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Abstract
Summary Early life nutrition affects peak bonemass attainment.
In this prospective cohort study, children with high adherence to
a Bdairy and whole grains^ pattern in infancy had higher bone
mineral density at the age of 6 years. Although the observed
effects are small, our study provides insight into mechanisms
linking early nutrition to bone acquisition in childhood.
Introduction Nutrition in early life may affect peak bone mass
attainment. Previous studies on childhood nutrition and skel-
etal health mainly focused on individual nutrients, which does
not consider the cumulative effects of nutrients. We investi-
gated the associations between dietary patterns in infancy and
childhood bone health.
Methods This study included 2850 children participating in a
population-based prospective cohort study. Dietary

information was obtained from a food frequency question-
naire at the age of 13 months. Using principal component
analysis, three major dietary patterns were extracted,
explaining in total 30 % of the variation in dietary intake. At
the age of 6 years, a total body dual-energy X-ray absorptiom-
etry (DXA) scan was performed, and bone mineral density
(BMD), bone mineral content (BMC), area-adjusted BMC
(aBMC), and bone area (BA) were analyzed.
Results Higher adherence score to a Bdairy and whole grains^
pattern was positively associated with BMD and aBMC, but
not with BMC and BA. Accordingly, children in the highest
quartile of the Bdairy andwhole grains^ pattern had higher BMD
(difference 3.98 mg/cm2, 95 % confidence interval (CI) 0.36
to 7.61) and aBMC (difference 4.96 g, 95 % CI 1.27 to 8.64)
than children in the lowest quartile. Stratification for vitamin
D supplementation showed that the positive associations be-
tween the Bdairy and whole grains^ pattern and bone outcomes
were only observed in children who did not receive vitamin D
supplementation. A Bpotatoes, rice, and vegetables^ and a “re-
fined grains and confectionery^ pattern were not consistently
associated with bone outcomes.
Conclusions An infant dietary pattern characterized by high
intakes of dairy and cheese, whole grains, and eggs is posi-
tively associatedwith bone development in childhood. Further
research is needed to investigate the consequences for bone
health in later life.
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FFQ Food frequency questionnaire
PCA Principal component analysis

Introduction

Peak bone mass is reached during young adulthood and is
influenced by genetics as well as modifiable lifestyle factors,
including nutrition [1, 2]. Hence, nutrition during early life
may have important consequences for peak bone mass attain-
ment and future fracture risk. Previous studies on childhood
nutrition and bone health have mainly focused on individual
nutrients, including calcium and vitamin D, or specific foods,
such as dairy products, fruits, and vegetables [3–6]. However,
foods and nutrients can have high level of intercorrelation or
interaction, which is not fully considered when examining
their individual effects on health outcomes. Evaluating dietary
patterns, which include the combination of dietary factors,
may better overcome confounding by other dietary factors
and account for the cumulative and interactive effects of mul-
tiple nutrients [7]. Previous studies in adults have examined
the associations between dietary patterns and bone health.
These studies reported that so-called healthy, prudent, or
nutrient-dense dietary patterns (i.e., rich in fruits, vegetables,
grains, fish, and low in meat) may positively affect bone
health in adults [8], women [9–11], and elderly [12], whereas
dietary patterns rich in refined or energy-dense foods (i.e.,
meats, fried foods, soft drinks, confectionery) appear to be
inversely associated with bone health [8, 10–12].

Since a significant proportion of adult bonemass is accrued
during childhood and adolescence, gaining an understanding
of the role of dietary components on bone mass in early life is
important to identify interventions favorable to bone health.
Nevertheless, except for a few previous [13–16] studies in
(small groups of) children or adolescents, not much is known
on the relation between dietary patterns and bone mass, par-
ticularly in young children. Therefore, we investigated the
associations between dietary patterns assessed in infancy and
bone health (bone mineral density, bone mineral content, and
bone area) at the age of 6 years in 2850 children participating
in a population-based prospective cohort study. In addition,
we aimed to evaluate whether the associations differ by the
child’s sex, birth weight, gestational age at birth, ethnicity,
body mass index, or vitamin supplement use.

Methods

Design

This study was embedded in the Generation R Study, a
population-based prospective cohort study from pregnancy
onward in the city of Rotterdam, the Netherlands, which has

been described previously in detail [17]. Pregnant mothers
enrolled between 2001 and 2005. The study protocol was
approved by theMedical Ethical Committee of ErasmusMed-
ical Center, Rotterdam. All participants provided written
consent.

A questionnaire on infant nutrition was implemented
from 2003 onward and was sent to 5088 mothers who
provided consent for postnatal follow-up and were ca-
pable of understanding the Dutch language (Fig. 1). In
total, 3650 (72 %) of these mothers returned the ques-
tionnaire [18]. Information on nutrition was available in
3629 children, of which 3550 were singleton live births.
Of those, 2922 children participated in the 6-year visit,
and dual-energy X-ray absorptiometry (DXA) scans
were performed successfully in 2850 children (Fig. 1).

Dietary patterns

Mothers received a food frequency questionnaire (FFQ) for
their child at a median age of 12.9 months (95 % range 12.2 to
19.0). The FFQ was developed for children in the second year
of life and consisted of 211 food items, as described previous-
ly in detail [18]. The FFQ was validated against 3-day 24-h
recalls in a representative sample of Dutch children aged
14 months (n=32) [18]. Average daily nutritional values were
calculated using the Dutch Food Composition Database 2006
[19].

Within all children with available dietary data (n=
3629), the 211 food items from the FFQ were classified
into 21 food groups based on nutrient profile and food
preferences (Supplementary Table 1). Subsequently, we
applied principal component analysis (PCA) to the food
groups to construct dietary patterns [7], using the varimax
rotation method to obtain uncorrelated factors. Briefly,
PCA aggregates food groups on the basis of the degree
to which the food groups in the dataset are correlated with
one another. Food groups that correlate high are grouped
into a factor (dietary pattern), which explains a proportion
of the variance in dietary data [7]. To determine the num-
ber of factors to retain, we used several criteria that in-
cluded eigenvalue ≥1.5, position above the bend in the
scree plot (a graphical presentation of eigenvalues), and
interpretability of the patterns. This identified three major
dietary patterns (Supplementary Table 1). For each indi-
vidual food group, a factor loading was calculated,
representing the extent to which the food group correlates
to a particular factor/dietary pattern. Food groups with
factor loadings >0.2 were considered to have a strong
correlation with that factor and were used to describe
and label each dietary pattern. Accordingly, each subject
was assigned an adherence score (Z-score) for each die-
tary pattern, which was calculated by multiplying the fac-
tor loadings with the corresponding standardized intake
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for each food group and summing across the food items.
A higher adherence score indicates a higher adherence to
the respective dietary pattern.

Bone mineral density measurements

Bone measurements in childhood were conducted in a
dedicated research center in Erasmus Medical Center,
Rotterdam. The mean age of the children at examination
was 6.0±0.2 years. Total body bone mineral density
was measured using a DXA scan (iDXA, General Elec-
trics—Lunar, 2008, Madison, WI, USA), using proce-
dures previously described [20]. Scans were analyzed
using enCORE version 13.6. As recommended by the
International Society for Clinical Densitometry for the
measurement in children, we used total body less head
(TBLH) instead of total body bone mineral density as a
region of interest for all analyses [21]. Bone mineral
density (BMD) measured by DXA was expressed as
bone mineral content (BMC, in g) per projected bone
area (in cm2). BMC was calculated from BMD using
the projected bone area. Area-adjusted BMC (aBMC)
was derived as a measure of volumetric BMD by using

linear regression to adjust BMC for bone area and
adding the residuals to the mean BMC [22].

Covariates

Information on maternal age, educational level, parity, and
folic acid supplementation use was obtained by a ques-
tionnaire at enrolment. Maternal smoking and alcohol
consumption during pregnancy were assessed by ques-
tionnaires in each trimester. Maternal height and weight
at enrolment were measured without shoes and heavy
clothing, and body mass index (kg/m2) was calculated.
Information on infant sex, birth weight, and gestational
age at birth was available from midwife and hospital reg-
istries. Information on child ethnicity was obtained by a
questionnaire at enrolment and was defined according to
the classification of Statistics Netherlands based on coun-
try of birth of the parents [23]. We categorized child eth-
nicity into European descent (Dutch, Turkish, other Euro-
pean, American, Oceanic); African descent (Moroccan,
other African, Antillean, Surinamese-Creole, and
Cape Verdean); and Asian descent (Indonesian, other
Asians, and Surinamese-Hindu) according to the largest
ethnic groups. Postnatal growth was repeatedly measured

Fig. 1 Population for analysis
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at the community health centers, and SD scores for weight
were obtained using Dutch reference growth charts [24].
Catch-up growth in the first year of life was defined as
change in SD score for weight >0.67 between the age of 1
and 11 months. Information on breastfeeding was obtain-
ed from delivery reports and postnatal questionnaires at 2,
6, and 12 months after delivery and was categorized as
never breastfeeding, any partial breastfeeding in the first
4 months of life, and exclusive breastfeeding in the first
4 months of life. Information on (multi)vitamin supple-
ment use was available from the FFQ at 14 months and
was categorized into vitamin D supplementation (vitamin
D alone, vitamin A+D, or multivitamin) and other vita-
min supplementation (fluoride, iron, vitamin A only, or
other). Duration of TV watching during weekdays and
weekend days, as an indicator of sedentary behavior,
was assessed by questionnaires at the child’s ages of 2,
3, 4, and 6 years. Participation in sports, as an indicator of
physical activity, was obtained by a questionnaire at the
child’s age of 6 years. At the 6-year visit, child weight
was measured to the nearest 0.2 kg, and child height was
measured to the nearest 0.1 cm, without shoes and heavy
clothing. Measures of total body fat and lean mass (kg)
were derived from the DXA scans.

Statistical analysis

Dietary pattern adherence scores were used in the analy-
ses both as continuous variables (where 1 unit increase
equals an increase of 1 SD) and categorized into quartiles,
with the lowest quartile as the reference category. We
compared participant and dietary characteristics among
the highest quartiles of adherence scores to the dietary
patterns. We performed multivariable linear regression
models to evaluate the associations for dietary pattern
adherence scores with BMD, BMC, aBMC, and bone area
(BA). Potential confounders were selected based on pre-
vious literature or a strong association with the outcome
and were kept in the multivariable model in case of a
≥10 % alteration in effect estimates. Crude models were
adjusted for child’s sex, total energy intake, age at 6-year
visit, and time interval between dietary assessment and
visit. The latter covariate was included because the effect
of dietary patterns on bone outcomes may depend on the
time interval between dietary assessment and assessment
of bone mass. Multivariable models were additionally ad-
justed for ethnicity, birth weight Z-score (i.e., sex and
gestational age adjusted), height at visit, weight at visit,
and maternal BMI at enrolment. We adjusted for weight at
visit by adding lean mass plus fat mass (as measured by
DXA) to the model, thereby excluding the contribution of
bone mass to the child’s weight. To test the independent
effect of each dietary pattern, the three dietary pattern

adherence scores were included in the models simulta-
neously. Adjustments for maternal age, educational level,
parity, smoking, alcohol consumption, folic acid supple-
ment use during pregnancy, child’s catch-up growth in the
first year of life, history of breastfeeding, TV watching,
and participation in sports did not materially alter effect
estimates and were not retained in the final models. To
assess whether the associations between dietary patterns
and bone mass differed by the child’s sex, birth weight,
gestational age at birth, ethnicity, BMI at 6-year visit,
vitamin D supplementation, or other vitamin supplemen-
tation, statistical interaction was evaluated by adding the
product term of the dietary pattern adherence scores and
the covariate and as an independent variable to the mul-
tivariable models. Stratified analyses were conducted in
case of a significant interaction term (P<0.05). Because
the FFQ has been validated in Dutch children, we per-
formed a sensitivity analysis in Dutch children only.
Therefore, we first performed a PCA in this group of
children to extract dietary patterns, and we subsequently
examined the associations with bone outcomes. To reduce
potential bias associated with missing data, we performed
multiple imputations of missing covariates (<9 % missing
values) based on the correlation between the variable with
missing values and other subject characteristics [25]. Data
were imputed (n=5 imputations) according to the Markov
Chain Monte Carlo method [26], assuming no monotone
missing pattern. Analyses were performed in the original
dataset and in the imputed datasets. Because we observed
similar effect estimates, we only present the results based
on imputed datasets. Statistical analyses were performed
using SPSS version 21 for Windows (SPSS Inc., Chicago,
IL, USA).

Results

Subject characteristics and dietary patterns

Maternal and child characteristics are presented in Table 1.
Most mothers had a high educational level (57.2 %). Of all
children, 82.6 % were of European background, and 51.2 %
participated in sports. Mean BMD was 540±45 mg/cm2.

Three dietary patterns were identified, which were labeled
according to the food groups with the highest positive factor
loadings (>0.2) (Supplementary Table 1). The first dietary
pattern was labeled as a Bpotatoes, rice, and vegetables^ pat-
tern and was characterized by high loadings for potatoes, pasta
and rice, vegetables, meat and meat products, fish and shell-
fish, oils, and condiments and sauces. The Brefined grains and
confectionery^ pattern was associated with high intakes of
refined grains, solid fats, confectionery, snack bar products
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and savory snacks, and sugar-containing beverages. The third
pattern was labeled as the Bdairy and whole grains^ pattern
and had high loadings for whole grains, dairy and cheese, and
eggs, and a negative loading for breast milk and infant formula
(Supplementary Table 1). In total, the three patterns explained
30 % of the variation in food intake. The correlations between

the three dietary patterns were low (i.e., Pearson correlation
coefficients ranging from −0.001 to −0.059).

Mean intakes of foods and nutrients (absolute and
expressed relative to energy intake) for the highest quartiles
of adherence to the three dietary patterns are presented in
Supplementary Table 2. Children with high adherence to the
“refined grains and confectionery” pattern had on average higher
intakes of total energy and total carbohydrates and lower rela-
tive intakes of total protein, dietary fiber, beta-carotene, and
folate, as compared to children with high adherence to the
“potatoes, rice, and vegetables” pattern. As compared to chil-
dren with high adherence to the Bpotatoes, rice, and vegetables”
pattern, children with high adherence to the Bdairy and whole
grains^ pattern appeared to have amore Bnutrient-dense” diet, as
reflected by their lower mean intake of total energy, but higher
relative intakes of total protein, animal protein, vitamin B12,
calcium, magnesium, phosphorus, and sodium. In contrast,
their relative intakes of vitamin C, vitamin D, vitamin E, and
iron were lower. In addition, they more often used vitamin D
supplements.

Dietary patterns and bone mass

Covariate-adjusted associations between infant dietary
patterns and childhood bone mass are presented in Table 2.
No associations were observed for the “potatoes, rice, and
vegetables” pattern and the “refined grains and confection-
ery” pattern with BMD, BMC, aBMC, or BA. However,
higher adherence to the “dairy and whole grains” pattern
was positively associated with BMD and aBMC (P=0.03
and P<0.01, respectively). In accordance, the highest quar-
tile of adherence to the Bdairy and whole grains^ pattern
was positively associated with BMD (difference 3.98 mg/
cm2, 95 % confidence interval (CI) 0.36 to 7.61) and
aBMC (difference 4.96 g, 95 % CI 1.27 to 8.64), as com-
pared to the lowest quartile. No associations were ob-
served for this dietary pattern with BMC or BA. Supple-
mentary Table 3 presents the crude associations (only ad-
justed for child’s sex, total energy intake, age at visit, and
time interval between dietary assessment and visit) be-
tween dietary patterns and childhood bone mass, showing
positive associations between the adherence score to the
“refined and grains” pattern and aBMC (P=0.03). Also, as
compared to the lowest quartile, the highest quartile of
adherence to this pattern was positively associated with
BMD, BMC, and BA. These associations changed after
adjustment for important maternal and child confounders,
especially child weight and height. Crude associations for
the Bdairy and whole grains^ pattern with BMD and aBMC
were larger than the covariate-adjusted associations, but
patterns of associations were similar. In addition, positive
associations were observed for adherence to this pattern
with BMC and BA (P<0.01 and P=0.02, respectively).

Table 1 Participant characteristics (N=2850)

Maternal characteristics

Age at enrolment (year) 31.5±4.5

Body mass index at enrolment (kg/m2) 23.5 (18.8–35.7)

Educational level (%)

Primary 4.5

Secondary 35.2

Higher 57.2

Missing 3.1

Infant characteristics

Male (%) 49.2

Gestational age at birth (week) 40.1 (36.0–42.3)

Birth weight (g) 3474±550

Ethnicity (%)

European 82.6

African 11.0

Asian 5.0

Missing 1.4

Age of food assessment (month) 12.9 (12.2–19.0)

Total energy intake (kcal/day) 1312±391

Dietary patterns, adherence score

Potatoes, rice, and vegetables −0.02±0.96
Refined grains and confectionery −0.04±0.96
Dairy and whole grains 0.00±0.99

Child characteristics (6-year visit)

Age (year) 6.0±0.2

Height (cm) 118.2±5.1

Weight (kg) 22.2±3.4

TV watching (%)

≤2 h/day 74.3

>2 h/day 12.8

Missing 12.8

Participation in sports (%)

No 51.2

Yes 41.6

Missing 7.2

Body mass index (kg/m2) 16.0±1.6

Bone mineral density (mg/cm2) 540±45

Bone mineral content (g) 505±85

Bone area (cm2) 930±100

Values represent means±SD or medians (95 % range) for continuous
variables, or percentages for categorical variables
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Subgroup and sensitivity analyses

The associations between dietary patterns and bone outcomes
did not significantly differ by the child’s sex, birth weight,
gestational age at birth, BMI at 6-year visit, or multivitamin
supplement use. In the analyses with BMD, a significant in-
teraction was observed between the Bpotatoes, rice, and vege-
tables” pattern and ethnicity (Pinteraction=0.02). Stratified anal-
yses showed that the adherence score to this dietary pattern
tended to be positively associated with BMD only in the Eu-
ropean children (P=0.08) (results not shown). In the analyses
with BA, we observed a significant interaction between the
“dairy andwhole grains” pattern and vitaminD supplementation
(Pinteraction=0.04). Further stratified analyses showed that the
“dairy and whole grains” pattern was positively associated with
aBMC and inversely associated with BA, only in the group of
children who did not receive vitamin D supplementation (n=
1473). No associations were observed between the “dairy and
whole grains^ pattern and bone outcomes in the children who

did receive vitamin D supplementation (Table 3). In a sensi-
tivity analysis with Dutch children only (n=1956), we obtain-
ed dietary patterns that resembled the three patterns that were
identified in the total group, and we observed similar associ-
ations with bone outcomes (results not shown).

Discussion

In this large population-based cohort study from early life
onward, we observed that children with a dietary pattern char-
acterized by high intakes of dairy and cheese, whole grains,
and eggs, during early infancy, have a higher BMD during
childhood. These associations were only observed in children
who did not receive vitamin D supplementation. We found no
evidence for consistent associations between a Bpotatoes, rice,
and vegetables^ pattern and bone mass in our population of
school-age children. Furthermore, the associations between a

Table 2 Covariate-adjusted associations between infant dietary patterns and childhood bone outcomes (N=2850)

BMD (mg/cm2) p
value

BMC (g) p
value

aBMC (g) p
value

BA (cm2) p
value

Potatoes, rice, and vegetables

Continuously (per SD) 0.76 (−0.71, 2.22) 0.31 1.48 (−0.29, 3.26) 0.10 0.28 (−1.21, 1.77) 0.72 1.56 (−0.63, 3.74) 0.16

Quartile 1 Reference Reference Reference Reference

Quartile 2 −0.39 (−3.80,
3.03)

0.82 0.50 (−3.65, 4.64) 0.81 −1.32 (−4.80,
2.15)

0.46 2.35 (−2.75, 7.45) 0.37

Quartile 3 1.89 (−1.62, 5.40) 0.29 3.73 (−0.52, 7.98) 0.09 1.00 (−2.57, 4.56) 0.58 3.54 (−1.70, 8.77) 0.19

Quartile 4 2.28 (−1.52, 6.07) 0.24 4.22 (−0.38, 8.83) 0.07 0.83 (−3.03, 4.69) 0.67 4.39 (−1.28,
10.05)

0.13

Refined grains and
confectionery
Continuously (per SD) 1.02 (−0.64, 2.68) 0.23 0.97 (−1.05, 2.99) 0.35 0.84 (−0.85, 2.53) 0.33 0.16 (−2.33, 2.64) 0.90

Quartile 1 Reference Reference Reference Reference

Quartile 2 −0.65 (−4.11,
2.81)

0.71 0.70 (−3.50, 4.98) 0.75 −1.62 (−5.13,
1.90)

0.37 2.99 (−2.18, 8.16) 0.26

Quartile 3 0.94 (−2.66, 4.54) 0.61 1.68 (−2.68, 6.05) 0.45 0.48 (−3.18, 4.14) 0.80 1.56 (−3.82, 6.93) 0.57

Quartile 4 0.55 (−3.48, 4.58) 0.79 1.43 (−0.33, 3.19) 0.45 0.01 (−4.09, 4.10) 0.99 2.46 (−3.57, 8.59) 0.42

Dairy and whole grains

Continuously (per SD) 1.48 (0.17, 2.79)* 0.03 0.66 (−0.93, 2.25) 0.42 1.84 (0.51, 3.17)* <0.01 −1.53 (−3.48,
0.43)

0.13

Quartile 1 Reference Reference Reference Reference

Quartile 2 0.73 (−2.77, 4.23) 0.68 −0.16 (−4.40,
4.07)

0.94 1.18 (−2.38, 4.73) 0.52 −1.73 (−6.95,
3.49)

0.52

Quartile 3 2.12 (−1.50, 5.74) 0.25 2.47 (−1.92, 6.86) 0.27 2.04 (−1.65, 5.72) 0.28 0.56 (−4.84, 5.96) 0.84

Quartile 4 3.98 (0.36, 7.61)* 0.03 1.88 (−2.52, 6.27) 0.40 4.96 (1.27, 8.64)* <0.01 −3.98 (−9.40,
1.43)

0.15

Values are based on multiple linear regression models and reflect differences and 95 % CI in bone outcomes for quartiles of dietary pattern adherence
scores, as compared to the lowest quartile. Values for dietary patterns continuously reflect a difference per one SD increase in adherence scores. Models
are adjusted for child’s sex, ethnicity, birth weight Z-score, adherence scores for the two other dietary patterns, total energy intake, time interval between
dietary assessment and visit, age at visit, height at visit, weight at visit (i.e., fat+lean mass), and maternal BMI at enrolment

aBMC area-adjusted bone mineral content, BA bone area, BMC bone mineral content, BMD bone mineral density

*p<0.05
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Brefined grains and confectionery^ pattern and bone mass
appeared to be explained by confounding factors.

Calcium, phosphorus, and protein are important compo-
nents of bone; hence, adequate intake of these nutrients is
required for normal bone development. Other nutrients, in-
cluding vitamin D, vitamin K, magnesium, zinc, and fluoride,
are also involved in bone metabolism [2, 27]. Many of these
nutrients are intercorrelated and act in a synergistic way. For
example, vitamin D is involved in the absorption of calcium,
and magnesium plays an important role in vitamin D and
calcium metabolism [1, 2]. Moreover, whereas the effects of
single nutrients are often small, evaluating dietary patterns
may enable detection of the cumulative effects of nutrients
and nutrient interactions on health outcomes [7].

Previous studies in adults observed that dietary patterns
rich in refined, energy-dense foods were inversely associated
with bone health [8, 10–12]. We did not observe associations
for the Brefined grains and confectionery^ pattern with bone
mass. Also, no associations were observed between the “pota-
toes, rice, and vegetables^ pattern and bone health. A few pre-
vious studies have examined dietary patterns in relation to
bone health in children or adolescence, indicating that nutri-
tion in early life or in adolescence may influence bone health.
In 325 American children followed from age 4 to age 8 years,
two dietary patterns were identified that were both positively
associated with longitudinal bonemass development. The first
pattern was rich in refined grains, processed meat, cheese,
eggs, fried potatoes, and sweetened beverages, while the sec-
ond pattern was characterized by high intakes of whole grains,

processed meats, vegetables, and fruits [16]. In a cross-
sectional study in 196 Korean adolescents aged 12–15 years,
high adherence to a Bmilk and cereal^ pattern was positively
associated with lumbar spine BMD, whereas the Btraditional
Korean,^ Bfast food,^ and Bsnacks^ dietary patterns were not
associated with bone mass [15]. A study in Dutch adolescents
aged 9–15 years showed that those who previously followed a
macrobiotic diet, characterized by high intakes of cereals,
pulses, and vegetables and low intakes of meat, chicken, and
dairy, had a lower relative bone mass than subjects who
followed an omnivorous diet [14]. Finally, in 559 children of
mothers participating in the Southampton Women’s Survey,
an “infant feeding guidelines^ pattern in infancy, characterized
by high intakes of vegetables, fruits, meat/fish, home-prepared
foods, and breast milk, was not associated with bone mass at
the age of 4 years [13]. Other evidence that early life nutri-
tional factors may influence childhood bone health come from
studies on maternal diet [28, 29]. A previous study also em-
bedded in the Generation R Study observed that maternal
intakes of protein, phosphorus, and calcium and blood
concentrations of vitamin B12 in pregnancy were positively relat-
ed to childhood bone mass, whereas maternal carbohydrate
intake and blood concentrations of homocysteine were in-
versely associated with childhood bone mass [20].

In the present study, a “dairy and whole grains” pattern
in infancy was associated with higher BMD and aBMC
in childhood. Parameter estimates were small, but sig-
nificant. This dietary pattern was characterized by high
intakes of whole grains, dairy and cheese, and eggs,

Table 3 Covariate-adjusted associations between infant dietary patterns and childhood bone outcomes, stratified for vitamin D supplementation (N=
2850)

BMD (mg/
cm2)

p
value

BMC (g) p
value

aBMC (g) p
value

BA (cm2) p
value

No vitamin D
supplementation (n=1473)
Potatoes, rice, and vegetables 1.01

(−1.05, 3.08)
0.34 2.49 (−0.01, 4.99) 0.05 0.18 (−1.90, 2.26) 0.87 2.99 (−0.13, 6.10) 0.06

Refined grains and
confectionery

0.76
(−1.55, 3.06)

0.52 1.13 (−1.35, 4.21) 0.31 0.24 (−2.07, 2.57) 0.83 1.53 (−1.94, 5.00) 0.37

Dairy and whole grains 2.03
(−0.06, 4.12)

0.06 −0.25 (−2.77, 2.28) 0.85 2.73 (0.62, 4.84) * 0.01 −3.85 (−7.01, −0.68) * 0.02

Vitamin D supplementation (n=1377)

Potatoes, rice, and vegetables 0.27
(−1.85, 2.38)

0.81 0.59 (−1.99, 3.16) 0.66 0.10 (−2.06, 2.27) 0.93 0.63 (−2.49, 4.75) 0.69

Refined grains and
confectionery

1.28
(−1.16, 3.71)

0.30 0.72 (−2.25, 3.68) 0.64 1.38 (−1.11, 3.87) 0.28 −0.86 (−4.45, 2.74) 0.64

Dairy and whole grains 0.30
(−1.58, 2.19)

0.75 1.11 (−1.18, 3.40) 0.34 0.16 (−1.77, 2.08) 0.87 1.24 (−1.54, 4.01) 0.38

Values are based on multiple linear regression models and reflect differences and 95 % CI in bone outcomes for one SD increase in dietary pattern
adherence scores. Models are adjusted for child’s sex, ethnicity, birth weight Z-score, adherence scores for the two other dietary patterns, total energy
intake, time interval between dietary assessment and visit, age at visit, height at visit, weight at visit (i.e., fat+lean mass), and maternal BMI at enrolment

aBMC area-adjusted bone mineral content, BA bone area, BMC bone mineral content, BMD bone mineral density

*p<0.05
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which together contain a number of ingredients that
may have beneficial effects on bone outcomes. Key nu-
trients supplied by dairy foods are calcium, magnesium,
vitamin D (especially if fortified), and high-quality pro-
teins. Whole grain products contain magnesium, iron, B
vitamins, and other bioactive compounds (i.e., phyto-
chemicals, antioxidants), which may benefit bone health
[2, 27]. It goes beyond the aim of the present study to
disentangle the relative individual contributions of dif-
ferent dietary components. Nevertheless, we performed
exploratory analyses to evaluate the associations for spe-
cific foods/nutrients (i.e., dairy products, whole grains,
eggs, calcium, vitamin D, B vitamins) with bone out-
comes and observed that these associations were not
consistent and/or smaller in magnitude, as compared to
the associations for the Bdairy and whole grains^ pattern
(results not shown). This suggests that the associations
between the Bdairy and whole grains^ pattern and bone
outcomes are largely driven by the combination of food
groups and nutrients that make part of this pattern as a
whole. Nevertheless, further research is needed to con-
firm this.

We observed that children with the highest adherence
to the Bdairy and whole grains^ pattern had on average
higher relative intakes of total protein, animal protein,
calcium, phosphorus, magnesium, and vitamin B12. The-
se are nutrients that have been positively related to bone
health in children and/or adults [2, 27, 30]. In contrast,
these children had a lower mean intake of vitamin D, as
compared to children in the highest quartiles of the
other two dietary patterns. In the Netherlands, most
dairy products are not fortified with vitamin D. Hence,
other foods such as fish, meat, margarines, baking fats,
and infant formula might be more important sources for
children. In addition, since the year 2000, the use of
vitamin D supplements has been recommended for chil-
dren up to the age of 4 years. We observed that vitamin
D supplements were used more often in children with a
high adherence to the Bdairy and whole grains^ pattern,
which may counterbalance their relatively lower dietary
intake of vitamin D. Interestingly, however, we observed
that the beneficial effect on bone health of the Bdairy and
whole grains^ pattern was more explicit in the children
who did not receive vitamin D supplementation. This
could suggest that the importance of the consumption
of specific dietary factors diminishes in case of vitamin
D supplementation or, alternatively, that the consump-
tion of dairy and whole grain products may compensate
for the absence of vitamin D supplementation.

We observed a significant interaction between the “potatoes,
rice, and vegetables” pattern and ethnicity in the analyses with
BMD. Differential effects of dietary patterns on bone may be
related to racial/ethnic differences in the metabolism of

specific nutrients, such as calcium and vitamin D [31]. Fur-
thermore, risk factors associated with BMD and fracture risk
may be ethnic-specific [32], suggesting that specific dietary
exposures might beneficially affect bone development in
some ethnic groups, but not in others.

Next to providing specific nutrients, the bone-promoting
effect of the Bdairy and whole grains^ pattern may also act
through insulin growth factor 1 (IGF-1). Cow’s milk is known
to increase IGF-1 levels [33] (reviewed by [34]), which stim-
ulates bone mass accrual [34]. Furthermore, dietary patterns
could also indirectly affect bone mass, through changes in fat
and/or leanmass that are driven by the diet. For example, body
weight/body fat is a known factor that is positively related to
bone mass [1, 35]. To take this into account, we adjusted all
our analyses for total energy intake and child anthropometrics
to obtain estimates that were uncorrelated with body size or
energy intake.

In analyses stratified for vitamin D supplementation, we
observed positive associations for the Bdairy andwhole grains^
pattern with aBMC, but inverse associations with bone area.
Further investigations using 3D assessments (e.g., quantitative
CT) are needed to determine whether these findings are aris-
ing from differences in skeletal frame size and/or bone
geometry.

The observed effect estimates are small and may not reflect
individual, clinically relevant, differences. Nevertheless, the
present study provides insight into mechanisms linking early
life nutrition to bone acquisition during childhood. Prospec-
tive studies with follow-up into adulthood can determine
whether such dietary exposures during childhood can be trans-
lated to risk differences later in life.

Methodological considerations

An important strength of this study is the population-
based cohort design from early life onward, with de-
tailed measurements of dietary intake and bone mass
in a large number of children. We collected information
on many potential confounding variables. However, as
in any observational study, residual confounding due to
unmeasured variables such as physical activity levels
might still be an issue.

Information on bone health was available for 80 % of all
singleton children with information on dietary intake. Chil-
dren who participated in the DXA measurement at the age
of 6 years on average had a lower total energy intake and a
lower adherence score to the Brefined grains and confectionery^
pattern compared with children who did not participate. Se-
lection bias due to selective loss to follow-up is of concern if
the associations between dietary patterns and bone health dif-
fer between those included and not included in the study.
Although this seems unlikely, it cannot be excluded.
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Dietary patterns were assessed at the approximate age of
14 months. Dietary habits may change during childhood, and
these dietary changes could also affect childhood bone health.
Unfortunately, no further data on childhood diet was available
to examine this. Previous studies in (young) children have
shown evidence of tracking of dietary habits [36–39], which
suggests that information on infant nutrition may be a reason-
able indicator of childhood diet. Nevertheless, more research
on tracking of dietary intakes is needed to confirm this.

Dietary pattern analysis involves several decisions that
may influence the findings, such as the composition of food
groups, numbers of factors to extract, and labeling of the com-
ponents [7]. Nevertheless, we used common criteria to select
the factors. Although the amount of variance (30%) explained
by the extracted dietary patterns was small, it is comparable
with previous studies [10, 15, 36].

Conclusion

In this prospective cohort study, we observed that children
with a dietary pattern characterized by high intakes of dairy
and cheese, whole grains, and eggs during early infancy have
a higher BMD during childhood. These associations were
only observed in children who did not receive vitamin D sup-
plementation. Adherence to a dietary pattern rich in potatoes,
rice, and vegetables and to a dietary pattern rich in refined
grains and confectionery was not consistently associated with
bone outcomes. Given the small parameter estimates, further
research is needed to replicate the findings and to investigate
whether the observed differences have consequences for bone
health in later life.
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