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Abstract

Purpose Dietary pattern analysis may uncover the joint

effects of multiple dietary components on bone health, but

such research is scarce and targets mostly adults.

Methods We quantified prospective associations between

dietary patterns and bone mineral density (BMD) in 1,007

adolescents of a cohort born in 1990 and recruited at

schools in Porto during the 2003/2004 school year. Fore-

arm BMD was measured using dual-energy X-ray absorp-

tiometry. Participants’ dietary patterns were classified

‘‘Healthier’’, ‘‘Dairy products’’, ‘‘Fast food and sweets’’

and ‘‘Lower intake’’ according to previously identified

patterns obtained in a larger sample of 1,489 participants

using the K-means method. Using dietary patterns at

13 years old as the main exposure, associations were esti-

mated cross-sectionally (with BMD at the age of 13) and

prospectively (with annual BMD variation between 13 and

17 years), using linear regression coefficients adjusted for

height, weight, energy intake and, in girls, for menarche

age.

Results No significant associations between the a poste-

riori dietary patterns identified and mean BMD at 13 were

found. However, among girls, adherence to a pattern

characterized by low intake of energy and all food groups

was negatively associated with annual BMD variation

between 13 and 17 years [adjusted coefficient (95 % CI)

-0.451 (-0.827; -0.074) mg�cm-2�year-1].

Conclusions Although results showed that, in girls,

adherence to a ‘‘Lower intake’’ dietary pattern is associated

with lower annual BMD variation throughout adolescence,

overall, there were no consistent associations between

dietary patterns and forearm BMD in adolescents.

Keywords Dietary patterns � Bone density �
Cohort study � Adolescence

Introduction

Low bone mineral density (BMD) is a major risk factor for

fragility fracture [1, 2]. The attained peak bone mass during

early adulthood is an important determinant of BMD

throughout life [3]. Therefore, maximizing that peak during

adolescence may be an important strategy to decrease the

risk of osteoporotic fractures later in life [4]. Beyond the

importance of genetic determinants, environmental factors,

such as diet, have been shown to modulate bone gain

during childhood and adolescence [5]. Prospective research

during adolescence may be particularly relevant because

this life stage is a critical window in time for bone mineral

accrual [6].

The most consistently followed approach to examine

potential relationships between dietary intake and bone

quality has focused on individual effect of nutrients, foods

or food groups [7]. However, due to the conceptual and
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methodological limitations of such approach, namely

confounding by the concomitant intake of other foods and

nutrients, the examination of the joint effects of multiple

dietary components has recently gained great interest [8,

9]. Dietary pattern analysis is an alternative approach to

study the associations between diet and chronic diseases

that aims to describe each person’s diet according to

combinations of foods consumed rather than attempting to

disentangle the effects of specific nutrients or foods

[8, 10, 11].

Dietary patterns can be defined a priori, through the use

of indices based on present scientific evidence and theo-

retical assumptions, or a posteriori, in which statistical

methods, such as factor and cluster analysis, are used to

generate patterns from dietary data collected from specific

study populations [8]. Whereas several studies have

assessed the association between a posteriori defined die-

tary patterns and indices of bone quality in adult popula-

tions [12–21], little was investigated in children and

adolescents [7, 22–26]. Since it takes into account overall

food choices as they occur in the population without

making any assumption of protective or harmful health

effects of diet, a posteriori dietary pattern analysis may

provide new and more realistic insights into the role of diet

in bone health during this period when the greatest BMD

accrual occurs.

Using data from a population-based cohort, our objec-

tive was to quantify the prospective associations between a

posteriori dietary patterns in early adolescence and forearm

BMD.

Materials and methods

Data were collected as part of the Epidemiological Health

Investigation of Teenagers in Porto (EPITeen population-

based cohort). This project was designed to study growth,

development and health in a population-based cohort of

urban adolescents recruited in the schools of Porto, Portugal,

and followed from early adolescence up to adulthood [27].

Cohort recruitment (13 years of age)

In the 2003/2004 school year, the executive boards of every

school in Porto providing teaching to adolescents born in

1990 (27 public and 24 private) were contacted. All public

schools and 19 private schools (79 %) agreed to partici-

pate. Executive boards were asked to provide contact

information for each student’s family. We identified 2,787

eligible adolescents, and 2,160 (1,651 public and 509 pri-

vate schools students) agreed to participate and contributed

at least for part of the planned assessment. Participation at

the individual level was 78 %, similar in public and private

schools (77.7 vs. 76.7 %, respectively, P = 0.60). Legal

guardians and adolescents received written and oral infor-

mation explaining the purpose and the design of the study,

and written informed consent was obtained from both. The

study was approved by the Ethics Committee of the Uni-

versity Hospital of São João, Porto, and policies and pro-

cedures were developed to guarantee data confidentiality

and protection. Sampling procedures and detailed methods

have been described elsewhere [28].

Follow-up evaluation (17 years of age)

The first follow-up evaluation of the cohort took place in

the 2007/2008 school year. Re-evaluations were scheduled

by contacting schools or participants directly. Written

informed consent was again obtained from all participants

and their guardians. We re-evaluated 1,716 participants

(79.4 %).

Data collection procedures

Baseline and follow-up evaluations were conducted using

the same protocol. Data were collected by a team of trained

health professionals through the use of two self-adminis-

tered structured questionnaires (one completed at home,

another at school) and a physical examination performed at

school.

Physical examination

Forearm BMD (g�cm-2) was measured at the distal radius

of the non-dominant forearm by DXA using a Lunar�

Peripheral Instantaneous X-ray Image (PIXI) device (GE

Medical Systems, Madison, WI, USA). In case of reported

previous fracture of the non-dominant arm, the dominant

arm was the one assessed. Short-term in vivo precision was

calculated according to the recommendations of the Inter-

national Society for Clinical Densitometry using two

measurements for each 30 consecutive adolescents, and

root mean square SD was 0.022 g�cm-2 at a 95 % confi-

dence level [29].

Anthropometrics were performed with subjects in light

clothing and barefoot under standard procedures. Body

weight was measured to the nearest tenth of kilogram

(Tanita Corporation, Tokyo, Japan), and height was mea-

sured in centimetres, to the nearest tenth, using a portable

stadiometer (Seca Deutschland, Hamburg, Germany). BMI

was calculated as weight in kilograms divided by the

squared height in metres.

Since examination at school limited conditions to eval-

uate adolescents’ sexual maturity according to Tanner

stages, self-reported age at menarche was used as a sexual

development indicator for girls.
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Questionnaire variables

Adolescents were asked to indicate the frequency of

spending at least 20 consecutive minutes in sports activities,

beyond compulsory school activities [30], and we classified

four levels of physical activity practice: never; B1 times per

week; 2–3 times per week; [3 times per week.

Parental education was measured as the number of

successfully completed years of formal schooling, and

adolescents were classified according to the parent with the

highest educational level.

Dietary intake was evaluated at 13 years of age, in the

baseline evaluation, using a FFQ designed according to

Willett and colleagues and validated in the Portuguese

adult population. The FFQ was then adapted for adoles-

cents by including foods more frequently eaten by this age

group [31]. The FFQ comprises 91 food or food group

items and an open-ended section to add foods not listed in

the questionnaire and eaten at least once per week.

Respondents were asked to report how often they usually

consumed each particular food over the prior 12-month

period as the number of times per day, week or month.

Each subject had to report the average frequency of con-

sumption for each food item by choosing among nine

categories, ranging from ‘‘never or less than once a month’’

to ‘‘six or more times a day’’. Seasonal variation in food

consumption was considered by multiplying the frequency

and portion of seasonal items by a seasonal factor of 0.25

(i.e. equivalent to consumption during a 3-month period).

Since the adolescents FFQ version did not include specific

questions on portion size, a standard portion size was

considered for nutrient calculation. The frequency reported

was multiplied by the previously defined average portion

size to estimate the intake in grams or millilitres. Food

consumption was converted into total energy intake with

the software Food Processor Plus (ESHA Research, Salem,

OR, USA 1997) based on values from the USDA and

updated with values for typical Portuguese foods computed

using the Portuguese Tables of Food Composition, typical

recipes and data from previous studies [32].

Dietary patterns definition

Dietary patterns were previously identified in 1,456 par-

ticipants with data on FFQ [33]. Briefly, the individual

food items and the foods listed in the open-ended section of

the FFQ were aggregated into 14 food groups according to

nutritional similarities providing dairy products, fish, red

meat, white meat, vegetables, added fats, fruits, pasta/

potatoes/rice, soft drinks, cereals, soup, coffee/tea, fast

food and sweets.

Patterns were identified through the K-means method

enhanced by bootstrapping (repeated random sampling

with a fixed number of times) and the choice of different

centres. This method categorizes individuals into mutually

exclusive groups based on differences/similarities in die-

tary intake. For each sampling, the K-means algorithm with

a number of clusters ranging from 1 to 6 was applied to 10

sets of different centres obtained randomly. The final

model was the one presenting the lowest sum of squares of

the intra-cluster distances (to the centres) [34]. The analysis

was not stratified by gender since no significant effect of

that variable on the intakes was identified.

Based on the 14 food groups, standardized caloric

contribution of each food group was used as input variable.

Here, the caloric contributions corresponded to the effect of

each food group on caloric intake, multiplied by the food

group intake.

Four dietary patterns, significantly different regarding

mean food group intakes, were identified and named

‘‘Healthier’’, ‘‘Dairy products’’, ‘‘Fast food and sweets’’

and ‘‘Lower intake’’.

The ‘‘Healthier’’ pattern was characterized by the

highest consumption of fish, vegetables and added fats.

This pattern also presented high consumption of fruits and

pasta/potatoes/rice and the lowest consumption of fast food

and soft drinks. The ‘‘Dairy products’’ pattern was char-

acterized by the highest consumption of dairy products and

an intermediate consumption of most food groups. The

pattern characterized by the highest energy intake and by

the highest intake of sweets, fast food, soft drinks and

coffee/tea was named ‘‘Fast food and sweets’’. Lastly, a

pattern with low intake of all food groups, particularly of

red meat, fish, fruits, pasta/potatoes/rice, dairy products,

cereals and added fats was named ‘‘Lower intake’’. The

characteristics of each pattern were similar in both genders

but girls in the ‘‘Lower intake’’ pattern had also signifi-

cantly lower intake of white meat and soup.

Data analysis

Categorical and continuous variables were summarized by

percentages and mean ± SD, respectively. Differences in

proportions were tested with the chi-squared test. One-way

ANOVA and the Kruskal–Wallis test were used to compare

continuous variables between independent samples.

ANOVA was used to compare food groups, micronutrients

and energy-adjusted protein intakes across dietary clusters.

Bonferroni correction was used for multiple pair-wise

comparisons. Using the identified dietary patterns as the

main exposure and forearm BMD at 13 years of age

[BMD13 (mg�cm-2) and the annual BMD variation between

13 and 17 (annual BMD variation (mg�cm-2�year-1)] as the

outcomes, associations were estimated using linear regres-

sion coefficients and 95 % CI. The ‘‘Healthier’’ pattern was

used as reference. BMD was used in mg�cm-2 to improve
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readability. In addition to crude estimates, linear regression

coefficients were adjusted for the major confounders: BMI,

total energy intake, parental education and adolescents’

regular practice of physical activity. In girls, coefficients

were further adjusted to menarche age to address con-

founding by sexual maturity (third model). Data were

analysed using Stata� 9.0.

From 1,716 adolescents who agreed to participate in

both evaluations of the EPITeen study, 333 participants

were excluded because they did not have a valid mea-

surement of forearm BMD and 347 participants had

missing or invalid FFQ data. An additional 29 participants

were excluded because they were missing information on

one or more of the anthropometric variables or on menar-

che status.

A total of 1,007 (543 girls and 464 boys) had complete

information on forearm BMD, anthropometric variables,

diet and, in girls, on age at menarche (also excluding

outliers for the definition of dietary patterns).

Comparing participants with complete information with

those excluded from these analyses, we found no differ-

ences in sex distribution, BMD and BMI values. Adoles-

cents with complete information had higher median (25th–

75th %) parental education [11 (8–16) vs. 9 (6–12) years;

P \ 0.001].

Results

In Table 1, non-dietary characteristics at 13 years of age

are compared between adolescents with different dietary

patterns. Adolescents with ‘‘Healthier’’ and ‘‘Dairy pro-

ducts’’ dietary patterns were more likely to have parents

with higher education. In girls, the ‘‘Lower intake’’ dietary

pattern had the highest BMI, while in boys there were no

significant differences in mean BMI according to dietary

pattern. The frequency of physical activity practice did not

significantly differ across dietary patterns.

In Table 2, consumption of food groups and nutrients

that have traditionally been associated with bone density is

described according to dietary patterns. Adolescents with a

‘‘Healthier’’ pattern had significantly higher consumption

of vegetables and vitamin C. Besides having higher con-

sumption of dairy products, adolescents in the ‘‘Dairy

products’’ pattern had higher intake of vitamin K, although

not statistically significant. The ‘‘Fast food and sweets’’

pattern presented a significantly higher consumption of

energy, soft drinks and phosphorus and, in boys, of vitamin

D. The ‘‘Lower intake’’ pattern was characterized by sig-

nificantly lower consumption of energy, fruits and, partic-

ularly in boys, of dairy products. Adolescents with this

pattern had also the lowest intakes of calcium, phosphorus

and vitamins C, D and K.

Table 3 summarizes the cross-sectional and prospective

associations between BMD and dietary patterns by gender

presenting crude and adjusted linear regression coefficients

and 95 % CI. Both crude and adjusted linear regression

coefficients show no association between the dietary pat-

terns identified and BMD at 13 years. However, in girls, a

statistically significant inverse association was found

between the ‘‘Lower intake’’ pattern and annual BMD

variation between 13 and 17 years old [adjusted coefficient

(95 % CI) -0.451 (-0.827; -0.074) mg�cm-2�year-1].

Further adjustment for parental education and adolescents’

regular practice of physical activity did not affect the

results.

Discussion

To the best of our knowledge, this is the first study to

explore cross-sectional and prospective associations

between a posteriori defined dietary patterns and BMD

during adolescence, the most critical period for bone mass

development. We found no significant effect of the dietary

patterns identified in this sample of adolescents on forearm

BMD at 13 years of age. Regarding longitudinal associa-

tions, the dietary patterns identified in early adolescence

were not associated with BMD at 17 years old (data not

shown), but we observed that girls with a ‘‘Lower intake’’

dietary pattern had lower forearm annual BMD variation

throughout adolescence.

The negative association between the ‘‘Lower intake’’

pattern and BMD annual increase observed in girls might

be due to the combined effect of generalized low con-

sumption and decreased vegetables, fruits and dairy pro-

ducts intake in this dietary pattern. Our findings are in line

with previous longitudinal studies in adult women that

have found significant positive associations between pat-

terns with high intake of fruits, vegetables and/or dairy

products and gains in bone physical properties [25, 35].

Among adults, a few studies dealt with the relationship

between bone quality indices and dietary patterns, gener-

ated by data reduction techniques [12–21], but in children

published work is still limited [7, 22–26]. We identified

five studies in children and adolescents aiming to identify

dietary patterns related to bone mass. In 2006, Li et al. [22]

identified, by factor analysis, four dietary patterns in a

sample of Korean children. A higher score in a ‘‘shellfish

and processed meat’’ pattern was significantly positively

associated with BMD in boys but not in girls. Additionally,

the ‘‘pizza and drinks’’ dietary factor score was signifi-

cantly positively associated with BMD only in girls. In

2009, the association between dietary patterns at 6 and

12 months, defined by principal component analysis, and

bone size and density at 4 years of age was quantified in a

276 Eur J Nutr (2015) 54:273–282
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sample from the UK [23]. The degree of compliance with a

pattern characterized by high consumption of vegetables,

fruits and home-prepared foods was neither associated with

bone area nor with bone mineral content (BMC) or BMD.

In another study in the USA among children during the age

period of 3.8–7.8 years, two dietary patterns were identi-

fied by reduced rank regression analyses, and a pattern

characterized by increasing intake of vegetables and lim-

ited fried food intake was associated with higher BMD

[24]. Noh et al. [25] identified dietary patterns by reduced

rank regression associated with BMC in a sample of Kor-

ean elementary school girls. Higher scores in a pattern

characterized by high consumption of fruits, nuts and

seeds, and dairy products had more increased BMC over

22 months. Recently, Shin et al. [26] identified four dietary

patterns by factor analysis in a sample of 196 Korean

adolescents aged 12–15 years. Adolescents in the highest

tertile of the ‘‘milk and cereal’’ dietary pattern had sig-

nificantly lower likelihood of having low BMD compared

with those in the lowest tertile.

In our study, we cannot rule out the possibility that the

significant negative association between ‘‘Lower intake’’

pattern and BMD accrual, found in girls, was related to

their higher BMD at 13 years of age. Since these girls had

also higher BMI at baseline, the load effect on bone until

the age of 13 may have led to earlier skeletal maturation,

constraining further BMD increase [36]. Also, the trend

towards weight loss throughout adolescence in these hea-

vier girls (data not shown), and consequent reduction in

mechanical exposure, may have determined lower BMD

accrual. In addition, since these girls with a ‘‘Lower

intake’’ pattern practiced less regular physical activity at

13 years of age, and a age-related decline trend in exercise

is expected, low physical activity levels may have also

conditioned smaller BMD increase [37]. We also hypoth-

esized that ‘‘Lower intake’’ pattern girls are more likely to

develop eating disorders and/or may be biologically older

at 13 years of age, since they had higher BMD, and could

have less room for BMD improvement between 13 and

17 years of age. However, the proportion of girls under-

weight [38] and mean age at menarche was not signifi-

cantly different among girls over different dietary patterns

(data not shown).

The small gender differences found in the association

between the ‘‘Lower intake’’ pattern and annual BMD

variation can be attributable to distinct biological maturity

stages in girls and boys at the same chronological age, in

which it is likely that biological determinants act differ-

ently on BMD. These differences may also be attributable

to a sex-specific skeletal response to environmental

determinants during adolescence, as previously described

for the relationship between physical activity and BMD

[39].T
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Although a significant negative association between the

pattern with lower consumption of vegetables, fruits and

dairy products and annual BMD variation in girls has been

observed, individual effects of these food groups on mean

BMD were not observable (data not shown). This is con-

sistent with the hypothesis of the existence of cumulative

and interactive effects between foods, disclosing the

importance of dietary patterns analysis to study diet and

health associations.

Dietary patterns can be defined a priori or a posteriori

[8]. Since the definition of a posteriori patterns is not based

on the assumption of protective or deleterious health

effects of food components, this approach acknowledges

that clustering of food components is culturally determined

and can vary across populations and reflect the current

population’s food consumption [34, 40, 41]. Additionally,

from a public health perspective, this approach provides

information for setting nutritional interventions targeted to

specific groups within a community that have similar pat-

terns of diet [42]. However, specificities of each setting,

namely the variety of dietary assessment methods and of

statistical techniques used, make comparisons across

existing studies difficult. Nevertheless, heterogeneity

between studies regarding patterns associated with

increased or decreased risk remains noteworthy.

It should be noted that the empirical identification of

dietary patterns by explanatory approaches reflects dietary

behaviour of the population rather than known or expected

health effects of diet. Also, if populations have no dietary

patterns characterized by higher intake of nutrients/foods

that potentially influence bone properties, the effect of

these individual diet components would be diluted by all

patterns. Consequently, the identified dietary patterns are

not necessarily relevant for bone health [43], which may be

an important justification for the absence of associations, as

happened in the present study [44].

Furthermore, the lack of association between diet and

BMD at 13 years of age may reflect smaller effects of

dietary determinants on BMD in comparison with genetic

and early life determinants [3, 45]. It is possible that diet

may not have the same impact on BMD in adolescents as it

does in adult populations. Additionally, compared to pre-

vious studies of dietary patterns and bone health, the

homogeneity of our sample of adolescents, born in the

same year and living in the same city, may have hampered

the finding of significant associations between diet and

BMD [46].

The exclusion of individuals with lower parental edu-

cation, because of missing data, contributed to homoge-

neity among participants. Nevertheless, since we observed

no association between parental education and BMD (data

not shown) and participants with lower parental education

are more likely to have a ‘‘Lower intake pattern’’, weT
a
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hypothesized that non-exclusion of these participants could

have improved the statistical power for detecting a stronger

association between this pattern and BMD.

We cannot also exclude the possibility that inadequate

sample size may have led to an insufficient power of our

study to detect significant associations.

Limitations of the dietary assessment method, affecting

both precision and accuracy of the exposure measurement,

may have also precluded identification of consistent asso-

ciations. Invalid reporting of usual intake is a common

shortfall [47, 48], which can limit dietary patterns analyses

[47] and consequent detection of diet–disease relationships

[49]. Moreover, a prespecified portion size in the FFQ may

yield biased estimates of absolute energy and nutrients

intake. Despite all that, the majority of variation in food

intake is captured by frequency of consumption [50] and

FFQ has been argued as a valid method in dietary pattern

analysis in terms of the reproducibility of the patterns

produced [51, 52]. Although the lack of validation of the

FFQ in this adolescent population may have biased the

assessment of dietary intake, we believe that this potential

bias had a very low effect because the FFQ had been

previously validated for adults of the same city [32].

In this study, we do not know whether dietary intake,

evaluated at baseline, changed throughout the follow-up.

While some studies report variation in dietary patterns

during adolescence [53, 54], it is also likely that dietary

patterns remain relatively constant overtime [55–58].

We used forearm BMD measured by DXA to estimate

bone strength. Although we acknowledge that DXA mea-

sures partially reflect bone size rather than its volumetric

density [59], BMD accurately predicts fracture risk during

puberty [60]. However, forearm BMD represents a

peripheral component of bone density, and we cannot rule

out possible associations of other measures of bone quality,

namely whole-body or at the axial skeleton, with the die-

tary patterns identified.

Dietary patterns are highly determined by cultural

influences, and food choices are part of a larger aggrega-

tion of health behaviours. Indeed, dietary patterns seem to

represent an overall lifestyle, in which the relative impor-

tance of each determinant is clearly difficult to measure in

isolation [47]. Despite the fact that we were unable to

detect important confounding in our sample, we cannot rule

out that other lifestyle factors may have biased our results,

either towards or away from the null.

The present dietary patterns were identified in urban

Portuguese adolescents, and the results found may not be

fully generalizable to other populations. However, by

prospectively evaluating a large representative and homo-

geneous sample of adolescent from a high-income country,

we have provided new insight regarding the role of dietary

patterns in this critical period for bone health optimization,

unaffected by cohort or period effects. We have identified a

low overall intake diet as a possible negative influence on

the achievement of the full genetic potential for skeletal

mass during adolescence.

Conclusions

Although in girls, a ‘‘Lower intake’’ dietary pattern was

negatively associated with bone annual variation during

adolescence, overall, no consistent associations between

dietary patterns identified through cluster analysis and

forearm BMD in 13-year-old adolescents were found.
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