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Abstract

Purpose of Review Much of what we know about dietary patterns (DPs) and bone is derived from cross-sectional studies in
adults. Given, establishing healthy bones during childhood serves as a blueprint for adult bone, it is important to better understand
the role of DPs on pediatric bone. The purpose of this review is to determine if DPs influence bone strength in children.

Recent Findings The majority of studies investigating the role of DPs on pediatric bone are cross-sectional in design and examine
data-derived “a posterori” DPs. Overall, the DPs characterized by high intakes of fruits and vegetables demonstrated positive

effects on pediatric bone.

Summary Results from both “a posteriori” and “a priori” DPs approaches in children suggests that DPs dominated by the intake
of fruits and vegetables might be beneficial for pediatric bone. Future studies may consider “a priori”” DPs interventions to better

understand relationship between DPs and pediatric bone.

Keywords Bone - Pediatric bone - Dietary patterns - Diet

Introduction

The association between diet and health is not a new concept.
In 400 BC, Hippocrates stated, “Let thy food be thy medicine
and medicine be thy food.” Beginning in the early to mid-
twentieth century, the focus of nutrition was on the discovery
of individual nutrients and their associations with deficiency
diseases. Towards the later part of the twentieth century and
into the twenty-first century, there was a shift to studying the
role of individual nutrients, and the diet as a whole in disease
prevention and treatment. Given, nutrients are not consumed
in isolation, but rather, packaged and consumed together,
which may have synergistic and cumulative effects, it has
been hypothesized that dietary patterns may be more robust
in producing positive or negative effects on health. By de-
scribing and calculating dietary intake as dietary patterns,
one is able to study the entire diet rather than individual
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nutrients or foods [1, 2]. The aim of this paper is to determine
if dietary patterns influence bone growth in children. In order
to answer this question, specific methods that are used to
describe dietary patterns (i.e., the “a posterori” and “a priori”
approaches) will first be addressed and then we will explore
common dietary patterns associated with bone health and their
influences on pediatric bone.

There are two main methods to describe a dietary pattern:
(1) the data-derived or “a posteriori” dietary pattern approach
and; (2) the “a priori” dietary pattern approach. The “a
posteriori” approach uses statistical methods such as factor
analysis, cluster analysis, and reduced rank regression to de-
rive dietary patterns from collected data [3—5], while the “a
priori” dietary pattern approach uses dietary indexes created
on the basis of existing nutritional knowledge, and typically
assesses compliance with dietary guidelines and recommen-
dations [3]. Both of these methods to define dietary patterns
measure adherence by a scoring algorithm [3-5].

The most common data-derived, “a posteriori” dictary pat-
tern approach is factor analysis, which relies on subjective
decisions during analysis (e.g., definition, number of food
groups entered, and number of factors to retain) and therefore,
may lead to variations in pattern definitions across studies
[6-8]. Cluster analysis determines dietary patterns through
grouping individuals into clusters. For example, participants
may be clustered based on the consumption of high-fat foods,
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high protein foods, or dairy products. These clusters have
similar within-cluster and different between-cluster dietary in-
takes among individuals [3, 5]. Factor analysis and cluster
analysis derive dietary patterns without accounting for disease
risk or intermediate health outcomes. To account for this lim-
itation, the reduced rank regression analysis determines the
intercorrelation among dietary components by maximizing
the explained variance in the selected intermediate variables,
which could include health outcomes (e.g., bone mineral con-
tent [BMC] or areal bone mineral density [aBMD], or nutrient
intake) [4]. Food groups and loading factors derived from the
“a posteriori” method may not be identical across studies mak-
ing it difficult to reproduce and compare the dietary patterns
findings across studies.

The “a priori” dietary patterns approach generally measures
compliance with dietary guidelines and recommendations by
scoring algorithms [3, 5, 9]. The final score measures the
adherence to a specific dietary recommendation but does not
assess the overall quality of the diet. For example, it does not
account for higher energy intake, nutritional adequacy, socio-
economic status, and income level. While the “a posteriori”
dietary pattern approach uses statistical methods to de-
termine dietary patterns from existing data, the “a
priori” dietary patterns approach uses past knowledge
to select diets of interest (i.e., related to a health out-
come) for inclusion in the study [3, 4].

This paper will focus on the data-derived ““a posteriori” dietary
patterns and the “a priori” dietary patterns, the Mediterranean diet
(MD), the Dietary Approaches to Stop Hypertension (DASH)
diet, the Healthy Eating Index (HEI), and the Western diet.
These “a priori” dietary patterns are commonly assessed in rela-
tion to bone outcomes, which is why they were included in this
review [10]. The MD is an eating pattern based on the traditional
cuisine of countries bordering the Mediterranean Sea [11].
Characteristics of the MD include high intakes of fruits, vegeta-
bles, whole grains, beans, nuts and seeds, and healthy fats [11].
The DASH diet originated in the early 1990s. In 1992, the
National Institute of Health started funding research projects in-
vestigating whether specific dietary interventions (i.e., DASH
diet) were useful in treating hypertension [5]. The DASH diet
promotes increased consumption of fruits and vegetables, lean
meats and dairy products in the diet. It also promotes reducing
sodium intake to approximately 2300 mg per day for healthy
individuals and including foods that are rich in the minerals
potassium, magnesium, and calcium [12]. The HEI is a tool to
evaluate the extent to which North American’s are following the
Dietary Guidelines for Americas (DGAs) recommendations. The
HEI has been updated twice since 1995 and uses a scoring sys-
tem to evaluate a set of foods. Scores range from 0 to 100 and the
score is made up of 13 components that reflect the different food
groups and key recommendations in the DGAs [13]. The
Western diet, sometimes referred to as the standard North
American diet, is a dietary pattern characterized by high intakes
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of red and processed meats, pre-packaged foods, butter, fried
foods, high-fat dairy products, refined grains, potatoes, corn,
and sugar-sweetened beverages [14]. The increasing prevalence
of metabolic diseases (e.g., obesity and type 2 diabetes) in coun-
tries adapting a Westernized lifestyle has in part been attributed
to increased intakes of foods commonly consumed in the
Western diet [15]. For example, a diet characterized
by high consumption of rye, potatoes, butter, sausage,
milk, and coffee was associated with increased cardio-
vascular disease risk in men [16].

Over the last several decades, considerable evidence sup-
ports the hypothesis that dietary patterns play a relevant role in
the development and progression of diseases. For example, in
two large cohort adult studies, adherence to the MD was found
to significantly modify the cardiovascular risk profile [17, 18].
Similarly, the DASH dietary pattern has been shown to reduce
both systolic and diastolic blood pressure [19], reduce the risk
of heart failure [20], improve insulin sensitivity and reduce the
risk of type 2 diabetes [21], cardiovascular diseases, and
strokes [22] in adults. Diets that score high on the HEI are
associated with a significant decrease in the risk of all-cause
mortality [23], cardiovascular disease [24], cancer [25], and
type 2 diabetes [26]. Lastly, it is well documented that the
Western diet is associated with increased incidence of coro-
nary heart disease [27], cardiovascular disease [20, 22], and
type 2 diabetes [28], among others. While these diseases are
most common in adults, children and adolescents are increas-
ingly being diagnosed with these chronic conditions [29, 30].
This is worrisome given many chronic diseases track from
childhood into adulthood, putting these children at an in-
creased risk for health complications later in life [16, 31,
32]. More recently, there has been increased interest in the
role of chronic metabolic diseases on bone health. For exam-
ple, obesity is thought to have detrimental effects on bone
health outcomes in both children and adults [33]. Although
the mechanisms are not well understood, obesity is an inflam-
matory state and circulating levels of pro-inflammatory cyto-
kines may promote increased osteoclast activity and bone re-
sorption [33]. Moreover, a high-fat diet which is commonly
seen in obese individuals may result in reduced bone mineral
density and bone quality; however, because fat generally
has a positive effect on calcium absorption, we suggest
other mechanisms are affecting the poor quality bone
seen in obesity [33, 34].

Although the focus of dietary patterns and health research has
primarily investigated metabolic diseases such as type 2 diabetes
and cardiovascular diseases, there has been an increased interest
in the influence of dietary patterns on bone health. Osteoporosis
is a public health burden due to its high prevalence and signifi-
cant contribution to high morbidity and mortality rates [35].
Globally, osteoporosis influences approximately 33% of women
and 20% of men over the age of 50. Nutrition is an important
modifiable factor influencing bone strength [36]. The majority of
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evidence supporting the role of nutrition on bone has focused on
individual nutrients, particularly calcium, vitamin D, and the
macronutrient protein [37-42]. A limited number of studies have
focused on individual food items such as milk, food groups like
dairy foods, or dietary patterns such as the Mediterranean diet.
The research investigating the role of dietary patterns on bone
health has primarily targeted adult populations, with little focus
on child and adolescent bone.

Dietary Patterns and Adult Bone

Much of what we know about dietary patterns and bone is de-
rived from cross-sectional studies in adults, as there is an overall
paucity of randomized controlled trials and prospective longitu-
dinal studies. In a recent scoping review, adults that consumed a
“Prudent/Healthy” (comparable to MD and DASH dietary pat-
terns) dietary pattern had a decreased risk of low total body
aBMD [10]. Moreover, older men that consumed the “Prudent/
Healthy” dietary pattern had a reduced risk for fracture. Benetou
et al., examined 188,795 men and women, and found increased
adherence to the MD pattern was associated with a 7% decrease
in hip fracture incidence [43]. This association was more evident
among men and somewhat stronger among older individuals
[43]. In a similar study, greater adherence to a MD dietary pattern
was not associated with decreased risk of fractures in older indi-
viduals [44]. The study populations differed by age, size, and
geographical location, which makes it difficult to compare the
findings across studies. In an ancillary study from the DASH-
Sodium trial, a randomized feeding trial conducted among par-
ticipants at two clinical sites, participants consuming the DASH
dietary pattern had significantly reduced bone turnover, as indi-
cated by decreased serum osteocalcin and C-terminal telopeptide
of type I collagen, compared to a control diet [45]. If this reduc-
tion in bone turnover is sustained, it may have positive effects on
bone mineral status and ultimately reduce the risk of osteoporo-
sis. In a case-control study of 726 aged 55-80 years, high HEI
scores were related to reduced risk for hip fracture [46].
Similarly, adherence to the alternate HEI, which was derived
from the original HEI and considers the quality of the diet, was
associated with decreased risk for hip fracture in men and women
ages 45-74 years [47] and 5580 years [46]. To date, no studies
have investigated the role of the Western “a priori” dietary pat-
tern on adult bone. In “a posteriori” studies, dietary patterns
similar to the Western dietary pattern have been associated with
increased risk for low aBMD in adults older than 50 years and
increased fracture risk [10].

Pediatric Bone Development

Establishing healthy bones during childhood serves as a blue-
print for skeletal health in adulthood. One of the main

determinants of bone strength and osteoporotic fractures is
low bone mass. Low bone mass can be attributed to a failure
to achieve optimal peak bone mass during childhood or the
inability to slow bone loss in adulthood [48]. Adolescence is a
critical period of bone development with 90% of adult bone
mass obtained by the age of 18 [49] (Fig. 1). The attainment of
the majority of adult bone mass in adolescence is important
given BMD tracks from childhood into adulthood [50]. For
example, in a prospective study of dual-energy x-ray absorp-
tiometry (DXA—derived bone outcomes, Yang et al. deter-
mined that aBBMD at the spine, hip, and total body tracks from
age 8 to age 25 in males and females [51]. Thus, maximizing
the amount of peak bone mass gained during childhood is an
important strategy aimed at preventing low bone mass and
osteoporosis in adulthood. Additionally, during childhood
and adolescence dynamic changes in the size and shape of
the bone occurs, and these changes can be modified by factors
including nutrition and physical activity.

Dietary Patterns and Childhood Bone

There is limited research investigating the role of dietary pat-
terns and childhood bone with a majority of the studies being
cross-sectional in design and investigating “a posteriori” die-
tary patterns. A recent systematic review and meta-analysis
examining the role of “a posteriori” derived dietary patterns
found that a “Prudent/Healthy” dietary pattern may decrease
the risk of low total body aBMD among children and adoles-
cents [10]. In this systematic review and meta-analysis, dietary
patterns that showed significant and beneficial effects on
aBMD or BMC were primarily characterized by high intakes
of vegetables, fruits, low-fat milk and dairy products, whole
grains, fish, beans, and nuts [52-55], as well as nutrients, such
as calcium found in foods [53]. These dietary patterns were
labeled as “Dairy and whole grains” [52], “Calcium foods”
[53], and “Milk and cereal” [54]. Woseje et al. investigated the
prospective role of “a posteriori” dietary patterns on dual-
energy x-ray absorptiometry derived aBMD [56]. A dietary
pattern characterized by high intakes of dark-green and deep
yellow vegetables was related to high bone mass and low-fat
mass, while a diet characterized by a high intake of fried foods
was related to high-fat mass and low bone mass [53]. The
dietary pattern characterized by a high intake of dark-green
and dark yellow vegetables explained 11.4-18.1% of the var-
iation in bone mass and the dietary pattern characterized by
high-processed meat intake explained 3.9-5.8% of the varia-
tion in bone mass over the 4-year period [56]. In a similar
prospective study, a vegetarian-style dietary pattern, charac-
terized by increased intakes of dark-green vegetables, eggs,
non-refined grains, 100% fruit juice, legumes, nuts and seeds,
added fats, fruits, and low-fat milk during adolescents was
positively associated with total body BMC and aBMD [57].
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Fig. 1 Peak bone mass gains
during childhood [42]
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Participants who had higher adherence to the vegetarian-
style diet during adolescents also had higher total body
aBMD and BMC, as well as, femoral neck aBMD and
BMC during young adulthood, average 15 years later
[57]. Lastly, in Chinese children, adherence to a calcium
food pattern, characterized by high intakes of milk and
dairy products, beans and bean products, fresh fruit and
eggs, and a Chinese tradition pattern characterized by
high intakes of grains, fresh vegetables, and fruits, and
pork was associated with decreased risk for osteopenia
and osteoporosis as determined by an ultrasound bone
densitometer [53]. The Western style diet is characterized
by high intakes of fat, saturated and trans fats, and sodi-
um. These nutrients are all considered pro-inflammatory.
The Dietary Inflammatory Index® (DII) was developed to
assess the overall quality of the diet on a continuum from
maximally anti-inflammatory to maximally pro-
inflammatory [58]. Coheley et al. [59] examined the role
of the DII on radius and tibia cortical bone outcomes in
healthy children. The DII score was negatively associated
with tibia trabecular area, periosteal circumference, end-
osteal circumference and strength strain index and radius
total area, periosteal circumference, and strength strain
index [59]. Interestingly, these relationships did not per-
sist after controlling for the covariates, stage of sexual
maturation, sex, race, muscle cross-sectional area (tibia
and radius), and height [59]. In a recent systematic review
and meta-analysis in adults, the authors concluded that
even after controlling for relevant covariates, diets char-
acterized by high pro-inflammatory components may lead
to low aBMD of the lumbar spine and total hip and an
increased risk for osteoporosis and fractures [60]. The
negative effect of DII on adult bone, but not childhood
bone, may be attributed to differences in the covariates
included in the statistical analyses. For example, some
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of the adult studies controlled for the covariates alcohol
intake, smoking status, and personal income, which may
not be relevant in children [60]. Additionally, the negative
effect of the pro-inflammatory DII score on adult bone,
but not childhood bone, may be due to longer duration
exposure to the pro-inflammatory diet; however, this is
unknown.

To our knowledge, there are only 2 published studies in-
vestigating the role of “a priori” dietary patterns and pediatric
bone health outcomes (Table 1). In a homogenous sample of
boys and girls between 13 and 17 years of age, there were no
significant differences in annual variation of distal radius
aBMD, by adherence to the “a priori” dietary patterns, MD
and DASH [61]. In boys there, linear trend towards increased
distal radius aBMD at 13 years with increased adherence to
the MD pattern, but the trend was non-significant [61]. The
authors did not assess how long participants were consuming
the respective dietary patterns, which may have attributed to
the non-significant findings. Additionally, the method to de-
termine usual diet intake was food frequency questionnaires,
and as with any method to determine dietary intake, under-
reporting of intake is possible [63—66]. The authors did not
assess biological age, pubertal maturation, or physical activity,
all of which impact bone development during growth. In a 28-
day nutrition intervention in adolescent boys ages 11 to
14 years, adherence to a Mediterranean-based dietary pattern
increased the urinary bone resorption biomarker urine
deoxypyridinoline and improved calcium absorption [62].
There are currently no published studies investigating the role
of the HEI on pediatric bone. Similarly, to our knowledge,
there are no studies investigating the role of the Western diet
“a priori” on pediatric bone outcomes. This is important given
the potential detrimental effects of the Western diet on bone
and the fact that dietary pattern intakes during childhood are
thought to track into adulthood [67].
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Summary and Conclusions

The majority of studies investigating the role of dietary pat-
terns on pediatric bone are cross-sectional in design and ex-
amine the data-derived “a posterori” patterns. Overall, the “a
posterori” dietary patterns characterized by high intakes of
fruits and vegetables, low-fat milk and dairy products, whole
grains, fish, beans, and nuts were associated with positive
effects on DXA-derived bone outcomes. There were only 2
studies investigating the role of the “a priori” dietary patterns
and bone. One study found a linear trend towards increased
radius aBMD with increased adherence to the MD pattern, but
the trend was non-significant [55]. Another study found ad-
herence to a Mediterranean-based dietary pattern increased the
urinary bone resorption biomarker urine deoxypyridinoline
and improved calcium absorption [60].

Results from both “a posteriori” and “a priori” dietary ap-
proaches in adults suggests that dietary patterns dominated by
the intake of fruits and vegetables, whole grains, poultry and
fish, nuts and legumes, and low-fat dairy products, which
closely resemble the MD and DASH dietary patterns, are most
beneficial for preventing bone loss. Adherences to similar “a
posteriori” dietary patterns in children are thought to increase
BMD overtime [49, 50, 52, 53, 67] more than dietary patterns
that resemble the Western diet [S9]. The data-derived dietary
patterns are difficult to reproduce and compare across studies.
This may partly be explained by the fact the data-derived
methods rely on reported dietary intakes and dietary intakes
differ by race, gender, population, etc., making it difficult to
compare findings. Findings from the “a priori” dietary pattern
studies on pediatric bone are difficult to compare given the
different outcome measures and dietary patterns of interest.
One of the main limitations of the “a priori” dietary patterns
approach is related to the use of dietary guidelines that gener-
ally are not disease specific and the adherence to them may
reduce the risk of some diseases, but not all [68]. These dietary
patterns are primarily based on promoting overall health status
or preventing chronic diseases, rather than specifically im-
proving bone health. Despite this, overall “a priori” dietary
pattern methods are more comparable across studies than the
data-derived “a posteriori” methods [3-5, 9]. Another limita-
tion for the “a priori” and “a posteori” dietary patterns ap-
proach is that the majority of the research using these methods
are cross-sectional in design and assess current dietary intakes
and not historical dietary intake, which makes it difficult to
assess long-term exposure to dietary patterns. It may be that
adults have more years of exposure to certain dictary
patterns, which is why there is an effect on adult bone
versus childhood bone. Alternatively, the benefits of
specific dietary patterns on bone may not be due to
the length of time exposed, but the timing of the expo-
sure. Exposure to dietary patterns during periods of
bone modeling and rapid growth in children likely
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differs from the less responsive period of bone remod-
eling and bone maintenance in adulthood.

Although findings from long-term “a priori” randomized
controlled dietary patterns studies and prospective studies
would provide insightful information regarding the relation-
ship between dietary patterns and pediatric bone, these studies
are generally not realistic and expensive. Future intervention
studies may consider incorporating foods commonly found in
the MD and DASH into children’s diets to determine if there is
an effect on bone. The incorporation of food products would
allow the child’s diet to not be completely altered which may
aid in adherence. Pilot studies in children may consider a
short-term dietary patterns intervention to assess the effect of
the diet on serum bone biomarkers before conducting a long-
term feeding trial.
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