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Introduction

Introduction

Introduction
The prenatal period is one of the most critical periods in life, not only for short-term perinatal
outcomes but also for the child’s lifelong health. We all want to give children a good and
healthy start in life. It is for that reason that promotion of a healthy pregnancy has become
one of the top priorities of many health care policies, such as the Birth Care Prevention
Program 2018-2022 of the College for Perinatal Care (CPZ) and the Dutch National Prevention
Program.1,2 Both programs promote a healthy maternal lifestyle, in order to improve maternal
and child health.

Childhood mental health
Worldwide, the health of approximately one in eight children is affected by mental disorders,
including disruptive disorders, attention-deficit hyperactivity disorder (ADHD), anxiety
disorders, depressive disorders and autism-Asperger syndrome.3 In fact, mental disorders are
the leading burden of disease in children aged 5 to 14 years in Western Europe.4 This only
includes children that fully meet the criteria for one of these disorders. Hence, this is just the
tip of the iceberg. There are many more children without a psychiatric diagnosis, who are
impaired in their daily life due to emotional or behavioral problems.5 To understand why some
children develop mental health problems while others do not, we need to elucidate the role of
individual attributes (e.g. genetic and biological factors), social and economic circumstances,
and environmental factors in mental development. More knowledge about the individual
impact of these factors, and how these factors interact, can motivate timely implementation
of interventions to promote child (and future adult) mental health.

Intrauterine exposure to maternal habits
Already before birth the intrauterine environment influences the development of the child.
Research in the field of Developmental Origins of Health and Disease (DOHaD) has clearly
shown that low birth weight (reflecting a poor intrauterine environment) increases the
risk on behavioral problems and neuropsychiatric disorders later in life, and is associated
with lower IQ and educational achievement.6–8 However, little is known about the exact
mechanisms that underlie these associations. Some epidemiological studies have suggested
a role for maternal lifestyle. Children from women who smoke during pregnancy are born
with a lower birth weight than children from nonsmoking mothers.9,10 Furthermore, maternal
smoking during pregnancy has been associated with an increased risk of ADHD and conduct
disorder in children.11–14 However, it remains to be decided whether there is a true causal
effect of maternal smoking during pregnancy, for example by a direct effect on fetal brain
development, or that this association merely reflects confounding by other risk factors (e.g.
shared familial environment and genetic factors).15 Excessive maternal alcohol consumption
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during pregnancy leads to the fetal alcohol syndrome (FAS), which is characterized by
facial anomalies, growth retardation, structural brain abnormalities, impairment of motor
development, and cognitive and behavioral disorders.18–20 There is also some evidence
supporting an association of low to moderate amounts of alcohol consumption during
pregnancy with childhood behavioral problems.14,21,22 Nonetheless, there are as many studies
that have found no association between light to moderate prenatal alcohol consumption
and behavioral problems in offspring23–25. Thus, a causal effect of low to moderate amounts of
alcohol consumption on childhood mental health has not been proven yet. Other maternal
habits that could potentially influence fetal development and subsequently mental health
in later life are maternal caffeine consumption and use of drugs during pregnancy. Although
these prenatal factors have been studied to a lesser extent, caffeine consumption and use
of cannabis and cocaine during pregnancy have also been associated with lower birth
weight.26–29 Before programs for prevention of mental health problems that promote the
intrauterine environment can be implemented, we need to know which specific prenatal
factors cause the association of fetal growth with mental health and the mechanisms that
lead to these health problems.

Fetal brain development
Mental processes and behavior are determined by the functioning of the brain. Therefore,
potential effects of prenatal environment on mental health are probably mediated through an
effect on prenatal brain development. The human brain undergoes profound development
and growth during pregnancy. In the first ‘embryonic period’ until the eighth week of gestation,
the major compartments of the central nervous system are formed. The following ‘fetal
period’, from the ninth week of gestation until birth, is characterized by neuronal migration
and maturation, cortical folding, and volume expansion.30,31 During this complex process the
brain is vulnerable to harmful environmental exposure, and defects in brain development
or even small variations in the size of brain structures might lead to problem behavior and
neuropsychiatric disorders. Indeed, magnetic resonance imaging studies have found reduced
volumes of the total brain, frontal lobe and cerebellum in patients with ADHD32–34, reduced
gray matter volumes in the amygdala, insula, and frontal and temporal regions in youths
with conduct problems35,36, and higher volumes of the total brain, cerebellum and frontal
lobe in patients with autism.37,38 However, these imaging studies were all case-control studies
performed during childhood or adulthood. Therefore, we do not yet know whether these
differences in brain (structure) size are causal and also at what point during a child’s life these
differences arise. It is of utmost importance for effective prevention to know what causes these
differences and to know if they originate from prenatal development, or occurred after birth
under the influence of postnatal factors. To determine whether prenatal brain development
mediates the association of prenatal maternal lifestyle with cognitive and behavioral
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outcomes, we need to determine the impact of maternal lifestyle on fetal brain development
and the impact of fetal brain development on childhood cognitive and behavioral outcomes.
For this, we need tools to measure actual fetal brain (structures), instead of proxies for brain
development like birth weight and head circumference.

Three-dimensional ultrasound of the fetal brain
Ultrasound is a very suitable imaging technique to study the fetal brain, as it is safe, noninvasive and easily accessible. In addition, it can be used for longitudinal follow-up in large
numbers of participants.39–41 In clinical care, the two-dimensional (2D) neurosonogram,
performed according to the guidelines of the International Society of Ultrasound in Obstetrics
and Gynecology (ISUOG), is the gold standard for evaluation of the fetal brain.42 Threedimensional (3D) ultrasound was introduced in the 1980s and has since then increasingly
been used in addition to conventional 2D-ultrasound.40 To acquire a 3D-image, the probe
sends out a sweep with ultrasonic sound waves at different angles. The returning echoes are
processed and reconstructed in a multiplanar view of the three orthogonal planes. A “reference
dot” indicates the same anatomical point in all three planes and enables three-dimensional
‘navigation’ through the sweep.40,41,43 3D-ultrasound has many advantages compared to
conventional 2D-ultrasound. Firstly, 3D-ultrasound enables storage of ultrasound scans for
“offline” analysis, which limits the scanning time for patients and offers the possibility to review
the 3D-images more extensively at a later moment.44 Secondly, some fetal brain structures that
are sometimes difficult to visualize with 2D-ultrasound, such as the corpus callosum, cavum
septi pellucidi and the cerebellar vermis, can easily be visualized in a 3D-reconstruction of
the midsagittal plane.45–47 Finally, it is possible to measure the volume of (brain) structures in
3D-ultrasound images with the Virtual Organ Computer-aided AnaLysis software. With this
program the structure of interest is rotated around a rotation axis while the outlines of the
structure are manually traced in each consecutive plane. The angle of rotation determines
the number of consecutive planes, which can vary from 6 (if a rotation angle of 30° is chosen)
to 30 (if a rotation angle of 6° is chosen). After the rotational process, the VOCAL software
automatically calculates the volume of the traced structure and displays a 3D-rendering of the
structure on the screen. This method gives us the opportunity to investigate prenatal brain
growth.

YOUth
The YOUth-cohort aims to investigate how neurocognitive development mediates the
association between developmental changes in biological, child-related and environmental
factors, and the development of social competence and behavioral control in children. YOUth
has been established to investigate the behavioral development of children in a broad sense.
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The complete variation in outcomes of behavioral development is covered within YOUth,
ranging from uncomplicated development (measured by social competence and behavioral
control), through problem behavior, to psychiatric disorders. The aims of YOUth are graphically
depicted in figure 1.
YOUth is a longitudinal prospective observational cohort study with repeated measurements
that follows children from the fetal period until young adulthood. The study is divided in two
groups of children. The first group, YOUth Baby & Child, includes pregnant women and follows
their children until they are approximately seven years old. The second group, YOUth Child &
Teenager, includes children aged 8, 9 or 10 and follows them until they are approximately 16
years old. (https://www.uu.nl/en/research/youth-cohort-study)
The research described in this thesis is part of the YOUth Baby & Child cohort. In this cohort,
approximately 3000 pregnant women (and their partners) will be recruited through hospitals
and midwifery practices in Utrecht and its surrounding areas. Recruitment started in July 2015,
and is still ongoing. During pregnancy, participating women visit the Child Expertise Center
at the campus of Utrecht University twice: once around 20 weeks of gestation and again
around 30 weeks of gestation. During these visits, three-dimensional ultrasound sweeps
of the fetal brain are acquired and biological samples of both parents are collected. After
birth, the children visit the Child Expertise Center four more times, when they are about five
and ten months and about three and six years old. During these visits neurocognitive and
behavioral development are assessed with EEG, eye-tracking, cognitive tests, behavioral tasks
and a parent-child interaction observation. In addition, parents are asked to fill out a range of
questionnaires within four weeks after each visit.
The research in chapters 2, 3, and 5 was performed with data from the YOUth Baby & Child
cohort. In chapter 2 the ultrasound images from the first visit of 80 participants were assessed.
The ultrasound images of the first and second visit from the same 80 participants and from 70
additional participants were included in chapter 3 and 5.
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Aims and outline of this thesis
The main aim of this thesis is to evaluate the influence of maternal life style habits during
pregnancy on the neurodevelopment of the child. To this purpose, the reproducibility of
fetal brain structure volume measurements in 3D-ultrasound images was determined (part
1), and the impact of maternal habits during pregnancy (i.e. smoking, alcohol and caffeine
consumption) on fetal brain development and on childhood cognition and behavior were
investigated (part 2).

Part I

3D-ultrasound of the fetal brain

In chapter 2 the reproducibility of the measurement of intracranial, cerebellar and thalamic
volume, with the VOCAL technique, in 3D-ultrasound images of the fetal brain, is investigated
by determining intra- and interobserver agreement.
Chapter 3 describes a new approach for the measurement of fetal frontal lobe volume in
3D-ultrasound images and the reproducibility of this method. In addition, a growth chart for
the normal growth of the frontal lobe volume during pregnancy was constructed.

Part II Impact of maternal habits on neurocognitive and behavioral
development
Chapter 4 is a systematic review of the current knowledge on the effects of prenatal exposure
to caffeine on fetal structural brain development in humans and other mammals, and on
childhood cognition and behavior in humans.
In chapter 5 the effects of prenatal exposure to caffeine on intracranial, cerebellar and frontal
lobe volumes around 20 and around 30 weeks of gestation, and the growth of these brain
structures during pregnancy are studied.
In chapter 6 the association of prenatal exposure to maternal smoking and alcohol consumption
with childhood behavior is investigated in a prospective birth cohort. Furthermore, a metaanalysis of studies that investigated this association, including the results from the cohort
study, was performed.
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Abstract
Objectives
The aim of this study is to evaluate intra- and interobserver agreement for measurement
of intracranial, cerebellar and thalamic volume with the Virtual Organ Computer-aided
AnaLysis (VOCAL) technique in three-dimensional ultrasound images, in comparison to twodimensional measurements of these brain structures.

Methods
Three-dimensional ultrasound images of the brains of 80 fetuses at 20 to 24 weeks’ gestational
age were obtained from YOUth, a Dutch prospective cohort study. Two observers performed
offline measurement of the occipitofrontal diameter, intracranial volume, transcerebellar
diameter, cerebellar volume and thalamic width, area and volume, independently. VOCAL
was used for calculation of the volumes. The two-way random, single measures Intraclass
Correlation Coefficient (ICC) was used for analysis of agreement and Bland-Altman plots were
configured.

Results
Intra- and interobserver agreement was almost perfect for occipitofrontal diameter (intra
ICC 0.88, 95%CI 0.82-0.92; inter ICC 0.91, 95%CI 0.85-0.94), intracranial volume (intra ICC 0.96,
95%CI 0.91-0.98; inter ICC 0.97, 95%CI 0.96-0.98) and transcerebellar diameter (intra ICC 0.91,
95%CI 0.86-0.94; inter ICC 0.86, 95%CI 0.78-0.910). For cerebellar volume the intraobserver
agreement was almost perfect (0.85, 95%CI 0.76-0.90), whereas the interobserver agreement
was substantial (0.75, 95%CI 0.44-0.88). Agreement was only moderate for thalamic
measurements. Bland-Altman plots for the volume measurements are normally distributed
with acceptable mean differences and 95% limits of agreement.

Conclusions
The intra- and interobserver agreement of the measurement of intracranial and cerebellar
volume with VOCAL was almost perfect. These measurements are therefore reliable, and
can be used to investigate fetal brain development. Thalamic measurements are not reliable
enough.
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Reproducibility of fetal cerebral volume measurements

Introduction
Currently, prenatal assessment of the fetal brain is mainly performed by using two-dimensional
(2D) ultrasonography. In recent years, three-dimensional (3D) ultrasound has been introduced
and increasingly investigated as an alternative technique.1–6 This technique provides the
opportunity to investigate prenatal brain development in more detail.7–11
Research in the field of Developmental Origins of Health and Disease (DOHaD) has shown
that the prenatal environment of the fetus, such as maternal nutrition or stress, has influence
on the risk of developing chronic adult diseases in later life, and also on the development
of psychological and psychiatric problem behaviors.12–14 Likely, early development of the
fetal brain mediates in this link between prenatal environmental factors on the one hand
and psychological and behavioral development on the other.12,15 Therefore it is important to
elucidate how the environment of the fetus influences normal prenatal brain development
and how brain development subsequently relates to neurocognitive and behavioral
development.
To this purpose, a longitudinal prospective cohort study with repeated measurements during
pregnancy and after birth is ongoing, with the aim to investigate how (normal) neurocognitive
development mediates in the association between biological and environmental factors, and
behavioral development in children. Two times during pregnancy (around 20 and around 30
weeks of gestation) 3D volume sweeps of the fetal brain are acquired with 3D-ultrasound.
These sweeps will be used to investigate normal structural fetal brain development in this
cohort.
Structural fetal brain development can be investigated by measuring the total brain volume,
grey matter volume, or the volume of brain structures, such as the cerebellum, thalami,
hippocampus or ventricles. For the measurement of volumes in 3D ultrasound images the
Virtual Organ Computer-aided AnaLysis (VOCAL) technique is a useful tool, which calculates
the volume of the structure of interest after manual delimitation of the contours of the
structure.16,17 Concerning the brain, only methods for the measurement of intracranial volume,
cerebellar volume and thalamic volume with VOCAL have thus far been described.18–22 As
this technique has not been validated yet11,23, it is important to determine if these previously
described volume measurements with VOCAL are reliable enough for research purposes,
before using it in large scale. The aim of this study is therefore to analyze intra- and
interobserver agreement for the measurement of intracranial, cerebellar and thalamic volume
with the VOCAL technique following previously described methods, in comparison to the
reproducibility of standard 2D distance and area measurements of these structures.
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Methods
Population
The 3D ultrasound images for this study were collected as part of an ongoing longitudinal
observational cohort study in the Netherlands, called YOUth (https://www.uu.nl/en/research/
youth-cohort-study). Recruitment started in July 2015 through hospitals and midwifery
practices in Utrecht and surrounding areas, and is still ongoing. The needed sample size was
estimated to be at least 63 based on α=0.05, β=0.20, ρ0=0.5 and ρ1=0.7.24 Since we anticipated
that not all ultrasound data would be of enough quality for volume measurements we selected
the ultrasound volume data of the first 80 participants from their first visit between the 21st
and 24th gestational week, to investigate intra- and interobserver agreement. This study was
approved by the Medical Research Ethics Committee of the University Medical Center Utrecht
and all participants provided written informed consent.

Ultrasound imaging
3D ultrasound volume datasets were obtained transabdominally between 20 and 24 weeks
gestational age by ten experienced sonographers, using a Voluson E10 (GE Healthcare,
Zipf, Austria) ultrasound machine with a 2 – 6-MHz convex probe (RM6C). To acquire a
3D-ultrasound image, the probe sends out a sweep with sound waves at different angles. The
returning echoes are processed and reconstructed in a multiplanar view of the three twodimensional (2D) orthogonal planes. Five volume sweeps of the fetal brain were obtained
from each participant; two volumes were acquired from the axial plane (transthalamic and
transcerebellar), two from the coronal plane (transthalamic and transcerebellar), and one from
the midsagittal plane. The angle of the sweeps was set at 65° and the maximum quality of
acquisition was selected. The sweeps were stored for offline interpretation and analysis.

Offline measurements
Two examiners (E.B. and M.A.) measured occipitofrontal diameter, intracranial volume,
transcerebellar diameter, cerebellar volume, thalamic width, thalamic area and thalamic
volume offline, using the GE Medical Systems 4D View software, version 14 Ext.4 (GE Healthcare,
Zipf, Austria). Virtual organ computer-aided analysis (VOCAL; GE Healtcare, Zipf, Austria) was
used for volume calculations. The VOCAL software allows the observer to manually trace the
outlines of a structure. When the structure has been traced once, the view is rotated around a
rotation axis in six (if the rotation angle is set at 30°) to 30 steps (if the rotation angle is set at 6°).
In each consecutive step the observer manually traces the boundaries of the structure. In this
study the rotation angle was set at 30°, therefore the examined brain structures were traced
in six consecutive images. After the final trace, the VOCAL software automatically calculates
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the volume of the traced structure and provides a 3D image of the structure. The technical
algorithm that is used by VOCAL to quantify the volume is described by Bordes et al.16
The two observers measured the structures individually, blinded to each other’s results. One
observer (E.B.) performed the measurements twice to determine intraobserver agreement.
Before performing the measurements the observers first assessed the quality of the obtained
sweeps and categorized these as inadequate, adequate or excellent. If the image was distorted
by fetal movement or if the brain structures were not visible enough for measurement due to
extensive shadowing, the image was categorized as inadequate. The image was considered
of adequate quality when there was some degree of shadowing but the brain structures
were visible enough to perform one or more of the measurements. If there was no distortion
and slight to no shadowing, the quality of the sweep was considered excellent. For each
measurement the observers selected the sweep with the best quality for that measurement
out of the set of volume sweeps (of one participant). The measurement was only performed
if the observer considered the quality of the sweep at least adequate and if the structure was
visible enough to perform the measurement. If there was no sweep with at least adequate
quality for the measurement, that measurement was left out and registered as missing.
The occipitofrontal diameter (OFD) was measured in the axial transthalamic plane from
the outer border of the frontal bone to the outer border of the occipital bone (figure 1a) 25.
The same plane was selected as the reference plane for measuring intracranial volume. The
outlines were defined anteriorly, posteriorly and laterally by the inner wall of the skull and
inferiorly by the floor of the skull (figure 1b and supplementary figure 1) 19,21. Transcerebellar
diameter (TCD) and the cerebellar volume were measured to examine the cerebellum. The
axial transcerebellar plane was used for the measurement of the TCD, from outer to outer
border of the cerebellum, and as reference plane for measurement of the cerebellar volume.25
To obtain the cerebellar volume the contours of the cerebellum were traced (figure 1c and d
and supplementary figure 2).18 The axial transthalamic plane was selected for assessment of
the thalami. The thalami can be found as darker oval structures in the middle of the plane on
both sides of the midline. The width and area of both the right and the left thalamus were
measured in this plane (figure 1e). Starting in the axial transthalamic plane the volume of each
thalamus was measured by tracing the contours (figure 1f and supplementary figure 3).20
All 2D-measurements (OFD, TCD, thalamic width and thalamic area) were performed once. To
evaluate if the measurement of a volume is more reliable when the average of multiple
measurements is used, intracranial volume, cerebellar volume, and volumes of the thalami
were measured three times and the average was calculated. To test the effect of training of
the observers on interobserver agreement a volume measurement was performed again by
both observers if the variance was large.
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Figure 1. Measurement of fetal brain structures: occipitofrontal diameter (a), intracranial volume (b),
transcerebellar diameter (c), cerebellar volume (d), width and area of the thalami (e) and the volume of
the thalami (f ). In b, d, and f the upper left image shows the tracing of the structure in the coronal view,
the upper right image shows the sagittal view and the bottom left image the axial view. The image in
the bottom right shows the reconstructed 3D-image of the structure.

Statistical Analysis
To describe demographics of the population, the mean ± SD was calculated when the data
was normally distributed, the median with interquartile range was calculated when the
data was not normally distributed, and frequencies with percentage were given for nominal
data. For analysis of intra- and interobserver agreement a two-way random model was used
and single-measure Intraclass Correlation Coefficients (ICC) for absolute agreement were
calculated. The two measurements of the first observer (E.B.) were compared for intraobserver
agreement. For interobserver agreement the second measurements of the first observer were
compared to the measurements of the second observer (M.A.). The following cut-off values
were used for the quality of the agreement: An ICC value under 0.2 was considered as slight
agreement; 0.21-0.40 as fair; 0.41-0.60 as moderate; 0.61-0.80 as substantial and 0.81-1.00
as almost perfect agreement.26 Bland-Altman plots were configured to determine the bias
between the two measurements and the limits of agreement.27 All statistical analyses were
performed using IBM SPSS Statistics for Windows, version 24.0 (IBM corp. Armonk, NY).
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Results
A total of 80 datasets of fetal brain volumes were selected for offline analysis. However, two
datasets were excluded from analysis because they were from twin pregnancies and one
dataset was excluded because all volume sweeps were of poor quality due to high maternal
BMI. For the remaining 77 datasets the first observer assessed the quality of the best axial
transthalamic sweep as excellent in 22 sets (28.6%), as adequate in 50 sets (64.9%), and as
inadequate in 5 datasets (6.5%). The best axial transcerebellar sweep was of excellent quality
in 10 sets (13.0%), of adequate quality in 60 sets (77.9%), and of inadequate quality or not
performed in 7 sets (9.1%). The quality of the best coronal transthalamic sweep was assessed
as excellent in 7 sets (9.1%), as adequate in 42 sets (54.5%) and as inadequate or absent in
28 sets (36.4%). The best coronal transcerebellar sweep was qualified as excellent in 14 sets
(18.2%), as adequate in 44 sets (57.1%) and as inadequate or absent in 19 sets (24.7%). The
quality of the best midsagittal sweep was assessed as excellent in 8 sets (10.4%), as adequate
in 35 sets (45.5%) and as inadequate or not performed in 34 sets (44.1%). Between the
different sonographers, there was no difference in the quality of the acquired sweeps. The
demographical details are described in table 1. The mean maternal age was 33 years (SD ± 5)
and the mean gestational age was 21 + 6 weeks (SD ± 1 week).
Table 1. Baseline characteristics of the studied population.
Variable
Gestational age at examination
(weeks + days)
Maternal age (years)

Mean ± SD

N (% of population)

21 + 6 ± 1 + 0

77 (100)

33 ± 5

71 (92.2)

Median (IQR)
Maternal BMI

23 (20-26)

71 (92.2)

n (%)
Fetal position

77 (100)

Head

43 (55.8)

Breech

29 (37.7)

Transverse

5 (6.5)

BMI = Body Mass Index, SD = standard deviation, IQR = interquartile range

Cerebrum
The ICCs of the intra- and interobserver agreement of the measurements of occipitofrontal
diameter and intracranial volume are described in table 2. Measurement of the occipitofrontal
diameter was possible in all datasets by both observers with almost perfect ICCs of 0.88 (95%
confidence interval (CI) 0.82-0.92) for intraobserver agreement and of 0.91 (95%CI 0.85-0.94) for
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interobserver agreement. The intracranial volume was measured in 73 datasets (94.8%) by both
observers. The remaining four datasets were left out because one (n=2) or both (n=2) observers
considered the quality of all sweeps in this dataset too low to perform the measurement.
Agreement for this measurement was almost perfect for both the first measurement (intra ICC
0.96, 95% CI 0.91-0.98 and inter ICC 0.86, 95% CI 0.00-0.96) and the calculated average of three
measurements (intra ICC 0.96, 95% CI 0.90-0.98 and inter ICC 0.85, 95% CI 0.00-0.96). Since the
95% confidence interval for interobserver agreement was extremely large we decided to test
for a training effect in the observers. Both observers independently measured the intracranial
volume again, which resulted in an almost perfect interobserver agreement of 0.97 with a
much smaller 95% confidence interval (0.96 to 0.98). Figure 2a shows the Bland-Altman plot
for intraobserver agreement of intracranial volume measurement, with a mean difference of
2.15 cm3 (95% Limits of Agreement (LoA) -5.56 – 9.87). In figure 2b, Bland-Altman analysis of
the second time both observers measured intracranial volume shows a mean interobserver
difference of 0.24 cm3 (95% LoA -6.61 – 7.08).
Table 2 Intra- and interobserver reliability of measurement of the occipitofrontal diameter, average
of three measurements of intracranial volume and of the first measurement of intracranial volume,
described with intraclass correlation coefficients (ICCs) and 95% confidence intervals (95% CI).
ICC (95% CI)
Measurement

Intraobserver

Interobserver

Occipitofrontal diameter

0.88 (0.82-0.92)

0.91 (0.85-0.94)

Intracranial volume (average)

0.96 (0.90-0.98)

0.85 (0.00-0.96)

Intracranial volume (first)

0.96 (0.91-0.98)

0.86 (0.00-0.96)
0.97 (0.96-0.98)a

a

intracranial volume was measured again by both observers after evaluation of the method

Cerebellum
The results of the cerebellar measurements are described in table 3. The transverse cerebellar
diameter was measured in 70 datasets by the first observer, in 75 datasets by the second
observer, and in 68 datasets (88.3%) by both with almost perfect intra- and interobserver
agreement (intra ICC 0.91, 95%CI 0.86-0.94 and inter ICC 0.86, 95%CI 0.78-0.91). For 65 volume
datasets (84.4%) both observers measured the volume of the cerebellum, 67 datasets by
observer 1 and 73 by observer 2. With an ICC of 0.85, intraobserver agreement of cerebellar
volumetry is almost perfect for both the first measurement (95% CI 0.76-0.90) and the average
of three measurements (95% CI 0.77-0.91). Interobserver agreement of cerebellar volumetry
is substantial with an ICC of 0.74 (95% CI 0.39-0.87) for the first measurement and an ICC of
0.75 (95% CI 0.44-0.88) for the average of three measurements. The Bland-Altman analyses,
presented in figures 2c and d, show a mean intraobserver difference of 0.07 cm3 (95% LoA
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-0.58 – 0.72) and a mean interobserver difference of 0.21 cm3 (95% LoA -0.40 – 0.83) for the
first measurement of the cerebellar volume.
Table 3 Intra- and interobserver reliability of measurement of the transcerebellar diameter, average of
three measurements of the cerebellar volume and of the first measurement of the cerebellar volume,
described with intraclass correlation coefficients (ICCs) and 95% confidence intervals (95% CI).
ICC (95% CI)
Measurement

Intraobserver

Interobserver

Transcerebellar diameter

0.91 (0.86-0.94)

0.86 (0.78-0.91)

Cerebellar volume (average)

0.85 (0.77-0.91)

0.74 (0.39-0.87)

Cerebellar volume (first)

0.85 (0.76-0.90)

0.75 (0.44-0.88)

Thalamus
Table 4 describes the intra- and interobserver reliability of the measurements of both thalami.
The width of the left thalamus was measured by both observers in 68 datasets (88.3%), 72
by observer 1 and 68 by observer 2. The width of the right thalamus was measured in 64
datasets (83.1%), 71 by observer 1 and 68 by observer 2. Agreement of the measurement of
the width of the thalami was moderate with an intraobserver ICC of 0.56 (95% CI 0.37-0.70) for
the left thalamus and 0.5 (95% CI 0.31-0.66) for the right thalamus and an interobserver ICC of
0.44 (95% CI 0.19-0.62) and 0.4 (95% CI 0.17-0.59), respectively. The area of the left thalamus
was measured in 70 datasets by observer 1 and in 70 datasets by observer 2, but in only
66 datasets (85.7%) by both observers. The area of the right thalamus was measured in 70
datasets by observer 1, in 68 datasets by observer 2 and in 63 datasets (81.8%) by both. The
agreement of the measurement of thalamic area was moderate with intra- and interobserver
ICCs of 0.49 (95% CI 0.29-0.65) and 0.44 (95% CI 0.22-0.61) for the left thalamus, and of 0.46
(95% CI 0.29-0.63) and 0.54 (95% CI 0.35-0.70) for the right thalamus. Left thalamic volume
was measured by both observers in 66 datasets (85.7%), 74 by the first and 69 by the second
observer, and right thalamic volume in 59 datasets (76.6%), 67 by the first and 65 by the
second observer. The agreement of thalamic volume measurements was moderate for both
the left and right thalamus and for the both the first measurements and the average of three
measurements, with ICCs ranging from 0.50 (95% CI 0.27-0.68) for interobserver agreement
of the average of three measurements of the right thalamus, to 0.58 (95% CI 0.40-0.72) for
intraobserver agreement of the average of three measurements of the right thalamus). Figure
2e and f present the Bland-Altman analyses of the first measurements of the right thalamic
volume. The mean intraobserver difference was 0.03 cm3 (95% LoA -0.26 – 0.32) and the mean
interobserver difference was -0.05 cm3 (95% LoA -0.38-0.27). Bland-Altman analyses of the
measurements of the left thalamus show a similar distribution.
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Figure 2 Bland-Altman plots of intra- and interobserver agreement of the first measurement of the
intracranial volume (A and B), cerebellar volume (C and D) and the volume of right thalamus (E and F).
The solid line shows the mean difference, the dashed lines show the 95% limits of agreement.
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Table 4 Intra- and interobserver reliability of measurement of the width and area of the thalami, the
average of three measurements of the volume of the thalami and of the first measurement of the
volume of the thalami, described with intraclass correlation coefficients (ICCs) and 95% confidence
intervals (95% CI).

2

ICC (95% CI)
Left thalamus
Measurement

Intraobserver

Right thalamus

Interobserver

Intraobserver

Interobserver

Thalamic width

0.56 (0.37-0.70)

0.44 (0.19-0.62)

0.50 (0.31-0.66)

0.40 (0.17-0.59)

Thalamic area

0.49 (0.29-0.65)

0.44 (0.22-0.61)

0.46 (0.29-0.63)

0.54 (0.35-0.70)

Thalamic volume (average)

0.53 (0.33-0.68)

0.53 (0.31-0.69)

0.58 (0.40-0.72)

0.50 (0.27-0.68)

Thalamic volume (first)

0.52 (0.33-0.67)

0.52 (0.31-0.68)

0.57 (0.38-0.71)

0.55 (0.34-0.70)

Discussion
The results of this study show that offline measurement of intracranial and cerebellar volume
with the VOCAL technique in stored 3D ultrasound images has good to almost perfect
reproducibility, while intra- and interobserver agreement of thalamic volume measurements
is moderate. The reproducibility of 3D volume measurements was equal to the reproducibility
of the 2D measurements, except for the cerebellum for which interobserver agreement of
the TCD was higher than interobserver agreement of the cerebellar volume. We performed
volumetry three subsequent times in the selected sweep of best quality and analyzed
agreement rates for the first of these three measurements as well as for the calculated average,
to examine if an average of three measurements is more reliable than one measurement.
Our results show that agreement for the average of three subsequent volume measurements
is not higher than agreement for the first measurement. Thus, precision does not increase
by multiple measurements and it is sufficient to perform volume measurements of brain
structures only once, which saves a considerable amount of time.
We reported that the 95% confidence interval of interobserver agreement for the
measurement of intracranial volume was initially extremely large (0.00-0.96), while the ICC was
high (0.86). When both observers measured intracranial volume again the ICC became higher
with a smaller confidence interval (ICC 0.97; 95%CI 0.96-0.98), demonstrating a training effect.
The reliability of the measurements by the observers increased with experience. This shows
that it is pivotal that observers who aim to measure volumes of brain structures practice this
technique extensively before bringing it into practice.
The ultrasound sweeps were acquired transabdominally, as the transvaginal approach is not
comfortable for the pregnant women, and therefore, less feasible in observational research
with healthy participants. It has been argued that the transvaginal approach is superior to the
transabdominal approach. In the transvaginal approach, the transducer is placed closer to the
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fetal head and ultrasound waves do not have to pass through the maternal abdominal wall,
uterine wall and (anterior) placenta.25,28 The transvaginal approach could theoretically have
provided us with sweeps of higher quality, which could have led to higher agreement rates.
However, measurements were not performed if the observers considered the sweep of poor
quality; nonetheless most measurements were performed in over 80% of the volume datasets
by both observers. We therefore conclude that transabdominal sweeps are of sufficient
accuracy for research purposes.
We performed the repeating measurements in the same volume dataset. Consequently,
some factors leading to variability in differences between measurements (such as the position
of the fetus and the pressure that was put on the transducer) are not accounted for in our
data. This may have led to an overestimation of the reproducibility of the measurements.29
To minimize this effect, however, the observers independently chose one of the sweeps from
each volume dataset; therefore not all measurements were performed in the same sweep.
Our results on intra- and interobserver agreement of intracranial and cerebellar volume
measurement are largely in concordance with the results described by Benavides et al19,
who reported an intraobserver ICC of 0.97 (95% CI 0.95-0.98) and an interobserver ICC of
0.97 (95% CI 0.92-0.98) for intracranial volume and ICCs of 0.76 (95% CI 0.54-0.89) and 0.69
(95% CI 0.44-0.75), respectively, for cerebellar volume. However, others achieved higher
rates of agreement for measurement of the cerebellar volume (intraobserver ICC 0.98, 95%
CI 0.84-0.99; interobserver ICC 0.97, 95% CI 0.95-0.98), which might be explained by a much
lower percentage (30.9%) of cerebellar volume measurements in their acquired volumes as
compared to our study (84.4%).22
The overall agreement for measurements of the thalami was rather disappointing. However,
these results are in concordance with the results of previous studies that determined intraand interobserver agreement for thalamic volumetry.19,20 The thalami have a very similar
echogenicity to their surrounding tissue which makes it difficult to clearly distinguish them.20
This difficulty in the distinction of the thalami in ultrasound images may explain the only
moderate reliability of thalamic measurements.
For this study our aim was to investigate only the reproducibility of the volume measurements
of structures for which methods and tracing boundaries were previously described, to
determine whether it was feasible for us to perform these measurements reliably. Therefore,
we measured the intracranial volume and not actual brain volume, and we measured
cerebellar and thalamic volume and not the volumes of other brain structures, such as the
hippocampus or the ventricles. Now that we know that it is feasible to measure intracranial
and cerebellar volume with the VOCAL technique, it could be interesting to explore whether
it is possible to measure other brain structures with VOCAL as well.
In the near future, we will measure intracranial volume and cerebellar volume in all ultrasound
datasets that will be acquired in YOUth around 20 and 30 weeks’ gestational age, and assess
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whether these volumes and the amount of increase in these volumes during pregnancy are
influenced by environmental factors, such as maternal smoking behavior, maternal nutrition
and maternal stress. We will also investigate if the intracranial and cerebellar volumes are related
to cognitive and behavioral outcomes in children. By measuring intracranial volume and
cerebellar volume prenatally in YOUth, we expect to gain detailed insight into the development
of the fetal brain and its association with cognitive and behavioral development of the child, and
to gain more knowledge about the prenatal factors influencing prenatal brain development.
In conclusion, intra- and interobserver agreement for intracranial volume and cerebellar
volume measurement with VOCAL was almost perfect and similar to agreement for the
2D-measurements of these structures. There is no gain in precision between three versus one
volume measurements, suggesting that it is sufficient to measure volumes once. Agreement
for thalamic measurements was only moderate; therefore, we do not recommend to use
these measurements for evaluation of fetal brain development.
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Supplementary figure 1. Manual tracing of total intracranial volume with the VOCAL technique with
30°-rotation steps.
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Supplementary figure 2. Manual tracing of the cerebellum with the VOCAL technique with 30°-rotation
steps.
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Supplementary figure 3. Manual tracing of the thalamus with the VOCAL technique with 30°-rotation
steps.

40

Chapter 3

Reproducibility of a new approach
for fetal frontal lobe volume
measurement in three-dimensional
ultrasound images

Maria E.W.A. Albers
N. Charlotte Onland-Moret
Erato T.I.A. Buisman
René S. Kahn
Arie Franx
Roel de Heus
Submitted

Chapter 3

Abstract
Objective
To evaluate the reproducibility of a new approach for fetal frontal lobe volume measurement
in three-dimensional ultrasound images, and to characterize the growth trajectory of frontal
lobe volume during pregnancy.

Methods
In 3D-ultrasound images of 80 women at 19-24 weeks’ and at 28-33 weeks’ gestational age
(GA), fetal frontal lobe volumes were measured offline, using Virtual Organ Computer-aided
AnaLysis, by two observers independently, to determine intra- and interobserver agreement
with intraclass correlation coefficients (ICC) and a Bland-Altman plot. Fetal frontal lobe
volumes were measured by one observer in 150 women to determine the growth trajectory,
using a mixed model.

Results
Agreement was high with intra- and interobserver ICCs of 0.83 (95% CI 0.73 – 0.89) and 0.83
(95% CI 0.71 – 0.90) around 20 weeks’, and of 0.88 (95% CI 0.82 – 0.93) and 0.91 (95% CI 0.85
– 0.94) around 30 weeks’ GA. Bland-Altman plots showed a mean intra- and interobserver
difference of 0.87 cm3 (95% LoA -4.51 – 6.25) and 1.02 cm3 (95% LoA -4.00 – 6.04) around 20
weeks’ and of 0.27 cm3 (95% LoA -8.17 – 8.72) and -0.57 cm3 (95% LoA -8.04 – 6.91) around
30 weeks’ GA. On average, frontal lobe volume was 19.0 cm3 (± 4.6 SD) around 20 weeks’, and
62.5 cm3 (± 9.1) around 30 weeks’ GA. The growth trajectory was best described by a quadratic
model.

Conclusion
This new approach for fetal frontal lobe measurement is reproducible and can be used for
research on fetal brain development. Fetal frontal lobe volume growth follows a quadratic
pattern.
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Introduction
The frontal lobe plays a key role in human behavior as it is involved in many functions, like
planning, decision-making, inhibition, attention, memory, emotion and motivation.1–3
Malformations of the frontal lobe lead to disorders in behavior and changes in personality.4–7
Furthermore, structural Magnetic Resonance Imaging (MRI) studies have shown that
Attention Deficit Hyperactivity Disorder (ADHD) is associated with a decreased frontal lobe
volume and reduced frontal cortical thickness8–10, and that Autism Spectrum Disorders (ASD)
are associated with enlarged frontal lobes and cortex.11–13
The prenatal period is an important time for the development of the brain.14 Research
supporting the Developmental Origins of Health and Disease (DOHaD) hypothesis, has shown
that the prenatal environment (e.g. maternal lifestyle and nutrition) influences the risk on noncommunicable diseases in adulthood15,16, and also the risk on problem behavior and psychiatric
disorders17–19. To determine whether prenatal development of the frontal lobe mediates in the
association between prenatal environment and behavioral outcomes in later life, we need
tools to measure the frontal lobe during pregnancy. Most studies until now, however, have
used crude measurements like fetal growth, birth weight or head circumference at birth as
proxy for intrauterine (brain) development.19–23
Three-dimensional (3D) ultrasonography is a suitable method to study prenatal brain
development since it is non-invasive, safe, and enables visualization of the fetal brain during
pregnancy.24–27 In addition, it can be used in large numbers of participants. The size of the
frontal lobe can be estimated by measuring the transverse width, length and height of the
frontal lobe two-dimensionally28, but these measurements only approximate the actual
frontal lobe size. The Virtual Organ Computer-aided Analysis (VOCAL) technique makes
it possible to measure the volume of (brain) structures in 3D-ultrasound images.29,30 In a
previous study we showed that measurements of intracranial and cerebellar volume with this
technique are reproducible.31 Others have already used VOCAL with the aim of measuring
fetal frontal lobe32,33. However, through their approach for the delineation of the frontal lobe,
they include the head of the corpus callosum and the frontal part of the cavum septi pellucidi
in the measured volume. Since these structures are not part of the frontal lobe, we devised
a new approach for the measurement of the frontal lobe with VOCAL, that does not include
parts of the corpus callosum and cavum septi pellucidi. To our knowledge, there are no other
methods for measurement of fetal frontal lobe volume in 3D-ultrasound images.
In this study we describe our new approach for frontal lobe volume measurement with the
VOCAL technique and determine the reproducibility of this method by examining intra- and
interobserver agreement. Furthermore, we constructed the normal growth pattern of the
frontal lobe during pregnancy.
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Methods
Population
For this study we included 3D-ultrasound data that was collected within the YOUthstudy. YOUth is a prospective observational cohort study in the Netherlands, which aims
to investigate neurocognitive and behavioral development in children from pregnancy
onwards until childhood. (https://www.uu.nl/en/research/youth-cohort-study) Recruitment
started in July 2015, and is still ongoing. Pregnant women are informed about the cohort
in hospitals and midwifery practices in Utrecht and surrounding areas, and are included in
the study around 20 weeks’ gestational age (GA) after providing informed consent. Women
who did not wish to be informed on unexpected findings and women who did not master
the Dutch language were excluded from participation. The study was approved by the
Medical Research Ethics Committee of the UMC Utrecht. At the first visit, around 20 weeks’
GA, a 3D-ultrasound examination is performed and the participants are asked to fill out online
questionnaires. Around 30 weeks’ GA the participants return for the second visit in which
another 3D-ultrasound examination is performed.

Ultrasound imaging
Two transabdominal ultrasound examinations were performed, once between 19 and 24
weeks of gestation and once between 28 and 33 weeks of gestation. At both visits six threedimensional sweeps of the fetal brain were acquired: two in the axial (transthalamic and
transcerebellar), two in the coronal (transthalamic and transcerebellar), and two in the sagittal
(midsagittal and parasagittal) plane. The sweeps were made by ten experienced sonographers
with a Voluson E10 (GE Healthcare, Zipf, Austria) ultrasound machine at the maximum quality
of acquisition, using a 2-6 MHz convex probe (RM6C). The angle of the sweeps was set at 65°,
allowing for the recording of the complete fetal head. The sweeps of one participant at each
visit were combined in a data file and stored for later offline analysis.

Offline measurements
The offline measurements of fetal frontal lobe volume were performed with Virtual Organ
Computer-aided AnaLysis (VOCAL), using the GE Medical Systems 4D View software, version
14 Ext.4 (GE Healthcare, Zipf, Austria). The estimated needed sample size to determine intraand interobserver agreement is 63, based on α = 0.05, β = 0.20, ρ0 = 0.5, and ρ1 = 0.7.34
We measured fetal frontal lobe volumes using the ultrasound data of the first 80 YOUth
participants for the reproducibility study, anticipating that not all acquired 3D-volumes will
be of enough quality to include in this study. The frontal lobe volume was measured twice by
one observer, on separate occasions, to determine intra-observer agreement in the sweeps
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that were acquired around 20 weeks of gestation (E.B.) and around 30 weeks of gestation
(L.B.). A second observer (M.A.) measured the volume of the frontal lobe at both visits for the
same 80 participants, blinded to the results of the other observer, to determine interobserver
agreement. To examine the growth of the frontal lobe in a larger group, we included all data
that was available in September 2018. By that time, the ultrasound images of 150 participants
had been analyzed. In these images, the volume of the frontal lobe was measured by one
observer (M.A. or D.B.).
The observers first determined the quality of the obtained sweeps. A sweep was considered
of excellent quality if it was not distorted by fetal movements and there was slight to no
shadowing. If there was moderate shadowing, but the contours of the frontal lobe were
visible enough to be able to trace them, the quality was considered adequate. If it was not
possible to follow the contours of the frontal lobe due to extensive shadowing or distortion
of the sweep by fetal movements, the sweep was considered of inadequate quality. After this
quality assessment the sweep with the highest quality, wherein the contours of the frontal
lobe were best visible, was selected for the measurement of frontal lobe volume. If all sweeps
in a set were inadequate, frontal lobe volume was not measured and registered as missing for
the visit of that participant.
For the measurement of frontal lobe volume, the sweep was first manipulated to have a coronal
section of the brain in box A (upper left), a sagittal section in box B (upper right) and an axial
section in box C (lower left). Subsequently, the brain was rotated until the midsagittal plane
was visible in box B and the transthalamic view in box C. The reference dot was then placed
in front of the anterior edge of the corpus callosum in box B (figure 1). With this orientation
the VOCAL manual mode was activated, with box A (the coronal view) set as reference plane,
and the rotation angle set at 15°. We defined the boundaries of the frontal lobe as: the inner
edges of the skull (anteriorly, superiorly and laterally, inferiorly), the upper edge of the Sylvian
fissure (inferiorly), the corpus callosum (posteriorly) and the central sulcus (posteriorly). The
delineation of the frontal lobe with these boundaries is shown for each rotation step in figure
2. After manually delineating the frontal lobe in all twelve consecutive steps, the VOCAL
software calculates the volume (with the technical algorithm as described by Bordes et al.29)
and provides a 3D image of the traced frontal lobe in the lower right of the screen (figure 1).

Baseline data collection
Maternal age and BMI were asked through questionnaires, which were filled out electronically
by the participants at home within four weeks after the first visit. The gestational age and fetal
position at each ultrasound visit were registered in log files.
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Figure 1. Measurement of frontal lobe volume, with the coronal transfrontal view in the upper left (box
A), the midsagittal view in the upper right (box B), and the axial transthalamic view in the lower left (box
C). The reconstructed 3D-image of the frontal lobe volume is shown in the lower right.

Statistical analysis
The data were analyzed with the IBM SPSS software, version 24.0 (IBM corp. Armonk, NY) and with
R version 3.4.0 (https://www.r-project.org/). Demographic variables were expressed as mean
± standard deviation (SD) if the data were normally distributed, as median with interquartile
range if the data were not normally distributed, or as frequencies with percentage for
nominal data. Single-measure intraclass correlation coefficients (ICC) for absolute agreement
were calculated with a two-way random model for intra- and interobserver agreement. We
considered an agreement of 0.2 as poor; 0.21-0.40 as fair; 0.41-0.60 as moderate; 0.61-0.80 as
substantial; and 0.81-1.00 as (almost) perfect.35 To determine the mean difference between
the two measurements and the limits of agreement we constructed Bland-Altman plots.36
We plotted fetal frontal lobe volume (in cm3) against gestational age (in days) to visualize the
growth of the frontal lobe during pregnancy. With a mixed model approach using the ‘nlme’
package in R, frontal lobe volume trajectory was fitted to gestational age with the participant
ID as group indicator variable. A model with a random intercept was used to account for
the correlation between repeated measurements. We modelled gestational age with linear
and quadratic components, and with a natural spline with three knots, and checked the
significance of non-linearity, using likelihood tests (p-value <0.05 was considered significantly
significant).
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Figure 2. Manual tracing of frontal lobe volume with the VOCAL technique with 15°-rotation steps.
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Results
The characteristics of the 150 participants that were included in this study are described in
table 1. The mean maternal age at inclusion was 32 years (SD ± 4) and the median BMI was 23
(IQR 21-26). Since twelve participants did not fill out the questionnaires (8%), the value for BMI
is based on the answers of 138 participants. The mean gestational age at the first ultrasound
scan visit was 21 weeks and five days (SD ± 7 days). 149 participants (99.3%) returned for a
second 3D-ultrasound visit. The mean gestational age at this second visit was 30 weeks and
one day (SD ± 6 days).
Of the 150 ultrasound sets obtained at the first visit, in 13 sets (8.7%) the best sweep was of
excellent quality, in 115 sets (76.7%) of adequate quality, and in 22 sets (14.7%) all sweeps were
of inadequate quality for frontal lobe volume measurement (flowchart in figure 3). Therefore,
it was possible to measure the frontal lobe volume around 20 weeks’ GA for 128 participants
(85.3%). Of the 149 ultrasound datasets obtained at the second visit, 1 set (0.7%) contained
an excellent sweep, 114 sets (76.5%) an adequate sweep, and in 34 sets (22.8%) all sweeps
were of inadequate quality. Measurement of frontal lobe volume around 30 weeks’ GA was
therefore possible for 115 participants (77.2%). For 103 participants (68.7%) it was possible to
measure frontal lobe volume at both visits. There was no difference in quality between the
sonographers who made the 3D-ultrasound sweeps.
Table 1. Baseline characteristics of the studied population (N=150).
Value
First visit
Gestational age (weeks + days)a

21 +5 ± 7d

Fetal position (n (%))
Head

80 (53.3)

Breech

56 (37.3)

Transverse

14 (9.3)

Second visit
Gestational age (weeks + days)a

30 +1 ± 6d

Fetal position (n(%)
Head

120 (80.5)

Breech

26 (17.4)

Transverse

3 (2.0)

Maternal characteristics
Age at inclusion (years)a
BMI

b

32 ± 4
23 (21-26)c

Abbreviations: BMI = Body Mass Index, d = days
a
Values are means ± SD, b Values are medians (IQR), c N=138; 12 participants (8.0%) did not fill out the questionnaires.
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Figure 3. Flowchart
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Intra- and interobserver agreement
The reproducibility of the method for frontal lobe volume measurement was assessed by
calculating the intraclass correlation coefficient for intra- and interobserver agreement in a
subgroup of 80 participants (baseline characteristics are described in Supplementary table
1). Of the sets obtained at the first visit, seven sets were considered of inadequate quality by
the first observer, and eight sets by the second observer. Frontal lobe volume was therefore
measured twice by one observer in 73 participants (91.3%), and by both observers in 72
participants (90.0%), with almost perfect ICCs of 0.83 (95% CI 0.73 – 0.89) for intraobserver
agreement and of 0.83 (95% CI 0.71 – 0.90) for interobserver agreement (table 2). Figure 4a and
b show the Bland-Altman plots for intraobserver and interobserver agreement, respectively.
The mean intraobserver difference was 0.87 cm3 (95% Limits of Agreement (LoA) -4.51 – 6.25)
and the mean interobserver difference was 1.02 cm3 (95% LoA -4.00 – 6.04).
In the sets obtained at the second visit, frontal lobe volume was measured twice by one
observer in 70 participants (87.5%) and by both observers in 63 participants (78.8%). Agreement
for these measurements was almost perfect with an intraobserver ICC of 0.88 (95% CI 0.82 –
0.93) and an interobserver ICC of 0.91 (95% CI 0.85 – 0.94). Bland-Altman analysis (figure 4c
and d) shows a mean intraobserver difference of 0.27 cm3 (95% LoA -8.17 – 8.72) and a mean
interobserver difference of -0.57 cm3 (95% LoA -8.04 – 6.91).
Table 2. Intra- and interobserver agreement for measurement of the fetal frontal lobe volume at the
first visit around 20 weeks and the second visit around 30 weeks of gestation, described with intraclass
correlation coefficients (ICCs) and 95% confidence intervals (95% CI).
Intraobserver

Interobserver

Measurement

N

ICC (95% CI)

N

ICC (95% CI)

First visit (20w)

73

0.83 (0.73-0.89)

72

0.83 (0.71-0.90)

Second visit (30w)

70

0.88 (0.82-0.93)

63

0.91 (0.85-0.94)

Fetal frontal lobe growth trajectories
A mixed model with a quadratic term for gestational age showed a statistically significant
better fit for fetal frontal lobe growth, when compared to a linear model. Gestational age
modelled with an additional cubic term or a natural spline did not further improve the model
fit. Therefore fetal frontal lobe growth can be estimated with the following equation: Frontal
lobe volume = 31.537 – 0.675 * GA + 0.004 * GA2 (GA = gestational age in days). Figure 5
displays the observed values and the reference curve predicted by this model with its 95%
confidence interval.
To be able to interpret the intercept and slope better, we centered gestational age by
subtracting 133 days, so that the intercept represents the average frontal lobe volume at 19
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weeks’ gestational age: Frontal lobe volume = 10.647 + 0.361 * (GA – 133) + 0.004 * (GA -133)2.
This equation results in a mean frontal lobe volume of 10.65 cm3 at 19 weeks’ GA, of 13.37 cm3
at 20 weeks’ GA, of 32.87 cm3 at 25 weeks’ GA, and of 62.16 cm3 at 30 weeks’ GA.

15
 

  



15
10
5
0
-5
-10
10

15

20

25

     



30

0
-5

35



5

10

15

20

25

     



30

35



15




15
10

 

 

5

-10
5

5
0
-5
-10
-15
-20

10
5
0
-5
-10
-15
-20

35



3

10

45

55

65

75

     

85

95

35



45

55

65

75

85

95

     

Figure 4. Bland-Altman plots of intra-and interobserver agreement of frontal lobe volume measurements
around 20 weeks’ gestation (a and b), and around 30 weeks’ gestation (c and d). The solid line shows the
mean difference, and the dashed lines the 95% limits of agreement.
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Figure 5. Growth trajectory of the frontal lobe volume with the observed values, and the reference
curve predicted by this model with its 95% confidence interval.
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Discussion
In this study, we describe a novel approach for measurement of the volume of the fetal
frontal lobe with the VOCAL technique in stored 3D-ultrasound images, and found that this
method has almost perfect reproducibility as shown by intra- and interobserver agreement.
Furthermore, we charted the growth of the frontal lobe during pregnancy, which follows a
quadratic pattern.
As previously mentioned there are two previous studies that measure fetal frontal lobe
volume with the VOCAL technique, but they used a different approach to delineate the
frontal lobe.32,33 They selected the axial transthalamic plane as reference plane, with the
90° angle corresponding to a coronal view of the frontal region, whereas we selected the
coronal transfrontal plane as reference plane, with a midsagittal view at the 90° angle. Our
approach makes it possible to use the corpus callosum as boundary in the midsagittal view,
and thus to exclude the head of the corpus callosum and frontal part of the cavum septi
pellucidi from the delineated frontal lobe volume. The other studies defined the inferior and
posterior boundaries only by the floor of the skull and the Sylvian fissure, whereby the head
of the corpus callosum and the frontal part of the cavum septi pellucidi were included in the
delineated frontal region volume. Since the corpus callosum and the cavum septi pellucidi are
not part of the frontal lobe, we consider our approach a more precise method to measure fetal
frontal lobe volume. Furthermore, the intra- and interobserver agreement of our approach
was considerably higher than the agreement for their approach (i.e. intraobserver ICC: 0.78,
95%CI 0.55-0.86, interobserver ICC: 0.66, 95%CI 0.42-0.79), although their results could have
been negatively influenced by the fact that they measured frontal lobe volume in all fetuses,
whereas we excluded approximately 10 to 20% due to inadequate quality of the sweeps.33
The strength of this study is that we assessed the reproducibility of this new approach for fetal
frontal lobe volume measurement in an adequate sample of 3D-images, before using this
method to study fetal brain development. Furthermore, we are the first to fit a growth model
for the growth of the frontal lobe volume over pregnancy.
There are, however, some limitations that need to be discussed. Firstly, transvaginal ultrasound
is generally regarded as superior to transabdominal ultrasound for fetal neurosonography,
because transvaginal probes have a higher frequency, and, therefore, higher spatial resolution
than abdominal probes, and because the transvaginal probe can be placed nearer to the fetal
head, while the beams of the transabdominal probe have to cross the maternal abdominal
wall, uterine wall, placenta (if located anteriorly) and fetal cranial bones.37–39 Nevertheless, the
transvaginal approach is uncomfortable for pregnant women40 and is regarded to be a higher
burden in study participants when compared to transabdominal ultrasound measurements,
which is, therefore, more appropriate in observational research with healthy participants. Since
we excluded all inadequate 3D-sweeps, our choice to obtain the sweeps transabdominally
has most likely not affected the outcomes for intra- and interobserver agreement, but a
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transvaginal approach could have allowed us to measure frontal lobe volume in more
participants.
Secondly, measurements of frontal lobe volume can only be included in the analysis of intraand interobserver agreement if frontal lobe volume was measured twice. Therefore, if one
observer measured frontal lobe volume while the other observer considered all sweeps
inadequate and did not perform the measurement, there was no agreement between the
observers but the data from this participant was excluded. As a consequence, the values
for intra- and interobserver agreement are probably overestimated in our study. However,
since the number of participants whereby this disagreement occurred was not high (1.3%
for intra- and interobserver agreement at 20 weeks’ GA; and 8.8% for intra- and interobserver
agreement at 30 weeks’ GA), we expect that this overestimation is only very limited at worst.
For the intraobserver agreement study, the first observer of the sweeps around 20 weeks (E.B.)
differed from the first observer of the sweeps around 30 weeks’ GA (L.B.). The second observer
was the same for all measurements (M.A.). Since manual tracing of the frontal lobe boundaries
is rather subjective, there is potential for variability between observers. Interobserver
agreement was a little higher around 30 weeks’ (ICC of 0.90, 95%CI 0.84-0.94) than around 20
weeks’ GA (ICC of 0.83, 95%CI 0.71-0.90). This difference could mean that the boundaries of
the frontal lobe (in particular corpus callosum and central sulcus) are better visible around 30
weeks, which makes the manual delineation of the frontal lobe less subjective; yet it could
also mean that the measurement error of the observer that measured frontal lobe volume
around 30 weeks’ GA is more similar to the error of the second observer than the error of the
observer that measured frontal lobe around 20 weeks’ GA. Although intra- and interobserver
agreement was almost perfect for both visits, we must be aware that there may still be some
observer bias.
Lastly, even though we were able to fit a quadratic model since we measured frontal lobe
volume at different points in time for each participant, there are some limitations to our
growth model. We did not perform any measurements between 24 and 28 weeks’ GA, leading
to a linear part in the model for this time period, which might not be accurate. Furthermore,
we did not measure the frontal lobe volume after 33 weeks of gestation. With the current
quadratic model, frontal lobe volume would continue to grow indefinitely, which is naturally
not possible. A more likely model would be cubic whereby the growth of the frontal lobe
will start to decelerate at some point in time. We fitted a cubic model to our data as well,
but this model did not have a statistically significant better fit than the quadratic model. We
expect that a cubic model would fit better if we had measured frontal lobe volume beyond 33
weeks’ GA. However, since the fetal skull will become thicker and the fetal head will descend
in the birth canal, measurement of the frontal lobe volume will become more difficult with
increasing gestation.
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The main goal of this study was to evaluate the reproducibility of our newly devised approach
for measurement of fetal frontal lobe volume in 3D-ultrasound images to determine whether
we could use this method for further research on prenatal frontal lobe development. Since
the results of this study show that our method for frontal lobe measurement is reproducible,
we will continue to perform this measurement in all 3D-ultrasound images obtained within
the YOUth cohort. In the future, we will use the obtained values to investigate whether frontal
lobe volume and the difference in growth trajectories between individuals can be (partly)
explained by prenatal environmental factors, such as maternal nutrition and stress, and we
will evaluate the impact of prenatal frontal lobe size and growth on the development of
cognition and behavior in childhood.
In conclusion, this study shows that our new approach for fetal frontal lobe volume
measurement in 3D-ultrasound images with the VOCAL technique is reproducible and can be
used for further research on prenatal frontal lobe development. The growth of the frontal lobe
follows a quadratic pattern, whereby the growth rate increases between 20 and 30 weeks of
gestation.
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Supplementary table 1. Baseline characteristics of the total study group and the selected group for
intra- and interobserver agreement analyses
Total
study group
(N=150)

Selected group for
reproducibility analyses
(N=80)

Gestational age (weeks + days)a

21 +5 ± 7d

21 +6 ± 7d

Frontal lobe volume (cm3)a

19.0 ± 4.6

18.4 ± 4.3

Head

80 (53.3)

46 (57.5)

Breech

56 (37.3)

29 (36.3)

Transverse

14 (9.3)

5 (6.3)

Gestational age (weeks + days)a

30 +1 ± 6d

30 +2 ± 6d

Frontal lobe volume (cm3)a

62.5 ± 9.7

61.5 ± 9.1

Head

120 (80.5)

63 (78.8)

Breech

26 (17.4)

15 (18.8)

3 (2.0)

2 (2.5)

First visit

3

Fetal position (n (%))

Second visit

Fetal position (n(%)

Transverse
Maternal characteristics
Age at inclusion (years)a
BMI

b

32 ± 4

33 ± 5

23 (21-26)

c

23 (20-26)d

Abbreviations: BMI = Body Mass Index, d = days
a
Values are means ± SD, b Values are medians (IQR), c N=138; 12 participants (8.0%) did not fill out the questionnaires,
d
N=72; 8 participants (10.0%) did not fill out the questionnaires.
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Abstract
Context
Prenatal exposure to caffeine could potentially influence fetal structural brain development
and subsequent neurocognitive development in children.

Objective
To systematically review the impact of intrauterine exposure to caffeine on fetal structural
brain development and childhood cognition and behavior.

Data Sources
Medline and Embase were searched on September 6th 2018 on 1) structural fetal brain
development; 2) childhood cognition and behavior.

Study Selection
Studies were selected based on predefined in- and exclusion criteria by two independent
reviewers.

Data Extraction
Relevant information was extracted and study quality was assessed with the Cochrane
Collaboration risk of bias tool and the Newcastle-Ottawa quality assessment scale.

Results
27 studies on structural fetal brain (13 animal and 14 human) and 10 studies on childhood
cognition or behavior, were included. Quality of the studies was good. Animal studies show
that intrauterine exposure to caffeine leads to lower brain weight at birth. Human studies found
not association with head circumference, but studies on actual prenatal brain development
are lacking. Findings from some large prospective birth cohorts indicate an association of high
amounts of prenatal caffeine intake with lower IQ and more problem behavior in childhood,
while other studies could not confirm this.

Limitations
Human studies on brain structures are lacking. Also, it was not possible to perform a metaanalysis.

Conclusions
There is some evidence that prenatal exposure to caffeine might negatively influence fetal
brain development, and childhood cognition and behavior. Further research that examines
the influence on the human fetal brain is needed.
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Introduction
Caffeine is widely consumed around the world, with coffee, tea, chocolate and soft drinks
(e.g. cola and energy drinks) as its main sources.1,2 The majority of pregnant women continue
to consume caffeinated products during pregnancy3–6. The metabolism of caffeine changes
during pregnancy. Due to reduced activity of the CYP1A2 enzyme, which plays a key role
in the elimination of caffeine, the half-life of caffeine is three to four times longer during
pregnancy.7–10 This leads to higher maternal blood concentrations of caffeine and to high fetal
caffeine exposure, since caffeine can freely pass the placenta.11,12
Previous studies have investigated whether fetal exposure to caffeine could lead to adverse
outcomes in the child. They found that prenatal caffeine intake is associated with an increased
risk of fetal growth restriction13,14, low birth weight5,14,15 and pregnancy loss.14,16 Based on the
results of these studies, the European Food Safety Authority (EFSA) panel and the American
College of Obstetricians and Gynecologists (ACOG) recommend to consume no more than
200 mg caffeine per day during pregnancy.17,18
Interestingly, the potential adverse effects of prenatal caffeine exposure to fetal brain
development are not mentioned in these recommendations. Since caffeine is capable
of crossing the fetal blood-brain barrier19,20, high concentrations of caffeine in the fetal
bloodstream have the potential to influence the fetal brain, and possibly have long lasting
effect on later cognition and behavior. Therefore the aim of this systematic review is to
provide an overview of the current evidence on the effects of maternal caffeine intake during
pregnancy on the structural brain development of the fetus and the impact of maternal
caffeine intake on cognition and behavioral outcomes in childhood.
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Methods
We followed the PRISMA guideline for reporting systematic reviews.21 The search strategy was
not specified in a registered protocol in advance.

Search strategy
On September 6th 2018 two systematic searches were carried out in the databases of Medline
and Embase to identify studies that investigate the effect of prenatal caffeine intake on 1)
structural brain development of the fetus (in humans and other mammals) and 2) cognition
and behavior of the child (in humans). For the first search (with structural brain development
as outcome) we decided to include animal studies as well, since studying structural brain
development during pregnancy is difficult and we anticipated that human studies examining
this outcome would be scarce. The search terms that were used are detailed for both searches
in Supplemental Table 1. Additional articles that were missed during the initial searches were
identified by forward searches in Scopus and backward searches on bibliographies of the
included articles.

Study selection
After removal of duplicates, two reviewers (MA and TW) independently screened the titles
and abstracts of the retrieved articles and then the full texts, based on predefined in- and
exclusion criteria (Supplemental Table 2). After screening, the reviewers compared their results
and disagreements were solved by discussion.

Quality assessment
For the selected human studies (in both searches) the quality of randomized controlled trials
(RCT) was assessed with the Cochrane Collaboration risk of bias tool22 and the quality of cohort,
case-control and cross-sectional studies with the Newcastle-Ottawa quality assessment
scale23. We adapted the Newcastle-Ottawa scale on two items: 1) for the item ‘ascertainment
of exposure’ a star should be awarded if exposure was assessed with a structured interview.
However, we decided not to award a star if the interview took place after pregnancy because
of the risk of recall bias; 2) if the outcome was assessed through self-report, no star should
be awarded according to the Newcastle-Ottawa scale, yet we decided to give a star if a
behavioral outcome was assessed with a validated questionnaire, since this is a common and
reliable method for behavior assessment. For the category ‘comparability’ the rater needs to
decide in advance which factors are important to control for. For the studies with structural
brain development as outcome we considered ‘length of gestation’ the most important factor
to control for and ‘infant’s gender’, ‘maternal smoking’, and ‘maternal alcohol use’ as second
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most important factors. For the studies with behavior or cognition as outcome we considered
‘socioeconomic status of the parents’ the most important factor and ‘maternal smoking’,
‘maternal alcohol use’ and ‘maternal IQ or psychosocial status’ as second most important
factors to control for.

Data extraction

 

For animal studies we extracted the following set of data: name of the first author, year of
publication, species, strain, period of exposure, treatment groups, number of treated animals
per treatment group, age of testing and the main outcomes. For human studies we extracted:
name of first author, year of publication, study design, location, exposure assessment, timing of
exposure assessment, treatment groups, measured outcome, timing of outcome assessment,
factors adjusted for and main outcomes.

Records identified
through Medline

Records identified
through Embase

(n = 93)

(n = 82)

Additional records
identified through
other sources
(n = 5)





Records after duplicates removed
(n = 171)

Records screened
(n = 171)

Records excluded
(n = 132)

Full-text articles assessed
for eligibility
(n = 43)

Full-text articles excluded,
with reasons
(n = 16)
Postnatal exposure: 3
Other outcome: 3
Conference abstract: 6
Full text unavailable: 4



Studies included in
qualitative synthesis
(n = 27)

Studies included in
quantitative synthesis
(meta-analysis)
(n = 27)

Figure 1. PRISMA flow diagram of the search on prenatal caffeine and structural fetal brain development.
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Records identiÿed
through Medline

Records identiÿed
through Embase

(n = 339)

(n = 476)

Additional records
identiÿed through
other sources
(n = 0)





Records after duplicates removed
(n = 789)

Records screened
(n = 789)

Records excluded
(n = 770)

Full-text articles assessed
for eligibility
(n = 19)

Full-text articles excluded,
with reasons
(n = 9)
Other determinant: 1
Other/no outcome: 3
Comment: 2
Conference abstract: 2
Full text unavailable: 1



Studies included in
qualitative synthesis
(n = 10)

Studies included in
quantitative synthesis
(meta-analysis)
(n = 10)

Figure 2. PRISMA flow diagram of the search on prenatal caffeine and childhood cognition and behavior.
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Results
As shown in the flow diagrams (Figure 1 and Figure 2), we identified 171 unique articles with
structural fetal brain development as outcome and 789 with childhood cognition or behavior
as outcome. After title and abstract screening, 43 and 19 articles, respectively, remained,
which were screened on full text. For the search with fetal structural brain development as
outcome sixteen articles were excluded: three because caffeine exposure was postnatal; three
because outcome was not fetal structural brain development; six were conference abstracts;
and four because full text was not available (online or in Utrecht University archives). For the
search with cognition or behavior as outcome nine articles were excluded: one because the
determinant was not caffeine exposure; three because outcome was not child cognition or
behavior; two were commentaries; two were conference abstracts; and one because full text
was not available. Finally, 27 studies with fetal structural brain development as outcome were
included, of which 13 animal studies24–36 and 14 human studies37–50. In addition, 10 studies
with childhood cognition or behavior as outcome were included.42,51–59

Structural fetal brain development
Animal studies
Except for one study, which included sheep36, all animal studies that evaluated the effect of
prenatal caffeine exposure on fetal structural brain development, were performed in Wistar
or Sprague-Dawley rats (Table 1). Adding 0.02% or 0.04% caffeine in the drinking water of
pregnant Wistar rats during the entire gestation consistently led to a lower cerebral weight
of the offspring at birth compared to the offspring of rats that were given normal drinking
water.26,28,31,32 In Sprague-Dawley rats, replacing drinking water by caffeinated coffee for 50 or
100% resulted in significantly lower brain weight and lower brain to body weight ratio in the
offspring compared to the offspring of control rats that received normal drinking water.24,25
Lower dilutions did not result in significant differences.24 Supplementing a 20% protein diet
(pair-fed with controls) with 2mg caffeine per 100g body weight resulted in differing results
on brain weight, with some studies showing a significantly lower brain weight27,33 while others
found no significant difference in brain weight30,34. The weight of medulla oblongata and
striatum were significantly lower at day 57 or 58 after birth29 yet on the 388th day after birth
no significant difference was found.35 No effect of 1-2 mg caffeine per 100g body weight was
found on the weight of cerebellum, hypothalamus, midbrain and hippocampus.29,35
In sheep, a daily intravenous bolus of 20mg/kg caffeine (exposure group) compared to a daily
bolus of saline (control group) did not lead to significant differences in brain weight, brain-tobody weight ratio or head length at birth.36
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Human studies
The fourteen human studies with structural brain development as outcome included one
RCT45; nine prospective cohort studies37,40,42–44,47–50; three cross-sectional surveys38,39,41; and one
case-control study46, and were published between 1984 and 2018, with a sample size varying
between 100 and 7.346 participants (Table 2). Prenatal caffeine intake was assessed through
an interview during pregnancy37,40,42,44,48,50 or after birth38,41,46, or through questionnaires which
were administered during pregnancy43,47,49 or after birth39. The sources for caffeine that were
considered, differed between the studies, varying from including only coffee45, espresso48, or
kolanut41 as caffeine source to including coffee, tea, cola, and other dietary sources40,44,46,49.
Most studies defined two or more categories for caffeine intake, whereby the cut-off values
(Table 2) differed between the studies.
Almost all studies took the child’s head circumference as outcome for structural brain
development. Overall, these studies did not find a significant association between prenatal
exposure to caffeine and the child’s head circumference measured during pregnancy47,48,
directly after birth38–45,49,50, or at eight months to seven years after birth37,40,42. Only one study
found that a statistically significant (p < 0.05) higher percentage of babies whose mothers
took kolanut during pregnancy (71%) fell in the lowest head circumference group at birth (3035cm) than the babies whose mothers did not take kolanut during pregnancy (65%).41 This
result was not adjusted for length of gestation or the child’s gender. Another study found no
association between prenatal maternal caffeine intake (defined as ≥10mg caffeine per day)
and anencephaly (OR 1.1, 95%CI 0.7-1.6) or encephalocele (OR 1.4, 95%CI 0.7-2.7).46
Overall, the quality of the studies was high (Supplemental Table 3a, b, and c). One cohort
study43 was considered of fair quality, because the selected group of participating pregnant
women was not fully representative for the population and because caffeine exposure was
assessed with a self-administered questionnaire. Only one cohort48 and one cross-sectional
survey41 were considered of poor quality since they did not adjust for possible confounders.

Cognition and behavior
For the search with childhood cognition or behavior as outcome, eight cohort studies42,53–59
and two cross-sectional surveys51,52 were included, which were published between 1991 and
2017, with a varying sample size of 670 to 47,491 participants (Table 3). Caffeine intake was
assessed by measuring maternal serum concentration of paraxanthine during pregnancy56;
by interview either during pregnancy42,59 or after birth57; or with questionnaires administered
during pregnancy53–55,58 or after birth51,52. In two studies caffeine exposure was only based on
coffee intake as source for caffeine51,52; in all others additional sources, like tea, chocolate and
cola, were also considered.42,53–55,57–59 All studies defined two or more exposure groups based
on mg of caffeine per day or on cups of coffee per day, but cut-off values (detailed in Table 3)
differed between studies.
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The studies on childhood cognition showed differing results. One study found no effect of
maternal caffeine intake (≥444mg caffeine per day) on the child’s IQ at age four (assessed
with the Wechsler Preschool and Primary Scale of Infant Intelligence (WPPSI)) or at age seven
(assessed with the Wechsler Intelligence Scale for Children (WISC)).42 The others found that
very high third-trimester paraxanthine concentrations are suggestive of a lower IQ at age
seven (assessed with the WISC)56 and that children of mothers who consumed ≥200mg
caffeine per day were more likely to have borderline or lower full IQ (OR 2.3, 95%CI 1.13-4.69)
and performance IQ (OR 1.93, 95%CI 1.07-3.48) at 5.5 years of age (assessed with the WPPSI)
than children whose mothers consumed <100mg caffeine per day58.
For childhood behavior as outcome the results differ as well. Studies that used the Childhood
Behavior Checklist (CBCL) to assess behavior showed that maternal caffeine intake during
pregnancy is associated with a significantly higher risk on total behavior problems at age
three (OR 1.23, 95%CI 1.06-1.44)51, on social problems at age four to nine (OR 4.1, 95%CI 1.511.7)52 and on infant overactivity54. Of the studies that measured behavior with the Strengths
and Difficulties Questionnaire (SDQ), one study found a significant association between high
prenatal coffee intake ((≥8 cups per day) in the first trimester and conduct-oppositional
disorder (1.22, 95%CI 1.01-1.48) and hyperactivity-inattention disorder (RR 1.47, 95%CI 1.181.83), and between high prenatal tea intake and anxiety-depressive disorder (RR 1.28, 95%CI
1.09-1.52) and conduct-oppositional disorder (RR 1.21, 95%CI 1.02-1.43) at age eleven59,
while another found no association between maternal caffeine intake (>425mg per day)
and problem behavior at age five55. One study showed that intrauterine exposure to high
doses of caffeine (≥10 cups of coffee compared to 0 cups of coffee per day) was associated
with a three times increased risk (RR 3.0, 95%CI 1.3-6.8) on a clinical diagnosis of hyperkinetic
disorder or attention-deficit hyperactivity disorder (ADHD) between four and twelve years
old, which was no longer statistically significant (RR 2.3, 95%CI 0.9-5.9) after adjustment for
confounders (maternal age, smoking and alcohol use, gender of the child, parental education
and employment, cohabitant status and parental and siblings psychiatric hospitalizations or
outpatient contacts).53 Finally, no association between prenatal caffeine exposure and ADHD
(OR 0.90, 95%CI 0.51-1.59) was found in a study that assessed the presence of ADHD with the
Development and Well-Being Assessment (DAWBA) questionnaire at eleven years old.57
The quality of all included studies was good (detailed in Supplemental Table 3a, b and c),
except for the study by Chiu et al.52 that was considered of poor quality, because they did
not adjust for socioeconomic status, maternal smoking and maternal alcohol intake during
pregnancy.
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Sprague-Dawley

Sprague-Dawley

Wistar

Rat

Rat

Rat

Groisser
et al,25 1982

Tanaka et al,26
1983

Palm et al,
1978

Strain

Species

24

Study

Experiment 3:
Premating: 47 days
Gestation: E0-E21

Experiment 2:
Premating: 125 days
Gestation: E0-E21

Experiment1:
Gestation: E0-20

From conception until
birth (n=10-12)

From 5 weeks prior to
breeding until birth at
E19 (n=20)

Period of exposure

 cerebral weight in group 2
and 4 (caffeine during gestation);
 cerebral to body weight ratio
in group 4 (caffeine during
premating and gestation)
Experiment 2/3:
1: water during premating and gestation
2: water during premating, 0.04% caffeine
during gestation
3: 0.04% caffeine during premating, water
during gestation
4: 0.04% caffeine during (125 or 47 days)
premating and gestation

Day of birth

 brain weight, and  brain
to body weight ratio in the
caffeinated coffee group; No
significant differences between
the decaffeinated and control
group

 brain weight as % of body
weight in 50% caffeine group; No
significant difference between the
other treatment groups and the
control groups

Main outcomes

 cerebral weight in group 5
(caffeine during entire gestation)
and group 6 (caffeine during
premating); No significant
differences between the other
groups and the control group and
no significant differences in brain
weight

Day of birth

Day of birth

Age of testing

Day of birth
Experiment 1:
1: water during 37 days premating and entire
gestation (control)
2: water during premating, 0.04% caffeine
during E0-7
3: water during premating, 0.04% caffeine
during E7-14
4:water during premating, 0.04% caffeine
during E14-20
5: water during premating, 0.04% caffeine
during entire gestation
6: 0.04% caffeine during premating, water
during entire gestation

1: drinking water replaced by decaffeinated
coffee (~4.5mg/kg/day)
2: drinking water replaced by caffeinated
coffee (~122 mg/kg/day)
3: drinking water (control)

1: 12.5% coffee dilution as sole beverage
2: 25% coffee dilution as sole beverage
3: 50% coffee dilution as sole beverage
4: 30mg caffeine/kg/day in drinking water
5: every day 30 mg/kg caffeine gavage
6: every day 125 mg/kg aspirin gavage
7-8: H2O (control)

Treatment groups

Table 1. Study characteristics of animal studies on prenatal caffeine and structural fetal brain development
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Sprague-Dawley

Sprague-Dawley

Rat

Nakamoto
et al,29 1986

Yazdani et al,30 Rat
1987

Tanaka et al,31
1987

Wistar

Wistar

Rat

Tanaka et al,28
1984

Rat

Sprague-Dawley

Rat

Mori et al,
1984

Strain

27

Species

Study

Table 1. Continued

1: water during premating and gestation
(control)
2: water during premating, 0.04% caffeine
during gestation
3: 0.04% caffeine during premating, water
during gestation
4: 0.04% caffeine during premating and
gestation

1: 20% protein diet ad libitum
2: 20% protein diet (pair-fed with group 1)
supplemented with caffeine (2mg/100g
body weight)

Treatment groups

Experiment 1:
1: water
2: 0.04% caffeine
Experiment 2:
1: water during premating and gestation
2: water during premating, 0.02% caffeine
during gestation
3: 0.02% caffeine during premating and
gestation

Experiment 2:
From 130 days
premating or from
E0 until birth at E21
(n=4-5)

1: 20% protein diet ad libitum
2: 20% protein (pair-fed with group 1)
supplemented with caffeine (2 mg/100 g
body weight)

Experiment 1:
From E0 until birth at
E21 (n=5-6)

From E10 until birth at
E22 (n=6-9)

From E13 until weaning 1: control diet, 20% protein
(at day 22 after birth)
2: pair-fed with group 1, 20% protein
(n=6-8)
supplemented with caffeine (1 mg/100 g
body weight)

During 134 days
premating and/
or during gestation
(E0-21)

From E13 until birth
(n=4-9)

Period of exposure

Day of birth

Day of birth

Day of birth

Day 57 or 58
after birth

Day of birth

Day of birth

Age of testing

 cerebral weight in both group 2
and 3, compared with group 1

 cerebral weight

No significant differences in brain
weight between the groups

 weight of medulla oblongata
and striatum; Weight of
cerebellum, hypothalamus,
midbrain cortex and hippocampus
were not significantly different

 cerebral weight in group
2 (caffeine during gestation)
compared with group 1; No
significant differences between
the other groups

 brain weight as % of body
weight in group 2 compared with
group 1; no significant difference
in actual brain weight

Main outcomes
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Sprague-Dawley

Sprague-Dawley

Merino x Border
Leicester

Rat

Rat

Rat

Sheep

Yazdani
et al,33 1990

Nakamoto
et al,34 1991a

Nakamoto
et al,35 1991b

Atik et al,36
2014

E: Embryonic day

Sprague-Dawley

Rat

Tanaka et al,32
1990

Strain

Wistar

Species

Study

Table 1. Continued
Period of exposure

From gestational day
104 until day 118
(n=8-9)

From E9 until day 93
after birth (n=8-9)

From E9 until day 15
after birth (n=10-11)

From E10 until birth at
E22 (n=4)

From premating or
from E0 until birth
(n=7-11)

Treatment groups

1: a daily intravenous bolus of saline
2: a daily intravenous bolus of caffeine
(20mg/kg)

1: 20% protein diet
2: 20% protein diet, supplemented with 2
mg/100 g body weight caffeine

1: 20% protein diet
2: 20% protein diet, supplemented with 2
mg/100 g body weight caffeine

1: 20% protein diet ad libitum
2: pair-fed with group 1, supplemented with
0.5 mg/100 g body weight caffeine
3: pair-fed with group 1, supplemented with
1 mg/100 g body weight caffeine
4: pair-fed with group 1, supplemented with
2 mg/100 g body weight caffeine

1: water during premating and gestation
2: water during premating, 0.04% caffeine
during gestation
3: 0.04% caffeine during premating and
gestation

Age of testing

Day of birth

Day 388 after
birth

Day 15 after
birth

Day of birth

Day 1, 5 or 10
after birth

Main outcomes

No significant differences in brain
weight, brain-to-body-weight ratio
or head length.

No significant differences in
weight of cerebellum, medulla
oblongata, hypothalamus,
midbrain, striatum, hippocampus
or cortex

No significant difference in brain
weight

 brain weight in group 4
compared with group 2; No
significant different between the
other groups

 cerebral weight in group 3 on
day 1 after birth; No significant
differences in cerebral weight on
day 5 or day 10 after birth
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Canada;
Crosssectional
survey

Canada;
667
Cohort study

BeaulacBaillargeon
et al,39 1987

Fried
et al,40 1987

913

173

United
States;
Crosssectional
survey

Jacobson
et al,38 1984

Interview
(coffee, tea,
cola, other
dietary
sources of
caffeine)

Questionnaire
(coffee,
tea, cola,
chocolate)

Interview
(coffee, tea,
cola)

Interview
(coffee,
tea, cola,
chocolate)

Sample Exposure
size
assessment

United
462
States;
Cohort study

Location;
Study
design

Barr et al,37
1984

Study
1: <444mg caffeine
per day (n=371)
2: ≥444mg caffeine
per day (n=91)

Exposure groups
Head
circumference

Once every
trimester

After birth

N/A
(mean amount of
caffeine consumed
for the entire cohort:
107.08mg per day,
SD 131.10mg per
day, range: 2.96–
1852.96mg per day)

1: <300mg caffeine
per day (n=778)
2: ≥300mg caffeine
per day (n=135)
Head
circumference

Head
circumference

At birth, 12
months and
24 months

At birth

2nd day after
birth

8 months

Timing of
Outcome outcome
assessment

2-3 days after 1: No caffeine
Head
birth
consumption (n=22)
circum2: 30-168mg caffeine ference
per day (n=115)
3: 169-336mg caffeine
per day (n=23)
4: 337-504mg caffeine
per day (n=6)
5: ≥505mg caffeine
per day (n=6)

5 months GA

Timing of
exposure
assessment
No significant
association
between prenatal
caffeine and HC at
age 8 months
No significant
association
between prenatal
caffeine and HC at
birth

No significant
association
between prenatal
caffeine and HC at
birth
No significant
association
between prenatal
caffeine and HC at
any of the assessed
time periods

Maternal smoking,
and alcohol
use, parity,
socioeconomic
status, cold
remedies

Length of gestation,
infant’s gender

Length of
gestation, infant’s
gender, maternal
smoking, alcohol
and cannabis
use, gravidity,
family income,
pre-pregnancy
weight, weight gain,
maternal height

Main outcomes

Length of gestation,
infant’s gender,
maternal alcohol
use, parity, maternal
height, examination
age

Adjustment for
confounding

Table 2. Study characteristics of human studies on prenatal caffeine and structural fetal brain development

Gooda

Goodb

Goodb

Gooda

Study
quality
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United
1529
States;
Cohort study

Canada;
162
Cohort study

United
431
States;
Cohort study

Barr
et al,42 1991

Godel
et al,43 1992

Mills
et al,44 1993

100

Interview
(coffee, tea,
cocoa, iced
tea, cola,
other diet
drinks)

Questionnaire
(coffee, tea,
cola)

Interview
(coffee, tea,
chocolate,
cola)

Interview
(kolanut)

Sample Exposure
size
assessment

Nigeria;
Crosssectional
survey

Location;
Study
design

Abidoye
et al,41 1990

Study

Table 2. Continued

Head
circumference

N/A
Head
(mean total amount of circumcaffeine intake during ference
pregnancy for the
entire cohort: 531mg,
SD 575mg, range: 5 –
3705mg)
At birth

At birth

At birth and
at 7 years

At birth

Timing of
Outcome outcome
assessment

1: 0-295mg caffeine
Head
per day (n=1269)
circum2: 296-443mg caffeine ference
per day (n=138)
3: ≥444mg caffeine
per day (n=122)

1: No kolanut
consumption (n=66)
2: Kolanut
consumption in any
period of pregnancy
(n=34)

Exposure groups

5, 6, 8, 10, 12, 1: No caffeine (n=17) Head
20, 28 and 36 2: 1-99mg caffeine per circumweeks GA
day (n=192)
ference
3: 100-199mg caffeine
per day (n=87)
4: 200-299mg caffeine
per day (n=29)
5: ≥300mg caffeine
per day (n=13)

Prenatally
and at birth

5 months GA

After birth

Timing of
exposure
assessment

Maternal age,
maternal smoking
and alcohol
use, parity, race,
maternal education
and income, prepregnancy weight,
maternal height

Length of gestation

Length of gestation,
infant’s gender,
maternal age,
smoking and
alcohol use, parity,
race, maternal
weight, weight gain,
and height

None

Adjustment for
confounding

Faira

Gooda

Poorb

Study
quality

Caffeine was not
Gooda
a risk factor for a
lower HC percentile
(OR 1.09, 95%CI
0.86-1.37), or HC <
10th percentile (OR
1.15, 95%CI 0.652.02)

No significant
association
between prenatal
caffeine and HC at
birth

No significant
association
between prenatal
caffeine and HC at
birth or at 7 years
of age

 percentage of
babies whose
mothers took
kolanut during
pregnancy in the
lowest HC group

Main outcomes
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United
4911
States;
Case-control
study

Nether7346
lands;
Cohort study

Portugal;
47
Cohort study

Schmidt
et al,46 2009

Bakker
et al,47 2010

Conde
et al,48 2011

1197

Denmark;
RCT

Bech
et al,45 2007

Interview
(espresso)

Questionnaire
(coffee, tea)

Interview
(coffee, tea,
chocolate,
soda)

N/A

Sample Exposure
size
assessment

Location;
Study
design

Study

Table 2. Continued

2nd trimester

In each
trimester

Within 24
months after
birth

N/A

Timing of
exposure
assessment

1: No coffee intake
(n=36)
2: coffee intake
(n=11)

1: No caffeine intake
2: <2 units per day (n
of group 1+2 = 4329)
3: 2 to 4 units per day
(n=2211)
4: 4 to 6 units per day
(n=439)
5: ≥6 units per day
(n=104)

1: No caffeine intake
(0-9mg per day)
(n=732)
2: Any caffeine intake
(≥10mg per day)
(n=4137)

Randomized into:
1: Decaffeinated
instant coffee (n=629)
2: Caffeinated instant
coffee (n=568)

Exposure groups

Biparietal
diameter
and head
circumference

Head
circumference

Anencephaly or
encephalocele

Head
circumference

20-22 weeks
GA

2nd and 3rd
trimester
and at birth

Before
24months
after the
child’s birth

At birth

Timing of
Outcome outcome
assessment

Poora

No significant
association
between coffee
intake and
biparietal diameter
or HC

None

Gooda

No significant
association
between caffeine
intake and fetal
HC in 2nd or 3rd
trimester (β group
5 vs 1 -0.06 95%CI
-1.70-1.58; β group
5 vs 1 -0.64 95%CI
-2.85-1.58) or at
birth (β group 5 vs
1 0.58 95%CI -3.124.27)

Gestational age at
visit, infant’s gender,
maternal age, height
and BMI, maternal
smoking and alcohol
use, parity, ethnicity,
educational level,
nutritional intake,
and folic acid
supplement use

Goodb

No significant
association
between caffeine
intake and
anencephaly (OR
1.1, 95%CI 0.7-1.6)
or encephalocele
(OR 1.4, 95%CI
0.7-2.7)

Maternal alcohol
use, maternal
education

Study
quality

No significant
Low risk
difference in HC
of biasc
(adjusted difference
in mean HC 0.11cm,
95%CI -0.10-0.32)

Main outcomes

Length of gestation,
maternal smoking at
entry of study, parity,
pre-pregnancy BMI,

Adjustment for
confounding
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Australia;
1634
Cohort study

Peacock
et al,50 2018

Interview
(sources
of caffeine
considered
not
mentioned in
paper)

Each
trimester

Question23-35 weeks
naire
GA
(coffee, tea,
cocoa, cola,
caffei-nated
energy drinks)

Timing of
exposure
assessment

1: No caffeine intake
(n=266)
2: Caffeine intake
within guidelines
(≤200mg per day)
(n=866)
3: Caffeine intake
exceeding guidelines
(>200mg per day)
(n=100)

Head
circumference

At birth

At birth

Timing of
Outcome outcome
assessment

1: <100mg caffeine
Head
per day (n=180)
circum2: 100-299mg caffeine ference
per day (n=265)
3: ≥300mg caffeine
per day (n=31)

Exposure groups

Infant’s gender,
maternal age,
maternal smoking
and alcohol use,
maternal illicit drug
use, parity, country
of birth, SES, prepregnancy BMI,
planned pregnancy,
living with partner,
fertility treatment,
tertiary qualification
completed

Length of gestation,
infant’s gender,
maternal age,
maternal smoking
and alcohol use,
parity, maternal
education, prepregnancy BMI,
mode of delivery

Adjustment for
confounding

Gooda

Gooda

Guideline (for
caffeine intake
during pregnancy)
adherence was not
associated with HC
at birth
(β group 3 vs 1
-0.38, SE 0.22)

Study
quality

No significant
association
between caffeine
intake and HC at
birth (adjusted
difference in HC
group 3 vs 1 -0.2
cm
95%CI -0.7-0.3)

Main outcomes

BMI: Body Mass Index, GA: Gestational age, HC: Head Circumference, N/A: Not Applicable, OR: Odds Ratio, SES: Socioeconomic Status, 95%CI: 95% Confidence Interval. aaccording to
the Newcastle-Ottawa Quality Assessment Scale criteria for cohort studies, baccording to the Newcastle-Ottawa Quality Assessment Scale criteria for case-control studies and crosssectional surveys, caccording to the Cochrane Risk of Bias Tool

Japan;
514
Cohort study

Sasaki
et al,49 2017

Sample Exposure
size
assessment

Location;
Study
design

Study

Table 2. Continued
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Japan; crosssectional
survey

Taiwan; cross- 1391
sectional
survey

Teramoto
et al,51 2005

Chiu et al,52
2009

670

United States; 1529
cohort study

Barr et al,42
1991

Questionnaire
(coffee)

Questionnaire
(coffee)

Interview
(coffee, tea,
chocolate,
cola)

Location;
Sample Exposure
Study design size
assessment

Study
Outcome

After birth (at 1: No (regular) coffee
child’s age 4 intakec
to 9 years)
2: Regular coffee
intake (at least one
cup of coffee every
week)

Problem
behavior
with CBCL

After birth (at 1: No coffee intake
Problem
child’s age 3 during pregnancyc
behavior
year)
2: Coffee intake during with CBCL
pregnancy

5 months GA 1: 0-295mg caffeine
IQ with
per day (n=1,269)
WPPSI and
2: 296-443mg caffeine WISC-R
per day (n=138)
3: ≥444mg caffeine
per day (n=122)

Timing of
exposure
Exposure groups
assess-ment

4 to 9 years

3 years

WPPSI at
age 4 years
WISC-R at
age 7 years

Timing of
outcome
assessment

Goodb
 total behavior
problems in
children from
mothers who drank
coffee during
pregnancy (OR
1.23, 95%CI 1.061.44). No significant
association
between prenatal
coffee and exteror internalizing
behavior problems
Poorb
 social problems
in children from
mothers who drank
coffee regularly
during pregnancy
(OR 4.1, 95%CI
1.5-11.7)

28 perinatal,
socioeconomic and
family variables

Child’s gender,
child’s age, maternal
psychological
distress

Gooda

Study
quality

No significant
association
between prenatal
caffeine and IQ at
age 4 or age 7

Main outcomes

At age 4 and 7:
parental education,
child’s gender,
maternal alcohol
and aspirin use, race,
prenatal nutrition.
At age 4: parity,
maternal antibiotics
use, mother-infant
interactions,
preschool. At age
7:breastfed, child’s
nutrition

Adjustment for
confounding

Table 3. Study characteristics of human studies on prenatal caffeine and childhood cognition and behavior
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Norway;
cohort study

Netherlands;
cohort study

Bekkhus
et al,54 2010

Loomans
et al,55 2012

8266

25343

Questionnaire
(coffee, tea,
cola)

16th week GA

Question17th and 30th
naire (coffee, week GA
tea, cola)

Overactive
behavior
with CBCL
subscale

Clinical
diagnosis
of hyperkinetic
(conduct)
disorder or
ADHD

Outcome

1: 0-85mg caffeine per Problem
day (n=963)
behavior
2: 86-255mg caffeine with SDQ
per day (n=1,614)
3: 256-425mg caffeine
per day (n=719)
4: >425mg per day
(n=143)

1: No intake of
caffeinec
2: 33-85mg caffeine
per day
3: 99-251mg caffeine
per day
4: ≥255mg caffeine
per day

1: 0 cups of coffee per
day (n=10,886)
2: 1-3 cups of coffee
per day (n=8,254)
3: 4-9 cups of coffee
per day (n=4,340)
4: ≥10 cups of coffee
per day (n=588)

Prior to 16
weeks GA

Questionnaire
(coffee, tea,
chocolate,
cola)

Denmark;
cohort study

Linnet
et al,53 2009

24068

Timing of
Exposure groups
exposure
assess-ment

Location;
Sample Exposure
Study design size
assessment

Study

Table 3. Continued

5 years

18 months

4 to 12 years

Timing of
outcome
assessment

Maternal education,
child’s gender,
maternal age,
maternal smoking,
maternal alcohol
use, maternal
anxiety, ethnicity,
family size,
cohabitant status

Maternal education,
child’s gender,
maternal age,
smoking and
alcohol use,
maternal anxiety,
marital status

Parental education,
employment
status, child’s
gender, maternal
age, smoking
and alcohol use,
cohabitant status,
parental and
siblings psychiatric
hospitalisations
or contacts as
outpatients

Adjustment for
confounding

No significant
association
between prenatal
caffeine and
problem behavior,
hyperactivity,
emotional
symptoms,
conduct, peer
problems,
or prosocial
behavior

Gooda

Gooda

Gooda

No significant
association
between prenatal
caffeine and
hyperkinetic
disorder or ADHD
in the offspring
(for group 4 vs 1:
adjusted RR 2.3
95%CI 0.9-5.9)

Caffeine
consumption at
17weeks GA or
at 30 weeks GA
was significantly
associated with
overactivity at 18
months

Study
quality

Main outcomes

Chapter 4

France,
cohort study

Galera
et al,58 2016

1083

3485

Brazil, cohort
study

Del-Ponte
et al,57 2016

IQ with
StanfordBinet
Intelligence
Scale and
WISC,
Problem
behavior
by psychologists
assessment

Outcome

No association
Gooda
between prenatal
caffeine and
ADHD (for entire
pregnancy, group 3
vs 1: OR 0.90, 95%CI
0.51-1.59)
Gooda
≥200mg/
day caffeine is
associated with 
full IQ (β -2.6, 95%CI
-5,13 to -0.06;
OR ≤ borderline
intel-lectional
functioning: 2.3,
95%CI 1.13-4.69),
and  performance
IQ
(β -3.64, 95%CI
-6.31 to -0.98;
OR for
≤ borderline 1.93,
95%CI 1.07-3.48)

Paternal education
level, national
economic index,
maternal mood
symptoms during
pregnancy, maternal
conjugal situation

1: 0-100mg caffeine
IQ with
per day (n=634)
WPPSI-III
2: 100-199mg caffeine
per day (n=316)
3: ≥200mg caffeine
per day (n=133)

Parental education,
family income,
child’s gender,
maternal age,
smoking and
alcohol use, pre/
postnatal depressive
symptoms, vomiting
multiparity,
breastfeeding,
center, gestational
age

5.5 years

Gooda

High levels of
para-xanthine in
3rd trimester are
suggestive of 
IQ at age 7 and
 internalizing
behavior at age
4 (for a 500μg/L
increase in
paraxanthine
concentration: OR
1.3, 95%CI 1.1-1.5)

Maternal education,
child’s gender,
length of gestation
at blood draw,
maternal age,
maternal smoking,
race, pre-pregnancy
weight

StanfordBinet
Intelligence
Scale at age
4 years, WISC
and behavior
assessment
at age 7
years

Study
quality

Main outcomes

Adjustment for
confounding

Timing of
outcome
assessment

After delivery 1: <100mg caffeine
Presence of 11 years
per day (n=2,124)
ADHD with
2: 100-299mg caffeine DAWBA
per day (n=773)
3: ≥300mg caffeine
per day (n=584)

QuestionDuring
naire (coffee, pregnancy
tea, caffeineted soda/soft
drink)

Interview
(coffee,
yerba mate)

N/A
Mean serum
paraxanthine
concentration at <20
weeks GA: 596μg/L
(SD 660)
Mean serum
paraxanthine
concentration at ≥26
weeks GA: 671μg/L
(SD 634)

<20 weeks
GA and in 3rd
trimester

United States; 2,197
cohort study

Klebanoff
et al,56 2015

Serum
paraxanthine levels

Timing of
Exposure groups
exposure
assess-ment

Location;
Sample Exposure
Study design size
assessment

Study

Table 3. Continued
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84
11 years

Timing of
outcome
assessment
Socioeconomic
status, child’s
gender, maternal
age, maternal
smoking, parity,
maternal BMI, birth
year, mutually coffee
or tea

Adjustment for
confounding

Study
quality

Gooda
Coffee intake in
1st trimester was
associated with
conduct problems
(RR 1.22, 95%CI
1.01-1.48), and
hyperactivity (RR
1.47, 95%CI 1.181.83). Tea intake
in first trimester
was associated
with anxietydepressive (RR 1.28,
95%CI 1.09-1.52)
and conductoppositional
disorder (RR 1.21,
95%CI 1.02-1.43)
Intake in third
trimester was not
associated with
behavior

Main outcomes

ADHD: attention-deficit hyperactivity disorder, BMI: Body Mass Index, CBCL: Childhood Behaviour Checklist, DAWBA: Development and Well-Being Assessment, GA: Gestational age, IQ:
Intelligence Quotient, N/A: Not Applicable, OR: Odds Ratio, RR: Relative Risk, SDQ: Strengths and Difficulties Questionnaire, WISC-R: Wechsler Intelligence Scale for Children – Revised,
WPPSI: Wechsler Preschool and Primary Scale of Infant Intelligence, 95%CI: 95% Confidence Interval. a according to the Newcastle-Ottawa Quality Assessment Scale criteria for cohort
studies, b according to the Newcastle-Ottawa Quality Assessment Scale criteria for case-control studies and cross-sectional surveys, c n per exposure group not mentioned in paper.

Interview
(coffee, tea)

Problem
At approx. 15 1: 0 cups of coffee/
behavior
and 30 weeks tea per day (n coffee
with SDQ
GA
= 26,590) (n tea =
16,762)
2: 0,5-3 cups of coffee/
tea per day (n coffee
= 15,220) (n tea =
21,848)
3: 4-7 cups of coffee/
tea per day (n coffee =
4,396) (n tea = 6,831)
4: ≥8 cups of coffee/
tea per day (n coffee =
1,285) (n tea = 2,050)

47491

Denmark,
cohort study

Hvolgaard
et al,59
2017

Outcome

Timing of
Exposure groups
exposure
assess-ment

Location;
Sample Exposure
Study design size
assessment

Study

Table 3. Continued
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Discussion
In this systematic review we provided an overview of the current knowledge on the effects
of prenatal caffeine exposure on fetal structural brain development and later cognition and
behavior. Prenatal exposure to high caffeine amounts was associated with lower brain weight
at birth in rats. In humans, no effect of prenatal caffeine on head circumference at birth was
reported. Human studies investigating the impact on cognition and behavior in childhood
show inconsistent results. The outcomes from some prospective birth cohorts suggest that
high maternal caffeine intake during pregnancy is associated with lower IQ at childhood age
and more behavioral problems in childhood, while others found no statistically significant
association between prenatal caffeine exposure and childhood cognition or behavior.
In this review we focused exclusively on the effects of prenatal caffeine exposure and we
assessed both structural brain development and cognition and behavior to be able to provide
a complete overview of the effects of prenatal caffeine on neurodevelopment.
There are also some limitations of this review that need to be discussed. First, almost all animal
studies were conducted in rats. Since metabolism of rats and humans differs on many aspects,
the results of these studies are not more than speculative for the effects of prenatal caffeine
on structural brain development in humans.60,61 Rhesus macaques would be a better animal
model, due to their high genetic relationship to humans, yet caution would still have to be
applied when extrapolating the results to humans.62,63 Furthermore, the caffeine amounts that
were fed to the rats in most studies is not equivalent to the amounts of caffeine that humans
normally consume. The lowest amount that still resulted in lower brain weight in rats was
2mg caffeine per 100g body weight, which is equivalent to a daily intake of 10 cups of coffee
in humans.35
Second, the only human studies with structural brain measures as outcome have all used
head circumference, measured during pregnancy or at birth, as proxy for intrauterine
brain development. The finding that prenatal caffeine exposure has no influence on the
circumference of the fetal skull in these studies does not mean that there is no effect on the
development of the brain at all. Therefore, additional studies that assess the fetal brain in more
detail, for example with prenatal three-dimensional (3D) ultrasound or magnetic resonance
imaging (MRI), are needed to determine whether prenatal caffeine exposure influences fetal
brain development in humans. Third, it was not possible to perform a meta-analysis for the
studies examining cognition and behavioral outcomes, due to the high heterogeneity in
the design and in the reporting of the results. The included sources for caffeine exposure,
the amount of caffeine intake per comparison group, the child’s age at which cognition or
behavior was assessed, the effect measure that was chosen to report the results, and the
set of used confounders for adjustment all greatly differed between the studies, making it
impossible to reliably pool the results of these studies in a meta-analysis.
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The overall quality of the included studies with cognition or behavior as outcome was
good, yet there are some aspects that could have influenced their results. Almost all studies
measured caffeine exposure through an interview or questionnaire, which means that
caffeine intake was mostly self-reported. Recall bias and underreporting might have led
to misclassification of caffeine exposure in these studies. However, caffeine exposure was
assessed before outcome in most (cohort) studies in this review. Moreover, as self-reported
measures of caffeine are considered the most valid method for assessing prenatal caffeine
exposure64 and since caffeine is not socially undesirable we expect that the reported amounts
are not systematically underreported. Therefore, it is likely that this misclassification is nondifferential, which may have led to an underestimation of the reported associations.
Last, all studies were observational, and therefore residual confounding by, for instance,
genetic or socioeconomic factors cannot be ruled out.
The results of the animal studies and the human studies with cognition or behavior as outcome
in this review, despite the limitations of these studies, do suggest that caffeine exposure during
pregnancy may influence the development of the fetal brain and consequently cognition
and behavior in later life. One of the hypothesized mechanisms through which caffeine
might influence fetal development is that caffeine increases the release of catecholamines,
which can lead to vasoconstriction in the uteroplacental circulation and to fetal hypoxia.65
Another hypothesized mechanism is that caffeine, a nonselective adenosine antagonist,
blocks adenosine receptors, which leads to vasoconstriction of cerebral vessels followed
by a reduction of cerebral blood flow and perfusion.66–69 Furthermore, adenosine receptors
are among the first receptors expressed in the embryonic brain and are highly expressed in
the hippocampus, cerebellum, brainstem, cerebral cortex and striatum.70 If the fetal brain is
exposed to high levels of caffeine, blockade of these receptors may have consequences for
neurodevelopment.

Conclusions
The currently available evidence is not conclusive but there is some evidence to suggest a
possible negative association between prenatal caffeine exposure and childhood cognition
and behavioral outcomes. We hypothesize that this association is mediated by an effect of
intrauterine caffeine exposure on prenatal brain development. This hypothesis is supported by
data from studies in rats, but not by the results from human studies available up to now. Future
research that looks further into prenatal brain development (e.g. with prenatal 3D-ultrasound
or MRI) and development in childhood is needed to further elucidate the effects of prenatal
caffeine exposure.
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Supplementary table 1a First search in Pubmed and Embase with structural brain development as
outcome
Medline

(pregnancy[Title/Abstract] OR pregnant[Title/Abstract] OR pregnancies[Title/Abstract] OR
gravidity[Title/Abstract] OR gravid[Title/Abstract] OR “in utero”[Title/Abstract] OR perinatal[Title/
Abstract] OR perinatally[Title/Abstract] OR prenatal[Title/Abstract] OR prenatally[Title/Abstract]
OR gestation[Title/Abstract] OR gestational[Title/Abstract] OR intrauterine[Title/Abstract] OR intrauterine[Title/Abstract] OR antenatal[Title/Abstract] OR antenatally[Title/Abstract] OR maternal[Title/
Abstract] OR fetal[Title/Abstract] OR foetal[Title/Abstract] OR fetus[Title/Abstract] OR foetus[Title/
Abstract] OR “Pregnancy”[Mesh:NoExp] OR “Pregnant Women”[Mesh] OR “Fetus”[Mesh:NoExp])
AND (caffeine[Title/Abstract] OR
“Caffeine”[Mesh] OR “Coffee”[Mesh])

caffeinated[Title/Abstract]

OR

coffee[Title/Abstract]

OR

AND((brain[Title/Abstract] OR cerebrum[Title/Abstract] OR cerebri[Title/Abstract] OR cerebral[Title/
Abstract] OR cerebellum[Title/Abstract] OR cerebelli[Title/Abstract] OR cerebellar[Title/
Abstract] OR thalamus[Title/Abstract] OR thalami[Title/Abstract] OR thalamic[Title/Abstract] OR
hippocampus[Title/Abstract] OR hippocampal[Title/Abstract] OR “third ventricle”[Title/Abstract] OR
“septum pellucidum”[Title/Abstract] OR “fourth ventricle”[Title/Abstract] OR “choroid plexus”[Title/
Abstract] OR “lateral ventricle”[Title/Abstract] OR “lateral ventricles”[Title/Abstract] OR “posterior
fossa”[Title/Abstract] OR “fossa posterior”[Title/Abstract] OR intracranial[Title/Abstract] OR vermis[Title/
Abstract] OR vermian[Title/Abstract] OR “cisterna magna”[Title/Abstract] OR “corpus callosum”[Title/
Abstract] OR cortex[Title/Abstract] OR cortical[Title/Abstract] OR gyration[Title/Abstract] OR
sulcation[Title/Abstract] OR gyri[Title/Abstract] OR sulci[Title/Abstract] OR mesencephalon[Title/
Abstract] OR mesencephali[Title/Abstract] OR midbrain[Title/Abstract] OR pons[Title/Abstract]
OR pontine[Title/Abstract] OR medulla[Title/Abstract] OR “gray matter”[Title/Abstract] OR “grey
matter”[Title/Abstract] OR amygdala[Title/Abstract] OR gyrus[Title/Abstract] OR sulcus[Title/Abstract]
OR hypothalamus[Title/Abstract] OR hypothalamic[Title/Abstract] OR “frontal lobe”[Title/Abstract]
OR “parietal lobe”[Title/Abstract] OR “parietal lobes”[Title/Abstract] OR “temporal lobe”[Title/Abstract]
OR “temporal lobes”[Title/Abstract] OR “occipital lobe”[Title/Abstract] OR “white matter”[Title/
Abstract] OR “Brain”[Mesh:noexp] OR “Brain Stem”[Mesh:noexp] OR “Mesencephalon”[Mesh] OR
“Rhombencephalon”[Mesh] OR “Cerebral Ventricles”[Mesh] OR “Gray Matter”[Mesh] OR “Limbic
System”[Mesh] OR “Prosencephalon”[Mesh] OR “White Matter”[Mesh]) AND (sonography[Title/
Abstract] OR ultrasound[Title/Abstract] OR ultrasonography[Title/Abstract] OR ultrasonic[Title/
Abstract] OR echography[Title/Abstract] OR neurosonography[Title/Abstract] OR MRI[Title/Abstract]
OR imaging[Title/Abstract] OR neuroimaging[Title/Abstract] OR “magnetic resonance”[Title/
Abstract] OR autopsy[Title/Abstract] OR morphology[Title/Abstract] OR morphologic[Title/Abstract]
OR post-mortem[Title/Abstract] OR “post mortem”[Title/Abstract] OR volume[Title/Abstract] OR
size[Title/Abstract] OR weight[title/abstract] OR macroscopic[Title/Abstract] OR dissection[Title/
Abstract] OR dissected[Title/Abstract] OR dissect[Title/Abstract] OR harvest[Title/Abstract] OR
harvesting[Title/Abstract] OR “Ultrasonography, Prenatal”[Mesh:noexp] OR “Magnetic Resonance
Imaging”[Mesh:noexp] OR “Diffusion Magnetic Resonance Imaging”[Mesh] OR “Echo-Planar
Imaging”[Mesh] OR “Neuroimaging”[Mesh] OR “Autopsy”[Mesh] OR “Organ Size”[Mesh:noexp] OR
“Dissection”[Mesh:noexp]) OR head circumference[Title/Abstract])
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Supplementary table 1a. Continued
Embase

(‘pregnancy’:ab,ti OR ‘pregnant’:ab,ti OR ‘pregnancies’:ab,ti OR ‘gravidity’:ab,ti OR ‘gravid’:ab,ti OR
‘in utero’:ab,ti OR ‘perinatal’:ab,ti OR ‘perinatally’:ab,ti OR ‘prenatal’:ab,ti OR ‘prenatally’:ab,ti OR
‘gestation’:ab,ti OR ‘gestational’:ab,ti OR ‘intrauterine’:ab,ti OR ‘intra-uterine’:ab,ti OR ‘antenatal’:ab,ti OR
‘antenatally’:ab,ti OR ‘maternal’:ab,ti OR ‘fetal’:ab,ti OR ‘foetal’:ab,ti OR ‘fetus’:ab,ti OR ‘foetus’:ab,ti OR
‘pregnancy’/de OR ‘pregnant woman’/de OR ‘fetus’/de OR ‘prenatal exposure’/de)
AND (‘caffeine’:ab,ti OR ‘caffeinated’:ab,ti OR ‘coffee’:ab,ti OR ‘caffeine’/exp OR ‘coffee’/exp)
AND (((‘head’:ab,ti AND ‘circumference’:ab,ti) OR ‘head circumference’/exp) OR ((‘sonography’:ab,ti
OR ‘ultrasound’:ab,ti OR ‘ultrasonography’:ab,ti OR ‘ultrasonic’:ab,ti OR ‘echography’:ab,ti OR
‘neurosonography’:ab,ti OR ‘mri’:ab,ti OR ‘imaging’:ab,ti OR ‘neuroimaging’:ab,ti OR ‘magnetic
resonance’:ab,ti OR ‘autopsy’:ab,ti OR ‘morphology’:ab,ti OR ‘morphologic’:ab,ti OR ‘post-mortem’:ab,ti
OR ‘post mortem’:ab,ti OR ‘volume’:ab,ti OR ‘size’:ab,ti OR ‘weight’:ab,ti OR ‘macroscopic’:ab,ti OR
‘dissection’:ab,ti OR ‘dissected’:ab,ti OR ‘dissect’:ab,ti OR ‘harvest’:ab,ti OR ‘harvesting’:ab,ti OR ‘fetus
echography’/de OR ‘nuclear magnetic resonance’/de OR ‘diffusion tensor imaging’/exp OR ‘diffusion
weighted imaging’/exp OR ‘autopsy’/exp OR ‘morphology’/exp OR ‘brain size’/exp OR ‘dissection’/
exp OR ‘animal experiment’/de) AND (‘brain’:ab,ti OR ‘cerebrum’:ab,ti OR ‘cerebri’:ab,ti OR ‘cerebral’:ab,ti
OR ‘cerebellum’:ab,ti OR ‘cerebelli’:ab,ti OR ‘cerebellar’:ab,ti OR ‘thalamus’:ab,ti OR ‘thalami’:ab,ti OR
‘thalamic’:ab,ti OR ‘hippocampus’:ab,ti OR ‘hippocampal’:ab,ti OR ‘third ventricle’:ab,ti OR ‘septum
pellucidum’:ab,ti OR ‘fourth ventricle’:ab,ti OR ‘choroid plexus’:ab,ti OR ‘lateral ventricles’:ab,ti OR
‘lateral ventricle’:ab,ti OR ‘posterio fossa’:ab,ti OR ‘fossa posterior’:ab,ti OR ‘intracranial’:ab,ti OR
‘vermis’:ab,ti OR ‘vermian’:ab,ti OR ‘cisterna magna’:ab,ti OR ‘corpus callosum’:ab,ti OR ‘cortex’:ab,ti OR
‘cortical’:ab,ti OR ‘gyration’:ab,ti OR ‘sulcation’:ab,ti OR ‘gyri’:ab,ti OR ‘sulci’:ab,ti OR ‘mesencephalon’:ab,ti
OR ‘mesencephali’:ab,ti OR ‘midbrain’:ab,ti OR ‘pons’:ab,ti OR ‘pontine’:ab,ti OR ‘medulla’:ab,ti OR
‘gray matter’:ab,ti OR ‘grey matter’:ab,ti OR ‘amygdala’:ab,ti OR ‘gyrus’:ab,ti OR ‘sulcus’:ab,ti OR
‘hypothalamus’:ab,ti OR ‘hypothalamic’:ab,ti OR ‘frontal lobe’:ab,ti OR ‘parietal lobe’:ab,ti OR ‘parietal
lobes’:ab,ti OR ‘temporal lobe’:ab,ti OR ‘temporal lobes’:ab,ti OR ‘occipital lobe’:ab,ti OR ‘white matter’:ab,ti
OR ‘brain’/de OR ‘brain region’/exp OR ‘fetus brain’/exp OR ‘rhombencephalon’/exp OR ‘forebrain’/exp
OR ‘mesencephalon’/exp OR ‘brain ventricle’/exp))) AND [embase]/lim NOT [medline]/lim
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Supplementary table 1b. Second search in Pubmed and Embase with behavior or cognition as outcome
Medline

(pregnancy[Title/Abstract] OR pregnant[Title/Abstract] OR pregnancies[Title/Abstract] OR
gravidity[Title/Abstract] OR gravid[Title/Abstract] OR “in utero”[Title/Abstract] OR perinatal[Title/
Abstract] OR perinatally[Title/Abstract] OR prenatal[Title/Abstract] OR prenatally[Title/Abstract]
OR gestation[Title/Abstract] OR gestational[Title/Abstract] OR intrauterine[Title/Abstract] OR intrauterine[Title/Abstract] OR antenatal[Title/Abstract] OR antenatally[Title/Abstract] OR maternal[Title/
Abstract] OR fetal[Title/Abstract] OR foetal[Title/Abstract] OR fetus[Title/Abstract] OR foetus[Title/
Abstract] OR “Pregnancy”[Mesh:NoExp] OR “Pregnant Women”[Mesh] OR “Fetus”[Mesh:NoExp])
AND (caffeine[Title/Abstract] OR
“Caffeine”[Mesh] OR “Coffee”[Mesh])

Embase

caffeinated[Title/Abstract]

OR

coffee[Title/Abstract]

OR

AND (behaviour[Title/Abstract] OR behavior[Title/Abstract] OR behavioural[Title/Abstract] OR
behavioral[Title/Abstract] OR cognition[Title/Abstract] OR cognitive[Title/Abstract] OR SDQ[Title/
Abstract] OR “strengths[Title/Abstract] AND difficulties”[Title/Abstract] OR CBCL[Title/Abstract] OR
autism[Title/Abstract] OR autistic[Title/Abstract] OR ADHD[Title/Abstract] OR hyperactive[Title/
Abstract] OR hyperactivity[Title/Abstract] OR conduct[Title/Abstract] OR “social competence”[Title/
Abstract] OR IQ[Title/Abstract] OR intelligence[Title/Abstract] OR intelligent[Title/Abstract] OR
self-regulation[Title/Abstract] OR self-control[Title/Abstract] OR emotion[Title/Abstract] OR
emotional[Title/Abstract] OR fear[Title/Abstract] OR anxiety[Title/Abstract] OR well-being[Title/
Abstract] OR psychiatry[Title/Abstract] OR psychiatric[Title/Abstract] OR psychosocial*[Title/
Abstract] OR aggression[Title/Abstract] OR aggressive[Title/Abstract] OR “oppositional defiant”[Title/
Abstract] OR neuropsychology[Title/Abstract] OR attention[Title/Abstract] OR attentive[Title/Abstract]
OR achievement[Title/Abstract] OR achievements[Title/Abstract] OR learning[Title/Abstract] OR
“Behavior”[Mesh:NoExp] OR “Child Behavior”[Mesh] OR “Adolescent Behavior”[Mesh] OR “Behavioral
Symptoms”[Mesh] OR “Cognition”[Mesh] OR “Neurodevelopmental Disorders”[Mesh] OR “Child
Psychiatry”[Mesh] OR “Self-Control”[Mesh])
(‘pregnancy’:ab,ti OR ‘pregnant’:ab,ti OR ‘pregnancies’:ab,ti OR ‘gravidity’:ab,ti OR ‘gravid’:ab,ti OR
‘in utero’:ab,ti OR ‘perinatal’:ab,ti OR ‘perinatally’:ab,ti OR ‘prenatal’:ab,ti OR ‘prenatally’:ab,ti OR
‘gestation’:ab,ti OR ‘gestational’:ab,ti OR ‘intrauterine’:ab,ti OR ‘intra-uterine’:ab,ti OR ‘antenatal’:ab,ti OR
‘antenatally’:ab,ti OR ‘maternal’:ab,ti OR ‘fetal’:ab,ti OR ‘foetal’:ab,ti OR ‘fetus’:ab,ti OR ‘foetus’:ab,ti OR
‘pregnancy’/de OR ‘pregnant woman’/de OR ‘fetus’/de OR ‘prenatal exposure’/de)
AND (‘caffeine’:ab,ti OR ‘caffeinated’:ab,ti OR ‘coffee’:ab,ti OR ‘caffeine’/exp OR ‘coffee’/exp)
AND (‘behaviour’:ab,ti OR ‘behavior’:ab,ti OR ‘behavioural’:ab,ti OR ‘behavioral’:ab,ti OR ‘cognition’:ab,ti
OR ‘cognitive’:ab,ti OR ‘sdq’:ab,ti OR (‘strength’:ab,ti AND ‘difficulties’:ab,ti) OR ‘cbcl’:ab,ti OR ‘autism’:ab,ti
OR ‘autistic’:ab,ti OR ‘adhd’:ab,ti OR ‘hyperactive’:ab,ti OR ‘hyperactivity’:ab,ti OR ‘conduct’:ab,ti OR
‘social competence’:ab,ti OR ‘iq’:ab,ti OR ‘intelligence’:ab,ti OR ‘intelligent’:ab,ti OR ‘self-regulation’:ab,ti
OR ‘emotion’:ab,ti OR ‘self-control’:ab,ti OR ‘emotional’:ab,ti OR ‘fear’:ab,ti OR ‘anxiety’:ab,ti OR ‘wellbeing’:ab,ti OR ‘psychiatry’:ab,ti OR ‘psychiatric’:ab,ti OR ‘psychosocial’:ab,ti OR ‘aggression’:ab,ti OR
‘aggressive’:ab,ti OR ‘oppositional defiant’:ab,ti OR ‘neuropsychology’:ab,ti OR ‘attention’:ab,ti OR
‘attentive’:ab,ti OR ‘achievement’:ab,ti OR ‘achievements’:ab,ti OR ‘learning’:ab,ti OR ‘behavior’/exp OR
‘cognition’/exp OR ‘child behavior checklist’/exp OR ‘behavior disorder’/exp OR ‘mental disease’/exp)
AND [embase]/lim NOT [medline]/lim
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Supplementary table 2. In- and exclusion criteria for the first search with structural brain development
as outcome and for the second search with childhood behavior and cognition as outcome

Structural brain

Inclusion criteria

Exclusion criteria

Human or (other) mammal studies

Non-mammal studies

RCT, cohort, cross-sectional, case-control or
animal study
Determinant is prenatal caffeine intake

Review, meta-analysis, conference abstract,
commentary, letter, case report
Caffeine exposure in neonatal period

Outcome is macroscopic brain
measurement (e.g. head circumference,
brain weight, ultrasound or MRI findings)
Full text available

Outcome is microscopic brain
measurement (e.g. histology, cell count,
protein levels) or behavior

4

Text in English or Dutch language
Behavior

Human studies

Animal studies

RCT, cohort, cross-sectional or case-control
study
Determinant is prenatal caffeine intake

All other study designs
Caffeine exposure in neonatal period

Outcome is behavior or cognition in
childhood
Full text available
Text in English or Dutch language
RCT: Randomized controlled trial

95

Chapter 4

Supplementary table 3a. Quality assessment of the included cohort studies, according to the
Newcastle-Ottawa Quality Assessment Scale criteria
Comparability

A

B

A

A

D

good

A

A

A

A

C

good

Overall judgement of qualityd

A
A

Assessment of outcomec

B
B

Study controls for additional factorsb

A
A

Demonstration that outcome was not
present at start study

C
C

Ascertainment of exposurea

Barr, 1984
Fried, 1987

Selection of the non-exposed cohort

Adequacy of follow-up of cohorts

Outcome

Follow-up long enough for outcomes

Study controls for length of gestation/SES

Representativeness of exposed cohort

Selection

Structural brain

Barr, 1991

C

A

B

A

A

A

B

A

B

good

Godel, 1992

C

A

C

A

A

B

B

A

D

fair

Mills, 1993

C

A

A

A

A

A

A

A

D

good

Bakker, 2010

A

A

C

A

A

A

A

A

C

good

Conde, 2011

A

A

B

A

B

B

A

A

D

poor

Sasaki, 2017

A

A

C

A

A

A

B

A

B

good

Peacock, 2018

C

A

B

A

B

A

B

A

D

good

C

A

B

A

A

B

A

A

B

good

Behavior
Barr, 1991
Linnet, 2009

A

A

C

A

A

A

A

A

A

good

Bekkhus, 2010

A

A

C

A

A

A

A

A

C

good

Loomans, 2012

A

A

C

A

A

A

A

A

C

good

Klebanoff, 2015

A

A

A

A

A

B

A

A

C

good

Del-Ponte, 2016

A

A

C

A

A

B

A

A

B

good

Galera, 2016

B

A

C

A

A

A

A

A

C

good

Hvolgaard, 2017

A

A

B

A

A

B

A

A

C

good

SES: Socioeconomic status, aA C was given if an interview took place after pregnancy. bfor the studies with structural
brain development as outcome important additional factors were child’s gender, maternal smoking and maternal
alcohol. For the studies with behavior as outcome important additional factors were maternal smoking, maternal
alcohol and maternal psychosocial status. can A was given for use of validated questionnaires. dOverall quality was ‘
good’ (3 or 4 stars for selection, 1 or 2 stars for comparability, and 2 or 3 stars for outcome), ‘fair’ (2 stars for selection, 1
or 2 stars for comparability, and 2 or 3 stars for outcome), or ‘poor’ (0 or 1 star for selection, or 0 stars for comparability,
or 0 or 1 star for outcome)
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Supplementary table 3b. Quality assessment of the included case-control and cross-sectional studies,
according to the Newcastle-Ottawa Quality Assessment Scale criteria
Exposure

B

C

A

A

good

A

B

D

A

A

good

Abidoye, 1990

A

B

B

A

B

B

C

A

A

poor

Schmidt, 2009

A

A

A

A

B

A

C

A

A

good

Non-response rate

Overall judgement of qualityc

A

A

Same method of ascertainment
cases/controls

A

B

Ascertainment of exposureb

A

Study controls for additional
factorsa

A
A

Study controls for
length of gestation/SES

A
A

Definition of controls

Jacobson, 1984
Beaulac-Baillargeon, 1987

Case definition adequate

Selection of controls

Comparability

Representativeness of the cases

Selection

Structural brain

Behavior
Teramoto, 2005

A

A

A

A

A

B

D

A

A

good

Chiu, 2009

A

A

A

A

B

B

D

A

A

poor

SES: Socioeconomic status, a for the studies with structural brain development as outcome important additional
factors were child’s gender, maternal smoking and maternal alcohol, except for Schmidt, 2009 for which folic acid
intake and maternal alcohol were considered import additional factors. For the studies with behavior as outcome
important additional factors were maternal smoking, maternal alcohol and maternal psychosocial status. b A C was
given if an interview took place after pregnancy. cOverall quality was ‘ good’ (3 or 4 stars for selection, 1 or 2 stars for
comparability, and 2 or 3 stars for outcome), ‘fair’ (2 stars for selection, 1 or 2 stars for comparability, and 2 or 3 stars for
outcome), or ‘poor’ (0 or 1 star for selection, or 0 stars for comparability, or 0 or 1 star for outcome)

Random sequence generation

Allocation concealment

Blinding of participants and
personnel

Blinding of outcome assessment

Incomplete outcome data

Selective reporting

Other bias

Overall judgment of quality

Supplementary table 3c. Quality assessment of the included randomized controlled trial, according to
the Cochrane Risk of Bias Tool

low

low

low

low

low

low

low

low

Structural brain
Bech, 2007
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Abstract
Objective
The aim of this study is to explore whether intrauterine exposure to caffeine influences fetal
intracranial, cerebellar and frontal lobe volume and growth during pregnancy.

Methods
Three-dimensional ultrasound sweeps of the fetal brain were acquired within the YOUth
cohort at two prenatal visits, around 20 and 30 weeks’ gestational age (GA). In the images
of 150 participants, intracranial, cerebellar and frontal lobe volumes were measured offline,
using the Virtual Organ Computer-aided AnaLysis technique. Caffeine consumption during
pregnancy was calculated from coffee and tea intake, assessed through questionnaires
that were administered after each visit. Linear regression analyses were used to assess the
association between intrauterine exposure to caffeine and log transformed intracranial,
cerebellar and frontal lobe volume at both visits. Linear mixed models were applied to assess
the effect of time dependent caffeine exposure on the growth of these brain structures.

Results
Caffeine exposure was not associated with intracranial, cerebellar, and frontal lobe volume
(adjusted regression coefficients per 85mg per day: around 20 weeks’ GA: -0.014 (95%CI: -0.033,
0.004), -0.017 (95%CI: -0.038, 0.005), and -0.012 (95%CI: -0.041, 0.016); around 30 weeks’ GA:
-0.004 (95%CI: -0.023, 0.019), -0.013 (95%CI: -0.033, 0.008), and -0.011 (95%CI: -0.037, 0.014) ).
Including prenatal caffeine exposure did not improve the fit of the fully adjusted mixed models
when compared to the models without prenatal caffeine exposure, indicating that prenatal
caffeine did not statistically significantly affect growth trajectories of intracranial, cerebellar
and frontal lobe volume during pregnancy.

Conclusion
Intrauterine exposure to caffeine was not statistically significantly associated with intracranial,
cerebellar or frontal lobe volume, or with the growth trajectories of these brain structures.
However, a nonsignificant negative trend was found, suggesting that intrauterine caffeine
exposure could reduce brain structure volumes. Due to the limited sample size definite
conclusions cannot be drawn. Hence, the study needs to be repeated in a larger study.
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Introduction
Caffeinated drinks, like coffee and tea are popular throughout the world, and also
consummated by many women during pregnancy.1,2 In recent birth cohorts, more than
80% of the participating pregnant women reported caffeine intake.3–6 Maternal blood
concentrations of caffeine are much higher during pregnancy due to an increased half-life
of caffeine.7,8 Since caffeine can readily pass the placenta, this leads to concerns about the
potential influence of caffeine on fetal development.9,10 The European Food Safety Authority
(EFSA) panel and the American College of Obstetricians and Gynecologists recommend to
consume no more than 200 mg caffeine (~2-3 cups of coffee) per day during pregnancy11,12,
since higher maternal caffeine intakes have been associated with an increased risk on low
birth weight and pregnancy loss.13–15
In addition to those outcomes, some studies suggested that prenatal exposure to high
concentrations of caffeine leads to impaired cognitive development5 and more behavioral
problems16,17 in childhood. This association is possibly mediated by an intrauterine effect on
fetal brain development, since caffeine can cross the blood-brain barrier.18,19 Studies in rats,
that have found a reduced brain weight at birth after prenatal exposure to high amounts of
caffeine, support this hypothesis.20–22 A possible mechanism through which caffeine might
influence the fetal brain, is a reduction of cerebral perfusion caused by vasoconstriction of
cerebral vessels due to the antagonizing effect of caffeine on adenosine receptors in the
brain.23–25 To our knowledge, human studies have only evaluated the effect of maternal
caffeine intake during pregnancy on the child’s head circumference at birth. In these studies
prenatal exposure to caffeine was not associated with a lower head circumference26–29, yet
head circumference is a very crude parameter and therefore this does not rule out an effect of
caffeine on fetal brain development.
Recently, we have described a method for measurement of volumes of brain structures in threedimensional ultrasound images of the fetal brain.30 This method enables the investigation of
the effect of prenatal exposures on fetal brain growth. The purpose of this study is to explore
whether prenatal exposure to caffeine affects intracranial, cerebellar and frontal lobe volumes,
and the growth of these brain structures during pregnancy.
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Methods
Population
This exploratory study was performed with data from the first 150 participants of the YOUth
cohort. YOUth is a large prospective observational cohort study in the Netherlands that
examines how neurocognitive development mediates the association between biological,
child-related and environmental factors, and the development of social competence and
behavioral control in children. (https://www.uu.nl/en/research/youth-cohort-study)To this
purpose, YOUth recruits pregnant women in Utrecht and surrounding areas and follows the
development of their children from pregnancy onwards until childhood. Recruitment started
in July 2015 and is still ongoing. Women are only excluded from participation if they do not
master the Dutch language or if they do not wish to be informed on unexpected findings.
Three-dimensional ultrasound sweeps of the fetal brain are acquired during the first visit,
between 19 and 24 weeks of gestation, and again during the second visit between 28 and 33
weeks of gestation. Participants are asked to fill out online questionnaires at home about many
things, such as demographics, medical and psychiatric history, lifestyle, nutrition etc., within
four weeks after each visit. YOUth was approved by the Medical Research Ethics Committee of
the UMC Utrecht and all participating women provided informed consent.

Assessment of caffeine consumption
Pregnant women were asked, through questionnaires after the first and second visit, whether
they drank coffee or tea and if yes, how many cups per day. Coffee was further specified as
caffeinated or decaffeinated coffee, and tea as black, green, decaffeinated or herbal tea. We
converted the reported coffee and tea intakes into the amount of consummated caffeine per
day (in mg), whereby caffeine content of one average serving of caffeinated coffee is 85mg, of
black and green tea is 30mg, of decaffeinated coffee or tea is 3mg and of herbal tea is 0mg.31
If participants reported to drink both caffeinated and decaffeinated coffee and/or tea, we
assumed that half of the amount of coffee/tea reported consisted of caffeinated intake and
half of decaffeinated intake.

Ultrasonographic outcomes
Three-dimensional ultrasound sweeps of the fetal brain were acquired from all 150 participants
at the first visit, and again from 149 participants at the second visit. One participant did not
return for the second visit. The sweeps were made by ten experienced sonographers, who
also performed fetal biometry (head circumference, abdominal circumference and femur
length) and registered the gestational age (GA) at measurement in logfiles. The Voluson E10
(GE Healthcare, Zipf, Austria) ultrasound machine was used, with a 2-6 MHz convex probe
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(RM6C). Sweeps, containing the complete fetal head, were made in axial, coronal and sagittal
direction, at maximum quality of acquisition with a 65° angle.
Intracranial, cerebellar and frontal lobe volume were measured offline with Virtual Organ
Computer Aided Analysis (VOCAL), using the GE Medical systems 4D View software, version
14 Ext.4 (GE Healthcare, Zipf, Austria) according to previously described methods.30 For the
measurement of frontal lobe volume, the transfrontal coronal plane was selected as reference
plane in box A, with the midsagittal plane visible in box B and the transthalamic plane in
box C. With the rotation angle set at 15° the frontal lobe was manually traced in twelve
consecutive planes taking the inner edges of the skull, the upper edge of the Sylvian fissure,
the Central Sulcus and the Corpus Callosum as boundaries. After this process, the VOCAL
software calculates the volume of the traced frontal lobe (with a technical algorithm32).

Assessment of other participant characteristics
Information on age, education (low, medium or high), ethnicity (Western or non-Western),
parity, current stress experience (none, some, moderate or severe), treatment for a psychiatric
disorder in the last year (yes or no), smoking during pregnancy (yes or no) and alcohol
consumption during pregnancy (yes or no) was obtained through questionnaires, that were
administered after the first visit. Maternal smoking and alcohol use during pregnancy were
asked again after the second visit.

Statistical analysis
Demographic characteristics were described for the total study groups and according to
low (<200 mg/day) and high (≥200mg/day) maternal caffeine consumption, using mean
±standard deviation (SD), median with interquartile range (IQR) or frequency with percentage.
Missing data were multiple imputed using the fully conditional specification method with 10
iterations, through regression modelling, to create 10 imputed datasets (SPSS Impute Missing
Values procedure). Subsequent analyses were performed in each imputed dataset and the
results were pooled according to Rubin’s rule.
Caffeine was entered as a continuous variable, whereby we divided the total amount of
consummated milligrams of caffeine per day by 85 (the average amount of caffeine per cup
of coffee), in order to describe the effect of caffeine on intracranial, cerebellar and frontal
lobe volume per consummated cup of coffee. As the values for intracranial, cerebellar and
frontal lobe volume were not normally distributed they were natural log transformed.
Linear regression analyses were used to examine the association between prenatal caffeine
exposure and the log transformed intracranial, cerebellar and frontal lobe volumes (in ln(cm3))
at the first visit (around 20 weeks’ GA), and at the second visit (around 30 weeks’ GA). The first
model was adjusted for gestational age at ultrasound examination and the child’s gender. In
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a second model, the association was additionally adjusted for maternal education, alcohol
consumption during pregnancy, current experience of stress and treatment for a psychiatric
disorder in the last year. Adjustment for smoking during pregnancy was not possible due
to the small number of women in our study group who smoked during pregnancy (n=1),
therefore we repeated the analyses with the second model without the woman that smoked
during pregnancy.
Linear mixed model analyses were performed to investigate whether caffeine consumption
alters the growth trajectories of intracranial, cerebellar and frontal lobe volume. A random
intercept only model was used to account for the correlation between repeated measurements.
Intracranial and cerebellar volume measurements were cube root transformed and frontal lobe
volume measurements were natural log-transformed, to best approach natural distribution of
the residuals. First, unconditional models were fitted with transformed intracranial, cerebellar
or frontal lobe volume measurements (in 3√(cm3) or ln(cm3)) as dependent variable and
gestational age (in days, centered at 19 weeks’ GA) as the timescale. Models with polynomials
for gestational age were compared, using likelihood ratio tests. To the best performing model
the following fixed effects were added: gender of the child, maternal education, alcohol
consumption during pregnancy (time-dependent), experience of stress and treatment for
a psychiatric disorder in the last year. Subsequently, we tested whether including prenatal
caffeine consumption (per 85mg caffeine per day) as time-dependent fixed effect and as
interaction terms with (polynomials of ) gestational age significantly improved the model fit
compared to models without these caffeine variables, using likelihood ratio tests. P-values
<0.05 were considered statistically significant. All statistical analyses were performed using
IBM SPSS software version 24.0 (IBM corp. Armonk, NY).
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Results
The characteristics of the 150 women that were included in this study are presented for
the total study population and by caffeine consumption group in Table 1. Age at inclusion
was approximately the same in both groups and almost all women had a Western ethnicity
(>95%). Women who consumed 200mg caffeine or more per day were more likely to have a
high educational level (88.9% vs 76.6%) and to consume alcohol during pregnancy (55.6% vs
25.0%), and were less likely to be treated for a psychiatric disorder in the last year (3.7% vs 4.6%)
and to be nulliparous (51.9% vs 56.5%) than women who consumed less than 200mg caffeine
per day. Except for one, none of the women in this study group smoked during pregnancy. The
percentage of male infant gender was higher in the low caffeine group (45.8%) than in the high
caffeine group (33.3%). Median caffeine consumption of the entire study group was 115mg/
day at both visits (IQR at first visit: 44-175mg/day, IQR at second visit: 60-175mg/day), which is
equivalent to 1.4 cups of coffee or 3.8 cups of tea per day. Information on caffeine consumption
at the first visit was missing for 10% and at the second visit for 15.3%. Missing information on
covariates varied between 0% (on maternal age) and 11.3% (on current stress experience).
For the 150 ultrasound examinations that were performed around 20 weeks’ GA, it was possible
to measure intracranial volume in 136 participants (91%), cerebellar volume in 135 participants
(90%), and frontal lobe volume in 129 participants (86%). For the 149 ultrasound examinations
that were performed around 30 weeks’ GA, it was possible to measure intracranial volume in
117 participants (79%), cerebellar volume in 113 participants (76%), and frontal lobe volume
in 115 participants (77%).

Linear regression analyses
The associations between caffeine consumption (per 85mg caffeine per day) and natural log
transformed intracranial, cerebellar and frontal lobe volume around 20 weeks’ GA and around
30 weeks’ GA are presented in Table 2. None of the estimates were statistically significant.
However, all regression coefficients on each outcome were negative, indicating lower brain
structure volumes in women with higher caffeine intake. In the fully adjusted model (model
2) around 20 weeks’ GA log transformed intracranial, cerebellar, and frontal lobe volume
decreased for each 85 mg caffeine consumed per day extra (β=-0.014 (95% CI: -0.033, 0.004),
-0.017 (95% CI: -0.038, 0.005), and -0.012 (95% CI: -0.041, 0.016), respectively). Converted this
means that each additional cup of coffee per day (i.e. 85 mg of caffeine per day) is associated
with a 1 to 2% smaller brain structure volume around 20 weeks’ GA. Around 30 weeks’ GA,
effects were even smaller, but in the same direction (β=-0.004 (95% CI: -0.023, 0.019), -0.013
(95% CI: -0.033, 0.008), and -0.011 (95% CI: -0.037, 0.014) for intracranial, cerebellar and frontal
lobe volume, respectively). This converts to a decrease of 0.4 to 1% in the volume of these
brains structures per 85mg of caffeine per day.
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Table 1. Baseline characteristics at the first visit presented by caffeine consumption (n = 150).
Total study
population
(n = 150)

Caffeine consumption
at first visit
≥200 mg/day
<200 mg/day
(n = 27)a
(n = 108)a

Caffeine consumption
At 1st visit (mg/day)b,d

115.0 [44.0, 175.0]

85.0 [30.0, 145.0]

260.0 [205.0, 315.0]

At 2nd visit (mg/day)

115.0 [60.0, 175.0]

90.0 [30.0, 145.0]

235.0 [195.5, 258.8]

b,d

Maternal characteristics
Age (years)c

31.8 (± 4.4)

31.6 (± 4.5)

32.6 (± 4.4)

Ethnicity (% (n) Western)d

96.4% (132)

97.2% (103)

100% (27)

Education (% (n)

d

2.9% (4)

2.8% (3)

3.7% (1)

Middle

Low

18.1% (25)

20.6% (22)

7.4% (2)

High

79.0% (109)

76.6% (82)

88.9% (24)

56.5% (78)

56.5% (61)

51.9% (14)

0.7% (1)

0.9 % (1)

0.0% (0)

31.1% (42)

25.0% (27)

55.6% (15)

Parity (% (n) nulliparous)d
Smoking during pregnancy
(% (n) yes)d
Alcohol consumption during pregnancy
(% (n) yes)d
Current stress experienced
None

45.1% (60)

44.8% (47)

44.4% (12)

Some

50.4% (67)

50.5% (53)

51.9% (14)

Moderate

3.8% (5)

3.8% (4)

3.7% (1)

Severe

0.8% (1)

1.0% (1)

0.0% (0)

4.4% (6)

4.6% (5)

3.7% (1)

43.0% (64)

45.8% (49)

33.3% (9)

Treated for psychiatric disorder
in last year (% (n) yes)d
Child characteristic
Gender (% (n) male)d

Due to missing values, these numbers do not add up to the total number of participants (n=150).
Median [interquartile range].
c
Mean (± standard deviation).
d
Missing values (n, %): caffeine consumption at first visit (15, 10%), caffeine consumption at second visit (23, 15.3%),
maternal ethnicity (13, 8.7%), maternal education (12, 8.0%), current stress experience (17, 11.3%), treated for
psychiatric disorder in last year (13, 8.7%), parity (12, 8.0%), smoking during pregnancy (15, 10%), alcohol consumption
during pregnancy (15, 10%), gender child (1, 0.7%).
a

b

106

Intrauterine caffeine exposure and fetal brain growth

Table 2. Associations between prenatal caffeine consumption (per 85mg, equivalent to 1 cup of coffee)
and natural log transformed intracranial, cerebellar and frontal lobe volume at the first visit (19-24 weeks
GA) and at the second visit (28-33 weeks GA).
Intracranial volume
(log transformed)
β
At first visit

(95% CI)

Cerebellar volume
(log transformed)
β

n = 136

(95% CI)

Frontal lobe volume
(log transformed)
β

n = 135

(95% CI)
n = 129

Model 1a

-0.012

(-0.030, 0.005)

-0.015

(-0.035, 0.06)

-0.011

(-0.037, 0.016)

Model 2b

-0.014

(-0.033, 0.004)

-0.017

(-0.038, 0.005)

-0.012

(-0.041, 0.016)

Model 3

-0.016

(-0.034, 0.002)

-0.019

(-0.041, 0.003)

-0.016

c

At second visit

n = 117

n = 113

(-0.044, 0.012)
n = 115

Model 1a

-0.002

(-0.023, 0.019)

-0.011

(-0.031, 0.010)

-0.010

(-0.035, 0.014)

Model 2b

-0.004

(-0.025, 0.017)

-0.013

(-0.033, 0.008)

-0.011

(-0.037, 0.014)

Model 3c

-0.006

(-0.026, 0.015)

-0.015

(-0.036, 0.007)

-0.015

(-0.040, 0.010)

Abbreviations: GA, gestational age. β, regression coefficient, CI, confidence interval.
a
Model 1 was adjusted for gestational age at ultrasound examination (days) and gender of the child.
b
Model 2 was additionally adjusted for maternal education (low/middle/high), alcohol consumption during
pregnancy (yes/no), current experience of stress (none/some/moderate/severe) and treatment for psychiatric
disorder in the last year (yes/no).
c
Model 3 was equal to model 3, but women who smoked during pregnancy were excluded from the analyses.

Mixed model analyses
The growth trajectory of intracranial volume was best described by a cubic model and the
growth trajectories of cerebellar and frontal lobe volume by quadratic models. The results
of the fully adjusted mixed models, estimating the associations between prenatal caffeine
exposure and intracranial, cerebellar and frontal lobe volume growth, are presented in Table 3.
Caffeine consumption was not a statistically significant predictor for any of the outcomes, nor
were interaction terms of caffeine consumption with polynomials of gestational age. When
comparing the fully adjusted models with caffeine consumption to the fully adjusted models
without caffeine consumption, the likelihood ratio tests were statistically significant in 0 of
10 imputed sets for intracranial volume, 4 of 10 imputed sets for cerebellar volume and 0 of
10 imputed sets for frontal lobe volume. This indicates that caffeine consumption does not
influence the growth of intracranial, cerebellar and frontal lobe volume between 20 and 30
weeks of gestation.

107

5

108
(95% CI)

(0.047 – 0.634)

1 of 10 imputed sets

(-3.3 *10-6, 8.6 *10-7)

-1.5 *10-5

0.0014

-0.026

5.9 *10-5

0.008

1.15

Estimate

(0.010 – 0.443)

4 of 10 imputed sets

(-3.5 *10-5, 4.5 *10-6)

(-0.0004, 0.0032)

(-0.054, 0.002)

(2.5 *10-5, 9.3 *10-5)

(0.005, 0.012)

(1.07, 1.23)

n = 248

(95% CI)

Cerebellar volumea
(cube root transformed)

2.3 *10-5

-0.0022

0.023

-1.1 *10-4

0.032

2.50

Estimate

(0.304 – 0.803)

0 of 10 imputed sets

(-1.9 *10-5, 6.5 *10-5)

(-0.0061, 0.0017)

(-0.036, 0.082)

(-1.9 *10-4, -3.9 *10-5)

(0.024, 0.039)

(2.31, 2.69)

n = 244

(95% CI)

Frontal lobe volumea
(log transformed)

Abbreviations: GA, gestational age. CI, confidence interval.
a
All models included the following additional fixed effects: Gender of the child, maternal education (low/middle/high), alcohol consumption during pregnancy (yes/no),
current experience of stress (none/some/moderate/severe) and treatment for psychiatric disorder in the last year (yes/no).
b
basic models with linear, quadratic and cubic components were compared and the best fitting model (based on -2 log likelihood ratio test) was chosen for further
analysis (i.e. cubic for intracranial volume, and quadratic for cerebellar and frontal lobe volume)
c
-2 log likelihood ratios of the fully adjusted model with caffeine consumption and the fully adjusted model without caffeine consumption were compared.

range p-values

Number of likelihood ratio test p <0.05c

-1.2 *10-6

GA3 x caffeine

(-9.3 *10-5, 4.6 *10-4)

(-0.018, 0.003)

-0.008
1.8 *10-4

GA x caffeine

GA2 x caffeine

(-0.052, 0.165)

0.057

(-4.2 *10-6, 3.0 *10-6)

-6.0 *10-7

GA3

Caffeine consumption
(per 85mg per day)

(0.023, 0.061)
(-5.3 *10-4, 4.4 *10-4)

0.042
-4.7 *10-5

(3.24, 3.81)

n = 253

GA

3.52

Estimate

GA2

Gestational ageb

Fixed Intercept

Measurements

Intracranial volumea
(cube root transformed)

Table 3. Fixed effects of the Linear Mixed Models with change in cube root transformed intracranial and cerebellar volume and natural log transformed
frontal lobe volume during pregnancy as outcome.
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Discussion
In this study prenatal caffeine consumption was not associated with intracranial, cerebellar
and frontal lobe volume at around 20 or 30 weeks’ gestation, nor with the growth trajectories
between 20 and 30 weeks’ GA.
This is the first attempt to investigate the impact of intrauterine exposure to caffeine on actual
human fetal brain development instead of a proxy for fetal brain development (e.g. head
circumference). In addition, prospective measurement of intracranial, cerebellar and frontal
lobe volume at two visits, did not only allow the investigation of the impact of caffeine on
the size of these structures at fixed time points but also on their growth between 20 and
30 weeks of gestation. From 20 weeks’ GA onwards, the volume of the fetal brain starts to
grow exponentially,33–35 making brain (structure) volume an appropriate outcome measure
for studying the impact of intrauterine exposures on brain development in this period of time.
However, this study also has some limitations. Firstly, as this was a preliminary study to
explore whether this research question is worth pursuing in a large sample, the size of the
current study was too small to demonstrate an effect of prenatal exposure to caffeine on
the volume and growth of fetal brain structures. However, the results from the regression
analyses consistently showed a negative trend, indicating that prenatal caffeine consumption
might be associated with decreased volumes of brain structures. Therefore, a possible effect
of intrauterine exposure to caffeine on fetal brain development cannot be ruled out. Since
this association has not been studied before, we did not know what effect size to expect
and therefore were not able to estimate the necessary sample size on beforehand. With the
results from this exploratory study, we can now estimate the needed sample size, which will
have to be at least 1200 (for cerebellar volume) to 1800 (for intracranial volume), based on
the estimates from the linear regression at 20 weeks GA, α=0.05, and β=0.20, to demonstrate
a possible effect of prenatal caffeine exposure on brain structure volumes in this study
population.36 Secondly, intracranial, cerebellar and frontal lobe volume could not be measured
in all participants at both visits. Even though for the majority of the participants it was possible
to measure intracranial volume (72%), cerebellar volume (69%) and frontal lobe volume (69%)
at both visits, the quality of the 3D-images was inadequate in approximately 10% of the sets
acquired around 20 weeks’ GA and in approximately 20% of the sets acquired around 30 weeks’
GA. This reduced our sample size for all analyses and further limited the power of our study.
Thirdly, caffeine consumption was assessed through self-reported questionnaires, which
can be subject to recall bias and to underreporting due to social desirability. However, since
the questionnaires on caffeine consumption were administered during pregnancy (within
four weeks after the visit), we expect the amount of recall bias in our study to be minimal.
Furthermore, caffeine consumption is generally not considered socially undesirable (as for
example smoking or alcohol consumption). Therefore the reported amounts of consumed
coffee and tea are probably reasonably reliable. Even though it is possible to measure caffeine
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concentrations in blood, self-reported measures of caffeine are still considered the most
valid method for assessing prenatal caffeine exposure, since blood measurements reflect the
exposure at a particular point in time and not the long-term average exposure.37 We were
only able to calculate the amount of maternal caffeine consumption during pregnancy based
on coffee and tea intake. Other sources for caffeine, e.g. cola and energy drinks, were not
incorporated in the questionnaires. This means that actual amount of caffeine consumption
was likely a bit higher than estimated in this study. On the other hand, the amount of caffeine
per cup will have differed between participants due to variability in preparation and portion
size. This may have resulted in some degree of measurement error in the assessment of caffeine
consumption. Finally, even though we adjusted for important potential confounders, i.e.
social economic status (through maternal education), prenatal exposure to alcohol, smoking,
and stress experience, residual confounding by additional unmeasured factors (e.g. genetic
components or other environmental effects) or imperfect measurement of the covariates (e.g.
smoking could have been underreported) cannot be ruled out.
For now it remains undecided whether prenatal exposure to caffeine influences the fetal brain
development. However, if our finding of a trend towards lower brain volumes (by 1 to 2% per
cup of coffee per day) after intrauterine exposure to caffeine would be confirmed in a larger
study, the impact of this reduction on brain development and function would require further
study. A study that investigated the head growth of preterm born infants from birth until
term equivalent age found that larger growth was associated with higher scores on mental
and psychomotor development scales.38 In addition, another study found that children and
adolescents with ADHD have an about 3.2% smaller cerebral volume and about 3.5% smaller
cerebellar volume in comparison to age- and sex- matched controls.39 The results of these
studies suggest that even small differences in volume of the brain and brain structures might
be associated with developmental and behavioral impairment. If this is true, consumption of
more than two to three cups of coffee per day during pregnancy could have real impact on
the child’s mental health.
In conclusion, in this first exploratory study we found that intrauterine exposure to caffeine
was not statistically significantly associated with smaller intracranial, cerebellar or frontal
lobe volumes or the growth trajectories of these brain structures. However, our findings do
not rule out an effect of caffeine on fetal brain size and growth, since they suggest a trend
toward lower brain structure volumes after exposure to caffeine. For definite conclusions, this
study will have to be repeated with a ten times larger sample size. If intrauterine exposure to
caffeine does lead to smaller brain structure volumes, further research will have to elucidate
the impact of this for brain function and development in the offspring.
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Abstract
Objective
To investigate the effects of maternal smoking and alcohol consumption during pregnancy
on the risk of developing behavioral problems in the offspring.

Methods
Prospective cohort study and meta-analysis. We included 1010 children from the Dutch
Whistler birth cohort, wherein prenatal exposure to smoking and alcohol was assessed
through questionnaires and behavioral outcome at age 5 was measured by the Strengths
and Difficulties Questionnaire (SDQ). The association was analyzed using multivariate logistic
regression. In the meta-analysis all previous observational studies on the association between
prenatal smoking/alcohol consumption and offspring behavior assessed with the SDQ were
included. Quality of the studies was assessed using QUIPS. Pooled odds ratios with 95%
confidence intervals (CI) were calculated with a random effects inverse variance weighted
model.

Results
In Whistler, no statistically significant association between prenatal smoking and behavioral
outcomes was observed. However, when combining all studies in the meta-analysis prenatal
exposure to smoking was associated with an increased risk on emotional symptoms (OR=1.33,
95%CI: 1.07-1.64), hyperactivity (OR=1.54, 95%CI: 1.33-1.79), conduct problems (OR=1.56
95%CI: 1.33-1.83) and total difficulties (OR=1.72, 95%CI: 1.18-2.50). No association between
alcohol consumption and behavioral outcome was observed in Whistler, nor in the metaanalysis.

Conclusion
Children exposed to prenatal smoking had a higher risk of developing hyperactivity. No
final conclusion on the association between smoking and the other behavioral outcomes or
between prenatal alcohol exposure and offspring behavior could be drawn, as the included
studies had a high risk of underreporting and confounding.
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Introduction
Behavioral disorders in childhood are common worldwide.1–3 For instance, the prevalence
of attention-deficit hyperactivity disorder (ADHD) is estimated between 3.4 and 7.1% across
various studies4–6 and the prevalence of disruptive behaviors between 3.2 and 5.7%.4,7 Conduct
disorders and ADHD have significant impact on the life of the child and its family, and rank
among the leading causes of global burden of disease in children.8 Considering the high
prevalence and impact, it is important to investigate how these behavioral disorders originate.
According to the Developmental Origins of Health and Disease (DOHaD) hypothesis, the
prenatal period from conception to birth is a critical time window wherein maternal lifestyle
can have long lasting effect on the child’s behavior and mental health.9,10 Nonetheless,
published data on the effect of prenatal smoking on offspring behavior show conflicting
results. Several studies have found an association between prenatal maternal smoking and
ADHD, hyperactivity, impulsivity, conduct problems, aggression and problems with peers.11–18
In contrast, several other studies did not find an association between prenatal smoking and
childhood behavior. They suggest that earlier found associations may be due to unmeasured
confounding, rather than an intrauterine effect.19–22The same controversy has been found in
research on the effects of maternal alcohol consumption during pregnancy on the later behavior
of the child. Abnormal behavior is a common manifestation of impaired neurodevelopment
in children with fetal alcohol syndrome23,24 and some studies suggest that even light to
moderate prenatal alcohol exposure increases the risk of childhood behavioral problems,
such as ADHD, hyperactivity, conduct problems and abnormal externalizing behavior.25–27
However, other studies that examined the same association found no increased risk of light
to moderate prenatal alcohol consumption on behavioral problems in offspring.28–30 Thus, it
remains inconclusive whether prenatal exposure to smoking or to lower doses of alcohol
affects childhood behavior. Therefore, the aim of this study was to investigate the association
of prenatal exposure to maternal smoking and alcohol consumption with childhood behavior.
We first examined these associations in a large prospective birth cohort, Whistler31, wherein
behavioral outcome was assessed with the validated Strength and Difficulties Questionnaire
(SDQ)32 when the children were five years old. Second, we performed a meta-analysis of
studies using the SDQ as outcome measure to examine the effect of prenatal smoking and
alcohol consumption on childhood behavioral outcomes, including the results from our own
cohort study.
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Materials and methods
Whistler
Study population
The mothers and children in this study are participants of the WHeezing Illnesses STudy
LEidsche Rijn (WHISTLER), which is a large prospective population-based birth cohort. The
rationale and details of the study design have been described elsewhere.31 2969 healthy infants
born between December 2001 and February 2013 in Leidsche Rijn, a residential area near the
city of Utrecht in the Netherlands, were enrolled within two weeks after birth. Exclusion criteria
were gestational age at birth below 36 weeks, major congenital abnormalities and neonatal
respiratory disease. When the children reached the age of five years, they were invited for a
follow-up visit. Of the 2009 children who were contacted, 341 were lost to follow-up, 622
declined to take part and 1046 agreed to participate. For practical reasons, recruitment was
closed after 1010 children (34.0%) were included in the follow-up study. The data of these
children were used for the current analyses. The Whistler study was approved by the Medical
Ethics Committee of the University Medical Center Utrecht, the Netherlands. Written informed
parental consent was obtained. The parents who agreed to participate visited the outpatient
clinic when the child was four weeks old, and were asked to fill out questionnaires during this
neonatal visit and again when the child was five years old.
Determinant measurement
During the neonatal visit, mothers answered the following questions: “Did you smoke during
the pregnancy?”; “How many cigarettes did you smoke per day during the first half of the
pregnancy?”; “How many cigarettes did you smoke per day during the second half of the
pregnancy?” We defined mothers as ‘prenatal smoking, yes’ when the first question was
answered with yes and the second and/or third with 1 or higher. All other mothers were
defined as ‘prenatal smoking, no’.
Regarding alcohol consumption, mothers were asked: “How many glasses of beer did you
drink during pregnancy?” This question was repeated for white wine, red wine, aperitif (port,
sherry, vermouth etc.) and liquor (gin, liqueur etc.). Since these questions were added to
the questionnaire of the neonatal visit later in the course of the study, this information was
missing for the first participants who were included in the study. Therefore, these questions
were repeated in the questionnaires of the follow-up. In principal we used the answers that
were given during the neonatal visit. When data from the neonatal questionnaire was missing,
we included answers from the questionnaire at the five year follow-up visit. With the answers
to these questions we calculated how many glasses of alcohol each mother drank per week.
When mothers drank 1 glass of alcohol or more per week, they were defined as ‘prenatal alcohol,
yes’. When they drank less than 1 glass per week, we defined them as ‘prenatal alcohol, no’.
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Outcome measurement
The child’s behavioral outcome was assessed during the follow-up visit at the age of
five with the parent version of the Strengths and Difficulties Questionnaire (SDQ), a well
validated questionnaire for assessment of childhood behavior.32,33 The questionnaire contains
25 questions, which are divided into five scales: emotional symptoms; conduct problems;
hyperactivity and inattention; peer relationship problems; and prosocial behavior. For each
of these scales a score ranging from 0 to 10 was derived. The scores from the first four scales
(excluding prosocial behavior) add up to the total difficulties score, ranging from 0 to 40.
Following the provisional bandings of scores from Goodman et al.32, we categorized the
scores into normal, borderline and abnormal.
Confounding factors
In the analyses the following factors were taken into consideration as possible confounders:
the child’s ethnicity (Western or non-Western), exposure of the child to tobacco smoke at age
5 (yes or no), maternal education (low, middle or high), and infant feeding (only breastfeeding,
only formula-feeding or breast- and formula-feeding). For the analyses on prenatal smoking,
we additionally adjusted for prenatal alcohol consumption (yes or no) and vice versa. The
information on these factors was gathered through questionnaires.
Data analysis
For descriptive purposes, the characteristics of the population were assessed by prenatal
smoking and by prenatal alcohol consumption. For continuous variables the mean with
standard deviation was calculated when the data was normally distributed and if the
distribution was not normal, a median with interquartile range was calculated. For categorical
variables the frequencies with percentages were calculated. For the covariates the number
of missing values ranged from 0 to 227 (22.5%) and for the SDQ outcomes, the number of
missing values varied from 84 (8.3%), for the conduct and the prosocial score, to 87 (8.3%)
for the total difficulties score. Therefore, missing values were multiple imputed using the fully
conditional specification method with 10 iterations, through regression modelling generating
5 datasets (SPSS Impute Missing Data Values procedure). Rubin’s rule was used to pool the
results. The association between prenatal smoking and SDQ outcomes was analyzed using
logistic regression analyses, whereby SDQ outcomes were first dichotomized in an abnormal
score versus a borderline or normal score and in a second analysis the SDQ outcomes were
dichotomized in an abnormal or borderline score versus a normal score. For both outcomes
three models were configured. The association was first tested in a crude model. Thereafter,
in a second model the association was adjusted for the gender and age of the child at SDQ
assessment. In the final step, potential confounders (child ethnicity, current smoke exposure of
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the child, maternal education, infant feeding and prenatal alcohol consumption) were added
to the model. These three models were then also configured for the association between
prenatal alcohol exposure and SDQ outcomes. All analyses were performed using IBM SPSS
Statistics for Windows, version 24.0 (IBM crop. Armonk, NY). P-values <0.05 were considered
statistically significant.

Meta-analysis
We performed two meta-analyses of all observational studies on the association between
1) prenatal smoking and 2) prenatal alcohol consumption, and SDQ behavioral outcome
in childhood, published prior to March 2018, and including the results of our own analyses
in Whistler. We followed the PRISMA statement for reporting systematic reviews and metaanalyses.34 Our methods were not specified in a registered protocol in advance.
Search strategy
Two searches were carried out in Medline and Embase. For the first search we used the
keywords of Medical Subject Headings “smoking” OR “smoke” OR “tobacco” AND “SDQ” OR
“strength and difficulties”. For the second search we used the keywords or Medical Subject
Headings “alcohol” or “alcoholic” or “drinking” AND “SDQ” OR “strength and difficulties”. The
complete searches with all terms are available online. Furthermore, we forward searched the
identified studies in Scopus and backward searched the reference lists of the final retrieved
articles to find additional relevant studies.
Study selection and quality assessment
After removal of duplicates, the found articles were first screened on title and abstract and
then on full text, according to the following inclusion criteria: 1) studies were of observational
nature (cohort, cross-sectional, case-control); 2) the association between prenatal smoking
or prenatal alcohol consumption and SDQ outcome was investigated; 3) SDQ was assessed
at childhood age (≤12 years); 4) full text was available; 5) text was written in English or Dutch
language; 6) total number of participants, number of cases and an odds ratio (OR), hazard ratio
(HR) or relative risk (RR) with 95% confidence interval (CI) as effect measure were reported.
In the case of studies with overlapping participants, only the study with the largest sample
size was included. The methodological quality of the studies was assessed with the Quality
in Prognostic Studies (QUIPS) tool, which grades the risk of bias (low, medium or high) on
six separate domains (study participation, study attrition, prognostic factor measurement,
outcome measurement, study confounding and statistical analysis/reporting).35 The factors
that were considered important possible confounders were socioeconomic status, postnatal
exposure to smoking and psychosocial background of the mother.

120

Prenatal smoking and alcohol and childhood behavior

Data extraction
From each study the following set of data was extracted: name of the first author, year of
publication, country of origin, cohort size, comparison categories, method for exposure
assessment, child’s age at SDQ assessment, SDQ scales that were reported, manner of SDQ
score dichotomization, number of cases, multivariate adjusted ORs or RRs with corresponding
95% Cis, and variables that were adjusted for.
Data analysis
For each SDQ subscale (total difficulties, emotional symptoms, conduct problems,
hyperactivity, peer problems and prosocial behavior), the ORs or RRs with 95% CIs were
retrieved from the included articles and corresponding standard errors were calculated using
the confidence intervals. A pooled OR with 95% CI was estimated for each subscale, using an
inverse variance weighted random effects model. We performed sensitivity analyses stratified
by manner of SDQ score dichotomization, method for exposure assessment and adjustment
for confounders. The I2 statistic was used to evaluate statistical heterogeneity. The possibility
of publication bias was assessed by drawing funnel plots and visually assessing its symmetry.
All statistical analyses were performed with Review Manager 5.3.
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Results
Whistler
Of the 1010 children that participated in the 5-year follow-up visit, information on prenatal
smoking was provided by 973 mothers (96.3%). Of these mothers, 53 (5.4%) had smoked
during pregnancy. Information on alcohol consumption during pregnancy was provided by
914 mothers (90.5%), of whom 47 mothers (5.1%) had drunk ≥1 glass of alcohol per week.
Of these women the majority (76.7%) drank one to two glasses per week and the highest
number of glasses/week reported was eight. The percentages of women who smoked or
drank alcohol during pregnancy in our cohort are lower in comparison to national estimates
in the Netherlands (e.g. ~10% for smoking and ~20% for alcohol).36,37
The baseline characteristics of the participants by prenatal smoking and prenatal alcohol
consumption during pregnancy are shown in table 1. Children who were exposed to
prenatal smoking were born with a lower birth weight, were more likely to have a normal
head circumference (P10-P90), less likely to be breastfed and more likely to currently (at the
5-year follow-up visit) being exposed to tobacco smoke. Furthermore, mothers who smoked
were more likely to drink alcohol during pregnancy and were lower educated compared to
mothers who didn’t smoke during pregnancy. Children from mothers who drank ≥1 glass of
alcohol per week during pregnancy were born with a lower birth weight, were more likely to
have a low (<P10) or high (>P90) head circumference and more likely to be breastfed. Mothers
who drank alcohol during pregnancy were more likely to smoke during pregnancy and were
higher educated than mothers who didn’t drink alcohol during pregnancy. The characteristics
of the mothers and children who were lost to follow-up did not differ from the characteristics
of the mothers and children who participated in the 5-year follow-up study (characteristics
are available online).
Table 2 describes the number of children with a normal, borderline or abnormal score per
subscale by prenatal smoking and by prenatal alcohol consumption. The results of the
logistic regression analyses in Whistler are presented in table 3. When we dichotomized
the SDQ outcome in an abnormal score versus a borderline or normal score, no statistically
significant association was found between prenatal smoking and total difficulties, emotional
symptoms, conduct problems, peer problems or prosocial behavior. Children exposed
to prenatal smoking had a higher risk of hyperactivity at the age of 5, with an OR of 2.30
(95%CI: 1.02 – 5.22). However, this association lost statistical significance after adjustment for
possible confounders, especially maternal education (OR 1.88, 95%CI: 0.68 – 5.25). When we
dichotomized the SDQ outcome in an abnormal or borderline score versus a normal score, no
significant association was found between prenatal smoking and any of the SDQ subscales.
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656 (75.4%)
164 (18.9%)

P10-P90

>P90

171 (18.7%)
155 (17.0%)

formula-feeding

breast- and formula-feeding
5.4 (5.3-5.6)
27 (3.2%)

Age at follow-up (years)c

Current exposure to smoke
(n (%) yes)

Child characteristics at follow-up

588 (64.3%)

breastfeeding

Infant feeding (n (%))

50 (5.7%)

<P10

Head circumference (n (%))

Age at first visit (months)b

1.1 (± 0.3)

834

915

914

870

896

734

671 (91.4%)

Child characteristics at neonatal visit

Child ethnicity (n (%) western)

814

51.1 (± 2.2)

d

919

3557 (± 491)

918

Birth length (cm)b

920

39 +6
(± 1+2)

N

437 (47.5%)

Value

Birth weight (g)b

Gestational age at birth
(weeks +days)b

Gender (n (%) male)

Child characteristics at birth

No
(n=920)a

22 (42.3%)

5.4 (5.3-5.6)

14 (26.9%)

18 (34.6%)

20 (38.5%)

7 (14.0%)

41 (82.0%)

2 (4.0%)

1.1 (± 0.3)

36 (100%)

50.2 (± 2.5)

3432 (± 489)

39 +5
(± 1 +3)

23 (43.4%)

Value

Yes
(n=53)a

Prenatal smoking

52

53

52

50

52

36

49

53

53

53

N
867
839
839
748
680
820

418 (48.2%)
39 +6
(± 1 +2)
3563 (± 494)
51.0 (± 2.2)
624 (91.8%)
1.1 (± 0.3)

6 (13.0%)
7 (15.2%)
5.4 (5.3-5.6)

862
796

166 (19.9%)
143 (17.1%)
5.4 (5.3-5.6)
41 (5.2%)

2 (4.3%)

33 (71.7%)

10 (23.3%)

147 (18.5%)
834

29 (67.4%)

611 (76.8%)

525 (62.9%)

4 (9.3%)

1.1 (± 0.4)

37 (100%)

51.0 (± 2.1)

3406 (± 459)

40 +0
(± 1 +3)

38 (4.8%)

796

Value

N

Value

21 (44.7%)

≥1 glass/week
(n=47)a

<1 glass/week
(n=867)a

Prenatal alcohol

Table 1. Baseline characteristics of the mothers and children participating in the Whistler cohort study per exposure group (N=1010).

46

47

46

43

46

37

41

46

46

47

N
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123

124
831

39 (4.7%)

264 (34.6%)
468 (61.4%)

middle

high

8 (21.6%)

28 (75.7%)

37

41

48

-

44

N

b

418 (59.2%)

261 (37.0%)

27 (3.8%)

496 (66.7%)

223 (30.0%)

25 (3.4%)

-

42 (5.0%)

32.8 (± 3.6)

Value

<1 glass/week
(n=867)a

706

744

-

834

772

N

25 (65.8%)

13 (34.2%)

0 (0.0%)

35 (83.3%)

7 (16.7%)

0 (0.0%)

-

6 (13.3%)

33.6 (± 2.7)

Value

≥1 glass/week
(n=47)a

Prenatal alcohol

38

42

-

45

43

N

a

c

Due to missing values, these numbers don’t add up to the total number of participants (N=1010); Values are means (± SD); Values are medians (IQR); d Based on birth
country of child’s parents. Western: Europe (excluding Turkey), North America, Oceania, Indonesia, Japan, Non Western: Africa, Turkey, Central and South America, Asia
(excluding Indonesia and Japan).

30 (3.9%)

low

1 (2.7%)

15 (36.6%)
762

560 (69.9%)

Paternal education (n (%))

high (university)

21 (51.2%)

22 (2.7%)
219 (27.3%)

5 (12.2%)

6 (12.5%)

-

32.3 (± 3.5)

Value

Yes
(n=53)a

middle (upper secondary school)

801

-

830

N

-

32.9 (± 3.5)

Value

No
(n=920)a

Prenatal smoking

low (lower secondary school)

Maternal education (n (%))

Prenatal maternal smoking
(n (%) yes)
Prenatal maternal alcohol
consumption (n (%) yes)

Maternal age at birth (years)b

Parental characteristics

Table 1. Continued
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We did not find an association between prenatal alcohol consumption and SDQ subscales,
when we dichotomized the SDQ outcome in abnormal vs borderline/normal scores (table 3).
However, when the outcome was dichotomized in abnormal/borderline vs normal scores,
prenatal exposure to alcohol was associated with a higher risk on borderline or abnormal
prosocial behavior (OR 2.72, 95%CI: 1.23 – 6.01). After adjustment for possible confounders,
this association became even stronger with an OR of 3.17 (95%CI: 1.38 – 7.27).
Table 2 Number of participants with a normal, borderline or abnormal SDQ score at five years per
exposure group (N=1010).
Prenatal smoking
No
(n=920)a
(n (%))
Total difficulties
normal

N

(n (%))

836

N

<1 glass/week
(n=867)a

≥1 glass/week
(n=47)a

(n (%))

(n (%))

52

N
798

51 (98.1%)

766 (96.0%)

45 (97.8%)

borderline

21 (2.5%)

0 (0.0%)

23 (2.9%)

1 (2.2%)

abnormal

9 (1.1%)

1 (1.9%)

9 (1.1%)

0 (0.0%)

normal

838

52

800

46

762 (90.9%)

46 (88.5%)

727 (90.9%)

41 (89.1%)

borderline

45 (5.4%)

3 (5.8%)

45 (5.6%)

4 (8.7%)

abnormal

31 (3.7%)

3 (5.8%)

28 (3.5%)

1 (2.2%)

Conduct problems
normal

839

52

800

46

732 (87.2%)

42 (80.8%)

694 (86.8%)

40 (87.0%)

borderline

56 (6.7%)

9 (17.3%)

54 (6.8%)

5 (10.9%)

abnormal

51 (6.1%)

1 (1.9%)

52 (6.5%)

1 (2.2%)

Hyperactivity
normal

838

52

799

46

746 (89.0%)

43 (82.7%)

707 (88.5%)

43 (93.5%)

borderline

37 (4.4%)

2 (3.8%)

34 (4.3%)

1 (2.2%)

abnormal

55 (6.6%)

Peer problems
normal

7 (13.5%)
838

58 (7.3%)
52

2 (4.3%)
799

46

783 (93.4%)

49 (94.2%)

752 (94.1%)

41 (89.1%)

borderline

38 (4.5%)

1 (1.9%)

31 (3.9%)

3 (6.5%)

abnormal

17 (2.0%)

Prosocial behavior
normal

2 (3.8%)
839

16 (2.0%)
52

N
46

806 (96.4%)

Emotional symptoms

a

Prenatal alcohol

Yes
(n=53)a

2 (4.3%)
800

46

781 (93.1%)

49 (94.2%)

753 (94.1%)

39 (84.8%)

borderline

36 (4.3%)

2 (3.8%)

28 (3.5%)

5 (10.9%)

abnormal

22 (2.6%)

1 (1.9%)

19 (2.4%)

2 (4.3%)

Due to missing values, these numbers don’t add up to the total number of participants (N=1010).
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Table 3. Effect of prenatal smoking (yes vs no) and alcohol consumption (≥1glass per week vs <1 glass
per week) on offspring SDQ outcomes at 5 years age.
Model 1
OR (95% CI)

Model 2
OR (95% CI)

Model 3
OR (95% CI)

Total difficulties

1.80 (0.22, 14.52)

2.03 (0.25, 16.79)

2.62 (0.20, 33.59)

Emotional symptoms

1.45 (0.41, 5.12)

1.45 (0.41, 5.14)

1.69 (0.40, 7.16)

Conduct problems

0.63 (0.09, 4.58)

0.64 (0.09, 4.62)

0.53 (0.07, 4.22)

Hyperactivity

2.30 (1.02, 5.22)

2.35 (1.01, 5.46)

1.88 (0.68, 5.25)

Peer problems

1.89 (0.43, 8.37)

1.86 (0.42, 8.27)

1.16 (0.19, 7.00)

Prosocial behavior

0.70 (0.09, 5.57)

0.75 (0.09, 6.00)

0.90 (0.09, 9.46)

Total difficulties

0.64 (0.09, 4.58)

0.67 (0.09, 4.82)

0.82 (0.10, 6.53)

Emotional symptoms

1.31 (0.53, 3.19)

1.32 (0.54, 3.23)

1.23 (0.41, 3.74)

Conduct problems

1.66 (0.81, 3.37)

1.74 (0.84, 3.58)

1.21 (0.51, 2.90)

Hyperactivity

1.88 (0.93, 3.78)

1.92 (0.94, 3.93)

1.50 (0.67, 3.36)

Peer problems

0.86 (0.25, 2.95)

0.87 (0.25, 2.96)

0.65 (0.14, 3.03)

Prosocial behavior

1.00 (0.35, 2.84)

1.02 (0.36, 2.91)

1.23 (0.33, 4.50)

0.0

0.0

0.0

Emotional symptoms

0.57 (0.06, 5.02)

0.57 (0.06, 5.05)

0.50 (0.05, 4.72)

Conduct problems

0.43 (0.04, 4.56)

0.44 (0.04, 4.89)

0.41 (0.04, 4.73)

Prenatal smoking
SDQ dichotomized in abnormal vs borderline/normal

SDQ dichotomized in abnormal/borderline vs normal

Prenatal alcohol consumption
SDQ dichotomized in abnormal vs borderline/normal
Total difficulties

Hyperactivity

0.85 (0.25, 2.87)

0.87 (0.25, 2.98)

0.79 (0.22, 2.80)

Peer problems

2.26 (0.51, 10.13)

2.22 (0.49, 10.00)

2.10 (0.33, 13.19)

Prosocial behavior

1.85 (0.42, 8.05)

2.05 (0.47, 9.04)

2.39 (0.51, 11.17)

Total difficulties

0.66 (0.09, 4.73)

0.69 (0.10, 4.91)

0.74 (0.08, 6.88)

Emotional symptoms

1.14 (0.43, 3.01)

1.15 (0.43, 3.06)

1.09 (0.40, 2.94)

Conduct problems

1.04 (0.41, 2.63)

1.09 (0.43, 2.76)

1.05 (0.39, 2.85)

Hyperactivity

0.78 (0.26, 2.35)

0.80 (0.26, 2.47)

0.77 (0.25, 2.43)

Peer problems

1.89 (0.74, 4.80)

1.92 (0.75, 7.93)

2.14 (0.74, 6.21)

Prosocial behavior

2.72 (1.23, 6.01)

2.92 (1.30, 6.51)

3.17 (1.38, 7.27)

SDQ dichotomized in abnormal/borderline vs normal

Model 1 is without adjustment for confounders; Model 2 is adjusted for the gender of the child and the age of the
child at SDQ assessment; Model 3 is adjusted for the gender of the child, the age of the child at SDQ assessment,
child ethnicity, current smoke exposure, maternal education, infant feeding and prenatal alcohol consumption (only
for the analyses for prenatal smoking) or prenatal smoking (only for the analyses for prenatal alcohol consumption).
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Meta-analysis of previous studies
Prenatal exposure to smoking
We found 106 unique articles on prenatal smoking and SDQ outcomes of which eight
remained after title and abstract screening. After full text screening, we excluded four more
articles: two because the outcomes were not reported as ORs or RRs and therefore could not
be pooled with the results of the other articles16,38; one because 95% confidence intervals were
not reported, which made it impossible to calculate the standard error39; and one because
the total number of participants who were or were not exposed to prenatal smoking were
not mentioned40. Through reference checking, two additional articles were found, resulting
in a total of six included studies in the meta-analysis on the association between prenatal
smoking and SDQ behavioral outcomes (see flowchart, figure 1).14,41–45

 

6


 




  






   


   



   





  


  


 
 
 
 
 

 



 
  

Figure 1. PRISMA Flow diagram of the study selection process for studies investigating the association
between prenatal smoking and SDQ behavioral outcomes.
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The characteristics of the included studies are described in table 4. The studies were published
between 2010 and 2016 and were conducted in Europe, except for one study which was
conducted in Japan.45 One of the studies was a population-based cross-sectional study42, the
rest were al prospective cohort studies. The sample sizes ranged from 1,016 to 13,788 children.
Exposure to smoking during pregnancy was mostly self-reported through questionnaires,
only one study41 measured serum cotinine after pregnancy to determine whether mothers
smoked during pregnancy. Three studies compared two groups for smoking exposure:
“smoking during pregnancy” and “no smoking during pregnancy”.41,42,45 The other three studies
defined more than two groups for smoking exposure. For these studies we decided which
comparison fitted best with the other studies in the meta-analysis and included only the
results from that comparison. The selected comparison categories are shown in bold in table
4. One study reported the results separately for boys and girls14 and one study reported the
results from two different countries separately41. These results were also separately included in
the meta-analyses. The age of the child at SDQ assessment varied from three to eleven years
old. Not all studies reported on all SDQ subscales. Hyperactivity was examined by all six studies,
conduct problems by five studies, emotional symptoms and peer problems by four studies
and prosocial behavior and the total difficulties score by two studies. We conducted a metaanalysis for each SDQ subscale. Most studies dichotomized the SDQ outcome in abnormal
versus borderline and normal behavior. Therefore, in the meta-analyses we included the ORs
from our own data wherein SDQ score was dichotomized in abnormal versus borderline and
normal.
In the meta-analysis we found that prenatal exposure to smoking is associated with an
increased risk on behavioral problems, with pooled ORs of 1.72 (95%CI 1.18-2.50) for total
difficulties, 1.33 (95%CI 1.07-1.64) for emotional symptoms, 1.56 (95%CI 1.33-1.83) for conduct
problems and 1.54 (95%CI 1.33-1.79) for hyperactivity (see figure 3). There was no statistically
significant association with peer problems (OR 1.21, 95%CI 0.96-1.51) and prosocial behavior
(OR 0.93, 0.64-1.37). There was no statistically significant heterogeneity across studies (I2 varies
from 0 to 4%). The funnel plot (available online) showed that there might be some publication
bias, as smaller studies with a positive association (OR >1) are absent. In a sensitivity analysis
we excluded the data from Tanaka et al.45 and Melchior et al.43 as these studies dichotomized
the SDQ scores in abnormal and borderline versus normal, whereas all other studies
dichotomized the SDQ scores in abnormal versus borderline and normal. For emotional
symptoms, conduct problems, hyperactivity and peer problems the results did not differ from
the original analyses. For the prosocial behavior scale the association changed from negative
to positive with a pooled OR of 1.58 (95%CI 0.76-3.29), but remained insignificant. Since the
study by Dürr et al.41 was the only study that assessed prenatal smoking exposure with serum
cotinine measurements, we excluded the data from this study in a second sensitivity analysis
to only compare the studies where smoke exposure was self-reported. In this analysis, the
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association between prenatal smoking and total difficulties was a bit stronger with a pooled
OR of 2.02 (95%CI 1.31-3.11). The ORs for the other subscales did not change.
In the quality assessment (available online), the risk of bias in the categories ‘outcome
measurement’ and ‘statistical analysis’ was considered low for all studies. Risk of bias in ‘study
participation’ and ‘study attrition’ was assessed as moderate for almost all studies, since
the participants in these studies were probably different than the eligible population and
the participants who were lost to follow-up. Four studies14,42,44,45 had a high risk of bias on
‘prognostic factor measurement’, since these studies measured prenatal smoking with (selfreported) questionnaires after the pregnancy. The risk of bias due to ‘study confounding’ is high
in four studies41,43–45 and moderate in one study42, since one or more important confounding
factors (socioeconomic status, postnatal exposure to smoking, psychosocial background of
the mother) were not measured or adjusted for in these studies. In a sensitivity analysis we
excluded the data from all studies, with a high risk of bias due to confounding, including
Whistler. In this analysis, the association between prenatal smoking and hyperactivity became
a bit smaller, but still significant with an OR of 1.43 (95%CI 1.19-1.72). For the conduct problems
subscale, the association became insignificant. The other subscales were not examined in the
two studies that adjusted for all important confounders.14,42
Prenatal exposure to alcohol
With our search on prenatal alcohol consumption and SDQ outcomes we found 114 unique
articles of which six articles remained after title and abstract screening. After full text screening,
four articles were excluded: one because the outcomes were not reported as ORs or RRs46; one
because the total number of participants who were or were not exposed to prenatal alcohol
consumption were not mentioned40; one because the participants overlapped with the
study population of another study that we did include29,47; and one because prenatal alcohol
consumption was categorized in multiple groups
according to number of glasses of alcohol consumed during the entire pregnancy, instead
of number of glasses of alcohol per week, which made it impossible to choose the exposure
group that best matched with the other studies included in the meta-analysis.30 We checked
the references of the remaining two articles and found one additional article, leading to a total
of three included studies in the meta-analysis on the association between prenatal alcohol
consumption and SDQ behavioral outcomes (see flowchart, figure 2).29,48,49
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Records identified through
database searching
(n = 165)

Additional records identified
through other sources
(n = 1)

Eligibility

Screening

Records after duplicates
removed (n = 115)

Records screened
(n = 115)

Full-text articles
assessed for
eligibility (n = 7)

Included

Studies included in
qualitative
synthesis (n = 3)

Records excluded
(n = 108)

Full-text articles
excluded, with reasons:
- No OR, HR or RR as outcome
(n = 1)
- N cases is not mentioned
(n = 1)
- Other definition of
determinant (n=1)
- Overlapping participants
(n=1)

Studies included in
quantitative synthesis
(meta-analysis)
(n = 3)

Figure 2. PRISMA Flow diagram of the study selection process for studies investigating the association
between prenatal alcohol consumption and SDQ behavioral outcomes.

The characteristics of the included studies are described in table 4. The studies were published
between 2007 and 2013, were all conducted in Europe and were all prospective cohort studies.
The sample sizes ranged from 1,628 to 11,513 children. In all three studies, prenatal exposure
to alcohol was self-reported through questionnaires, and all studies defined more than two
comparison groups for alcohol exposure. For these studies we included only the results from
the comparison that best fitted with the other studies in the meta-analysis. From the two
studies that reported their results separately for boys and girls29,49, the sex-specific estimates
were separately included in the meta-analyses. The age of the child at SDQ assessment varied
from five to seven years old. Not all studies reported on all SDQ subscales: total difficulties
score was assessed by all three studies, conduct problems and hyperactivity by two studies,
and emotional symptoms, peer problems and prosocial behavior by one study. We conducted
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a meta-analysis for each SDQ subscale. Since two of the three included studies dichotomized
the SDQ outcome in abnormal versus borderline and normal behavior, we decided to include
the results from the Whistler data wherein SDQ score was dichotomized in this way. Only for
the total difficulties and the prosocial behavior scale, we chose to include the ORs whereby
SDQ outcome was dichotomized in abnormal and borderline versus normal. For the total
difficulties scale we made this decision because the OR could not be calculated since there
were no children with an abnormal total difficulties score in the exposure group. For the
prosocial behavior scale we made this decision because only Skogerbø et al.48 presented an
OR for the association between prenatal alcohol exposure and prosocial behavior and they
dichotomized SDQ in abnormal and borderline versus normal behavior.
When pooling the results of the studies investigating the effect of prenatal alcohol
consumption on SDQ behavioral outcomes, we did not find a significant association for any
of the SDQ subscales (see figure 4). Statistically significant heterogeneity was only found
across studies in the meta-analysis for prosocial behavior (I2=86%), probably due to the fact
that only the results from two studies could be compared in this analysis. Therefore, the
result from this analysis should be interpreted with caution. For the other subscales there
was no significant heterogeneity (I2 varies from 0 to 36%). Visual inspection of the funnel plot
(available online) showed some indication for publication bias, missing smaller studies with a
positive association. We conducted a sensitivity analysis on the association between prenatal
alcohol and total difficulties score, excluding our data and the data from Skogerbø et al.48, to
only compare the studies that dichotomized the outcome in abnormal versus borderline/
normal behavior. The association found in this analysis was not different from the association
found in the initial analysis.
In the assessment of the methodologic quality of the studies, all studies had a low risk of bias
due to ‘outcome measurement’, ‘study confounding’, and ‘statistical analysis’. There is moderate
risk of bias on ‘study participation’ in one study48 and moderate risk of bias on ‘study attrition’ in
two studies48,49. Risk of bias due to ‘prognostic factor measurement’ was moderate to high in
all studies, since prenatal alcohol consumption was assessed through self-reports and in one
study29 after pregnancy.
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Figure 3. Meta-analysis of studies that investigated the association between prenatal smoking and child
behavioral outcomes.
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6

Figure 4. Meta-analysis of studies that investigated the association between prenatal alcohol drinking
and child behavioral outcomes.
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Country
of origin

Japan

Greenland
Ukraine

Six
European
countries

France

Tanaka
et al.,
2016

Dürr et al.,
2015

Kovess
et al.,
2015

Melchior
et al.,
2015

1113

3870

1016

1200

Questionnaire

Maternal
serum
cotinine

Questionnaire

Questionnaire

Non-smokers
(<= 10ng/ml
cotinine) Smokers
(>10ng/ml
cotinine)

No smoking
during pregnancy
Smoking during
pregnancy

Non-smoker
Quit Smoking prior
to pregnancy
Smoked during 1st
trimester
Smoked
throughout
pregnancy
5
years

6-11
years

5-9
years

5
years

Exposure
Age at
assessment SDQ

No smoking
during pregnancy
Smoking during
pregnancy

Cohort
Categories
size

Prenatal maternal smoking

Study

Table 4. Characteristics of studies included in meta-analysis

Emotion,
Conduct,
Hyperactivity,
Peer,
Prosocial

Total
difficulties
Emotion,
Conduct,
Hyperactivity
Peer, Prosocial
Hyperactivity

Emotion,
Conduct,
Hyperactivity,
Peer

Reported
SDQ scales

Normal /
borderline vs
abnormal
(abnormal
defined as
probable cases
of ADHD)
Normal vs
borderline/
abnormal
(Cut-off at 85th
percentile)

Normal /
borderline vs
abnormal

Normal vs
borderline /
abnormal

Only for hyperactivity subscale
Sex, premature birth, birth weight,
breastfeeding, maternal age, maternal
psychological difficulties in pregnancy,
maternal depression post-pregnancy, maternal
alcohol use in pregnancy, and smoking postpregnancy, paternal smoking during and postpregnancy, study center, parents’ education,
family income, parental separation, number of
siblings, negative life events.

Child sex and age, mother’s age, educational
achievement, maternal psychological distress,
current smoking at the time of the interview,
employment, marital status, number of live
births, West vs East European region

Maternal age, gestation at baseline, region of
residence at baseline, number of children at
baseline, maternal and paternal education,
household income, maternal depressive
symptoms during pregnancy, maternal alcohol
intake during pregnancy, child’s birth weight,
child’s sex, and breastfeeding duration
Child gender, age at follow-up, maternal age
at birth, age at the end of formal education,
maternal alcohol consumption at conception

Dichotomization of SDQ
Variables adjusted for
score
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Germany

Country
of origin

13788

2862

Skogerbo
et al.,
2013

Denmark

1628

0 drinks/week in
Questionpregnancy
naire
1-4 drinks/week in
pregnancy
5+ drinks/week in
pregnancy

Reported
SDQ scales

5
years

3
years

Total
difficulties,
Prosocial

Conduct,
Hyperactivity

10 years Total
difficulties,
Emotion,
Conduct,
Hyperactivity,
Peer

Exposure
Age at
assessment SDQ

Never exposed to Interview
smoke
Only postnatal
smoke exposure
Only prenatal
smoke exposure
Pre- and postnatal
smoke exposure
QuestionNever smoked
naire
Quit smoking
during pregnancy
Light smoker
(<10 cigarettes/
day)
Heavy smoker
(10+ cigarettes/day)

Cohort
Categories
size

Prenatal maternal alcohol consumption

Hutchinson UK
et al.,
2010

Rückinger
et al.,
2010

Study

Table 4. Continued

Mother’s age at index child’s birth, number of
children in the household, mother’s ethnicity,
family stability based on change of partner or
change of single parent status between waves,
household poverty (household income below
60% of median), low maternal education,
working class, using the highest of the mother’s
and/or father’s social class, problematic
relationships, problematic parenting, poor
adaptive functioning, poor maternal and infant
health and health-related behavior
Parental education, maternal IQ, prenatal
maternal smoking, child’s age testing, child’s
gender, binge drinking, maternal age,
parity, maternal marital status, family home
environment, postnatal parental smoking,
pre-pregnancy maternal body mass index (BMI),
child’s health status

Normal vs
borderline /
abnormal

Sex, study center, intervention group
(promotion of breastfeeding), parental
education, father’s employment, age of mother
at birth, child’s time in front of screen, being
single father/mother

Variables adjusted for

Normal /
borderline vs
abnormal
(top 10% of
the weighted
sample)

Dichotomization of SDQ
score
Normal /
borderline vs
abnormal
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135

136

UK

Sayal et al.,
2007

8046

11513

6-7
years

No alcohol
<1 drink/week in
first trimester
≥1 drink/week in
first trimester
Questionnaire

5
years

Exposure
Age at
assessment SDQ

Never drank alcohol QuestionNot in pregnancy naire
Light drinking (not
>1-2units /week or
occasion)
Moderate drinking
(not >3-6 units/
week or 3-5 units
per occasion)
Heavy/binge
drinking (7 or more
units /week or 6
or more units per
occasion)

Cohort
Categories
size

Total
difficulties,
Conduct,
Hyperactivity

Total
difficulties,
Emotion,
Conduct,
Hyperactivity,
Peer

Reported
SDQ scales

SDQ: Strength and Difficulties Questionnaire, a Categories in bold were selected for the meta-analysis

UK

Country
of origin

Kelly et al.,
2012

Study

Table 4. Continued

Normal /
borderline vs
abnormal (top
10% of the
population)

Dichotomization of SDQ
score
Normal /
borderline vs
abnormal (top
10% of the
cohort)

Gender, smoking, cannabis use and use of illicit
drugs in the first trimester; highest level of
maternal education; home ownership; marital
status; parity; maternal age group; high EPDS
score; child ethnicity; gestational age group;
and birth weight.

Child’s age, birth weight, parental income,
highest parental educational qualification,
highest parental occupation

Variables adjusted for

Chapter 6

Prenatal smoking and alcohol and childhood behavior

Discussion
The aim of this study was to investigate the association of exposure to prenatal maternal
smoking and alcohol consumption with childhood behavioral outcomes. Though our results
from the Whistler cohort did not show a significant association between prenatal smoking
and behavior, the meta-analysis (with the Whistler data included) demonstrated that children
from mothers who smoked during pregnancy had a higher risk on total difficulties, emotional
symptoms, conduct problems and hyperactivity. The results from Whistler showed a higher
risk on abnormal or borderline prosocial behavior for children who were prenatally exposed to
alcohol. However, when pooling the results of all studies together in the meta-analysis, there
was no association between prenatal exposure to alcohol and abnormal prosocial behavior or
any of the other behavioral subscales.
The key strength of our study is that we not only presented the results of yet another cohort
study, but also pooled our results with the results of several other cohort studies in a metaanalysis. With these studies combined, we reached a high sample size for the analysis on
the effect of prenatal exposure to smoking on childhood behavior. Furthermore, the risk of
misclassification bias due to different assessment of the outcome is low in our study, since we
only included studies that assessed childhood behavior with the SDQ, a reliable tool for the
detection of child behavioral problems33, and due to the fact that we performed sensitivity
analyses to make sure that the way the SDQ score was dichotomized did not affect the
associations that we found.
However, there are some limitations that we must consider. First, the number of children in
Whistler that were exposed to prenatal smoking or alcohol was low and there was only a
limited number of children with an abnormal behavioral outcome. By combining the results
of Whistler with the results of other cohort studies in a meta-analysis, we had enough power
to study the effect of prenatal exposure to smoking on childhood behavior. For the metaanalysis on prenatal exposure to alcohol, however, we did not reach enough power to draw
a final conclusion on the association between prenatal alcohol and behavioral outcome in
childhood, since only three other studies could be included. As these studies did not evaluate
all SDQ subscales, we were able to combine our results from Whistler with only one other
study for the emotional symptoms, peer problems and prosocial behavior subscales and
with only two other studies for the conduct problems and hyperactivity scale. Moreover,
in most studies in the meta-analysis, including Whistler, the participating pregnant women
were not completely representable for the entire population, since they were often older
and higher educated. Higher educated women smoke less often during pregnancy than
lower educated women50, therefore children exposed to prenatal smoking were most likely
underrepresented in our meta-analysis, which was demonstrated in Whistler by the fact that
the prevalence of smoking mothers was much lower than Dutch national estimates (5.4% vs
10% in the Dutch population), with small numbers of children in the exposed categories as a
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result. Furthermore, selection bias due to differences between completing participants and
participants who were lost-to-follow-up could have affected the results of our meta-analysis.
If relatively more children with abnormal behavioral who were prenatally exposed to smoking
were lost to follow-up, the effect of prenatal exposure to smoking on childhood behavior
may be underestimated in our meta-analysis. In Whistler, the characteristics of completing
participants did not greatly differ from the participants lost to follow-up, yet in most studies in
the meta-analysis43–45 they did or the characteristics of participants lost to follow-up were not
described14, leading to a moderate risk of bias in the quality assessment.
Prenatal smoking and alcohol consumption in Whistler was assessed through self-reported
questionnaires after birth (for smoking) and at the age of five (for alcohol). It has been
shown that self-reported prenatal smoke and alcohol exposure are regularly underreported
in comparison to serum cotinine measurements51,52 and meconium testing for alcohol53.
Therefore, the risk of recall bias in Whistler is high, especially for prenatal alcohol consumption,
which has probably led to the relatively low prevalence of alcohol consumption in Whistler.
Except for Dürr et al.41, who measured cotinine levels in serum to determine whether the
mothers smoked during pregnancy, all studies in the meta-analyses assessed prenatal
exposure to smoking or alcohol with questionnaires as well. Some during pregnancy43,48,49
and some after birth14,29,42,44,45. This may have led to an underestimation of the effect of prenatal
smoking and alcohol consumption on childhood behavior. Thus, the associations for smoking
are likely to be even stronger than currently reported. Furthermore, we cannot rule out the
fact that the lack of a positive association between prenatal alcohol exposure and behavioral
outcome in our meta-analysis is due to misclassification.
Not all included studies used the same classification for prenatal smoking and prenatal alcohol
consumption. Most studies compared any amount of smoking during pregnancy with no
smoking during pregnancy, as was also done in Whistler, yet three studies14,43,44 defined more
than two groups for prenatal smoking. The same holds for the meta-analysis on prenatal
alcohol consumption whereby all included studies defined more than two comparison
groups. Although we included from these studies the results for the comparisons between
the groups that were most in line with the other studies in the meta-analyses, in fact the
studies were not completely comparable. For future studies, an individual participant data
(IPD) meta-analysis could overcome this problem, because that would give the possibility of
selecting the same comparison groups for each included study.
Last, our study was limited by the fact that all studies in the meta-analysis are observational
and therefore the associations could be confounded. Some factors that are likely to confound
the association between prenatal smoking and behavioral outcome are socioeconomic
status, postnatal exposure to smoking and the psychosocial background of the mother.50,54–60
In addition, it has been suggested that unmeasured genetic factors and shared familial
environment could explain the association between smoking and behavioral outcomes.
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Some studies have applied sibling-matched analysis to control for these factors.21,22,61,62 In these
studies, the association between maternal smoking during pregnancy and hyperactivity lost
statistical significance after using sibling controls. However, results from sibling comparison
designs should be interpreted with caution since they are only valid if all confounding factors
are completely shared by siblings, and may underestimate associations63. Therefore, it may be
more reliable to adjust for maternal psychosocial status, which is a manifestation of shared
genetic and environmental components. While all studies included in our meta-analysis
adjusted for socioeconomic status, four studies41,43–45 did not adjust for exposure to postnatal
smoking, and four studies (including Whistler)41,43,44 did not assess maternal psychosocial status.
The pooled estimates for the association of prenatal smoking with total difficulties, emotional
symptoms, conduct problems, peer problems and prosocial behavior are mostly based on
studies that did not adjust for one or more of these factors and thus have a high risk of bias
due to confounding. The associations that we found for these subscales could therefore be
overestimated. On the other hand, the pooled estimate for the hyperactivity subscale is mostly
based on the results by the two studies that did adjust for these confounding factors.14,42 In
a sensitivity analysis whereby we only included the data from these two studies, we showed
that the estimate did not differ substantially from the original analysis. Therefore, in contrast
to the other outcomes, we presume that the effect of prenatal exposure to smoking on
hyperactivity was not greatly overestimated in our meta-analysis.
After considering the discussed limitations of our study, we conclude that prenatal exposure
to smoking is associated with a higher risk on hyperactivity in childhood. Possible bias due
to selection or underreporting of prenatal smoking would have led to an underestimation,
and the risk of bias due to confounding was low for the meta-analysis of the effect of
prenatal exposure to smoking on hyperactivity. This association could be caused by several
biological mechanisms. Previous research has shown that prenatal exposure to smoking has
adverse effects on the development of the structure and function of the brain.64–67 Several
studies consistently found a reduced cerebellar volume in children that were prenatally
exposed to maternal smoking.64,66,67 Interestingly, it was also found that children with
ADHD have significantly smaller cerebellar volumes.68,69 Another explanation for the found
association between prenatal smoking and childhood behavior could be that tobacco smoke
causes epigenetic changes during pregnancy which eventually lead to altered behavioral
development. In the future, it needs to be elucidated what the role of these two mechanisms
is, and how they interact.

Conclusions
We show that prenatal exposure to maternal smoking is associated with an increased risk
of hyperactive behavior. Furthermore, the meta-analysis also showed an increased risk on
emotional symptoms and conduct problems. However, these associations were probably

139

6

Chapter 6

overestimated due to insufficient adjustment for possible confounding effects by postnatal
exposure to smoking and maternal psychosocial status. A future possibility would be to
perform an IPD-meta-analysis for these behavioral outcomes whereby equal comparison
groups can be defined and the analyses for all individual participants could be adjusted for
the same set of important possible confounders.
For prenatal alcohol exposure, we must conclude that the effect of prenatal exposure to low
to moderate amounts of alcohol on offspring behavior remains unclear, as our meta-analysis
contained too few studies and results were possibly underestimated due to underreporting
of prenatal alcohol consumption. In the future, more studies with a larger sample size are
necessary to provide the final answer, and ideally with a more reliable assessment for prenatal
alcohol consumption than self-report.
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Supplementary table 1. Search strategy in Pubmed and Embase.
Determinant

Database

Search

Prenatal smoking

Pubmed

(smoke[Title/Abstract] OR smoking[Title/Abstract]) OR
tobacco[Title/Abstract] OR Smoking[MeSH Terms]) AND
(SDQ[Title/Abstract] OR (strength[Title/Abstract] AND
difficulties[Title/Abstract]))
(‘smoke’:ab,ti OR ‘smoking’:ab,ti OR ‘tobacco’:ab,ti OR ‘smoking’/
exp/mj) AND (‘sdq’:ab,ti OR (‘strength’:ab,ti AND ‘difficulties’:ab,ti))
(alcohol[Title/Abstract] OR alcoholic[Title/Abstract] OR
drinking[Title/Abstract] OR alcohol drinking[MeSH Terms])
AND (SDQ[Title/Abstract] OR (strength[Title/Abstract] AND
difficulties[Title/Abstract]))
(‘alcohol’:ab,ti OR ‘alcoholic’:ab,ti OR ‘drinking’:ab,ti OR ‘alcohol’/
exp/mj) AND (‘sdq’:ab,ti OR (‘strength’:ab,ti AND ‘difficulties’:ab,ti))

Embase
Prenatal alcohol

Pubmed

Embase
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Supplementary table 2. Baseline characteristics of the mothers and children who were lost to followup compared with the mothers and children participating in the follow-up visit at age 5 years.
Participated in
5 year follow-up
(n=1010)

Lost to follow-up
(n=1959)

Total
(n=2969)

Value

N

Value

N

Value

N

Prenatal smoking (n (%) yes)

53 (5.4%)

973

87 (5.1%)

1703

140 (5.2%)

2676

Prenatal alcohol consumption
(n (%) >1 glass/week

2 (1.5%)

137

9 (1.0%)

941

11 (1.0%)

1078

2800

Determinants

Child characteristics at birth
Gender (n (%) male)

481 (47.6%)

1010

907 (50.7%)

1790

1388 (49.6%)

Gestational age at birth
(weeks +days)

39 +6 (±1 +2)

978

39 +6 (±1 +2)

1728

39 +6 (±1 +2) 2706

Birth weight (g)

3550 (± 491)

979

3536 (± 509)

1734

3541 (± 503)

2713

Birth length (cm)

51.0 (± 2.2)

870

50.8 (± 2.3)

1587

50.8 (± 2.3)

2457

Child ethnicity (n (%) western)a

719 (91.8%)

783

1174 (89.4%)

1313

1893 (90.3%)

2096

32.9 (± 3.5)

889

32.5 (± 3.8)

1471

32.6 (± 3.7)

2360

Parental characteristics
Maternal age at birth (years)
Maternal education (n (%))
low (lower secondary school)

857

1410

2267

28 (3.3%)

33 (2.3%)

61 (2.7%)

middle (upper secondary school)

245 (28.6%)

389 (27.6%)

634 (28.0%)

high (university)

584 (68.1%)

Paternal education (n (%))
low

988 (70.1%)
814

1572 (69.3%)
1332

2146

32 (3.9%)

57 (4.3%)

89 (4.1%)

middle

299 (36.7%)

392 (29.4%)

691 (32.2%)

high

483 (59.3%)

883 (66.3%)

1366 (63.7%)

Values are means (± SD), unless otherwise indicated; a Based on birth country of child’s parents. Western: Europe
(excluding Turkey), North America, Oceania, Indonesia, Japan; Non Western: Africa, Turkey, Central and South America,
Asia (excluding Indonesia and Japan)
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H

L

H

L

M

L

L

H

L

Kovess, 2015

M

N/Aa

H

L

M

L

Melchior, 2015

M

M

M

L

Hb

L

Rückinger, 2010

M

M

H

L

H

L

Hutchinson, 2010

M

M

H

L

L

L

Skogerbo, 2013

M

M

M

L

L

L

Kelly, 2012

L

L

H

L

L

L

Sayal, 2007

L

M

M

L

L

L

Statistical Analysis
and Reporting

M

L

Study Confounding

M

Outcome
Measurement

Prognostic Factor Measurement

Tanaka, 2016
Dürr, 2015

Study Participation

Study Attrition

Supplementary table 3. Quality assessment of the included studies in the meta-analysis, according to
the QUIPS tool.

Prenatal smoking

Prenatal alcohol consumption

L: Low risk of bias; M: Moderate risk of bias; H: high risk of bias; Determinant and outcome were measured at the
same time;
b
Melchior et al. only corrected for all possible confounders in the analysis of the hyperactivity subscale. In the analyses
of the other subscales they only corrected for children’s sex and study center. Therefore, overall risk of bias for study
confounding was considered high.
a
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6

Supplementary figure 1. Funnel plot for the meta-analysis of studies that investigated the association
between prenatal smoking and child behavioral outcomes.

Supplementary figure 2. Funnel plot for the meta-analysis of studies that investigated the association
between prenatal alcohol drinking and child behavioral outcomes.
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In this thesis, we determined the reproducibility of fetal brain structure volume measurements
in 3D-ultrasound images (part I), and evaluated the impact of maternal habits (i.e. smoking,
alcohol and caffeine consumption) during pregnancy on fetal brain development and on
childhood cognition and behavior (part II). This chapter is a discussion of the main findings
and their implications, and future perspectives.
The prenatal period is an important time window for the development of the brain. As the
fetal brain undergoes rapid growth and complex changes, it is vulnerable to influences of the
intrauterine environment.1 Research in the field of the Developmental Origins of Health and
Disease (DOHaD) indicates that intrauterine environment influences behavior and cognition
in later life. Maternal smoking during pregnancy has been associated with behavioral and
neuropsychiatric problems at childhood age.2–5 In line with this, the results from our study
in the Whistler cohort and meta-analysis also indicate an association of maternal smoking
during pregnancy with hyperactive behavior in childhood (chapter 6). Regarding alcohol
consumption during pregnancy, it is evident that excessive consumption leads to mental
health problems as part of the Fetal Alcohol Syndrome (FAS).6,7 For low to moderate amounts
of alcohol consumption during pregnancy, we did not find an association with behavioral
problems in childhood in our study. In the literature, reports on the effect of low to moderate
amounts of alcohol consumption during pregnancy on childhood mental health outcomes
show conflicting results.8–13 Still, the current advice of the Dutch Health Council is to completely
abstain from any alcohol consumption during pregnancy.14 Other maternal lifestyle habits,
such as caffeine consumption, have been shown to affect fetal growth, and could potentially
also influence fetal and childhood development.15,16 The effects of intrauterine environment
on later mental health are probably mediated through an effect on fetal brain development,
since mental processes are determined by the functioning of the brain.17,18 However, most
of the studies that support this hypothesis have used head circumference as proxy for brain
development19–22, or have assessed brain (structure) size in childhood or adulthood.22–26
Research on actual fetal brain development in large cohorts is scarce. Hence, there is a need
for reproducible methods that can measure the fetal brain during pregnancy.
The YOUth cohort aims to investigate how neurocognitive development mediates the
association between developmental changes in biological, child-related and environmental
factors, and the development of social competence and behavioral control in children (Figure
1). One of the modalities that are used in YOUth to measure neurocognitive development
is prenatal 3D-ultrasound. YOUth is the first study so far that performs 3D-ultrasound of the
developing fetal brain at two time points during pregnancy in a large cohort of healthy
pregnant women. To be able to measure the fetal brain in the acquired 3D-ultrasound images,
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we set out to find reproducible methods for the measurement of relevant brain structures.
Previously, methods for measurement of intracranial, cerebellar and thalamic volume, with the
use of VOCAL, have been described.27–30 Before using these methods in large scale in YOUth,
we determined the reproducibility of these measurements in a group of 80 participants
(chapter 2). We showed that the intra- and interobserver agreement was high for intracranial
and cerebellar volume measurements. Manual delineation of the thalami was difficult, due to
their similar echogenicity to surrounding tissues, which led to insufficient reproducibility of
the method for thalamic volume measurement. Thereafter, we devised a new method for the
measurement of fetal frontal lobe volume in 3D-ultrasound images with the VOCAL software.
In chapter 3 we presented this new method for fetal frontal lobe measurement and showed
that this method is reproducible. In addition, it was shown that the growth of the frontal lobe
follows a quadratic growth pattern.
Now that the reproducibility of intracranial, cerebellar and frontal lobe volume measurement
has been established, these methods can be implemented in studies on fetal brain
development. In particular our newly devised method for the measurement of fetal frontal
lobe is a major contribution for future research as changes in fetal frontal lobe development
are most likely to lead to adverse behavioral and neuropsychiatric outcomes, considering
that the frontal lobe is responsible for complex functions, such as planning, decision-making,
inhibition, attention, memory, emotion and motivation.31–33 3D-ultrasound is of low cost,
easily accessible and not unpleasant for participants, and is, thus, a suitable modality for large
follow-up studies with repeated measures. Therefore, the outcomes of the first part of this
thesis now provide the unique opportunity to evaluate fetal brain development in YOUth and
other large scale studies. This has never been done before, for as far as we know.
Caution is still warranted for statements about actual brain size. The good reproducibility
of the measurements do not necessarily imply that they accurately reflect the real volumes
of the measured structures. However, to determine the accuracy of the measurements, the
observed values should have to be compared with the true ‘in vivo’ volumes as the gold
standard, which is off course impossible.
In the second part of this thesis, a first step was taken to answer the main question of the
YOUth-cohort: How does neurocognitive development mediate the association between
developmental changes in biological, child-related and environmental factors, and the
development of social competence and behavioral control in children? (Figure 1) We
investigated whether maternal caffeine consumption influences fetal brain development.
During pregnancy, the half-life of caffeine is three to four times longer during pregnancy due
to reduced activity of the CYP1A2 enzyme, which is a key factor in caffeine elimination.34–37
Since caffeine can readily pass the placenta, this increased half-life does not only lead to
higher concentrations in maternal blood circulation, but also in the fetal blood circulation.
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Furthermore, as caffeine is capable of crossing the blood-brain barrier, it has the potential to
influence fetal brain development and subsequent development of cognition and behavior
in later life.
The review in chapter 4 provides an overview of the current knowledge about the effects of
prenatal caffeine on fetal brain development and childhood cognition and behavior. Prenatal
exposure to high amounts of caffeine (equivalent to daily consumption of at least ten cups of
coffee in humans) was associated with lower brain weight at birth in rats. In humans, prenatal
caffeine consumption had no effect on head circumference at birth. The results of human
studies on the impact on cognition and behavior in childhood are inconsistent. Findings from
some large prospective birth cohorts indicate an association of high amounts of prenatal
caffeine intake with lower IQ and more problem behavior in childhood, while other studies
could not confirm this. A definite conclusion cannot be drawn from these findings, but
there is some evidence that suggests a possible negative association of prenatal exposure
to caffeine with fetal brain development and cognitive and fetal development. Important to
mention is that human studies that measure the effect of caffeine consumption on actual
prenatal brain development are lacking. In chapter 5 we made a first attempt to fill that gap
by evaluating the influence of intrauterine exposure to caffeine on intracranial, cerebellar and
frontal lobe volume, and on the growth trajectory of these brain structures. This exploratory
study is the first time that 3D-ultrasound measurements were used to evaluate the effect of
an environmental factor on actual fetal brain development. We had data for 150 pregnancies
available at the time of this analysis. Intrauterine exposure to caffeine was not statistically
significantly associated with intracranial, cerebellar or frontal lobe volume, or with the growth
trajectories. Nonetheless, an effect of prenatal caffeine on brain size cannot be ruled out
completely. The results from the regression analyses consistently showed a nonsignificant
negative trend, indicating that one cup of coffee (85mg caffeine) would lead to 1-2% reduced
brain volume. Therefore, whether maternal caffeine consumption influences fetal brain
development, and cognition and behavior in later life remains inconclusive after our research,
but cannot be ruled out. Previously, a 3.2% lower brain volume and 3.5% smaller cerebellar
volume have been associated with ADHD at childhood age38 If this is true, that would indicate
that a small reduction in brain (structure) volumes could have a real impact on the child’s
mental health.
Currently, the European Food Safety Authority (EFSA) panel and the American College of
Obstetricians and Gynecologists advice to consume no more than 200mg of caffeine per
day (equivalent to 2-3 cups of coffee per day)39,40, based on the association of this amount
of caffeine consumption during pregnancy with adverse perinatal outcomes, such as fetal
growth restriction and pregnancy loss.15,16,41,42 Still, many women consume caffeine during
pregnancy. In recent European birth cohorts, more than 80% of the women reported caffeine
consumption.43–46 Also in YOUth, we found a median caffeine consumption of 115mg per
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day and 20% of the women consumed more than 200mg of caffeine per day (chapter 5). Our
results from YOUth (chapter 5) combined with the evidence reported in the review (chapter
4) definitely indicate that more research is needed. If our results are confirmed this could
ultimately lead to an advice of complete abstention of consumption of caffeinated drinks
during pregnancy. This may have substantial impact on the life of women during pregnancy,
who are confronted with a growing list of food and life style habits that should be avoided
during pregnancy. Thus, more certainty is needed that caffeine has these adverse effects
before prevention programs should include possible negative effects of prenatal caffeine
consumption on mental health. The reproducibility studies of volume measurements in this
thesis are a starting point. Now we need to perform these measurements in all acquired
3D-images from women participating in YOUth Baby & Child, to further assess the impact of
caffeine consumption on fetal brain development and childhood cognitive and behavioral
development on large scale.
The research in this thesis contributes to the hypothesis that maternal lifestyle affects fetal
brain development. Even though we cannot draw definite conclusions, all outcomes do
suggest possible effects of maternal lifestyle habits on fetal brain development, which could
impact later cognitive and behavioral development in childhood. Yet, we need to keep in
mind that brain development does not stop at birth. The neuroplasticity of the developing
brain continues postnatally and even throughout childhood and adolescence.47 This means
that the brain can still adapt to the environment after birth and could possibly ‘repair’ the
damages that occurred prenatally. To further elucidate the effect of maternal lifestyle habits on
brain development, ultimately leading to effects on mental health in childhood, longitudinal
follow-up with repeated measurements is needed to study individual development. In YOUth
we follow the development of 3000 children from pregnancy until childhood and measure
both neurocognitive and behavioral development repeatedly. Therefore, the YOUth cohort
provides us the unique opportunity to investigate the impact of developmental changes
in biological, child-related and environmental factors on neurocognitive and behavioral
development over time. However, one remaining obstacle is that it is not possible to assess
structural brain development during childhood. Ultrasound waves cannot pass through the
skull, and MRI in young children is hampered by severe head motion artifacts. Therefore,
examination of structural brain development can only be continued when children are older.

Future perspectives
In addition to YOUth, more large follow-up studies in different parts of the world will be needed
to validate the findings from YOUth in other populations. Even if we find strong associations of
maternal lifestyle factors in pregnancy with fetal brain development or childhood cognition
and behavior, it will be difficult to prove a true causal relation, as observational research is
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limited by the possibility of confounding and reverse causation.48 It is not ethical to investigate
the impact of maternal lifestyle factors with randomized controlled trials, as this would mean
that pregnant women would be purposely subjected to factors with known or suspected
negative effects (e.g. in the case of maternal smoking and alcohol consumption). If the results
can be confirmed in other cohorts, that would make a causal relationship more plausible.
A following step could be to perform a cluster randomized trial to investigate whether a
prevention program that discourages the lifestyle factor with suspected negative effects
improves perinatal outcomes and mental health outcomes in childhood.
In this thesis we decided to evaluate fetal brain development by measuring intracranial,
cerebellar and frontal lobe volume in 3D-ultrasound images, because neuropsychiatric
disorders have been associated with differences in brain structure volumes. In the future, other
methods for measurement of fetal brain structures could be explored. For example, varying
methods have already been described to measure or qualify the progress of cortical folding
in ultrasound images.49–55 As some small MRI studies have found reduced cortical folding
in children with ADHD56 and in children with conduct disorder57, it might be interesting to
compare the previously described methods for evaluation of cortical folding in ultrasound
images, and select one that is reproducible to use this method for measurement of fetal
cortical folding in the 3D-images of the YOUth participants.
In YOUth we chose to use 3D ultrasound to visualize the fetal brain. One might argue that fetal
brain MRI is a better modality for neuroimaging because it has much higher resolution than
3D-ultrasound. However, MRI has its limitations as well: it is expensive, time consuming, and
a bigger burden for study participants.58 For these reasons we deem 3D-ultrasound a more
suitable method for fetal brain measurements in a large cohort with multiple visits. However,
because of the valuable information that fetal MRI could additionally provide, the YOUth study
was recently extended with a complementary study in a subgroup of 100 participants. In this
group, two MRI scans will be performed, the first prenatally at 30 to 34 weeks of gestation and
the second within the first month after birth, in addition to the standard YOUth measurements.
With these MR images it will be possible to measure the volume of brain structures and
compare these with the volume measurements in ultrasound, but also allow measurements
that cannot be performed by ultrasound, such as white matter integrity, cortical thickness
and microstructure of specific structures (e.g. basal ganglia and cerebellum).59–61 Furthermore,
functional MRI makes it possible to investigate functional connectivity development in
addition to structural brain development.62,63 Therefore, with this MRI sub study YOUth will
acquire knowledge of all aspects of early structural and functional brain development.
The influence of maternal caffeine consumption, smoking and alcohol consumption were
studied in this thesis, but there are more maternal lifestyle habits that could potentially
influence fetal brain development and subsequent cognition and behavior in later life. For
example, recreational drug use is not uncommon in women in the reproductive age,64,65 and
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the rates of cannabis and methamphetamines use among pregnant women have increased in
the last years.64,66 Both these substances have been associated with decreased birth weight67,68,
and there is some evidence indicating a possible association of prenatal cannabis exposure
with cognitive and behavioral outcomes69
To conclude, this thesis adds to the hypothesis that maternal lifestyle habits during pregnancy
influence childhood cognition and behavior, through a mediating effect on fetal brain
development. We provide evidence on potential effects of prenatal caffeine consumption
that warrants further research. In addition, the methods for measurements of fetal brain
structure volumes described in this thesis provide a starting point for further research on fetal
brain development. The ultimate goal is to know which maternal lifestyle habits influence
neurocognitive development and to what extent, to allow development and implementation
of targeted prevention strategies promoting a healthy start in life for every child.
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Summary

Summary
The main aim of this thesis was to evaluate the influence of maternal life style habits during
pregnancy on the neurodevelopment of the child.
In the first part, the reproducibility of fetal brain structure volume measurements in
3D-ultrasound images was determined to provide a reliable tool for the assessment of
fetal brain development. In chapter 2 the reproducibility of previously described methods
for the measurement of fetal intracranial, cerebellar and thalamic volume with the Virtual
Organ Computer-aided Analysis (VOCAL) application was investigated, and compared to the
reproducibility of two-dimensional measurements of these brain structures. With intra- and
interobserver intraclass correlation coefficients (ICC) of 0.96 (95%CI 0.91-0.98), and 0.97 (95%CI
0.96-0.98), respectively, the agreement for measurement of intracranial volume was proven
to be high and similar to 2D-measurements of these structures. Agreement for measurement
of cerebellar volume was high as well, with intra- and interobserver ICC’s of 0.85 (95%CI
0.76-0.90) and 0.75 (0.44-0.88). Due to their similar echogenicity to the surrounding tissue
the thalami are difficult to distinguish in 3D-ultrasound images, which resulted in intra- and
interobserver ICCs of 0.57 (95%CI 0.38-0.71) and 0.55 (95%CI 0.37-0.70). These results indicate
that measurements of intracranial and cerebellar volume are reproducible, but measurement
of thalamic volume is not recommended.
Since the frontal lobe plays a key role in human behavior, it would be very interesting to
measure the volume of this brain structure as well. In previous research it has been attempted
to measure the fetal frontal lobe volume with the VOCAL software. However, the approach
that was used for the delineation of the frontal lobe included the head of the corpus
callosum and the frontal part of the cavum septi pellucidi in the measured volume. Since
these structures are not part of the frontal lobe, this method does not measure the frontal
lobe volume correctly. Therefore, we devised a new approach that does not include these
structures. This new method for the measurement of fetal frontal lobe volume was presented
in chapter 3, and was shown to be reproducible with high intra- and interobserver ICCs of
0.83 (95%CI 0.73-0.89) and 0.83 (95%CI 0.71-0.90) for measurements of the fetal frontal lobe
around 20 weeks’ and ICCs of 0.88 (95%CI 0.82-0.93) and 0.91 (95%CI 0.85-0.94) around 30
weeks’ of gestation. Furthermore, a growth trajectory was fitted to measurements of the fetal
frontal lobe volumes of 150 YOUth participants, which showed a quadratic growth pattern.
This means that the growth of the frontal lobe accelerates in time during pregnancy, at least
until 33 weeks of gestation. We did not measure fetal frontal lobe volume beyond 33 weeks’,
but hypothesize that fetal frontal lobe growth will eventually decelerate since it is not possible
for the frontal lobe to grow indefinitely.
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The findings in chapter 2 and 3 show that the described methods for measurement of
intracranial, cerebellar, and frontal lobe volume in 3D-ultrasound images are reproducible,
and can be used to investigate fetal brain development.
In the second part of this thesis, the impact of maternal habits during pregnancy on fetal
brain development and on childhood cognition and behavior was investigated. Caffeinated
drinks, like coffee and tea, are consummated by many women during pregnancy. Due to the
increased half-life of caffeine during pregnancy and its ability to cross the placenta, maternal
caffeine consumption can lead to high amounts of caffeine in the fetal bloodstream. Since
caffeine also crosses the blood-brain barrier, it has the potential to influence fetal brain
development. In chapter 4, a systematic literature review was undertaken to provide an
overview of the current evidence on the effect of maternal caffeine consumption during
pregnancy on prenatal structural brain development, and on cognitive and behavioral
outcomes in childhood. Thirteen studies in animals were derived that showed that prenatal
exposure to high amounts of caffeine is associated with lower brain weight at birth in rats.
Fourteen studies in humans with structural brain development as outcome were identified
that show that maternal caffeine consumption does not influence head circumference at birth.
Human studies that investigate the effect of prenatal exposure to caffeine on actual prenatal
brain development are lacking. Ten human studies investigated the impact of caffeine on
cognition and behavior in childhood, which showed inconsistent results. Two studies found
an association between maternal caffeine consumption during pregnancy and lower IQ in
childhood, and four studies found an association between maternal caffeine consumption
and more behavioral problems, while four other studies found no significant association with
cognition or behavior. Thus, there is some evidence to suggest a possible negative association
between prenatal caffeine exposure to caffeine and the child’s neurodevelopment, but more
research is needed.
Following this review, we investigated the impact of prenatal exposure to caffeine on
intracranial, cerebellar and frontal lobe volume and on the growth of these structures in
chapter 5. Intracranial, cerebellar and frontal lobe volume were measured around 20 and
around 30 weeks’ gestational age in the 3D-ultrasound images of 150 participants of the
YOUth cohort. The caffeine consumption of these participants was calculated from coffee and
tea intake that were assessed through questionnaires that were administered after each visit.
Prenatal caffeine exposure was neither associated with intracranial, cerebellar and frontal lobe
volume at around 20 or 30 weeks of gestation, nor with the growth trajectories of the brain
structures between 20 and 30 weeks’ gestational age. However, a nonsignificant trend was
found that suggests that intrauterine exposure to caffeine could reduce fetal brain structure
volumes. Due to the limited sample size of this exploratory study, definite conclusions cannot
be drawn.
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In chapter 6 the impact of maternal smoking and alcohol consumption during pregnancy
on behavioral outcomes was evaluated. Firstly, this association was investigated in Whistler,
a large prospective birth cohort. The behavioral outcomes of 1010 children at the age of five
were measured with the Strength and Difficulties Questionnaire (SDQ). Prenatal exposure to
caffeine and alcohol were assessed through questionnaires that were administered during
pregnancy and after birth. No statistically significant association between smoking and
behavioral outcomes or between alcohol consumption and behavioral outcomes was found.
However, both the number of children that were prenatally exposed to smoking or alcohol,
and the number of children with an abnormal behavioral outcome was low, which made the
study group too small to answer this question. As this was the case in all previous studies in
literature as well, the field would benefit from a formal meta-analysis. Therefore, we secondly
pooled our results with results from other studies that investigated the effect of maternal
smoking or alcohol consumption during pregnancy on childhood behavior, assessed with the
SDQ. The results of this meta-analysis show that prenatal maternal smoking is associated with
an increased risk of hyperactive behavior and possibly emotional and conduct problems. The
effect of prenatal exposure to low to moderate amounts of alcohol on childhood behavior
remains unclear.

8

Conclusions
The results of this thesis provide the first steps in the endeavor to understand how maternal
lifestyle during pregnancy influences the brain development of the child and future
development of cognition and behavior. The methods for intracranial, cerebellar and frontal
lobe volume measurement in 3D-ultrasound images enable future research on fetal brain
development. Even though definite conclusions on the effect of maternal habits on fetal
brain development could not be drawn, findings in this thesis do indicate a potential role
of prenatal exposure to caffeine and smoke in the development of the fetal brain and future
childhood cognition and behavior.
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Introductie
Gedragsproblemen komen veel voor bij kinderen. Psychiatrische stoornissen zijn zelfs de
grootste oorzaak van ziektelast bij kinderen in West-Europa. Deze gedragsproblemen kunnen
grote gevolgen hebben voor de rest van het leven van een kind. Het is daarom essentieel om
te onderzoeken hoe gedragsveranderingen ontstaan en om de rol van het ontwikkelende
brein in dit proces te begrijpen. De ontwikkeling van een kind begint al voor de geboorte,
in de baarmoeder. Tijdens de zwangerschap beïnvloeden allerlei factoren van buitenaf,
bijvoorbeeld de voeding van de moeder, de (hersen)ontwikkeling van de baby. Om in de
toekomst zwangere vrouwen beter te kunnen informeren over het effect van hun gedrag
tijdens de zwangerschap op de hersenontwikkeling van het kind en de daarop volgende
ontwikkeling van cognitie en gedrag, is het belangrijk dat hierover meer kennis verzameld
wordt.
Het YOUth-onderzoek is een grootschalig, langlopend cohortonderzoek dat de (gedrags)
ontwikkeling van kinderen volgt vanaf voor de geboorte tot aan de vroege volwassenheid. Het
doel van de studie is om te onderzoeken hoe biologische, kind-specifieke en omgevingsfactoren
gezamenlijk het ontstaan van gedrag en gedragsproblemen beïnvloeden. Bovendien wordt
onderzocht wat de rol van de hersenontwikkeling hierbij is. Het onderzoek is onderverdeeld
in twee groepen. De eerste groep, YOUth Baby & Kind, bestaat uit 3000 zwangere vrouwen
en hun baby’s die vanaf de zwangerschap gevolgd worden tot zij ongeveer 8 jaar oud zijn.
De tweede groep, YOUth Kind & Tiener, bestaat uit 3000 kinderen die vanaf 8, 9 of 10-jarige
leeftijd gevolgd worden tot zij ongeveer 16 jaar oud zijn.
Het wetenschappelijk onderzoek dat in dit proefschrift beschreven is, is onderdeel van de
YOUth Baby & Kind studie. Het belangrijkste doel van dit proefschrift is om de invloed van de
leefstijl van de moeder tijdens de zwangerschap op de hersenontwikkeling en op de latere
ontwikkeling van gedrag en cognitie van het kind te bepalen.

Deel 1: 3D-echo van foetale hersenontwikkeling
Om hersenontwikkeling goed te kunnen onderzoeken, zijn er methoden nodig om die
ontwikkeling te meten. Binnen het YOUth onderzoek worden er op twee momenten (rond 20
weken zwangerschap en rond 30 weken zwangerschap) driedimensionale echobeelden van
de hersenen van de baby gemaakt. In deze beelden kunnen verschillende metingen worden
verricht. In wetenschappelijke literatuur werd al een methode beschreven om het intracranieel
volume (het volume in de schedel), het volume van het cerebellum (de kleine hersenen)
en het volume van de thalamus (een hersenstructuur die een belangrijke rol speelt bij het
doorgegeven van prikkels) te meten. In hoofdstuk 2 hebben we onderzocht of de metingen
volgens deze methode betrouwbaar zijn. Twee onderzoekers hebben het intracranieel,
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cerebellair en thalamisch volume gemeten in echobeelden die binnen het YOUth-onderzoek
werden gemaakt. Daarna werden de waarden van deze metingen vergeleken. De metingen
van het intracraniële en cerebellaire volume bleken in grote mate met elkaar overeen te komen
en daarom voldoende betrouwbaar te zijn. De thalamus is moeilijk te onderscheiden van
het hersenweefsel dat eromheen ligt. Daardoor bleek de overeenkomst tussen de metingen
van het thalamisch volume slechts matig te zijn. Om die reden adviseren wij het thalamisch
volume niet op deze manier te meten.
De frontaalkwab, een hersenstructuur die in het voorhoofd ligt, speelt een sleutelrol in het
ontstaan van menselijk gedrag. De frontaalkwab is namelijk verantwoordelijk voor de hogere
controlefuncties van de hersenen, zoals organisatie, planning, aandacht, inhibitie, geheugen,
emotie en motivatie. Er is in de literatuur al wel een methode beschreven om het volume
van de frontaalkwab te meten, maar bij deze methode werden ook andere hersenstructuren
in het volume meegenomen die niet bij de frontaalkwab horen. Omdat wij dit niet als een
correcte methode konden beschouwen, hebben wij zelf een nieuwe methode ontwikkeld
voor het meten van het frontaalkwab volume in 3D-echobeelden van de foetale hersenen.
In hoofdstuk 3 wordt deze methode beschreven. Vervolgens hebben we aangetoond dat
deze methode betrouwbaar is, aangezien de overeenkomst tussen verschillende metingen
van één onderzoeker en tussen de metingen van twee verschillende onderzoekers hoog is.
Tenslotte hebben we een groeicurve van het frontaalkwab volume berekend, op basis van de
metingen van de frontaalkwab volumes van 150 YOUth deelnemers. Tussen 20 en 33 weken
zwangerschap groeit het volume van de frontaalkwab enorm, waarbij de groeisnelheid ook
steeds toeneemt. Uiteindelijk zal deze groeisnelheid weer af moeten nemen, maar dit gebeurt
pas na 33 weken zwangerschapsduur.
Dankzij de bevindingen in hoofdstuk 2 en 3 hebben we nu betrouwbare methoden voor
het meten van intracranieel, cerebellair en frontaalkwab volume in foetale 3D-echobeelden,
die we kunnen gebruiken om de hersenontwikkeling van de baby tijdens de zwangerschap
te onderzoeken.

Deel 2: Invloed van de leefstijl van de moeder tijdens de zwangerschap
In het tweede deel van dit proefschrift hebben we een eerste stap gezet in het onderzoek naar de
invloed van de leefstijl van de moeder tijdens de zwangerschap op de foetale hersenontwikkeling
en op de ontwikkeling van cognitie en gedrag op de kinderleeftijd. In hoofdstuk 4 en 5
onderzochten we het effect van cafeïne consumptie. Veel vrouwen drinken tijdens de
zwangerschap producten met cafeïne, zoals koffie of thee. Cafeïne kan door de placenta heen
naar het bloed van de baby. Daarnaast wordt de cafeïne die door de moeder gedronken wordt
minder goed afgebroken tijdens de zwangerschap. Dit kan leiden tot hoge cafeïne gehaltes
in het bloed van de baby. Aangezien cafeïne ook door de bloed-hersen-barrière heen gaat,
zou dit mogelijk effect kunnen hebben op de hersenontwikkeling tijdens de zwangerschap.

174

Nederlandse samenvatting

In hoofdstuk 4 beschrijven we de uitkomsten van een systematische literatuurstudie
die een overzicht geeft van de huidige kennis over het effect van cafeïne consumptie
tijdens de zwangerschap op de hersenontwikkeling van de baby en op het gedrag en de
cognitie op kinderleeftijd. Dertien studies in dieren lieten zien dat blootstelling aan hoge
hoeveelheden cafeïne tijdens de zwangerschap mogelijk leidt tot een lager gewicht van de
hersenen bij geboorte. In veertien studies in mensen bleek dat cafeïne consumptie tijdens de
zwangerschap geen effect heeft op de hoofdomtrek van het kind bij geboorte. Twee studies
met mensen vonden een verband tussen blootstelling aan cafeïne tijdens de zwangerschap
en een lagere intelligentie op de kinderleeftijd, en vier studies vonden een hoger risico op
gedragsproblemen na blootstelling aan cafeïne in de zwangerschap. Daarentegen zijn er
ook vier andere studies die geen verband zagen tussen cafeïne consumptie van de moeder
tijdens zwangerschap en gedrag en intelligentie van het kind. Er zijn dus wel aanwijzingen
dat blootstelling aan cafeïne tijdens de zwangerschap effect zou kunnen hebben op de
ontwikkeling van het kind, maar meer onderzoek is nodig. Vooral studies met mensen die
werkelijk het effect van cafeïne blootstelling op hersenontwikkeling tijdens de zwangerschap
onderzoeken ontbreken nog.
Met het onderzoek dat beschreven is in hoofdstuk 5 hebben wij hierin een begin gemaakt,
door de invloed van blootstelling aan cafeïne tijdens de zwangerschap op het intracranieel,
cerebellair en frontaalkwab volume en op de groei van deze hersenstructuren te onderzoeken.
Het volume van de structuren werd rond 20 weken en rond 30 weken zwangerschapsduur
gemeten in de 3D-echobeelden van 150 deelnemers van het YOUth-onderzoek. In vragenlijsten
hebben de moeders aangegeven hoeveel koffie en thee zij dronken tijdens de zwangerschap.
Op basis hiervan werd de hoeveelheid cafeïne blootstelling berekend. Wij zagen dat alle drie
de hersenstructuren kleiner leken te zijn, wanneer de cafeïne consumptie van de moeder
groter was. Wij vonden echter geen statistisch significant verband tussen blootstelling aan
cafeïne tijdens de zwangerschap en het intracranieel, cerebellair of frontaalkwab volume,
of tussen cafeïne bloostelling en de groeisnelheid van deze hersenstructuren. Hiervoor was
de hoeveelheid deelnemers die wij in deze studie hebben meegenomen te klein. Er is dus
mogelijk een effect van cafeïne blootstelling tijdens de zwangerschap op de ontwikkeling
van de hersenen, maar dit onderzoek zal op grotere schaal herhaald moeten worden om hier
duidelijke conclusies over te kunnen trekken.
De invloed van roken en alcohol consumptie tijdens de zwangerschap op het gedrag van het
kind op de kinderleeftijd werd onderzocht in het onderzoek dat beschreven is in hoofdstuk
6. In een groot prospectief geboortecohort, genaamd Whistler, werd het gedrag van 1010
kinderen op vijfjarige leeftijd geëvalueerd en moeders vulden in vragenlijsten in hoeveel zijn
hadden gerookt en hoeveel alcohol zij hadden gedronken tijdens de zwangerschap. Voor
zowel roken als alcohol consumptie tijdens de zwangerschap werd geen significant verband
met gedragsuitkomsten gevonden. De studiegroep bleek hiervoor te klein, doordat zowel het
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aantal kinderen dat prenataal was blootgesteld aan roken of alcohol, als het aantal kinderen
dat abnormaal gedrag vertoonde, klein was. Omdat dit bij veel andere voorgaande studies
ook het geval was, hebben wij vervolgens besloten om onze resultaten samen te nemen met
de resultaten van deze studies in een meta-analyse. Uit de resultaten van deze meta-analyse
bleek dat roken tijdens de zwangerschap geassocieerd is met een hoger risico op hyperactief
gedrag en mogelijk ook op emotionele en antisociale gedragsproblemen. Doordat we niet
veel studies mee konden nemen in de meta-analyse over alcohol consumptie, blijft de invloed
van consumptie van lage tot matige hoeveelheden alcohol tijdens de zwangerschap op het
gedrag van kinderen nog onduidelijk.

Conclusie
Met de resultaten in dit proefschrift is een eerste stap gezet naar ons doel om te begrijpen
hoe de levensstijl van de moeder tijdens de zwangerschap de hersenontwikkeling van de
baby en de toekomstige ontwikkeling van het kind beïnvloedt. De beschreven methoden
voor het meten van het intracranieel, cerebellair en frontaalkwab volume maken toekomstig
onderzoek naar de hersenontwikkeling tijdens de zwangerschap mogelijk. Hoewel we nog
geen definitieve conclusies hebben kunnen trekken over het effect van de levensstijl van
de moeder tijdens de zwangerschap op de hersenontwikkeling van het kind, bieden de
bevindingen in dit proefschrift wel aanwijzingen dat cafeïne consumptie en roken tijdens de
zwangerschap mogelijk een rol spelen in de ontwikkeling van het brein en het toekomstige
gedrag van kinderen.
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Het is af! Ik kan het bijna niet geloven. Ik heb een aantal fantastische jaren achter de rug, die
hebben geleid tot dit eindresultaat. Het zou nooit gelukt zijn zonder de hulp en steun van veel
mensen die ik hier heel graag voor wil bedanken.
In de eerste plaats wil ik alle vrouwen en kinderen bedanken die belangeloos aan het YOUthonderzoek of aan Whistler deelnemen. Zonder hen was het onderzoek in dit proefschrift niet
mogelijk geweest.
Prof. Dr. Franx, beste Arie, dankjewel dat je me de kans hebt gegeven om in het WKZ Utrecht
te promoveren en voor het vertrouwen om mij de werving voor het YOUth-onderzoek op
te laten zetten. In de afgelopen jaren ben ik je steeds meer gaan waarderen als een eerlijke
en betrokken promotor. Jouw opbouwende positieve feedback en suggesties bij mijn
manuscripten waren altijd zeer nuttig en hielpen me om net die stukken waar ik zelf ook nog
niet tevreden over was te verbeteren. Bij elke bespreking gaf je me het vertrouwen dat het
allemaal wel goed zou komen. Dankjewel voor je extra betrokkenheid in de laatste fase van
mijn promotietraject. Mede hierdoor is het gelukt om ons gezamenlijke doel (mijn proefschrift
bij de leescommissie inleveren vóór ik in de kliniek begon) te behalen.
Prof. Dr. Kahn, best René, dankjewel voor jouw vertrouwen in mij en de kans om als eerste
(medische) promovendus op het YOUth-onderzoek te promoveren. Heel fijn dat je ook vanuit
New York als promotor betrokken bent gebleven bij mijn traject. Jouw kritische feedback op
mijn manuscripten heeft mij soms met andere ogen doen kijken naar ons onderzoek en hielp
mij om weloverwogen conclusies te kunnen formuleren.
Dr. R. de Heus, beste Roel, zes jaar geleden begon ik als wetenschappelijke student onder jouw
begeleiding en nu ben ik jouw eerste promovendus. Wat een eer! Al vanaf het begin vormden
wij een goed team en zaten we bijna altijd op één lijn, ondanks onze zeer verschillende
manieren van werken. Dankzij jouw enthousiasme en positieve instelling had ik na al onze
koffie- en lunchbesprekingen weer hernieuwde energie. Daarnaast heb je me geleerd om
minder ‘blauw’ te zijn (voor zover dat mogelijk is), en geen problemen maar kansen te zien.
Dankjewel voor je geloof in mij en dat je me de vrijheid gaf om mijn onderzoek veel naar
eigen inzicht in te vullen. Ook enorm bedankt dat je (nog steeds) altijd tijd wilt maken voor
een praatje of een goed gesprek.
Dr. N.C. Onland-Moret, beste Charlotte, ik heb geen idee hoe ik dit zonder jou had moeten
doen. Je bent een heel fijne en betrokken copromotor met veel wetenschappelijk kennis. Ik
heb ongelofelijk veel van je geleerd. Dankjewel dat je altijd voor me klaarstond om dingen
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waar ik tegenaan liep te bespreken, zowel op methodologisch als op persoonlijk gebied. Vanaf
ons eerste gesprek voelde het vertrouwd en heb ik met heel veel plezier met jou gewerkt.
Geachte leden van de beoordelingscommissie, Prof. Dr. J.P.H. Burbach, Prof. Dr. C. Kemner, Prof.
Dr. M.J.N.L. Benders, Prof. Dr. R.P.M. Steegers-Theunissen en Dr. T.E. Cohen-Overbeek, hartelijk
dank voor het beoordelen van mijn manuscript. Dr. M.N. Bekker, dank voor het plaatsnemen
in de oppositie.
Geachte co-auteurs, bedankt voor de fijne samenwerking en jullie bijdragen.
Beste Gerdien, dankjewel voor je ondersteuning bij de Whistler database en al het werk dat
daarbij kwam kijken.
Lieve Tamara, het laatste jaar van mijn promotie nam jij mijn rol binnen YOUth van mij over.
Het was voor mij even wennen om dit uit handen te geven, maar het was heel leuk om te zien
hoe jij hier je eigen draai aan gaf. Ik vond het fijn om met jou over mijn onderzoek te kunnen
sparren en ben blij dat we nog een project samen hebben kunnen doen. Ik wens je veel
succes en geluk en hoop dat we elkaar nog eens in de kliniek zullen tegenkomen.
Lieve Erato, toen jij als wetenschapsstudent bij YOUth kwam, waren we net begonnen. Samen
hebben we onderzocht wat we in de echobeelden konden meten, de VOCAL techniek geleerd
en een methode uitgewerkt voor het meten van de frontaal kwab. Met jouw hulp kon ik de
basis leggen voor de rest van het echo-onderzoek in mijn promotietraject. Dankjewel voor
jouw onmisbare bijdrage en gezelligheid.
Beste Iris, Deirdre, Lisa en Lieve, dank voor jullie inzet en bijdrage aan de dataverzameling,
echometingen en analyses voor de manuscripten in dit proefschrift. Ik ben trots dat ik jullie
stagebegeleider mocht zijn.
Alle verloskundigenpraktijken en ziekenhuizen die deelnemen aan YOUth, bedankt voor jullie
inzet bij de werving van zwangere vrouwen! Met jullie hulp gaan we die 3.000 deelnemers
halen, daar ben ik van overtuigd.
Lieve echoscopisten van het WKZ, bedankt voor jullie inzet voor YOUth, de mooie echobeelden
en bovenal voor jullie oprechte interesse in mijn promotieonderzoek. Ik ben heel benieuwd
wat jullie van dit eindresultaat vinden en hoop dat ik in de toekomst nog heel veel van jullie
mag leren.
Lieve Ans, dankjewel dat je bij het plannen van het echorooster altijd YOUth (en mij) in je
gedachten meenam. We hebben de afgelopen jaren heel wat puzzels op moeten lossen,
maar samen kwamen we er steeds weer uit.
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Beste Els, Erica, Nici, Barbra en Mariska, bedankt voor alle logistieke zaken en afspraken die
jullie voor mij geregeld hebben.
Beste gynaecologen, arts-assistenten, verloskundigen, verpleegkundigen en andere collega’s
van het Meander Medisch Centrum, bedankt voor jullie warme ontvangst en steun in mijn
eerste klinische baan.
Lieve mede arts-onderzoekers: Fieke (vH), Hans, Leon, Nina, Laura, Alies, Marlise, Joline, Chris,
Katrien, Kim, Nienke (vH), Veronique, Chryselle, Doortje (C), Doortje (R), Fieke (T), Jori, Bich,
Claudia, Nienke (S), Marieke, Simone, Gerbrand, Charine, Marjolein, Marije, Florentine, Tobias,
Annelien, Jaap, Martine, Nadine, Janine en Marlieke, enorm bedankt voor de fijne promotietijd
die ik met jullie heb gehad! Ik heb genoten van de lunches op maandag, de koffiemomentjes,
de borrels en alle leuke activiteiten die we naast het werk hebben gedaan (Walibi, kerstmarkt,
parade, borrelen op de gracht). Ik ben blij dat mijn proefschrift af is, maar vind het jammer dat
mijn tijd als jullie collega voorbij is. Lieve Nienke, Nathalie, Elise, Raymond, Kim en Lisa, mede
onderzoekers van de Neo, dank voor jullie gezelligheid tijdens de BCRM dagen en cursussen.
Lieve collega’s van het KinderKennisCentrum, wat ben ik blij dat ik met jullie heb mogen
werken. Jullie zijn een fantastisch, betrokken en hecht team, waar ik de afgelopen jaren met
veel plezier onderdeel van ben geweest. Ik hoop dat het binnenkort weer een keer lukt om
bij een borrel (bij the Basket), pubquiz of pizza-avond aanwezig te zijn! Het is onmogelijk om
jullie allemaal bij naam te noemen, maar een aantal van jullie wil ik graag in het bijzonder
bedanken. Lieve Janneke, altijd oprecht geïnteresseerd in iedereen. Dankjewel dat je in de
gaten hield hoe het met me ging en de ruimte gaf om af en toe even mijn hart te luchten.
Lieve Anya en Marije, wat fijn dat ik de werving voor YOUth met jullie kon bespreken en
organiseren. Ik vond de autoritjes naar de verloskundigenpraktijken met jullie samen erg
gezellig. Lieve Ron, dankjewel voor je positieve motiverende woorden wanneer ik weer eens
in de stress was en enorm bedankt dat je steeds data voor mij klaar wilde zetten, zodat ik snel
weer verder kon met mijn onderzoek. Lieve Irina, we hebben niet heel lang samen gewerkt,
maar dankjewel voor je onmisbare steun tijdens de laatste loodjes van mijn promotietraject.
Lieve Mark, pas tijdens mijn laatste promotiejaar kwam jij bij YOUth werken, maar het voelt
alsof we jaren kamergenootjes zijn geweest. Ik heb genoten van onze gesprekken, discussies
en overpeinzingen over van alles en nog wat. Dankjewel voor je steun en nuchtere blik
wanneer ik dat nodig had. Lieve Femke, Jolien, Elysia en Gwen, fantastisch hoe jullie het hele
YOUth-onderzoek samen organiseren. Dankzij jullie betrokkenheid bij het onderzoek en bij
alle mensen die bij YOUth werken, zijn we zo’n mooi team. Ik heb intens genoten van onze
samenwerking, maar ook van onze koffieloopjes, korte (of wat langere) praatjes tussendoor,
wandelingen en gezamenlijke fietsritjes naar huis. Ik mis jullie.
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Lieve Juliëtte, vanaf ongeveer het eerste moment waren we kamergenoten en sindsdien niet
meer van elkaar te scheiden. Wat hebben we heerlijk kunnen lachen, kletsen, mopperen en
werken samen. Jij wist mijn gedachten en buien feilloos te peilen, hebt me door de moeilijkste
momenten heen gesleept, en ervoor gezorgd dat ik ook stilstond bij de mijlpalen. Dankjewel
voor alles!
Lieve Lilli, wat fijn dat jij tijdens mijn promotie als paranimf naast me zult staan. Al toen
ik net begon bij YOUth hadden wij een klik die uitgegroeid is tot een heel mooie en fijne
vriendschap. Alle mooie en moeilijke momenten bij YOUth hebben we samen gedeeld. Ik
vind het heel jammer dat we elkaar niet meer dagelijks zien. Gelukkig maken onze pizza- en
film/serie avonden dat voor een groot deel goed.
Lieve salsa vrienden, dankzij jullie kon ik iedere maandagavond even echt ontspannen en mijn
hoofd leegmaken. Wat is het heerlijk om met jullie te dansen en te borrelen. Het afgelopen
half jaar ben ik wat minder aanwezig geweest, maar vanaf nu ben ik er gewoon weer iedere
maandag bij!
Lieve Jolise, Bob, Anoeska, Rodney, Rosa, Laura, Sabrina, Sandra, Peter en Glenn, wie had er
kunnen denken dat wij ruim 10 jaar na het behalen van ons middelbare school diploma nog
steeds zo’n hechte vriendengroep zijn. Ik koester onze vriendschap en kan me geen leven
zonder jullie indenken. Dank voor jullie luisterend oor iedere keer dat het woord ‘promotie’ uit
mijn mond kwam. En heel fijn dat jullie me dwongen om dat soms even allemaal te vergeten
en de tijd te nemen om te ontspannen en te genieten.
Thomas, Vincent, David en Casper, lievere (stief )broers had ik niet kunnen wensen. Ik geniet
van de weekenden dat we allemaal samen zijn en ik hoop dat er nog velen zullen komen.
Lieve Marjolein, wat fijn om nu eindelijk ook iemand in de familie te hebben met wie ik over
medische dingen kan praten. Ik vind het ontzettend leuk dat jullie bij mijn promotie zullen
zijn.
Lieve Nike, ik ben zo blij dat papa en jij elkaar gevonden hebben en daarnaast heel dankbaar
als ik zie hoe jullie elkaar gelukkig maken. Dankjewel voor je liefde en warmte voor ons. Lieve
Femke, ik vind het fijn om jou als (stief )zusje te hebben en hoop dat we elkaar gauw weer
zien.
Lieve Jan Willem, mama en jij maken een geweldig en liefdevol paar en krijgen het voor elkaar
om ons mooie grote gezin moeiteloos samen te brengen en te houden. Dankjewel voor
je betrokkenheid en steun in alles wat ik doe en voor je interesse in mijn onderzoek. Jouw
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kritische vragen zetten mij telkens weer aan het denken en tillen mij en mijn onderzoek naar
een hoger niveau.
Lieve Opa, wat fijn dat je er op mijn promotie bij bent! Ik zou er alles voor over hebben gehad
om oma er ook bij te kunnen hebben. Ik weet dat ze groos op me zou zijn geweest. Lieve
Lenie, wat fijn dat Opa en jij elkaar weer tegen zijn gekomen en jullie samen zo kunnen
genieten. Ik wens jullie alle geluk samen.
Lieve Dylan, mijn fantastische broer, wat ben ik trots op alles wat jij hebt bereikt en hoe jij
alles wat je bedenkt voor elkaar krijgt. Ik vond het superleuk om samen met jou de omslag
van mijn proefschrift te maken, je hebt er echt een kunstwerk van gemaakt. Ik weet dat je
altijd voor me klaar staat, voor een goed gesprek of gewoon even een dikke knuffel als ik dat
nodig heb. Lieve Josefien, wat fijn dat jij ook onderdeel van onze familie bent geworden en
dankjewel dat je mijn broertje zo gelukkig maakt.
Lieve Roos-Anne, er was natuurlijk geen twijfel over mogelijk dat jij tijdens mijn promotie als
paranimf naast me zou staan. Je bent meer dan mijn zusje, ik heb geen woorden om onze
bijzondere en waardevolle band te omschrijven. We zijn enorm verschillend, maar vullen elkaar
perfect aan. Ik heb enorm veel bewondering voor jouw veerkracht en doorzettingsvermogen.
Met jou naast me kan ik alles aan.
Lieve Papa, dankjewel voor je onuitputtelijke vertrouwen en geloof in mij. Het maakt niet uit
wat er gebeurt, ik weet dat jij altijd trots op me zult zijn.
Lieve Mama, ik weet niet waar ik moet beginnen. Van even kletsen om de tijd te verdrijven tot
een schouder om op uit te huilen en alles ertussenin, nooit is iets te veel, jij bent er altijd voor
me. Dankjewel voor jouw onvoorwaardelijke liefde en steun.
Papa en Mama, ik hou onbeschrijflijk veel van jullie!
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