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Abstract

Background: The impact of dietary protein intake on lower extremity lean mass and strength in community-dwelling adult

Americans is not fully understood.

Objectives: The objective was to determine the associations between total protein (TP), animal protein (AP), and plant

protein (PP) intakes and lean mass of the legs and quadriceps muscle strength. We further examined whether the

associations with quadriceps strength may be explained by lean mass of the legs.

Methods: This cross-sectional study included men (n = 1166) and women (n = 1509) from the Framingham Offspring

Cohort in Massachusetts. Protein intake in grams per day was measured in either 1995–1998 or 1998–2001. Leg lean

mass and isometric quadriceps strength, both in kilograms, were measured in 1996–2001. Multilinear regression models

estimated adjusted least squaresmeans of each of themusclemeasures by quartile categories of protein intake, adjusting

for relevant confounders and covariates.

Results:Mean agewas 596 9 y (range: 29–86 y) and TP intakewas 806 27 g/d in men and 766 26 g/d in women. In men

and women, leg lean mass was higher in participants in the highest quartiles of TP and AP intake compared with those in

the lowest quartiles of intake [least squares means (kg): TP—17.6 vs. 17.1 in men, P-trend: 0.005, and 11.7 vs. 11.4 in

women, P-trend: 0.006; AP—17.6 vs. 17.1 in men, P-trend: 0.002, and 11.7 vs. 11.4 in women, P-trend: 0.003]. PP intake

was not associated with lean mass in either sex. In men and women, quadriceps strength was higher in participants in the

highest quartile of PP intake compared with those in the lowest quartile [least squaresmeans (kg): 22.9 vs. 21.7 in men, P-

trend: 0.01, and 19.0 vs. 18.2 in women, P-trend: 0.01]; this association was no longer significant after adjustment for fruit

and vegetable intake (P-trend: 0.06 in men and 0.10 in women). Although no significant association was observed for AP

intake in either sex, nonsignificant protective trends were observed for TP intake (P-trend: 0.08 in men and 0.10 in

women).

Conclusions:Our findings suggest that maintaining adequate protein intakewith agemay help preservemusclemass and

strength in adult men and women. Dietary protein types may differentially affect muscle mass and strength. Whether PP

is a marker of dietary quality or has a direct effect on muscle strength (independent of lean mass) needs to be further

clarified. J Nutr 2015;145:1569–75.
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Introduction

Age-related decline in muscle mass and strength is an important
public health issue because it is associated with greater risk of
falls, fractures, disability, and loss of independence (1–3). It is

estimated that adults over the age of 50 y lose;1–2% of muscle
mass per year (4). Muscle strength declines by 1.5% annually
between 50 and 60 y and by 3% thereafter (5). In the United
States, the estimated health care cost attributable to age-related
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decline in muscle mass and strength was $18.5 billion in 2000
(6). Furthermore, because the elderly population in the United
States is projected to increase, the burden of age-related muscle
loss and related health care costs are also expected to increase.
Although contributing causes of loss of muscle mass and
strength have been studied to some extent in older adults, little
is known about the midlife modifiable risk factors for decline in
muscle health. To better design interventions to slow or prevent
age-related loss of muscle mass and strength, it is important to
identify modifiable risk factors among adult men and women.

The etiology of age-related declines in muscle mass and
strength is multifactorial. Dietary protein intake has been
implicated as one potential contributor to muscle status, because
the synthesis of muscle fibers requires adequate protein sub-
strate, and the breakdown of muscle is a well-recognized
pathway accompanying protein malnutrition. Previous studies
have shown that adequate dietary protein intake may delay the
process of age-related loss of muscle mass (7–11). Muscle
strength, in particular, seems to be a critical factor for
determining physical disability and mortality in older adults
(12). Although muscle mass is an important determinant of
strength, age-related changes in other muscle characteristics,
such as fat infiltration of muscle tissue and impaired excitation-
contraction coupling, also contribute to weakness in older adults
(12). Thus, the influence of protein on muscle strength, rather
than mass, may be more relevant for functional outcomes in
older adults. Several protein supplementation studies have
examined the influence of protein quantity and quality on
strength in older men and women, as covered in 2 recent reviews
(13, 14). These reviews concluded that the observed effects have
been inconsistent, and trials tended to have small sample sizes
and short duration. Thus, it is difficult to draw inferences to the
general population, especially adult (middle-aged and older)
men and women at risk of muscle loss. Population-based studies
on this topic have been sparse and conducted primarily in non-
US populations of adults $60 y of age (15, 16) and less so in
middle-aged (17) adults aged 50 y and older. The only US-based
study examined protein intake with change in grip strength in
women from the Women�s Health Initiative (18). Thus, the
impact of dietary protein intake on lower extremity lean mass
and strength in community-dwelling Americans is not fully
understood.

To better understand the role of dietary protein on muscle
mass and strength, the goals of this study were as follows: 1) to
determine the association between protein intake types [i.e.,
total protein (TP)3, animal protein (AP), and plant protein (PP)]
and leg lean mass and quadriceps strength among adult men and
women from the Framingham Offspring Study; and 2) to
examine whether the association between protein intake and
quadriceps strength may be explained by lean mass of the legs.
We hypothesized that protein intake types (total, animal, and
plant) would be positively associated with leg lean mass and
quadriceps strength in this cohort. Additionally, we hypothe-
sized that the association between protein intake and quadriceps
strength would be partially explained by leg lean mass.

Methods

Study population. The study population included members of the

Framingham Offspring Study, which was initiated in 1971 with the

purpose of investigating familial risk factors for cardiovascular disease

among the adult children, and their spouses, of the population-based

Framingham Study Original Cohort (19). The study enrolled 5124 men

and women (age range 5–70 y) in 1971, and they have been examined at
;4 y intervals (Figure 1). In 1996–2001, quadriceps strength and whole

body DXA were measured at the same time. Of the 2947 participants

with quadriceps strength measures, 2675 had a valid dietary assessment

completed via FFQ in either 1995–1998 or 1998–2001 and were
included in quadriceps strength analyses [256 missing FFQs and 16

invalid FFQs—questionnaires showing an energy intake <2.51 or >16.74

MJ (600 or 4000 kcal)/d or with >12 food items left blank—were

excluded]. DXA scans were acquired from 2918 participants in 1996–
2001. Of these, 2654 had valid FFQ data (247 missing and 17 invalid)

and were eligible for analyses of lean mass. A total of 593 participants

had diet and DXA scans measured at the same time. A total of 2096
participants had diet measured before the DXA scans were acquired

(time difference ranged from 1 d to 49.6 mo with a mean of 17.4 mo).

For 2 participants, DXA scans were measured before diet (0.7 mo and

2.9 mo before, respectively). After exclusion of participants with missing
covariate data, the final analytic dataset included 2656 men and women

for quadriceps strength analyses and 2636 men and women for leg lean

mass analyses (age range 29–86 y). This study was approved by the

institutional review boards at Hebrew SeniorLife and Boston University
and informed consent was obtained from all participants.

Dietary protein intake. Usual dietary intake was assessed with the
semiquantitative 126-itemWillett FFQ (20, 21). The FFQ was mailed to

study participants before the scheduled clinic examination. Participants

were asked to complete the questionnaire based on their food intake over

the previous year, and to bring it to the exam site, where it was reviewed
with the participants by clinic staff. Questionnaires with >12 food items

left blank, or with an extreme energy intake of <2.51 or >16.74MJ, were

considered invalid and were excluded (n = 16 for analysis of quadriceps

strength and n = 17 for analysis of leg lean mass). The Willett FFQ has
been validated for several nutrients, including protein, against diet

records and blood measures in other populations. The correlation of

protein intake with urinary nitrogen was 0.37 for men and women and

FIGURE 1 Flowchart showing total number of participants enrolled

in the Framingham Offspring Study and the final number of partici-

pants included in the analyses.3 Abbreviations: AP, animal protein; PP, plant protein; TP, total protein.
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ranged from 0.12 to 0.41 in men and from 0.07 to 0.54 in women across

studies (22–24). When validated against the average of 2 1-wk diet

records, the correlations for protein intake ranged from 0.32 to 0.44 (20).
Intake of TP, AP, and PP in grams per day was calculated with the use

of the food list section of the FFQ.

Lean mass of the legs. To measure body composition, whole-body

DXA scans were obtained with the use of a Lunar DPX-L (LunarCorp)

as previously described (25). Leg lean mass in kilograms was estimated

as the total lean mass of both leg regions.

Quadriceps strength. Quadriceps strength of the right leg was

measured with the use of a Nicholas handheld isometric dynamometer

(test-retest reliability >85%) (26, 27). In cases in which the right leg

could not be assessed (e.g., painful, leg brace), the left leg was measured.

In a seated position with hands resting on the study participant�s lap and

back supported against the chair back, the participant�s right knee was

positioned at 60 degrees of flexion, with the use of a fixed goniometer,

with the right foot placed flat on the floor. The dynamometer was held

perpendicular to the leg on the anterior surface of the tibia 6 cm above

the lateral malleolus and the participant was instructed to kick his or her

leg against the dynamometer as hard as he or she could for 3 s. The

single tester for all subjects was able to place her back against an upright

object to minimize the chance that her leg extension might push the

examiner backward. The procedure was repeated and the force in

kilograms for both trials was recorded. For the current analyses, the

maximum of the 2 trials was chosen as the measure of quadriceps

strength.

Other variables. Covariates were measured at the same time as the FFQ

assessment (in either 1995–1998 or 1998–2001) and included age

(years), height (inches converted to cm), BMI (kilograms per meter

squared), physical activity (Physical Activity Scale for the Elderly), total

energy intake (kilocalories per day), fruit and vegetable intake (servings

per week), health status (in categories), and menopausal status (yes/no)

in women. Height without shoes was measured with a stadiometer to the

nearest quarter-inch. BMI (kilograms per meter squared) was calculated

from measurements of height (inches converted to meters) and weight

(pounds converted to kilograms) with a standardized balance-beam

scale. Physical activity level was assessed with the use of the Physical

Activity Scale for the Elderly questionnaire, a validated questionnaire of

self-reported activity over the previous 7 d (28). Total energy (kilocal-

ories per day) and fruit and vegetable intake (servings per week) were

calculated from the FFQ. Fruit and vegetable intake was calculated as the

sum of all fruits and vegetables consumed in servings per week,

excluding legumes that were deemed to contribute substantially to TP

intake. To determine health status, participants were asked, ‘‘In general,

how is your health now?’’ with response categories being excellent, good,

fair, or poor. Postmenopausal status was defined as having no menstrual

periods for at least 1 y or current use of hormone replacement therapy,

and was coded as a yes/no variable.

Statistical analyses. Because of well-established sex differences in age-
related changes in both lean mass and muscle strength (29), all analyses

were conducted separately for men and women. Protein intake was

defined as TP, AP, and PP, all in grams per day. Protein intake was

modeled as a continuous variable and categorized into quartiles. Before

creating quartile categories, distributions were checked for normality.

Protein intake was then adjusted for total energy intake with the use of

the residual method (30). As per this method, protein intake was

regressed on total energy intake to create residuals. Protein intake

residuals were then added to a constant, in which the constant equals the

predicted nutrient intake for the mean energy intake of the study

population. We calculated Pearson correlations between protein intake

and lean mass of the legs and muscle strength. To determine the as-

sociations between TP, AP, and PP intake and lean mass of the legs and

quadriceps strength, multivariable linear regressionwas used to calculate

regression coefficients (b), estimating the difference in lean mass or

quadriceps strength associated with a 1 unit increase in protein intake.

ANCOVAwas used to conduct all pairwise comparisons of least squares-

adjusted lean mass and quadriceps strength by quartiles of protein intake

and to test for linear trend across quartiles. Tukey�s test was used to
adjust for multiple comparisons (31).

All regression models were initially adjusted for age, height, total

energy intake, physical activity, health status, and women�s menopause

status. AP and PP intake were included in the same regression model to
adjust for each other. Models for leg lean mass were additionally

adjusted for percent leg fat, whereas models for quadriceps strength were

additionally adjusted for BMI. These models were subsequently adjusted

for fruit and vegetable intake (servings per week) to account for any
effect of an overall healthy dietary profile.

A nominal 2-sided P value of 0.05 was considered statistically

significant for all analyses. P-trend was considered marginally significant
when <0.1. All analyses were conducted with the use of SAS statistical

software version 9.3 (SAS Institute).

Results

At the time when data for these analyses were collected, the
mean age of the participants was 59.2 6 9.5 y (range: 29–86 y),
43% were men, and, on average, mean TP intake was higher
(Table 1) than US recommended amounts of 0.8 g of protein � kg
body weight21 � d21 (46 g/d for women and 56 g/d for men
based on a reference body weight of 57 kg for women and 70 kg
for men) (33).

Leg lean mass. In men, leg lean mass was positively
correlated with TP and AP intake but negatively correlated
with PP intake (r: TP = 0.10, P = 0.005; AP = 0.11, P < 0.001;
and PP = 20.05, P = 0.08). In women, leg lean mass was
positively correlated with TP and AP intake but not with PP
intake (r: TP = 0.07, P = 0.004; AP = 0.06, P = 0.01; and PP =
0.01, P = 0.50). In multivariable models, TP intake was
positively associated with lean mass of the legs in men (b per
1 g/d increment in TP intake: 0.009 6 0.003, P = 0.007) and
in women (b: 0.006 6 0.002, P = 0.006). Similarly, AP intake

TABLE 1 Characteristics of study participants from the
Framingham Offspring Study exam conducted in either 1995–
1998 or 1998–20011

Characteristic Men Women

Participants, n 1166 1509

Age, y 60.2 6 9.3 59.0 6 9.3

Height, cm 175.0 6 6.6 161.2 6 6.3

BMI, kg/m2 28.6 6 4.4 27.3 6 5.6

Lean leg mass,2 kg 17.3 6 2.3 11.5 6 1.6

Quadriceps strength, kg 22.3 6 6.6 18.4 6 5.7

Physical activity score3 154 6 85.3 135 6 71.4

Total energy, kcal/d 1939 6 618 1730 6 552

Total protein, g/d 80 6 27 76 6 26

Animal protein 55 6 22 53 6 21

Plant protein 24 6 9 23 6 9

Fruit and vegetable intake, servings/wk 26 6 16 30 6 17

Postmenopausal women — 29.6

Health status

Excellent 41 38

Good 51 55

Fair/poor 8 7

1 Values are means 6 SDs or percentages.
2 n = 1144 (men) and 1510 (women).
3 With the use of the Physical Activity Scale of the Elderly. Possible range: 0–361 in the

Framingham cohorts approximates the range originally described by Washburn (32).
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was positively associated with lean mass of the legs in men (b
per 1 g/d increment in AP intake: 0.010 6 0.003, P = 0.005)
and in women (b: 0.0066 0.002, P = 0.006). PP intake was not
associated with lean mass in either men (P = 0.91) or women (P =
0.51). Similar associations were observed when protein intake
was analyzed by quartiles (Table 2).

When the models for TP and AP intake were subsequently
adjusted for fruit and vegetable intake (servings per week) to
control for an overall ‘‘healthy diet,’’ the associations were
slightly attenuated but remained significant (TP intake—P-
trend: 0.002 in men and P-trend: 0.002 in women; and AP
intake—P-trend: 0.01 in men and P-trend: 0.02 in women).

Quadriceps strength. In men, quadriceps strength had weak
crude correlations with protein intake in men (r: TP = 0.05, P =
0.10; AP = 0.02, P = 0.33; and PP = 0.05, P = 0.11) and women
(r: TP = 0.06, P = 0.03; AP = 0.03, P = 0.18; and PP = 0.06, P =
0.03). In multivariable models, PP intake was positively asso-
ciated with quadriceps strength in men (b: 0.086 6 0.032, P =
0.009) and in women (b: 0.075 6 0.030, P = 0.011). No
significant associations were observed for TP or AP intake and
quadriceps strength in men (TP—b: 0.005 6 0.012, P = 0.69;
AP—b: 0.002 6 0.012, P = 0.89); or women (TP—b: 0.010 6
0.010, P = 0.30; AP—b: 0.009 6 0.010, P = 0.31). Similar
associations were observed when protein intake was analyzed
across quartiles (Table 3).

When the models for PP intake and quadriceps strength
were subsequently adjusted for fruit and vegetable intake
(servings per week) to control for an overall ‘‘healthy diet,’’ the
associations were attenuated in continuous models (b: 0.0596
0.036, P = 0.10 in men; b: 0.054 6 0.033, P = 0.10 in women)
and in quartile analyses (P-trend: 0.06 in men; P-trend: 0.10 in
women). However, fruits and vegetables provided 17.6% of the
total PP intake and were the top source of PP intake in this
cohort. Furthermore, correlation between fruit and vegetable
intake and PP was 0.38 (P < 0.0001) in men and 0.39 (P <
0.0001) in women. None of the protein intake measures were
associated with both leg lean mass and quadriceps strength;
thus, we could not justify examining lean mass as a mediator
of the association between protein intake and quadriceps
strength.

Discussion

This study examined cross-sectional associations between pro-
tein intake, lean mass of the legs, and quadriceps strength in a
community-based cohort of adult men and women. TP and AP
intake, but not PP intake, were positively associated with lean
mass of the legs in both men and women. These associations
remained significant even after adjustment for fruit and vegeta-
ble intake, a marker of an overall healthy diet. Conversely, PP
intake, but not TP or AP intake, was positively associated with
quadriceps strength in both men and women. Furthermore, the
association for PP intake and quadriceps strength was no longer
significant after adjustment for fruit and vegetable intake.

Meng et al. (7) examined the effect of dietary protein intake
(at baseline) on lean muscle mass after 5 y in a study of
Australian community-dwelling postmenopausal women
(mean age 75 y). In this cohort study, participants in the
highest tertile of protein intake (>87 g/d) had 5.4–6.0% higher
whole body and appendicular lean mass, as well as upper arm
muscle area, than did those in the lowest tertile (<66 g/d) at
the 5 y follow-up. The Health, Aging, and Body Composition
study reported that in older men and women (aged 70–79),
participants in the highest quintile of TP intake (mean intake
of 91 g/d) lost ;40% less lean muscle mass and appendicular
lean mass than did those in the lowest quintile of intake (mean
intake of 57 g/d) over a period of 3 y (11). Houston et al. (11)
further examined protein sources (animal vs. plant) and
reported significant associations with AP but not PP, perhaps
because of the higher biological value of AP. The results from
the current study using leg lean mass were consistent with
these previous studies. Although these well-designed longitu-
dinal studies clarified the association between protein intake
and changes in lean muscle mass, the change in strength was
not examined.

Bartali et al. (15) examined the effect of TP intake on decline
in knee extension muscle strength in older persons (age range:
65–93 y) in the InCHIANTI (Invecchiare in Chianti, aging in the
Chianti Area) study. In this study, the overall effect of protein on
subsequent decline in muscle strength was not significant.
However, in persons with high levels of inflammatory markers,
lower protein intake was associated with greater decline in

TABLE 2 Association between protein intake and lean mass of the legs in men and women from the
Framingham Offspring Cohort1

Quartiles of protein intake

P-trendQuartile 1 Quartile 2 Quartile 3 Quartile 4

Men, n 363 291 248 237

Total protein (median intake), g/d 64.9 70.8 79.2 101.1

Total Protein 17.17 6 0.09a 17.25 6 0.10a,b 17.36 6 0.11a,b 17.59 6 0.12b 0.005

Animal protein2 17.14 6 0.10a 17.23 6 0.10a,b 17.39 6 0.11a,b 17.59 6 0.12b 0.002

Plant protein2 17.38 6 0.10 17.11 6 0.11 17.44 6 0.11 17.35 6 0.11 0.70

Women, n 296 354 424 423

Total protein (median intake), g/d 57.8 63.1 73.5 93.4

Total protein 11.47 6 0.07a,b 11.40 6 0.07a 11.58 6 0.06a,b 11.67 6 0.06b 0.006

Animal protein2 11.45 6 0.07a 11.44 6 0.07a 11.56 6 0.06a,b 11.71 6 0.06b 0.003

Plant protein2 11.44 6 0.07 11.59 6 0.06 11.55 6 0.06 11.57 6 0.07 0.36

1 Values are least squares means 6 SEs unless otherwise indicated. Total n ¼ 1139 men and 1497 women. The primary predictor was

energy-adjusted residuals added to a constant, in which the constant equals the protein intake for the mean energy intake of the study

population. Least squares means were adjusted for age, height, percentage leg fat, energy intake, physical activity, health status, and

women�s menopause status. Adjustment for multiple comparisons was conducted with the use of Tukey�s test. Labeled means in a row

without a common letter differ, P , 0.05. P-trend considered significant when ,0.05 and considered marginally significant when ,0.1.
2 Animal protein intake and plant protein intake were adjusted for each other in the same model.
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muscle strength over 3 y of follow-up. In the Tasmanian Older
Adult Cohort study from Australia, higher protein intake was
associated with higher appendicular lean muscle mass and less
loss in appendicular lean muscle mass over 2.6 y. However,
protein intake was not associated with leg strength in older
adults (age range: 60–79 y) (16). Similarly, no associations were
reported for protein intake in midlife (at age 36 and 43 y) and
grip muscle strength later in life (at age 53 y) in the Medical
Research Council National Survey of Health and Development
(1946 British birth cohort) (17). In the current study, higher PP
intake was associated with higher quadriceps strength in men
and women. Neither TP nor AP intake was associated with
quadriceps strength. These associations were no longer signif-
icant after adjustment for fruit and vegetable intake. There could
be several reasons for this observation: 1) fruits and vegetables
have beneficial effects in neutralizing metabolic acidosis (34,
35), which may be detrimental to muscle health (36, 37); 2)
fruits and vegetables provided 17.6% of the total PP intake and
were the top sources of PP intake in this cohort, even after
exclusion of legumes; 3) the correlation of fruit and vegetable
intake with energy-adjusted PP was ;0.4, which suggests that it
may be difficult to isolate the effect of PP from other beneficial
nutrients of fruits and vegetables, such as antioxidants and
carotenoids (38); and 4) fruit and vegetable intake may also be a
marker of an overall healthier dietary profile. Our data suggest
that PP intake was not associated with lean mass; thus, it is
possible that PP intake may affect aspects of muscle quality that
enhance muscle strength. Whether PP intake is a marker of
dietary quality or it has direct effect on muscle strength
(independent of lean mass) needs to be further clarified.

Nitrogen balance data from previous studies in older adults
have indicated greater protein needs for the elderly (1.0–1.25 g �
kg body weight21 � d21) (39) compared with the current RDA of
0.8 g � kg body weight21 � d21. Reports from the NHANES show
a trend for decreased protein intake as Americans age (40). In
fact, 7.2–8.6% of older adult women do not even meet the
estimated average requirement for protein intake of 0.66 g � kg
body weight21 � d21). With lower protein intake, older adults
appear to lack the ability to increase necessary protein synthesis
and inhibit protein degradation. The decrease in the efficiency of
protein synthesis is likely explained by decreased mammalian

target of rapamycin and the 70-kDa ribosomal protein S6 kinase
signaling (41, 42), and changes in positive regulators (e.g.,
insulin-like growth factor 1) and negative regulators (e.g.,
adenosine monophosphate–activated protein kinase) of this
pathway (43). AP contains essential amino acids, which trigger
the aforementioned signaling pathways, enhancing protein
accretion and muscle mass (10, 44) and it has been the focus
of most studies on lean mass. However, our observed association
between PP intake and muscle strength suggests a role for PP in
the preservation of muscle with age. Plant-based diets lack
certain essential amino acids, yet they have been linked with
higher muscle mass (45) and reduced urinary nitrogen excretion
(an indicator of reduced muscle loss) (34), perhaps because of
their role in reducing the acid–base load. However, lack of any
significant associations observed for PP intake and leg lean mass
in this study suggest that other unknown pathways for PP intake
and quadriceps strength exist that are independent of lean
muscle mass.

Previous studies on this topic were largely conducted among
older adults aged >60 y, and they primarily examined lean mass
but not strength. Furthermore, only one study examined protein
subtypes in relation to lean mass. This study is unique in that it
used data from a community-based cohort including adult men
and women (age range: 29–86 y, mean age: 59 y) and assessed
both lean mass and muscle strength. Moreover, we addressed the
issue of differential effects of protein subtypes on lean mass vs.
strength. Lastly, the Framingham Study collects detailed infor-
mation on potential confounders and risk factors of interest that
were used to construct the final models. However, this study has
some limitations. First, the design was cross-sectional, which
precludes the inference of causality. Second, FFQ-estimated
dietary intake is limited in that it does not estimate protein
directly in grams, unlike other dietary assessment tools, such as a
food diary; however, many validation studies have shown that
theWillett FFQ used in this study performs well in the ranking of
subjects in large epidemiologic studies (20, 46). Use of food
diaries may also be limited in a large epidemiologic study such as
the Framingham Study because of the participant burden and
time constraints as well as increased study cost. Third, lean
muscle mass and muscle strength do not cover all aspects of
muscle health, such as muscular power and length and type of

TABLE 3 Association between protein intake and quadriceps strength in men and women from the
Framingham Offspring Cohort1

Quartiles of protein intake

P-trendQuartile 1 Quartile 2 Quartile 3 Quartile 4

Men, n 361 303 252 244

Total protein (median intake), g/d 64.2 70.2 78.9 101.6

Total protein 21.9 6 0.3 22.2 6 0.4 22.9 6 0.4 22.6 6 0.4 0.08

Animal protein2 22.3 6 0.4 21.8 6 0.4 22.8 6 0.4 22.6 6 0.4 0.30

Plant protein2 21.7 6 0.3 22.1 6 0.4 22.9 6 0.4 22.9 6 0.4 0.01

Women, n 297 352 425 422

Total protein (median intake), g/d 56.9 63.1 73.4 93.6

Total protein 18.0 6 0.3 18.1 6 0.3 18.8 6 0.3 18.5 6 0.3 0.10

Animal protein2 18.3 6 0.3a,b 17.7 6 0.3a 18.8 6 0.3b 18.4 6 0.3a,b 0.30

Plant protein2 18.2 6 0.3a,b 17.9 6 0.3a 18.3 6 0.3a,b 19.0 6 0.3b 0.01

1 Values are least squares means 6 SEs unless otherwise indicated. Total n = 1160 men and 1496 women. The primary predictor was

energy-adjusted residuals added to a constant, in which the constant equals the protein intake for the mean energy intake of the study

population. Least squares means were adjusted for age, height, BMI, energy intake, physical activity, health status, and women�s

menopause status. Adjustment for multiple comparisons was conducted with the use of Tukey�s test. Labeled means in a row without a

common letter differ, P , 0.05. P-trend considered significant when ,0.05 and considered marginally significant when ,0.1.
2 Animal protein intake and plant protein intake were adjusted for each other in the same model.
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muscle fibers. Fourth, adjustment for health status may have
some limitations because self-perception of health status is likely
to change with age independently of observed health status.
Fifth, we did not account for secular changes in diet over time,
although the CDC reports an analysis of 4 NHANES that shows
that between the years 1971 and 2000, the percentage of
kilocalories from protein intake decreased only slightly, from
16.5% to 15.5% (P < 0.01), for American men, and from 16.9%
to 15.1% (P < 0.01), for American women (47). Nevertheless,
there could be changes in other components of the diet that may
have occurred in the 1.5–4 y between diet and muscle measure-
ments. Other limitations of this study include the potential for
residual confounding and the fact that these findings in white
men and women may not be generalizable to other ethnic groups
or races.

In conclusion, this study suggests that TP intake is important
for lean mass of the legs in this cohort of adult men and women.
Our findings that AP intake was associated with lean mass but
that PP intake was associated with strength suggest that dietary
protein types may differentially affect muscle mass and strength.
PP intake may favor the preservation of muscle strength in older
adults either because of its alkaline properties or because PP
intake could just be a marker of overall dietary quality. Thus,
more research is needed to clarify whether PP intake acts
independently on muscle strength or if it acts in conjunction with
other healthy aspects of a diet rich in fruits and vegetables. Thus,
maintaining adequate protein intake with aging may help
preserve lean mass and muscle strength in older adults. This
study shows an independent effect of protein intake on lean
mass, although the evidence of independent effect on quadriceps
strength is suggestive and limited to PP intake; whether lean
mass acts a mediator of the association between protein intake
and quadriceps strength remains to be examined in future
studies. Longitudinal studies of changes in dietary protein, lean
mass, and strength should be explored, because future prospects
for interventions will depend on the identification of these
physiologic pathways involved in muscle changes with age.
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