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Abstract

Background

The Developmental Origins of Health and Disease (DOHaD) hypothesis postulates that
exposures during early life, such as maternal dietary intake during pregnancy, may have a
lifelong impact on the individual’s susceptibility to diseases. The individual's own lifestyle
habits are obviously an additional factor, but we have only limited knowledge regarding how
it may interact with prenatal exposures in determining later disease. To gain further insight
into these potentially complex relationships, we examined the longitudinal association
between maternal diet quality during pregnancy and diet quality in early adolescence in a
contemporary cohort.

Methods and findings

From 1996 to 2003, the Danish National Birth Cohort (DNBC) was established. Women
from across the country were enrolled, and dietary intake in midpregnancy was assessed
concurrently with a 360-item food frequency questionnaire (FFQ) (https://www.dnbc.dk/-/
media/arkiv/projekt-sites/dnbc/kodeboeger/dnbc-food-frequency-questionnaire/dnbc-food-
frequency-questionnaire-pdf.pdf?la=en). During 2013-2018, dietary intake was assessed
at age 14 years with a 150-item FFQ (https://www.dnbc.dk/-/media/arkiv/projekt-sites/dnbc/
kodeboeger/ffg-14/dnbc-ffg-14-english-translation.pdf?la=en) in the DNBC children. Among
the 19,582 mother—offspring pairs included in the analyses, the mean age (+standard devia-
tion [SD]) was 30.7 (+4.1) years and 14.0 (£0.0) years for mothers and offspring, respec-
tively. The majority of both mothers (67%) and offspring (76%) were classified as normal
weight. For both questionnaires, a Healthy Eating Index (HEI) was developed as an indica-
tor for diet quality based on current Danish Food-Based Dietary Guidelines (FBDG) includ-
ing eight components: fruits and vegetables, fish, dietary fibres, red meat, saturated fatty
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acids (SFAs), sodium, sugar-sweetened beverages (SSBs), and added sugar. The HEI
score was divided into quartiles; individuals in the highest quartile represented those with
the most optimal diet. The maternal HEI score was correlated positively with offspring HEI
score (Pearson r=0.22, p<0.001). A log-linear binomial model was used to estimate the
relative risk of the offspring being in the highest quartile of HEI at age 14 years if the mother
was ranked in quartile 4 during pregnancy. Results showed that offspring born to mothers
who were in the highest HEI quartile during pregnancy were more likely themselves to be
located in the highest HEI quartile at age 14 years (risk ratio [RR]: 2.1, 95% confidence inter-
val [Cl]: 2.0, 2.3, p< 0.001). Adjusting for maternal prepregnancy body mass index (BMl),
parity, education, alcohol intake, physical activity, smoking, and breastfeeding, as well as
offspring total energy intake and sex, did not influence the effect estimates. The limitations
of our study include that some attrition bias towards more healthy participants was observed
when comparing participants with nonparticipants. Bias in the FFQ method may also have
resulted in underrepresentation of adolescents with poorer diet quality.

Conclusions

In this study using data from a large national birth cohort, we observed that maternal diet
quality during pregnancy was associated with diet quality of the offspring at age 14 years.
These findings indicate the importance of separating early dietary exposures from later die-
tary exposures when studying dietary aetiologies of diseases postulated to have develop-
mental origins such as, for instance, obesity or asthma in observational settings.

Author summary

Why was this study done?

» Maternal dietary intake during pregnancy may have a lifelong impact on the offspring’s
susceptibility to diseases.

o There is limited knowledge regarding how the offspring’s own lifestyle habits may inter-
act with prenatal exposures.

What did the researchers do and find?

o The Danish National Birth Cohort was established to investigate exposures during preg-
nancy on mothers’ and offspring health.

o To our knowledge, it is the first large prospective cohort with extensive concurrently
collected information on dietary habits from both pregnancy and adolescence.

o We developed a Healthy Eating Index (HEI) as an indicator, with higher scores indicat-
ing higher adherence to current evidence-based dietary guidelines.

« Analyses based on 19,582 mother—offspring pairs showed that a high-quality score in
the mother strongly predicts a high-quality score in the offspring.
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What do these findings mean?

o The potential influence of maternal diet during pregnancy was observed at a time when
offspring become increasingly independent and rely more on their own food
preferences.

o Our results highlight the need for accounting for offspring’s own diet in studies aimed
at examining maternal dietary habits in relation to later offspring health.

« Bias towards healthier participants should be taken into consideration, as well as the fact
that the offspring completed the questionnaire themselves, which might have resulted in
those with poorer diet quality being underrepresented in our study population.

Introduction

Evidence from the field of Developmental Origins of Health and Disease (DOHaD) research
has consolidated the hypothesis that certain dietary exposures during foetal life—i.e., certain
components of the mother’s diet during pregnancy—can have a long-lasting impact on the
child’s susceptibility to noncommunicable diseases [1-4]. Studying such relationships repre-
sents a significant challenge since they require many years of follow-up, leaving room for mul-
tiple factors to potentially contribute in a process that may eventually lead to disease. One such
factor is the offspring’s own dietary habits [5, 6]. Prospective studies have, for example, found
inverse and positive associations between intake of salt [7] during adolescence and blood pres-
sure in adulthood. Other studies found an association between intake of sugar-sweetened bev-
erages (SSBs) and obesity in children and adolescents, which is a strong risk factor for later
development of type 2 diabetes [8]. Accordingly, a potential association between mother’s die-
tary habits during pregnancy and offspring’s dietary intake could exist, ultimately influencing
later disease risk.

The use of dietary indices to evaluate whether overall dietary habits are ‘healthy’ has
expanded as a results of inconclusive results when investigating individual foods or nutrients,
which ignores the overall complexity of dietary intake [9-13]. Nevertheless, studies investigat-
ing a potential influence of prenatal dietary intake on offspring diet quality longitudinally
using a diet quality index are limited. One study found a significant effect of maternal prenatal
diet quality on 2- to 3-year—old offspring’s intake of fruits and vegetables, which, however
seemed to be mediated by maternal postnatal diet [14]. Thus, it seems of interest to explore
whether similar associations remain in later childhood, when the child becomes increasingly
independent from their parents.

The Danish National Birth Cohort (DNBC) is, to our knowledge, one of the first large pro-
spective studies to comprehensively assess dietary intake in pregnancy and again during the
adolescent years. It thereby represents a unique research resource to disentangle the separate
influences of prenatal versus later dietary exposures in relation to long-term health [15, 16].
Using dietary data assessed in midpregnancy among mothers and dietary data assessed among
offspring at age 14 years did not require new ethical approval. The aim of the present study
was to elucidate to what extent maternal diet quality during pregnancy is associated with diet
quality in the offspring at age 14 years in the DNBC.
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Methods
Study population

The DNBC was established between 1996 and 2003 and includes approximately 90,000 oft-
spring from across the country. Women who could do interviews in Danish and completed a
food frequency questionnaire (FFQ) (https://www.dnbc.dk/-/media/arkiv/projekt-sites/dnbc/
kodeboeger/dnbc-food-frequency-questionnaire/dnbc-food-frequency-questionnaire-pdf.
pdffla=en) in midpregnancy (gestation week [GW] 25) were eligible for enrolment in the
DNBC [15, 16]. Written informed consent was given by the mothers on behalf of themselves
and their children. The DNBC was conducted according to the guidelines laid down in the
Declaration of Helsinki, and all procedures involving human participants were approved by
the National Committee on Health Research Ethics in Denmark (H-4-2011-045). A follow-up
among children at age approximately 14 years (between 2012 and 2018, n = 36,064) focused on
overall dietary intake using a comprehensive web-based FFQ (https://www.dnbc.dk/-/media/
arkiv/projekt-sites/dnbc/kodeboeger/ffq-14/dnbc-ffq-14-english-translation.pdf?la=en).

For the present study, offspring with dietary data collected from 2012 until fall 2015 (n
approximately 24,000) and corresponding mothers (n = 68,240) whose maternal pregnancy
dietary intake was available were included and matched into 21,082 mother—-offspring pairs
(Fig 1). No exclusion criteria were set in terms of health status. However, we excluded implau-
sible total energy intakes (<2,500 kJ/day and > 25,000 kJ/day) (n = 351), multiple pregnancies
and births (n = 1,144), and age >15 years (n = 5) which resulted in a total of 19,582 mother-
offspring pairs. Offspring classification of body mass index (BMI) into underweight, normal
weight, and overweight/obese was defined according to the International Obesity Task Force
(IOTF), which corresponds to adult BMI < 18.5 kg/m? BMI = 18.5-24.9 kg/m?, and
BMI > 25 kg/m?, respectively [17]. This study is reported as per the Strengthening the Report-
ing of Observational Studies in Epidemiology (STROBE) guidelines (S1 Text). The primary
analyses conducted in this study were part of a prospectively written document in form of a
PhD protocol performed at The University of Copenhagen. The secondary and supplementary
analyses were not prospectively described but were conducted ad hoc and as responses to
reviewer comments.

Assessment of dietary intake

The maternal FFQ completed during pregnancy was based on a questionnaire from the Danish
Cancer Registry [18]. The FFQ addressed approximately 360 food items and supplement use
during the previous four weeks. Answer options ranged from ‘never’ to ‘8 or more times per
week’ [16]. The FFQ was previously validated against 7-day food diaries and urine nitrogen
excretion (n = 88). The FFQ at age 14 years was developed based on the validated FFQ used in
the Growing Up Today Study [19,20] and was completed by the offspring. The offspring FFQ
addressed approximately 158 food items, as well as questions about physical activity and sup-
plement use during the previous year. Answer options ranged from ‘did not drink/consume
the last year’ to ‘4 times or more per day’. For all food items in the maternal and in the off-
spring FFQ, standard portion sizes and in-house-developed mixed-dish recipes were applied.
Frequency of intake was computed into grams per day using the nutrition software package
FoodCalc v.3 [21] combined with the Danish food table [22].

Assessment of diet quality using a Healthy Eating Index

To evaluate overall diet quality in the study population we applied a newly developed Danish
Healthy Eating Index (HEI). The Danish HEI was developed within the DNBC and based on
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96,742 live born children
enrolled (1996-2003)

12,985 >14Y and
357 <13Y ineligible to
¥ FFQ14

83,400 eligible to FFQ14 Not invited:

3,419 left the cohort

583 not living with mother or father
22 problems with parent PI number
104 pending invitations

1,062 dead or invalid vital status

78,210 invited to FFQ14
(2012-2017)

91,784 women enrolled
in DNBC (1996-2003)

42,146 non response

23,508 did not return 36,064 completed FFQ14
FFQ

21,082 offspring matched
with
mothers (2015)

47,158 without complete
food group calculations

A 4

1,144 second born sibling
351 implausible energy intakes
5>age 15

19,582 offspring-mother pairs

Fig 1. Flowchart. DNBC, Danish National Birth Cohort; FFQ, food frequency questionnaire.
https://doi.org/10.1371/journal.pmed.1002911.9001

the Danish National Food-Based Dietary Guidelines (FBDG). The FBDG consist of nine
guidelines on food intake and one overall guideline including variety, overall food quantity,
and physical activity [23]. We adapted seven of the FBDGs and created eight components:
fruits and vegetables, fish, dietary fibre, red meat, saturated fatty acids (SFAs), sodium, SSBs,
and added sugar. We calculated and evaluated intake in grams per day among offspring and
women in relation to the guidelines even though the FBDG guidelines are expressed as an
intake of 10 MJ per day. In our study, total energy intake (mean [+standard deviation (SD)])
was 10.7 (2.7) MJ/d and 9.8 (3.7) MJ/d for mothers and offspring, respectively.

The nutrients were retrieved from the maternal and offspring nutrient calculations. Food
groups were combined of individual foods available in the FFQs. According to the dietary
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Table 1. The HEI developed within the DNBC.

Components in the DNBC HEI Danish Dietary Guidelines and Nutrient Recommendations'
1 Fruits and 0 g = 0 points >600 g per day of fruits and vegetables, where at minimum half is
vegetables® >600g =10 vegetables®
points
2 Dietary fibres 0 g =0 points >30 g per day’
>30 g = 10 points
3 Fish 0 g =0 points >350 g fish per week®
>350 g = 10
points
4 Red meat >500 g = 0 points <500 g per week®
<200 g =10
points
5 SFAs >10E% =0 <10E% per day*
points
0E% = 10 points
6 Sodium >2.4 g =0 points <2.4 g sodium per day
<l.6g=10 (4-6 g of salt corresponds to 1.6-2.4 g sodium)*
points
7 SSBs >500 g = 0 points <500 ml per week®
0 g =10 points
8 Added sugar >10E% =0 <10% of the total energy intake*
points

0E% = 10 points

Abbreviations: DNBC, Danish National Birth Cohort; HEI, Healthy Eating Index; SFA, saturated fatty acid; SSB,
sugar-sweetened beverage.

The scoring is continuous for intakes between the minimum and maximum cutoff for intakes.

"Expressed as an intake of 10 MJ per day.

*If intake of fruits was higher than vegetables, then the score was multiplied by 0.5.

3Ministry of Environment and Food of Denmark [23].

*Nordic Nutrition Recommendations 2012 [24].

https://doi.org/10.1371/journal.pmed.1002911.t001

guidelines, intake of fruits and vegetables, dietary fibres, and fish should be increased to receive
positive score (adequate components), whereas intake of the remaining five components
(moderation components: red meat, SFAs, sodium, SSBs, and added sugar) should be
decreased to receive positive score. Specific cutoff values for the components fruits and vegeta-
bles, fish, red meat, dietary fibres, and SSBs were derived from the FBDG. For the nutrients,
cutoff values were derived from the Nordic Nutrition Recommendations (NNR) [24]. Propor-
tional scores were assigned in a linear way to intakes between minimum (zero points) and
maximum scores (10 points). The eight component scores were summed up to a total score
ranging from zero to 80 points. An overview of components and minimum and maximum
scores is presented in Table 1.

Covariate assessment

The following variables, retrieved from interviews in GW12 and GW30, were included as
covarijates: maternal age (continuous and groups: <25 years, 26-30 years, 31-35 years, >36
years), maternal prepregnancy BMI (underweight BMI < 18.5 kg/m2, normal weight BMI
18.5-24.9 kg/m?, overweight BMI 25-29.9 kg/m?, obese BMI > 30 kg/m2), parity (0, 1, 2+ chil-
dren), physical activity during pregnancy (low: <4 h/week, high: >4 h/week), alcohol use dur-
ing pregnancy (yes/no), smoking during pregnancy (never, occasionally, daily), lactation (<1
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m, 2-6 m, >7 m), parental educational level (high: more than 4 years of post-secondary educa-
tion corresponding to a master’s or PhD degree; medium: corresponding to 34 years of post-
secondary education (corresponding to bachelor’s degree); skilled worker: corresponding to
nine years of basic school plus five years of vocational training; and finally unskilled worker).
Mother’s age, educational level, BMI, and lactation are known predictors of offspring dietary
habits [25-28]. Parity, physical activity, alcohol use, and smoking were included in order to
adjust for potential confounding due to social and behavioural factors related to offspring
lifestyle.

Statistical analyses

Participant characteristics were evaluated using descriptive statistics. Deviations from normal-
ity for dietary variables were assessed using histograms, and data were presented as median
(25th-75th percentile). Categorical variables were presented as frequencies or percentages.
The nonparametric Kruskal-Wallis test was applied for skewed variables.

In primary analyses, we divided mother and offspring HEI score into quartiles. We used a
log-linear binomial model to estimate risk ratio (RR) and 95% confidence intervals (CIs) for
the offspring in the highest quartile of HEI with respect to maternal diet quality as assessed by
HEI, with quartile 1 being the reference. Analyses were performed using PROC GENMOD in
SAS (SAS 9.4, Cary, NC, USA). Because having a high HEI indicates having a more optimal
diet according to dietary guidelines, we denoted relative chance as RR. When testing for linear
trend, the quartile variable was coded with the median HEI value in each quartile and entered
as a continuous term to calculate p for trend. To adjust for potential confounding two models
were applied: in model A, RR was adjusted for maternal age, prepregnancy BMI, parity, educa-
tion, lactation, physical activity level, alcohol use, and smoking during pregnancy. In model B,
additional adjustment was made for offspring sex and total energy intake of offspring (quar-
tiles) to account for any potential correlation between offspring HEI score and energy intake.
To examine potential sex differences in offspring, we tested for interaction followed by strati-
fied analyses.

Missing values for covariates ranged from 0.02% (maternal age groups) to 4.7% (prepreg-
nancy BMI). Because of the relatively low percentage of missing values (<5%), missing values
for maternal age were imputed using the median values, while smoking, physical activity, and
parity were imputed using mode. For prepregnancy BMI, which had the highest frequency of
missing, missing values were assigned to a separate missing category.

In secondary analyses, a potential effect modification was evaluated in strata of prepreg-
nancy BMI, level of education (proficiency), and smoking during pregnancy. In addition, by
including one HEI component at a time into the model, we evaluated if any potential associa-
tion was driven by specific HEI components. We further examined any potential correlations
between the HEI scores of the mother and the offspring. To evaluate potential selection bias
due to cohort attrition, we compared maternal characteristics of the offspring who completed
the FFQ at age 14 (n = 19,582) with those invited who did not complete the FFQ at 14 years of
age (n = 29,433). One-way ANOVA and chi-square tests were used to test for differences in
continuous and categorical characteristics of participants, respectively. To take diseases poten-
tially affecting eating behaviour among women—for instance, anorexia and inflammatory
bowel disease, which would result in very low energy intakes and extremely low BMI—into
consideration, we did several sensitivity analyses applied in model B: a) excluding women with
missing or very low BMI (<18.5 kg/m?, n = 517), b) excluding women with low energy intakes
(<6.0 MJ/d, n = 1,723), and c) excluding vegan/vegetarian mothers (n = 249). The HEI score
as continuous variable was applied in a sensitivity analyses in the fully adjusted model B.
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In a subsample of 595 mother—offspring pairs, the mother’s diet was assessed concurrently
with offspring diet 14 years after pregnancy. In this sample, we examined triangular associa-
tions between mother’s HEI at pregnancy and mother—offspring HEI at 14-year follow-up.
This was done by adjusting the main analysis (model B) for mother’s HEI score assessed 14
years after pregnancy (S1 Appendix).

All tests were two-sided, and we used a threshold of p < 0.05 to denote statistical signifi-
cance. All statistical analyses were performed in the statistical program SAS version 9.4 (SAS
Institute).

Results
Study participants

The mean age (+SD) among mothers was 30.7 (£4.1) years; the majority of mothers were clas-
sified as normal weight (67%) and did not smoke during pregnancy (79%). When dividing the
population according to maternal HEI score during pregnancy, there was a significant differ-
ence across quartiles of the HEI score for all maternal characteristics. Most of the offspring
were classified as normal weight (76%). The prevalence of offspring overweight was slightly
higher in the lowest two quartiles of maternal HEI score (Table 2).

When we compared maternal characteristics for those offspring who completed the FFQ14
(n = 19,582) with those invited who did not complete the FFQ14 (n = 29,433) we found that
those who completed the FFQ14 had significantly older mothers (mean difference [95% CI]:
0.59 years [0.51, 0.67], p < 0.001), mothers had lower prepregnancy BMI (mean difference
[95% CI]: —0.49 kg/m* [-0.57, 0.41], p < 0.001), and a higher proportion had a higher educa-
tional level (25% versus 20%, p < 0.001). We observed no significant difference for level of par-
ity between mothers of those offspring who completed the FFQ14 (49% had no prior children)
compared with those where the offspring did not complete the FFQ14 (48% had no prior chil-
dren, p = 0.20). The proportion of girls was significantly higher (p < 0.001) among adolescents
who completed the FFQ14 (52%) compared to those who did not complete the FFQ14 (46%)
(SIA Table).

Maternal and offspring diet quality

The mean HEI score (+ SD) for mothers and offspring was 24 points (7) and 24 points (9),
respectively (Table 3). For those ranked in quartile 1 of the HEI score, the mean score was 15
points (SD: 3) and 14 points (SD: 3) for mother and offspring, respectively. Corresponding val-
ues for those ranked in the highest quartile (quartile 4) were 33 points (SD: 5) and 35 points
(SD: 5), respectively.

As expected, maternal and offspring intake of fruits and vegetables, dietary fibre, and fish
increased with increasing HEI scores, while the opposite was observed for red meat (mothers
only), SFAs, SSBs, and added sugars (Table 3). However, no trend was observed for sodium
and total energy intake across the HEI quartiles. For sodium and energy intake, we addition-
ally observed essentially no correlation between offspring intake and offspring HEI score
(r =0.004 and 0.06, respectively) (Table 4). The maternal HEI score was correlated positively
with offspring HEI score (Pearson r = 0.22, p < 0.001).

Association between maternal and offspring diet quality

Main analyses are presented in Table 5 showing the RR of the offspring in the highest HEI
quartile at 14 years of age across quartiles of maternal HEI scores during pregnancy. The RR of
the offspring with a high HEI score was 2-fold increased when comparing the highest to the
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Table 2. Maternal characteristics (n = 19,582).

Maternal Characteristics Overall (23.5+7.4 HEI Score (Mean + SD) P
points) Q1 (14.7 £ 2.6 Q2(20.6 +1.6 Q3(25.4+1.5 Q4(33.4+4.5
points) points) points) points)

Age (years) 30.7 £4.1 29.7£39 30.6 £4.1 30.9+4.0 31.5+4.1 <0.05
Prepregnancy BMI? 23.3+3.9 23.8+4.2 23.4+3.9 23.1+£3.7 22.7+3.6 <0.05
Underweight, % 4 5 4 4 5 <0.001
Normal weight, % 67 63 66 69 71
Overweight, % 18 21 20 17 14
Obese, % 6 8 7 5
Missing, % 5 3 3 4 5
Physical activity during pregnancy (>4 9 5 7 13 <0.001
h/w), %
Smoking during pregnancy, % 21 26 22 20 17 <0.001
Alcohol in midpregnancy (yes) % 47 45 50 50 45 <0.001
Lactation (<1 month), % 31 33 30 29 30 <0.001
2-6 months, % 20 25 21 19 15
>7 months, % 49 42 49 52 55
Parous women, % 51 53 53 51 46 <0.001
Parental education, % <0.001
High 25 19 24 27 31
Medium 36 34 36 36 38
Skilled workers 25 31 26 23 18
Unskilled/students/unemployed 14 17 14 14 13
Offspring Characteristics
Girls, % 52.6 52.6 51.8 52.7 53.2 0.57
Age (years) 14.0 + 0.0
BMI® 192 £2.8 19.4+2.7 193 +£2.7 19.2+2.6 19.0 £ 2.5 <0.001

Underweight, % 15 15 15 14 16

Normal weight, % 76 75 76 77 77

Overweight and obese, % 9 10 10 9 7

' P-values were evaluated by using the one-way ANOVA for normal distributed continuous covariates, Kruskal-Wallis for non-normal distributed continuous

covariates, and chi-square test for categorical covariates.
*Underweight BMI < 18.5 kg/m?, normal weight BMI 18.5-24.9 kg/m?, overweight BMI 25-29.9 kg/m?, obese BMI > 30 kg/m>.
*Child BMI: age- and sex-specific classified by Cole and colleagues [17].
Abbreviations: BMI, body mass index; HEI, Healthy Eating Index; Q, quartile; SD, standard deviation.

https://doi.org/10.1371/journal.pmed.1002911.t002

lowest maternal quartile (RR: 2.1; 95% CI: 1.9, 2.3). After adjustment for maternal characteris-
tics (model A) and additionally offspring sex and total energy intake (model B), the RR esti-

mates were only slightly attenuated and remained significant (RR: 1.9; 95% CI: 1.8, 2.1).

In Table 5, results were presented based on categorising offspring and maternal HEI into
quartiles. When examining the association between maternal-offspring HEI on a continuous

scale, a per 10-unit increase of maternal HEI score during pregnancy was associated with 2.3
(95% CI: 2.1, 2.4) unit increase in offspring HEI score 14 years later. The maternal HEI score
explained around 14% of the variance in the offspring HEI score.
Despite an almost 2-fold increase in RR for the offspring being in the highest HEI quartile if
the mother was in the highest quartile during pregnancy, the variation in offspring HEI within
each maternal quartile was substantial and overlapping with adjacent quartiles (S1 Fig). We
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Table 3. Maternal pregnancy and offspring dietary habits according to HEI in Qs (n = 19,582).

Maternal HEI in Qs

Maternal Dietary Intake All Q1 (n = 4,879) Q2 (n=4,948) ‘ Q3 (n =4,898) Q4 (n =4,857)
Mean (+ SD) or Median (25th-75th Percentile)
Mean HEI score® 24 (7) 15 (3) 21(1) 25(1) 33 (5)
Fruits and vegetables (g/day)” 165 (107-219) 113 (74-162) 153 (101-196) 178 (136-227) 218 (166-312)
Dietary fibres (g/day)b 28 (10) 23 (8) 27 (8) 30 (9) 32 (10)
Fish (g/week)® 159 (92-250) 96 (53-141) 150 (94-214) 197 (120-282) 245 (148-345)
Red meat (g/week)* 479 (349-642) 581 (481-720) 519 (413-683) 450 (341-623) 316 (215-444)
E% SFAs® 13(3 14 (3) 13 (3) 12(3) 11(3)
Sodium (mg/day)b 3.3(0.9) 3.2(0.7) 3.4 (0.9) 3.5(1.0) 3.3(1.0)
SSBs (1/week)© 1.51 (0.82-2.56) 2.00 (1.21-3.33) 1.61 (0.93-2.61) 1.38 (0.79-2.35) 1.05 (0.47-1.99)
E% added sugar © 7 (5-10) 10 (7-13) 7 (5-10) 6 (4-8) 5 (4-7)
Energy (M]/day)b 10.6 (2.7) 104 (2.4) 10.8 (2.6) 10.8 (2.8) 10.3 (2.9)
Protein (E%)® 15(2) 15(2) 15 (2) 15 (2) 16 (2)
Fat (E%)" 31(6) 33(5 32(5) 30 (6) 28 (6)
Carbohydrate (E%)® 54 (6) 53 (5) 53 (5) 54 (6) 56 (6)
Offspring HEI in Qs
Offspring Dietary Intake All Ql (n=4,862) Q2 (n=4,886) ‘ Q3 (n=4,924) Q4 (n=4,910)
Mean (+ SD) or Median (25th-75th Percentile)
Mean HEI score® 24 (9) 14 (3) 20 (2) 26 (2) 35 (5)
Fruits and vegetables (g/day)* 279 (169-435) 172 (113-243) 266 (176-366) 346 (214-490) 440 (274-625)
Dietary fibres (g/day)” 26 (19-36) 20 (16-25) 27 (20-34) 30 (21-40) 33 (23-46)
Fish (g/week)" 67 (30-120) 43 (16-75) 64 (30-106) 81 (41-131) 103 (50-217)
Red meat (g/week)® 666 (463-930) 699 (550-917) 705 (507-958) 677 (450-957) 531 (450-869)
E% SFAs® 12 (2) 13 (2) 12 (2) 11(2) 10 (2)
Sodium (mg/day)” 3.3(1.2) 3.0 (0.9) 3.3(1.3) 3.4 (1.5) 3.2(1.7)
SSBs (I/week)* 0.63 (0.31-1.38) 1.25 (0.68-1.95) 0.76 (0.47-1.56) 0.56 (0.30-1.02) 0.27 (0.13-0.48)
E% added sugar® 6 (4-9) 10 (8-12) 7 (5-9) 6 (4-7) 4 (3-6)
Energy (kJ/day)® 9.9(3.7) 9.1(2.7) 10.0 (3.5) 102 (3.9) 10.1 (4.5)
Protein (E%)® 16 (2) 15 (2) 15 (2) 16 (2) 16 (2)
Fat (E%)b 32 (5) 33 (4) 33 (4) 32 (4) 30 (5)
Carbohydrate (E%)° 52 (5) 50 (5) 51(5) 52 (5) 53 (6)

*The total score of eight components: fruits and vegetables, fish, dietary fibres, red meat, SFAs, sodium, SSBs, and added sugar. The score can range from zero to 80.
One-way ANOVA test significant for normally distributed variables, p <0.001

© Kruskal-Wallis test significant for non-normally distributed variables, p < 0.001.

Abbreviations: HEI, Healthy Eating Index; Q, quartile; SD, standard deviation; SFA, saturated fatty acid; SSB, sugar-sweetened beverage.

https://doi.org/10.1371/journal.pmed.1002911.t003

observed no change in direction or magnitude in the sex-stratified, fully adjusted analyses

(model B) for boys (RR: 1.9; 95% CI: 1.7, 2.3) or girls (RR: 1.9; 95% CI: 1.8, 2.2), respectively

(S2A Table).
In secondary analyses, we examined further potential modification by maternal characteris-

tics in stratified analyses by maternal prepregnancy BMI (Table 6), parental education, and

smoking during pregnancy (S2B Table). RR estimates were comparable to and in the same
direction as those from the nonstratified analyses (as presented in Table 5). Furthermore, to
evaluate whether one HEI component was responsible for the association between maternal-
offspring diet, we added one single component of maternal HEI at a time to model B. The
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Table 4. Correlation coefficients between the HEI and offspring dietary intake.

Offspring Dietary Habits (n = 19,582) Correlation Coefficients*

Offspring HEI Score Mothers’ HEI Score
HEI score 0.22
Fruits and vegetables 0.52 0.48
Dietary fibres 0.38 0.37*
Fish 0.34 0.48
Red meat -0.19 -0.48
SFAs -0.47% -0.35%
Sodium 0.004* 0.03*
SSBs -0.55 -0.28
Added sugar -0.64 -0.50
Energy 0.06" -0.02%

“Pearson correlations; otherwise Spearman correlations,
*p < 0.001 for all correlations tested on maternal and offspring HEI as continuous score.

Abbreviations: HEI, Healthy Eating Index; SFA, saturated fatty acid; SSB, sugar-sweetened beverage.

https://doi.org/10.1371/journal.pmed.1002911.1004

results were within the same direction as the results presented in Table 5, and no specific com-
ponent appeared to be responsible for the relationship between maternal and offspring HEI
scores (S3 Table).

In sensitivity analyses, we examined potential diseases or conditions that could affect die-
tary intake in mothers. Exclusion of mothers with very low energy intakes (<6.0 MJ/d), moth-
ers with low prepregnancy BMI (<18.5 kg/m?), and mothers who claimed to be a vegetarian
during pregnancy were used as proxy for anorexia or inflammatory bowel disease. The exclu-
sion of these women resulted in slightly decreased risk estimates; however, they remained sig-
nificant and in the same direction (S1B Table).

A description of and results from analyses in the subsample for the triangular associations
between mother—offspring HEI at pregnancy and follow-up is shown in S1A Appendix Text.
When comparing mothers in the subsample with mothers in the main study, minor differences
were observed for smoking during pregnancy and parity (S1B Appendix Table). No differences
were observed for number of girls or categorisation of BMI (S1C Appendix Table). In the sub-
sample, we observed relatively low (r < 0.4) significant correlations for all associations

Table 5. Maternal prenatal dietary habits as predictor of offspring dietary habits at age 14 (n = 19,582).

Maternal HEI Q Cases”/N RR RR Model A® RR Model B°
Q1 812/4,879 1 1 1
Q2 1,080/4,948 1.31 (1.21, 1.42) 1.28 (1.18, 1.39) 1.29 (1.18, 1.42)
Q3 1,292/4,898 1.58 (1.47, 1.71) 1.52 (1.40, 1.64) 1.53 (1.40, 1.67)
Q4 1,726/4,857 2.14 (1.98, 2.30) 1.98 (1.83,2.13) 1.97 (1.81, 2.15)
p for trend <0.001 <0.001 <0.001

Dietary habits are quantified in terms of adherence to dietary recommendations estimated by the HEI, and the RR of the offspring being in the highest Q is modelled.
Abbreviations: BMI, body mass index; HEI, Healthy Eating Index; Q, quartile; RR, risk ratio.

*Cases = the number of offspring in Q4 according to ranking of the mother.

®Adjusted for maternal age, parity, education, physical activity, smoking and alcohol intake during pregnancy, and lactation.

“Additionally adjusted for offspring energy intake and sex.

https://doi.org/10.1371/journal.pmed.1002911.t005
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Table 6. Maternal prenatal dietary habits as predictor of offspring dietary habits; BMI strata.

Maternal HEI Q Cases®/N RR RR Model A® RR Model B°
Prepregnancy BMI* (kg/m®)
Underweight 802
Q1 27/178 1.00 1.00 1.00
Q2 34/191 1.17 (0.74, 1.86) 1.16 (0.73, 1.84) 1.11 (0.75, 1.63)
Q3 56/205 1.80 (1.19, 2.72) 1.76 (1.16, 2.66) 1.54 (1.08, 2.20)
Q4 93/228 2.69 (1.84, 3.93) 2.51(1.69, 3.72) 2.05 (1.47,2.86)
p for trend <0.001 <0.001 <0.001
Normal weight 13,170
Q1 500/3,070 1.00 1.00 1.00
Q2 720/3,249 1.36 (1.23, 1.50) 1.32 (1.19, 1.46) 1.33 (1.20, 1.47)
Q3 903/3,380 1.64 (1.49, 1.80) 1.56 (1.41, 1.72) 1.54 (1.40, 1.70)
Q4 1,232/3,471 2.17 (1.99, 2.39) 1.99 (1.81, 2.19) 1.96 (1.78, 2.15)
p for trend <0.001 <0.001 <0.001
Overweight 3,464
Q1 192/1,003 1.00 1.00 1.00
Q2 213/972 1.14 (0.96, 1.36) 1.12 (0.94, 1.33) 1.13 (0.95, 1.34)
Q3 215/828 1.36 (1.14, 1.61) 1.30 (1.10, 1.55) 1.32 (1.11, 1.56)
Q4 223/661 1.76 (1.49, 2.08) 1.67 (1.41, 1.98) 1.66 (1.41, 1.96)
p for trend <0.001 <0.001 <0.001
Obese 1,225
Q1 61/404 1.00 1.00 1.00
Q2 68/326 1.38 (1.01, 1.89) 1.38 (1.01, 1.89) 1.35(0.99, 1.83)
Q3 59/265 1.47 (1.07, 2.04) 1.49 (1.08, 2.06) 1.48 (1.07, 2.03)
Q4 78/230 2.25 (1.68, 3.01) 2.26 (1.68, 3.04) 2.15 (1.61, 2.87)
p for trend 0.001 <0.001 <0.001

Cases = the number of offspring in Q4 according to ranking of the mother.

®Adjusted for maternal age, parity, education, physical activity, smoking and alcohol intake during pregnancy, and lactation.

“Additionally adjusted for offspring energy intake and sex.

dUnderweight <18.5 kg/m?, normal weight 18.5-24.9 kg/m?, overweight 25-29.9 kg/m?, obese > 30 kg/m>.
Abbreviations: BMI, body mass index; HEI, Healthy Eating Index; Q, quartile.

https://doi.org/10.1371/journal.pmed.1002911.t006

examined (r from 0.25 to 0.37) (S1D Appendix Fig). The HEI score of mothers in the subsam-
ple was significantly higher (p < 0.001) compared with the full study population (mean HEI
score [SD]: 26 [8] points), whereas the HEI score among the subsample offspring was within
the same magnitude as the full offspring study population (23 [9] points). Adjustment for
maternal HEI score assessed at 14 years after pregnancy had limited impact on the association
between maternal diet quality in pregnancy and offspring diet quality at 14 years. The RR of
1.8 (95%CL: 1.0, 3.1) was a similar estimate as the one obtained for the full sample in Table 5
(SIE Appendix Table).

Discussion

In this study of approximately 20,000 mother—child pairs, we found that offspring’s diet quality
was positively associated to their mother’s antenatal diet quality, despite the fact that the two
dietary assessments were undertaken 15 years apart. This association was observed at a time
when offspring become increasingly independent and rely more on own food preferences, and
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it was robust after adjustment for a number of different sociodemographic factors and consis-
tently observed across strata of offspring sex, maternal BMI, and education status.

Several different mechanisms could be underlying the observed associations. They could be
driven by biological factors, social determinants, or both. Results from randomised controlled
trials support the hypothesis that maternal dietary intake during pregnancy influences later
dietary intake of the offspring [29,30]. However, women with a relatively healthy diet during
pregnancy are also likely to continue such habits postnatally [14], which will to some extent be
reflected in offspring dietary habits at a young age. This may explain the relatively strong cor-
relation observed in the study by Asham and colleagues in which follow-up was conducted
2-3 years after birth. In that study, the correlation coefficient between diet quality in preg-
nancy and postnatally was 0.85, while the cross-sectional correlation between maternal-oft-
spring diet quality was 0.66 [9]. These correlations are considerably stronger than those (r
approximately 0.3) observed in our study at the 14-year follow-up and those observed in other
cross-sectional studies between parents and 8- to 12-year-old children (r approximately 0.2-
0.3) [31, 32].

If mothers in our cohort had continued the dietary pattern similar to the one estimated dur-
ing pregnancy, we might have seen a decreased risk estimate when adjusting for maternal
characteristics reflecting healthier antenatal lifestyles, but no such decrease was observed. Fur-
thermore, in a subset of our participants, maternal diet quality assessed concurrently with off-
spring diet quality 14 years after pregnancy did not seem to confound the observed
association. In contrast to findings by Asham and colleagues, in which the prenatal-offspring
association seemed to be mediated by postnatal dietary intake, these results point to a relatively
modest influence of mother’s current diet quality on 14-year-old offspring diet quality.

Other factors that may influence dietary habits in childhood and adolescence include atti-
tudes towards healthy eating, familial shared behaviours, peer pressure, and social acceptability
[26, 33]. These factors will have more influence on later childhood and adolescence, resulting
in greater variation of dietary habits, and thus may, to some extent, explain the modest correla-
tions and substantial variation in offspring HEI observed in this age group.

Our study has considerable strengths. Because of the large sample size and detailed covari-
ate assessment, we were able to explore in detail the stability of our findings across strata of
maternal characteristics that could confound or modify the association between mother and
offspring diet. In addition, the long follow-up in our study is unique because it allows us to
explore the influence of maternal diet on offspring’s own dietary habits at a time when one
would expect that the offspring’s start making own food choices. Dietary intake among
women was assessed by a detailed FFQ validated against 7-day weighted food records during
pregnancy [34], and a detailed FFQ validated against 3 x 24-h recalls was applied to collect die-
tary data among offspring [35]; in the validation analyses, both the maternal and offspring
FFQ showed moderate Spearman correlations for energy intake of r = 0.42 and r = 0.54,
respectively. A number of limitations within the study are acknowledged. The FFQ method
has some limitations because it relies on the participant’s ability to recall and report dietary
intake, and calculation relies on the content of the applied food table. If memory bias affected
the accuracy of assessed dietary intake equally among participants, level of diet quality might
have been skewed in either direction compared with true intake, which would not affect rank-
ing across groups. A registry-based study conducted at the time found no indication of attri-
tion bias with respect to maternal smoking and adverse pregnancy outcomes such as preterm
delivery and low birth weight (<2,500 g) [36]. However, as with all longitudinal studies with
long-term follow-up, there is substantial attrition. In our 20-year follow-up, approximately
50% of those invited agreed to participate, which is not unexpected among young adults. The
analysis on participants versus nonparticipants in the FFQ14 follow-up study indicated some

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1002911 September 12,2019 13/17


https://doi.org/10.1371/journal.pmed.1002911

@’PLOS ‘ MEDICINE

Association between maternal prenatal and offspring’s diet quality

level of attrition bias towards healthier participants and higher socioeconomic status. The
implication is that those with poorer diet quality might be underrepresented in our study pop-
ulation, but at the same time, it is not clear how such bias could lead to spurious correlation
between maternal-offspring dietary habits. We did not have the possibility to adjust for the
potential confounding of, for instance, unhealthy habits such as smoking and socioeconomic
status of the mother, which could have changed systematically after pregnancy. Confounding
by later environmental exposures could occur if these were somehow related to changes in die-
tary habits. However, we would still think it is more likely that socioeconomic and healthy life-
style habits would remain fairly constant for most subjects. In any case, the positive association
we observe is more in the direction that one would expect rather than the opposite.

The HEI applied in our study summarised diet quality in mothers and offspring relative to
current Danish dietary guidelines. Even though the HEI score for the mothers was based on
current dietary guidelines that did not apply 10-15 years ago, it did nevertheless give an esti-
mate of women’s diet quality during pregnancy that could be compared with that of her
child’s. The level of intake assessed with the maternal and offspring FFQs, respectively, was
comparable with the level assessed by food records in a similar age groups in the Danish
National Surveys [37, 38].

Irrespective of which mechanisms may be underlying the observed associations between
characteristics of the mother’s diet in pregnancy and the offspring’s diet many years later, our
findings have relevant implications for studies focusing on environmental factors operating
during the years of development on aetiologies of adult diseases. Our results emphasise the
need for taking offspring diet quality into account when studying the association between die-
tary factors in pregnancy and offspring adult health, and—vice versa—the need for taking die-
tary factors in pregnancy into account when studying associations between dietary exposures
in adolescent years and adult health.

Conclusion

In conclusion, the maternal diet quality during pregnancy was associated with diet quality of
the offspring at age 14 years. These findings indicate the importance of separating early dietary
exposures from later dietary exposures when studying dietary aetiologies of diseases postulated
to have developmental origins such as, for instance, obesity or asthma, in observational
settings.
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S1 Text. STROBE guideline (pdf format). STROBE, Strengthening the Reporting of Observa-
tional Studies in Epidemiology.
(PDF)
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those offspring who completed the FFQ14 and those invited who did not complete the
FFQ14 and B: Results from analyses in which specific groups of women with characteris-
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