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Abstract

Population neuroscience is an emerging field of research defined by the intersec-
tion of neuroscience with epidemiology. In this chapter, we review large-scale
developmental studies conducted in clinical, longitudinal high risk, and typically
developing cohorts with neuroimaging. We point out the advantages offered by
developmental and neuroimaging research when conducted in epidemiological
settings such as better control for confounding and the possibility to enhance
generalizability. We discuss the advances in the field that we attribute to popula-
tion neuroscience approach, for example, the evidence for the maturational delay
in ADHD and for the early onset of autistic brain changes preceding symptoms.
Current population neuroimaging studies begin to explain the role of a more
complex environment such as poverty and abuse, child behavior itself, genes, and
their interplay in shaping the structure and function of the human brain. We
conclude that the question of how different environmental and genetic factors
shape the brain and how the brain predicts child psychiatric behavior can only be
addressed in large population-based studies with repeated imaging and behavior
assessments using a population neuroscience approach.
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Population neuroscience · Epidemiology · Brain imaging · Child development ·
Bias

Introduction

Population Neuroscience has the potential to fundamentally change our etiolog-
ical and diagnostic understanding of child psychiatric disorders like genome wide
association have profoundly expanded our understanding of the biology of
psychiatric disorders. Population Neuroscience is an emerging field of research
defined by the intersection of neuroscience with epidemiology (Paus 2010). In
this chapter, we will focus on the often-discounted advantages offered by devel-
opmental and neuroimaging research when conducted in epidemiological set-
tings. The technical and scientific advances of brain imaging acquisition, image
processing, and analyses have enabled neuroimaging studies of global and
regional brain development in typically developing children and adolescents
that are large and population-based. These neuroimaging studies now begin to
explain the role of environment, behavior, genes, and their interplay in shaping
the structure and function of the human brain. Against the background of the
complexity of environmental risks and the challenges of quantifying the genetics
of complex traits, the question of how environmental and genetic factors shape
the brain can only be addressed in large population-based studies (White et al.
2013). Modern child psychiatric research needs population neuroscience to
complement basic science.
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Neurodevelopmental Studies

Researchers studying neurodevelopmental disorders have a long tradition of
conducting investigations that we might wish to term Population Neuroscience
now. A neurodevelopmental approach was first put forward by the Scottish psychi-
atrist Clouston in 1891 when describing psychosis, “in the course of the growth and
development of the brain there are liable to occur certain failures in the attainment of
a working standard of nervous and nutritional health” (Clouston 1891). In the more
than 100 years since, many different psychiatric disorders have been conceptualized
as neurodevelopmental disorders, but researchers continue to emphasize the early
onset of disorders, the developmental stages, and the delayed development of central
nervous functions. The current DSM defines neurodevelopmental disorders as a
cluster of different co-occurring disorders including among others attention deficit
hyperactivity disorder (ADHD), learning disorders, and autism spectrum disorder
(ASD) (American Psychiatric Association 2013). All disorders are characterized by
cognitive problems that manifest in infancy or childhood and have a less-remitting
course than behavioral or emotional disorders. A male preponderance is found in all
neurodevelopmental disorders, although the sex difference in prevalence of clinical
and population studies varies (Thapar and Rutter 2015). Neurodevelopmental dis-
orders are multifactorial disorders occurring across a continuum of symptom sever-
ity and impairment. Twin studies demonstrated a strong contribution of genetic risks
for all neurodevelopmental disorders and indeed, a polygenetic liability threshold
model best explains heritability patterns and is in line with the results of genetic
studies demonstrating associations across many loci with small effect sizes. How-
ever, classification systems and most medical textbooks view neurodevelopmental
disorders as a category rather than a set of quantitative dimensions which more or
less characterize a disorder. While autism is often viewed as the prototypical
neurodevelopmental disorder, schizophrenia and conduct problems are described
only by some scientists as neurodevelopmental problems (Lewis and Levitt 2002).
The developmental delay in conduct disorders is often less obvious and symptom
levels tend to fluctuate more. Epidemiological researchers now commonly use the
terms neurodevelopmental problems or disorders much more broadly and even
include affective problems.

Many population neuroscience studies focused on prenatal and early life events
prior to the imaging era investigated developmental risk factors for schizophrenia.
Studies from large birth cohorts demonstrated that in-utero exposure to maternal
infections and malnourishment increased the risk of schizophrenia (Bale et al. 2010).
However, birth cohort studies have also identified prenatal conditions as risk factors
for major depressive disorder such as influenza and famine, again supporting a link
between maternal nutrition and offspring neurodevelopment (van Os et al. 1997).

A key piece of evidence underpinning the neurodevelopment hypothesis of
disorders has been the delayed attainment of early motor development milestones,
such as walking or standing unsupported, in cases with autism, schizophrenia, or
affective disorders (Filatova et al. 2017). Various concepts have been used such as
pandysmaturation (Fish 1957), fine and gross motor skills (Burton et al. 2016), and
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motor development milestones. However, delays in motor function and deviant
language development are associated with broadly defined psychiatric problems,
and in a recent study infant neuromotor development and, in particular, low muscle
tone and nonoptimal senses consistently predicted internalizing problems
(Serdarevic et al. 2017). More recent work showed that the genetic liability for
schizophrenia or autism underlies nonoptimal motor development in early infancy
(Serdarevic et al. 2018). In summary, these studies suggest that many genetic and
environmental risk factors for these disorders may actually underlie these disorders
and that they can manifest in the first weeks of life (Murray et al. 2017). Thus, over
time the neurodevelopmental hypothesis has morphed into the Developmental Risk
Factor Model and has become an integrative framework underlying Population
Neuroscience (Carpenter and Strauss 2017).

Key Population Neuroscience Studies

In the 1980s scientists began to study the brains of children with autism, ADHD,
dyslexia, and other developmental disorders with computerized tomography. A few
years later the first cross-sectional studies followed comparing cases with
neurodevelopmental disorders to controls using magnetic resonance imaging
(MRI). MRI allows unprecedented access to the anatomy and physiology of the
children’s brains (Giedd and Rapoport 2010). These were cross-sectional studies
conducted for various disorders; the studies can be criticized for their small sample
size (typically less than 50 cases) (Szucs and Ioannidis 2017), the broad age range,
the referral bias leading to chronic and medicated cases, and the unsystematic
selection of healthy controls. While researchers were able to demonstrate numerous
unspecific brain morphological and functional correlates of disorders such as autism,
ADHD, and learning disorders, they have arguably failed to advanced our knowl-
edge of the etiology, diagnosis, or prognosis of child psychiatric disorders. Imaging
in child psychiatry has not become a routine clinical utility and these early studies
had little impact on clinical understanding or practice.

Population Neuroscience addresses these shortcomings employing a range of
different study designs. First, follow-up studies of clinical cases are well suited to
investigate prognosis, both prognosis under treatment and the natural course of a
disorder. Second, follow-up studies in high risk populations such as nonaffected
siblings or offspring of persons with a disorder can address the etiology and the
onset of symptoms. Finally, large neuroimaging studies of typical developing
children can help address selection bias inherent to clinical studies, test symptoms
of the disorder along the continuum of disease and if designed longitudinally, can
test both etiology and prognosis. Seminal studies utilizing these designs will be
discussed to illustrate the challenges and key results. Most studies use T1 and less
often T2 weighted structural imaging sequences, diffusion tensor imaging and in
the last 10 years added resting state imaging sequences to the protocol. Only very
large studies have introduced task-based MRI and few of these studies can be
viewed epidemiological work.
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Longitudinal Clinical Studies

Longitudinal clinical studies are ideally suited to address prognosis. In a series of
seminal studies, Shaw and colleagues studied brain development in more than 220 chil-
dren and adolescents with ADHD. In an early follow-up study of 2007, they calculated
trajectories of cortical thickness and modeled the peak age of cortical thickness, which
follows an inverted U-shaped trajectory (Shaw et al. 2007). They showed that the
regional pattern of maturation was similar between cases and controls with primary
sensory areas attaining peak thickness earlier than higher order association areas.
However, there was a marked delay in ADHD in attaining peak cortical thickness
throughout most of the cerebrum, on average about 2 years. The delay was most
prominent in prefrontal regions, important for control of cognitive processes including
attention and motor planning. This study provided the first neuroanatomic documenta-
tion of a maturational delay in ADHD, or any neurodevelopmental disorder, using
repeated neuroimaging assessments. In a study of the same population with longer
follow-up, the group was able to show that the rate of cortical thinning in the prefrontal
cortex increased in parallel with the number of adult symptoms, particularly inattentive
symptoms (Shaw et al. 2013). While those with persistent ADHD had a fixed, non-
progressive deficit, the trajectories of cortical thickness among persons with ADHD
converged toward typical dimensions among those who remitted. This observation has
implications for etiological and clinical research, in particular prognosis, as it suggests
patients with ADHD may make the neurodevelopmental delay good. Clearly, these
results show the importance of repeated MRI measures in longitudinal designs and of
including healthy controls. Also, other longitudinal studies of ADHD have replicated the
reductions in cortical volume, surface area, and gyrification particularly in frontal areas
(Ambrosino et al. 2017).

Studies of children with autism have consistently identified a subset of children
with enlarged head circumference. However, better designed studies with locally
recruited controls less often show brain overgrowth as measured by head circum-
ference in autism; thus, these findings may reflect generalizable norm biases rather
than a disease-specific biomarker (Raznahan et al. 2013). Reviewing MRI studies,
Courchesne and colleagues demonstrated that total brain enlargement is indeed
present in children with ASD aged 2 to 4 years but not in older children and
adolescents (Redcay and Courchesne 2005). Based on such cross-sectional MRI
studies, researchers hypothesized that the brain in children with autism undergoes an
abnormal growth trajectory that includes a period of early overgrowth. However, this
has never been confirmed by a longitudinal study. Several longitudinal clinical
studies of children with autism and controls aged 1.5–2 years at baseline have
been performed. This work has demonstrated brain and precocious amygdala
enlargement in young children with autism, but although the magnitude of enlarge-
ment was slightly greater at 50 months, the relative growth patterns remain unclear
due to the late age of inclusion after 1.5 years (Schumann et al. 2010). Moreover, the
study base (the population from which the research draws on) of these imaging
studies is often not well defined, this implying that convenient control sampling can
easily introduce bias.
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High-Risk Studies

High-risk studies address causality and examine neurodevelopment before disorder
occurrence.

First-degree relatives of persons with an ASD are at increased risk for ASD-related
characteristics. This provides the opportunity to assess siblings, some of which will later
develop the disorder. Prospective brain imaging studies of infants at high familial risk for
ASD are better suited to identify early postnatal changes in brain characteristics
occurring before the emergence of clear clinical symptoms that lead to an ASD
diagnosis. In such a neuroimaging study of 106 infants at high familial risk of ASD
and 42 controls, researchers showed that cortical surface area hyper-expansion between
6 and 12 months of age precedes brain volume overgrowth in those diagnosed with
autism later (Hazlett et al. 2017). Similarly, the aberrant development of white matter
pathways precedes the manifestation of autistic symptoms. In a prognostic study, other
work has shown that that functional connectivity measured by MRI at around 6 months
correctly identified which individual children would receive a research clinical best-
estimate diagnosis of ASD at 24 months of age (Emerson et al. 2017). Not only do we
learn from brain imaging measures using this approach; a prospective high risk study of
infants later diagnosed with ASD showed a decline in eye fixation within the first 2 to
6 months of life (Jones and Klin 2013).

In ADHD and substance abuse, sibling designs have largely been used to study
the effect of discordant exposure, for example, to explore the association between
intra-uterine exposure to alcohol or smoking and ADHD (Donovan and Susser
2011; Obel et al. 2011). Others examined how siblings’ facilitation mediates the
association between older and younger sibling alcohol use in late adolescence
(Samek et al. 2015).

Studies dating back to the 1950s have yielded evidence of developmental risk factors
and antecedents in offspring of patients with schizophrenia, including delayed psycho-
motor milestones or greater neurological soft signs (Rieder and Nichols 1979). Imaging
in offspring of individuals with schizophrenia, mostly conducted cross-sectionally
(Sugranyes et al. 2017), showed lower grey matter volume as biomarkers of risk for
psychiatric disorders. The Edinburgh High Risk Study followed up 162 individuals at
high genetic risk of schizophrenia and showed reductions in cerebral volume that were
not found in control subjects (McIntosh et al. 2011). Changes in brain structure were
also associated with increasing psychotic symptom severity as people developed
schizophrenia.

Studies of Typically Developing Children and Adolescents

Large neuroimaging studies of typically developing children and adolescents have
provided valuable information on global and regional developmental trajectories of
brain development (White 2015). The initial studies excluded children with psychi-
atric problems, but as these imaging studies include follow-up assessments and
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become larger and population-based, they epitomize Population Neuroscience
addressing etiology, diagnosis, and prognosis. The table below shows population
neuroimaging cohorts in children and adolescents with more than 500 participants.

Cohort Imaging
sequences

N (largest
wave)

Age at imaging
baseline

Follow-up
assessments

Population-based cohorts

Saguenay youth study sMRI, MRT 1024 12–18 years 1 wave

Generation R sMRI, DTI,
rs-fMRI

3992 6–12 years 2 waves,
ongoing

Philadelphia
neurodevelopmental cohort

sMRI, DTI,
rs-fMRI,
fMRI

1445 8–21 years No

Norwegian Mother-Child
Study (MoBa)

sMRI 495 6–21 years 2 waves

School recruitment –
convenience

IMAGEN sMRI, fMRI 2,223 13–16 years 2 waves

Adolescent Brain Cognitive
Development (ABCD) Study

sMRI, DTI,
rs-fMRI,
fMRI

11,874 9–10 years 1 wave,
multiple
planned

HealABCD (pilot funding
assigned)

>5,000 Fetal life
forward

Multiple
planned

Healthy volunteers

PING sMRI, DTI,
rs-fMRI

1,493 3–20 No

NIMH intramural child cohort sMRI, more
added

618 + 800
twins

5–25 Varied,
some >4

Lifespan baby connectome
project

sMRI,
rs-fMRI

500 0–5 years No

Footnote: See for references in text, except MOBA (Westerhausen et al. 2018)

Normal development. The first large scale population imaging study on normal
development was conducted at the Child Psychiatry Branch of the NIMH by Giedd
and colleagues who conducted repeated MR scans of typically developing children
and adolescents (Giedd and Rapoport 2010). While prior work in the field compared
size differences of selected brain area, this longitudinal study examined trajectories
of development over time and evaluations of neural circuitry as opposed to structures
in isolation. In a series of reports, the group showed that the human brain has a
spatially-distinct protracted maturation, with different neural circuits undergoing
distinct dynamic changes throughout life. They demonstrated largely linearly
increasing white matter volumes across adolescence and an inverted U-shaped
trajectory of grey matter volumes, with peak sizes occurring at different ages in
different regions. In girls the total cerebral volume peaked at age 10.5, in boys at age
14.5 (Lenroot and Giedd 2006). The repeated neuroimaging design also enabled
researchers using the NIMH data to show that the neuroanatomical expression of
intelligence in children is dynamic. While in early childhood there was a
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predominantly negative correlation between intelligence and cortical thickness, only
in adolescence did they find the known positive correlation. Children with higher IQ
demonstrated a particularly plastic cortex, with an initial accelerated and prolonged
phase of cortical growth, followed by a more rapid cortical thinning in early
adolescence (Shaw et al. 2006). While many of these observations have been
replicated, the inverted U-shaped trajectories of cortical thickness may have been
enhanced by poor quality (e.g., motion artifact) of the images in young children. A
study with much more stringent post processing quality control found that cortical
thickness across childhood from age 5 onwards was almost exclusively declining
linearly, with little evidence for sex difference if corrected for total brain volume
(Ducharme et al. 2016).

Etiology. The Saguenay Youth Study takes a largely etiological approach and
investigates mainly early life (intrauterine exposure to smoking) and adolescence
exposures (sex hormones and substance use) (Pausova et al. 2017). Higher
testosterone-related volume of white matter during male adolescence was reported
as well as a negative relationship between the extent of drug experimentation and the
thickness of the orbitofrontal cortex. The Pediatric Imaging, Neurocognition and
Genetics (PING) study advanced our understanding of how indicators of socioeco-
nomic status cross-sectionally related to brain structure (Jernigan et al. 2016).
Among children from lower income families, small differences in income were
more strongly related to differences in cortical surface area than among children
from higher income families (Noble et al. 2015). These relationships were most
prominent in regions supporting language, reading, executive functions, and spatial
skills and mediated socioeconomic differences in certain neurocognitive abilities.
Importantly, analyses were adjusted for ancestral descent based on genotype data.
Longitudinal studies beginning earlier in life with assessments of possible interme-
diates such as parenting, family stress, or nutritional markers are needed to inform
public health interventions. Etiological studies were also performed in the Genera-
tion R cohort and the ABCD study. For example, the first found prospectively
assessed maternal cannabis during pregnancy was related to thicker frontal cortex
(El Marroun et al. 2016). Recent work in the same cohort, however, suggested this
association may not be causal (El Marroun et al. 2019). Likewise, the association
between screen media activity and structural correlation networks in the brain
observed in the first release of the ABCD Study cannot easily be interpreted causally
(Paulus et al. 2019). While such individual differences may have consequences for
psychopathology and cognitive performance, the cross-sectional nature of the study
precluded any etiological interpretation given the possibility of reverse causality.
Other imaging studies have tested whether brain structural development mediates the
relation between adverse exposures and child psychopathology. The effects of peer
victimization on depression, generalized anxiety, and hyperactivity symptoms
assessed at follow-up were tested in 682 participants from the longitudinal IMAGEN
study (Quinlan et al. 2018). Peer victimization was indirectly associated with
generalized anxiety via decreases in putamen and left caudate volume. These data
suggest that the experience of chronic peer victimization during adolescence might
induce psychopathology-relevant deviations from normative brain development.
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Other longitudinal etiological studies in Generation R suggested that a thinner cortex
in childhood mediated the effect of fetal exposure to air pollution on inhibitory
control (Guxens et al. 2018). Although these etiological studies might identify novel
risk factors for child psychiatric disorders, their strength is to determine how
environmental or genetic factors impact the brain and thus how the brain structural
or functional changes may underlie the lasting effects of, for example, socio-
economic status on a range of neurodevelopmental outcomes.

Diagnosis. Several imaging studies embedded in the Philadelphia Neurodeve-
lopmental Cohort have attempted to demonstrate transdiagnostic brain-based phe-
notypes in individuals with increased susceptibility and symptoms of psychiatric
disorders using sophisticated modeling approaches (Kaczkurkin et al. 2018). Dimen-
sionally studied general psychopathology and psychotic experiences were cross-
sectionally related to resting-state functional connectivity and white matter micro-
structure. Results showed shared mechanisms for psychopathology symptoms that
cut across clinical diagnostic categories, but these studies are not sufficient to
establish the regionally elevated perfusion in the anterior cingulate cortex or any
brain morphological parameter as a diagnostic biomarker given the absence of
follow-up studies and lack of comparative approaches. A similar approach was
used in a white matter imaging study in Generation R (Neumann et al. 2020). The
authors showed that higher levels of general psychopathology were associated with
less white matter integrity but that externalizing symptoms may display the reversed
associations, that is, characterized by more white matter integrity, once co-occurring
general psychopathology is accounted for. This complicates research into diagnostic
biomarkers as it suggests that clinical presentations of externalizing symptoms may
comprise various symptoms or subdimensions each differentially related to brain
characteristics which cannot easily be disentangled in an individual. One seminal
diagnostic imaging study focused on depression in adults (Drysdale et al. 2017).
Resting state functional magnetic resonance imaging was used in a large multisite
sample to show that patients with depression can be subdivided into neurophysio-
logical subtypes defined by distinct patterns of dysfunctional connectivity in limbic
and frontostriatal networks. The patient clustering corresponded reliably to clinical
profiles across data sets and predicted responsiveness to transcranial magnetic
stimulation therapy. However, the distinct resting state connectivity-based subtypes
of any disorder should be interpreted with caution, unless the correlations of imaging
parameters and clustering of groups have been shown to be robust and reproducible
(Dinga et al. 2019). However, such disorder subtypes or perhaps more likely, cross-
disorder groups, may identify individuals who are most likely to benefit from
specific interventions and could be a viable step towards personalized medicine in
(child) psychiatry.

Prognosis. The multisite IMAGEN study, unlike other large population neuro-
imaging studies, also focused on functional in addition to structural imaging mea-
sures (Schumann et al. 2010). Quantitative psychological traits were related to
functional correlates of reinforcement behaviors such as impulsivity, reward sensi-
tivity, and emotional reactivity in an effort to include biological mechanisms in
psychiatric classifications and predictions. Albeit exciting, rigorous diagnostic
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evaluation studies are lacking to formally test the claim of personalizing medicine.
An elegant prognostic study was performed in IMAGEN using a machine learning
approach (Whelan et al. 2014). The authors identified 30 variables from 6 domains
including genetic, brain morphological, and cognitive data that predicted future
binge drinking. This multivariate prediction profile highlights how brain measures,
which were among the best predictors, can improve prediction independently of
variables across many other domains. A sparser prediction model with imaging data
may stand a chance to be used in practice.

Sensitive periods. One population neuroscience study was conducted in the form
of a randomized trial of children reared in an institution in Bucharest, Romania,
who were randomly selected to be removed from the center and placed into high-
quality foster care during early childhood (Sheridan et al. 2012). The
neurodevelopment of these children was compared with that of children who
remained in the institution, and non-neglected children. Between 8 and 10 years,
researchers found that children exposed to institutional rearing showed decreased
cortical grey matter volumes and reduced thickness throughout the cortex. Chil-
dren placed in foster care did not significantly differ from children who remained in
the institution. This relatively small imaging study with about 25 children in each
arm of the trial highlights how psychosocial deprivation lastingly affects the brain
in the first couple of years of life. Also the observations mirror findings of
suppressed growth within institutional care settings that suggest a sensitive period
early in life, the adoptees’ recovery, in particular of their IQ, within adoptive
families was most marked if placement occurred prior to 12 months of age
(Johnson et al. 2010; Van IJzendoorn et al. 2007). This relatively small imaging
study with about 25 children in each arm of the trial highlights how psychosocial
deprivation lastingly affects the brain in a sensitive period in the first couple of
years of life (Johnson et al. 2010; Van IJzendoorn et al. 2007).

Using data of the Generation R cohort, investigators tested if sensitive periods of
brain development to prenatal maternal thyroid dysfunction could be identified
(Jansen et al. 2019b). Maternal thyroid deficiency has repeatedly been associated
with poor child neurodevelopmental outcomes. This study examined the association
of maternal thyroid function with child brain morphology assessed at 10 years to
study whether any association were dependent on the timing of thyroid assessment
during pregnancy. Both low and high maternal thyroid function were associated with
smaller child total grey matter and cortical volume. However, an association with a
neurodevelopmental outcome is most evident when maternal thyroid function is
measured early in pregnancy suggesting that embryonic brain development is
particularly vulnerable to altered maternal thyroid function. Using the same data
set, the association of an exposure to maternal depressive symptoms at different
developmental stages from fetal life to preadolescence with child brain development
was tested (Zou et al. 2019). This study included volumetric and white matter
microstructure data when children were 10 years of age. Single-time-point analyses
showed that maternal depressive when children were age 2 months were associated
with smaller total grey matter volume and lower global fractional anisotropy,
whereas maternal depressive symptoms assessed prenatally or in childhood were
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not. The trajectory analyses suggested in particular that children exposed to persis-
tently high levels of maternal depressive symptoms across the perinatal period had
smaller grey and white matter volumes as well as alterations in white matter
microstructure. These results suggest that the postnatal period is a window of
vulnerability for adverse exposures such as maternal depressive symptoms.

Methodological Considerations in Psychiatric Neuroimaging
and Population Neuroscience

A substantial portion of the neuroimaging literature has focused on obtaining highly
precise measurements of the brain and less attention has been afforded to core
epidemiological concepts such as (population) sampling, generalizability, and bias
(Kolossa and Kopp 2018). While gaining precision in measurements has clear
benefits, the bias and lack of reproducibility are causes for concern (Shrout and
Rodgers 2018). Many of the issues likely arise from relatively small sample sizes.
However, irrespective of sample size, other issues are clearly at play and will be
discussed below. We argue that practicing population neuroscience implies that these
challenges are addressed.

Representativeness and Generalizability

Representativeness is sometimes seen as the hallmark of population neuroscience;
studies should aim to recruit a subset of a population that reflects the characteristics,
such as race and socio-economic status, of the larger group (Garavan et al. 2018).
The goal of representativeness is to achieve generalizability of study, although that is
a matter of scientific inference (Richiardi et al. 2013). Generalizability largely
depends on validity of results, even if often judged just by similarities between the
time, place, people, and social contexts (Leung 2015). Actually, there are good
reasons for population imaging to deliberately opt for nonrepresentativeness in
design: (i) to minimize bias by restricting to a particular population subgroup with
less likelihood of lifestyle differences between exposed and nonexposed; and (ii) to
deliberately focus on population subgroups, for example, ethnic groups, and (iii)
practical considerations, for example, to restrict to living near the imaging facility.
The Generation R Study, for example, was situated for practical reasons in Rotter-
dam. The study is not representative for the Netherlands, for example, it includes a
more ethnically diverse population (Jaddoe et al. 2006). Representative studies are
not necessarily more heterogeneous in exposure distribution. Nonrepresentativeness
may also be “unintentional” (Richiardi et al. 2013). For example, non-
representativeness can be due to low baseline response rates or the recruitment of
volunteers rather than a sample of a defined population (i.e., a study with a primary
population base). The intramural NIMH study, for example, largely recruited from
the affluent Bethesda neighborhood. The ABCD study was designed as a represen-
tative multisite study but had recruitment rates of less than 15%, similarly the
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Saguenay Study included less than 10% of all families (although some were not
eligible). On the one hand, such baseline self-selection is likely to create a group of
more motivated persons, which may result in a better response to follow-up and thus
in decreased selection bias. On the other hand, it is likely that there are factors
associated with selection that are also determinants of the outcome, think of family
chaos or poverty that have consistently been related to neurodevelopment. Impor-
tantly, such selection bias related to baseline recruitment can occur even if the study
is representative on indicators such as socio-economic status and race. Indeed, the
occurrence of psychiatric problems in studies, such as Generation R or the ABCD
study, is lower than in population-based studies with higher baseline response and
possibly this will bias etiological associations. A descriptive study of LeWinn et al.
showed how sample composition can influence age-related variation in grey matter
volume and cortical thickness (LeWinn et al. 2017). The authors applied sample
weights from census data to participants with structural brain imaging data from the
PING study. Compared to the unweighted sample, earlier maturation of cortical and
subcortical structures was found in the weighted sample. For such descriptive
studies, low baseline response rates may introduce bias. However, population
neuroscience should carefully weigh the advantages of representativeness against
those of a well-defined but nonrepresentative population base (e.g., a population
register which allows the calculation of response rates and the evaluation of selection
bias) or a focus on subgroups which may better reduce bias. Representativeness is
typically not needed other than in prevalence studies.

High Dimensional Data and Multiple Testing

Brain images have an immense complexity which grows exponentially with increas-
ingly finer spatial resolution. It is then no surprise that neuroimaging presents a
nontrivial dimensionality problem. Often, details of the brain are captured with
various neuroimaging modalities by sampling different characteristics (e.g., struc-
ture, function). For example, with structural MRI, a grid of 3-dimensional pixels
(voxels) is used and can easily surpass 65,000 data points in a single image.
Depending on the neuroimaging modality (e.g., structural, functional), each voxel
may also contain multiple pieces of information. One common way to simplify this
dimensionality problem is to reduce the data into sub-units, often referred to as
regions of interest (ROIs). In the context of motor ability, one may look preferen-
tially to the precentral gyrus and summarize the information of all voxels in the brain
which fall within this region (e.g., calculate the mean cortical thickness across the
precentral gyrus). Such a strategy can reduce thousands of data points into a more
manageable subset. However, common neuroanatomical atlases consist of more than
30 areas per hemisphere (Desikan et al. 2006), and state-of-the-art multimodal
parcellation schemes now include hundreds of areas (Glasser et al. 2016) and thus
possible ROIs. Importantly, the brain has a complex architecture with interrelated
networks. Thus, for many exposures a plausible hypothesis, which justifies explor-
ing many different ROIs, can be framed. This yields multiple tests of different ROIs,

128 H. Tiemeier and R. Muetzel



as an evidence-based a priori choice is typically not possible (like in candidate gene
studies). Yet, studies using an ROI approach often do not control for multiple testing
at all. Alternatively, “hypothesis free” approaches are employed, where each brain
voxel is examined separately rather than aggregating information across anatomical
ROIs. One playful, yet concerning, illustration of the problem is made by the famous
“dead salmon study,” where postmortem functional neuroimaging of a fish showed
“significant” neural activation without adjustment for multiple comparisons (Bennett
et al. 2009). Though methods are able to adjust for the many thousands of statistical
tests (voxels) (Bennett et al. 2009), the field has struggled to adequately control
multiple testing (Eklund et al. 2016; Greve and Fischl 2018). This struggle can partly
be explained by the correlated nature of the many thousands of voxels in the brain
(i.e., nonindependence). Even if the number of statistical tests is accounted for
properly across the thousands of brain voxels, researchers often explore several
models and contrasts, and they typically do not further adjust for these tests
(Alberton et al. 2019). Clearly, adequate control for multiple testing against the
background of a myriad of reasonable and feasible association tests with different
imaging parameters remains one of the most salient challenges in Population
Neuroscience.

Confounding

Neurodevelopmental and neuropsychiatric imaging studies typically adjust statisti-
cal models for a basic and limited set of covariates, namely age, sex, and often total
brain size. Even if suitable information on other possible confounding factors is
available, many studies omit these from statistical models. Sometimes possible
confounders are not ascertained or considered, sometimes matching on selected
parameters is seen as sufficient, and sometimes analytical software used in imaging
analyses does not allow for a complex array of covariates. In a model that includes
statistical adjustments for a true confounding factor, the effect estimate of an
association will typically attenuate. However, the brain architecture involved in an
association is determined by the interplay of many genetic and environmental
factors, that several will likely also be associated with a particular exposure or
outcome such as ADHD. This has implications for neuroimaging research. The
strength of the observed association between an imaging parameter and a given
phenotype is often overestimated. In the context of high-dimensional analyses,
studies not properly adjusting for confounding factors highlight more brain areas
than are actually present. For example, Fig. 1 illustrates how attention symptoms are
related to cortical surface area in the general population of 2706 children ages
8–12 years from the Generation R Study (unpublished data). Colors coded from
red-to-yellow highlight how the spatial distribution of the association of surface area
with attention problems varies across the brain as a function of important
confounding factors. In this example, the total surface area of the association was
more than 200cm2 when only adjusting for age, sex, and ethnicity and fell to 85cm2

(42% of the original size) after adjustment for several confounders such as prenatal
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tobacco exposure and maternal psychopathology. Poor control for confounding leads
to invalid results, poor generalizability, and problems with replication of results
(Ioannidis 2019). Against this background, the large meta-analyses, such as
conducted by the Enigma Network, that typically adjust for few confounders only
cannot easily infer causality (Hoogman et al. 2019). Consideration of confounding
factors should take place before data collection begins, and population neuroscien-
tists have to accept that more likely than not the associations tested in child
psychiatry are confounded by many external factors.

Figure depicts what happens to significant associations between ADHD and
surface area with additional adjustment of estimates for confounding effects.
M1 ¼ Model 1 and includes age, sex, and ethnicity. M2 ¼ Model 2 and represents
Model 1 + parental educational level. M3¼Model 3 and represents Model 2 + family
income. M4 ¼ Model 4 and represents M3 + prenatal exposure to tobacco.
M5 ¼ Model 5 and represents M4 + maternal psychiatric problems. Red color
represents minimally/basic adjusted models and yellow indicates more complete/
fully adjusted models.

Reverse Causality and Bidirectionality in Brain-Behavior Studies

Though often implicit, nearly all studies utilizing brain imaging to study psychopa-
thology operate under the assumption that neuroimaging features associated with
psychopathology precede the symptomatology, omitting the possibility of down-
stream effects, or “behaviors shaping the brain.” Imagine a child with anxiety
symptoms, who likely lacks certain social interactions, spends more time in bed
sleeping and is more withdrawn than his or her peers; these behavioral and emotional
problems very likely alter the course of brain development, though any neuroimag-
ing correlates will misleadingly be interpreted as antecedents of the symptoms. In a
study of 480 children participating in a repeated imaging study, it was shown that
higher levels of internalizing and externalizing problems measured at age 6 were
predictive of reduced (slower) changes in subcortical grey matter and white matter
microstructure from ages 6-to-12 years of age (Muetzel et al. 2018). However,

Fig. 1 Spatial changes in associations between surface area and attention problems with adjust-
ment for confounding factors
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imaging metrics assessed at age 6 were not predictive of changes in externalizing and
internalizing problems over time. As of yet, it is unclear how much and at what age
behavior impacts the brain most. Nevertheless, this population neuroscience finding
has profound implications for the interpretation of cross-sectional studies, the typical
inferences, and that emotional or behavioral symptoms are always a consequence of
brain alterations. It implies that we need longitudinal studies to demonstrate the
associations of brain and behavior, otherwise studies will likely be biased, inconsis-
tent and cannot be accurately interpreted.

Imaging Genetic Studies

The advent of genome wide association studies (GWAS) and modern molecular
genetics is of particular relevance for Population Neuroscience, although imaging
genetics is in its infancy. First, genetic studies of imaging parameters are conducted
that may help better understand brain development. The function and structure of the
human brain is strongly shaped by genetic influences. Yet only in the past years have
several large consortia studies shed some light on the genetic variants related to
imaging parameters, though typically in adults (Hirschhorn and Gajdos 2011).
A GWA study of intracranial volume showed a high genetic correlation between
adult intracranial volume and child head circumference (Adams et al. 2016). As with
most other large genetic imaging studies of various brain structures, some genetic
variants identified were related to childhood cognitive functioning. Another large
seminal GWA study investigated seven subcortical structures (Hibar et al. 2015).
Interestingly, genetic variants related to the putamen were located on genes (e.g.,
DCC) most highly expressed in the first two trimesters of prenatal development
suggesting that this variant may influence brain volumes early in neurodevelopment.
More recently, imaging genetic studies in the UK Biobank showed that iron transport
and storage genes were related to magnetic susceptibility of subcortical brain tissue,
whereas extracellular matrix and epidermal growth factor genes with white matter
microstructure and lesions (Elliott et al. 2018). These results may provide some
insights into the molecular mechanisms underlying brain development, but the hope
that this approach will yield novel candidate genes for neurodevelopmental disorders
has not materialized. As the genetic loci discovered in imaging studies are rarely
related to psychiatric traits, these MRI parameters cannot be viewed as intermediate
endophenotypes helping to unravel the genetic architecture of child psychiatric
disorders.

Second, genetic correlation studies are used to better understand the link between
psychiatric traits and neurodevelopment. Likewise, polygenic risk scores (aggre-
gates of risk based on genetic information) derived from GWA studies of psychiatric
traits have been related to neuroimaging and other neurodevelopmental parameters
and vice versa. These studies clearly show widespread pleiotropy between cognitive,
mental health traits, and brain parameters although they cannot demonstrate if this
reflects mediated or biological pleiotropy, or simply correlated genetic loci (Salinas
et al. 2018). Several studies tested whether the polygenic susceptibility for disorders
such as schizophrenia, autism spectrum disorders, or ADHD is associated with brain
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morphological characteristics in children. Indeed, a higher genetic susceptibility for
ADHD, for example, was associated with smaller caudate volume and this explained
part of the association with attention problems in boys (Alemany et al. 2019).
However, polygenic risk scores of education or intelligence generally showed a
stronger signal with child brain morphology, which probably reflects the large
statistical power in the GWAs of cognitive traits. In contrast, the genetic loci
found in adult neuroimaging studies are not or only very weakly associated with
child psychiatric phenotypes. A recent study found no genetic correlation of white
matter characteristics and neurodevelopmental disorders, only a positive correlation
of white matter characteristics (here fractional anisotropy) with cognition and neg-
atively with depression (Zhao et al. 2019). Similarly, no evidence of shared genetic
influences between subcortical brain volumes and schizophrenia was found although
improved statistical modeling recently suggests some genetic overlap (Franke et al.
2016; Smeland et al. 2018). Most genetic correlation or polygenetic studies in the
neurodevelopmental field are cross-disorder studies which will not be discussed in
detail. Consistently, these genetic studies provide evidence for shared genetic effects
on different neurodevelopmental disorders (Smoller et al. 2019). For example, SNPs
identified the ADHD GWAS strongly predict autism and many other traits (Jansen
et al. 2019a). The poorly explained positive genetic correlation between autism and
intelligence is arguably one of the most exciting leads for future genetically informed
neuroimaging studies (Savage et al. 2018).

Thirdly, modern genetic research offers a perspective of how epidemiological
rigor can advance a scientific field. Like imaging studies, early genetic studies were
limited by logistical considerations, nominally significant results were interpreted as
definitive, and the this was exacerbated by technical artifacts (Hirschhorn and
Gajdos 2011). However, stringent control for multiple testing, replication protocols,
large scale studies has provided the ability to detect small effects validly. In addition,
genetic studies helped advance causal inference. However, methodological advances
such as Mendelian randomization have hardly been introduced in Population Neu-
roscience (Van 't Ent et al. 2017).

In summary, the clinical utility of genetic risk prediction at present is still low; the
effect sizes of these aggregate measures remain too small. Imaging genetics studies
of neurodevelopmental traits are still in their early stages, also due of the scarce use
of multivariate strategies in data analysis. Moreover, the selection effects, observed
in particular in the imaging studies, provide an underestimated challenge for risk
prediction modeling. Yet, as the ancestral diversity and sample sizes of genome-wide
association studies increase, there is real promise for clinical practice.

Clinical and Public Health Relevance of Population Neuroscience

The advance in Population Neurosciences like in most scientific disciplines is
incremental and the clinical applications arise less quickly than expected. Landmark
neuroimaging studies have provided insights in the development of ADHD and
autism. A maturational lag across multiple neural circuits has been demonstrated in
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ADHD, but studies also show that this often disappears with age. Sibling studies in
children with autism provide evidence that in severe cases autism can also be
conceptualized as a syndrome of degeneration, as these children have experienced
regression and degeneration probably underlying the loss of neurological function
(Constantino 2018; Kern et al. 2013). These highlights illustrate the advance in the
understanding of brain development in children with psychiatric disorders, but what
insights for etiological, diagnostic, and prognostic understanding can we expect
from Population Neuroscience? Epidemiological studies provide evidence for the
substantial comorbidity of child psychiatric traits, and population neuroscience
confirmed the likely etiological overlap. Imaging markers can serve as a sensitive
biomarker of brain developmental effects. Large longitudinal imaging studies could
also show that certain brain alterations mediated environmental, intra-uterine, or
social exposures; however, we must not turn to Population Neuroscience to discover
new risk factors. Arguably, the field most likely to be advanced by population
neuroscience is research on diagnostic classifications. While behavioral and molec-
ular genetic studies have cast doubt on the validity of several diagnostic entities,
imaging studies may be useful to define more robust subgroups. In particular resting
state fMRI is a hopeful approach; the work of the Liston group discussed above
suggests that this modality has the sensitivity to reflect change over time and
probably environmental effects. The depression subgroups identified by resting-
state fMRI profiles predicted outcome well, although much more work is needed
to define robust diagnostic categories including neuroimaging data. Other
approaches using one or different imaging modalities have shown to predict the
onset of substance abuse or recurring delinquency and such applications will
increase with more carefully conducted longitudinal studies. Arguably, the lack of
clinical utility of neuroimaging for child and adolescent psychiatry does not reflect
the limited potential of imaging in this field, but the lack of epidemiological designs,
that is, the lack of population neuroscience.

Conclusion

Most developmental neuroimaging studies cannot easily be generalized, with many
arguably biased due to poor control for confounding and selection effects. Often the
temporal direction of the associations reported remains unclear, for example, is the
child behavior such as anxiety a cause or a consequence of the brain morphological
differences detected in the basal ganglia? Population neuroscience is an attempt to
address these challenges with larger sample sizes, a clear study design and sampling
frame, longitudinal data including repeated brain imaging assessments, and a more
careful control for multiple testing. Importantly, population neuroscience attempts to
integrate different imaging modalities, environmental factors, and genetic data with
behavioral phenotypes. It remains to be seen if population neuroscience will result in
clinically meaningful diagnostic and prognostic parameters for child psychiatry or
even better treatment allocation, but presents us with a clear opportunity and the
most sensible way forward.
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