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Purpose—Our objective was to determine the association of protein intake by source (dairy, non-
dairy animal, plant) with bone strength and bone microarchitecture among older men.

Methods—We used data from 1016 men (mean 84.3 years) who attended the Year 14 exam of
the Osteoporotic Fractures in Men (MrOS) study, completed a food frequency questionnaire (500-
5000 kcal/d), were not taking androgen or androgen agonists and had high resolution peripheral
quantitative computed tomography (HR-pQCT) scans of the distal radius and distal or diaphyseal
tibia. Protein was expressed as % of total energy intake (TEI); mean+SD for TEI = 1548+607
kcal/d and for total protein = 16.2+2.9%TEI. We used linear regression with standardized HR-
pQCT parameters as dependent variables and adjusted for age, limb length, center, education, race/
ethnicity, marital status, smoking, alcohol intake, physical activity level, corticosteroids use,
supplement use (calcium and vitamin D), and osteoporosis medications.

Results—Higher dairy protein intake was associated with higher estimated failure load at the
distal radius and distal tibia [radius effect size=0.17 (95% CI: 0.07, 0.27), tibia effect size=0.13
(95% CI: 0.03, 0.23)], while higher non-dairy animal protein was associated with higher failure
load at only the distal radius. Plant protein intake was not associated with failure load at any site.

Conclusion—The association between protein intake and bone strength varied by source of
protein. These results support a link between dairy protein intake and skeletal health but an
intervention study is needed to evaluate causality.

Keywords
protein intake; bone microarchitecture; bone strength; older men

INTRODUCTION

Experimental studies have shown that protein source has differential effects on markers of
bone mineral metabolism [1]. We have previously shown that there is heterogeneity of the
association between protein intake in older men and fracture by protein source[2]. We also
found that the relationship between protein and fracture differed by skeletal site of the
fracture (i.e. there was a strong association for hip fracture, a null association for clinical
spine fracture). The exact effects of these different bone marker profiles on trabecular and
cortical bone is unknown, as is whether the effect varies by weight-bearing vs. non-weight
bearing status. Differential effects on bone compartment might also explain the observed
heterogeneity by fracture site if protein acts differentially on cortical vs. trabecular bone.
Further, our previous results showed that the relationship between protein and fracture was
predominately but only partially mediated by total hip bone mineral density (BMD) [2]. A
potential explanation is that the causal pathway also includes compromised bone strength
due to specific changes in bone microarchitecture. Such compromised bone strength could
be attributable to changes in trabecular architecture, thinning of cortices, or cortical porosity,
but the exact mechanism are unknown.

Our specific aim was to characterize the association of total protein intake and protein intake
by source (dairy, non-dairy animal, plant) with trabecular and cortical bone
microarchitecture at weight bearing (tibia) and non-weight bearing (radius) skeletal sites
among older men. Our hypothesis was that low protein intake is associated with poorer
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measures of bone microarchitecture at both sites, and that the associations will differ by
protein source.

Study Population

From 2000 to 2002, the Osteoporotic Fractures in Men (MrOS) study enrolled 5994
ambulatory community-dwelling men, aged 65 years and older, living in one of six U.S.
metropolitan areas[3,4]. Those with a history of bilateral hip replacement or the inability to
walk without the assistance of another person were not eligible to participate. The
institutional review board at each participating institution approved the study protocol and
written informed consent was obtained from all participants. All active MrOS participants
were invited to participate in Visit 4 (clinic visits occurred between May 2014 and May
2016). Of the 2424 participants who completed a visit, 1801 are included in the high-
resolution peripheral quantitative computed tomography (HR-pQCT) dataset (Figure 1).
Men were eligible for the present study if they had HR-pQCT data and they 1) completed a
food frequency questionnaire (FFQ) with estimated total energy intake of 500-5000 kcal/d
and 2) were not taking androgens or androgen agonists.

Protein Intake

Participants completed a brief version of the Block FFQ at Visit 4. The FFQ includes 69
individual food item questions, including an additional 10 questions about food preparation
and low-fat foods which were used to refine nutrient calculations. There were nine
categories of frequency responses for foods and beverages and four categories of portion
size responses. A graphic representation of standard portion sizes was included with the
questionnaire. Total energy intake, total protein intake, and protein intake by source were
derived from the responses to the questionnaire by Block Dietary Data Systems (Berkeley
CA, USA), with dietary reference data from the United States Department of Agriculture
Nutrient Database for Standard Reference (Version 16) and the Nutrient Database for
Dietary Studies (Version 1). We considered the following subcategories of intake: protein
from dairy products, non-dairy animal protein (e.g. meat, fish, poultry, eggs), and protein
from plant sources (e.g. legumes, grains, nuts). We excluded those with extremely low or
high estimated total energy intake (<500kcal/d or >5000 kcal/d).

Measurement of HR-pQCT

HR-pQCT scans were done using Scanco XtremeCT Il machines (Scanco Medical AG,
Bruttisellen, Switzerland), which have nominal voxel size of 61um. Centrally trained
operators acquired scans of the distal radius (9 mm from the articular surface), distal tibia
(22 mm from the articular surface), and diaphyseal tibia (30% offset). The radius from the
non-dominant arm and the tibia from the ipsilateral leg were scanned except in the case of
prior fracture, metal shrapnel or implant, or recent non-weight bearing loads > 6 weeks.
Machines were calibrated prior to being used in the present study, and a single cross-
calibration density phantom was circulated among the study sites. The between site
calibration coefficients were all <0.6%, and therefore pooled data was used without
transformations [5]. The standard local density phantom was scanned on a daily basis to
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monitor for values that fall outside of the nominal range (8 mg HA/cm3). Centralized quality
assurance and standard analysis of all image data, including micro finite element analysis
(LFEA), was performed.

A central observer read all images for motion artifacts and used an established semi-
quantitative 5-point grading system (1=superior, 5=poor) to score image quality and images
with 4 or 5 were deemed to be of insufficient quality and were excluded from the analytic
data set (97% of scans image grade <3) [6]. A fully automated analysis pipeline was
developed to segment the radius and tibia for quantification of bone density and structure
[7]. Segmentation failures were detected automatically by measuring slice-wise variation in
total cross-sectional area; cases with an absolute slice-wise difference of 2mm? at the
diaphysis, and 4mm? at the distal sites, were visually reviewed and manually corrected, as
needed. Observed failure rates were < 2% and < 6%, for diaphyseal and distal scans,
respectively.

Volumetric BMD and cross sectional area of the total, cortical, and trabecular compartments
were measured. Cortical porosity and thickness, and trabecular thickness, separation and
number were calculated directly [8,9], Linear elastic micro-finite element analysis of a 1%
uniaxial compression was performed using a homogenous elastic modulus of 10 GPa and a
Poisson’s ratio of 0.3 (Scanco FE Software v1.12, Scanco Medical). The failure load was
estimated by calculation of the reaction force at which 7.5% of the elements exceed a local
effective strain of 0.7% [10].

All participants with outliers (difference from mean of greater than 3 standard deviations)
were reviewed and those with abnormal anatomic findings at a given skeletal site (e.g. severe
inflammatory arthritis, osteolytic lesions, injuries with ossification, unreported fracture)
were excluded (distal radius n=72, distal tibia n=54, diaphyseal tibia n=62) from the analysis
for that skeletal site.

Other variables

Based on a literature review, we chose the following variables for inclusion in the fully
adjusted models: age, race/ethnicity (non-Hispanic white vs. other), limb length, study
center, education, marital status, smoking, alcohol consumption, physical activity,
bisphosphonate use, oral corticosteroid use, and supplement use (calcium and vitamin D).
Information on demographics, lifestyle, and medical and family history was obtained by
questionnaire and interview by trained clinical staff. Race/ethnicity (hon-Hispanic white vs.
other) was self-identified. Participants were classified into ever smoker (100+ cigarettes) vs.
never smokers. Self-reported alcohol intake was divided into five categories: <12 drinks/
year, = 1 drink/month and < 1 drink/week, 1-2 drinks/week, 3-5 drinks/week, =6 drinks/
week. Physical activity was measured by computing the Physical Activity Scale for the
Elderly (PASE)[11]. Participants were asked to bring all current (any use within the past 30
days) prescription medications with them to the clinic. All non-prescription and prescription
medications were recorded in an electronic medication inventory database and matched to its
ingredients(s) based on the lowa Drug Information Service drug vocabulary (College
Pharmacy, University of lowa, lowa City, I1A)[12]. Information on calcium and vitamin D
supplement use was determined from the medication inventory.
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Statistical Analysis

We first used chi-square tests for comparisons of categorical variables across quartiles of
protein intake and ANOVA for comparisons of continuous variables across quartiles of
protein intake. We then used multiple linear regression models and the nutrient density
method[13] to determine the association between protein intake (expressed as % of total
energy intake[TEI]) and HR-pQCT parameters, with both exposure and outcome modeled as
continuous variables. Based on previous literature, including findings in this cohort, we
posited that there would be heterogeneity by source. We tested this heterogeneity (dairy vs.
non-dairy animal, dairy vs. plant, non-dairy animal vs. plant) by comparing estimates for the
primary HR-pQCT outcome (failure load). If heterogeneity was present for failure load, then
protein intake by source (dairy, non-dairy animal, plant) would be included in all models for
the remaining outcomes. Effect size was defined to be the beta coefficient from a regression
model where both exposure and outcome were parameterized to have mean=0 and SD=1.
For comparison purposes, models considering protein by source were parameterized to have
the same units as for total protein, i.e. 1 SD=2.9% TEI. Macronutrient intake is strongly
correlated with TEI, a variable that is in turn associated with body size and fracture risk, thus
all models were adjusted for TEI. We considered base models (adjusted for age, TEI, and
center) and full models (further adjusted for additional covariates including, race/ethnicity
(non-Hispanic white vs. other), limb length, education, marital status, smoking, alcohol
consumption, physical activity, bisphosphonate use, oral corticosteroid use, use of calcium
and vitamin D supplements). We assessed all continuous variables for possible non-linearity
using higher order terms and fractional polynomials. Analysis was performed using Stata
Version 14.0 (College Station, TX).

RESULTS

Among the 1016 men at the Visit 4 (Year 14) exam who comprised the analytical cohort, the
mean (SD) age was 84.3 (4.0) years (with age range 78-98) years and the mean (SD) TEI
was 1548 (607) kcal/d. The mean (SD) absolute total protein intake was 62.2 (25.3) g/d,
while the mean (SD) %TEI intake was 16.2 (2.9), and the mean (SD) relative intake by body
weight was 0.79 (0.34) (g/kg)/day. There were 590 (58.1%) men with protein intake below
the recommended daily allowance of 0.8 (g/kg)/day and 402 men with intakes below the
estimated average requirement of 0.66 (g/kg)/day[14]. The mean (SD) of protein intake by
source as % TEI were as follows: dairy protein 3.5 (2.1), non-dairy animal protein 6.3 (2.9),
and plant protein 6.4 (1.8). Characteristics of the cohort by quartile of total protein intake are
shown in Table 1. Those with lower protein intake were less likely to have a college
education or to have alcohol intake > 1 drink/day. Those in the highest and lowest quartiles
of protein intake were less likely to be married. Age, race/ethnicity, limb length, smoking,
physical activity, medication use, and supplement use did not vary by protein intake
quartiles. The percentage of men below the estimated average requirement for protein intake
increased in a graded fashion with decreasing quartile of energy intake as expressed as
%TEL
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Distal Radius

Distal Tibia

The association between protein intake and failure load of the distal radius varied by source
(0=0.012 for dairy vs. plant and p=0.070 for dairy vs. non-dairy animal). In fully adjusted
models using continuous variables, there was an association between higher dairy protein
intake and higher failure load with effect size=0.17 (95% CI: 0.07, 0.27); while there was no
significant association between plant protein intake and failure load in either the base or
fully adjusted models (Table 2). Higher dairy protein intake was also associated with a lower
total area (with higher cortical area and lower trabecular area), higher total BMD, higher
compartmental BMD (cortical and trabecular BMD), thicker cortices and trabeculae, and
increased trabecular number. There was no significant association between dairy protein
intake and cortical porosity. The association between non-dairy animal protein intake and
failure load was more modest than that for dairy protein with effect size=0.07 (95% CI: 0.00,
0.13) in the fully adjusted model. Higher non-dairy animal protein intake was associated
with a higher total BMD, higher cortical BMD, higher cortical area, and thicker cortices.

The association between protein intake and failure load of the distal tibia varied by source
(p=0.005 for dairy vs. plant and p=0.008 for dairy vs. non-dairy animal). In fully adjusted
models using continuous variables, there was an association between higher dairy protein
intake and higher failure load with effect size=0.13 (95% CI: 0.03, 0.23); while there was no
significant association between either non-dairy animal protein or plant protein intake and
failure load or any of the other HR-pQCT measures in either the base or fully adjusted
models (Table 3). Higher dairy protein intake was also associated with a lower total area
(with higher cortical area and lower trabecular area), higher total BMD, higher
compartmental BMD (cortical and trabecular BMD), and thicker cortices. There was no
significant association between dairy protein intake and the other HR-pQCT measures.

Diaphyseal Tibia

The association between protein intake and failure load of the diaphyseal tibia varied by
source (p=0.011 for dairy vs. plant and p=0.056 for dairy vs. non-dairy animal). There was
no significant association between any source-specific protein intake (dairy, non-dairy
animal, plant) and failure load in the fully adjusted models (Table 4). Higher dairy protein
intake was associated with higher total BMD and thicker cortices. Higher plant protein
intake was associated with higher cortical BMD, but this association was attenuated and not
significant for overall BMD.

DISCUSSION

In this cross-sectional study of older men, we found that the association between protein
intake and bone strength parameters varied by protein source. The strongest and most
consistent associations were observed for dairy protein intake and bone strength parameters.
The associations between non-dairy animal protein intake and bone strength parameters
were smaller in magnitude and much less consistent, while the associations between plant
protein intake and bone strength parameters were for the most part null. The associations
were similar by weight-bearing status (radius vs. tibia) and bone compartment (cortical vs.
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trabecular). The results are consistent with previous results on heterogeneity of the
association between protein and fracture[2,15]. Many nutrients have non-linear effects (no
further effect after adequate intake or negative effect at high intake). In the present study we
have found a linear association for all protein specific sources. Lower intakes vs. higher
intakes of dairy protein (and in some cases non-dairy animal protein) as a percentage of total
intake are associated with lower bone strength and associated microstructural parameters at
all levels of intake. Thus, effects are not obviously related to protein deficiency or excess per
se.

Based on a cross-sectional study of 749 younger healthy post-menopausal women, Durosier-
Izart et al[16] reported that both dairy protein intake and non-dairy animal protein intake
were associated with failure load, areal BMD, and modifications in cortical and trabecular
microstructure. Our study is consistent with these previous results for women, which also
showed that protein source plays a key role in the relationship between protein intake and
measures of bone strength and geometry. In particular, relatively strong and consistent
associations were also observed between dairy protein and bone strength parameters among
women. Likewise, among women, null associations were observed between plant protein
and bone strength parameters, while the associations observed between non-dairy animal
protein and bone strength parameters were more modest in magnitude and not consistent
across all measures. Analysis by sex has shown the trajectories of bone microarchitecture
over the lifetime may differ in men and in women[17,18]. Thus consistency of these results
in both men and women is likely due to global effects of food nutrient profiles on bone
which is not modified by sex-specific risk factors and hormones.

Longitudinal analysis has shown that cortical porosity increases over time in older men and
women[19]. In this study we found no association of any source of protein intake with
cortical porosity. There may be age-related changes in bone that are not impacted by protein
or other nutrient intakes. Alternatively, cross-sectional studies of bone microarchitecture
might not be adequate to detect effects that are evident when images occur in time
sequences. Thus a longitudinal increase in cortical porosity might lead to a shift in the
boundary between cortical and trabecular bone and thus read from a cross-sectional sample
as relatively lower cortical area and relatively higher trabecular area. In contrast, a nutrient
profile that was protective might show a relatively higher cortical area and lower trabecular
area, as was observed for dairy and non-dairy animal protein in the present study.

The heterogeneity noted above is likely due several source-dependent nutrient differences,
including underlying amino acid profiles and concurrent micro-nutrients including calcium,
vitamin D, and phosphorus. Plant protein includes protein from all non-animal sources
(grains, nuts, vegetables, and legumes). These plants sources do not typically provide all
essential amino acids and those that do are less frequently consumed[20]. Thus it is possible
that the predominant plant protein profile does not provide sufficient amounts of the
necessary amino acids for maintenance of muscle and bone in older men. In order to further
elucidate the potential causal factors we need also to consider experimental studies. A study
in male rats by Gaffney-Stromberg et al found systematic differences in markers of bone
mineral metabolism specific to eight different experimental scenarios (normal vs. high
protein, milk protein vs. soy protein, ad libitum vs. energy restriction)[1]. PTH was higher
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and bone turnover was lower in rats assigned to a milk protein group vs. those assigned to a
soy protein group. Bone turnover was lower and trabecular volumetric BMD was higher in
rats assigned to a high protein vs. those assigned a normal protein group. In humans, protein
impacts calcium absorption as demonstrated in an experimental study showing that
increasing protein intake from 10% to 20% of TEI increased fractional calcium absorption
among those with low calcium intake[21]. Conversely, another randomized trial in elderly
men and women noted that the addition of calcium and vitamin D appears to modify the
association between protein and bone loss[22]. Thus, it is likely that dairy foods as a source
of dairy protein are related to bone health outcomes due to the interaction of calcium,
vitamin D, and protein.

There have been few clinical trials assessing the effect of dairy protein per se on longitudinal
change in BMD among older men. Kerstetter et al [23] considered whether a protein
supplement vs. an isocaloric maltodextrin supplement was associated with longitudinal
changes in muscle and bone outcomes. There were no between group differences for BMD,
but there were between group differences in muscle outcomes. The main limitations of the
study were drop out (50/208) and non-compliance (37/158). Zhu et al[24] considered
whether a high protein drink vs. a lower protein isocaloric drink was associated with bone
health outcomes in older post-menopausal women. There was a decrease in areal hip BMD
(by dual-energy x-ray absorptiometry [DXA]) and volumetric BMD (by QCT) over 2 years
with no between-group differences, while femoral neck BMD was unchanged in either
group over time. Other clinical studies have considered higher vs. lower protein diets in the
context of weight loss [25-27]. The specifics of these study populations and the low
compliance with dietary interventions make it difficult to interpret or generalize the findings
of these studies.

The strengths of the present study are the inclusion of major potential confounders and a
large sample of community-dwelling older men with a sufficient sample size to detect even
small differences in bone strength. We assessed protein intake by source, thus accounting for
differences in source-specific micro-nutrient and amino acid profiles of the three major
sources (dairy, non-dairy animal, and plant). The HR-pQCT assessments had excellent
quality control. Study limitations include the cross-sectional design and the use of a brief
FFQ to assess diet. A further limitation was the measurement of diet at a single time point,
since the causal relationship between diet and bone is likely cumulative and single
measurement may not adequately capture long-term dietary intake as the causal exposure.
FFQs have limitations in the assessment of absolute and relative intake with likely bias
towards the null. The study design was an observational cohort study, and therefore
limitations include the possibility of selection bias and residual confounding. The
generalizability of the present study is limited to healthy community-dwelling older men.
The cohort was also mostly non-Hispanic white, and therefore we were unable to assess
potential racial/ethnic differences, and this will also limit generalizability. Finally, we were
unable in this analysis to assess whether the differential effects for dairy vs. non-dairy
sources of protein is attributable to the calcium (and vitamin D) or due to different amino
acid profiles.
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In summary, dairy protein but not plant protein was associated with bone strength and bone
strength parameters at the distal radius and tibia in older men, consistent with previously
observed HR-pQCT results in women and fracture results in men and women. These results
on bone strength parameters are likely to be relevant to bone strength in general as there
were no clear weight-bearing or compartmental specific effects. Differences in the
association between protein and fracture by skeletal site might then be due to proximity of
bone failure loads to loads applied to bone by day-to-day activities and typical fall trauma.
Further research is necessary to establish causal pathways and magnitude of effect.
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