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Abstract Neuroimaging studies of typically developing

children and adolescents have provided valuable informa-

tion on global and regional developmental trajectories of

brain development. As these studies become larger and

population-based, they are generating an intersection

between the fields of developmental neuroscience and

epidemiology. However, few of these studies have ade-

quately probed the contribution of multiple environmental

and genetic factors on brain development. Studies designed

to optimally evaluate the role of multiple environmental

and genetic factors on brain development require both large

sample sizes and the prospective collection of multiple

environmental factors. The Generation R Study is a large,

prospective, prenatal-cohort study of nearly 10,000 chil-

dren that began in 2002 in Rotterdam, the Netherlands. In

September of 2009, 6–8 year old children from the Gen-

eration R Study were invited to participate in a magnetic

resonance imaging component of the study. We provide an

overview of the study design and experience for the first

801 children recruited for the neuroimaging component of

the study. The protocol includes a 1-h neuropsychological

assessment using the NEPSY-II, a mock scanning session,

and a neuroimaging session that includes high-resolution

structural, diffusion tensor, and resting-state functional

MRI sequences. Image quality has been good to excellent

in over 80 % of the children to date. The infusion of

imaging into the Generation R Study will set the stage for

evaluating the role of multiple environmental and genetic

factors in both typical and atypical neurodevelopment.
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Introduction

The formation of the human brain involves a complex

orchestration of events that begins as the first cell differ-

entiates from ectodermal into neural tissue during the

second week following conception [1, 2]. These early

events are followed by a cascade of neurodevelopmental

processes involving growth, migration, and pruning. Active

processes of growth include symmetric and asymmetric

cell division, cell differentiation and growth, neuronal

migration, dendritic arborization, synaptogenesis, gyrifi-

cation, and myelinization [3–6]. Brain development also

includes active processes of elimination, including apop-

tosis and dendritic and synaptic pruning [7, 8]. Develop-

mental neuroscience, whether through micro or macro

approaches, is directed at understanding the neurobiologi-

cal mechanisms behind these developmental processes.

While brain development is under tight genetic control,

environmental, epigenetic, and stochastic processes also
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play a crucial role in its formation. In spite of the magni-

tude of the human genetic code, there is not enough genetic

information to code for each location and connection of the

billions of neurons and trillions of synapses that form

during development [9]. Thus, the development of brain

connectivity occurs with considerable redundancy; through

the overproduction of neurons and synaptic connections

that, following formation, undergo experience-modulated

selective pruning [4, 5]. Optimal pruning results in the

elimination of neurons and connections that do not con-

tribute significantly to the overall efficiency of the brain.

This overproduction of neurons and synapses with sub-

sequent pruning provides a mechanism for resilience

between environmental insults and unfavorable stochastic

events. It also accounts for the considerable inherent

plasticity of the developing brain.

There are a myriad of environmental determinants that

could influence human brain development [10]. The

emerging field of population neuroscience is directed at

addressing questions surrounding the combined effects of

environmental and genetic factors on human brain devel-

opment [11]. Similar to studies that attempt to elucidate the

genetic underpinnings of complex disorders, studies that

explore the relationship between multiple environmental

factors and neurobiology must not only consist of very large

sample sizes, but also meticulously quantified data from the

environment. This becomes especially important when

attempting to examine the complex interactions between

genes, environment, and the developing brain. Studies such

as the Generation R Study are an extremely valuable source

for exploring the interactions of genes and environment on

neurobiological development.

The Generation R Study is an ongoing population-based

prospective cohort study that began in 2002 with the

recruitment of nearly 10,000 pregnant women in Rotter-

dam, the Netherlands [12, 13]. The primary aim of the study

is to describe normal and abnormal patterns of growth and

development, including fetal and postnatal brain develop-

ment. Multiple prospective longitudinal measures crossing

multiple domains of health and development have been

obtained as a part of the Generation R Study [12, 14].

Measures such as pre- and postnatal diet, maternal and child

infections, family function, prenatal substance use, home

environment, and multiple measures of behavior, tempera-

ment, and attachment have been meticulously collected.

One of the early measures of brain development within the

Generation R was obtained using fetal ultrasound measures.

Ultrasound imaging of the head, biparietal diameter, ven-

tricular size, and cerebellar diameter was performed at least

once during fetal life in 8,313 children [15]. In addition,

postnatal fetal ultrasound measures were obtained at

1 month in 778 children [16]. Finally, cord and maternal

blood samples have been collected for genetic analyses.

The infusion of brain magnetic resonance imaging

(MRI) in sub-populations of Generation R began in Sep-

tember 2009 with the children being between 6 and 8 years

of age. The Generation R neuroimaging component was

initially directed at studying specific subpopulations within

the Generation R cohort. These subpopulations can be

characterized by neurodevelopmental factors related to

either prenatal exposures or behavioral problems or traits in

young children (Table 1). A dedicated wide-bore GE 3

Tesla scanner has recently been acquired and beginning in

early 2013 all children will be invited to participate in the

MR neuroimaging component of the Generation R Study.

The goal of this paper is to introduce the study design and

imaging protocol for the first wave of neuroimaging data

collection within the Generation R Study.

Study design

Subjects

The children who are recruited are participants of the

Generation R Study. An overview of the Generation R

Study design and population is described in detail by

Jaddoe et al. [12]. In brief, all pregnant women who were

living within a well-defined region in Rotterdam (defined

by postal codes) between April 2002 and January 2006

were invited to participate in the study. A total of 9,778

pregnant mothers provided informed consent and were

recruited, with their unborn child, as members of the

Generation R cohort. Of these mothers, a total of 6,691

(69 %) were enrolled during early pregnancy, 1,918

(19 %) during mid-pregnancy, 271 (3 %) during late

pregnancy, and 898 (9 %) mothers were recruited at birth.

The children and their parents have been followed pro-

spectively with data collection occurring at multiple time

points [12]. The most recent completed visit for the Gen-

eration R Study took place when the children were

between 5 and 6 years of age and included nearly 7,000

actively participating children. The children are currently

being invited for the 9-year follow-up visit.

Rotterdam is ethnically diverse, with 52 % of the pop-

ulation being non-Dutch. Recruitment into Generation R

reflects this diversity. Of the 9,778 mothers, 62 % were

Dutch or other-European, 8 % Surinamese, 8 % Turkish,

7 % Moroccan, 4 % Dutch Antillean, 3 % of Cape Verdian

descent, and 8 % other [17].

The structural and functional neuroimaging wave started

in September of 2009 following the approval by the Med-

ical Ethical Committee (METC) to scan children 6 years of

age and older. The study has been performed in accordance

with the 1964 Declaration of Helsinki and it’s later
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amendements. The inclusion criteria were based on specific

criteria for recruitment into the subgroups shown in

Table 1. Exclusion criteria included contraindications for

the MRI procedure (i.e., pacemaker, ferrous metal

implants), severe motor or sensory disorders (deafness or

blindness), neurological disorders (i.e., seizures or tuberous

sclerosis), and moderate to severe head injuries with loss of

consciousness, and claustrophobia. A total of 801 children

were recruited between September 2009 and February 2012

(Fig. 1). The imaging is ongoing with new invitations

mailed to families inviting them to participate and follow-

ing-up on families who have not yet come to the center. We

are currently performing MRI scans at an average of 7.5

children per week, however, this will increase as we will

begin a second wave of neuroimaging with plans to invite

all of the approximately 7,000 children within the Genera-

tion R Study for an MRI scan.

Neuropsychological assessment

The neuropsychological battery consists of an array of

subtests from the Dutch version of the NEPSY-2 [18]. The

subtests chosen and their description are presented in

Table 2. The subtests were chosen to tap into five specific

domains, including: attention and executive function, lan-

guage, memory and learning, sensorimotor function, and

visuospatial processing. The battery takes no more than

60 min and is administered in one of four randomly

selected counterbalanced orders. In addition to the NEPSY-

2, handedness is measured using a modified version of the

Edinburgh Handedness Inventory [19].

While most children participate in both the imaging and

the neuropsychological assessment, some children or fami-

lies opt only to participate in the neuropsychological battery

(Fig. 1). The neuropsychological battery is typically planned

Table 1 Ongoing neuroimaging studies within the generation R Cohort and their corresponding inclusion and exclusion criteria

Inclusion criteria Exclusion criteria

Prenatal exposures

The effects of prenatal exposure to nicotine and

cannabis on brain development in school age

children

Cannabis: Cannabis use during all three trimesters

with a frequency of at least once per week.

Positive urine sample obtained during pregnancy

Nicotine: Maternal smoking [ 10 cigarettes per

day during pregnancy

The same exclusion criteria were used
for all children.

Significant motor or sensory disorder

(for example deaf or blind children)

Head trauma with history of loss of

consciousness

Severe neurological conditions such as

a seizure disorder, neuromotor

disorder, or a history of brain tumors

Claustrophobia

Contraindications for MRI scanning

Early and late effects on brain development in

children exposed to maternal antidepressant use

or maternal depression during pregnancy

SSRI Exposure: Mothers who utilized selective

serotonin reuptake inhibitors (SSRIs) during

pregnancy

Maternal Depression Exposure: Mothers with a

score [ 0.75 on the depression sub-scale of the

Brief Symptom Inventory (obtained at 20 weeks

gestation)

Long-term effects of maternal dietary intake in

pregnancy on neurodevelopment within 7,000

multi-ethnic preschool children (Nutrimenthe)

Dutch ethnicity, Prenatal maternal plasma folate

level available (low folate group: folate

level \ 8nMol/L; control group plasma folate

level C 8nMol/L)

Studies of child behavior

Neurobiology and developmental trajectories in

children at risk for severe psychopathology

(Dysregulation Disorder Phenotype)

Children who score in the top 5 % in all three

measures of the Child Behavior Checklist

domains of Attention Problems, Aggression, and

Depression/Anxiety

Developmental neurobiology of emerging pro-

and antisocial behavior

C 2 separate CBCL measurements. Prosocial:
Low aggression trajectory on CBCL and a

score C 14 on the strengths and Difficulties

Questionnaire (SDQ); Antisocial group: High

aggression trajectory on CBCL

Brain morphology and functional gene networks

in children with attention deficit hyperactivity

disorder

Attention deficit hyperactivity disorder (ADHD)

diagnosis confirmed via the Diagnostic Interview

Schedule for Children-Young Child version

(DISC-YC).

Developmental neurobiological trajectories of

emerging autism spectrum disorders

Social communication questionnaire score C 15;

Child Behavior Checklist: Score on Pervasive

Developmental Problems subscale score [ 6

Pediatric population-based neuroimaging 101

123



on the same day as the scanning, although when this is not

possible it is performed on a different day and only rarely

during a home visit. Of the 608 children who participated in

the MRI component of the study, a total of 594 (97.7 %) also

received a NEPSY-2.

Mock scanning session

Prior to the actual MRI scanning session, the children par-

ticipate in a mock scanning session to introduce them to the

scanning environment. The mock scanner simulates the most

important aspects of the actual scanning session, including

the feeling of being within the MR bore, wearing headphones

that plays recorded gradient sounds, and the ability to watch a

forward-projected film via a mirror positioned on the head

coil. The purpose of the mock scanning session is to provide

an introduction to the scanning environment and to offer the

opportunity for the child or parent to opt out of the procedure

before going to the actual MRI scanner.

The children and their parents are asked several questions

over their anxiety level and whether they thought it was fun or

not. These questions are asked before the mock scanning

session, immediately after the mock scanning session, and

immediately after the actual MRI scan. If at any point the

Fig. 1 Flow diagram for

recruitment into the imaging

component of the Generation R

Study
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child responds to a visual analog scale that they are either too

scared or that they find it not at all fun, then they do not

progress to the actual MRI scanning session. The parents and

researchers also rate the child’s fear along the same visual

analog scale and if they feel that the child is too scared then

the child does not progress to the MRI session. The visual

analog scale is similar to that developed by Durston et al. [20].

Magnetic resonance imaging

MR images are acquired on a 3 Tesla scanner (General

Electric Discovery MR750, Milwaukee, MI, USA) using an

8-channel head coil for signal reception. Care is taken so

that children are comfortable in the scanner and soft

cushions were used to assist with head immobilization. The

children were able to watch a film of their choice during

the structural MRI & DTI acquisitions. The film is pro-

jected onto a screen at the front of the scanner and the

children watch though forward-directed mirrors. The film

was only shown during the high-resolution structural and

diffusion tensor imaging sequences. The film and sound

was turned off during the resting state functional magnetic

resonance imaging sequence (rs-fMRI) and the children

were asked to close their eyes and to think of nothing in

particular. All MRI sequences scanned the entire head

(brain and cerebellum).

Structural imaging

Following a 3-plane localizing and coil intensity calibra-

tion scans, a high-resolution T1-weighted inversion recov-

ery fast spoiled gradient recalled (IR-FSPGR) sequence is

obtained with the following parameters: TR = 10.3 ms,

TE = 4.2 ms, TI = 350 ms, NEX = 1, flip angle = 16�,

readout bandwidth = 20.8 kHz, matrix 256 9 256, imag-

ing acceleration factor of 2, and an isotropic resolution of

0.9 9 0.9 9 0.9 mm3. The total scan time for the T1 is

5 min 40 s. In addition, an axial fast spin echo (FSE)

Table 2 List of Neuropsychological Tasks from the NEPSY-II

Task domain and

specific tasks

Ages Description Administration

time

Attention and executive functioning

Auditory attention

and response set

5–16 years

7–16 years

This test taps both selective & sustained attention and set shifting. The response set

requires that the child shift and maintain a new complex set of rules, inhibiting the

previously learned rules.

10 min

Statue 3–6 years Test of motor persistence and inhibition. The child maintains a constant body position

for 75 s while ignoring external distractors

2 min

Language

Word generation 3–16 years This is a verbal fluency task in which the child must generate as many words as possible

within a specific category within 60 s

4 min

Memory and learning

Memory for faces 5–16 years This test is designed to evaluate the child’s ability to encode facial features and use these

features to correctly identify the correct face from a set of three faces that are

presented subsequently

4 min

Memory for faces

(delayed)

This test uses the faces shown above to assess long-term recall of faces 4 min

Narrative memory 3–16 years This verbal memory test requires that the child listen to a story after which the child is

asked to repeat the story in as great detail as possible. Thereafter the child is

questioned about specific detains of the story

5 min

Sensorimotor

Visuomotor precision 3–12 years This is a timed task in which the child uses their dominant hand to draw lines as quickly

as possible within a set of tracks

3 min

Visuospatial processing

Arrows 5–16 years This line orientation task requires that the child determine if an arrow or a set of arrows

passes through specific outlying targets

7 min

Geometric puzzles 3–16 years This test assesses mental rotation, visuospatial abilities, and attention to detail. The child

is shown a large grid with several shapes. Their task was to match shapes presented

outside of the grid with the shapes within the grid

13 min

Route finding 5–12 years This task assesses spatial relations and the ability to translate these relations from a

simple schematic to a more complex one. The children are presented with a simple

schematic for directions to a target house and they need to locate the appropriate house

on a more complex diagram

4 min
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proton density (PD) weighted image is acquired with the

following parameters: TR = 13,500 ms, TE = 6.7 ms,

echo train = 12, readout bandwidth = 62.5 kHz,

NEX = 1, matrix 256 9 256 with a voxel resolution of

0.9 9 0.9 9 1.0 mm3. The total scan time for the PD

image is 3 min 50 s.

Diffusion tensor imaging (DTI)

The DTI sequence consists of a 35 direction echo planar

imaging (EPI) sequence using the following sequence

parameters: TR = 11,000 ms, TE = 8 ms, NEX = 1, flip

angle = 90, b = 0 and 1,000 s/mm2, matrix 256 9 256 and

an isotropic voxel resolution of 2.0 9 2.0 9 2.0 mm3. The

b = 0 s/mm2 is acquired 3 times. The total scan time for the

DTI sequence is 7 min 40 s.

Resting state functional magnetic resonance

imaging (rs-fMRI)

Resting-state fMRI utilized a gradient-echo blood oxygen

level dependent (BOLD) EPI sequence with a

TR = 2,000 ms, TE = 30 ms, flip angle = 85�, matrix

64 9 64 and voxel resolution of 3.6 9 3.6 9 4.0 mm3.

The total duration of the rs-fMRI session is 5 min. 20 s.

(160 TRs) or 8 min. 20 s. (250 TRs). The longer rs-fMRI

session was initially used to assess the length of time

needed for an adequate rs-fMRI protocol. The children are

asked to keep their eyes closed during the rs-fMRI

sequence and to think about nothing in particular.

Ethics

The approval to scan typically developing children 6 years

of age and older was granted by the METC at the Erasmus

Medical Centre. A radiologist reviews all the structural

MRI scans from the children. The consent form states that

the presence of potentially serious incidental findings will

be reported to the parents accompanied with expert advice.

The METC approved the project with the condition that if

the parents are not in accord with learning about any

potential serious incidental findings on the MRI scan, then

the child is unable to participate in the MRI session.

Image processing pipeline

Images are transferred from the GE console to the server and

stored on a RAID system. The image-processing pipeline has

been developed to constitute both a standard processing

stream as well as user-specific branch points. The standard

stream currently consists of a combination of freely available

packages and MATLAB-based programs developed in-

house. The structural imaging data are currently being

analyzed with FreeSurfer (http://surfer.nmr.mgh.harvard.

edu/) [21]. Diffusion tensor imaging (DTI) is processed with

a combination of FSL (http://www.fmrib.ox.ac.uk/) [22, 23]

and in-house MATLAB (MathWorks, Inc. Natick, Massa-

chusetts) programs to assess for white matter ‘potholes’ [24].

Pre-processing of the rs-fMRI data is performed using a

combination of Analysis of Functional NeuroImages (AFNI)

(http://afni.nimh.nih.gov/afni/) [25] and FSL [22]. The

rs-fMRI time series undergo time shifting and motion cor-

rection using AFNI. The motion correction parameters within

a run are outputted to a text file and analyzed via a Matlab-

based program to calculate head movement parameters.

Spatial normalization into MNI space is performed in

three steps using FSL. First, 6-parameter affine transfor-

mation parameters are obtained, but not applied, to register

each child’s motion corrected rs-fMRI to their high-reso-

lution structural image. The structural MRI images undergo

a 12-parameter affine transformation into MNI space and

the transform parameters are then applied to register the

rs-fMRI images. The images are then resampled to 2 mm

isotropic voxels. Once pre-processed, the rs-fMRI images

can be further processed using independent component

analyses (ICA) or seed region correlation analyses

(SRCA). The ICA analyses are performed using GIFT [26]

or Melodic [27]. The SRCA is performed using an in-house

MATLAB based program [28].

Rates of participation

A flow diagram showing the rates of participation is pre-

sented in Fig. 1 and the demographics of participants and

non-participants are presented in Table 3. From the 1,153

families with whom contact was made, a total of 238

(20.7 %) declined to participate. Comparing those who

consented versus those who declined participation, there

were no significant differences in sex of the child or in the

educational status or the age of the mother and father/

partner. In addition, there were no differences in the

household income between those who consented and those

who declined. However, those who declined were more

likely to be mothers with a national origin outside Europe

(50.4 % of those who declined were non-Europeans versus

41.5 % who agreed, v2 = 6.0, p = 0.01) and biological

fathers with a national origin outside of Europe (50.4 % of

those who declined were non-Europeans vs. 43.1 % who

agreed, v2 = 4.0, p = 0.04).

Within families who declined participation, 17 % of the

parents were willing to participate but the child declined

participation. There were no differences in either the total

problem score on the Child Behavior Checklist, or differ-

ences on the internalizing or externalizing scales between

children who participated and those who declined. While

there were a number of children who sustained mild head
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injuries, no children were excluded as a result of severe head

injuries or tumors. One child with a seizure disorder was

excluded from participation. Children exposed to maternal

smoking during pregnancy were less likely to participate,

whereas children with a diagnosis of ADHD were more

likely to participate (Table 4). A total of 801 families came to

the imaging center and signed the consent form.

Demographics

The demographic information for the children and families

who consented for the study are presented in Table 3. The

mean age of the children who received an MRI scan

(n = 608) was 92.0 months (SD 11.2 months). The mean

age of the children at the time of the NEPSY-II (n = 744)

was 91.7 months (SD 11.0 months). A total of 720 of the

744 children (97 %) had the NEPSY-II performed within

three months of the imaging session of which 689 of the

744 children (93 %) had the NEPSY-II performed on the

same day as the imaging session.

The ethnic distribution of the children who consented

for the MRI study had an over-representation of Dutch/

European participants compared to the Generation R cohort

[17] and the demographics of Rotterdam [29]. The current

ethnic distribution of Rotterdam includes 58.7 % Dutch

and other European inhabitants, 6.5 % Moroccan, 7.8 %

Turkish, 8.7 % Surinamese, 3.6 % Dutch Antilles, and

2.5 % Cape Verdian. The numbers and percentages of the

ethnic distribution for the imaging and NEPSY-II sample

are shown in Table 3.

Children’s experience

The vast majority of children were not scared by the pro-

cedure (Fig. 2a). A repeated-measures ANOVA found that

children rated themselves as being less scared than the

rating of the child by the parent or by the researcher

(F2,2048 = 25.6, p \ 0.0001: Fig. 2b). In addition, there

was a main effect of time (Fig. 2b), with children experi-

encing decreasing levels of anxiety as they progressed

Table 3 Demographics of the generation R imaging cohort who participated, dropped out, or refused

Characteristics Number of subjects

with MRI

(n = 608)

Number of subjects

with NEPSY-II

(n = 744)

Number of subjects

consented without

MRI (n = 193)

Number of subjects

who refused to

participate (n = 238)

Age in months (mean ± SD) 92.0 ± 11.2 91.7 ± 11.0 90.7 ± 11.1 97.5 ± 9.9

Sex (Male/Female) 323 (53.1 %)/285 (46.9 %) 400 (53.8 %)/344 (46.2 %) 111 (57.8 %)/81 (42.2 %) 128 (53.8 %)/110 (46.2 %)

Family income

\1,200 euro/month 125 (22.6 %) 163 (21.9 %) 51 (26.4) 65 (27.3 %)

1,200–2,400 euro/month 144 (23.7 %) 174 (23.4 %) 44 (22.8) 58 (24.4 %)

[2,400 euro/month 339 (55.8 %) 407 (54.7 %) 98 (50.8) 115 (48.3 %)

Ethnicity of the child

Dutch & other European 387 (72.9 %) 470 (72.6 %) 125 (64.8 %) 142 (71.4 %)

Moroccan 28 (5.3 %) 34 (5.2 %) 11 (5.7 %) 8 (4.0 %)

Turkish 30 (5.6 %) 45 (7.0 %) 17 (8.8 %) 21 (10.6 %)

Surinamese 40 (7.5 %) 45 (7.0 %) 10 (5.2 %) 13 (6.5 %)

Dutch Antilles 20 (3.8 %) 23 (3.6 %) 4 (2.1 %) 8 (4.0 %)

Cape Verdian 22 (4.1 %) 25 (3.9 %) 3 (1.6 %) 4 (2.0 %)

Other 4 (0.8 %) 5 (0.8 %) 1 (0.5 %) 1 (0.5 %)

Unknown 99 (12.4 %) 97 (13.0 %) 22 (11.4 %) 41 (17.2 %)

Mother Mother Mother Mother

Highest completed education

Primary school 136 (22.4 %) 173 (23.2 %) 47 (24.4 %) 67 (28.2 %)

Secondary education 337 (55.4 %) 412 (55.4 %) 108 (56.0 %) 129 (54.2 %)

Higher education 135 (22.2 %) 159 (21.4 %) 38 (19.7 %) 42 (17.6 %)

Partner Partner Partner Partner

Primary school 201 (33.1 %) 249 (33.5 %) 70 (36.3 %) 92 (38.7 %)

Secondary education 259 (42.6 %) 317 (42.6 %) 81 (42.0 %) 94 (39.5 %)

Higher education 148 (24.3 %) 178 (23.9 %) 42 (21.8 %) 52 (21.8 %)
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through the mock scanning session to the actual MRI scan

(F2,4096 = 59.5, p \ 0.0001). There was no interaction

between rater (parent, child, and researcher) and time

(F4,4096 = 2.0, p = 0.1). A total of 109 children (15.2 %)

decided to stop during the mock scanning session. Children

who were exposed prenatally to SSRI’s were more likely to

drop out compared to children not exposed to SSRIs

(Table 4).

Image quality

Structural MRI

All the T1 and PD images were visually inspected and

given a quality rating based on movement or other artifacts.

The ratings were based on a six point Likert-scale and

ranged from 5 (excellent), 4 (very good), 3 (good), 2 (fair),

1 (poor), and 0 (unusable). While the images that are poor

are also likely to be unusable for most analyses, an

unusable rating refers to major problems such as artifacts

caused by the scanner hardware or the subject moved

between scans such that a portion of the brain was outside

of the field of view.

Approximately 80 % of the T1 scans have been rated as

between good to excellent quality to date (Table 5). If the

T1 image acquisition was determined to be fair, poor, or

unusable, the scan was repeated in place of the PD image.

The T1 was repeated in 59 children, with improvement in

scan quality in 33 of the 59 children. A scan rating of good

to excellent was found in 507 of the children. A Spearman

rank order correlation between the T1 rating and the PD

rating was 0.56 (p \ 0.0001).

There were no serious CNS abnormalities identified on

any of the 608 MRI scans obtained from the children.

Diffusion tensor imaging

The diffusion tensor imaging sequence took place follow-

ing the T1 image and prior to the PD image. Children who

Table 4 Group status of the

generation R imaging cohort

who participated, dropped out,

or refused

f p \ 0.05
u p \ 0.01
w p \ 0.001

Group Number of subjects who

declined/number of subjects

contacted (percent)

Consented subjects

without MRI/consented

subjects (percent)

Total group 238/1,060 (22.4 %) 193/801 (24.1 %)

Typically developing children 108/502 (21.5 %) 83/387 (21.4 %)

Prenatal exposures

Cannabis 25/82 (30.5 %) 15/53 (28.3 %)

Nicotine 35/97 (36.1 %)w 9/63 (14.3 %)

Antidepressants 14/60 (23.3 %) 24/44 (54.5 %)w

Maternal depression 30/158 (19.0 %) 32/124 (25.8 %)

Low folate 22/115 (19.1 %) 21/91 (23.1 %)

Behavioral characteristics

Dysregulation disorder phenotype 13/49 (26.5 %) 9/35 (25.7 %)

Attention deficit hyperactivity disorder (ADHD) 10/80 (12.5 %)f 14/67 (20.1 %)

Pervasive developmental problems 29/132 (22.0 %) 29/102 (28.4 %)

Fig. 2 The children’s level of

anxiety as they progress from

the mock scanner to the actual

scanning session. a The

children’s rating of the

experience during three

different time points. b The

level of anxiety for the children,

their parent, and the researcher

at three different time points
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remained still for both the T1 and PD sequences had little

motion related artifacts during the 7 min 40 s DTI scan. A

total of 571 children completed the DTI paradigm. To

obtain an estimate of motion during the DTI scan, the

sequences were motion corrected and the transformation

matrices for each volume were quantified. While artifacts

can influence the motion correction algorithm, we found

that the majority of the subjects had good to excellent scan

quality (Table 6).

Resting-state fMRI

The rs-fMRI was the last sequence of the MRI session. The

movie was turned off during the rs-fMRI and the children

were told to close their eyes and think of nothing in par-

ticular. In spite of the movie being turned off, the majority

of children were able to keep quite still during the fMRI

paradigm (Table 6). Over half of the children had less than

2 mm maximum head movement and approximately three-

quarters had less than 3 mm maximum head movement.

Using a typical cut-off of 3 mm total head movement

would result in 399 of the 547 children (73 %) of the

children with usable data.

Discussion

Pediatric population-based neuroimaging lies at the intersec-

tion between developmental neuroscience and epidemiology.

Epidemiology is directed at understanding the determinants

and characteristics of health in a population. Applied to neu-

roscience, the health states and events are those determinants

and characteristics that lead to optimal brain development and

thus optimal brain health. It is important to understand which

determinants and characteristics lead to disrupted or ineffi-

cient brain development as these may contribute to an indi-

vidual’s susceptibility to cognitive, neurological, or

psychiatric disorders. These determinants and characteristics

are driven through genetic, environment, and the interplay

between genetic and environmental factors.

Of the 30,000 genes in the human genome, approxi-

mately one-third are expressed only in the development of

the central nervous system [30]. Thus it is not surprising

that measures such as cortical thickness and global and

regional brain volume are highly heritable [31, 32]. Yet

with at least 100 million neurons and 100 trillion synapses

in the human brain [9], there is a considerable interplay

between genetic, environmental, and stochastic processes

taking place during neurodevelopment. Optimal neurode-

velopment allows for sufficient proliferation and selective

elimination of neurons and synapses that do not contribute

to the overall efficiency of the brain. Such optimal growth

would allow the brain to better overcome environmental

insults and less favorable stochastic processes.

Less optimal early neurodevelopment, as could occur

through a myriad of different events (i.e., maternal mal-

nutrition, substance use, infection, maternal diabetes) could

interfere with the efficient orchestration of brain function

and increase the risk for the later development of cognitive,

neurological, or psychiatric disorders. The number of

potential environmental variables that could interact with

brain development is legion. Thus, studying the relation-

ship between environmental factors and neurodevelopment

Table 5 Quality ratings for the high-resolution structural images

Scan Rating T1 (n = 608) PD (n = 477)

Excellent 149 (24.5 %) 105 (17.3 %)

Very good 184 (30.3 %) 142 (23.4 %)

Good 174 (28.6 %) 135 (22.2 %)

Fair 67 (11.0 %) 56 (9.2 %)

Poor 33 (5.4 %) 26 (4.3 %)

Unusable 1 (0.2 %) 12 (2.0 %)

An ‘Unusable’’ scan rating refers to problems or artifacts which

render the scan completely unusable. The PD scan was not always

collected. If the T1 image was rated fair to unusable, it was repeated

at the time of scanning in place of the PD image. There are thus a total

of 131 PD scans that were not collected

Table 6 Number of subjects within specific thresholds for mean and maximum head movement for the diffusion tensor imaging and the resting-

state fMRI sequences

Number of subjects below movement thresholds

\1 mm \2 mm \3 mm \4 mm Total

Diffusion tensor imaging

Mean movement 421 488 514 540 571

Maximum movement 4 152 263 333 571

Resting-State fMRI

Mean movement 527 538 545 545 547

Maximum movement 46 301 399 460 547

Mean movement is defined by the TR to TR movement averaged over all volumes. The maximum movement is defined by the absolute

maximum displacement over all TRs
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requires large numbers of subjects, with multiple measures

collected over time in these subjects. Such a study in

essence forms a merging between the fields of develop-

mental neuroscience and epidemiology.

It is within this framework that we introduce the infu-

sion of neuroimaging into the population-based Generation

R Study. The Generation R Study [12], with its large

sample size, its initiation during fetal life, the spectrum of

multimodal measures obtained, and the inclusion of all

children within a region serves as the perfect source for the

intersection between developmental neuroscience and

epidemiology. Multiple measures of maternal and child

health (including mental health) have been prospectively

collected beginning in early pregnancy to the present (the

children are currently between 6 and 10 years of age).

Already studies within the Generation R cohort using

prenatal ultrasound measures of brain development have

shown a link with environmental variables such as mater-

nal stress [33], smoking during pregnancy [34], and can-

nabis use during pregnancy [35]. In addition to numerous

other questions, the use of MRI provides the opportunity to

test with much finer resolution whether these brain changes

continue into childhood or whether they are molded or

erased through the inherent plasticity of the early devel-

oping brain.

The primary goal of this paper is to describe the recruit-

ment procedure and the initial experience for the 6–8 year

old children involved in the imaging component of the

Generation R Study. Between September 2009 and February

2012 a total of 801 children and their families consented to

participate. From this group, a total of 744 children per-

formed the NEPSY-II neuropsychological assessment and

608 children underwent neuroimaging (Fig. 1).

Approximately 21 % of the families who were called

decide that they did not want to participate in the imaging

component. The participation rate is higher than in other

large population-based studies [36], likely secondary to the

children being involved in an ongoing, longitudinal pre-

natal cohort study. The experience of the children and their

families during the imaging session was reported to be very

good. While typical worries and fears are highly prevalent

in school age children [37], the vast majority of children

participating in the imaging protocol were not frightened

by either the MRI environment or scanning procedure

(Fig. 2a). Approximately 14 % of the children or their

parents did decide to stop the study either prior to or

immediately following the mock scanning session. There

were no differences in demographic measures between

those who stopped prior to the MRI scan, however, chil-

dren who were exposed prenatally to SSRI’s were more

likely to drop out compared to children not exposed to

SSRIs (Table 4). Similar to the findings of Durston et al.

[20] we found that the use of the mock scanner was

beneficial in reducing the level of anxiety for both child

and parents alike (Fig. 2b).

The ability to obtain quality scans in these young, school

age children was quite good. The quality of the high-resolu-

tion T1 scans were rated between good and excellent in 83 %

of the children. The PD imaging was rated between good and

excellent in 80 % of the cases. The rs-fMRI sequence was the

last sequence and the movie was turned off and the children

were asked to close their eyes and think of nothing in partic-

ular. The quality of the rs-fMRI had 73 % of the scans with

less than 3 mm maximum movement (Table 6).

In addition to several important smaller studies [38–40],

there are several large developmental neuroimaging studies

that have greatly contributed to our understanding of global

and regional differences in brain development [41–44]. One

of the earliest and largest studies began in the early 1990s at

the Child Branch of the National Institutes of Mental Health

in Bethesda, Maryland [41]. This longitudinal study of

structural brain development in typically developing chil-

dren and adolescents has provided significant insights into

the regional specific trajectories of neurodevelopment [45–

47]. More recently, an NIH extramural study performed at

six different sites in the United States has recruited a total of

384 children between the ages of 2 months to 18 years in a

prospective, accelerated longitudinal study [42]. Two

additional large imaging studies in Canada [43] and Europe

[44] have been initiated as hypothesis-directed studies to

evaluate the effects of prenatal exposure to nicotine and

emerging substance abuse, respectively.

The Generation R Study has some characteristic dif-

ferences with these large population-based studies. Since

the Generation R is a population-based cohort study in

which the children were recruited during fetal life, there

was no exclusion criteria based on the physical or emo-

tional health of the child. Both the intramural and extra-

mural NIMH studies [41, 42] had strict criteria for

inclusion, which is a good approach for studying typical

development, but does bias the results toward the neuro-

development of ‘super controls.’ Within the Generation R

Cohort, if we exclude those children who have been

exposed to nicotine, cannabis, maternal depression, or

maternal SSRI use, and those who are below the clinical

range for either the internalizing or externalizing range on

the Child Behavior Checklist, it leaves 323 children.

Excluding children with the same exposures as above, but

who fall below the borderline range for the CBCL inter-

nalizing and externalizing scales, the number of children

drops to 298. Thus, approximately half of the children with

imaging data are reflective of the cohort within the NIMH

studies, which is not surprising since the children were not

randomly selected from the Generation R Study.

Another strength of the Generation R Study is the very

large sample size, which is crucial for parsing out genetic,
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environmental, and interaction effects. Large sample sizes

are considered important for tracking developmental chan-

ges [48] since developmental trajectories show considerable

variability [41]. In addition, there were no exclusion criteria

based on ethnicity, as was true in the Saguenay Youth Study

[43] and the IMAGEN study [44]. Similar to the NIH intra-

mural study [41] and the Saguenay Youth Study [43], all

neuroimaging within the Generation R Study has been per-

formed at one site and on the same scanner. Finally, since the

Generation R was designed as an epidemiological study

crossing the different disciplines of pediatrics and child and

adolescent psychiatry [13], it contains a vast array of phys-

iological and environmental measures.

One of the early measures of brain development within the

Generation R was obtained using fetal ultrasound measures.

Ultrasound imaging of the head, biparietal diameter, ven-

tricular size, and cerebellar diameter was performed at

multiple time points during fetal life in 8,313 children [15].

In addition, postnatal fetal ultrasound measures were

obtained at 1 month in 778 children [16]. These early

ultrasound studies can provide an important link to under-

standing global measures of brain changes over time. Similar

to other large neuroimaging studies, the Generation R

imaging component has a high-resolution structural imaging

scan. However, only the IMAGEN study [44] has included

both diffusion weighted and functional imaging paradigms.

In combination with neuroimaging data, many studies also

include a neuropsychological battery as a component of the

study [36]. Neuropsychological testing was developed prior to

the development of MRI and was often used in attempt to

identify the location of specific deficits or lesions [49]. While

lacking spatial specificity, a thorough neuropsychological

battery provides valuable information on the underlying brain

function and dysfunction [50]. The neuropsychological mea-

sures will be combined with the neuroimaging data to better

understand the differential characteristics of age and sex in

brain development. The neuroimaging is ongoing and we will

soon be inviting children for the second wave of scanning.

This second wave of scanning will take place on a new ded-

icated GE 3 Tesla wide bore scanner and all of the approxi-

mately 7000 children from the Generation R Study will be

invited for an MRI scan.

Conclusion

In conclusion, the Generation R Study is an epidemiolog-

ical study of child health and development that began in

2002 with the recruitment of nearly 10,000 mothers in

early pregnancy or who had recently given birth. The

infusion of MRI imaging into the Generation R Study

began in September 2009 with 801 children recruited up to

the 29th of February 2012. The Generation R imaging

study is characteristically different from other large neu-

roimaging studies in that it is a population-based prenatal

cohort with multiple waves of data collection. In addition,

the inclusion criteria are broader, allowing for a better

representation of the pediatric population in general. This

will provide not only a better overview of neurodevelop-

mental trajectories in typically developing children, but

also for children with emerging developmental or psychi-

atric problems. Both the experience of the children and the

quality of the data has been very good thus far. In sum-

mary, the infusion of imaging into the Generation R Study

will prove to be incredibly valuable in addressing questions

of the role of genes and multiple environmental factors in

neurodevelopment and neurodevelopment gone awry.
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