the same 
time, it is important to recognize that DSM-5 diagnoses alone cannot fully describe 
the complexity of and overlap between disorders,472 and it is widely known that the 
simplification of this complexity into DSM-5 diagnoses is associated with stigma.473 
The findings in this thesis regarding the change in symptomatology on the individual 
level and the associations with brain development, cognition and sleep for those 
experiencing psychopathology underline the importance of mapping and describing 
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individual difficulties and vulnerabilities alongside diagnoses to obtain a holistic view 
of each patient and identify personalized treatment targets.

Future directions

Findings from this thesis provide ample direction for future research. Three of these 
directions concern the way in which we define psychopathology symptoms, the use of 
longitudinal studies with repeated measurements and fostering a culture shift towards 
open and transparent research. 

The work in this thesis has focused on internalizing, externalizing and emotion 
dysregulation symptoms, which we know to be correlated on multiple levels, which 
challenges the way we currently divide and study the etiology of psychopathology 
symptoms. While the vast majority of studies focus on how a specific diagnosis or 
a broader domain of psychopathology symptoms emerge, children with CBCL-DP 
symptoms exemplify that these ‘different’ symptoms can emerge at the same time. At 
the very least that means that they co-develop, but it is much more likely that these 
‘different’ symptoms share a common underlying cause. Following similar lines of 
reasoning, an area of research has emerged that aims to statistically unpack this shared 
variance in symptoms into a general psychopathology factor. By partitioning out this 
general factor, remaining variance can more precisely be attributed to truly distinct 
measures of specific symptoms.10, 208 Given the considerable overlap in underlying 
neurobiology, cognitive performance and sleep problems across these traditionally 
defined subdomains of psychopathology, it will be important for future work to 
partition general and specific psychopathology measures and relate those separated 
to brain morphology as well as other associated factors to elucidate whether the overlap 
observed in this thesis can be explained by the general level of psychopathology that 
is shared across subdomains. 

 The empirical studies included in this thesis make use of both cross-sectional and 
longitudinal data. As the children and adolescents that have participated in the 
Generation R study grow into late adolescence and early adulthood, data is being 
collected on their psychopathology levels and the extent to which they meet criteria 
for clinical diagnoses. This data will allow for studies to examine how early trajectories 
of psychopathology levels are related to adult psychopathology. Further, in our work 
on psychopathology, and cognitive performance and sleep, an evident extension of 
our work would be to assess the bidirectionality of these relationships. By addressing 
questions regarding bidirectional and temporal relationships, future work can shed 
light on the most fruitful targets for interventions, as well as the most profitable 
timing for such interventions. With the ABCD study, as well as the Generation R 
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study collecting more waves of data collection, it will increasingly become possible 
to model typical development and deviations from typical development. This allows 
for two interesting extensions of our findings in chapter 5, where we modeled 
typical developmental trajectories based on cross-sectional data. First, it would be 
a possibility to model growth trajectories based on longitudinal data. The degree to 
which the slope of these growth curves is related to psychopathology can then inform 
the extent to which brain development follows a different development in children 
with psychopathology. Second, it would be an option to use the current developmental 
trajectories and model longitudinal deviations from these trajectories. While we 
showed in chapter 5 that higher psychopathology symptoms were related to negative 
deviations from typical development in widespread regions for cortical volume, the 
predictive value of changes in the degree to which an individual deviates from typical 
development may be even higher. For instance, two individuals might have a lower 
amygdala volume than average at one point in time, but if one of those individuals also 
had a lower amygdala volume at the previous time point, whereas the other individual 
had a typical amygdala volume at the previous time point, that would remain hidden 
by only assessing deviations from typical development at one point in time. It will be 
interesting to unravel to what extent prediction accuracy can be improved by modeling 
these changes in deviations to predict psychopathology symptoms. 

Finally, it will be important to expedite reproducibility and transparency of future 
studies. Since the current literature lacks proper replication for many influential studies, 
one easy suggestion would be to make it standard for each PhD-student to start their 
project by replicating another study. This will benefit science, as it will vastly increase 
the number of replication studies that are being conducted, but it will also benefit the 
PhD-student as it can ease them into the research process. An additional advantage will 
be that such replication studies are also easy to preregister, as the methods are already 
known, by which the new PhD-student can become acquainted with the use of open 
research practices from the start. Certainly, this process will become easier if researchers 
make it more common to share their analysis scripts, or even data, as these can then be 
reused to facilitate replication studies. Further, it will become increasingly crucial to 
enhance a collaborative and inclusive research culture, to foster the reproducibility and 
transparency of future studies (and prevent the collaboration crisis, predicted by Lakens 
to occur between 2036-2048!461). There are many areas in which researchers can become 
experts (acquiring grant funding, setting up studies, selecting appropriate statistical 
methods, knowledge dissemination, teaching, etc.), however it is impossible to master 
all those skills, especially for those in temporary positions. I would argue that to improve 
scientific advancement, we need to work in collaborative teams with individuals with 
different expertises. In those collaborative teams, each contribution can be recognized, 
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for example with the CRediT taxonomy.41 Using a detailed description of the role of each 
contributor can also help identify experts in certain areas for future collaborations. 
The degree to which these contributions can lead to a more reproducible landscape and 
foster a culture in which researchers do not have to become a ‘master of everything’, but 
can become a true expert in some areas by focusing on their own interests, will be an 
important area of meta-research in the future.

Concluding remarks

Every individual falls somewhere on the spectrum of psychopathology symptoms, and 
change in symptoms over time is the rule, rather than the exception. Having more 
psychopathology symptoms during childhood and adolescence is related to having 
difficulties in several other areas, including cognitive performance and sleep. This, 
together with the findings that psychopathology symptoms can precede differential 
brain development, stresses the importance of early intervention. To increase our 
understanding of the etiology of psychopathology symptoms, and how psychopathology 
is rooted in the brain, we will need to continuously and iteratively reshape the 
definition of psychopathology, as well as the methods to combine information on brain 
structure and function, following scientific advancement. To accommodate this, it is 
fundamental to improve the scientific landscape in which researchers operate towards 
an open and transparent culture.
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Summary

Over the course of a lifetime, the majority of individuals suffer from psychopathology 
symptoms at one point. There is a myriad of types of psychopathology, but broadly 
these can be classified into internalizing symptoms (e.g., anxiety) and externalizing 
symptoms (e.g., aggression). Additionally, there is a group of children that has combined 
symptoms of anxiety, attention problems and aggressive behavior, who are labelled 
as having ‘emotion dysregulation’, which is a phenotype that has not been studied 
extensively. Given that all types of psychopathology are associated with reduced quality 
of life in childhood and adulthood, it is crucial to chart the emergence, course and 
associated factors of psychopathology symptoms in early development. The primary 
aim of this thesis was therefore to address the following questions:

1. How does psychopathology develop across childhood and adolescence?
2. How are cognitive performance and sleep related to psychopathology?
3. Is brain development different in those with psychopathology symptoms from 

typical brain development?

These questions are addressed using two large epidemiological cohort studies, the 
Generation R and the Adolescent Brain Cognitive Development (ABCD) studies. 
Approximately 10,000 families, derived from the population of Rotterdam, participate 
in Generation R. Further, the ABCD study included about 12,000 children living across 
the United States. 

Besides empirical research, a secondary aim of this thesis was to shed light on 
opportunities for researchers to solidify scientific progression through the use of open 
research practices.

Emerging psychopathology
Psychopathology symptoms exist along a spectrum, in which one individual may suffer 
from more anxiety and the other from more attention problems. Further, the amount of 
symptoms expressed by an individual can also change across time. In chapter 2 we have 
used parent-reported data on psychopathology symptoms of the child to assess how 
psychopathology symptoms develop across childhood and adolescence. Across the ages 
of 6 to 16 years, we found that the majority of children (78-86%) does not suffer from 
psychopathology symptoms, 5-9% has internalizing symptoms, 7-10% externalizing 
symptoms and 2-4% has symptoms of emotion dysregulation. While a substantial 
amount of children thus suffers from internalizing or externalizing symptoms, we 
also showed that for a large proportion of these children (33-51%) these symptoms 
are transient. This is markedly different for children with emotion dysregulation 
symptoms, from which the vast majority (78-91%) continues to have psychopathology 
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symptoms at the subsequent time point. Taken together, this suggests that a small 
proportion of the population suffers from severe psychopathology, with symptoms that 
cut across traditionally defined domains (internalizing or externalizing symptoms), 
which is a plateau of susceptibility for later psychopathology. 

Related areas of development: cognition and sleep
It is not hard to imagine that children that are suffering from psychopathology symptoms, 
also have difficulties in other areas. In chapter 3 and 4 we have therefore assessed to what 
extent cognitive performance and sleep are associated to psychopathology symptoms. 
Regarding cognition, all domains of psychopathology were shown to be related to a 
lower cognitive performance, in which those with internalizing, externalizing and 
emotion dysregulation symptoms had a respectively 2-point, 3-point and 5-point lower 
IQ than typically developing children. To examine whether these differences were 
driven by certain domains of cognition, we also assessed the relationship between these 
psychopathology symptoms and individual domains of cognitive performance, being 
verbal performance, fluid reasoning, working memory and processing speed. Children 
with externalizing and emotion dysregulation symptoms scored lower than typically 
developing children on almost all domains. Surprisingly, we also found a positive 
association between internalizing symptoms and verbal performance. In summary, these 
findings show that psychopathology is associated with lower cognitive performance, 
in which the relationship is most prominent for those with emotion dysregulation 
symptoms.

Comparable to the relationship between psychopathology and cognitive performance, 
all domains of psychopathology (internalizing, externalizing and emotion 
dysregulation) were related to perceived sleep problems, both when reported by the 
parent and the child. Besides reported sleep measures, we also used more objective 
sleep measures, for which children wore an actigraphy watch during the night. These 
watches allowed for data collection on for example sleep duration, number of waking 
times during the night and sleep efficiency. Noticeably, while strong associations 
were observed between reported sleep measures and psychopathology, very few 
relationships were detected between psychopathology and these more objective sleep 
measures. Thereby, our results suggest that perceived and objective sleep tap into 
different constructs of sleep, with perceived sleep having the strongest relationship 
with psychopathology symptoms. 

Underlying neurobiology of psychopathology
Our behavior, whether typical or atypical, originates in the brain. Therefore, if we want 
to understand the etiology of emerging psychopathology, we need to study the brain. In 

166007_Blok_BNW-def.indd   345166007_Blok_BNW-def.indd   345 14-07-2023   07:2914-07-2023   07:29



346

Appendices

chapter 5 we have therefore assessed brain development in relation to psychopathology 
symptoms. First, we have modeled typical developmental trajectories for several brain 
regions, after which a score resembling the deviation from this typical trajectory was 
calculated for each individual. These deviations from typical development were related 
to psychopathology symptoms, showing that psychopathology symptoms were related 
to widespread deviations from typical development. Similar to the results obtained for 
cognitive performance, results were observed for all psychopathology domains, with 
the strongest effect sizes for emotion dysregulation symptoms.

Additional to the fact that our behavior originates in the brain, there is growing 
evidence that behavior can also influence brain development. In chapter 6, we have 
therefore tested this intriguing hypothesis of a bidirectional relationship between 
brain morphology and emotion dysregulation symptoms. While we did not observe 
longitudinal effects for most brain regions, meaning that we did not find effects of 
prior brain morphology on later behavior or vice versa, there were some brain regions 
in which we did find these effects. These results show that for some regions in the 
brain, a difference in brain volume can be found which is dependent upon earlier levels 
of emotion dysregulation symptoms. Thus, this work provides ample directions for 
future research, assessing to what extent healthy brain development can be promoted 
through early intervention on psychopathology symptoms.

Open Science
The utility of scientific research is determined by the reproducibility of studies being 
conducted. To enhance reproducibility there are several conditions crucial, amongst 
which having sufficient statistical power as well as open and transparent reporting. 
As many previous work, as well as our own work in chapter 5 and 6, has shown; effect 
sizes for relationships between behavior and brain morphology are generally small, 
requiring large sample sizes to accommodate sufficient statistical power. One of the 
easiest methods to increase sample size is sharing data and pooling this data or the 
results into larger analyses. Therefore, we encourage the reader in chapter 7 to critically 
look for opportunities to share data. In this endeavor it is of the utmost importance 
to adhere to privacy regulations, without having these regulations be a barrier to 
succeed in sharing of data. Ultimately, we argue that it should be the participant that 
decides to what extent their data can be used, shared and re-used to enhance scientific 
progression. We as researchers should actively seek for opportunities to accommodate 
the participants wishes. 

In reshaping the scientific culture towards a more open and transparent academic 
landscape, senior academics have a unique role. They are in a position to push for 
changes, and while they may oftentimes not be opposed to the implementation of 
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open research practices, they do not have clear guidance on how to proceed in many 
instances. In chapter 8 we therefore present three easy steps senior academics can take 
to promote this transition. These steps include changing how people are hired, assigned 
authorship or contributorship and how projects get funded.

Scientific research is ultimately meant to have impact beyond the borders of the 
academic world. A group of individuals that is important to reach, especially when it 
concerns research on child development, are children themselves. Chapter 9 is therefore 
devoted to translating scientific research on emotion dysregulation and the brain for 
children aged 8 to 11 years. Through the use of articles written for children, they have 
the opportunity to learn directly from scientific research. Additionally, it opens up 
possibilities for children to participate directly in scientific research to serve as peer 
reviewers for such articles. 

Finally, in chapter 10, the findings in this thesis are discussed in light of the existing 
literature as well as in the context of some methodological considerations. This chapter 
ends with clinical recommendations and directions for future research. 
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Samenvatting

In een mensenleven krijgt het grootste deel van de populatie op een moment te maken 
met psychopathologie. Er zijn verschillende vormen van psychopathologie, die we 
breed kunnen categoriseren als internaliserende problematiek (bijvoorbeeld angst) 
en externaliserende problematiek (bijvoorbeeld agressie). Daarnaast is er een groep 
kinderen die zich presenteert met symptomen uit beide domeinen, te weten angst, 
aandachtsproblemen en agressie, wat emotie dysregulatie genoemd wordt. Met 
name dit laatste fenotype, emotie dysregulatie, is relatief onderbelicht in onderzoek. 
Aangezien al deze vormen van psychopathologie geassocieerd zijn met kwaliteit 
van leven, zowel op de kinderleeftijd als op volwassen leeftijd, is het cruciaal om 
het ontstaan, het verloop en aanverwante factoren van psychopathologie in kaart te 
brengen tijdens de vroege ontwikkeling. Dit proefschrift had daarom als primaire doel 
om antwoord te geven op de volgende vragen:

1. Hoe ontwikkelt psychopathologie zich over de kindertijd en adolescentie?
2. Op welke manier zijn cognitie en slaap geassocieerd aan psychopathologie?
3. Verloopt de breinontwikkeling van kinderen en adolescenten met psychopathologie 

afwijkend van de typische breinontwikkeling?

Deze vragen zijn onderzocht binnen twee grote epidemiologische cohortstudies, de 
Generation R en de Adolsecent Brain and Cognitive Development (ABCD) studie. 
Aan de Generation R studie nemen ongeveer 10.000 kinderen met hun ouders, uit 
de Rotterdamse populatie, deel. De ABCD studie heeft grofweg 12.000 kinderen 
geïncludeerd in verschillende onderzoekscentra verspreid over de Verenigde Staten. 

Naast empirisch onderzoek, was een secundair doel van dit proefschrift om kansen te 
belichten voor onderzoekers om wetenschappelijke progressie te bevorderen op basis 
van open wetenschap principes. 

Het ontstaan van psychopathologie
Symptomen van psychopathologie komen voor op een spectrum. Het ene kind heeft 
meer last van angst en het andere kind worstelt meer met aandachtsproblemen. 
Daarnaast kan het niveau waarop een individu last heeft van bijvoorbeeld angst ook 
veranderen over tijd. In hoofdstuk 2 hebben we gebruik gemaakt van vragenlijsten 
waarin ouders over psychopathologie van het kind rapporteerden, om te kijken 
hoe deze klachten zich ontwikkelen gedurende de kindertijd en de adolescentie. 
Hieruit bleek dat tussen 6 en 16 jaar het grootste deel van de kinderen (78-86%) geen 
psychopathologie heeft, dat internaliserende problematiek voorkomt bij 5-9% van de 
kinderen, externaliserende problematiek bij 7-10% van de kinderen en een klein deel 
van de populatie (2-4%) kampt met emotie dysregulatie. Hoewel een substantieel deel 
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van de kinderen dus last heeft van internaliserende of externaliserende problematiek 
tijdens de ontwikkeling, laat ons werk ook zien dat een groot deel van de kinderen 
deze problematiek slechts tijdelijk heeft (33-51%), waarna ouders, naarmate het kind 
ouder wordt, geen symptomen van psychopathologie meer rapporteren. Dit beeld is 
beduidend anders voor kinderen met emotie dysregulatie, waarvan het overgrote deel 
(78-91%) aanhoudende klachten heeft. Hiermee laten we zien dat een klein deel van de 
populatie last heeft van ernstige psychopathologie, waarbij kinderen zich presenteren 
met symptomen die zich niet houden aan traditioneel gedefinieerde domeinen 
(internaliserend of externaliserend gedrag), waarmee deze kinderen een hoog risico 
hebben op het behouden van psychopathologie symptomen.

Aan psychopathologie verwante factoren: cognitie en slaap
Het is niet moeilijk om je voor te stellen dat wanneer kinderen last hebben van 
psychopathologie, ze ook in andere domeinen vastlopen. In hoofdstuk 3 en 4 
van dit proefschrift is daarom gekeken in hoeverre de cognitieve capaciteit en de 
kwaliteit van slaap geassocieerd zijn met met psychopathologie. Alle domeinen van 
psychopathologie bleken geassocieerd te zijn met cognitieve capaciteit, waarbij degenen 
met internaliserende problematiek een ongeveer 2 punten lager IQ hadden, kinderen 
met externaliserende problematiek ongeveer 3 punten lager, maar kinderen met emotie 
dysregulatie een 5 punten lager IQ hadden dan kinderen zonder psychopathologie. Om 
inzicht te geven in of dit lagere IQ gedreven werd door bepaalde domeinen van cognitie, 
hebben we gekeken naar de associatie tussen psychopathologie en vier subdomeinen: 
verbaal vermogen, fluïde redeneren, werkgeheugen en verwerkingssnelheid. Kinderen 
met emotie dysregulatie scoorden lager op vrijwel alle domeinen en een vergelijkbaar 
beeld was zichtbaar voor kinderen met externaliserende problematiek. Opvallend 
genoeg vonden we ook dat internaliserende problematiek positief geassocieerd was met 
verbaal vermogen. Samengenomen wijzen deze resultaten erop dat psychopathologie 
vaak samengaat met een lager cognitief functioneren, waarbij de relatie het sterkst is 
in kinderen met symptomen van emotie dysregulatie. 

Vergelijkbaar met de relatie tussen psychopathologie en cognitie, bleken ook alle 
domeinen (internaliserend, externaliserend en emotie dysregulatie) geassocieerd te zijn 
met gerapporteerde slaap. Door de ouders gerapporteerde psychopathologie ging, over 
het algemeen, samen met een slechtere kwaliteit van slaap, gerapporteerd door zowel 
ouder als het kind zelf. Naast dat ouders en kinderen gevraagd zijn naar de kwaliteit 
van slaap, is voor dit onderzoek ook gebruik gemaakt van een meer objectieve maat van 
slaap. Hiervoor hebben kinderen actigrafie horloges gedragen tijdens het slapen, waarmee 
onder andere slaapduur, het aantal keer dat iemand wakker werd tijdens de nacht en 
slaap efficiëntie gemeten werd. Het opmerkelijke was, dat waar we sterke associaties 
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vonden tussen psychopathologie en gerapporteerde slaap, we nagenoeg geen associaties 
gezien hebben tussen psychopathologie en deze meer objectief gemeten slaap. Daarmee 
suggereren de resultaten van dit onderzoek dat de beleving van slaap en objectieve slaap 
waarschijnlijk inspelen op verschillende domeinen van slaap, waarbij met name de relatie 
tussen psychopathologie en waargenomen slaapkwaliteit aanwezig is. 

Breinontwikkeling en psychopathologie
Ons gedrag, typisch of atypisch, ontstaat vanuit ons brein. Als we de etiologie van 
psychopathologie willen begrijpen, is het daarom waarschijnlijk dat we aanwijzingen 
kunnen vinden in het brein. In hoofdstuk 5 van dit proefschrift hebben we daarom op 
twee verschillende manieren gekeken naar de breinontwikkeling van kinderen met 
psychopathologie klachten. Als eerste hebben we typische ontwikkelingscurves van 
breinregio’s in kaart gebracht over een leeftijdsrange van 6 tot 16 jaar. Ten opzichte 
van deze typische ontwikkelingscurves, op basis van leeftijd, heeft iedereen een mate 
van afwijking. Deze afwijking ten opzichte van de typische ontwikkeling hebben we 
vervolgens gerelateerd aan symptomen van psychopathologie. Hieruit bleek dat alle 
domeinen van psychopathologie geassocieerd waren met afwijkingen van de typische 
ontwikkeling in wijdverspreide regio’s van het brein. Vergelijkbaar met de resultaten 
van de relatie tussen psychopathologie en cognitie leek het erop dat de effecten het 
sterkst waren voor symptomen van emotie dysregulatie, waar de kleinste effecten 
gevonden werden met internaliserende problematiek. 

Naast het feit dat ons gedrag ontstaat in ons brein, is er ook bewijs dat laat zien dat onze 
breinontwikkeling beïnvloedbaar is. In hoofdstuk 6 hebben we daarom een intrigerende 
vraag getoetst: in hoeverre is er sprake van een bidirectionele relatie tussen symptomen 
van emotie dysregulatie en brein morfologie? Hoewel we in de meeste breinregio’s geen 
longitudinale effecten vonden, dat wil zeggen dat we vaak niet vonden dat brein op 
jongere leeftijd effect had op gedrag op latere leeftijd en vice versa, waren er een aantal 
breinregio’s waarin we deze effecten wel zagen. Dit laat zien dat op sommige plaatsen 
in ons brein, een verschil in breinvolume te vinden is, afhankelijk van het niveau van 
emotie dysregulatie symptomen dat een kind op eerdere leeftijd had. Daarmee biedt 
dit onderzoek belangrijke aangrijpingspunten voor verder onderzoek, waarbij gekeken 
kan worden in hoeverre dit verschil in breinontwikkeling te voorkomen is door middel 
van vroege interventie op de gedragsproblematiek. 

Open wetenschap
De waarde van wetenschappelijk onderzoek staat of valt met de reproduceerbaarheid 
van studies. Om reproduceerbaarheid van studies te bewerkstelligen zijn een aantal 
randvoorwaarden cruciaal, waaronder het hebben van voldoende statistische power 
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om studies uit te voeren en het open en transparant rapporteren van de gebruikte 
studieopzet, methode en resultaten. Zoals uit vele andere, maar ook uit onze resultaten 
in hoofdstuk 5 en 6 blijkt, zijn de associaties tussen psychopathologie en brein morfologie 
vaak klein. Hoe kleiner de verwachte associaties zijn, hoe groter de steekproef moet zijn 
om voldoende statistische power te hebben voor het vinden van deze kleine effecten. 
Aangezien de simpelste methode om een steekproef te vergroten, het delen van data tussen 
verschillende onderzoeksgroepen en –centra is, wordt de lezer in hoofdstuk 7 uitgedaagd 
om te zoeken naar mogelijkheden voor het delen van data. We laten zien dat data delen op 
verschillende niveaus kan gebeuren, waarbij privacywetgeving in acht genomen wordt, 
maar niet als barrière gezien hoeft te worden. Uiteindelijk beargumenteren we dat het aan 
de deelnemer, niet de wetenschapper, is om te beslissen in hoeverre hun data gebruikt, 
gedeeld en hergebruikt kan worden om wetenschappelijke vooruitgang mogelijk te 
maken. Wij als wetenschappers moeten actief kijken naar kansen om deze wensen van 
deelnemers te vertalen in betekenisvolle samenwerkingen. 

In het bewerkstelligen van een cultuurverandering naar een meer open en transparante 
wetenschappelijke wereld, spelen academici in seniore posities een unieke rol. Deze 
academici hebben namelijk vaak de positie om cultuurverandering teweeg te brengen, 
maar, hoewel ze misschien niet onwelwillend tegenover het implementeren van open 
wetenschap principes staan, ontbreekt het hen vaak aan concrete handvaten. In hoofdstuk 
8 presenteren we daarom drie heldere stappen die gemakkelijk te implementeren zijn en 
een stap in de richting van een open en transparante wetenschappelijke wereld zouden 
betekenen. Deze stappen omvatten het veranderen van hoe kandidaten aangenomen 
worden voor wetenschappelijke posities, hoe auteurschappen verdeeld en bijdrages 
erkend worden, en tot slot hoe wetenschappelijk onderzoek gefinancierd wordt. 

Wetenschappelijk onderzoek is uiteindelijk bedoeld om buiten de grenzen van de 
academische wereld impact te hebben. Een cruciale groep om te bereiken, met name 
als het gaat om onderzoek naar de ontwikkeling van kinderen, zijn kinderen zelf. 
Hoofdstuk 9 is hierom gewijd aan het vertalen van wetenschappelijk onderzoek naar 
emotie dysregulatie en het brein voor kinderen van 8 tot 11 jaar oud. Door middel van 
artikelen die speciaal geschreven zijn voor kinderen, hebben zij de kans om direct van 
wetenschappelijk onderzoek te leren. Daarnaast biedt het kinderen de kans om vanaf 
jonge leeftijd deel uit te maken van de wetenschappelijke wereld door te participeren 
als peer reviewer in de tot stand koning van dergelijke artikelen.

Tot slot worden in hoofdstuk 10 de bevindingen van dit proefschrift bediscussieerd 
en in het licht geplaatst van de bredere literatuur, alsmede in de context van een 
aantal methodologische overwegingen. Als afsluiting worden een aantal klinische 
aanbevelingen en richtingen voor vervolgonderzoek besproken. 

166007_Blok_BNW-def.indd   351166007_Blok_BNW-def.indd   351 14-07-2023   07:2914-07-2023   07:29



352

Appendices

Acknowledgements

The general design of the Generation R study is made possible by financial support 
from the Erasmus Medical Center, Rotterdam, ZonMw, the Netherlands Organization 
for Scientific Research (NWO), and the Ministry of Health, Welfare and Sport, and is 
conducted by the Erasmus Medical Center in close collaboration with the Faculty of 
Social Sciences of the Erasmus University Rotterdam, and the Stichting Trombosedienst 
& Artsenlaboratorium Rijnmond (STAR-MDC), Rotterdam. We gratefully acknowledge 
the contribution of the children, parents, general practicioners, hospitals, midwives 
and pharmacies in Rotterdam. 

Data used in the preparation of chapter 3 and 6 were obtained from the Adolescent Brain 
Cognitive Development (ABCD) Study (https://abcdstudy.org), held in the NIMH Data 
Archive (NDA). This is a multisite, longitudinal study designed to recruit more than 
10,000 children age 9-10 and follow them over 10 years into early adulthood. The ABCD 
study® is supported by the National Institutes of Health and additional federal partners 
under award numbers U01DA041048, U01DA050989, U01DA051016, U01DA041022, 
U01DA051018, U01DA051037, U01DA050987, U01DA041174, U01DA041106, U01DA041117, 
U01DA041028, U01DA041134, U01DA050988, U01DA051039, U01DA041156, 
U01DA041025, U01DA041120, U01DA051038, U01DA041148, U01DA041093, 
U01DA041089, U24DA041123, U24DA041147. A full list of supporters is available at 
https://abcdstudy.org/federal-partners.html. A listing of participating sites and a 
complete listing of the study investigators can be found at https://abcdstudy.org/
consortium_members/. ABCD consortium investigators designed and implemented 
the study and/or provided data but did not necessarily participate in analysis or writing 
of this report. These chapters reflect the views of the authors and may not reflect the 
opinions or views of the NIH or ABCD consortium investigators.

This PhD research was supported by the Sophia Children’s Hospital Research 
Foundation (SSWO) Project (#S18-68, #S20-48).

166007_Blok_BNW-def.indd   352166007_Blok_BNW-def.indd   352 14-07-2023   07:2914-07-2023   07:29



353

Acknowledgements

166007_Blok_BNW-def.indd   353166007_Blok_BNW-def.indd   353 14-07-2023   07:2914-07-2023   07:29



354

Appendices

Authors and affiliations

Department of Child and Adolescent Psychiatry/Psychology, Erasmus MC–Sophia 
Children’s Hospital, University Medical Centre Rotterdam, the Netherlands. 
Anne Tijburg, Annemarie Luik, Desana Kocevska, Eloïse Geenjaar, Henning Tiemeier, Jan van 
der Ende, Jolien Rijlaarsdam, Laia Benitez-Manzanas, Lorenza Dall’Aglio, Manon Hillegers, 
Ryan Muetzel, Tonya White

The Generation R study Group, Erasmus MC, University Medical Centre Rotterdam, 
the Netherlands. 
Isabel Schuurmans, Lorenza Dall’Aglio, Louk de Mol, Ryan Muetzel

Department of Neurology, MS Center ErasMS, Erasmus MC, University Medical Centre 
Rotterdam, The Netherlands
Louk de Mol

Department of Epidemiology, Erasmus MC, University Medical Centre Rotterdam, the 
Netherlands.
Annemarie Luik, Desana Kocevska, Isabel Schuurmans, Sander Lamballais

Department of Radiology and Nuclear Medicine, Erasmus MC, University Medical 
Centre Rotterdam, the Netherlands. 
Tonya White

Department of Clinical Genetics, Erasmus MC University Medical Centre, Rotterdam, 
the Netherlands
Sander Lamballais

Institute of Education and Child Studies, Leiden University, Leiden, the Netherlands.
Elize Koopman-Verhoeff

Department of Sleep and Cognition, Netherlands Institute for Neuroscience, an Institute 
of the Royal Netherlands Society for Arts and Sciences, Amsterdam, The Netherlands.
Desana Kocevska

Department of Social and Behavioral Science, Harvard TH Chan School of Public Health, 
Boston, MA, USA.
Henning Tiemeier

Department of Psychiatry, University Vermont, Burlington, USA
Robert Althoff

166007_Blok_BNW-def.indd   354166007_Blok_BNW-def.indd   354 14-07-2023   07:2914-07-2023   07:29



355

Authors and affiliations

Office of the Clinical Director, National Institute of Mental Health, Bethesda, MD, 
20892, USA
Philip Shaw

Neurobehavioral Clinical Research Section, Social and Behavioral Research Branch, 
National Human Genome Research Institute, Bldg 31 B137, Bethesda, 20892, USA
Philip Shaw

PediMIND Program, McLean Hospital, Harvard Medical School, Boston, MA, USA 
Daniel Dickstein

Simches Center of Excellence in Child and Adolescent Psychiatry, McLean Hospital, 
Harvard Medical School, Boston, MA, USA.
Daniel Dickstein

Emma Pendleton Bradley Hospital, East Providence, RI, USA.
Jared Saletin

School of Electrical and Computer Engineering, Georgia Institute of Technology, 
Atlanta, GA, United States
Eloy Geenjaar, Vince Calhoun

Tri-institutional Center for Translational Research in Neuroimaging and Data Science 
(TReNDS), Atlanta, GA, United States
Eloy Geenjaar, Vince Calhoun

Department of Neuroimaging, Institute of Psychiatry, Psychology and Neuroscience, 
King’s College London, London, UK. 
Olivia Kowalczyk

Forensic and Neurodevelopmental Sciences, Institute of Psychiatry, Psychology, 
Neuroscience, King’s College London, London, UK. 
Alexandra Lautarescu

Department of Perinatal Imaging and Health, Centre for the Developing Brain, School 
of Biomedical Imaging and Medical Sciences, King’s College London, London, UK. 
Alexandra Lauterescu

Institute of Psychiatry, Psychology, Neuroscience, King’s College London, London, UK. 
Samuel Westwood

Department of Psychology, School of Social Science, University of Westminster, 115 New 
Cavendish Street, London W1W 6UW, UK.
Samuel Westwood

166007_Blok_BNW-def.indd   355166007_Blok_BNW-def.indd   355 14-07-2023   07:2914-07-2023   07:29



356

Appendices

List of publications 

This thesis
Blok, E., & White, T. (2020). Why Are Some Children More Easily Frustrated Than 
Others?: Irritability and the Brain. Frontiers for Young Minds, 8.

Blok, E., de Mol, C. L., van der Ende, J., Hillegers, M. H., Althoff, R. R., Shaw, P., & White, 
T. (2021). Stability and change of psychopathology symptoms throughout childhood 
and adolescence. Child Psychiatry & Human Development, 1-10.

White, T., Blok, E., & Calhoun, V. D. (2022). Data sharing and privacy issues in 
neuroimaging research: Opportunities, obstacles, challenges, and monsters under the 
bed. Human Brain Mapping, 43(1), 278-291.

Blok, E., Geenjaar, E. P., Geenjaar, E. A., Calhoun, V. D., & White, T. (2022). 
Neurodevelopmental Trajectories in Children With Internalizing, Externalizing and 
Emotion Dysregulation Symptoms. Frontiers in psychiatry, 13.

Blok, E., Schuurmans, I. K., Tijburg, A. J., Hillegers, M., Koopman-Verhoeff, M. E., 
Muetzel, R. L., ... & White, T. (2022). Cognitive performance in children and adolescents 
with psychopathology traits: a cross-sectional multicohort study in the general 
population. Development and Psychopathology, 1-15.

Blok, E., Lamballais, S., Benítez-Manzanas, L., & White, T. (2022). The Bidirectional 
Relationship Between Brain Features and the Dysregulation Profile: A Longitudinal, 
Multimodal Approach. Journal of the American Academy of Child and Adolescent 
Psychiatry, 61(6), 830-831.

Kowalczyk, O. S., Lautarescu, A., Blok, E., Dall’Aglio, L., & Westwood, S. J. (2022). What 
senior academics can do to support reproducible and open research: a short, three-step 
guide. BMC research notes, 15(1), 1-9.

Blok, E., Koopman-Verhoeff, M. E., Dickstein, D. P., Saletin, J., Luik, A. I., Rijlaarsdam, J., ... 
& Tiemeier, H. (2022). Sleep and mental health in childhood: a multi-method study in the 
general pediatric population. Child and adolescent psychiatry and mental health, 16(1), 1-14.

166007_Blok_BNW-def.indd   356166007_Blok_BNW-def.indd   356 14-07-2023   07:2914-07-2023   07:29



357

List of publications 

Not part of the thesis
Blok, E., & White, T. (2019). White Matter Matters: Neurobiological Differences Between 
Pediatric Bipolar Disorder and Disruptive Mood Dysregulation Disorder. Journal of the 
American Academy of Child and Adolescent Psychiatry, 59(10), 1128-1129.

Cardenas-Iniguez, C., Moore, T. M., Kaczkurkin, A. N., Meyer, F. A., Satterthwaite, T. 
D., Fair, D. A., ... & Lahey, B. B. (2020). Direct and indirect associations of widespread 
individual differences in brain white matter microstructure with executive functioning 
and general and specific dimensions of psychopathology in children. Biological 
Psychiatry: Cognitive Neuroscience and Neuroimaging.

Fakkel, M., Peeters, M., Lugtig, P., Zondervan-Zwijnenburg, M. A. J., Blok, E., White, T., 
... & Vollebergh, W. A. M. (2020). Testing sampling bias in estimates of adolescent social 
competence and behavioral control. Developmental Cognitive Neuroscience, 46, 100872.

Kevenaar, S. T., Zondervan-Zwijnenburg, M. A., Blok, E., Schmengler, H., Fakkel, 
M. T., De Zeeuw, E. L., ... & Oldehinkel, A. J. (2021). Bayesian evidence synthesis in
case of multi-cohort datasets: An illustration by multi-informant differences in self-
control. Developmental cognitive neuroscience, 47, 100904.

Steegers, C., Blok, E., Lamballais, S., Jaddoe, V., Bernardoni, F., Vernooij, M., ... & White, 
T. (2021). The association between body mass index and brain morphology in children: 
a population-based study. Brain Structure and Function, 226(3), 787-800.

Alemany, S., Blok, E., Jansen, P. R., Muetzel, R. L., & White, T. (2021). Brain morphology, 
autistic traits, and polygenic risk for autism: A p opulation‐based neuroimaging 
study. Autism Research, 14(10), 2085-2099.

Eijgermans, D. G. M., Raat, H., Jansen, P. W., Blok, E., Hillegers, M. H. J., & Jansen, W. 
(2022). Teacher-reported emotional and behavioural problems and ethnic background 
associated with children’s psychosocial care use: a longitudinal population-based 
study. European Child & Adolescent Psychiatry, 1-9.

Ghassabian, A., Suleri, A., Blok, E., Franch, B., Hillegers, M. H., & White, T. (2022). 
Adolescent gender diversity: sociodemographic correlates and mental health outcomes 
in the general population. Journal of child psychology and psychiatry.

Brouwer, R. M., Klein, M., Grasby, K. L., Schnack, H. G., Jahanshad, N., Teeuw, J., ... & 
Fullerton, J. M. (2022). Genetic variants associated with longitudinal changes in brain 
structure across the lifespan. Nature neuroscience, 25(4), 421-432.

166007_Blok_BNW-def.indd   357166007_Blok_BNW-def.indd   357 14-07-2023   07:2914-07-2023   07:29



358

Appendices

Steenkamp, L. R., Blok, E., Muetzel, R. L., White, T., Hillegers, M. H., Blanken, L. M., ... & 
Kushner, S. A. (2022). Hallucinations and brain morphology across early adolescence: 
a longitudinal neuroimaging study. Biological Psychiatry.

Schuurmans, I. K., Tamayo Martinez, N., Blok, E., Hillegers, M. H., Ikram, M. A., Luik, 
A. I., & Cecil, C. A. (2022). Child mental health problems as a risk factor for academic
underachievement: A multi‐informant, population‐based study. Acta Psychiatrica
Scandinavica.

Suleri, A., Blok, E., Durkut, M., Rommel, A. S., de Witte, L., Jaddoe, V., ... & White, T. 
(2022). The long-term impact of elevated C-reactive protein levels during pregnancy 
on brain morphology in late childhood. Brain, Behavior, and Immunity, 103, 63-72.

Durkut, M., Blok, E., Suleri, A., & White, T. (2022). The longitudinal bidirectional 
relationship between autistic traits and brain morphology from childhood to 
adolescence: a population-based cohort study. Molecular autism, 13(1), 1-14.

166007_Blok_BNW-def.indd   358166007_Blok_BNW-def.indd   358 14-07-2023   07:2914-07-2023   07:29



359

PhD portfolio

PhD portfolio

PhD portfolio
PhD student: Elisabet Blok

Department: Child and Adolescent Psychiatry/Psychology

PhD period: 2018-2023

Promotores: Prof. Dr. T.J.H. White
Prof. Dr. M.H.J. Hillegers

Completed courses Year ECTS

Courses
MRI safety course
Research Integrity course
Limbic brain anatomy course
FSL Course
Biostatistical Methods I: Basic Principles Part A
Practical Machine Learning (Coursera, John Hopkins University)

 VIRT2UE Training
Improving your statistical inferences (Coursera, TU Eindhoven)
Introduction to Structural Equation Modeling (CenterStat)

International conferences
Organization for Human Brain Mapping (poster presentation)
Organization for Human Brain Mapping – Hackathon
Organization for Human Brain Mapping (poster presentation)
Organization for Human Brain Mapping
Open Science Festival (virtual market place booth)
Open Research Conference (oral presentation)

Symposia, meetings & workshops
Generation R behavioral group meetings
Generation R research meetings
KJPP Research work meetings
R.I.O.T. Science Club meetings

2018
2019
2019
2019
2019
2020
2020
2021
2021

2019
2019
2020
2021
2021
2021

2017-2022
2017-2022
2017-2022
2020-2022

0.3
0.3
0.6
2.0
2.0
0.3
0.5
1.0
1.0

1.2
0.9
1.2
1.2
0.5
0.5

1.0
1.0
1.0
1.0

Teaching

Bachelor thesis Laia Benitez
Bachelor thesis Berta Franch
Master thesis Isabel Schuurmans
Master thesis Anne Tijburg
Master thesis Anna Suleri
Master thesis Melisa Durkut

2019
2019
2018-2019
2019-2020
2019-2021
2019-2021

2.0
2.0
3.0
3.0
3.0
3.0

166007_Blok_BNW-def.indd   359166007_Blok_BNW-def.indd   359 14-07-2023   07:2914-07-2023   07:29



360

Appendices

Other activities

Co-founder Rotterdam R.I.O.T. Science Club
Course creation Good Research Practices

Peer review
European Child and Adolescent Psychiatry (1 peer review)
Journal of the American Academy of Child and Adolescent Psychiatry 
(6 peer reviews)
Journal of Clinical Child and Adolescent Psychology (1 peer review)
Psychiatry Research (1 peer review)

 NeuroImage (1 peer review)
Frontiers in Psychiatry (1 peer review)

2020-current
2021-2022

2019
2018-2022

2019
2020
2021
2022

15.0
5.0

0.3
1.8

0.3
0.3
0.3
0.3

Total 56.8

ECTS = European Credit Transfer System; 1 ECTS is equivalent to 28 hours of study

166007_Blok_BNW-def.indd   360166007_Blok_BNW-def.indd   360 14-07-2023   07:2914-07-2023   07:29



361

About the author

About the author

Elisabet Blok was born in Goes, The Netherlands. In 2012 she finished secondary 
education (Gymnasium, ‘t Goese Lyceum, Goes), after which she started her bachelor’s 
degree in medicine at Erasmus MC in Rotterdam, The Netherlands. After obtaining her 
bachelor’s degree, she started her PhD program in 2018 at the Department of Child 
and Adolescent Psychiatry/Psychology and the Generation R study Group at Erasmus 
MC-Sophia Children’s Hospital in Rotterdam. With initially two years of funding, she 
was a co-applicant on the grant proposal for the final two years of her project. For her 
presentation of this grant proposal, she has received the Molenaar award from the
Sophia Children’s Hospital Research Foundation for the best young presenter. During 
her PhD program, Elisabet has co-founded the Rotterdam site of the Reproducible,
Interpretable, Open and Transparent (R.I.O.T.) Science Club, a grassroots initiative
aiming to promote open research practices. The R.I.O.T. Science Club has received a SIPS 
commendation award from the Society for the Improvement of Psychological Science
in 2021 and the EUR Open and Responsible Science Award in 2022. Elisabet is currently
finishing her master’s degree in medicine while also working in research. Ultimately, 
she is hoping to become a clinician and researcher. 

166007_Blok_BNW-def.indd   361166007_Blok_BNW-def.indd   361 14-07-2023   07:2914-07-2023   07:29



Wil je wel geloven dat je vrede wint,
Als je vol vertrouwen leeft, zoals een kind.
Als je een geloof hebt als een mosterdzaad,

Groeit de liefde uit
Boven de haat.
- Hanna Lam
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