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Abstract
Objectives This systematic review and meta-analysis
provides a quantitative summary of the literature exploring
the relationship between maternal diet quality during
pregnancy and child cognitive and affective outcomes.
We investigate whether there are indications for robust
associations and aim to identify methodological strengths
and challenges of the current research to provide
suggestions of improvement for future research.
Design and participants Relevant studies were identified
through a systematic literature search in relevant
databases. All studies investigating maternal diet quality
during pregnancy in relation to child cognitive or affective
functioning in children of elementary school age or
younger were assessed for inclusion.
Results 18 relevant studies, comprising 63 861
participants were identified. The results indicated a small
positive association between better maternal diet quality
during pregnancy and child functioning. We observed
publication bias and significant heterogeneity between
studies, where type of diet classification, publication year
and outcome domain together accounted for about 30%
of this heterogeneity. Trim and fill analysis substantiated
the presence of publication bias for studies in the affective
domain and showed an adjusted effect size of Hedge’s
g=0.088 (p=0.0018) (unadjusted g=0.093 (p=0.03)). We
observed no publication bias in the cognitive domain,
where results indicated a slightly larger effect size (g=0.14
(p<0.0001)) compared with that of the affective domain.
The overall summary effect size was g=0.075 (p<0.0001)
adjusted for publication bias (unadjusted g=0.112
(p=0.0001)). Child diet was not systematically controlled
for in the majority of the studies.
Conclusion The results indicated that a better maternal
diet quality during pregnancy has a small positive
association with child neurodevelopment, with more
reliable results seen for cognitive development. These
results warrant further research on the association
between maternal diet quality during pregnancy and
cognitive and affective aspects of child neurodevelopment,
whereby it is crucial that future studies account for child
diet in the analysis.

Introduction
The importance of adequate nutrition during
foetal life for long-term physical health is well

Strengths and limitations of this study
►► This is the first article to summarise research into

the association between maternal diet quality during
pregnancy and child neurodevelopment.
►► Major strengths of this research are the use of metaanalytic methods for calculation of average effect
sizes and investigation of publication bias.
►► This study highlights strengths and challenges of an
emerging research field, thus building the foundation
for improved future research.
►► A limitation is the relatively small number of relevant
studies identified for inclusion in the meta-analysis.
►► Since this meta-analysis is based on observational
studies, no strong causal interpretations about the
association of maternal diet quality during pregnancy
and child neurodevelopment can be made.

documented.1 2 However, the relationship
between maternal nutrition during pregnancy and child mental health is less established.3 The prenatal environment is crucial
in relation to cognitive development of the
child, particularly during critical periods of
brain development, which highlights the
fetus’ need for optimal nutrition.4 There are
documented detrimental effects of severe
maternal malnutrition during pregnancy,5
and severe deficiencies of certain micronutrients, like iron and iodine6 on child neurodevelopment and general cognitive functions,
as well as severe deficiencies of folate and
choline on child neural tube defects,7 but the
impact of more subtle variations in maternal
diet qualityi on child neurodevelopment has
received little attention until recently.
It has become increasingly recognised
that investigating the impact of diet on most
i

When using the term ‘maternal diet quality’ in this
paper, we are always referring to the maternal diet quality
during pregnancy, unless otherwise stated.

Borge TC, et al. BMJ Open 2017;7:e016777. doi:10.1136/bmjopen-2017-016777

1

Downloaded from http://bmjopen.bmj.com/ on October 9, 2017 - Published by group.bmj.com

Open Access
disease outcomes cannot be done solely by investigating
single nutritional components separately. Considering
that the human diet consists of thousands of biologically
active components, with only a fraction having been
defined as nutrients, it is likely that the majority of the
dietary constituents affect human health in an interdependent manner. Looking at overall diet quality, for
example, through dietary patterns, is believed to represent a valid and meaningful measure of overall nutrient
intake8 and is a promising approach when aiming to study
diet related associations.9
To date, no meta-analysis has summarised research on
maternal diet quality and child neurodevelopment. As
the research interest for this topic is rapidly increasing, it
is valuable to summarise the research to date on this topic
using statistical procedures. The aim of this meta-analysis
is to provide a quantitative summary of the existing literature exploring the relationship between maternal diet
quality and child cognitive and affective outcomes. The
goals are to investigate whether there are indications for
robust associations, despite the limited amount of studies
available and to identify methodological strengths and
challenges of the current research to provide suggestions
of improvement for future research.

Methods
As a scientific guideline for this manuscript, we followed
the PRISMA statement.10
Defining exposure and outcome measures
Despite the increased interest in studying dietary
patterns as a measure for diet quality, the current literature regarding the associations between maternal
dietary patterns during pregnancy and child neurodevelopmental outcomes is sparse. A preliminary literature
search resulted in only four articles with defined maternal
dietary patterns as exposure relevant for inclusion into the
meta-analysis. Consequently, in order to increase the basis
for analysis, articles with dietary exposures believed to be
good proxies for maternal diet quality were included.
Based on the existing literature, fish intake,11 Ω-6/Ω-3
fatty acid ratio,12 saturated fat intake13 and dietary fibre
(reflecting intake of whole-grain foods, vegetables, fruits,
legumes and nuts)14 were considered good proxies for
maternal diet quality. In previous research, based on
dietary data from large cohorts where dietary patterns
have been identified with data driven methods, consumption of fish and fibre-rich foods, as well as limited intake
of saturated fats, have consistently been associated with a
healthier dietary pattern, both in the general population15
and in pregnant women.8 16 Additionally, fibre-rich foods,
fat quality and fish are incorporated into established
healthy food indices, like the Mediterranean diet index17
and the Healthy Eating Index (HEI-2010).18 Considering
the already limited amount of available relevant literature, few limitations were put on the possible outcome as
long as it covered a child neurodevelopmental domain,
2

like cognition (IQ and language) or effect (externalising
and internalising difficulties).
Search criteria and strategies
An extensive search string was developed as to not exclude
any relevant literature and adapted to each database,
including key words relating to maternal diet quality, child
mental health, cognitive function (language, communication skills, IQ) neurodevelopmental disorders (ADHD,
ODD, CD, ASD) and affective functioning. The following
exclusion criteria were applied: children with very low
birth weight, children older than elementary school age
and studies focusing on single micronutrients and/or
supplements. The search string was developed by TCB
in collaboration with a specialist librarian. For full search
string, see online supplementary table 1.
Data collection and extraction process
After identification of original articles through the
initial search, excluding duplicates, TCB and ALB independently screened title and/or abstract of each study.
TCB’s and ALB’s final list of eligible and possibly eligible
studies were then crosschecked and read in full text by
both. If both reviewers were unsure whether an article was
eligible for inclusion, GB was consulted to assure coherence regarding the final selection of articles for inclusion.
After identification of the eligible articles the relevant
information from each study was extracted by TCB (eg,
year of publication, total number of participants, dietary
exposure and outcome measures assessed, confounders
controlled for and reported effect sizes) in collaboration
with GB and ALB. TCB and GB then assessed individual
study quality with the Newcastle-Ottawa Scale (NOS) for
assessing the quality of cohort studies in meta-analysis.19
Individual study quality assessment
For each eligible study included in the meta-analysis, we
performed an individual study quality assessment using
the NOS.19 The NOS provides an easy to use study quality
checklist and is recognised by Cochrane.20 The scoring
system is based on the assessment of three aspects of
a study: Selection (representativeness of cohort and
exposure assessment); Comparability (ascertainment of
confounding) and Outcome (assessment of outcome
and follow-up). The scoring system categorises studies
as being of good, fair or poor methodological quality,
whereby insufficiency in one of the domains results in
a ‘poor’ rating. While the NOS has been criticised for
an overly general definition of quality criteria,21 this
generality allows for a wide application of the scale.
Moreover, the intent of the scale is clear: A good rating
of the Selection dimensions requires a representative
sample and high quality measurement; a good rating of
the Comparability dimension requires control of appropriate confounders and a good rating of the Outcome
dimensions requires a high quality measurement of
outcomes and/or high follow-up rates or correction for
non-random dropout.
Borge TC, et al. BMJ Open 2017;7:e016777. doi:10.1136/bmjopen-2017-016777
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Analysis of reported effect sizes
To be able to compare the results of the studies, association measures reported in each individual study had to
be transformed into a standardised effect size.ii The effect
size measure used for this meta-analysis was Hedges’ g,
which is a more conservative effect size measure compared
with Cohen’s d.22 Effect sizes were calculated to reflect
the association between better maternal diet quality and
the different cognitive and affective outcomes, where a
positive value indicates a better outcome, hence better
language development or general cognitive functioning,
or less affective problems.
The meta-analysis was conducted with the R statistical
software version 3.2.2, using the Metafor package, version
1.9–8.23 24 Because the included studies were heterogeneous with regard to neurodevelopmental outcomes,
choice of statistical procedures and effect sizes, we used
a random-effects model (REM) for analyses.22 This
approach models variance between the included studies
and assumes that observed differences in effect sizes are
due to both sampling error and true effect size differences in the studies’ background populations.22
A restricted maximum-likelihood method for estimation of heterogeneity was used to compute relevant Q-statistics, with corresponding I2-statistics. The Q-statistics
indicate whether there is statistically significant heterogeneity across the studies’ effect sizes, whereas the I2-statistics indicate the extent of heterogeneity. A significant
Q-statistic indicates systematic (as opposed to random)
variation of effect sizes between studies.
Possible moderators
If the REM analyses indicate presence of heterogeneity,
moderator analyses can be used to investigate potential
causes of this heterogeneity. We used meta-regressions
where we added potential moderator variables individually to separate regression models in order to assess their
effect on the association between exposure and outcome.
The following factors were available for consideration as
possible moderators: Publication year, child age at assessment, outcome domain (cognitive, affective), diet category (type of diet classification—whether the exposure is
defined as maternal dietary pattern or a proxy for maternal
dietary pattern) and instrument category (measurement
of outcome—questionnaire or neuropsychological test),
as they are all factors which might moderate the association between exposure and outcome. The categorical
factors were dichotomous.
Publication bias
Publication bias describes a situation in which the decision
to publish research results depends on obtaining statistically significant results.25 Indeed, studies reporting statistically significant results are more likely to be published
ii
When referring to ‘effect size’ in this paper we are not indicating
causality—it is merely the statistical term of the reported outcome
measures.
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than studies reporting results that are not statistically
significant.26 One visual meta-analytic tool traditionally
used to investigate publication bias is the funnel plot.27 To
complement the potential subjectivity of visual inspection
of funnel plots the Egger’s regression test for funnel plot
asymmetry28 can be performed.
In the presence of publication bias, a ‘trim and fill’
approach can be used to correct for it. The trim and
fill method uses effect sizes and their SE to generate a
‘complete’ distribution of effect sizes that likely would
have been reported without publication bias by adding
imputed studies to the reported studies. If the average
effect sizes calculated from published and ‘complete’
effect sizes do not differ noticeably, one can have more
confidence in the average effect size from a group of
studies that appear afflicted by publication bias.25 As
there is some discussion in the literature regarding the
optimal methods for adjustment for publication bias,29
a meta-regression to adjust for publication bias using
the SE of effect sizes as a moderator should also be
performed.
Results
Study sample and selection
Ovid (Embase, Psychinfo, Medline), PubMed and ISI:
WEB of science were searched on 16 November 2016
using the full search string. Additionally, we explicitly
searched for relevant studies that employed a priori
dietary quality indices (like the HEI-2010 and Mediterranean diet index).
A total of 18 studies fit the inclusion criteria,30–47 the
majority reporting several outcome measures. The study
selection process is visualised in figure 1.
All included studies were observational in nature and
based on a prospective cohort design or case-control
design, with baseline measures of maternal dietary intake
during pregnancy and subsequent measurement of child
cognitive or affective functioning, at one or more time
points.
All studies collected information on maternal dietary
intake with the use of a food frequency questionnaire
(FFQ), either self-administered or by a trained interviewer, with some using validated FFQs; and/or a fooddiary. Data obtained with these instruments were used as
the basis for the definition of dietary patterns, estimation
of fish/seafood intake, fruit intake, saturated fat intake
and estimation of Ω-6/Ω-3 fatty acid ratio based on intake.
Four studies used maternal dietary patterns as exposure variables,30 35 39 40 either defined by the use of principal component analysis or confirmatory factor analysis.
In three studies,30 35 40 two distinct dietary patterns were
identified: one ‘healthy’ and one ‘unhealthy’, while only
an unhealthy dietary pattern was defined in the fourth.39
The healthy dietary patterns were generally characterised
by higher intakes of vegetables, fish, legumes, wholegrains
and vegetable oils, while the unhealthy dietary patterns
consisted of higher intakes of processed foods (fried
3
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Figure 1

Flow diagram of the study selection process.

foods, French fries, meats) confectionary foods (cakes,
candy, sugary drinks), refined cereals and salty snacks.
Eleven studies used maternal fish intake as exposure,31–34 36–38 41 42 46 47 where the studies categorised fish
intake into groups based on meals/portions or grams
eaten per day or week. The remaining three studies
used Ω-6/Ω-3 fatty acid ratio,43 saturated fat intake45 and
fruit intake44 as their exposure variable. All studies were
published in the period from 2004 to 2016, with study
populations ranging from 48 to 23 020 mother-child pairs
(table 1).
Outcome measures
Table 2 summarises the wide range of different neuropsychological instruments that were used across the studies
to assess cognitive and behavioural functions. A total of 18
original instruments were used in addition to one self-developed instrument, comprising both questionnaires and
neuropsychological tests.
Confounders
Overall, the studies controlled for a number of different
factors are depicted in online supplementary table 2.
Studies varied greatly in which confounders they included
in the analysis, with SES being the only confounder
considered by all studies.
4

Individual study quality assessment
Each study was evaluated with the NOS checklist; please
see online supplementary table 3 for individual study
scoring information. Of the 18 included studies, nine
were rated as of ‘fair’ quality and nine as of ‘poor’
quality. No study received the rating ‘good’ because
none of the studies that used high-quality measurements
also adequately dealt with self-selection into studies and
selective dropout of participants. All ‘poor’ ratings were
due to insufficiencies in the ‘Outcome’ dimension of
the NOS in studies that measured outcomes through
self-reports (independent blind assessments or record
linkage is preferred by the NOS) and that additionally
did not account for selective dropout between exposure
and outcome assessments.
Computation of effect sizes
None of the included studies reported Hedges’ g as their effect
size. The compute.es package48 was used to calculate Hedges’
g for the studies reporting the following: (1) For OR, Hedges’
g was calculated using the ‘lores’ function (based on log of
OR and its corresponding variance), (2) for p values (with
information of group sample sizes), Hedges’ g was calculated
using the ‘pes’ function and (3) for correlation coefficient (r),
Hedges’ g was calculated using the ‘res’ function.
Borge TC, et al. BMJ Open 2017;7:e016777. doi:10.1136/bmjopen-2017-016777

Borge TC, et al. BMJ Open 2017;7:e016777. doi:10.1136/bmjopen-2017-016777

1999–2002

1997–2003

1999–2002

Oken et al37

Oken et al38

Oken et al47
USA

Denmark

USA

Menorca

Spain

217

229

7421

688

1335

6979

Total n*

7814

1068

25 446

341

392

1892

23 020

11 875

Set within project
(PHIME)

Generation R

606

3104

New Bedford cohort 362

ALSPAC

Project Viva

Danish birth cohort

Project Viva

Prospective birth
cohort

INMA

MoBa

ALSPAC

Ongoing longitudinal 48
study

NS

Seychelles Child
Development Study

ALSPAC

CHILD Edmonton
subcohort

Eden cohort

ALSPAC

Cohort name

293

NS

103

>140

>360

>140

42

101

255

103

NS

100

NS

103

175

137

103

FFQ
items

FFQ (Adapted
138
from a validated
FFQ)

Validated FFQ

FFQ

FFQ

validated FFQ

Validated FFQ

validated FFQ

FFQ

FFQ

validated FFQ

FFQ

ASA24†

FFQ

FFQ and 4 day
diet diary

FFQ

FFQ

FFQ

FFQ

Dietary
assessment

*Differs from total n used in analysis (due to missing data, excluded participants, twin births, and so on).
†Automated Self-Administered 24 hours (ASA24) Dietary Assessment Tool.
CFA, confirmatory factor analysis; FFQ, food frequency questionnaire.

Italy

2007–2009

1997–1998

Mendez et al36

Valent et al41

2004–2008

Julvez et al46

Norway

Netherlands

2002–2008

Jacka et al35

UK

2001–2006

1990–1992

Hibbeln et al34

USA

Steenweg-de Graaff
et al40

NS

Gustafsson et al45

UK

USA

1991–1992

Gale et al33

Seychelles

1993–1998

2001–2002

Davidson et al32

UK

Sagiv et al42

1990–1992

Daniels et al31

Canada

UK

2008–2012

Bolduc et al44

France

UK

Pina-Camacho et al39 1990–1992

2003–2005

Bernard et al43

1990–1992

Dietary data
collection period Country

Description of the studies and assessment of the exposure

30

Barker et al

Reference

Table 1

Maternal fish intake as servings/week

‘Healthy’ and ‘unhealthy’ data driven
dietary pattern scores

Maternal fish intake, expressed as total
servings/week

General unhealthy diet (second-order
latent factor) generated with CFA

Maternal fish intake

Maternal fish intake as servings(g)/week

Maternal fish intake

Maternal fish intake

Maternal seafood intake

‘Healthy’ and ‘unhealthy’ data driven
dietary pattern scores

Maternal seafood intake as g/week

Total and saturated fat intake

Maternal fish intake as times eaten/week

Maternal fish intake as g/day

Maternal fish intake as servings/week

Total fruit intake estimated from FFQ

Estimated maternal intake of total n6 and
total n3 (in g/d), then calculation of n6:n3
fatty acid ratio

‘Healthy’ and ‘unhealthy’ patterns,
grouped using CFA

Exposure variable

Maternal fish intake as continuous variable

Dietary patterns scores as continuous
variables

Maternal fish intake as continuous variable

Unhealthy dietary pattern as continuous
variable

Categorical variable; three intake groups
(of which one (no fish) referent group)

Categorical variable; three quintiles of
intake (lowest, middle, highest)

Categorical variable; three intake groups
(of which one referent group)

Categorical variable; four intake groups (of
which one referent group)

Maternal seafood intake as Quintiles

Dietary patterns scores as continuous
variables

Categorical variable; three intake groups
(of which one referent group)

Fat intake as continuous variable

Categorical variable; three intake groups
(of which one referent group)

Maternal fish intake as continuous variable

Categorical variable; four intake groups (of
which one referent group)

Maternal fruit intake as continuous
predictor of neurodevelopment

Fatty acid ratio as continuous variable

Dietary patterns as continuous variable

Exposure variable scale
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Table 2 Overview of outcomes assessment methods
Affective outcome
assessment*,†

Child age at
assessment

Reference

Cognitive outcome assessment*,†

Barker et al30
Bernard et al43

WISC-IIIn
MCDIq, ASQq

8 years
2 and 3 years

Bolduc et al44

BSID-III (cognitive subscale)n

1 year

31

q

Daniels et al

MCDI

1.25 and 1.5 years

Davidson et al32

BSID-II (Psychomotor Developmental
Index)n

2.5 years

Gale et al33

WASIn
45

Gustafsson et al
34

n

Hibbeln et al

9 years

IBQ-Rq

4 months

q

WISC-III

Jacka et al35
46

SDQq
SDQ

7 years

CBCLq

1.5 years

Julvez et al

BSID (mental and psychomotor
developmental index)n, MCSAn

14 months and
5 years

Mendez et al36

MCSAn

4 years

37

n

PPVT , WRAVMA

3 years

38

Self-developed instrument (9 q's regarding
developmental milestones)q

1.5 years

Oken et al
Oken et al

Oken et al47

n

WRAMLn, KBIT-II n
39

7.7 years‡
CITSq

Pina-Camacho et al
42

n

Sagiv et al

WISC-III
40

Steenweg-de Graaff et al
Valent et al41

2 years
q

CRS-T

n

CBCL
BSID-III (socioemotional
subscale)n

8 years
3.5 years
1.5 years

*Outcomes are administered either as a questionnaire (q) or neuropsychological test (n).
†Full name of instruments in alphabetical order: ASQ, Ages and stages questionnaire; BSID, Bayley Scales of Infant Development; CAST,
Childhood Asperger Syndrome Test; CBCL, Child behaviour checklist; CITS, Carey infant temperament scale; CRS-T, Conners rating scaleteacher; DDST: Denver Developmental Screening Test; IBQ-R, Revised infant behaviour questionnaire; KBIT-II, Kaufman Brief Intelligence Test
second edition; MCDI, MacArthur Communicative Development Inventory; MCSA, McCarthy Scales of Children’s Abilities; PDI, Psychomotor
Developmental Index; PPVT, Peabody Picture Vocabulary Test; SDQ, Strength and Difficulties Questionnaire; WASI, Wechsler Abbreviated
Scale of Intelligence; WISC, Wechsler Intelligence Scale for Children; WRAML, Wide Range Assessment of Memory and Learning; WRAVMA,
Wide Range Assessment of Visual Motor Abilities.
‡Median age in years of children at outcome assessment.

Some studies did not report all the required information to calculate Hedges’ g in the c ompute.es package. For
the studies reporting OR, where group sample sizes were
not reported, the method for converting OR to Cohens’
d proposed by Chinn49 was used. For mean difference in
standardised test score, Hedges’ g was calculated using
SD and mean difference. For regression coefficient (β),
Hedges’ g was calculated using p-value, SE and z-statistics.
For Cohens’ d, Hedges’ g was calculated using the formula
proposed by Lakens.50 For studies lacking p value, CIs, SDs
or SEs, the required inferential statistics were calculated in
advance of the final effect size estimation by using appropriate formulas.51–53
Summarising effect sizes
After Hedges’ g had been calculated, the effect sizes
were further summarised as many studies reported
several effect sizes for the same exposure–outcome
combination. Preferably, only one effect size per study
should be retained;22 however, this was considered
6

inapplicable, due to the large variations in neurodevelopmental outcomes assessed in the different studies.
After careful consideration, four outcome dimensions
(externalising, internalising, socioemotional, cognitive)
covering the affective and general cognitive domains
were chosen. Selection of the outcome measures into
each respective domain was based on (1) a thorough
review of the properties of each instrument with regard
to what area of development the instrument is aimed
at measuring based on the manual for each instrument
and (2) research indicating that language, cognition
and executive functions are more strongly correlated
with each other than with affective functioning.54 55
Additionally, we applied the following rules to reduce
the number of effect sizes per study, aiming to obtain only
one effect size per outcome dimension per study:
1. For fish/seafood intake, if more than two intake
groups had been defined, we only included the group
which best corresponded to what is considered a
Borge TC, et al. BMJ Open 2017;7:e016777. doi:10.1136/bmjopen-2017-016777
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healthy diet by the national health authorities, which
is 2–3 servings per week for total fish intake, where
about half should be fatty fish.11
2. If studies reported statistics for a total score as well as
subscales of an outcome measure, only the effect size
for the total score was included in the analyses.
3. If the effect sizes were based on sample stratification (eg, by breastfeeding duration), measures were
collapsed. Collapsed effect sizes were calculated as
weighted means of Hedges’ g over comparisons,
whereby weights depended on the n of each comparison.
4. If OR was calculated for both high and low test score
in the original article, only the effect sizes corresponding to the high test score was retained.
5. If effect sizes were reported for all types of fish as well
as oily fish, only all types of fish were included in the
final analysis, as to make the exposure definition as
homogenous as possible.
6. If studies reported associations with both an unhealthy
and a healthy dietary pattern, the effect size for the
unhealthy dietary pattern was reversed and then averaged with the healthy dietary pattern.
7. For studies reporting several eligible effect sizes for an
outcome dimension, the effect size based on the most
valid measurement instrument was used (eg, effect
size from a neuropsychological test vs questionnaire
or a validated questionnaire vs a not validated questionnaire).
8. For studies that report more than one effect size relevant for inclusion in one domain based on the same
type of instrument, the average weighted effect size
across those reported were included after Hedges g
had been calculated.
9. For reported effect sizes where corresponding
outcome dimensions were unclear (eg, based on
inadequate reporting of instrument properties) and
not resolved with discussion among the reviewers,
these effect sizes were excluded. This occurred for
three separate instruments, each from different
studies.43 44 46
Application of these rules resulted in a total of 26
separate effect sizes. Only the fully adjusted effect sizes
from each study were chosen. We initially considered
including the corresponding unadjusted effect sizes for
each study, however only four studies provided this information,33 35 41 42 and the studies that reported minimally
adjusted results adjusted for different variables.
The 18 studies included in the final meta-analysis
comprised a total of 63 861iii participants and 26 separate
effect sizes divided into four different cognitive or affective dimensions. These effect sizes with corresponding
CIs are depicted in the forest plot in figure 2.iv The
iii
As more than one effect size per study was incorporated into the
meta-analysis, with sometimes differing n between neurocognitive
domains, the largest n for each study was used as a basis for total n.
iv
The data in figures 2, 3 and 4 are based on adjusted SEs to account for
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size of each square reflects the precision of the effect
size estimate by means of the weight that is assigned to
each respective study when the summary effect size is
computed. A larger square equals larger weight assigned
to that study.
Effect size dependencies
There are several sources of effect size dependencies
within our sample of studies. First, some of the included
studies use subpopulations of the same cohort sample,
while using different outcome measures at different
time points: Four of the studies30 31 34 39 were based on
subsamples of the ALSPAC cohort, and two studies37 47
were based on subsamples from the Project Viva cohort.
Second, some of the studies included in this meta-analysis33–35 40 report multiple effect sizes.
We used a weighting scheme and calculated robust SEs
to account for these sources of dependencies.56 Weights
were adjusted for studies that contribute multiple effect
sizes by recalculating them such that the sum of the
weights of all effect sizes from a study reflect the sample
size of that study. When using the Metafor package which
calculates weights from effect size variances or SEs, this
can be achieved by calculating effect size variances with
adjusted N. In particular, we adjusted N for study i such
that: aNi = ∑NkiN Here, k is the number of effect sizes from
j

j

a study sample (eg, ALSPAC) and Nj are the sample sizes
for the different effect sizes. When estimating average
effect sizes for specific domains, this approach corrects
for multiple effect sizes for one domain coming from one
study sample. When estimating the overall effect size this
approach corrects for multiple contributions of effect
sizes from one or more domains from one study sample.
Hence, one study could be allocated different weights,
depending on the meta-analytic model. Optimally, the
calculation of overall effect sizes would also account for
the covariance between effects in different domains;
however, the reviewed articles did not provide this information. The employed weighting scheme implies an
assumed correlation of ρ=0.5.
For the two REMs investigating for publication bias
(trim and fill and with SE as moderator) the adjusted
SEs based on the above formulae was used. For the original REM we used the reported effect sizes and corresponding adjusted variance as a basis for the calculations
and obtained robust SEs56 using Metafor’s ‘robust’
function. We chose this robust estimator function as
it is appropriate to use for models with unspecified
heteroscedasticity,23 which is the case with all studies
reporting multiple effect sizes that are included in this
meta-analysis.

studies contributing with multiple outcomes as described in the ‘effect
size dependencies’ section.
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Figure 2 Forest plot of original REM of all included studies, with summary effect size for the cognitive and affective
dimensions as well as the overall summary effect size.REM, random-effects model. REM, random-effects model.random-effects
model

Random-effects model
Three separate REMs were fit: one across all studies to
yield an overall summary effect size, one for the cognitive domain and one for the affective domain. Table 3
provides a summary of the three REMs, including test
results for heterogeneity (Q-statistics and I2-statistics).
For the original REM the effect sizes are typically larger
for the cognitive domain (g=0.14), compared with the
affective domain (g=0.093), while the summary effect size
across both domains is g=0.112.
Heterogeneity
As can be seen from the Q and I2 statistics in table 3,
there is a significant degree of heterogeneity present for
the overall summary effect size, indicating a systematic
difference in effect sizes between the studies. As possible
sources of this heterogeneity, we investigated publication
8

bias and performed a moderator analysis on all included
studies.
Publication bias
The Egger’s regression test for funnel plot asymmetry was
not significant (p=0.1581), which might be mainly due to
low power. To get a visualisation of possible publication
bias, a funnel plot is depicted in figure 3.iv
If no publication bias was present, approximately 95%
of the points for the original effect sizes should be located
within the white funnel area25 and should be roughly
distributed evenly to the left and to the right of the vertical
line illustrating the overall summary effect size. Because
this is not the case, a trim and fill analysis was performed
and the results are displayed in figure 4.§
The imputed effect sizes (open circles) are all smaller
than the summary effect size, and the trim and fill
Borge TC, et al. BMJ Open 2017;7:e016777. doi:10.1136/bmjopen-2017-016777
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Table 3 REM statistics for separate meta-analyses for overall summary effect size, cognitive domain and affective domain,
including test for heterogeneity
#

Outcome Model type

Ns

Np

Hedges’ g

SE

z

p Value

df

Q

Qp

I2 (%)

1

Summary Original REM
Effect Size REM with SE as
moderator

26

63 861*

0.112
0.079

0.023
0.029

4.9
4

0.0001
0.0065

25
24

102
93

<0.0001
<0.0001

69
68

0.075

0.019

2.7

<0.0001

34

150

<0.0001

75

2

Cognitive
domain

0.14

0.016

8.5

<0.0001

12

12

0.451

27

REM with SE as
moderator

0.132

0.030

4.3

<0.0001

11

12

0.3836

29

REM with trim and fill

0.140

0.017

8.2

<0.0001

12

12

0.4510

27

0.093

0.034

2.7

0.03

12

67

<0.0001

77

0.043

0.041

1.1

0.2935

11

57

<0.0001

74

0.088

0.028

3.1

0.0018

13

68

<0.0001

76

3

Affective
domain

REM with trim and fill

35†

Original REM

13

Original REM
REM with SE as
moderator
REM with trim and fill

13

29 269

38 219

14†

*Not the sum across the two domains as some studies are included in both domains.
†Includes original and imputed studies.
Ns, number of included studies; Np, number of total included participants; REM, random-effects model.

Figure 3

Funnel plot of original random-effects model of all included studies with their respective effect size and SEs.

analyses suggest that the adjusted overall summary effect
size would be 0.075 (cf, table 3). It is still significant
(p<0.0001), but smaller than the originally calculated
summary effect size (g=0.112). Additionally, even with
the imputed effect sizes, there are still significant levels of
heterogeneity present, which indicate that other factors
than publication bias are contributing to the observed
heterogeneity. Table 3 also shows that only the studies in
the affective domain appear to be afflicted by publication
bias, as the summary effect size for the cognitive domain
remains unchanged with the trim and fill analysis. The
results from regression-based adjustment for publication
bias are consistent with the trim and fill analysis in that
they show a similar overall effect size, a clear association
Borge TC, et al. BMJ Open 2017;7:e016777. doi:10.1136/bmjopen-2017-016777

in the cognitive domain and a noticeably weaker association in the affective domain.
Moderator analyses
Considering that performing a moderator analysis is
generally not advisable with less than 10 studies,53 we
performed a moderator analysis for the whole sample of
studies, rather than separately for the affective domain.
The following moderators were initially included in
single-predictor models: publication year, child age at
assessment, outcome domain and diet category. Instrument category was originally considered, but only questionnaires were used in the studies within the affective
domain and this was therefore deemed unnecessary.
9
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Child age at assessment explained none of the heterogeneity and were excluded from further analysis. Separately,
outcome domain, publication year and diet category
accounted for some of the heterogeneity present, and
when included together in a moderator analysis they
explained approximately 30% of the heterogeneity
(p=0.0471). However, there was still a significant degree
of heterogeneity present (p<0.0001), indicating that
other moderators not considered in the model were influencing the outcome effect sizes.
Discussion
The aim of this meta-analysis was to systematically review
and summarise the currently existing literature about the
association between maternal diet quality and different
child neurodevelopmental outcomes. When dietary exposures believed to be appropriate proxies for maternal diet
quality were included, a total of 18 studies comprising
63 861 participants were found relevant for inclusion in
this meta-analysis.
The meta-analysis showed that a better maternal diet
quality had a small, statistically significant association with
child neurodevelopment. The summary effect size for the
cognitive domain was larger than the overall summary
effect size, with no significant presence of heterogeneity.
This positive association with cognitive outcomes is in line
with findings from a recent narrative review investigating
the association between maternal fish intake and child
cognitive outcomes.57 The important contribution of our
quantitative meta-analysis is the calculation of average
effect sizes, which shows, also after correcting for publication bias, a small but robust association. The summary
effect size for the affective domain was smaller than the
overall summary effect size, with a large and significant
degree of heterogeneity present. Considering that an

overall summary effect size is most appropriate to use for
studies with little heterogeneity,22 the summary effect size
should be interpreted with caution. If we look at the effect
sizes for all four outcome dimensions (cf, figure 2), we
find that maternal diet quality is associated with all neurodevelopmental dimensions except for the internalising
dimension, with the strongest associations seen for socioemotional and general cognitive functioning. However,
these effect sizes are still considered small according to
Cohens’ interpretative guidelines.58
In the moderator analysis, outcome domain, publication year and diet category (type of dietary classification—
dietary pattern or its proxies (fish intake, fruit intake,
saturated fat intake or Ω-6/Ω-3 fatty acid ratio)) contributed significantly to the heterogeneity present in the total
sample of studies, explaining 30% of the heterogeneity.
However, a large degree of heterogeneity remained. As
only the fully adjusted effect sizes from each study were
included in the meta-analysis, unmeasured or unreported
variables may have contributed to the remaining heterogeneity. Furthermore, these results might indicate that
maternal diet might be of more importance for certain
neurodevelopmental outcomes. However, we emphasise
that this moderator analysis is only exploratory and the
results should be seen as preliminary, given the small
number of eligible studies included in the meta-analysis
and the possible number of potential moderators.
The majority of the studies included in this meta-analysis using proxies of a maternal dietary pattern during
pregnancy had fish or seafood intake as their exposure
measure. Although fish intake most likely is a good marker
for diet quality, there are limitations involved. One major
limitation is that the studies investigating fish intake
varied greatly with regard to intake group definitions,

Figure 4 Funnel plot of random-effects model with trim and fill analysis, showing original studies (closed circle) and imputed
studies (open circle).
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with division into two, three or four groups, where most
groups were compared with a reference group (generally
those who never or rarely consumed fish), or included as
a continuous variable in a linear regression model. Some
studies also compared extreme groups (lowest vs highest
quintile), which were the studies reporting the largest
effect sizes. Due to this varying dietary exposure definition, it is likely that the amount of heterogeneity the diet
category accounts for is underestimated in the moderator
analysis. Ideally, we could have used a more elaborate
classification of categories, to reflect the actual diversity
of the exposure measures, but this was not appropriate
considering the small number of studies included in this
meta-analysis.59
As seen from the funnel plot in figure 3, there is a
clear negative correlation between effect sizes and SE,
indicating that the larger the sample size, the smaller
the association between maternal diet quality and the
outcome measure. This is not surprising, considering that
the effect size of a study with a small sample needs to be
large to reach significance in comparison to studies with
a large sample size where only very small effect sizes are
required to reach statistical significance. However, even if
the observed pattern has a statistical explanation, a clear
visual indication of publication bias remains. Accordingly,
analyses that corrected for publication bias through a
trim and fill procedure and meta-regression resulted in
overall effect size estimates that were around 30% lower
compared with the effect size estimates from the original
REM.
Maternal diet—direct effect or marker for child diet?
An important issue that cannot be resolved by this
meta-analysis is whether the observed association is based
on direct effects of maternal diet quality or whether it is
a marker for the child’s diet, which is a competing exposure that also influences child development. Not surprisingly, maternal diet quality as well as maternal postnatal
diet and child diet during infancy and early toddlerhood
have been found to be highly correlated.60–62 Therefore,
it remains possible that the observed associations between
maternal diet quality and child development are due to
the child’s diet after pregnancy. Ultimately, the interpretation of the reported effect sizes depends on the
assumed causal model. If it is assumed that child diet is a
mediator between maternal diet quality and child development, then one has to control for child diet if interested in the direct effect of maternal diet quality, and one
must not control for child diet if interested in the total
effect of maternal diet quality.63 64 However, we suggest
that maternal diet quality and child diet have a common
cause—for example, parental education—and an unbiased estimate of the direct effects of maternal diet quality
on child development requires controlling for child diet.
One mitigating fact is that child diet varies with sociodemographic variables62 so that controlling for maternal
postnatal diet and sociodemographic factors is likely to, at
least in part, control for child diet. Still, child diet should
Borge TC, et al. BMJ Open 2017;7:e016777. doi:10.1136/bmjopen-2017-016777

ideally be assessed as a distinct factor. Indeed, the only
study35 among the three studies that reported controlling
for the child’s diet,35 36 39 which also provided unadjusted
and adjusted effect sizes, found that the association
between maternal diet quality and both externalising and
internalising problems in the child was mediated by child
diet, reducing the effect of maternal diet quality in three
out of four analyses.
An important aspect of child diet during the earliest
stages of life is breastfeeding. Previous studies exploring
the association between breastfeeding and different
cognitive development measures have found associations between longer breastfeeding duration and better
general cognitive development,65–67 higher IQ,68 better
educational attainment69 and language development,70
as well as a lower risk of having ADHD.71 Nine of the
studies included in this meta-analysis adjusted for breastfeeding duration,31 33 34 37 40 41 43 46 47 but none provided
information on both unadjusted and adjusted effect
sizes related to breastfeeding specifically. However, some
indicated that breastfeeding did not display a significant
confounding effect.
In studies that stratified their sample by breastfeeding
practices,36 43 a significant association with maternal
diet quality was only seen when the child had been
breastfed for less than 6 months. This suggests that a
better maternal diet quality might serve as a protective or
beneficial factor to a larger degree for children who are
not breastfed or breastfed less than the recommended
period.
Maternal obesity is another factor related to both breastfeeding and the outcomes. Studies consistently show
reduced breastfeeding rates in obese mothers72 73 and
obesity is also linked to impaired cognition and increased
behavioural problems in children.74–76 This highlights the
importance of also accounting for maternal body mass
index in the analysis, but only four studies did this in their
analyses.37 38 40 41
The effect of maternal diet quality on child development
is an exemplary research topic where causal knowledge
has to be extracted from observational studies because
experimental studies are either unethical or impractical.77
However, if causal information is to be gleaned from observational data, care must be taken to control for biases due to,
for example, self-selection into studies or selective dropout,
for example by using inverse probability weights so that the
effective sample better resembles the target population.
Importantly, controlling by adding covariates is typically
not sufficient to control, for example, selection bias.78 The
appraisal of the summarised studies with the NOS suggests
that while all summarised studies controlled, to varying
degrees, for potential confounders by adding covariates to
their analysis, systematic control for selection bias is not yet
part of routine analysis.
Limitations
Only the fully adjusted effect sizes from each study were
selected for inclusion into the meta-analysis; however, the
11
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confounders considered by each study varied greatly. This
adds to the uncertainty of the results.
Only four of the studies included in this meta-analysis used maternal dietary patterns as their exposure
measure for diet quality. Even though investigation of
dietary patterns has received increasing interest over the
past decade, there is still a lack of research in this area,
particularly in relation to child cognitive outcomes.
Additionally, there should be more focus on dietary
patterns as opposed to global indices of healthy diets,
as these indices inherently assume substitutability of
different aspects of healthy diets, which might not be
valid assumptions.
In the majority of the studies included with fish or seafood
intake as the exposure measure, fish intake was not a part
of the main exposure or primary investigation—it was often
included as a covariate, with the main study focus being
investigation of mercury exposure. This, together with the
varying definition of fish intake between the studies, probably contributes substantially to the observed heterogeneity
and illustrates the limitations involved in conducting a
meta-analysis on studies with very heterogeneous exposure
measures.
None of the studies reporting more than one effect size
included information on the corresponding correlation
between effect sizes. It is likely to assume that at least some
of the effect sizes within each study were interdependent
as they are measuring different aspects of the same overall
cognitive or affective domain. It is widely recommended to
aggregate dependent effect sizes to avoid biased estimates
while at the same time account for possible dependencies
within the sample of studies.22 This meta-analysis used
non-independent effect sizes due to both multiple effect
sizes reported from the same study as well as several studies
using the same cohort as a basis for their study sample.
However, we took care in accounting for these dependencies by calculating adjusted weights and robust SEs and
performing an overall meta-analysis as well as individual
meta-analyses for both domains. Moreover, three different
REMs were fit (cf, table 3) to test for plausible moderators.
Hence, despite the challenges posed by dependent effect
sizes our analyses likely provides unbiased summary effect
sizes for the association between maternal diet quality and
child development.
Lastly, there are many challenges relating to the FFQ
as a measurement tool, which is well known within the
nutritional research field.79 80 This is mainly due to
different types of bias that can arise from using self-report
measures of dietary intake, which creates further difficulties in relation to analysis and interpretation of diet-health
associations.
Taken together, these limitations suggest that while
the effect sizes reported here provide some information
about the association between maternal diet quality and
child cognitive and affective outcomes, more research is
needed to obtain reliable estimates of such associations.
12

Conclusion
Comparing studies looking at an overall maternal diet
quality rather than specific nutrients brings with it many
challenges, mainly due to heterogeneous methods for
measuring intake, failure to account for child diet during
early childhood as well as the vast number of confounders
needed to be considered, both genetic and environmental.
Additionally, the number of studies available for inclusion in this meta-analysis is limited and they are heterogeneous, both with regard to exposure and outcome
measures, indicating that results should be interpreted
with caution. However, the results point in the direction
that a better maternal diet quality is weakly, but robustly
associated with a more favourable cognitive development
and fewer affective problems in the child.
Lastly, it is important to emphasise that the studies
included in this meta-analysis are all observational and do
often take only limited steps towards causal identification.
Therefore, causal interpretations of the results have to be
avoided.
Suggestions for future research
The results of this meta-analysis highlight the need for
more research on the effects of maternal diet quality on
child cognitive and affective outcomes. The heterogeneity present in this sample of studies, particularly with
regard to the definition of the exposure measures, makes
comparison of results across studies particularly challenging. To better enable for between-study comparisons
in the future, careful consideration should be taken to
develop standardised instruments for the measurement of
diet quality, which can be applicable, with minor modifications, across different populations. Additionally, studies
should aim for the use of validated and recognised instruments for the measurement of cognitive and behavioural
outcomes, rather than self-developed or obsolete instruments. With regard to the outcome measures, available
reliability data for the instruments used by the included
studies do not provide any clear distinction in test-retest
reliability between questionnaires and clinical tests,81–95
but a comparison of effect sizes for outcomes assessed
through questionnaires and clinical neuropsychological tests, within the same study, will help to settle this
important issue.
Furthermore, it is crucial that future studies investigating the effect of maternal diet quality on child neurodevelopmental outcomes also consider the child’s diet, as
failure to recognise child diet as an important contributing factor limits the interpretability of such studies.
More generally, more attention to and controlling of
confounders, potential competing exposures and potential bias due to self-selection into studies or selective
dropout will be important to better justify a causal interpretation of observational studies.
Finally, greater emphasis should be put on research
transparency by means of describing the methodology
used more exhaustively and by reporting complete results
for both significant and non-significant results.
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