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ABSTRACT
Background: Dietary protein has been related to muscle function in
aging. Beyond total intake, parameters such as protein distribution
across meals might also be important.
Objectives: We aimed to examine prospective associations of
different protein intake parameters with muscle strength and physical
performance in community-dwelling older men and women.
Methods: In total, 524 men and 574 women aged 67–84 y at baseline
(T1) were followed annually for 3 y (T2, T3, T4). Outcomes included
handgrip strength (kPa), knee extensor strength (kg), and physical
performance (Timed Up and Go, s) at T4, and their 3-y changes (T4
minus T1). Protein intake parameters were assessed using nine 24-h
recalls collected over 3 y (T1, T2, T3) and included daily total intake
(g/d), number of protein-providing meals and snacks, and protein
distribution across meals (expressed as CV). Associations were
examined by multivariable linear regression models including all
protein intake parameters simultaneously. Also, the optimal protein
dose (g) per meal for the maximum effect size of total daily intake
was determined.
Results: Higher daily protein intake was associated with better
knee extensor strength and physical performance at T4 in both
sexes and less physical performance decline in women. Optimal
protein doses per meal were 30–35 g in men and 35–50 g in
women for these outcomes. In men, more uneven protein distribution
was associated with better physical performance at T4 and less
handgrip strength decline. In women, a higher number of protein-
providing snacks was associated with better handgrip strength and
knee extensor strength at T4 and less handgrip strength decline. In
neither sex was number of protein-providing meals associated with
outcomes.
Conclusions: Higher daily protein intake, up to 30–50 g pro-
tein/meal, may contribute to better knee extensor strength and
physical performance in generally well-functioning older men and
women. More aspects of protein intake may contribute to muscle

strength and physical performance than solely the daily quantity,
notably the protein dose per meal. Am J Clin Nutr 2021;113:972–
983.
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Introduction
Skeletal muscle strength diminishes with age (1) and con-

tributes to decreased physical performance (2) and higher risks
of frailty, disability, and mortality in older adults (3, 4). Dietary
protein intake is a key modifiable factor affecting muscle
metabolism (3–5). Nonetheless, there is an ongoing debate on
protein recommendations for older people, which currently vary
from 0.8 to 1.2 g · kg body weight (BW) −1 · d−1 (6–8).
Protein recommendations may be difficult to establish because,
beyond daily quantity, other protein intake parameters have been
evoked as being potentially involved in the anabolic response
to protein (6, 9). These include notably the evenness of protein
intake distribution across meals (6, 10, 11) and an optimal
protein dose per meal of 25–35 g beyond which muscle protein
synthesis (MPS) is no further increased in older adults (6, 10, 11).
Studies have also indicated that more frequent consumption of
protein-providing meals may be related to better muscle strength
(11, 12). However, such protein intake parameters may not be
independent from one another. Reaching 30 g protein per meal
3 times/d probably leads to an even protein intake distribution
across meals and a relatively high daily protein intake (13–
16). Furthermore, protein requirements may differ between men
and women owing to sex-differences in body composition (17),
hormonal milieu (17, 18), MPS rate (19, 20), and sensitivity to
anabolic stimuli (18, 19). Insight into the independent role of

972 Am J Clin Nutr 2021;113:972–983. Printed in USA. © The Author(s) 2021. Published by Oxford University Press on behalf of
the American Society for Nutrition. This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original
work is properly cited. For commercial re-use, please contact journals.permissions@oup.com

http://creativecommons.org/licenses/by-nc/4.0/
mailto:journals.permissions@oup.com


Protein intake and muscle function in older adults 973

each protein intake parameter in the muscle strength and physical
performance of older men and women is required to optimize
protein recommendations.

Observational studies are most appropriate to investigate how
protein intake parameters relate to relevant clinical outcomes
such as muscle strength and physical performance. However,
most studies have focused only on daily protein intake—many
of them being limited by the use of FFQs, which cannot estimate
protein intake per eating occasion. Moreover, only 4 studies have
presented prospective data. One prospective study showed that
higher protein intake was associated with less decline in handgrip
strength in both sexes (21). Others observed no association with
change in handgrip strength (22, 23), knee extensor strength
(24), or physical performance (23). Only 2 prospective studies
have examined other parameters of protein intake, specifically its
distribution across meals. One showed that a more even protein
intake distribution across meals was associated with higher
handgrip strength throughout a 3-y follow-up in the NuAge
(Quebec Longitudinal Study on Nutrition and Successful Aging)
cohort, but not with knee extensor strength or physical perfor-
mance (25). The other observed no associations with change
in handgrip strength or physical performance (23). Among the
factors that may explain this discrepancy is the fact that not all
protein intake parameters were examined simultaneously in 1
model.

A better understanding of how protein intake parameters can
contribute to maintenance of muscle strength and physical perfor-
mance requires studies having access to detailed dietary data and
considering multiple protein intake parameters simultaneously
while avoiding collinearity. Hence, the aim of the present study
was to examine prospective associations of different protein
intake parameters with muscle strength and physical performance
after 3 y of follow-up, and with their 3-y change, in community-
dwelling older men and women.
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Methods

Study population

Data used in the present study were from the NuAge
Database and Biobank, containing detailed information on 1754
participants of the NuAge Study. A complete description of the
NuAge Study can be found elsewhere (26). In short, the NuAge
cohort consists of generally healthy Quebec community-dwelling
older men and women aged 67–84 y at baseline (2003–2005;
T1). Inclusion criteria were, among others, able to walk without
help, able to walk 100 m or climb 10 stairs without rest, free
of disabilities in activities of daily living, and not cognitively
impaired [Modified Mini-Mental State Examination (3MS)
score > 79]. People suffering from severe health conditions
were excluded (26). Baseline measurements (T1) took place at
the Research Centers of either of the Montreal and Sherbrooke
Geriatric University Institutes. Follow-up data were retrieved
annually for 3 subsequent years (T2, first annual follow-up; T3,
second annual follow-up; T4, third annual follow-up). At each
clinic visit, nutritional, functional, medical, and social variables
were assessed by trained research dietitians and nurses using
computer-assisted personal interview software. Dietary intake
was assessed annually with 3 nonconsecutive 24-h dietary recalls.
The NuAge Database and Biobank as well as the present study
have been approved by the Research Ethics Board of the Centre
intégré universitaire de santé et de services sociaux de l’Estrie—
Centre hospitalier universitaire de Sherbrooke.

Analytic sample

We aimed to examine associations of different protein intake
parameters with 1) muscle strength and physical performance
after 3 y of follow-up (i.e., at T4) and 2) the 3-y change
in muscle strength and physical performance (i.e., T4 minus
T1). To this end, we excluded participants with missing data
on muscle strength or physical performance at T1 (n = 23)
or T4 (n = 473). Furthermore, we excluded participants with
≥1 missing 24-h dietary recalls at T1, T2, or T3 to achieve
the most precise estimate of each protein intake parameter
(n = 116) and then excluded those with missing data on covariates
that were considered important confounders (n = 44), leaving
an analytic sample of 524 male and 574 female participants
(Figure 1).

Assessment of muscle strength and physical performance

Measures of muscle strength included handgrip strength and
knee extensor strength, assessed according to a predefined
standardized protocol in NuAge. Handgrip strength was assessed
using a pneumatic dynamometer (Martin vigorimeter), which
measures the force of compression (kPa). Participants were
seated with the shoulder adducted and the elbow flexed at 90
degrees and were encouraged to squeeze the bulb at maximal
force for a maximum of 6 s. Three maximum contractions were
recorded at each hand, starting with the dominant side. Knee
extensor strength was assessed using the dynamometer Microfet2
(Hoggan Industries, Inc.) and the belt-resisted method (27),
which measures the strength of the quadriceps (kg). Participants
were seated with the knee flexed at 120 degrees and the foot on
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FIGURE 1 Flowchart of NuAge participants included in the statistical analyses. NuAge, Quebec Longitudinal Study on Nutrition and Successful Aging;
T1, baseline; T2, 1-y follow-up; T3, 2-y follow-up; T4, 3-y follow-up.

the ground, and encouraged to push at maximum force against
the dynamometer placed in the center of the distal third of their
leg (27). Three maximum contractions were recorded for each
leg. For both muscle strength measures, the highest value of the
6 attempts at T4, regardless of the side, was used in our study.
The 3-y changes in muscle strength were calculated as T4 minus
T1, by using for T1 the highest value of the same side as T4 to
ensure consistency. Physical performance was assessed using the
Timed Up and Go (TUG) test, which measures the time (s) it
takes to rise from a chair without using arms, walk 3 m at usual
pace, turn, return to the chair, and sit down (28). Participants
were allowed to use walking aids but not any assistance from
the examiner. The test was completed once per participant after
a practice trial. A higher value indicates more time to complete
the TUG test, so lower physical performance. The 3-y change in
physical performance was calculated as T4 minus T1.

Dietary assessment

Three nonconsecutive 24-h dietary recalls (1 face-to-face
during the annual visit and 2 by telephone, within 2 mo after
the annual visit) were collected on 2 randomly chosen weekdays
and 1 weekend day. The 24-h dietary recalls were administered
by extensively trained registered dietitians. They followed the
USDA 5-step multiple-pass method (26, 29) and used portion-
size models and pictures of standardized food portions to increase
the precision of the food estimates. Dietary intake data were
obtained for 7 eating occasions, including 3 meals (breakfast,
lunch, and dinner) and 4 snack moments (morning, afternoon,
evening, and night snack) (Supplemental Table 1). Intakes of
energy and nutrients were calculated using the CANDAT nutrient

analysis program (version 10; Godin London), which was based
on the 2007 Canadian Nutrient File. For the present study, we
used all 24-h dietary recalls collected before measurement of
outcomes at T4, so 9 in total (from T1, T2, and T3). Recalls from
T4 were not used because they were collected over the weeks
after the measurement of outcomes at T4.

Composition of protein intake parameters

Five protein intake parameters were investigated: daily protein
intake, number of protein-providing meals, number of protein-
providing snacks, evenness of protein intake distribution across
meals, and the optimal protein dose per meal (i.e., the amount of
protein to be reached in each meal to maximize the effect size
on muscle strength and physical performance, assuming that an
optimal dose actually exists). Except for the latter, all protein
intake parameters were determined for each recall day separately
and the mean of the 9 d was used for analyses, as a reflection of
the usual intake pattern.

Daily protein intake (g/d) comprised all protein consumed in 1
d (Supplemental Table 2). Absolute values of protein intake per
day were used in analyses, which were adjusted for factors related
to energy expenditure and energy balance over time as described
in the Statistical analyses section below. Protein-providing meals
or snacks included those with >0 g protein (Supplemental Table
2). Because there is no literature that specifies what minimal
amount of protein intake is needed to stimulate MPS, we assumed
that any amount of protein would contribute to the muscle
synthetic response and we therefore chose >0 g of protein per
eating occasion as the cutoff for defining a protein-providing
meal or snack. The mean number of protein-providing meals
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consumed per day was categorized into 3.00 meals/d (i.e., 3
meals/d on all recall days), 2.86–2.99 meals/d (i.e., equivalent
to 3 meals/d on 6 d/wk and 2 meals/d on 1 d/wk), and <2.86
meals/d. Number of protein-providing snacks was categorized
into sex-specific tertiles. Evenness of protein intake distribution
across meals was determined using the CV. For this, the SD of
the mean protein intake from meals (g/d) was divided by the mean
protein intake from meals (g/d) (see Supplemental Methods and
Supplemental Table 3). A higher CV indicates less evenness of
protein intake across the meals. Because previous studies have
indicated that the number of protein-providing meals may be
related to muscle strength (12, 30), we calculated the CV only
over the number of protein-providing meals (which may differ
per individual and per recall day) in order to obtain a CV that
was independent of the number of meals with protein.

To investigate the optimal protein dose per meal, we recal-
culated the daily protein intake and the CV for each recall day
of each participant, after having truncated the protein intake per
eating occasion to a given maximal value (i.e., the potential
optimal dose), presuming that any protein intake beyond this
dose provides no additional benefit to muscle strength or physical
performance. The Supplemental Methods and Supplemental
Tables 4–6 detail an example of the truncation approach. Because
of the uncertainty about the existence of an optimal dose per
meal (31, 32), let alone the exact amount of this dose, we
applied potential values varying from 15 to 70 g with 5-g
increments. Each of these threshold values was applied in a
separate model. The highest value of 70 g corresponded to
the 95th percentile of the distribution of protein intake per
meal in our analytic sample. By this approach, we postulated
that if an optimal protein dose per meal actually exists, daily
protein intake and CV will be calculated with increasing error
when truncating the protein dose per meal with values under
or above the so-called optimal dose, translating into attenu-
ated estimates of regression coefficients in statistical analyses
(33).

Assessment of covariates

Sex, years of education, smoking status, and number of
prescribed medications were self-reported. Any alcohol con-
sumption in the past 3 y (yes compared with no) was based
on the 24-h dietary recall data. Habitual physical activity was
estimated using the Physical Activity Scale for the Elderly
(PASE) questionnaire (34, 35). The PASE asks for the daily time
spent on leisure activities, household activities, and occupational
activities in the previous week. A higher score (range 0–793)
indicates more physical activity. Body height (m) was measured
using a stadiometer and BW was measured with a beam balance
with participants dressed in light indoor clothing without shoes
(26). BMI was calculated as BW divided by body height squared
(kg/m2). To minimize the influence of shrinking due to aging on
BMI, body height measured at T1 was used for the calculation
of BMI at T1 and T4. Weight change over the 3-y follow-up
was calculated as T4 minus T1 (absolute difference). Number of
chronic diseases was assessed by the participant’s self-report of
the presence of each of 20 chronic conditions (36). Level of pain
was assessed using the SF-36 bodily pain index [from the 36-
item Short form health survey (37)]. A higher score (range 0–100)
indicates less pain. Depressive symptoms were assessed using the

Geriatric Depression Scale (38) and cognitive status using the
3MS (39). All covariates were determined at each annual visit
except for sex and education level, which were only assessed
at baseline. For descriptive purposes, we expressed daily total
protein intake relative to actual BW (g/kg BW) and adjusted
body weight (aBW) (g/kg aBW). aBW is the nearest (ideal) BW
that would place a participant with an undesirable BMI into the
healthy range of 18.5–25.0 for adults aged <71 y or 22.0–27.0 for
adults aged ≥71 y (40). This controlled for the deficit or excess
in BW of underweight and overweight people, respectively.

Statistical analyses

Changes in dietary intake characteristics and other variables
between T1 and T4 were tested using Student’s paired-samples
t test for continuous variables, the Sign test for categorical
variables, and the McNemar test for dichotomous variables.
Differences in dietary intake characteristics and other variables
between sexes were tested using Student’s independent-samples
t test for normally distributed continuous variables, the Mann–
Whitney U test for nonnormally distributed continuous variables,
and Pearson’s chi-square test for categorical variables.

Linear regression analyses were performed to examine the
associations of the 5 protein intake parameters with handgrip
strength, knee extensor strength, and physical performance
(TUG) at T4, and with their 3-y change. All analyses were a priori
stratified by sex because of presumed sex-differences in body
composition (17), hormonal milieu (17, 18), and MPS rates (19,
20). Also, higher muscle strength values indicate better muscle
strength, whereas higher TUG values indicate lower physical
performance. Thus, in the regression models all TUG values
were multiplied by −1 such that positive coefficients (β) always
represent better outcomes, which eases the interpretation and
graphical display of the results.

The regression models included all 4 protein intake parameters
simultaneously, i.e., daily protein intake (g/d), number of protein-
providing meals, number of protein-providing snacks, and
evenness of protein intake distribution across meals. In addition,
all regression models were adjusted for the T4 values (or stated
otherwise) of the following potential confounding variables: age,
body height (T1), BW, habitual physical activity (mean PASE
scores of T1–T4), education level (T1), smoking, alcohol use
(mean of T1–T3), 3-y weight change, cognition, number of
medications, and pain. Because all models were adjusted for
factors accounting for energy expenditure (i.e., age, body height,
BW, habitual physical activity) as well as energy balance over
time (i.e., 3-y weight change), we did not further adjust for energy
intake (41, 42). When assessing the associations with 3-y change
in outcomes, the models were also adjusted for the outcome value
at T1.

The statistical procedure was as follows (and described in more
detail in Supplemental Methods). We first examined the associ-
ations of 4 protein intake parameters (i.e., daily protein intake,
number of protein-providing meals, number of protein-providing
snacks, and evenness of protein intake distribution across meals;
independent variables) with 1 of the outcomes (handgrip strength,
knee extensor strength, and physical performance at T4, or their
3-y change; dependent variables). Subsequently, we reran the
aforementioned model after replacing the actual values of daily
protein intake and evenness of protein intake distribution across
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TABLE 1 General characteristics at T1 and T4 of the community-dwelling older men and women from the NuAge (Quebec Longitudinal Study on
Nutrition and Successful Aging) cohort1

Men (n = 524) Women (n = 574)

n T1 n T4 n T1 n T4

Age, y 524 74.8 ± 4.0 524 77.9 ± 4.0∗ 574 75.2 ± 4.2 574 78.3 ± 4.2∗
Years of education 524 12.0 ± 5.1 — — 574 11.6 ± 3.9 — —
Current smoker 516 33 (6.4) 524 33 (6.3) 562 16 (2.8)† 574 18 (3.1)†

Consumed alcohol in past 3 y — — 524 416 (79.4) — — 574 365 (63.6)†

Physical activity (PASE score; 0–793) 524 118 ± 55 491 112 ± 53∗ 573 94 ± 45† 544 84 ± 42∗†

BMI, kg/m2 524 28.1 ± 4.0 524 27.9 ± 4.1∗ 574 27.4 ± 4.7† 574 27.2 ± 4.8∗†

Weight change over past 3 y, kg — — 524 − 0.7 ± 3.4∗ — — 574 − 0.5 ± 3.4∗
Chronic diseases, n 524 516 574 562

0 54 (10.3) 44 (8.5)∗ 20 (3.5)† 21 (3.7)∗†

1–2 177 (33.8) 163 (31.6) 150 (26.1) 111 (19.8)
≥3 293 (55.9) 309 (59.9) 404 (70.4) 430 (76.5)

Medications, n 524 524 574 574
0 56 (10.7) 23 (4.4)∗ 30 (5.2)† 11 (1.9)∗†

1–4 261 (49.8) 223 (42.6) 252 (43.9) 189 (32.9)
≥5 207 (39.5) 278 (53.1) 292 (50.9) 374 (65.2)

Pain (SF-36 pain index; 0–100) 523 75.9 ± 24.4 524 72.5 ± 25.3∗ 574 67.5 ± 25.3† 574 63.9 ± 25.6∗†

Depressive symptoms (GDS score; 0–30) 524 4.3 ± 3.7 507 4.2 ± 4.0 573 5.0 ± 4.3† 563 5.0 ± 4.2†

Cognitive status (3MS score; 0–100) 523 93.7 ± 4.4 524 91.6 ± 6.1∗ 573 95.0 ± 3.8† 574 93.5 ± 5.6∗†

Handgrip strength, kPa 524 78.4 ± 17.6 524 71.5 ± 17.6∗ 574 59.3 ± 16.3† 574 54.3 ± 16.0∗†

Knee extensor strength, kg 524 72.8 ± 20.7 524 67.9 ± 19.8∗ 574 43.6 ± 14.0† 574 41.2 ± 12.7∗†

Physical performance, Timed Up and Go, s 524 10.0 ± 1.8 524 10.6 ± 2.2∗ 574 10.6 ± 2.1† 574 11.2 ± 2.8∗†

1Values are mean ± SD or n (%), unless indicated otherwise. ∗Statistically significant difference between T1 and T4 within sex groups (P < 0.05)
estimated using Student’s paired-samples t test for continuous variables, the Sign test for categorical variables, and the McNemar test for dichotomous
variables. †Statistically significant difference between men and women at the given time point [P < 0.01 except for current smoker at T4 (P = 0.013) and
BMI at T4 (P = 0.016)] estimated using Student’s independent-samples t test for continuous variables and Pearson’s chi-square test for categorical variables.
GDS, Geriatric Depression Scale; PASE, Physical Activity Scale for the Elderly; SF-36, 36-item Short form health survey questionnaire; T1, baseline; T4, 3-y
follow-up; 3MS, Modified Mini-Mental State Examination.

meals (CV) by the truncated values. This means that for each
potential optimal protein dose a separate regression model was
run. For each model, we noted the t statistic value—which reflects
the statistical significance of an association—for the association
between daily protein intake and the outcome. We compared
these t values to determine if there was an optimal protein dose
per meal for a maximum effect size on muscle strength and
physical performance, and what this dose would be. Under the
hypothesis that higher daily protein intake would be associated
with better muscle strength and physical performance—which
would be reflected by a positive t value—the threshold applied in
the model with the highest statistically significant t value (i.e., the
most statistically significant result) was considered the optimal
protein dose per meal. If we observed the highest t value in the
model with the actual (nontruncated) values or if t values did not
reach statistical significance in any model, we assumed that no
optimal dose actually existed. In fact, if there were no association
between daily protein intake and muscle strength or physical
performance, then the protein dose per meal would not matter.
Final results for all 4 protein intake parameters were presented
from the model with the optimal protein dose or, if we did not
determine an optimal protein dose, from the model with the actual
values. We performed this procedure for each of the 3 outcomes
at T4 and for the 3-y change in each outcome.

Spearman rank correlation coefficients were calculated to ex-
amine correlations between the 4 protein intake parameters (i.e.,
daily protein intake, number of protein-providing meals, number
of protein-providing snacks, and evenness of protein intake

distribution across meals). Multicollinearity was also checked by
the variance inflation factor (VIF). In all models, the VIF for
the protein intake parameters was <4 and thus multicollinearity
was considered weak (43), allowing the inclusion of all protein
parameters in a single model. Normality and linearity were
checked by visual inspection of histograms and scatterplots,
respectively. Statistical analyses were performed using SPSS
Statistics version 26.0 (IBM Corp.). Results were considered
statistically significant at P < 0.05 (2-sided).

Results

Participant characteristics

Men (n = 524) and women (n = 574) had a mean ± SD age
of 74.8 ± 4.0 y and 75.2 ± 4.2 y at T1, respectively (Table 1).
Mean BMI ± SD at T1 was 28.1 ± 4.0 in men and 27.4 ± 4.7 in
women, and was slightly lower at T4. Number of chronic diseases
and medication use increased over the 3-y follow-up, with more
than half of the men and women having ≥3 chronic diseases and
using ≥5 medications at T4.

During the 3-y follow-up, handgrip strength, knee exten-
sor strength, and physical performance (TUG) declined (all
P < 0.001 based on Student’s paired-samples t test), with mean
± SD 3-y changes of −6.9 ± 9.6 kPa, −4.9 ± 15.8 kg, and
+0.6 ± 1.8 s in men and −4.9 ± 10.6 kPa, −2.4 ± 10.4
kg, and +0.6 ± 2.1 s in women, respectively. Expressed as
percentages, the mean ± SD 3-y changes in the 3 outcomes were
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TABLE 2 Dietary intake characteristics of the community-dwelling older men and women from the NuAge (Quebec
Longitudinal Study on Nutrition and Successful Aging) cohort1

Men (n = 524) Women (n = 574)

Daily energy intake, kcal/d 2092 ± 445 1674 ± 337∗
Daily protein intake, g/d 82.7 ± 19.4 68.3 ± 15.0∗
Daily protein intake as a percentage of energy 16.1 ± 2.5 16.6 ± 2.5∗
Daily protein intake, g · kg BW−1 · d−1 1.06 ± 0.28 1.07 ± 0.30
Daily protein intake, g · kg aBW−1 · d−1 1.13 ± 0.27 1.12 ± 0.26
Protein intake from main meals, g/d 78.7 ± 18.9 64.7 ± 14.6∗
Protein intake from snacks, g/d 2.6 [1.1–5.4]2 2.6 [1.2–4.9]2

Mean protein-providing meals, n meals/d
<2.86 82 (15.6) 64 (11.1)
2.86–2.99 85 (16.2) 88 (15.3)
3.00 357 (68.1) 422 (73.5)

Mean protein-providing snacks, n snacks/d
Tertile 1 (≤0.67) 188 (35.9) 173 (30.1)
Tertile 2 (≥0.78 and ≤1.22) 169 (32.3) 204 (35.5)
Tertile 3 (≥1.33) 167 (31.9) 197 (34.3)

Evenness of protein intake distribution across meals, CV 0.59 ± 0.15 0.60 ± 0.14

1Values are mean ± SD or n (%) unless indicated otherwise, and are calculated as means over the 3 y (9 recall
days). ∗Statistically significant difference between men and women (P < 0.001) estimated using Student’s
independent-samples t test for normally distributed continuous variables, the Mann–Whitney U test for nonnormally
distributed continuous variables, and Pearson’s chi-square test for categorical variables. aBW, adjusted body weight
[the nearest ideal body weight that would put a participant with an undesirable BMI (in kg/m2) into the healthy range
of 18.5–25.0 for adults aged <71 y or 22.0–27.0 for adults aged ≥71 y]; BW, body weight.

2Median [IQR].

−8.6% ± 13.3%, −4.1% ± 25.1%, and +6.9% ± 18.7% in men
and −7.0% ± 21.2%, −1.2% ± 31.4%, and +7.1% ± 19.3% in
women, respectively.

Dietary characteristics

Mean ± SD daily protein intake was higher in men
(82.7 ± 19.4 g/d) than in women (68.3 ± 15.0 g/d), but
was similar relative to aBW (1.13 ± 0.27 and 1.12 ± 0.26
g · kg aBW−1 · d−1, respectively) and only slightly differed
when expressed as percentage of energy (16.1% ± 2.5 and
16.6% ± 2.5%, respectively) (Table 2). Also, mean daily
protein intake did not differ significantly between T1, T2,
and T3 (data not shown), suggesting stable intake over time.
Most participants consumed 3 protein-providing meals every
day. Snacks contributed ∼5% to daily protein intake. The vast
majority of consumed meals (96%) and snacks (76%) provided
≥5 g of protein. The evenness of protein intake distribution across
meals was comparable in men and women. Correlation between
each of the protein intake parameters was low: r ≤ 0.136 in men
and r ≤ 0.192 in women (Supplemental Table 7).

Protein intake parameters, muscle strength, and physical
performance in men

Regression models were run in order to identify whether
truncating the protein intake per meal to a maximal value would
lead to stronger associations between daily protein intake and the
outcomes, and thus suggest an optimal protein dose per meal
to exist. As expected, with an increase in the maximal value
applied, the t values for daily protein intake increased, reached
a maximum (i.e., the optimal dose), and continued on a plateau
or slightly decreased (Figure 2). For men, optimal protein doses

per meal of 30–35 g were observed for knee extensor strength
and physical performance at T4 (Figure 2A). Applying these
thresholds led to statistically significant associations of higher
daily protein intake with better knee extensor strength (β: 0.218;
95% CI: 0.015, 0.422) and physical performance (β: 0.029; 95%
CI: 0.002, 0.057) (Table 3) at T4, whereas the models based
on the actual (nontruncated) intakes failed to show significant
associations (Figure 2A, B). We observed no associations—and
thus no optimal protein dose per meal—of daily protein intake
with handgrip strength at T4 or with the 3-y change in these
outcomes.

The number of protein-providing meals and the number of
protein-providing snacks were not associated with any outcome
(e.g., association between number of protein-providing snacks
and handgrip strength at T4, tertile 2 compared with tertile 1: β:
−0.586; 95% CI: −3.842, 2.670; tertile 3 compared with tertile
1: β: −1.140; 95% CI: −4.464, 2.184) (Table 3). Evenness of
protein intake distribution across meals was not associated with
handgrip or knee extensor strength at T4, but a more uneven
protein intake distribution across meals was associated with better
physical performance at T4 (β: 1.768; 95% CI: 0.051, 3.484).
Also, a more uneven protein intake distribution across meals was
associated with less 3-y decline in handgrip strength (β: 6.670;
95% CI: 1.406, 11.935), but not with the 3-y change in knee
extensor strength (β: 4.545; 95% CI: −3.699, 12.790) or physical
performance (β: 0.372; 95% CI: −0.621, 1.365).

Protein intake parameters, muscle strength, and physical
performance in women

In women, optimal protein doses per meal varied from 35 to
50 g, depending on the outcome. Specifically, an optimal protein
dose per meal was observed for knee extensor strength (40 g) and
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FIGURE 2 t Values for the associations of daily protein intake with handgrip strength (�), knee extensor strength (�), and physical performance (•) at T4
and with the 3-y changes in these outcomes in community-dwelling older men (n = 524) and women (n = 574) from the NuAge (Quebec Longitudinal Study
on Nutrition and Successful Aging) cohort. t Values for physical performance were multiplied by −1 to facilitate comparison of the t values for the different
outcomes. The dashed line represents the t value for statistical significance (t = 1.960). The optimal protein dose per meal indicated with “No” (last point on
the x axis) means “no truncation,” and refers to the actual (nontruncated) protein dose per meal. TUG, Timed Up and Go; T4, 3-y follow-up.

physical performance (50 g) at T4 and for 3-y change in physical
performance (35 g) (Figure 2C, D). Applying these thresholds led
to associations of a higher daily protein intake with better knee
extensor strength (β: 0.103; 95% CI: 0.003, 0.203) and physical
performance (β: 0.017; 95% CI: 0.000, 0.034), but not with
handgrip strength, at T4 (Table 4). Higher daily protein intake
was also associated with less 3-y decline in physical performance
(β: 0.019; 95% CI: 0.000, 0.039), but not with the 3-y change in
handgrip or knee extensor strength.

A higher number of protein-providing snacks was associated
with higher handgrip strength (tertile 2 compared with 1: β:
4.817; 95% CI: 1.732, 7.902; tertile 3 compared with 1: β: 4.103;
95% CI: 0.965, 7.240) and knee extensor strength (tertile 2 com-
pared with 1: β: 3.045; 95% CI: 0.639, 5.451; tertile 3 compared
with 1: nonsignificant) at T4, and with the 3-y change in handgrip
strength (tertile 2 compared with 1: β: 2.091; 95% CI: 0.079,
4.103; tertile 3 compared with 1: nonsignificant) (Table 4). Num-
ber of protein-providing snacks was not associated with physical
performance. Also, no associations were observed of number of
protein-providing meals or evenness of protein intake distribution
across meals with any outcome (e.g., association between even-
ness of protein intake distribution across meals and 3-y change in
physical performance: β: 0.779; 95% CI: −0.698, 2.257).

Discussion
The present study is the first that we know of to examine

prospective associations of different protein intake parameters

simultaneously with muscle strength and physical performance in
community-dwelling older men and women. Higher daily protein
intake was associated with higher knee extensor strength and
better physical performance (TUG) in both sexes and with less
3-y decline in physical performance in women. We observed
optimal protein doses per meal of ∼30–35 g in men and ∼35–
50 g in women for these outcomes. Daily protein intake was
not associated with handgrip strength. In men, more uneven
protein intake distribution across meals was associated with
better physical performance and with less decline in handgrip
strength. In women, higher number of protein-providing snacks
was associated with higher handgrip strength and knee extensor
strength and with less decline in handgrip strength. In neither
sex was the number of protein-providing meals associated with
outcomes.

Higher daily protein intake was associated with higher knee
extensor strength and physical performance (TUG) at T4 in
both sexes. Although these findings confirm our hypothesis, very
few studies have examined protein intake in relation to these
outcomes specifically. Our results are nonetheless similar to the
findings of Farsijani et al. (25), also from the NuAge data, but
contrast with the (cross-sectional) null findings of Granic et al.
(23). This discrepancy may be explained by differences in age,
follow-up time, dietary assessment, and adjustment for different
confounders, but also by the fact that Granic et al. did not
account for the potential ceiling effect of protein intake per meal.
Regression coefficients were indeed severely attenuated in the
present study when no maximal value of protein per meal was
applied (Figure 2). Surely, more prospective research is needed
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to replicate our findings. Our observed associations for daily
protein intake were not statistically significant when analyzed
in relation to the 3-y change in outcomes, except for physical
performance in women. The decline in muscle strength and
physical performance in our analytic sample (1%–9%) may have
been too small over the limited follow-up to observe associations,
and this change might be at the lower limit of what is considered
clinically meaningful (44). Moreover, participants included in the
present study had relatively high habitual daily protein intake
compared to the current RDA. The potential contribution of
protein to muscle strength and physical performance may then
have already been integrated within the outcome measurements
at baseline. Also, we did not measure change in protein intake
over time, but it would unlikely have explained the 3-y changes
in outcomes because our data showed that daily protein intake
remained stable over years. The decrease in muscle strength and
physical performance in the NuAge cohort may likely be related
to the aging process per se and other factors (e.g., sedentary
behavior) than changes in dietary protein.

The observed optimal protein doses per meal of 30–35 g in
men and 35–50 g in women indicate that older men and women
should aim for ≥30 g and ≥35 g protein/meal, respectively—and
no more than 35 g and 50 g—to optimize their muscle strength
and physical performance. These results were comparable with
findings from metabolic dose-response studies (45–47). For
example, Cuthbertson et al. (45) observed a significant increase
in MPS up to intakes of 10 g essential amino acids (∼20 g whey
protein or ∼30 g protein in a regular meal) in older men (mean ±
SD age: 70 ± 6 y) at rest, but no significant additional effect for
higher intakes. Similarly, Yang et al. (47) found the optimal dose
of whey protein for maximal MPS in older men (mean ± SD age:
71 ± 4 y) to be 20 g at rest and 40 g in combination with leg-based
resistance exercise. Only 1 (cross-sectional) observational study
addressed this protein intake parameter and showed that more
frequent consumption of meals was most strongly associated
with higher muscle strength when protein doses were 30–45
g/meal (30), which is also consistent with our results. The higher
optimal protein dose per meal observed in women than in men
may be due to the reduced sensitivity (i.e., lower MPS response
to anabolic stimuli) reported in older women (18, 19). Hence,
women might need higher protein doses to reach optimal MPS
than men. Moreover, women in the NuAge cohort appear on
average less physically active than men, whereas physical activity
was reported to potentially overcome anabolic resistance in older
adults (48). Therefore, although physical activity might further
increase MPS rates reached by protein provision only (47, 48),
it may also decrease the amount of protein needed to preserve
optimal muscle and physical function in aging.

Number of protein-providing meals was not associated with
any outcome in both sexes. This might be the result of the
observation that most NuAge participants had 3 meals/d most (if
not all) of the time, making it difficult to reveal any association.
However, number of protein-providing snacks was associated
with (change in) muscle strength in women, independently
of daily protein intake. Snacking may provide more anabolic
opportunities during the postprandial state when MPS reduces
and muscle protein breakdown elevates. Interestingly, in our
analytic sample, women consumed more protein-providing
snacks than men, which may explain our results. Women also
had a smaller protein dose per meal, which may make the role

of snacking more important than in men. No previous studies to
our knowledge examined the effect of snacking in older adults,
so future research is needed to explore this hypothesis.

In the present study, we did not observe that a more even
distribution of protein across meals was associated with better
muscle strength or physical performance, as some authors have
postulated (6, 10, 11). On the contrary, we observed either no
association or that a more uneven protein intake distribution
was better in terms of muscle strength and physical performance
(only in men). Our results are in contrast with those reported by
Farsijani et al. (25) and Granic et al. (23), who did not observe
an association between evenness of protein intake distribution
and physical performance. As for daily protein intake, these
discrepancies might be partly explained by the optimal protein
dose per meal we took into account in calculations of the CV.
Also, daily protein intake is slightly negatively correlated with
CV. As such, the CV may have captured the effect of daily protein
intake in these studies, leading to results suggesting beneficial
effects of even distribution. The sex-difference observed in
our study may be explained by women being probably less
likely to reach the optimal protein dose per meal as often as
men given their lower daily protein intake and higher optimal
protein dose per meal. In fact, especially when daily protein
intake is low, it is likely that reaching the optimal dose in a
meal and a consequent uneven distribution is related to better
physical performance. More research focused on protein intake
distribution—independent of total protein intake and number of
meals—in relation to functional outcomes is required.

The main strength of the present study is the in-depth and
unique approach to studying protein intake, i.e., considering its
multiple facets. Moreover, dietary intake was assessed using nine
24-h recalls collected over 3 y, which provided representative
estimates of habitual dietary habits. Indeed, all significant
coefficients were severely attenuated when calculations of the
protein intake parameters were estimated based on only 3 recalls
(1 from each of T1, T2, and T3; data not shown). Other strengths
included the prospective study design and large number of potent
confounders that we adjusted for. Some limitations must be
discussed as well. First, the truncation approach is a new method
that has not been validated per se. Nevertheless, we observed
that for most of the outcomes, the t values increased up to a
certain point and started to reach a plateau or slightly decrease
once this point was passed, which supports our method (face
validity). More studies using this approach are needed to replicate
our findings. Second, this cohort comprised predominantly
Caucasians, so caution is required when applying these results to
other ethnicities. Third, other protein intake parameters may be
related to muscle strength and physical performance, such as the
protein quality (49, 50). Last, owing to the observational nature of
this study, the causal relation remains uncertain and any residual
confounding (e.g., by fat mass) cannot be dismissed.

To conclude, in this cohort of community-dwelling older adults
being generally well-functioning at baseline, higher daily protein
intake over 3 y, up to a maximum per-meal dose of 30–35 g in men
and 35–50 g in women, was associated with better knee extensor
strength and physical performance, but not handgrip strength.
The role of protein intake distribution across meals or the number
of protein-providing meals or snacks remains uncertain and
could depend on the protein dose per meal. Nevertheless, our
results imply that more aspects of protein intake may contribute
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to muscle strength and physical performance than solely the
daily protein quantity, notably the protein dose per meal. Our
results also support the idea that large quantities of protein in 1
meal (>50 g) might not provide further benefits for muscle and
physical function. Future prospective research should examine
the role and interplay of different protein intake parameters in
maintenance of function outcomes in older adults to further refine
protein recommendations.

We thank Valérie Turcot for her valuable assistance.
The authors’ responsibilities were as follows—LMH and NP: conceived

and designed the study, analyzed the data, and drafted the manuscript; SC,
MV, and PG: critically revised the manuscript for important intellectual
content; PG: was the principal investigator of the NuAge Study; NP: was
the administrator of the NuAge Database and takes full responsibility for the
integrity of the data and the conduct of the study; and all authors: interpreted
the data and read and approved the final manuscript. The authors report no
conflicts of interest.

Data Availability
Data described in the article can be made available upon

request pending application and approval by the NuAge team via
nuage-cdrv@usherbrooke.ca. The code book and analytic code
can be obtained by contacting the corresponding author.

References
1. Goodpaster BH, Park SW, Harris TB, Kritchevsky SB, Nevitt M,

Schwartz AV, Simonsick EM, Tylavsky FA, Visser M, Newman AB,
et al. The loss of skeletal muscle strength, mass, and quality in older
adults: the Health, Aging and Body Composition Study. J Gerontol A
Biol Sci Med Sci 2006;61(10):1059–64.

2. Stevens PJ, Syddall HE, Patel HP, Martin HJ, Cooper C, Aihie
Sayer A. Is grip strength a good marker of physical performance
among community-dwelling older people? J Nutr Health Aging
2012;16(9):769–74.

3. Deer RR, Volpi E. Protein intake and muscle function in older adults.
Curr Opin Clin Nutr Metab Care 2015;18(3):248–53.

4. Strasser B, Volaklis K, Fuchs D, Burtscher M. Role of dietary protein
and muscular fitness on longevity and aging. Aging Dis 2018;9(1):119–
32.

5. Landi F, Calvani R, Tosato M, Martone AM, Ortolani E, Savera G,
D’Angelo E, Sisto A, Marzetti E. Protein intake and muscle health
in old age: from biological plausibility to clinical evidence. Nutrients
2016;8(5):295.

6. Bauer J, Biolo G, Cederholm T, Cesari M, Cruz-Jentoft AJ, Morley
JE, Phillips S, Sieber C, Stehle P, Teta D, et al. Evidence-based
recommendations for optimal dietary protein intake in older people: a
position paper from the PROT-AGE Study Group. J Am Med Dir Assoc
2013;14(8):542–59.

7. Institute of Medicine Food and Nutrition Board. Dietary Reference
Intakes for energy, carbohydrate, fiber, fat, fatty acids, cholesterol,
protein, and amino acids (macronutrients). Washington (DC): The
National Academies Press; 2005.

8. Deutz NE, Bauer JM, Barazzoni R, Biolo G, Boirie Y, Bosy-
Westphal A, Cederholm T, Cruz-Jentoft A, Krznariç Z, Nair KS,
et al. Protein intake and exercise for optimal muscle function with
aging: recommendations from the ESPEN Expert Group. Clin Nutr
2014;33(6):929–36.

9. Deutz NE, Wolfe RR. Is there a maximal anabolic response to protein
intake with a meal? Clin Nutr 2013;32(2):309–13.

10. Paddon-Jones D, Campbell WW, Jacques PF, Kritchevsky SB, Moore
LL, Rodriguez NR, van Loon LJ. Protein and healthy aging. Am J Clin
Nutr 2015;101(6):1339S–45S.

11. Witard OC, Wardle SL, Macnaughton LS, Hodgson AB, Tipton KD.
Protein considerations for optimising skeletal muscle mass in healthy
young and older adults. Nutrients 2016;8(4):181.

12. Mishra S, Goldman JD, Sahyoun NR, Moshfegh AJ. Association
between dietary protein intake and grip strength among adults aged
51 years and over: What We Eat in America, National Health and
Nutrition Examination Survey 2011–2014. PLoS One 2018;13(1):
e0191368.

13. Berryman CE, Lieberman HR, Fulgoni VL 3rd, Pasiakos SM. Protein
intake trends and conformity with the Dietary Reference Intakes
in the United States: analysis of the National Health and Nutrition
Examination Survey, 2001–2014. Am J Clin Nutr 2018;108(2):
405–13.

14. Farsijani S, Morais JA, Payette H, Gaudreau P, Shatenstein B, Gray-
Donald K, Chevalier S. Relation between mealtime distribution of
protein intake and lean mass loss in free-living older adults of the
NuAge study. Am J Clin Nutr 2016;104(3):694–703.

15. O’Leary F, Grech A, Sui Z, Cheng H, Rangan A, Hirani V. Older
Australians are eating more protein: secondary analysis of the 1995
& 2011/12 national nutrition surveys. Eur J Clin Nutr 2020;74(4):
588–97.

16. Rippin HL, Hutchinson J, Jewell J, Breda JJ, Cade JE. Adult nutrient
intakes from current national dietary surveys of European populations.
Nutrients 2017;9(12):1288.

17. Anderson LJ, Liu H, Garcia JM. Sex differences in muscle wasting. Adv
Exp Med Biol 2017;1043:153–97.

18. Hansen M, Kjaer M. Influence of sex and estrogen on musculotendinous
protein turnover at rest and after exercise. Exerc Sport Sci Rev
2014;42(4):183–92.

19. Smith GI, Atherton P, Villareal DT, Frimel TN, Rankin D, Rennie
MJ, Mittendorfer B. Differences in muscle protein synthesis and
anabolic signaling in the postabsorptive state and in response to
food in 65–80 year old men and women. PLoS One 2008;3(3):
e1875.

20. Henderson GC, Dhatariya K, Ford GC, Klaus KA, Basu R, Rizza
RA, Jensen MD, Khosla S, O’Brien P, Nair KS, et al. Higher muscle
protein synthesis in women than men across the lifespan, and failure
of androgen administration to amend age-related decrements. FASEB J
2009;23(2):631–41.

21. McLean RR, Mangano KM, Hannan MT, Kiel DP, Sahni S. Dietary
protein intake is protective against loss of grip strength among older
adults in the Framingham Offspring cohort. J Gerontol A Biol Sci Med
Sci 2016;71(3):356–61.

22. Beasley JM, Wertheim BC, LaCroix AZ, Prentice RL, Neuhouser
ML, Tinker LF, Kritchevsky S, Shikany JM, Eaton C, Chen Z,
et al. Biomarker-calibrated protein intake and physical function
in the Women’s Health Initiative. J Am Geriatr Soc 2013;61(11):
1863–71.

23. Granic A, Mendonça N, Sayer AA, Hill TR, Davies K, Adamson A,
Mathers JC, Jagger C. Low protein intake, muscle strength and physical
performance in the very old: the Newcastle 85+ Study. Clin Nutr
2017;37(6 Pt A):2260–70.

24. Bartali B, Frongillo EA, Stipanuk MH, Bandinelli S, Salvini S, Palli
D, Morais JA, Volpato S, Guralnik JM, Ferrucci L, et al. Protein intake
and muscle strength in older persons: does inflammation matter? J Am
Geriatr Soc 2012;60(3):480–4.

25. Farsijani S, Payette H, Morais JA, Shatenstein B, Gaudreau P, Chevalier
S. Even mealtime distribution of protein intake is associated with greater
muscle strength, but not with 3-y physical function decline, in free-
living older adults: the Quebec longitudinal study on Nutrition as a
Determinant of Successful Aging (NuAge study). Am J Clin Nutr
2017;106(1):113–24.

26. Gaudreau P, Morais JA, Shatenstein B, Gray-Donald K, Khalil A,
Dionne I, Ferland G, Fülöp T, Jacques D, Kergoat MJ, et al. Nutrition
as a determinant of successful aging: description of the Quebec
longitudinal study Nuage and results from cross-sectional pilot studies.
Rejuvenation Res 2007;10(3):377–86.

27. Desrosiers J, Prince F, Rochette A, Raiche M. Reliability of lower
extremity strength measurements using the belt-resisted method. J
Aging Phys Activ 1998;6(4):317–26.

28. Podsiadlo D, Richardson S. The timed “Up & Go”: a test of basic
functional mobility for frail elderly persons. J Am Geriatr Soc
1991;39(2):142–8.

29. Conway JM, Ingwersen LA, Vinyard BT, Moshfegh AJ. Effectiveness
of the US Department of Agriculture 5-step multiple-pass method in
assessing food intake in obese and nonobese women. Am J Clin Nutr
2003;77(5):1171–8.



Protein intake and muscle function in older adults 983

30. Loenneke JP, Loprinzi PD, Murphy CH, Phillips SM. Per meal dose
and frequency of protein consumption is associated with lean mass and
muscle performance. Clin Nutr 2016;35(6):1506–11.

31. Kim IY, Deutz NEP, Wolfe RR. Update on maximal anabolic response
to dietary protein. Clin Nutr 2018;37(2):411–18.

32. Phillips SM, Chevalier S, Leidy HJ. Protein “requirements” beyond
the RDA: implications for optimizing health. Appl Physiol Nutr Metab
2016;41(5):565–72.

33. Freedman LS, Schatzkin A, Midthune D, Kipnis V. Dealing with dietary
measurement error in nutritional cohort studies. J Natl Cancer Inst
2011;103(14):1086–92.

34. Washburn RA, Smith KW, Jette AM, Janney CA. The Physical Activity
Scale for the Elderly (PASE): development and evaluation. J Clin
Epidemiol 1993;46(2):153–62.

35. Washburn RA, McAuley E, Katula J, Mihalko SL, Boileau RA. The
Physical Activity Scale for the Elderly (PASE): evidence for validity. J
Clin Epidemiol 1999;52(7):643–51.

36. Bouchard DR, Dionne IJ, Brochu M. Sarcopenic/obesity and physical
capacity in older men and women: data from the Nutrition as a
Determinant of Successful Aging (NuAge)—the Quebec Longitudinal
Study. Obesity (Silver Spring) 2009;17(11):2082–8.

37. Ware JE Jr, Sherbourne CD. The MOS 36-item short-form health
survey (SF-36). I. Conceptual framework and item selection. Med Care
1992;30(6):473–83.

38. Yesavage JA, Brink TL, Rose TL, Lum O, Huang V, Adey M, Leirer
VO. Development and validation of a geriatric depression screening
scale: a preliminary report. J Psychiatr Res 1982;17(1):37–49.

39. Teng EL, Chui HC. The Modified Mini-Mental State (3MS)
examination. J Clin Psychiatry 1987;48(8):314–18.

40. Berner LA, Becker G, Wise M, Doi J. Characterization of dietary protein
among older adults in the United States: amount, animal sources, and
meal patterns. J Acad Nutr Diet 2013;113(6):809–15.

41. Jakes RW, Day NE, Luben R, Welch A, Bingham S, Mitchell J,
Hennings S, Rennie K, Wareham NJ. Adjusting for energy intake—
what measure to use in nutritional epidemiological studies? Int J
Epidemiol 2004;33(6):1382–6.

42. Willett WC, Howe GR, Kushi LH. Adjustment for total energy intake
in epidemiologic studies. Am J Clin Nutr 1997;65(4 Suppl):1220S–8S;
discussion 1229S–31S.

43. O’Brien RM. A caution regarding rules of thumb for variance inflation
factors. Qual Quant 2007;41(5):673–90.

44. Ruhdorfer A, Wirth W, Eckstein F. Longitudinal change in thigh
muscle strength prior to and concurrent with minimum clinically
important worsening or improvement in knee function: data from
the Osteoarthritis Initiative. Arthritis Rheumatol 2016;68(4):
826–36.

45. Cuthbertson D, Smith K, Babraj J, Leese G, Waddell T, Atherton P,
Wackerhage H, Taylor PM, Rennie MJ. Anabolic signaling deficits
underlie amino acid resistance of wasting, aging muscle. FASEB J
2005;19(3):422–4.

46. Moore DR, Churchward-Venne TA, Witard O, Breen L, Burd NA,
Tipton KD, Phillips SM. Protein ingestion to stimulate myofibrillar
protein synthesis requires greater relative protein intakes in healthy
older versus younger men. J Gerontol A Biol Sci Med Sci
2015;70(1):57–62.

47. Yang Y, Breen L, Burd NA, Hector AJ, Churchward-Venne
TA, Josse AR, Tarnopolsky MA, Phillips SM. Resistance
exercise enhances myofibrillar protein synthesis with graded
intakes of whey protein in older men. Br J Nutr 2012;108(10):
1780–8.

48. Shad BJ, Thompson JL, Breen L. Does the muscle protein synthetic
response to exercise and amino acid-based nutrition diminish with
advancing age? A systematic review. Am J Physiol Endocrinol Metab
2016;311(5):E803–E17.

49. Casperson SL, Sheffield-Moore M, Hewlings SJ, Paddon-Jones
D. Leucine supplementation chronically improves muscle protein
synthesis in older adults consuming the RDA for protein. Clin Nutr
2012;31(4):512–19.

50. Volpi E, Kobayashi H, Sheffield-Moore M, Mittendorfer B, Wolfe RR.
Essential amino acids are primarily responsible for the amino acid
stimulation of muscle protein anabolism in healthy elderly adults. Am
J Clin Nutr 2003;78(2):250–8.


