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Background: It has been hypothesized that for older adults evenly distributing consumption of protein at
30e40 g per meal throughout the day may result in more favorable retention of lean mass and muscular
strength. Such a thesis has not, to our knowledge, been tested outside of short-term studies or acute
measures of muscle protein synthesis.
Aims: To examine whether the number of times an individual consumed a minimum of 30 g of protein at
a meal is associated with leg lean mass and knee extensor strength.
Methods: Data from the 1999e2002 NHANES were used, with 1081 adults (50e85 y) constituting the
analytic sample. A “multiple pass” 24-h dietary interview format was used to collect detailed information
about the participants' dietary intake. Knee extensor strength was assessed objectively using the Kin
Com MP dynamometer. Leg lean mass was estimated from whole-body dual-energy X-ray absorptiom-
etry (DXA) scans.
Results: Participants with 1 vs. 0 (badjusted ¼ 23.6, p ¼ 0.002) and 2 vs. 0 (badjusted ¼ 51.1, p ¼ 0.001) meals
of �30 g protein/meal had greater strength and leg lean mass (1 vs. 0, badjusted ¼ 1160, p < 0.05 and 2 vs.
0, badjusted ¼ 2389, p < 0.05). The association of protein frequency with leg lean mass and strength
plateaued at ~45 g protein/meal for those consuming 2 vs. 0 meals above the evaluated protein/meal
threshold. However, for those with only 1 meal at or above the evaluated threshold, the response pla-
teaued at 30 g/meal. Leg lean mass mediated the relationship between protein frequency and strength,
with the proportion of the total effect mediated being 64%.
Conclusions: We found that more frequent consumption of meals containing between 30 and 45 g
protein/meal produced the greatest association with leg lean mass and strength. Thus, the consumption
of 1e2 daily meals with protein content from 30 to 45 g may be an important strategy for increasing and/
or maintaining lean body mass and muscle strength with aging.

© 2016 Elsevier Ltd and European Society for Clinical Nutrition and Metabolism. All rights reserved.
1. Introduction

Dietary protein intake, and the per meal distribution of that
protein, throughout the day have received increasing interest in the
literature due to the potential influence on health-related
siology Laboratory, The Uni-
S, 38677, USA. Tel.: þ1 (662)

ke).

for Clinical Nutrition and Metabol
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outcomes such as body composition, muscle mass and functional
capacity [1e5]. For adults, the Recommended Dietary Allowance
(RDA) for protein is 0.8 g/kg body mass/d, however, a number of
researchers have proposed that the RDA is not adequate for older
adults [1,2,6] and recent studies in older women support this
conclusion [7]. Additionally, the RDA for protein does not provide
specific guidance on a per-meal recommendation for protein
intake. Such a recommendation may be important as there is no
capacity for storage of diet-derived amino acids beyond their
almost immediate use in protein synthetic or amino acid-requiring
processes. As such, an even distribution of protein throughout the
day to, for example, maximally stimulate muscle protein synthesis
ism. All rights reserved.
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(MPS) at each meal, may enhance the preservation of muscle mass
over time [6,8]. This would be a particularly important strategy in
older individuals experiencing sarcopenia and obese individuals
losing lean mass during energy-restricted diets.

The hypothesis for an even distribution of dietary protein on a
per meal basis is based on the existence of a saturable dose-
response relationship between the protein ingested, and subse-
quent aminoacidemia, and the muscle protein synthetic response
[9e12]. Several studies have demonstrated that as the amount of
protein consumed in a single bolus increases, there is a graded rise
in the rate of MPS up to a maximally effective protein dose [9e12].
Beyond this optimal protein dose MPS cannot be stimulated further
despite consumption of larger protein servings [11,13]. For example,
Symons et al. [14] observed that a serving of beef providing 30 g of
proteinwas sufficient tomaximally stimulate protein synthesis and
giving a dose higher than this did not further augment the
response.

Providing support for the importance of the distribution of
protein intake, rather than simply the total amount of protein
consumed over the day, Mamerow et al. [15] recently reported that
the consumption of ~30 g of protein at breakfast, lunch and dinner
stimulated 24-h mixed MPS to a greater extent than a ‘skewed’
isonitrogenous protein intakeweighted, as is commonly consumed,
towards the evening meal (i.e. 10 g at breakfast, 15 g at lunch and
65 g dinner) in younger adults. Furthermore, recent work in energy
restricted overweight/obese older men showed that evenly
distributing 75 g of whey protein (3 � 25 g doses) throughout the
day stimulated myofibrillar protein synthesis more effectively than
the traditional skewed distribution of protein (i.e. 10 g at breakfast,
15 g at lunch, 50 g at dinner). This, however, was not observed
during conditions of energy balance [16].

The majority of Americans consume a high percentage of their
daily protein at the last meal of the day [17]; thus, we aimed to
investigate whether the frequency of a dose of dietary protein of
30e45 g per meal was related to lean mass and muscular strength;
two outcomes important for metabolism and functional ability. Our
working hypothesis, was that the highest association between leg
lean mass and strength would be between 30 and 45 g of protein.
Moreover, that a greater number of meal occasions at this dose
would also be related to lean mass and strength.

2. Methods

2.1. Design and participants

Data were extracted from the 1999e2002 NHANES (only cycles
with lower extremity muscle strength data). NHANES evaluates a
representative sample of non-institutionalized U.S. civilians,
selected by a complex, multistage probability design. NHANES is
conducted by the National Center for Health Statistics (NCHS), and
all procedures for data collectionwere approved by the NCHS ethics
review board [18]. Analyses were based on data from 1081 con-
sented adults (50e85 y) who provided data for the study variables
and who did not have a physician-diagnosis of diabetes, coronary
artery disease, musculoskeletal conditions (e.g., arthritis), on statin
or anti-hypertensive medication, or consumed <600 or >4000 kcal/
day. Notably, only those 50 and older were eligible for the muscle
strength assessment.

2.2. Frequency of protein consumption

A “multiple pass” 24-h dietary interview format was used to
collect detailed information about the participant's dietary
behavior [18]. This multiple pass format included asking partici-
pants to recall all foods and beverages consumed in a 24-h period
Please cite this article in press as: Loenneke JP, et al., Per meal dose and
muscle performance, Clinical Nutrition (2016), http://dx.doi.org/10.1016/
the day before the interview; report the time in which each food
was eaten andwhat theywould call the eating occasion for the food
(e.g., breakfast); food probes were used to collect detailed infor-
mation for each food reported; and the final reported foods were
reviewed with the respondent in chronological order. Herein, we
report the total daily consumption of protein (g), carbohydrate (g),
total fat (g) and energy (kcal). Given the study aim of examining the
association of the consumption of protein frequency on leg strength
and leg lean mass, we created a ‘protein frequency’ variable by
summing the number of meals individuals consumed �30 g of
protein per meal. This protein frequency variable could range from
0 to 6 (breakfast, brunch, lunch, snack, dinner, evening snack), but
because of small cell size issues at greater protein frequency, we
recoded this protein frequency variable as 0, 1, and 2 or more oc-
casions. Information about protein quality was not available.

2.3. Peak knee extensor muscle strength

A Kin Com MP dynamometer (Chattanooga Group, Inc.) was
used to assess voluntary peak isokinetic knee extensor strength in
Newtons (at a speed of 60�/second). A total of 6 measurements of
muscle strength of the right quadriceps were taken: threewarm-up
trial measurements followed by 3 outcome measurements. If a
participant completed 4e6 measures, the highest peak force was
selected from trials 4 to 6; however, if a participant completed
fewer than 4 measures, the highest peak force from the warm-up
trials was selected. All values were gravity corrected for limb and
lever arm weight [19].

2.4. Leg lean mass

Leg lean mass was estimated using whole-body dual-energy X-
ray absorptiometry (DXA) scans using the Hologic QDR 4500A fan
beam X-ray bone densitometer (Hologic, Inc, Bedford, Massachu-
setts). Multiple imputation was used for missing data and as a
result, exact-p-values are not provided, but rather, whether the
association was significant (P < 0.05) or not (p � 0.05) [20]. The
“IMPUTE” module, as implemented in SAS, was used for the
sequential regression multivariate imputation and details on
generating estimates from the NHANESmultiple imputed DXA data
are provided elsewhere [20]. Lower extremity lean mass was
calculated by summing the lower extremity lean mass (excluding
bone mineral content) of the left and right legs.

2.5. Statistical analyses

All analyses were performed in Stata (v. 12) and accounted for
the complex survey design employed in NHANES, with population-
based estimates generated using the dietary-specific NCHS sample
weights. Two separate multivariable linear regression analyses
were computed that examined the association of frequency of
protein consumption �30 g of protein per meal (range: 0e2þ, with
“0” serving as the referent group) with peak leg strength and lower
extremity lean mass; for each model the protein frequency variable
was the independent categorical variable (0, 1, or 2þ). In addition to
linear regression models, a Barron and Kenny mediational analysis
examined whether lower extremity lean mass mediated the rela-
tionship between frequency of protein consumption (independent
variable) and peak leg strength (outcome variable). Barron and
Kenny mediation analyses were computed which includes a 3-step
regression process (1. IV / DV; 2. IV / M; 3. M / DV while
controlling for IV); indirect effects were calculated using the
product of coefficients approach, with bootstrapping used to
calculate confidence intervals [21].
frequency of protein consumption is associated with lean mass and
j.clnu.2016.04.002



Table 2
Multivariable linear regression association (b, 95% CI) between frequency of protein
consumption � 30 g/meal with peak isokinetic knee extensor strength and leg lean
tissuemass (g; leftþ right leg leanmass excluding bonemineral content; N¼ 1081).
*denotes significant differences at p < 0.05.

# Of meals/day with protein consumption �30 g protein/
meala

Entire sample 0 (n ¼ 349) 1 (n ¼ 560) vs. 0 2 (n ¼ 172) vs. 0
Strength (N) Referent 23.6 (9.5, 37.7)* 51.1 (19.3, 83.0)*
Leg lean mass (g) Referent 1160 (678, 1643)* 2389 (1702, 3076)*
Age-group
50e64 y

Strength (N) Referent 32.7 (13.1, 52.3)* 49.6 (9.4, 89.8)*
Leg lean mass (g) Referent 1141 (536, 1746)* 2370 (1525, 3215)*
65e85 y

Strength (N) Referent 10.5 (�12.6, 33.7) 64.2 (30.6, 97.8)*
Leg lean mass (g) Referent 1133 (534, 1732)* 2564 (1628, 3501)*
Overweight/obese sample (BMI >25 kg/m2)
Strength (N) Referent 14.2 (�4.2, 32.7) 54.4 (23.5, 85.3)*
Leg lean mass (g) Referent 1003 (511, 1495)* 2211 (1304, 3118)*

a All associations (b) were adjusted for relative protein intake (g/kg), total daily
carbohydrate (g), total daily fat (g), age (continuous; y), gender (male/female), race-
ethnicity (Mexican American, other Hispanic, non-Hispanic white, non-Hispanic
black, and other), mean arterial pressure (continuous; mmHg), self-reported
smoking status (current, former, never), and participation in moderate-to-
vigorous physical activity in the past 30 days (yes/no).

J.P. Loenneke et al. / Clinical Nutrition xxx (2016) 1e6 3
For all models (both linear regression and mediational models),
covariates included relative protein intake (g/kg), total daily car-
bohydrate (g), total daily fat (g), age (continuous; y), gender (male/
female), race-ethnicity (Mexican American, other Hispanic, non-
Hispanic white, non-Hispanic black, and other), mean arterial
pressure (continuous; mmHg), self-reported smoking status (cur-
rent, former, never), and participation in moderate-to-vigorous
physical activity in the past 30 days (yes/no). Relative protein,
daily carbohydrate, and daily fat intake were co-varied to allow for
the question of protein dose per meal to be better answered. The
remaining covariates were included to control for any condition
that may directly or indirectly influence skeletal muscle form and/
or function [16].

3. Results

3.1. Descriptive characteristics

Table 1 displays the weighted characteristics of the study vari-
ables. The mean age of the sample was 60.7 y with the majority
(82.3%) of the sample being non-Hispanic white.

3.2. Association between protein frequency and muscular-related
parameters

Table 2 displays the weighted multivariable linear regression
results examining the association between protein frequency
(number of meals/day with at least 30 g of protein/meal) with peak
knee strength and leg lean mass. For the entire sample, and after
complete adjustment (including daily relative protein intake [g/
kg]), participants with 1 (badjusted ¼ 23.6, 95% CI: 9.5, 37.7,
p¼ 0.002) and 2 (badjusted¼ 51.1, 95% CI: 19.3, 83.0, p¼ 0.001) meals
of �30 g protein/meal were associated with higher peak knee
extensor strength than those who did not consume any meals of
�30 g protein/meal; notably, a greater magnitude of association
occurred for those consuming 2 (vs. 0) meals of �30 g protein/meal
compared to 1 (vs. 0) meal of �30 g protein. Similar to peak knee
extensor strength, greater frequency of protein consumption was
associated with larger leg lean mass. Additional analyses were
computed that changed the referent group to those consuming 1
meal of �30 g protein/meal. Participants consuming �2 meals
Table 1
Weighted characteristics of the study variables for the total sample (N ¼ 1081) and separa
and 2þ (n ¼ 172) times per day. Data are presented as means and stand errors.

Variables Total

Age (y) 60.7 (0.3)
% Female 52.7 (1.9)
% Non-hispanic white 82.3 (1.7)
% Current smoker 18.6 (1.7)
Mean arterial pressure (mmHg) 93.5 (0.5)
% Engaged in MVPA in past 30 days 62.6 (2.2)
Body mass index (kg/m2) 27.2 (0.2)
Body mass (kg) 77.0 (0.6)
Peak knee extensor strength (N) 377 (5)
Leg lean mass (g) 15,017 (140)
Relative protein intake (g/kg) 1.02 (0.01)
Total daily protein (g) 74.5 (0.8)
Breakfast (g) 11.1 (0.3)
Brunch (g) 1.5 (0.2)
Lunch (g) 18.6 (0.7)
Snack (g) 9.5 (0.4)
Dinner (g) 32.9 (0.6)
Evening snack (g) 0.6 (0.1)

Total daily carbohydrate intake (g) 241.7 (4.4)
Total daily fat intake (g) 72.9 (1.2)

MVPA, Moderate-to-vigorous physical activity.

Please cite this article in press as: Loenneke JP, et al., Per meal dose and
muscle performance, Clinical Nutrition (2016), http://dx.doi.org/10.1016/
�30 g protein/meal, compared to those with 1 meal of �30 g
protein/meal, were associated with higher peak knee extensor
strength and a larger leg leanmass (Table 2). In line with the results
for the entire sample, similar associations were observed when
employing effect modification analyses among overweight/obese
participants and those above and below 65 y of age; multiplicative
interaction models (cross-product term plus their main variables
and covariates in the model) confirmed these effect modification
results (P interaction terms > 0.05).
3.3. Mediation effects of lean muscle mass on the relationship
between protein frequency and muscle strength

Given that frequency of protein consumption was positively
associated with peak knee strength and leg lean mass, this suggests
that leg lean mass may mediate the relationship between
ted by those who met the 30 g protein per meal threshold at 0 (n¼ 349), 1 (n¼ 560),

0 times 1 time 2þ times

62.0 (0.7) 60.6 (0.4) 58.3 (0.7)
72.8 (2.8) 47.6 (2.5) 31.2 (5.8)
79.3 (2.9) 83.2 (2.1) 78.7 (3.4)
16.7 (2.0) 19.1 (2.0) 20.0 (4.0)
94.5 (1.2) 93.0 (0.6) 93.3 (1.1)
60.9 (4.1) 62.2 (2.4) 66.6 (4.5)
27.0 (0.3) 27.0 (0.2) 27.9 (0.5)
73.7 (1.0) 77.3 (0.8) 82.2 (1.7)
333 (7) 383 (7) 434 (15)

13,740 (257) 15,246 (203) 16,656 (368)
0.64 (0.01) 1.06 (0.01) 1.4 (0.03)
45.3 (0.9) 78.8 (1.0) 114.7 (2.4)
8.8 (0.5) 11.4 (0.4) 14.2 (1.7)
0.8 (0.2) 1.1 (0.3) 3.9 (1.0)

11.3 (0.7) 18.1 (0.8) 33.5 (2.3)
7.5 (0.6) 9.1 (0.6) 14.1 (1.4)

16.1 (0.5) 38.2 (1.0) 47.7 (2.0)
0.4 (0.1) 0.5 (0.1) 1.1 (0.3)

199.5 (5.4) 252.7 (7.1) 285.4 (9.1)
52.1 (1.2) 75.5 (1.3) 102.7 (3.6)

frequency of protein consumption is associated with lean mass and
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frequency of protein consumption and knee extensor strength.
Results indicated that the indirect effect of leg lean mass on the
relationship between protein frequency and peak knee strength
was significant (b¼ 0.08; bootstrapped 95% CI: 0.05, 0.10; p < 0.05),
with a relatively large effect. The proportion of the total effect
mediated was 64%, the ratio of the indirect to direct effect was 1.80,
and the ratio of the total to direct effect was 2.80.

3.4. Dose-response association between protein frequency and leg
lean mass

Figure 1 and Table 3 display the dose-response association be-
tween protein frequency number meals/day above various
thresholds (e.g., 15 g/meal, 20 g/meal, 25 g/meal, etc.) with leg lean
body mass and knee extensor strength. When compared to those
consuming 0 meals above the evaluated protein/meal threshold, a
clear dose-response association, up to 45 g/meal, was visually
observed for those consuming 2 or moremeals above the evaluated
threshold. The association between protein frequency and leg lean
mass and strength appeared to visually plateau at ~45 g/meal.
However, when comparing consuming only 1 meal at or above the
evaluated threshold, the response plateaued at 30 g/meal. With
regard to model stability, and particularly, whether the mean
strength/lean mass estimates were deemed reliable across the
different protein thresholds, we applied the Healthy People 2010
criteria for data suppression for NHANES data (i.e., relative standard
error [RSE] <30% is considered a reliable estimate); notably, for all
estimates, the RSE was <30% [22].

4. Discussion

The aim of the present study was to determine whether the
frequency of consumption of a meal containing the quantity of
protein previously shown to maximize MPS (�30 g of protein) was
associated with leg lean mass and knee extensor strength using a
nationally representative sample of U.S. adults. We found that more
Fig. 1. Dose-response association between protein frequency (# meals/day above
various thresholds [e.g., 15 g/meal, 20 g/meal, 25 g/meal, etc.) and knee extensor
strength and leg lean mass. Strength and leg lean mass results are reported for 1 (vs. 0)
and 2 (vs. 0) meals above various protein thresholds (per meal). With regard to 1 (vs. 0)
meal, strength (grey line) and lean mass (grey dash) appear to level off at approxi-
mately 30 g/meal. With regard to 2 (vs. 0) meals, strength (black line) and lean mass
(black dash) appear to level off at approximately 45 g/meal. All associations (b) were
adjusted for relative protein intake (g/kg), total daily carbohydrate (g), total daily fat
(g), age (continuous; y), gender (male/female), race-ethnicity (Mexican American,
other Hispanic, non-Hispanic white, non-Hispanic black, and other), mean arterial
pressure (continuous; mmHg), self-reported smoking status (current, former, never),
and participation in moderate-to-vigorous physical activity in the past 30 days (yes/
no).
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frequent consumption of meals containing at least 30 g of protein
was associated with greater leg lean mass and knee extensor
muscle strength. This finding was apparent across different age
groups and BMI classifications. Further, our analysis suggests that
the relationship between protein frequency and knee extension
strength may be mediated by the change in leg lean mass. To
explore this phenomenon further, we examined different ‘per meal’
protein intakes (from 15 to 60 g protein/meal) to see how it affected
the association with the outcome variables of leg lean mass and
knee extension strength. We found a clear dose response associa-
tion in those consuming 2 or more meals at or above the evaluated
threshold up to approximately 45 g of protein per meal. For those
consuming only 1 meal at or above the threshold, we observed that
the dose-response relationship plateaued at approximately 30 g of
protein permeal, with no further increase in leg leanmass and knee
extension strength with higher per meal protein intakes.

To date, several studies have been conducted in an attempt to
determine the quantity of protein required to maximally stimulate
MPS per meal. In younger adults, MPS shows a dose-dependent
increase from 0 to 20 g, and then plateaus despite doubling the
protein serving to 40 g [11]. In middle-aged and older adults higher
protein intakes in the range of ~30e40 g appear to be necessary to
maximize the response [12,23,24]. In agreement with the results
from these experimental studies, we observed that higher fre-
quency of consuming at least 30 g of protein per meal was associ-
ated with greater leg lean mass and strength in this cohort of
50e85 year olds. Moreover, this association assumed a classical
curvilinear dose response that was saturable when the protein per
meal protein intake was increased from 15 to 60 g/meal. Among
those consuming �2 meals at or above the evaluated per meal
protein threshold, the positive association between protein quan-
tity per meal and leg lean mass/strength plateaued after 45 g
protein/meal. While 45 g protein/meal is slightly greater than the
dose of protein shown to maximize MPS in older adults in some
studies [12,14], it is important to note that the available studies
determining the dose of protein required to maximally stimulate
MPS have been conducted using either isolated proteins or protein-
rich foods (i.e. beef) [9e12]. In free-living individuals, such as those
represented in the current study, protein-containing foods would
usually have been consumed in the context of amixedmeal. The co-
ingestion of substantial amounts of other nutrients such as fat,
carbohydrate, and/or fiber with the protein may affect rates of
digestion and subsequent aminoacidemia [25]. Given the apparent
role of the pattern of aminoacidemia in influencing the MPS
response [26] it remains possible that higher protein doses of ~45 g
are needed to optimize the MPS response, and possibly modify the
per meal anti-catabolic response [27], to food-based meals in
middle-aged and older adults.

We are unable to explain why, among those consuming only 1
meal at or above the evaluated threshold, the dose-response rela-
tionship between protein intake per meal and leg lean mass and
strength plateaued at 30 g/meal (compared to 45 g/meal among
those consuming �2 meals at or above the threshold). It is possible
that this may relate to the cross-sectional nature of the study and/
or that we were unable to account for the potential influence of
protein quality and/or co-consumption of other nutrients that
affected postprandial aminoacidemia. For example, differences in
the essential amino acid content and digestibility of different foods
may have an impact on howmany amino acids become available for
skeletal muscle [28]. Regardless, our data supports the notion that a
more even distribution of protein intake throughout the day, in-
dependent of daily relative protein intake, may play an important
role in augmenting leg lean body mass and strength.

Limitations of this study include the cross-sectional design,
rendering a conclusion on temporality not possible. However, our
frequency of protein consumption is associated with lean mass and
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Table 3
Multivariable linear regression association (b, 95% CI) betweenprotein frequency (#meals/day above various thresholds [e.g., 15 g/meal, 20 g/meal, 25 g/meal, etc.]) and
knee extensor strength and leg muscle mass.*denotes significant differences at p < 0.05.

# Meals/day above evaluated protein thresholda

1 vs. 0 2 vs. 0 2 vs. 1

15 g/meal
Strength (N) 3.0 (�20.6, 26.8) 6.0 (�19.4, 31.6) 3.0 (�9.7, 15.7)
Leg lean mass (g) 466 (�228, 1160) 1270 (534, 2006)* 804 (458, 1150)*
Sample size n ¼ 50 (0 meals) n ¼ 361 (1 meal) n ¼ 670 (2 meals)
20 g/meal
Strength (N) �1.1 (�22.5, 20.2) 6.0 (�14.8, 26.9) 7.1 (�9.5, 23.9)
Leg lean mass (g) 476 (�150, 1103) 1281 (636, 1927)* 805.1 (378, 1231)*
Sample size n ¼ 125 (0 meals) n ¼ 497 (1 meal) n ¼ 459 (2 meals)
25 g/meal
Strength (N) 7.8 (�7.7, 23.3) 24.3 (7.4, 41.3)* 16.5 (3.7, 29.3)*
Leg lean mass (g) 860 (276, 1444)* 1851 (1141, 2562)* 991 (537, 1445)*
Sample size n ¼ 232 (0 meals) n ¼ 547 (1 meal) n ¼ 302 (2 meals)
30 g/meal
Strength (N) 23.6 (9.5, 37.7)* 51.1 (19.3, 83.0)* 27.5 (1.3, 53.7)*
Leg lean mass (g) 1160 (678, 1643)* 2389 (1702, 3076)* 1228 (693, 1763)*
Sample size n ¼ 349 (0 meals) n ¼ 560 (1 meal) n ¼ 172 (2 meals)
35 g/meal
Strength (N) 26.5 (11.9, 41.0)* 65.7 (33.3, 98.1)* 39.2 (12.8, 65.6)*
Leg lean mass (g) 1074 (712, 1437)* 2652 (1727, 3578)* 1577 (597, 2558)*
Sample size n ¼ 493 (0 meals) n ¼ 492 (1 meal) n ¼ 96 (2 meals)
40 g/meal
Strength (N) 28.8 (15.6, 42.0)* 77.0 (43.1, 111.0)* 48.2 (16.5, 79.9)*
Leg lean mass (g) 1034 (585, 1483)* 2839 (1461, 4217)* 1805 (478, 3132)*
Sample size n ¼ 620 (0 meals) n ¼ 403 (1 meal) n ¼ 58 (2 meals)
45 g/meal
Strength (N) 29.3 (15.3, 43.2)* 91.9 (48.4, 135.3)* 62.6 (21.0, 104.2)*
Leg lean mass (g) 1136 (712, 1559)* 3420 (1736, 5105)* 2284 (557, 4011)*
Sample size n ¼ 720 (0 meals) n ¼ 331 (1 meal) n ¼ 30 (2 meals)
50 g/meal
Strength (N) 27.6 (13.3, 41.9)* 97.0 (49.5, 144.4)* 69.4 (19.4, 119.3)*
Leg lean mass (g) 1253 (901, 1606)* 3975 (2050, 5900)* 2721 (715, 4728)*
Sample size n ¼ 810 (0 meals) n ¼ 248 (1 meal) n ¼ 23 (2 meals)
55 g/meal
Strength (N) 27.1 (4.8, 49.4)* 92.4 (32.8, 152.0)* 65.3 (7.0, 1235.5)*
Leg lean mass (g) 1557 (1175, 1938)* 4140 (1285, 6996)* 2583 (�273, 5440)
Sample size n ¼ 866 (0 meals) n ¼ 202 (1 meal) n ¼ 13 (2 meals)
60 g/meal
Strength (N) 33.7 (9.0, 58.3)* 97.0 (20.5, 173.5)* 63.3 (�11.1, 137.8)*
Leg lean mass (g) 1613 (1204, 2022)* 4114 (3122, 5106)* 2501 (1532, 3469)*
Sample size n ¼ 905 (0 meals) n ¼ 168 (1 meal) n ¼ 8 (2 meals)

a All associations (b) were adjusted for relative protein intake (g/kg), total daily carbohydrate (g), total daily fat (g), age (continuous; y), gender (male/female), race-
ethnicity (Mexican American, other Hispanic, non-Hispanic white, non-Hispanic black, and other), mean arterial pressure (continuous; mmHg), self-reported smoking
status (current, former, never), and participation in moderate-to-vigorous physical activity in the past 30 days (yes/no).

J.P. Loenneke et al. / Clinical Nutrition xxx (2016) 1e6 5
findings are supported by previous experimental data suggesting
that protein consumption is associated with increased lean mass
[4]. In addition, dietary analysis was measured via self-report,
however, the multi-pass method that the NHANES uses for diet
recalls has been shown to estimate energy intake within 8e10% of
actual intake [29,30]. Further, as discussed by Davy and Estabrooks,
the predictive validity of dietary recall instruments has been
repeatedly documented using dose-response and other predictive
methods [31]. Major strengths of this investigation include
employing a relatively large national sample of U.S. adults, and
utilizing objective measures of lean body mass and knee extension
strength. To our knowledge, this is the first nationally representa-
tive study addressing the interrelationships between protein dis-
tribution, lower extremity lean mass and lower extremity muscle
strength.

Currently, the RDA for protein makes no recommendation on
the per-meal distribution of dietary protein throughout the day.
However, the need to define specific meal-based protein intakes
that affect health indexes such as muscle mass and function has
recently been stressed [32]. We propose that in a national sample of
U.S. adults that eating protein more frequently within the day may
be an important strategy for increasing and/or maintaining lean
Please cite this article in press as: Loenneke JP, et al., Per meal dose and
muscle performance, Clinical Nutrition (2016), http://dx.doi.org/10.1016/
bodymass andmuscle strength. Further, a threshold of ~30e45 g of
dietary protein per meal seems to produce the greatest association
with lean body mass and strength when consuming more than one
meal at that specific intake. Consuming dietary protein at more
than one meal may be of importance for individuals seeking to
optimize muscle mass and strength, but may be a particularly
important strategy among individuals vulnerable to muscle mass
loss including older adults and obese individuals undergoing
energy-restricted diets. Future longer-term longitudinal research is
required to investigate this thesis finding further.
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