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Summary
Background: In adults, adherence to the Mediterranean diet has been inversely
associated with cardiovascular risk, but the extent to which diet in pregnancy is
associated with offspring adiposity is unclear. We aimed to investigate the associa-
tion between adherence to Mediterranean diet in pregnancy and offspring cardio-
metabolic traits in two pregnancy cohorts.

Methods: We studied 997 mother–child pairs from Project Viva in
Massachusetts, USA, and 569 pairs from the Rhea study in Crete, Greece. We es-
timated adherence to the Mediterranean diet with an a priori defined score (MDS) of
nine foods and nutrients (0 to 9). Wemeasured child weight, height, waist circumfer-
ence, skin-fold thicknesses, blood pressure, and blood levels of lipids, c-reactive
protein and adipokines in mid-childhood (median 7.7 years) in Viva, and in early
childhood (median 4.2 years) in Rhea. We calculated cohort-specific effects and
pooled effects estimates with random-effects models for cohort and child age.

Results: In Project Viva, the mean (SD, standard deviation) MDS was 2.7 (1.6); in
Rhea it was 3.8 (1.7). In the pooled analysis, for each 3-point increment in the MDS,
offspring BMI z-score was lower by 0.14 units (95% CI, �0.15 to �0.13), waist
circumference by 0.39 cm (95%CI,�0.64 to�0.14), and the sum of skin-fold thick-
nesses by 0.63mm (95% CI, �0.98 to �0.28). We also observed lower offspring
systolic (�1.03mmHg; 95% CI, �1.65 to �0.42) and diastolic blood pressure
(�0.57mmHg; 95% CI, �0.98 to �0.16).

Conclusion: Greater adherence to Mediterranean diet during pregnancy may
protect against excess offspring cardiometabolic risk.

Keywords: Blood pressure, cohort study, diet, lipids, obesity, pregnancy.

Introduction

Early life is a critical period of developmental plasticity
(1). Metabolic programming is the phenomenon
whereby a nutritional stress/stimulus applied during
critical periods of early development permanently al-
ters an organism’s physiology and metabolism, the
consequences of which are often observed much
later in life (2). Although the foetal origins hypothesis,
proposed by Barker, has been well documented in
animal studies, data from human studies on maternal
diet quality during pregnancy in association with off-
spring cardiometabolic risk factors are scarce with
disparate results (3,4). Prior studies have examined

associations of specific nutrients, foods, or food
groups during pregnancy with offspring health, and
these approaches may not take into consideration
that some nutrients are interrelated. Moreover, they
all refer to a specific population group, and their
results cannot be easily generalized because of
cultural and socio-economic population differences
associated with diet.
The traditional Mediterranean diet is characterized

by a high intake of olive oil, fruits, vegetables, le-
gumes, nuts, and whole grain products; a moderate
intake of fish; and only small amounts of red and proc-
essed meat. This dietary pattern is low in saturated fat
intake and high in monounsaturated fat intake from
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olive oil; it is rich in fibre and glutathione, provides a
balanced ratio of n-6/n-3 essential fatty acids, and
high amounts of antioxidants (especially polyphenols
from olive oil, vitamins E and C) (5). Several epidemio-
logical studies and clinical trials support the role of the
Mediterranean diet in preventing obesity, type 2 dia-
betes mellitus and metabolic syndrome in adults
(6,7), while some recent studies suggest a protective
role against obesity development in children (8,9). In
pregnancy, a higher adherence to the Mediterranean
diet has been associated with lower risk of preterm
birth (10,11), higher birth weight (12,13) and lower off-
spring waist circumference at preschool age (14).
The objective of this study was to investigate asso-

ciations of maternal adherence to the Mediterranean
diet in early pregnancy with offspring obesity and
cardiometabolic risk in two cohorts with different
socio-economic characteristics and different geo-
graphic locations: Project Viva, a prospective
mother–child cohort that was established in
Massachusetts, USA in 1999 (15) and the Rhea study,
a population based mother-child cohort initiated in
Crete, Greece in 2007 (16).

Subjects and methods
Study population

Project viva

We recruited women at their first prenatal visit from
Atrius Harvard Vanguard Medical Associates, a
multi-specialty group practice in Massachusetts, from
1999 to 2003 (15). Of 2128 live singleton births in
Project Viva, 1784pregnantwomenprovided informa-
tion on first trimester diet via a validated semi-
quantitative food frequency questionnaire (17). We ex-
cluded sevenwomenwith implausible valuesof energy
intake (<600or>6000cal d�1). Of the 1777 remaining
mother–child pairs, 997 attended an in-person mid-
childhood visit at 6–10years (median 7.7 years; IQR:
7.3–8.3), during which study staff measured anthro-
pometry and collected fasting blood samples.

The Rhea cohort

The Rhea project is a population-based cohort of
pregnant women and their children in the prefecture
of Heraklion Crete (16). Of 1363 singleton live births
in the Rhea study, we included 905 pregnant women
who provided information on first trimester diet via a
validated semi-quantitative food frequency, after ex-
cluding 11 women with implausible values of energy
intake (<600 or >6000cal d�1). Of the remaining
895mother–child pairs, 570 participated at the 4-year
follow-up visit (median 4.2 years, IQR: 4.1–4.3), during

which we measured anthropometry and collected
non-fasting blood samples from 569 children, who
comprised the population included in this analysis.
In both study populations, all procedures were in

accordance with the ethical standards for human
experimentation established by the Declaration of
Helsinki, and all women provided written informed
consent. Institutional review boards of participating
institutions approved each study.

Dietary intake during pregnancy

In Project Viva, mothers reported their diet since the
time of their last menstrual period at study enrolment
(median 9.9weeks gestation), using a validated
semi-quantitative food frequency questionnaire (FFQ)
(17). Rhea participants completed a validated FFQ at
mean 14.6weeks gestation (18). To evaluate adher-
ence to the Mediterranean diet during pregnancy,
we used a score modified from one applied in a large
cohort study in adults (Mediterranean diet score,
MDS) (5). To use the same thresholds for both co-
horts, we applied cut-offs based where possible on
current recommendations for pregnant women (Table
S1) (19). For components presumed to be beneficial
(vegetables, fruits, fish, dairy products, legumes,
whole grain products, nuts and monounsatured fatty
acids), women whose consumption was above rec-
ommendations were assigned a value of 1, otherwise
they were assigned 0 points for intake equal or below
the threshold. For components presumed to be detri-
mental (red and processed meat), we assigned 1
point for women whose consumption was below or
equal to the threshold, and 0 for women whose con-
sumption was above the threshold. The MDS thus
ranged from 0 (minimal adherence to the Mediterra-
nean diet) to 9 (maximal adherence). We have pre-
sented our results per 3 points increment on the
MDS as conventionally a score of 0–3 represents
low adherence, a score of 4–6 represents moderate
adherence and a score of 7–9 represents high
adherence to the Mediterranean diet (5).

Child adiposity measures

In both cohorts, trained research assistants measured
children’s weight, height, waist circumference and
subscapular (SS) and triceps (TR) skinfold thick-
nesses (Supplementary Methods).

Child blood pressure and cardiometabolic
biomarkers

In both cohorts, trained research assistants measured
systolic and diastolic blood pressure using a Dinamap
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automated oscillometric recorder (Supplementary
Methods).
We collected blood via venipuncture and measured

lipids [total cholesterol, and high-density lipoprotein
cholesterol (HDL)], plasma leptin and adiponectin
concentrations and C-reactive protein concentrations
following standard protocols (Supplementary
Methods).

Statistical analysis

We used linear regression to estimate associations of
adherence to the Mediterranean diet during preg-
nancy with adiposity or cardiometabolic outcomes in
childhood. Generalized additive models were applied
to explore the shape of the relationships between
MDS and outcomes under study.
To select the confounders for adjustment in multi-

variable models, we used a directed acyclic graph ap-
proach based on prior knowledge about parental and
child covariates that may be related to child adiposity
and/or adherence to the Mediterranean diet in preg-
nancy. According to this graph (Fig. S1), we included
the following variables in multivariable models: The
first model was adjusted for the child’s sex and age
at outcome measurement (crude model); the second
model (confounder model) was additionally adjusted
for maternal age at recruitment (years), education
(high level: university or technical college degree), eth-
nicity (Greek/non-Greek; USA/non-USA citizen), race
(Black people, Asian, Hispanic, White people and
others), pre-pregnancy body mass index (based on
measured height at recruitment and pre-pregnancy
self-reported weight (BMI, kgm�2), smoking in preg-
nancy (never, quit before pregnancy and smoked
during pregnancy) and parity (nulliparous; multipa-
rous). In a third model (mediation model), we
additionally adjusted for birth weight for gestational
length z-score and breastfeeding duration (months);
and in a fourth model (also mediation), we additionally
adjusted for child lifestyle characteristics [fast food
intake (times/week and questionnaire based), TV
viewing (hours per day and questionnaire based)]
and child’s anthropometry at age of outcome assess-
ment [height (for waist circumference and SS+TR)
and child’s BMI (for cardiometabolic outcomes)] as
potential mediators. We considered the confounder
model as the main model.
We used a two-stage approach to assess the asso-

ciation of adherence to the Mediterranean diet during
pregnancy with adiposity and cardiometabolic traits in
children. First, we analysed associations separately
for each cohort. Second, we calculated pooled effect
estimates using mixed models, including cohort and

child age at outcome assessment as random effects
and all other covariates as fixed effects. Finally, the
overall summary effect of the individual cohorts was
estimated using random effects meta-analysis to
check the consistency with the pooled analysis. We
presented results as combined estimates from the
random-effect models with their 95% confidence
intervals (CIs).
We assessed effect modification by maternal pre-

pregnancy BMI (≥25 vs. <25kgm�2), maternal
smoking during pregnancy (yes vs. no), and
breastfeeding duration (>3 vs. ≤3months) through in-
clusion of the interaction terms in the models (statisti-
cally significant effect modification if p-value<0.05).
We also performed further adjustment for energy in-
take in pregnancy (kcal d�1), gestational diabetes
(questionnaire based) and gestational weight gain
(questionnaire based) for mother–child pairs with
available information on these variables.
We performed analyses with SAS version 9.3 soft-

ware (SAS Institute, Cary, NC) and R version R3.1.

Results
Participant characteristics and
compliance with Mediterranean diet

Intake of all food groups in the MDS during pregnancy
differed between the two cohorts except nut intake
(Fig. S2). Pregnant women in Rhea cohort had higher
intakes of almost all protective components of the
MDS except legumes. On the other hand, they also
reported a higher intake of red and processed meat
products than Project Viva mothers. The MDS was
higher in the Rhea cohort (Mean 3.8, SD 1.7) than in
Project Viva (Mean 2.7, SD 1.6, p<0.001, Table 1).
At the time of outcome assessment, Viva children

were approximately 3.5 years older than those in
Rhea; accordingly, BMI and fat measurements were
higher for the Viva children (Mean BMI, (SD): Viva;
17.1, (2.9); Rhea; 16.4 (1.9), p<0.01). Table S2
shows that in both cohorts, mothers without offspring
follow-up data were more likely to be younger,
smokers, less educated and of non-white or non-
Greek race/ethnicity accordingly.

Mediterranaean diet adherence and
offspring obesity

Generalized additive models examining the shape of
the relationships of MDS with child z-BMI showed
no departures from linearity overall and separately in
Project Viva and Rhea cohorts (Fig. S3).
Associations of MDS in pregnancy with offspring

adiposity were broadly similar in each of the two
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cohorts studied separately (Table 2), although the
magnitude and precision of estimates differed slightly.
For example, in the covariate-adjustedmodel, each 3-
point increment in MDS was associated with 0.13
units lower BMI z-score (95% CI: �0.24, �0.02) in

Viva and 0.15 units lower in Rhea (95% CI: �0.29,
0.00). In the pooled analysis, for each 3-point incre-
ment in the MDS in pregnancy, offspring BMI z-score
was lower by 0.14 units (95% CI, �0.15 to �0.13),
waist circumference was lower by 0.39cm (95% CI,

Table 1 Maternal and child characteristics by Mediterranean diet score in project viva and rhea cohorts

Project Viva Rhea

MDS MDS

No. (%) Mean (SD) No. (%) Mean (SD)

All 997 (100) 2.7 (1.6) 569 (100) 3.8 (1.7)
Maternal characteristics
Age (years)
<25 25 (2.5) 1.7 (1.3) 13 (2.3) 4.4 (1.8)
25–35 655 (65.7) 2.7 (1.6) 461 (81.4) 3.7 (1.7)
≥35 317 (31.8) 2.9 (1.6) 92 (16.3) 3.9 (1.6)

Pre-pregnancy BMI ≥25 kgm�2

No 651 (65.5) 2.8 (1.6) 377 (67.0) 3.8 (1.6)
Yes 343 (34.5) 2.5 (1.5) 186 (33.0) 3.5 (1.8)

College graduate
No 289 (29.0) 2.3 (1.4) 381 (67.4) 3.7 (1.7)
Yes 708 (71.0) 2.9 (1.6) 184 (32.6) 3.8 (1.7)
Race/ethnicity NA
Black 126 (12.6) 2.3 (1.6)
Hispanic 61 (6.1) 2.8 (1.8)
Asian 53 (5.3) 2.8 (1.6)
White 713 (71.5) 2.8 (1.6) 569 (100) 3.8 (1.7)
Other 44 (4.4) 2.4 (1.7)

Married or cohabitating
No 71 (7.1) 2.1 (1.6) 11 (1.9) 3.8 (1.9)
Yes 925 (92.9) 2.8 (1.6) 558 (98.1) 3.7 (1.7)

Nulliparous
No 516 (51.8) 2.6 (1.6) 316 (57.8) 3.6 (1.7)
Yes 481 (48.2) 2.8 (1.6) 231 (42.2) 3.9 (1.7)

Smoking status
Never 693 (69.6) 2.8 (1.6) 364 (65.8) 3.8 (1.7)
Quit before pregnancy 209 (21.0) 2.7 (1.5) 97 (17.5) 3.7 (1.6)
Smoked during pregnancy 93 (9.3) 2.2 (1.4) 92 (16.6) 3.6 (1.7)

Child characteristics
Sex
Male 491 (49.2) 2.7 (1.6) 308 (54.1) 3.6 (1.7)
Female 506 (50.8) 2.7 (1.6) 261 (45.9) 3.9 (1.7)

Gestation length
<34weeks 15 (1.5) 2.7 (1.4) 8 (1.4) 3.6 (1.9)
≥34weeks 982 (98.5) 2.7 (1.6) 553 (98.6) 3.8 (1.7)

Breastfeeding duration
<3months 243 (25.7) 2.4 (1.5) 272 (50.0) 3.7 (1.8)
≥3months 701 (74.3) 2.9 (1.6) 272 (50.0) 3.8 (1.6)

MDS, mediterranean diet score.
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�0.64 to �0.14), and the sum of SS and TR skin-fold
thicknesses was lower by 0.63mm (95%CI,�0.98 to
�0.28) (Table 2).

Mediterranean diet adherence and
offspring cardiometabolic traits

In the pooled analysis, for each 3-point increment in
the MDS in pregnancy, offspring systolic blood pres-
sure was lower by 1.03mmHg (95% CI, �1.65 to
�0.42), and diastolic blood pressure was lower by
0.57mmHg (95% CI, �0.98 to �0.16) (Table 3).
Higher adherence to Mediterranean diet was also as-
sociated with lower offspring serum (log) leptin levels
(% change �6.0; 95% CI �8.5 to -3.5).

Stratified and sensitivity analyses

The study-level meta-analysis showed similar effect
estimates, although with wider confidence intervals
as expected (Tables S3 and S4; Fig. S4). We further
performed additional analyses to explore the extent
to which observed associations differed according to
pre-specified maternal and child characteristics. We
saw no evidence for a multiplicative interaction of ad-
herence to the Mediterranean diet during pregnancy
with pre-pregnancy BMI, maternal smoking during
pregnancy and breastfeeding (p for interaction 0.10
to 0.99). Further adjustment for birth characteristics
and infant feeding did not substantively alter any of
adjusted models for childhood outcomes (Tables 2
and 3, Model 3). Results were also similar when we
additionally adjusted for child TV watching, fast food
intake and child anthropometry at age of the outcome
assessment (Tables 2 and 3; Model 4) though with
wider confidence intervals (data not shown). Adjust-
ment for gestational weight gain, energy intake and
gestational diabetes did not modify the direction of
associations, although effect estimates were slightly
attenuated (data not shown). A sensitivity analysis
using the original MDS (based on cohort-specific me-
dian intake of nine food groups) gave similar results
with the presented analysis (data not shown).

Discussion
In this analysis of prospective data from two cohorts
with different levels and predictors of adherence to
the Mediterranean diet, women with a greater adher-
ence to the Mediterranean diet in early pregnancy
had offspring who were less adipose and had lower
blood pressure in childhood. The results were broadly
similar in each of the two cohorts studied separately
after controlling for a variety of confounders, remained

robust in the pooled analysis and were not mediated
by several birth, infant and child characteristics.
Few human studies have evaluated the role of ma-

ternal diet on childhood obesity risk. A pregnancy co-
hort study from Spain showed that higher adherence
to the Mediterranean diet in pregnancy was associ-
ated with lower waist circumference but not with
BMI in preschool children (14), suggesting a specific
effect on programming body fat distribution leading
to a lower abdominal obesity risk without influencing
general obesity. Two other pregnancy cohorts investi-
gated the association between maternal dietary pat-
terns and child body composition and showed no
significant associations (20,21). Previous studies have
focused on specific food groups and showed that the
consumption of a high-meat, low-carbohydrate diet
(22) and high-fish intake during pregnancy (23) were
associated with increased offspring adiposity.
In contrast with food groups or macronutrient anal-

ysis, the study of dietary patterns accounts for cumu-
lative and interactive effects among nutrients, reflect
real-world-dietary preferences and may be particu-
larly suitable for analysis in epidemiology of childhood
obesity where many dietary components could be re-
lated with the outcome of interest (24). A large cross-
sectional study of 16220 children aged 2–9years in
eight different European countries showed that a high
adherence to theMediterranean diet was inversely as-
sociated with overweight, obesity and fat mass (9).
Suggested mechanisms include the low glycaemic ef-
fect of Mediterranean diet and its high antioxidant
contain, which may lead to better foetal glucose me-
tabolism and metabolic function and finally influence
individual susceptibly to weight gain later in life (4).
We also found that a greater adherence to the Med-

iterranean diet during pregnancy was associated with
lower levels of systolic and diastolic blood pressure in
childhood. A recent meta-analyses of clinical trials and
prospective cohort studies in adults showed that a
high adherence to the Mediterranean diet was associ-
ated with lower systolic and diastolic blood pressure
(7). Further, two observational cohort studies have
showed that the consumption of a high-meat, low-
carbohydrate diet in pregnancy was associated
higher adult blood pressure in the offspring (25,26).
These results were supported by animal studies sug-
gesting that maternal high-fat diet can program rat
offspring hypertension by activating the adipose
renin-angiotensin system (27).
The pooled analysis revealed that higher adherence

to the Mediterranean diet in early pregnancy was as-
sociated with lower leptin levels in childhood, likely
reflecting lower offspring fat mass and lower triglycer-
ide levels. A previous Project Viva analysis did not
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show association between Mediterranean diet adher-
ence in pregnancy and leptin in cord blood (28), but
we have previously reported that leptin in cord blood
appears inversely associated with adiposity, whereas
leptin in childhood predicts later excess weight gain.
Strengths of our study include the population-

based prospective design, the fairly large sample size,
the harmonized exposure estimates in the two
cohorts, the detailed childhood body fat and cardio-
metabolic measurements and the centralized statisti-
cal analysis following a consensus protocol. While, in
some respects, the Rhea and Viva cohorts were ide-
ally suited for pooling because of their similar data
collection tools, there was also variability in con-
founders (such as maternal ethnicity and education
level), age of outcome assessment and interpretation
of ‘serving’size between the two cohorts. In spite of all
these sources of variability, we found fairly homoge-
neous effects across the different cohorts, indicating
that our results are robust. We included women living
in a Mediterranean country and in the USA therefore,
our results can be generalized to other than
Mediterranean settings.
This study also had some limitations. First, imper-

fections in dietary assessment are always a concern
in nutritional epidemiology. However, in both cohorts,
FFQs were validated, were only asking about a rela-
tively short time period, which results in less recalling,
estimation and abstraction for the participants, and
the frequency scales used were almost identical in
the two cohorts. When we further adjusted the final
models for energy intake, results remained in the
same direction, although attenuated. Indices like the
MDS have inherent limitations such as assuming
equal contribution from each component and variabil-
ity in choosing cut-off points for each component. To
minimize this variability, we used the same absolute
cut-off point for each MDS component in both co-
horts so as to allow direct comparisons between the
two cohorts. The levels of attrition in the Project Viva
and Rhea cohorts are similar to those found in other
birth cohort studies. We do not know obesity status
of children lost to follow up. However, assuming that
lost to follow up mother–child pairs, characterized by
low socio-economic status, may have a worse quality
of diet during pregnancy and higher BMI in childhood,
our estimates may be underestimated. We assessed
several adiposity outcomes and cardiometabolic risk
factors, raising concern about multiple testing. How-
ever, an application of Bonferroni correction to take
into account multiple comparisons will be inappropri-
ate in this case given that we are studying outcomes
that are highly correlated (29). We observed small
effects for adiposity outcomes, while the results for

leptin and blood pressure were more powerful.
Although a small decrement of 1 cm in child waist
circumference might not seem substantial at the indi-
vidual level, the aggregative effect at the population
level, as measured by a leftward shift in the distribu-
tion of abdominal obesity, may translate into a
substantively large increase in the number of healthy
children. Finally, it is important to note that this was
an observational study and thus lacks the ability to
conclude causality.

Conclusion
In conclusion, our results from two pregnancy cohort
studies in the USA and Greece support the hypothe-
ses that maternal adherence to the Mediterranean
diet during pregnancy was associated with lower child
adiposity, leptin and blood pressure levels. While inter-
vention trials are needed to confirm these associa-
tions, it seems reasonable for healthcare providers
to recommend healthy dietary patterns such as the
Mediterranean diet for pregnant women.
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Supporting information

Additional Supporting Informationmay be found in the
online version of this article at the publisher’s web-site:

Table S1. Description of food groups in the Mediter-
ranean Diet Score for pregnant women in project Viva
and Rhea cohorts
Table S2.Maternal and child characteristics of partic-
ipants and non-participants in the childhood follow up
in Project Viva and Rhea cohorts
Table S3. Adjusted associations (meta-analysis) of
Mediterranean diet score in pregnancy with offspring
adiposity outcomes
Table S4. Adjusted associations (meta-analysis) of
Mediterranean diet score in pregnancy with offspring
cardiometabolic risk factors
Figure S1. Directed acyclic graph for assessing the
association between maternal adherence to the Med-
iterranean diet in pregnancy and child adiposity.
Green node, exposure of interest; blue node: out-
come of interest; and white nodes: the adjustment
set used in the study.
Figure S2. Food groups intake during pregnancy ac-
cording to Mediterranean Diet score in Project Viva

and Rhea pregnancy cohort studies. Ratio MUFA:
SFA; Ratio of monounsaturated to saturated fatty
acids
Figure S3. Association of Mediterranean diet score in
pregnancy with child BMI z score in pooled analysis
(A), Project Viva (B) and Rhea (C) pregnancy cohort
studies. Generalized additive models adjusted for ma-
ternal age, pre-pregnancy body mass index,
race/ethnicity, education level, parity, smoking during
pregnancy, and child sex and age at outcome assess-
ment.
Figure S4. Adjusted associations (meta-analysis) of
Mediterranean diet score in pregnancy with offspring
adiposity and blood pressure measurements. B co-
efficients (95% CIs) by cohort were obtained by
using linear regression models adjusted for maternal
age, pre-pregnancy body mass index, race/ethnicity,
education level, parity, smoking during pregnancy,
child sex, and age at outcome assessment. Com-
bined estimates were obtained by using a random-
effects meta-analysis. SS+TR, sum of subscapular
and triceps skin fold thickness; p-heter values esti-
mated by using Cochran’s Q test; I2 = percentage
of the total variability due to between-areas
heterogeneity.
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