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Abstract

Background:  We examined cross-sectional associations between dietary patterns, macronutrient intake, and measures of muscle mass and lean 
mass in older men.
Methods:  Participants in the Osteoporotic Fractures in Men (MrOS) cohort (n = 903; mean ± SD age 84.2 ± 4 years) completed brief Block 
food frequency questionnaires (May 2014–May 2016); factor analysis was used to derive dietary patterns. The D3-creatine (D3Cr) dilution 
method was used to measure muscle mass; dual-energy x-ray absorptiometry (DXA) was used to measure appendicular lean mass (ALM). 
Generalized linear models were used to report adjusted means of outcomes by dietary pattern. Multiple linear regression models were used 
to determine associations between macronutrients and D3Cr muscle mass and DXA ALM. Multivariable models were adjusted for age, race, 
clinic site, education, depression, total energy intake, height, and percent body fat.
Results:  Greater adherence to a Western dietary pattern (high factor loadings for red meat, fried foods, and high-fat dairy) was associated 
with higher D3Cr muscle mass (p-trend = .026). Adherence to the Healthy dietary pattern (high factor loadings for fruit, vegetables, whole 
grains, and lean meats) was not associated with D3Cr muscle mass or DXA ALM. Total protein (β = 0.09, 95% CI = 0.03, 0.14) and nondairy 
animal protein (β = 0.16, 95% CI = 0.10, 0.21) were positively associated with D3Cr muscle mass. Nondairy animal protein (β = 0.06, 95% 
CI = 0.002, 0.11) was positively associated with DXA ALM. Associations with other macronutrients were inconsistent.
Conclusions:  Nondairy animal protein intake (within a Western dietary pattern and alone) was positively associated with D3Cr muscle mass 
in older men.

Keywords:  Nutrition, Sarcopenia, Epidemiology

Sarcopenia, which refers to age-related loss of muscle tissue and the 
accompanying decline in strength and physical performance, may 
lead to disability, loss of independence, and increased risk of falls 
and fractures (1,2). Dual-energy x-ray absorptiometry (DXA) has 
been historically used to estimate lean mass, but it does not measure 

muscle mass directly (3). The novel deuterated creatine (D3Cr) di-
lution method allows for assessment of total muscle mass by spot 
urine sample after subjects have received an oral dose of D3Cr, and 
this method has been validated as a marker of total muscle mass in 
humans (3,4). It, therefore, holds potential for use in the diagnosis 
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of sarcopenia, though currently there is a paucity of data regarding 
associations between D3Cr and clinical outcomes (4).

Dietary patterns, which account for the synergistic and cumu-
lative effects of individual foods, are increasingly recognized as 
important components of health and disease (5,6). A Healthy (“pru-
dent” or “nutrient-dense”) dietary pattern (typically rich in fruits, 
vegetables, whole grains, poultry, fish, nuts, legumes, low-fat dairy) 
and a Western (“energy-dense”) dietary pattern (typically rich 
in sugar-sweetened beverages, processed foods, red meat, refined 
grains, sweets/desserts) are the most reproducible dietary patterns 
across studies that use data-driven techniques (7,8). A  few studies 
have suggested that dietary patterns rich in fruit and vegetables are 
associated with lower prevalence of sarcopenia (9–11), but to the 
best of our knowledge, no studies have compared dietary patterns to 
a direct measure of total muscle mass (4).

Some, but not all, studies have suggested that consumption of the 
recommended dietary allowance for protein (0.8 g/kg/d) by healthy 
older people results in negative nitrogen balance and a decrease in 
muscle cross-sectional area, which implies that dietary protein needs 
may increase with advancing age (12,13). Adequate-to-high dietary 
intakes of high-quality protein may promote muscle function (14), 
protect against the loss of lean body mass (15) and support the main-
tenance of physical function with age (16).

This cross-sectional study aimed to examine associations between 
empirically derived dietary patterns, as well as individual macronutri-
ents specified a priori (carbohydrate, fat, total protein, nondairy animal 
protein, dairy protein, and plant protein), and skeletal muscle mass 
assessed by the D3Cr dilution method (D3Cr muscle mass) in a popu-
lation of older community-dwelling men enrolled in the Osteoporotic 
Fractures in Men (MrOS) study. To account for the possibility that 
body weight might mediate these associations, we also examined D3Cr 
muscle mass after adjustment for body weight (D3Cr muscle mass/
weight). Additionally, we examined associations between the dietary 
variables and DXA appendicular lean mass (ALM). We hypothesized 
that adherence to the Healthy dietary pattern and total dietary protein 
intake would each be positively associated with D3Cr muscle mass and 
DXA ALM. Examination of protein subgroups was exploratory.

Method

Study Participants
The MrOS prospective cohort study (https://mrosdata.sfcc-cpmc.
net/) follows ambulatory men ≥ 65 years at baseline (n = 5,994) at 
six U.S.  clinics (Birmingham, Alabama; Minneapolis, Minnesota; 
Palo Alto, California; Pittsburgh, Pennsylvania; Portland, Oregon; 
and San Diego, California). Men who were unable to walk without 
the assistance of another person and men who had a history of bi-
lateral hip replacement were excluded from initial enrollment. Men 
were enrolled from March 2000 through April 2002 (17,18). The 
fourth follow-up questionnaire and visit, MrOS Visit 4, occurred be-
tween May 2014 and May 2016, and 2,424 men completed some 
part of Visit 4. For the present cross-sectional analysis, we included 
data from the men who completed the D3Cr dilution protocol and the 
food frequency questionnaire (FFQ) at Visit 4 (N = 903) (Figure 1).

Assessment of D3Cr Muscle Mass, D3Cr Muscle 
Mass/Weight, and DXA ALM
D3Cr muscle mass was determined using the protocol described in 
Cawthon et  al. (4). Briefly, each participant took an oral dose of 

deuterated creatine. Then, 3–6 days later, each participant provided a 
fasting morning (but not first void) urine sample in which D3-creatine, 
D3-creatinine, and unlabeled creatine and creatinine were measured. 
Using the published algorithm, total body creatine pool size was then 
calculated from the urine measures. Since 98% of the creatine in the 
body is found in skeletal muscle at a constant concentration, we were 
able to convert the value of total body creatine pool size to muscle 
mass after accounting for any dose that was directly excreted into the 
urine (4,19). DXA (QDR 4500W; Hologic Inc., Bedford, MA) was 
used to measure ALM (kg), as previously described (20).

Dietary Assessment
MrOS Visit 4 dietary data were derived by FFQ. The Block 98.2 brief 
FFQ, which assesses nutrient and energy intake and for which validity 
and reliability are well established (21), was adapted for the MrOS 
study and analyzed by Block Dietary Systems. There were 69 individual 
food item questions and 13 questions about food preparation and 
low-fat foods. A standard portion size graphic was included, and there 
were four categories of portion size responses, as well as nine categories 
of frequency responses for foods and beverages. The Block Brief 2000 
FFQ nutrient database was used to determine the nutrient composition.

Figure 1.  Selection of Participants. FFQ, food frequency questionnaire; MrOS, 
osteoporotic fractures in men; SAQ, self-administered questionnaire; TEI, 
total energy intake.
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Dietary Patterns
The derivation of dietary patterns in the MrOS cohort using factor 
analysis has been previously described (22). Briefly, we constructed 
food groups from the FFQ data using individual food variables 
based on nutrient similarities, culinary use, and previous studies. We 
used the PROC FACTOR procedure in SAS to determine the number 
of dietary factors, based on robustness, interpretability, and eigen-
values on a scree plot. We calculated factor loadings for each food 
group across the dietary patterns, and we named the dietary patterns 
based on factor loadings that contributed the most to each pattern. 
Two major dietary patterns emerged, which we named Western and 
Healthy. The Western dietary pattern had highest factor loadings for 
red meat, fried foods, and high-fat dairy, and the Healthy dietary 
pattern loaded highest in fruit, vegetables, whole grains, and lean 
meats such as chicken. We use the term “adherence” to describe 
how closely the men’s usual dietary intakes aligned with the derived 
dietary patterns (22). Dietary pattern scores are linear combination 
of foods in each respective dietary pattern and provide a way to 
compare dietary pattern adherence from one participant’s diet to an-
other. Dietary pattern scores were divided into quartiles, with quar-
tile 1 representing the lowest adherence and quartile 4 representing 
the highest adherence to the pattern (8,23).

Individual Macronutrients
We examined carbohydrate, fat, and total protein intake (expressed as 
percentage of total energy intake, %TEI). Because previous work in 
the MrOS cohort suggested that the source of dietary protein may me-
diate associations between protein intake and musculoskeletal variables 
such as fracture (24) and bone strength (25), we performed exploratory 
analyses to further examine associations between measures of muscle 
and lean mass and protein intake by source. Dietary protein sources in-
cluded nondairy animal, dairy, and plant. Plant protein included protein 
from foods such as vegetables, grains, nuts, and legumes and was calcu-
lated as total protein − animal protein (dairy and nondairy) (25).

Clinic Measurements
At MrOS Visit 4, study participants completed a questionnaire about 
their medical history, which included self-report of diagnoses of 
comorbid conditions and lifestyle habits. Depressive symptoms were as-
sessed with the Geriatric Depression Scale (26), with the standard cut 
point of ≥ 6 depressive symptoms used to define depression (26). Current 
prescription and over-the-counter medications used in the past 30 days 
were categorized by a computerized medication coding dictionary (27); 
prescription medications were stored electronically in a medications in-
ventory database (San Francisco Coordinating Center, San Francisco, 
CA). The Iowa Drug Information Service Drug Vocabulary (College 
of Pharmacy, University of Iowa, Iowa City, IA) was used to match 
each medication to its ingredient(s). Body weight was measured with a 
digital scale or with a standard regularly calibrated balance beam scale. 
A wall-mounted stadiometer was used to measure participants’ height 
without shoes, using a standard held-expiration technique. Body mass 
index (BMI; kg/m2) was calculated from height and weight measure-
ments. Physical activity was assessed using the Physical Activity Scale for 
the Elderly (28). Highest level of education was self-reported. Cognitive 
function was assessed with the Trails B test (29) and the Modified Mini-
Mental State Examination (30).

Statistical Methods
We compared participant characteristics across quartiles of D3Cr 
muscle mass using analysis of variance (ANOVA) for continuous 

normally distributed variables, Kruskal–Wallis tests for skewed 
continuous variables and chi-square tests for categorical vari-
ables. Additionally, we calculated mean intakes of energy, carbo-
hydrate, fat, protein, as well as the protein subgroups, based on 
the FFQ data.

We used generalized linear models to report adjusted means of 
D3Cr muscle mass, D3Cr muscle mass/weight, and DXA ALM by 
quartile of dietary pattern adherence. Models were adjusted for 
age, race, clinic site, education, depression, TEI, height, and percent 
body fat. Age, race, clinic site, and TEI were selected as covariates 
per standard practice in previous MrOS publications of dietary data 
(22,31). Education and depression were selected as covariates since 
they have been previously associated with dietary patterns (32,33). 
Height and percent body fat were selected as covariates to account for 
body size and composition, respectively. These variables were chosen 
rather than BMI because BMI, by definition, includes muscle mass 
(the outcome measure), and we wanted to avoid over-adjustment.

We used multiple linear regression models and the multivariate 
nutrient density method (34) to determine associations between indi-
vidual nutritional variables and muscle outcomes (D3Cr muscle mass, 
D3Cr muscle mass/weight, and DXA ALM). Our main macronutrient 
parameters were expressed as percent TEI and were analyzed both as 
continuous variables and by quartile. We used statistical methods ap-
propriate for compositional data. Since the percent intake must add 
up to 100%, an increase in one macronutrient implies a decrease in 
the referent category (ie, all other macronutrients). Models were run 
with one model for each macronutrient and one model for protein 
intake by source, including all sources in order so the referent cat-
egory was the same as for total protein. Since this is compositional 
data (percent protein intake) the models depend on the covariate(s) 
not included. Thus, an increase in percent protein intake is necessarily 
associated with a decrease in percent non-protein intake. Implicit in 
the interpretation is that it is an exchange of intake (ie, one cannot 
directly tell whether it is an increase in protein intake or decrease in 
non-protein intake that is the causal factor [possibly both]).

Effect size was defined to be the beta-coefficient from a regres-
sion model where both exposure and outcome were parameterized 
to have mean = 0 and standard deviation (SD) = 1. For comparison 
purposes, models considering protein by source were parameterized 
to have the same units as for total protein (ie, 1 SD = 3%TEI). Base 
models were adjusted for age, clinic site, and TEI. Multivariable 
models were further adjusted for race, education, depression, height, 
and percent body fat.

To aid our interpretation of the protein subgroup results, we also 
scaled both exposure variables and outcomes by standard deviation 
using the following equation:

�
(1)Multivariable beta coefficient of exposure ∗ SD of outcome

= SD increase in the outcome

To account for men with implausible energy intakes, we performed 
sensitivity analyses excluding men who reported consuming <400 or 
>3,000 kcal/d.

All analyses were conducted using SAS version 9.4 (SAS Institute 
Inc., Cary, NC), and two-sided significance levels were set at p < .05.

Results

The analysis cohort was comprised of 903 primarily Caucasian 
(89%) men with a mean ± SD age of 84.2 ± 4 years and a mean ± SD 
BMI of 26.9 ± 3.8 kg/m2.
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Table 1 shows participant characteristics stratified by quartile of 
D3Cr muscle mass. Men in higher quartiles of D3Cr muscle mass 
were more likely to be younger, have a higher BMI, have greater 
DXA ALM and be more physically active (higher Physical Activity 
Scale for the Elderly score) compared to men in lower quartiles. 
Additionally, men in higher quartiles of D3Cr muscle mass were less 
likely to report depressive symptoms (lower Geriatric Depression 
Scale score), more likely to have better cognitive function (shorter 
time to complete the Trails B test and higher Modified Mini-Mental 
State Examination score), and less likely to have diabetes or myo-
cardial infarction compared to men in lower quartiles. Men did not 
differ across quartiles in terms of race, smoking status, education or 
percent body fat (Table 1), or by history of cancer, heart failure, or 
stroke (data not shown). Mean intakes of the individual macronutri-
ents are presented in Supplementary Table 1. Of the 903 participants 
in the present analysis, 377 (41.75%) met the RDA (0.8 g/kg body 
weight) for total protein.

Men in higher quartiles of D3Cr muscle mass consumed signifi-
cantly less energy from carbohydrate and more energy from fat, total 
protein, and nondairy animal protein compared to men in lower 
quartiles. Men did not differ across quartiles of D3Cr muscle mass in 
terms of dairy protein intake, plant protein intake, or dietary pattern 
score (Table 2). Final factor loadings for the dietary patterns are pre-
sented in Supplementary Table 2.

Adjusted means of D3Cr muscle mass, D3Cr muscle mass/weight, 
and DXA ALM by category of adherence to the dietary patterns are 
presented in Figure 2. There was a significant positive association be-
tween adherence to the Western dietary pattern and D3Cr muscle mass 
(p-trend = .026); mean D3Cr muscle mass for men in quartile 4 of the 
Western dietary pattern was 24.4 kg compared to 23.6 kg for men in 
quartile 1.  There were no associations between the Western dietary 
pattern and D3Cr muscle mass/weight or DXA ALM, or between the 
Healthy dietary pattern and D3Cr muscle mass, D3Cr muscle mass/
weight, or DXA ALM.

Table 1.  Characteristics (Mean ± SD) or N (%) of Older Men by Quartile of D3Cr Muscle Mass (n = 903)

Characteristic Quartile 1† (lowest) Quartile 2‡ Quartile 3§ Quartile 4|| (highest) p-value

Age (y) 86.8 ± 4.2 84.6 ± 3.8 83.2 ± 3.3 82.1 ± 2.7 <.001***
White race (n) 202 (89.8) 202 (89.4) 201 (88.9) 199 (88.1) .944
nonsmoker (n) 83 (43.5) 83 (43) 96 (48.2) 92 (44) .647
Education¶ (n) 175 (77.8) 183 (81) 184 (81.4) 191 (84.5) .339
Body fat (%) 27.7 ± 6.6 27.8 ± 6.0 28.1 ± 5.1 27.8 ± 5.9 .894
BMI (kg/m2) 25.4 ± 3.4 26.2 ± 3.5 27.2 ± 3.3 28.9 ± 3.8 <.001***
ALM (kg/m2) 20.1 ± 2.1 21.5 ± 2.3 22.8 ± 2.3 25.4 ± 3 <.001***
PASE score 103 ± 69.6 118.5 ± 63.5 125.7 ± 60.4 133.9 ± 64.1 <.001***
GDS (score) 19 (8.4) 17 (7.5) 9 (4) 7 (3.1) .036*
Trails B (s) 160.7 ± 70.8 143.8 ± 71.3 127.1 ± 61.8 124.9 ± 58.9 <.001***
MMSE score 90.9 ± 7.2 91.6 ± 7.2 92.9 ± 6.8 93.7 ± 5.9 <.001***
Diabetes (n) 42 (18.7) 24 (10.6) 49 (21.7) 29 (12.8) .004**
MI (n) 41 (18.2) 32 (14.2) 27 (12) 18 (8) .012*
Multivitamin use (n) 128 (57.7) 117 (52.7) 128 (57.1) 118 (52.7) .570
Health status (good/excellent; n) 182 (80.9) 201 (88.9) 204 (90.3) 212 (93.8) <.001***

Notes: D3-creatine (D3Cr), body mass index (BMI), appendicular lean mass (ALM) from dual-energy x-ray absorptiometry (DXA), physical activity scale for the 
elderly (PASE), geriatric depression score (GDS), Modified Mini-Mental State Examination (MMSE), myocardial infarction (MI).

†11.8 to <21 kg, n = 225.
‡21 to <23.7 kg, n = 226.
§23.7 to <26.7 kg, n = 226.
||26.7 to <36.2 kg, n = 226.
¶At least some college.
*p < 0.05, **p < 0.01, ***p < 0.001.

Table 2.  Dietary Variables (Mean ± SD) of Older Men by Quartile of D3Cr Muscle Mass (n = 903)

Characteristic Quartile 1† (lowest) Quartile 2‡ Quartile 3§ Quartile 4|| (highest) p-value

Energy (kcal) 1535.3 ± 653.7 1512.8 ± 587.8 1486.4 ± 585.6 1580.1 ± 649.2 .651
Carbohydrate (%TEI) 47 ± 7 47 ± 7 44 ± 7 45 ± 7 <.001**
Fat (%TEI) 40 ± 7 40 ± 7 42 ± 7 42 ± 7 .002*
Total protein (%TEI) 16 ± 3 16 ± 3 17 ± 3 17 ± 3 .005*
Nondairy animal protein (%TEI) 6 ± 3 6 ± 3 7 ± 3 7 ± 3 <.001**
Dairy protein (%TEI) 4 ± 2 4 ± 2 3 ± 2 3 ± 2 .098
Plant protein (%TEI) 7 ± 2 6 ± 2 6 ± 2 6 ± 2 .112
Western pattern (score) −0.09 ± 0.98 −0.09 ± 0.97 −0.02 ± 0.94 0.11 ± 1.07 .100
Healthy pattern (score) 0.05 ± 0.97 −0.05 ± 0.96 0.02 ± 1 0.03 ± 1.02 .719

Notes: total energy intake (TEI).
†11.8 to <21 kg, n = 225.
‡21 to <23.7 kg, n = 226.
§23.7 to <26.7 kg, n = 226.
||26.7 to <36.2 kg, n = 226.
*p < 0.05, **p < 0.01, ***p < 0.001.
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Multiple linear regression models of D3Cr muscle mass, D3Cr 
muscle mass/weight, and DXA ALM with macronutrients (as con-
tinuous variables) are presented in Table 3. Carbohydrate intake 
was inversely associated with D3Cr muscle mass in the base model 
and multivariable model and with D3Cr muscle mass/weight in the 
multivariable model. Dietary fat intake was positively associated 
with D3Cr muscle mass in both the base and multivariable models, 
though statistical significance was lost after adjustment for weight 
(D3Cr muscle mass/weight); dietary fat was positively associated with 
DXA ALM in the base model but not in the multivariable model. 
Total protein intake was positively associated with D3Cr muscle 
mass and D3Cr muscle mass/weight in the base and multivariable 

models. Nondairy animal protein intake was positively associated 
with D3Cr muscle mass and D3Cr muscle mass/weight in the base 
and multivariable models and with DXA ALM in the multivariable 
model. Plant protein was inversely associated with D3Cr muscle 
mass, D3Cr muscle mass/weight, and DXA ALM in the base model 
and with D3Cr muscle mass and DXA ALM in the multivariable 
model. Multiple linear regression models of D3Cr muscle mass, D3Cr 
muscle mass/weight, and DXA ALM with macronutrients (as quar-
tiles) are presented in Figure 3 (multivariable models only). Findings 
were similar to the analysis by continuous variables. However, the 
association between nondairy animal protein and DXA ALM was 
nonsignificant. Furthermore, the association between plant protein 
and DXA ALM was also nonsignificant.

After controlling for age, race, site, education, depression, TEI, per-
cent body fat, and height (multivariable regression model), each SD 
increment in percent nondairy animal protein (3%) was associated 
with 0.64 kg higher D3Cr muscle mass and 0.19 kg higher DXA ALM. 
Each SD increment in percent plant protein (2%) was associated with 
0.28 kg lower D3Cr muscle mass and 0.19 kg lower DXA ALM.

Sensitivity analyses excluding men with very low energy intakes 
(<400 kcal/d; n = 7) and very high energy intakes (>3,000 kcal/d; 
n = 18) did not change the main results (data not shown).

Discussion

The results of this study support a modest, positive association be-
tween nondairy animal protein intake (alone and within the context 
of a Western dietary pattern that loaded high in red meat) and D3Cr 
muscle mass in older American men. When macronutrients were 
analyzed as continuous variables, nondairy animal protein intake 
was modestly associated with DXA ALM, and there were weak, in-
verse associations between plant protein and D3Cr muscle mass and 
DXA ALM. Although these associations were attenuated in the ana-
lysis by macronutrient quartiles (a discrepancy we attribute to loss 
of power), results remained consistent, with effects in the same direc-
tions. Associations between the other macronutrients (fat and carbo-
hydrate) and muscle mass and lean mass outcomes were inconsistent 
overall. Contrary to our initial hypothesis, adherence to the Healthy 
dietary pattern (rich in fruit, vegetables, whole grains, and lean 
meats) was not associated with D3Cr muscle mass or DXA ALM.

Mean intakes of energy and protein (Supplementary Table 1) were 
lower in the MrOS cohort compared to those of older men in the 
Framingham Heart Study Offspring cohort (16), the Berlin Aging Study 
(35), and the Health, Aging and Body Composition Study (36), though 
men in MrOS were older, on average, compared to the men in the afore-
mentioned cohorts. Mean intakes of both nondairy animal protein and 
plant protein were substantial and nearly equal, which allowed for 
the possibility of capturing and comparing associations between these 
protein subgroups and muscle mass and lean mass outcomes.

To the best of our knowledge, no previous studies have examined 
associations between these same dietary exposure variables and D3Cr 
muscle mass, so we are unable to directly compare our findings to 
other work. Moreover, among related studies in the literature, there 
is considerable heterogeneity in study design, participant population, 
dietary assessment methodology, dietary pattern definitions and der-
ivation, and outcome measurements, making comparisons difficult.

Our findings contrast with studies that have reported positive as-
sociations between dietary patterns rich in vegetables and fruit and 
muscle-related outcomes in older individuals. Among Chinese adults 
65 years and older (n = 3,957), greater adherence to a dietary pattern 

Figure 2.   (A) Adjusted means (±95% CI) of D3Cr muscle mass by category of 
dietary pattern. (B) Adjusted means (±95% CI) of D3Cr muscle mass/weight 
by category of dietary pattern. (C) Adjusted means (±95% CI) of appendicular 
lean mass (ALM) by category of dietary pattern. Models were adjusted 
for age, clinic site, total energy intake (TEI), race, education, depression, 
height, and percent body fat. For the Healthy dietary pattern, quartile 1 (least 
adherent) is considered least optimal nutritionally.
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rich in vegetables and fruit was associated with lower prevalence of 
sarcopenia after adjustment for lifestyle and sociodemographic fac-
tors; this finding was observed only in men (9). In older men and 
women, the Mediterranean dietary pattern (rich in fruits, veget-
ables, olive oil, fish, and nuts) has been associated with lower odds 

of sarcopenia (defined as a combination of low appendicular muscle 
mass [<5.45 kg/m2 for women and <7.26 kg/m2 for men] and either 
low muscle strength or low muscle performance) (10,11). A recent sys-
tematic review reported a small body of observational evidence sup-
porting associations of dietary patterns rich in fruits and vegetables, 

Table 3.  Multiple Linear Regression Models of Muscle Mass and Lean Mass With Nutritional Variables in Older Men (n = 903)

D3Cr Muscle Mass (kg) D3Cr Muscle Mass/Weight DXA Appendicular Lean Mass (kg)

Base Multivariable Base Multivariable Base Multivariable 

Carbohydrate (%TEI) −0.11  
(−0.17, −0.06)***

−0.09  
(−0.15, −0.04)**

0.02  
(−0.05, 0.08)

−0.06  
(−0.11, −0.01)*

−0.06  
(−0.13, 0.001)

−0.03  
(−0.09, 0.02)

Fat (%TEI) 0.08  
(0.02, 0.14)*

0.06  
(0.004, 0.12)*

−0.05  
(−0.11, 0.01)

0.03  
(−0.02, 0.08)

0.07  
(0.004, 0.13)*

0.04  
(−0.02, 0.09)

Total protein (%TEI) 0.10  
(0.04, 0.16)**

0.09  
(0.03, 0.14)**

0.10  
(0.04, 0.16)**

0.08  
(0.03, 0.13)**

−0.005  
(−0.07, 0.06)

−0.003  
(−0.06, 0.05)

Nondairy Animal 
protein (%TEI)

0.17  
(0.11, 0.23)***

0.16  
(0.10, 0.21)***

0.08  
(0.02, 0.14)*

0.11  
(0.07, 0.16)***

0.06  
(−0.004, 0.12)

0.06  
(0.002, 0.11)*

Dairy protein (%TEI) −0.04  
(−0.10, 0.02)

−0.04  
(−0.10, 0.02)

−0.04  
(−0.10, 0.03)

−0.03  
(−0.08, 0.02)

−0.03  
(−0.09, 0.04)

−0.04  
(−0.09, 0.02)

Plant protein (%TEI) −0.07  
(−0.13, −0.01)*

−0.07  
(−0.13, −0.02)*

0.07  
(0.01, 0.13)*

−0.02  
(−0.07, 0.03)

−0.07  
(−0.14, −0.01)*

−0.06  
(−0.11, −0.0005)*

Notes: Base model adjusted for age, clinic site, TEI (total energy intake). Multivariable model adjusted for age, clinic site, TEI, race, education, depression, height, 
and percent body fat. Effect size (beta-coefficient with unit = SD) and 95% confidence interval. Dietary protein intake is calculated as a percentage of TEI (%TEI) 
and scaled to have 1 unit change = 3% TEI = SD (total protein intake). Source-specific protein intakes were included in a single model (ie, each one was adjusted 
for the other two source-specific intakes). SD’s for outcomes and exposures include the following: D3Cr muscle mass 4.01; D3Cr muscle mass/weight 0.05; DXA 
Appendicular lean mass 3.12; Carbohydrate (%TEI) 0.07; Fat (%TEI) 0.07; Total protein (%TEI) 0.03; nondairy animal protein (%TEI) 0.03; Dairy protein 
(%TEI) 0.02; Plant protein (%TEI) 0.02.

*p < .05, **p < .01, ***p < .001.

Figure 3.  Multiple linear regression models of D3Cr muscle mass, D3Cr muscle mass/weight, and DXA ALM with macronutrients (as quartiles). Models were 
adjusted for age, clinic site, total energy intake (TEI), race, education, depression, height, and percent body fat. Multivariable models shown only.
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whole grains, fish, lean meat, low-fat dairy, nuts, and olive oil (ie, a 
“Healthy” dietary pattern) with lean mass and physical performance 
outcomes in older adults (37). This review focused primarily on ALM, 
and it is possible that the true effects of dietary intake were masked by 
the failure to measure changes (or lack thereof) on a direct measure of 
muscle mass, such as D3Cr muscle mass as in the present study.

There is not a great deal of evidence for beneficial associations 
between a Western dietary pattern and muscle-related outcomes. 
Mohseni and colleagues reported that a Western dietary pat-
tern (which was derived by factor analysis and loaded highest in 
commercial beverages [soft drinks and fruit juice], sugar/dessert, 
snacks, solid fat, potatoes, high-fat dairy, legumes, organ meat and 
fast food) was not associated with the odds of having sarcopenia 
in postmenopausal Iranian women (11). Hashemi and colleagues 
derived dietary patterns by principal component analysis and re-
ported that neither a “Western” dietary pattern (characterized by 
high intake of tea, soy, sweets, desserts, sugars, and fast foods) nor 
a “Mixed” dietary pattern (characterized by high factor loadings in 
animal proteins, legumes, potatoes, and refined grains) were associ-
ated with odds of developing sarcopenia in older adults (10).

We also speculate that the high factor loading of red meat, a rich 
source of protein and essential amino acids, in the Western dietary pat-
tern of the present study may partially explain the association between 
this dietary pattern and D3Cr muscle mass, D3Cr muscle mass/weight, 
and DXA ALM. Protein intake is important for muscle protein syn-
thesis and also acts as an anabolic stimulus (14). There is evidence 
that animal protein exerts greater anabolic effects than plant protein, 
possibly due to differences in essential amino acids, which contribute 
to improved nitrogen balance (14,25). In particular, the amino acid 
leucine has been identified as a key activator of the mammalian target 
rapamycin (mTOR) pathway, which is crucial for nutrient and energy-
sensing signaling in skeletal muscle (38,39). Plant proteins, most of 
which are low in leucine, have been attributed to lower anabolic prop-
erties compared to animal protein (40). Similarly, in the Health ABC 
Study, among 2,066 men and women (mean age 74.5 years), energy-
adjusted total and animal protein intakes were significantly associated 
with 3-year changes in DXA ALM. This study found no association 
between vegetable protein intake and DXA ALM in fully adjusted 
models (36). More recently, Alexandrov et al. reported that, after ad-
justment for lifestyle factors, intakes of total protein, animal protein, 
and fish/meat/egg protein (but not dairy protein or plant protein) were 
positively associated with 24-hour urinary creatinine excretion (a 
proxy for muscle mass) among men in the Lifelines Cohort (41).

An important caveat of the present study is that although we 
observed a positive association between the Western dietary pattern 
and D3Cr muscle mass, this association lost statistical significance 
after adjustment for body weight (D3Cr muscle mass/weight), which 
suggests that body weight may have also mediated this association.

To the best of our knowledge, protein has been the predominant 
macronutrient of interest in most published studies relating to nutri-
tion and muscle mass or lean mass. However, Kim and Song reported a 
weak, positive association between carbohydrate intake and total limb 
lean mass (assessed by DXA) in older Asian men (β = 0.141, p = .046) 
(42), and Atkins et al. found that older men with a higher carbohy-
drate intake had reduced odds of low muscle mass (as assessed by 
mid-arm muscle circumference [odds ratio = 0.73, 95% CI = 0.55–
0.96] and fat free mass index [odds ratio = 0.76, 95% CI = 0.58–0.99] 
(43). These reports contrast with our findings of an inverse association 
between carbohydrate intake and D3Cr muscle mass; further research 
is necessary to fully elucidate the associations between carbohydrate 
intake and muscle mass and lean mass in older men.

The present study has a number of strengths, as well as limita-
tions. To the best of our knowledge, this is the first study to examine 
associations between dietary variables and total muscle mass as meas-
ured by the novel D3Cr dilution method. The MrOS cohort is well-
characterized for dietary patterns, body composition and physical 
function outcomes, and numerous potentially confounding factors 
such as lifestyle habits and comorbidities. Our statistical approach 
included factor analysis, which enables examination of dietary pat-
terns that exist in free-living subjects without depending on precon-
ceived ideas of diet-disease relationships; factor analysis also utilizes 
a continuous variable, which provides increased power to examine 
diet-disease relationships (7,44). However, factor analysis is explora-
tory by nature and requires some subjective decisions on handling 
the data, such as the eigenvalue cut point and data transformation 
(44). In addition, the factor analysis method has been more difficult 
to reproduce compared to other methods of dietary pattern analysis 
such as diet indices and scoring (7).

This study was also limited by the under-representation of mi-
norities in the MrOS cohort and the use of a brief FFQ, which may 
have underestimated energy and macronutrients (45). Our measure 
of D3Cr muscle mass depends on the derivation of the total body cre-
atine pool size. Creatine is a component of uncooked animal meat; 
nearly all creatine in meat is converted to creatinine in the cooking 
process. While high doses of creatine supplementation increase the 
total body creatine pool size, dietary creatinine is rapidly excreted 
after ingestion. Thus, our use of a fasting (but not first-morning void) 
urine sample should eliminate any influence on the assessment of 
urine D3-creatinine enrichment. Lastly, the cross-sectional nature of 
the study precludes establishment of causality.

Further observational studies of dietary factors and D3Cr muscle 
mass in other populations, including women and minorities, are 
needed. In particular, the association of the Western dietary pattern 
and D3Cr muscle mass observed in the present study requires confirm-
ation and clarification. Future work in the MrOS cohort may include 
examination of associations between specific foods that comprised 
our Western dietary pattern (eg, red meat, fried foods, high-fat dairy) 
and D3Cr muscle mass, as well as other muscle-related outcomes.

Conclusion

Adherence to a Western dietary pattern (rich in red meat, fried foods, 
and high-fat dairy) was associated with higher D3Cr muscle mass in 
older men (before adjustment for body weight), whereas adherence 
to a Healthy dietary pattern (rich in vegetables, fruit, whole grains, 
and lean meats) was not associated with D3Cr muscle mass or DXA 
ALM. Additionally, results of this analysis support a modest, posi-
tive association between intake of nondairy animal protein and D3Cr 
muscle mass and DXA ALM in older men.
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