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Abstract

Summary—Eggs contain bioactive compounds thought to benefit pediatric bone. This cross-
sectional study shows a positive link between childhood egg intake and radius cortical bone. If
randomized trials confirm our findings, incorporating eggs into children’s diets could have a
significant impact in preventing childhood fractures and reducing the risk of osteoporosis.

Introduction—This study examined the relationships between egg consumption and cortical
bone in children.

Methods—The cross-sectional study design included 294 9-13-year-old black and white males
and females. Three-day diet records determined daily egg consumption. Peripheral quantitative
computed tomography measured radius and tibia cortical bone. Body composition and biomarkers
of bone turnover were assessed using dual-energy X-ray absorptiometry and ELISA, respectively.

Results—Eqgg intake was positively correlated with radius and tibia cortical bone mineral content
(Ct.BMC), total bone area, cortical area, cortical thickness, periosteal circumference, and polar
strength strain index in unadjusted models (r=0.144-0.224, all £< 0.050). After adjusting for
differences in race, sex, maturation, fat-free soft tissue mass (FFST), and protein intakes, tibia
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relationships were nullified; however, egg intake remained positively correlated with radius
Ct.BMC (r=0.138, £=0.031). Egg intake positively correlated with total body bone mineral
density, BMC, and bone area in the unadjusted models only (r=0.119-0.224; all £< 0.050). After
adjusting for covariates, egg intake was a positive predictor of radius FFST (8= 0.113, A< 0.050)
and FFST was a positive predictor of Ct.BMC (8= 0.556, < 0.050) in path analyses. There was a
direct influence of egg on radius Ct.BMC (5 =0.099, £=0.035), even after adjusting for the
mediator, FFST (8= 0.137, £=0.020). Egg intake was positively correlated with osteocalcin in
both the unadjusted (£ = 0.005) and adjusted (£ = 0.049) models.

Conclusion—If the positive influence of eggs on Ct.BMC observed in this study is confirmed
through future randomized controlled trials, whole eggs may represent a viable strategy to promote
pediatric bone development and prevent fractures.

Keywords
Cortical bone; Egg; Fat-free soft tissue; pQCT

Introduction

The majority of evidence supporting the role of nutrition on bone health has focused on
individual nutrients, particularly calcium, vitamin D, and protein [1-7]. There is strong
evidence for supplemental calcium [7] to increase bone mineral accrual in children, whereas
findings are less consistent with respect to vitamin D [5, 6]or protein [8,9] supplementation
and their effects on childhood bone accrual. The osteogenic effects of these individual
nutrients may be improved when packaged together and consumed contemporaneously [7-9]
or as whole foods [10, 11]. For example, in a prospective study of children aged 15-17
years, consuming at least two servings of dairy per day, in comparison to fewer than two
servings per day, was associated with significantly higher mean BMC and bone area [10]. In
older adults, greater yogurt consumption is related to higher bone mineral density and
physical function scores [11]. However, with the exception of dairy foods [9], little data exist
on the effects of whole foods on bone health.

Eggs contain nutrients that may benefit bone health including vitamin D and zinc and
osteogenic bioactive components, lutein and zeaxanthin. Whole eggs have been examined in
prior studies with respect to their beneficial effects on bone and fracture outcomes, but egg
intake was only considered in food groupings and not independently. For example, Inose et
al. showed greater Z-scores for tibia cortical speed of sound, a measure associated with
cortical strength, in mothers who consumed more milk, dairy products, and eggs [12]. In
older adults, intake of red meat, but not poultry or eggs, was associated with greater risk for
skeletal fractures [13]. While these two adult studies suggest the bone-augmenting potential
of eggs, it is difficult to ascertain whether and to what degree eggs contributed to these
positive relationships given they were not studied in isolation.

The ability of whole eggs to positively impact cortical bone may occur indirectly through
effects on skeletal muscle mass. Skeletal muscle development precedes bone mass accrual
during pubertal growth, and it is well documented that fat-free soft tissue (FFST) mass is the
most important determinant of bone strength in youth [14, 15]. In young men, consumption
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of 20 g of whole egg protein was shown to stimulate greater muscle protein synthesis
following resistance exercise than in those not consuming whole egg protein [16]. Moreover,
leucine, a primary amino acid in whole eggs, improved skeletal muscle synthesis in young
adults [17]. Thus, it is possible that the amino acid and protein components of eggs may
indirectly enhance bone strength through increased muscle mass.

The 2015 Dietary Guidelines for Americans de-emphasized the recommendation to limit
cholesterol-rich foods, including eggs, which had been restricted in years past due to their
perceived risk on cardiovascular health [18]. Reviews conducted by Shin et al. [19] and
Griffin et al. [20] evaluated results from 16 and 12 studies, respectively, and provided the
basis for the 2015 guidelines. These studies showed that egg consumption was not
associated with hyperlipidemia, risk of cardiovascular disease, and cardiac mortality in the
general population. Given that eggs are the least expensive source of high-quality protein per
standard USDA serving, incorporating eggs into everyday diets may be a cost-effective
strategy to benefit skeletal health in growing youth.

To our knowledge, studies investigating the associations between egg consumption and bone
outcomes during the critical period of rapid pubertal growth have not been conducted.
Therefore, the aim of this study was to cross-sectionally explore the relationships between
whole egg intake and cortical bone parameters, total body bone outcomes, and biomarkers of
bone turnover in children entering the early stages of puberty. A secondary aim was to
determine if FFST has a mediating role on the relationship between egg intake and cortical
bone.

Subjects and methods

Study design and participant characteristics

This study was a secondary analysis of baseline data obtained from a multi-site randomized
controlled vitamin D clinical trial [21]. Study sites were in Georgia (University of Georgia
[UGA]) and Indiana (Purdue University [PU] and Indiana University [1U]). Reported healthy
participants who were free from chronic diseases (N = 323) were included in the parent
study if they were between ages 9-13 years, in the early stages of puberty with self-reported
sexual maturation ratings of 2 or 3 for breast development in females and genital
development in males as described by Tanner [22], and self-reported non-Hispanic white or
black race, with both sets of biological parents and grandparents all identifying as the same
race. Exclusion criteria included menarche (for females), the presence of growth disorders/
chronic disease (e.g., cerebral palsy), orthe use ofmedications (e.g., corticosteroids) known
to influence bone metabolism. Power analyses were conducted to estimate the power of
obtaining significant parameters when regressing outcome variables (FFST and Ct.BMC) on
predicting variables. Based on the available sample size (N = 323), with a medium effect
size of 0.30 and an alpha of 0.05, the expected statistical power for this cross-sectional study
is greater than 0.99, which indicates a high probability to detect an existing effect in our
data. Twenty-nine participants were excluded from this ancillary analysis due to incomplete
diet records, as described below. The Institutional Review Boards for Human Subjects at all
study sites approved the study procedures. Informed assent and permission were obtained
from each participant and their parent/guardian, respectively.
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Demographic and dietary assessment

With assistance from parents or guardians, 3-day diet records, a valid and reliable method
for estimating energy and nutrient intakes in children [23-25], were completed at home on
two weekdays and one weekend day. Records were analyzed by one trained registered
dietitian nutritionist using Food Processor SQL version 9.7.3 (ESHA Research). Three-day
diet records were used to estimate total whole egg intake (e.g., scrambled eggs, hard-boiled
eggs, fried eggs) over 3 days, as well as mean daily energy (kcal) and mean daily protein (g)
intakes. Egg consumption from mixed dishes was not quantified and therefore was not
included in these analyses. Average measure (3-day) intraclass correlation coefficients
(ICCs) were calculated in girls aged 6-10 years (N = 10), whose 3-day diet records were
completed twice over 2 weeks and calculated for vitamin D, calcium, and energy (= 0.86).

Anthropometry

Height (to the nearest 0.1 cm) and body mass (to nearest 0.1 kg) were measured using a
wall-mounted stadiometer and electronic scale, respectively. Body mass index (BMI, in
kilograms per meter squared) was calculated, and sex-and age-specific percentiles were
derived using a BMI percentile calculator [26]. Single-measure ICCs and test-retest
coefficients of variation (CV) were determined previously in our lab for standing height
(0.99 and 0.4%) and body weight (0.99 and 1.4%) in females aged 6-10 years (N= 10) who
were measured twice over a 2-week period by the same researcher.

Body composition and whole body bone measurements

Fat mass, percent fat, and FFST were assessed using dualenergy X-ray absorptiometry
(DXA,; Delphi-A, Hologic Inc. [UGA]; Lunar iDXA, GE Medical Instruments [PU]; and
Hologic Discovery-W [IU]). Whole body bone mineral density (BMD), bone mineral
content (BMC), and bone area were also assessed with DXA. At each study site, the same
technician completed scans and performed analyses using instrument-specific software and
protocols. ICCs were calculated for body composition in females, aged 5-8 years (N= 10),
scanned twice at UGA over 7 days (all = 0.98). As previously reported, DXA scanners at
each testing site were cross-calibrated, and regression formulae were determined to the
adjusted data [21, 27, 28].

Cortical bone measurements

Cortical bone was assessed using peripheral quantitative computed tomography (pQCT) at
each study site using Stratec XCT 2000 machines (Stratec Medizintechnik GmbH,
Pforzheim, Germany), as reported previously [27]. A single tomographic slice was taken at
the tibia and radius 66% site relative to the distal growth plate. Subjects were positioned
supine with their self-reported non-dominant leg and arm in the center of the gantry of the
pQCT machine. A cortical bone phantom specific to the pQCT machine with known
properties was scanned a minimum of 20 times on each scanner to ensure comparability of
machines between each testing site. The variation in phantom measures differed by < 1%
[27].

Cort mode 1 (threshold, 710 mg/cm3) was used to obtain cortical volumetric bone mineral
density (Ct.vBMD, mg/cm3), cortical bone mineral content (Ct.BMC, mg/mm), and cortical
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area (Ct.Ar, cm?) and to define the outermost edge of the bone. Peel mode 2 (threshold, 400
mg/cm3) was used to separate the cancellous and cortical bone compartments. Total bone
area (Tt.Ar, mm?2), cortical thickness (Ct.Th, mm), periosteal perimeter (Ps.Pm, mm), and
endosteal perimeter (Es.Pm, mm) were also measured. This same threshold was used to
calculate polar-strength strain index (pSSI, mm3), which is derived from Ct.vBMD, section
modulus, and normal physiological bone density that is estimated at 12,000 mg/mms3 [27,
29, 30]. Using a FO3FO05 filer (contour mode 3 [threshold of — 100 mg/cm?3] and peel mode 2
[threshold of 40 mg/cm3]), muscle cross-sectional area (MCSA) was measured. Five healthy
females (ages 18-24 years) were scanned at the UGA site to determine test-retest reliability
[31]. One-way random effects model and single-measure ICCs for all pQCT variables were
R =0.97. At the IU site, short-term precision for the pQCT scanning procedure on 30
healthy individuals scanned six times with interim repositioning showed root mean square
coefficients of variation (RMS-CVs) of < 1% for bone density, mass, structure, and
estimated strength measures and < 1.5% for mCSA [32].

Biochemical analyses

Blood and urine samples were collected in the morning following an overnight fast. All
samples were prepared for storage and frozen in a < — 80 °C freezer until analyses.
Reference controls (kits) and internal controls (in-house pooled samples) were included with
each assay run for quality control. Repeat analyses were conducted when duplicate samples
differed by = 10%. Serum osteocalcin (OC) and bone-specific alkaline phosphatase (BSAP)
were assessed as measures of bone formation and were measured by ELISA (Quidel Corp.,
San Diego, CA). Urine N-terminal telopeptide (NTX) was assessed as a measure of bone
resorption and was measured by ELISA (Ostex International, Seattle, WA). Mean interassay
CVs for the bone turnover markers ranged from 4.1 to 8.0%. Serum 25(OH)D was assessed
using a 2-step RIA (Diasorin). The inter- and intra-assay CV were 5.6 to 8.4% and 5.5 to
7.0%, respectively. Analytical reliability of 25(OH)D assays was further monitored through
DEQAS (the Vitamin D External Quality Assessment Scheme).

Statistical analyses

Data were analyzed using SPSS version 21 (SPSS, Inc.) for the Mac OS X. Histograms were
visually inspected for outliers and normal distribution. Distributions were classified as
skewed or kurtotic if > 2.0 standard deviations (SDs). An outlier was detected when visually
inspecting the histogram of 3-day egg consumption. Given that one participant reported
consumption of 12 whole eggs during the 3-day dietary recall period, this participant was
removed from our data. Because 3-day egg consumption, urine NTX, and serum OC each
had positive skewed distributions, they were log-transformed (i.e., NTX) or square-root-
transformed (i.e., 3-day egg consumption and OC) prior to analyses. Pearson’s bivariate and
partial correlations were conducted to determine the association between egg intake and
whole body bone outcomes and cortical bone outcomes while adjusting for variance related
to stage of sexual maturation, sex, race, FFST, and average 3-day daily total protein intake.
Using Mplus software (version 7.31), path analysis was performed to examine the FFST-
mediated relationship between egg intake and Ct.BMC. Indirect effects tests were tested
using the product coefficient method [33]. Each of the abovementioned path models was
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identified and included sexual maturation, race, and sex as covariates. A Pvalue < 0.05 was
considered statistically significant for all analyses.

Results

Participant characteristics

Descriptive participant characteristics are presented in Table 1. Approximately 30% of study
participants consumed eggs during the 3-day dietary recording period (n7= 87). Between-
group differences were assessed by independent samples ftests. There were statistically
significant differences in stages of sexual maturation between egg consumers and non-egg
consumers (Table 1). Moreover, egg consumers were significantly taller and heavier and had
greater FFST in comparison to the non-consumers. Total protein intake was higher in egg
consumers; however, energy intake did not differ between the two groups.

Egg consumption and cortical bone outcomes

Egg consumption was positively associated with mid-tibia and mid-radius Ct.BMC, Tt.Ar,
Ct.Ar, Ct.Th, PC, and pSSI (Table 2). After adjustments for stage of sexual maturation, sex,
race, FFST, and average total protein intake, the relationships between egg consumption and
mid-tibia cortical bone out-comes were nullified, but egg intake remained positively
correlated with mid-radius Ct.BMC (P = 0.031, Table 2).

Egg consumption and total body outcomes

Egg consumption was positively associated with total body FFST in the unadjusted model (r
=0.185, £=10.001) and remained positively associated with total body FFST when adjusting
for the covariates, stage of sexual maturation, sex, race, and average total protein intake (r
=0.126, £=0.033). Egg intake was positively associated with total body bone mineral
density (BMD; r=0.181, £=0.002), bone mineral content (BMC; r=0.224, £<0.001), and
bone area (BA; r=0.119, £=0.043) in the unadjusted model. After controlling for the
covariates, all total body relationships were nullified.

Mediating role of FFST in the association between egg intake and Ct.BMC at the mid-
radius

The path models presented in Fig. 1 represent the FFST-dependent relationship between egg
intake and mid-radius Ct.BMC while controlling for race, sex, and stage of sexual
maturation. Three-day egg intake was a positive predictor of FFST (£=0.027) and FFST was
a positive predictor of Ct.BMC (£ <0.001). After adjusting for the mediator, FFST, egg
intake remained a positive predictor of Ct.BMC (P < 0.050). The test for an indirect effect
was statistically significant (£ =0.020).

Egg consumption and bone biomarkers

Egg consumption was positively correlated with OC (r=0.170, 2= 0.005) and negatively
correlated with both BSAP (r=-0.084, P=0.163) and NTX (r=-0.128, £=0.033). After
controlling for race, sex, stage of sexual maturation, and average total protein intake, these
relationships were nullified except for OC (r=0.120, A= 0.049).
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Discussion

The aim of this cross-sectional study was to determine whether whole egg intake was
associated with cortical bone strength and biomarkers of bone turnover in healthy children.
The secondary aim of this study was to determine whether FFST mediates the relationship
between egg and bone. The primary finding was that egg intake was a positive predictor of
mid-radius Ct.BMC and that the association between egg intake and Ct.BMC was partially
mediated through FFST. With the exception of dairy foods, including a recent study using
yogurt [9, 11, 34, 35], limited research exists regarding the connection between whole food
consumption and bone outcomes in children. The present study is the first to assess the
relationships between whole egg intake and radius and tibia cortical bone in children. The
only other study that examined egg intake and bone strength used a composite measure of
eggs and dairy intake, which showed positive linkages between tibia cortical speed of sound
in adult females [12]. The degree to which eggs alone contributed to these positive
relationships was not ascertained.

The positive relationship between whole egg intake and radius cortical bone observed in the
current study could be related to the protein component of eggs, as cross-sectional [34-37]
and prospective [4, 38—-40] studies in children support the role of dietary protein on bone.
For example, Bounds et al. [39] showed that protein intake in children is a positive predictor
of total body BMC. Alexy et al. [4] reported that dietary protein intake over 4 years during
growth is associated with increased diaphyseal bone strength, specifically increases in PC,
Ct.Ar, Ct.BMC, and pSSI. Randomized controlled trials have not been conducted and are
needed to confirm the results of the cross-sectional and prospective protein studies.

Beyond protein, components of eggs that may benefit bone health include nutrients, such as
vitamin D and zinc and bio-active components, including lutein and zeaxanthin. There is
moderate evidence supporting a role of vitamin D for improving bone outcomes in children
and adolescents [7], and zinc supplementation in children has been shown to increase bone
formation [41]. Lutein and zeaxanthin, bioactive components present in eggs, have known
anti-inflammatory effects [42]. These dietary factors may mediate a potential benefit of egg
consumption on bone geometry, as the pro-inflammatory cytokines tumor necrosis factor
alpha, interleukin-6, and C-reactive protein have a negative effect on bone strength [43, 44].
Assessments of biomarkers of inflammation in future studies can provide additional insight
into the anti-inflammatory roles of whole eggs and bone outcomes.

In addition to a direct effect of whole eggs on bone, it is possible that eggs could improve
bone strength through actions on lean body mass. In our path model, FFST mediated the
relationship between egg intake and Ct.BMC. This novel finding is supported by previous
studies showing that protein and leucine stimulate muscle protein synthesis [17, 45] and
skeletal muscle mass is a strong determinant of pediatric bone mass [14, 15, 46]. The
significant positive relationships between 3-day egg intakes and FFST mass reported in the
current study are supported by a short-term intervention study by Candow and colleagues
[45] who showed that independent of source, young adults who consumed a protein
supplement during resistance training had increases in lean tissue mass and strength vs.
those who consumed an isocaloric placebo during resistance training (P < 0.050). Our data
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showing that FFST mass is a significant predictor of radius Ct.BMC is in agreement with
Crabtree et al. [47] who demonstrated that among school children aged 5-18 years living in
the UK, lean body mass was the strongest predictor of BMC at the total body and lumbar
spine. In a recent review, the authors reaffirmed the importance of FFST mass as a strong
positive predictor of cortical bone geometry [46].

Though our data showed a positive association between egg intake and radius Ct.BMC, we
did not find significant relationships between egg consumption and mid-tibia cortical bone
outcomes and total body bone outcomes after adjusting for the covariates. Measures of areal
bone mineral density may underestimate the strength of the bone given it does not provide
information regarding trabecular and cortical bone properties. While there are no studies
investigating egg intake on cortical bone outcomes, the site-specific differences reported in
the present study are consistent with pediatric physical activity investigations. For example,
Jackowski et al. [48] did not show a difference between recreational gymnastic, an activity
known to exert positive influences on bone mineral accrual during growth, or control, on
bone mineral content and bone area at the tibia in children aged 4-12 years. However,
increased bone mineral content and area were seen at the distal radius in those children who
participated in recreational gymnastics. Thus, it is plausible that mechanical loading
associated with compression forces on the lower limbs with weight bearing masked any
potential effects of gymnastic, or in the present study, egg intake, on tibia outcomes. It is
also possible that the null findings of egg consumption on tibia bone outcomes were
associated with weight bearing masking effects. Future intervention trials should account for
site-specific effects of diet and load bearing, including physical activity, when assessing the
relationship between egg intake and bone outcomes.

The positive relationship between egg consumption and the bone formation marker OC,
following adjustments for key covariates, supports the mediation model and provides
potentially some insight into mechanisms for the link between eggs and bone. To our
knowledge, there are no prior studies examining the relationships between egg consumption
and markers of bone turnover in children. A number of clinical studies have investigated the
effects of protein intake on bone biomarkers and the findings are equivocal. For example,
biomarkers of bone resorption and formation have been reported to decrease [49, 50], remain
the same [51-53], or increase [54] following protein supplementation. It has been reported
that milk protein supplementation in healthy women leads to a reduction in NTX and no
change in BSAP or OC [55]. Further, since OC is not the ideal marker for bone formation
and most likely better reflects overall bone turnover [56], a more specific marker of pediatric
bone formation like N-terminal propeptide of type 1 procollagen should be assessed.
Randomized controlled egg feeding trials will help to improve our understanding of the role
of whole eggs on bone turnover.

The strength of this study is the utilization of path analysis statistical techniques to explore
the mediation effects of FFST on the relationship of egg intake and Ct.BMC. However,
when interpreting our results, certain aspects of the study should be considered. First, given
its cross-sectional design, we cannot confirm causality when linking egg intake and bone.
Second, participants self-reported their dietary intakes, which may have resulted in either
over- or under-reporting of food consumption [57]. Though the 3-day dietary recall used in
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our study is a valid method in children [23-25], another limitation of the study is our single-
measure assessment of egg intakes. Given this study was a secondary analysis on baseline
data from a randomized controlled trial and not originally intended to assess egg intake,
more complete egg intake data, including egg intakes from mixed dishes, was not collected
and is needed in future trials. Despite these limitations, our results are hypothesis generating
and provide valuable insight into the relationship between egg consumption and
musculoskeletal outcomes in children. Importantly, our results provide the basis to explore
in clinical trials the viability of whole egg intake to increase bone strength and prevent
childhood and adult fractures.

This cross-sectional study provides novel evidence of a positive link between whole egg
consumption and cortical bone in healthy, black, and white children in the early stages of
puberty, and we showed for the first time that FFST mediated these relationships.
Considering the liberalization of egg intake recommendations in the 2015 Dietary
Guidelines for Americans report, coupled with the affordability of eggs in the marketplace,
greater incorporation of eggs into children’s diets is feasible and could have a significant
public health impact, including fracture risk reduction and osteoporosis prevention. Future
randomized controlled trials are needed, however, to confirm the positive impact of egg
intake on pediatric musculoskeletal development.
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Indirect Effect
B=.063, P=.029

- FFST Mass
B=.133, P=.027 " B=.556, P<.001

A

Ct.BMC

B =.099, P=.035
Three Day Egg Intake

Y

*B=.137, P=.020

Fig. 1.
FFSTmass is a partialmediator in the relationship between dietary egg intake and mid-radius

Ct.BMC. Race, sex, and sexual maturation rating stage were included in this model. 2
Indicates the relationship between 3-day egg consumption and mid-radius Ct.BMC after
adjusting for race, sex, and sexual maturation rating stage. FFST, fat-free soft tissue;
Ct.BMC, cortical bone mineral content
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