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IMPORTANCE The Institute of Medicine set the recommended dietary allowance (RDA) for
protein at 0.8 g/kg/d for the entire adult population. It remains controversial whether protein
intake greater than the RDA is needed to maintain protein anabolism in older adults.

OBJECTIVE To investigate whether increasing protein intake to 1.3 g/kg/d in older adults with
physical function limitations and usual protein intake within the RDA improves lean body
mass (LBM), muscle performance, physical function, fatigue, and well-being and augments
LBM response to a muscle anabolic drug.

DESIGN, SETTING, AND PARTICIPANTS This randomized clinical trial with a 2 × 2 factorial
design was conducted in a research center. A modified intent-to-treat analytic strategy was
used. Participants were 92 functionally limited men 65 years or older with usual protein
intake less thanor equal to 0.83 g/kg/d within the RDA. The first participant was randomized
on September 21, 2011, and the last participant completed the study on January 19, 2017.

INTERVENTIONS Participants were randomized for 6 months to controlled diets with 0.8
g/kg/d of protein plus placebo, 1.3 g/kg/d of protein plus placebo, 0.8 g/kg/d of protein plus
testosterone enanthate (100 mg weekly), or 1.3 g/kg/d of protein plus testosterone.
Prespecified energy and protein contents were provided through custom-prepared meals
and supplements.

MAIN OUTCOMES AND MEASURES The primary outcome was change in LBM. Secondary
outcomes were muscle strength, power, physical function, health-related quality of life,
fatigue, affect balance, and well-being.

RESULTS Among 92 men (mean [SD] age, 73.0 [5.8] years), the 4 study groups did not differ
in baseline characteristics. Changes from baseline in LBM (0.31 kg; 95% CI, −0.46 to 1.08 kg;
P = .43) and appendicular (0.04 kg; 95% CI, −0.48 to 0.55 kg; P = .89) and trunk (0.24 kg;
95% CI, −0.17 to 0.66 kg; P = .24) lean mass, as well as muscle strength and power, walking
speed and stair-climbing power, health-related quality of life, fatigue, and well-being, did not
differ between men assigned to 0.8 vs 1.3 g/kg/d of protein regardless of whether they
received testosterone or placebo. Fat mass decreased in participants given higher protein but
did not change in those given the RDA: between-group differences were significant
(difference, −1.12 kg; 95% CI, −2.04 to −0.21; P = .02).

CONCLUSIONS AND RELEVANCE Protein intake exceeding the RDA did not increase LBM,
muscle performance, physical function, or well-being measures or augment anabolic
response to testosterone in older men with physical function limitations whose usual protein
intakes were within the RDA. The RDA for protein is sufficient to maintain LBM, and protein
intake exceeding the RDA does not promote LBM accretion or augment anabolic response to
testosterone.
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T he recommended dietary allowance (RDA) for protein,
set by the Institute of Medicine,1 is 0.8 g/kg/d for the
entire adult population, including young and old and

male and female. Many experts have questioned whether the
protein RDA is adequate to preserve lean body mass (LBM) and
physical function in older adults. There is some evidence that
anabolic response of skeletal muscle to dietary protein is at-
tenuated in older individuals.2,3 Epidemiologic studies4-9 of
older persons have reported an association of dietary protein
intake with LBM change over time, although this association
has not been observed in weight-stable persons. Controlled
feeding studies of 10 to 12 weeks’ duration in older adults have
shown that protein intakes at10 or below11 the RDA result in loss
of LBM. In short-term studies,12-14 protein intakes exceeding
the RDA were reported to promote apparent nitrogen reten-
tion and stimulate leucine kinetics. However, studies15-21 of
older adults fed protein greater than the RDA have shown in-
consistent improvements in LBM and physical function. Many
studies did not control energy intake; some added a protein
supplement to the usual diet, resulting in variable total pro-
tein intake and compliance. Most studies recruited healthy
older adults without functional limitations and did not select
individuals with usual protein intakes less than the RDA. De-
spite methodological limitations of short-term studies22 and
inconsistent results of protein intervention trials, many na-
tional organizations and experts recommend dietary protein
intakes greater than the RDA to maintain and promote pro-
tein anabolism in older adults.23-28 Therefore, our primary aim
was to investigate whether increasing protein intake in older
adults who usually consume amounts at or below the RDA to
1.3 g/kg/d would increase LBM, muscle performance, physi-
cal function, and well-being measures compared with older
men who consume protein at the RDA level.

Results of studies18,29,30 in athletes and older adults sug-
gest that protein intake substantially greater than the RDA may
be required to optimize adaptations to exercise training. A num-
ber of muscle anabolic drugs, such as androgens and myosta-
tin antagonists, are being developed to treat sarcopenia. There-
fore, it is important to know whether protein intake exceeding
the RDA is needed for achieving optimal anabolic response to
muscle anabolic drugs. Our second aim was to investigate
whether higher protein intake in excess of the RDA is needed
in older adults with physical function limitations to optimize
the anabolic response to testosterone, a drug known to in-
crease muscle mass and strength. In older individuals whose
usual protein intake is within the RDA, we hypothesized that
increasing their protein intake to 1.3 g/kg/d without changing
the daily energy intake would not result in greater improve-
ments in LBM, muscle strength, and physical function than
providing the RDA but that the higher protein intake would
augment anabolic response to testosterone.

Methods
Study Design
The design of the trial has been published previously.31 The Op-
timizing Protein Intake in Older Men (OPTIMen) Trial was a ran-

domized, placebo-controlled, double-blind, parallel-group trial
with a 2 × 2 factorial design (Supplement 1). Institutional re-
view boards at Brigham and Women’s Hospital and Boston
Medical Center approved the study. Participants provided writ-
ten informed consent. An independent data and safety moni-
toring board oversaw the progress and safety of the study. The
first participant was randomized on September 21, 2011, and
the last participant completed the study on January 19, 2017.

Participants
Participants were community-dwelling men 65 years or older
with moderate physical function limitation (Short Physical Per-
formance Battery summary score range, 3-10) whose average
daily protein intake was less than or equal to 0.83 g/kg/d. This
value was selected as the 97.5th percentile for dietary protein
allowance from a meta-analysis32 of nitrogen balance stud-
ies. We excluded men with prostate cancer, severe lower uri-
nary tract symptoms, untreated sleep apnea, heart failure, myo-
cardial infarction, or stroke within 6 months, as well as those
having glycated hemoglobin levels exceeding 8% or those with
erythrocytosis.33

Participant Recruitment
After a brief telephone screening, participants underwent
medical history, physical examination, blood cell counts, se-
rum chemistries, prostate-specific antigen screening, and Short
Physical Performance Battery testing. Average daily energy and
protein intakes were ascertained from 24-hour food recalls on
3 days, including one weekend day.

Participants who met eligibility criteria entered a run-in
period during which they were asked to eat a custom diet con-
taining 0.8 g/kg/d of protein for 10 to 16 days. Participants who
consumed less than 75% of provided meals or supplements
were excluded.

Randomization
Participants were randomized using computer-generated ran-
domization tables and randomly varying blocks of 4 and 8 to
the following: (1) 0.8 g/kg/d of protein plus placebo injec-
tions intramuscularly weekly, (2) 1.3 g/kg/d of protein plus pla-
cebo, (3) 0.8 g/kg/d of protein plus testosterone enanthate (100

Key Points
Question Is protein intake greater than the recommended dietary
allowance needed to maintain lean body mass in older adults?

Findings In this randomized clinical trial of 92 men with physical
functional limitations, changes in lean body mass, muscle strength
and power, and physical function did not differ between men who
consumed controlled diets containing the recommended dietary
allowance and men who consumed a higher amount of protein (1.3
g/kg/d) for 6 months.

Meaning The recommended dietary allowance for protein is
sufficient to maintain lean body mass; protein intake exceeding
the recommended dietary allowance does not increase lean body
mass in functionally limited older men who are eating less than the
recommended dietary allowance.
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mg weekly), or (4) 1.3 g/kg/d of protein plus testosterone. Ran-
domization was stratified by diabetes status.

Interventions
Testosterone and placebo injections were administered in the
Men’s Health Research Unit. Details of the dietary interven-
tion have been previously published.34 Energy and protein con-
tents of each participant’s individualized diet were standard-
ized by providing packaged meals and supplements (eTable 1
in Supplement 2). Daily energy requirement was calculated
using the dietary reference intake equation plus an activity
factor.35 Participants received 1260 mg of calcium, 1000 IU of
vitamin D3, and a multivitamin daily.

Daily energy and protein intakes were apportioned be-
tween prepackaged meals, protein or carbohydrate (placebo)
supplements, and discretionary food allowances34 (eTable 1 in
Supplement 2). Packaged meals with individualized protein
and energy contents were supplied by Personal Chef to Go, Me-
chanicsville, Virginia, and provided 0.7 g/kg/d of protein and
80% of daily energy requirements. Discretionary foods (fruits/
vegetables, coffee/tea, alcoholic beverages, and other foods)
provided an additional 0.1 g/kg/d of protein and 15% of en-
ergy. The difference between the prescribed protein and en-
ergy intakes and protein and energy contents of packaged meals
was made up by protein or carbohydrate supplements. Par-
ticipants received their daily protein allotment through pack-
aged meals (0.7 g/kg/d), supplement (0 g/kg/d for control and
0.5 g/kg/d for the higher protein group), and discretionary
foods (0.1 g/kg/d). Participants in the group receiving 1.3 g/kg/d
of protein received a supplement containing 0.5 g/kg/d of ca-
sein and whey protein mix, bringing their protein intake to 1.3
g/kg/d; the control group received a supplement containing 0.5
g/kg/d of carbohydrate powder.

Twenty percent of daily energy intake was provided as
breakfast, 40% as lunch, and 40% as dinner. A 7-day supply
of packaged food was picked up by participants or was home
delivered.

A laboratory in Arden Hills, Minnesota (rtech laborato-
ries from Land O’Lakes) performed quality control tests of each
supplement batch. In addition, they periodically checked
protein and energy contents of packaged meals.

Compliance
Every week, a nutritionist (M.S. or K.S.) reviewed either 24-
hour food recalls or dietary compliance checklists to rein-
force dietary instructions. For dietary compliance checklists,
participants checked off food items, discretionary food, and
portions consumed.34

Exercise
Participants were asked to maintain their usual physical ac-
tivity and exercise level. They were instructed to avoid vigor-
ous resistance and endurance exercise.

Masking
Participants and study staff were masked to randomization:
group assignment was known only to investigational phar-
macy personnel, an unmasked statistician, and an unmasked

nutritionist (T.G.T.) who prepared the supplement. The ran-
domization was communicated to unmasked personnel via an
automated email from the data management system. The data
and safety and monitoring board was provided masked data,
with treatment arms differentiated by alphanumeric codes.

Outcomes
The primary outcome was change in LBM, measured by dual-
energy x-ray absorptiometry calibrated using a soft-tissue
phantom. Lean body mass is an integrated marker of protein
anabolism that can be measured precisely and is responsive
to anabolic interventions.36,37 Secondary outcomes included
appendicular and trunk lean tissue mass, maximal voluntary
leg press and chest press strength, and leg power38 (eMethods
in Supplement 2). Physical function measures included 6-min-
ute walking distance, stair-climbing power with and without
carrying a load of 20% body mass, and 50-m walk carrying a
load equaling 20% body mass (eMethods in Supplement 2).

Health-related quality of life (HRQOL) and self-reported
physical function were assessed using the 36-Item Short
Form Health Survey,39 well-being by the Psychological Gen-
eral Well-Being Index,40 fatigue by the Functional Assess-
ment of Chronic Illness Therapy 1 Scale,41 and positive and
negative affect by the Derogatis Affects Balance Scale.42

Adverse events, blood cell counts and serum chemistries,
prostate-specific antigen, International Prostate Symptom
Score, lipids, lipoproteins, serum urea nitrogen and creati-
nine, and 24-hour urinary calcium and urea nitrogen excre-
tion were monitored.

Statistical Analysis
The primary hypotheses concerned the effect of protein level
on LBM and the differential effect of testosterone in the groups
receiving 0.8 vs 1.3 g/kg/d of protein. We used a modified in-
tent-to-treat analytic strategy. All randomized participants who
had at least one postrandomization assessment were in-
cluded in analyses. A mixed-effects regression model was used
to assess 3-month and 6-month outcomes simultaneously, con-
trolling for baseline LBM and diabetes status (a stratification
factor) and allowing for unstructured correlation between par-
ticipants’ serial measurements. The mean between-group dif-
ferences in postrandomization change in outcomes were es-
timated (eg, between the groups receiving 0.8 vs 1.3 g/kg/d of
protein) using treatment contrasts and associated 95% CIs. As-
sociations between changes in protein intake and changes in
outcome measures were also estimated using mixed-effects
regression. The analytic plan assumed additivity of protein and
testosterone effects, such that the former was estimated by
comparing all individuals who received the enhanced pro-
tein intake with those who did not (ie, the main effect of pro-
tein), controlling for testosterone administration.

Adherence of results to this assumption was investigated
in sensitivity analyses using statistical interaction terms. Ad-
ditional sensitivity analyses examined the effect of interven-
tions on end-of-treatment outcome measures using analysis
of covariance and considered the potential for secular trends
by comparing estimated effects in the first half of the random-
ized participants with those in the second half. Type I error for
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2-sided Wald-type hypothesis tests was set at 0.05. Because
analyses were prespecified, no adjustment was made for mul-
tiplicity. The analyses used SAS version 9.3 (SAS Institute Inc)
and R version 3.2.5 (R Foundation).

The sample size was based on the assumption that 76 par-
ticipants across all 4 groups would provide 80% power to de-
tect a standardized treatment difference of 0.65 between those
receiving 0.8 g/kg/d of protein and those receiving 1.3 g/kg/d
of protein. This difference was deemed clinically meaningful
because it was shown to be associated with improvements in
muscle strength and physical function in other functionally
limited populations.43 We assumed that the SD of change in
LBM in the treatment arms would range between 2.5 and 4.0
kg. This assumption was met in the trial: the SD of change in
each of the 4 groups was substantially less than that as-
sumed.

Anticipating a maximum of 15% cumulative missingness
and loss to follow-up, we enrolled 92 participants. This was
calculated by dividing 76 by 0.85.

Results

In total, 14 276 individuals underwent telephone screening,
2705 underwent in-person screening, 154 met eligibility cri-
teria and entered a trial diet run-in period, 95 met dietary
compliance requirements, 3 participants withdrew before ran-
domization, 92 were randomized, 81 completed 3 months of
intervention, and 78 completed 6 months of intervention.
These results are shown in Figure 1.

Baseline Characteristics
The mean (SD) values for baseline characteristics of partici-
pants were as follows: age of 73.0 (5.8) years, body mass
index (calculated as weight in kilograms divided by height in
meters squared) of 30.3 (4.9), Short Physical Performance Bat-
tery summary score of 8.1 (1.3), and LBM of 55.0 (7.3) kg. Fif-
teen percent (n = 14) of participants had diabetes. The groups
were not different in their baseline characteristics (Table).

Figure 1. CONSORT Diagram Showing the Flow of Participants in the OPTIMen Trial by Receipt of Protein, Placebo,
and Testosterone Enanthate (100 mg Weekly)

14 276 Screened by telephone

2705 Screened in person

9737 Ineligible
5267 Not interested
2327 Medical history
1357 Exclusionary medications

440 Other reasons
133 Language barrier
130 Age

83 Enrolled in competing study
154 Not scheduled

4385 Eligible and scheduled

2613 Excluded
1577 Did not meet SPPB criterion

286 Medical history
258 Other reasons
243 Did not give informed consent
220 Did not meet protein criterion

29 BMI <20 or >40

92 Randomized

5 Did not complete
the study
2 Withdrew consent
2 Busy and unable

to schedule
1 Noncompliance

3 Did not complete
the study
2 Adverse event
1 Noncompliance

3 Did not complete
the study
2 Withdrew consent
1 Illness

3 Did not complete
the study
1 Withdrew consent
1 Illness
1 Adverse event

24 Randomized to receive
0.8 g/kg/d protein and
placebo

24 Randomized to receive
1.3 g/kg/d protein and
placebo

22 Randomized to receive
0.8 g/kg/d protein and
testosterone

22 Randomized to receive
1.3 g/kg/d protein and
testosterone

21 Completed 21 Completed 17 Completed 19 Completed

BMI indicates body mass index (calculated as weight in kilograms divided by
height in meters squared); CONSORT, Consolidated Standards of Reporting

Trials; OPTIMen, Optimizing Protein Intake in Older Men; and SPPB, Short
Physical Performance Battery.
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Table. Baseline Characteristics of Participants by Receipt of Protein, Placebo, and Testosterone Enanthate (100 mg Weekly)

Variable

0.8 g/kg/d Protein
Plus Placebo
(n = 24)

1.3 g/kg/d Protein
Plus Placebo
(n = 24)

0.8 g/kg/d Protein Plus
Testosterone
(n = 22)

1.3 g/kg/d Protein Plus
Testosterone
(n = 22)

All
(N = 92)

Demographics

Age, mean (SD), y 71.3 (4.2) 73.5 (5.7) 71.0 (3.6) 76.0 (7.9) 73.0 (5.8)

Body weight, mean (SD), kg 95.3 (12.5) 90.2 (15.8) 94.4 (17.6) 87.2 (18.3) 91.8 (16.2)

Height, mean (SD), cm 175.3 (6.9) 174.2 (7.0) 173.2 (7.5) 173.0 (9.4) 174.0 (7.7)

BMI, mean (SD) 31.1 (4.2) 29.6 (4.6) 31.4 (5.5) 29.0 (5.0) 30.3 (4.9)

Diabetes, No. (%) 4 (17) 4 (17) 3 (14) 3 (14) 14 (15)

SPPB summary score, mean
(SD)

8.0 (1.4) 7.8 (1.4) 8.4 (1.1) 8.2 (1.4) 8.1 (1.3)

Protein intake, mean (SD),
g/kg/d

0.69 (0.15) 0.72 (0.11) 0.72 (0.19) 0.70 (0.14) 0.71 (0.15)

Dual-Energy X-Ray Absorptiometry Measurements, Mean (SD)

Whole-body lean mass, kg 56.3 (5.5) 54.3 (7.2) 56.1 (8.6) 53.3 (7.9) 55.0 (7.3)

Appendicular lean soft-tissue
mass, kg

25.7 (5.0) 25.8 (5.4) 26.5 (5.6) 25.1 (5.2) 25.8 (5.2)

Trunk lean mass, kg 28.3 (2.7) 26.8 (3.7) 27.8 (4.3) 26.5 (4.4) 27.4 (3.8)

Whole-body fat mass, kg 33.6 (9.0) 30.5 (9.5) 33.4 (9.3) 28.9 (9.7) 31.6 (9.4)

Appendicular fat mass, kg 13.0 (3.9) 11.9 (3.6) 12.7 (3.8) 11.4 (4.2) 12.3 (3.9)

Trunk fat mass, kg 19.4 (5.7) 17.5 (6.3) 19.5 (5.8) 16.4 (5.8) 18.2 (6.0)

Percentage lean mass, % 61.0 (1.1) 62.3 (1.1) 61.1 (1.0) 63.3 (1.3) 61.9 (5.5)

Muscle Performance Measures, Mean (SD)

Leg press strength, N 2128.5 (490.3) 2154.1 (359.2) 2137.4 (465.8) 1909.0 (420.8) 2088.2 (415.0)

Chest press strength, N 458.8 (117.5) 450.0 (103.0) 430.6 (76.8) 414.8 (108.0) 437.7 (101.9)

Leg press power, W 582.5 (161.2) 559.1 (121.5) 560.4 (131.6) 480.3 (141.5) 549.6 (142.3)

Physical Function Measures, Mean (SD)

6-min Walking distance, m 428.2 (108.3) 442.2 (77.3) 451.5 (84.5) 470.6 (88.8) 448.7 (90.3)

Unloaded stair-climbing
power, W

377.3 (85.6) 356.5 (91.7) 400.5 (138.5) 317.5 (85.6) 362.9 (113.7)

Loaded stair-climbing power,
W

407.2 (162.4) 393.1 (132.9) 466.1 (156.7) 345.9 (95.8) 383.7 (128.8)

Loaded walking speed, m/s 1.6 (0.4) 1.6 (0.4) 1.6 (0.4) 1.5 (0.2) 1.6 (0.3)

36-Item Short Form Health Survey, Mean (SD)

Physical functioning score 75.4 (22.4) 81.7 (17.0) 78.6 (15.7) 82.0 (17.6) 79.4 (18.3)

Total score 77.0 (11.1) 80.1 (13.6) 80.7 (14.9) 78.8 (13.0) 79.1 (13.0)

Psychological General Well-Being Index, Mean (SD)

Global score 79.0 (8.7) 81.7 (12.6) 81.0 (12.9) 78.1 (15.0) 80.0 (12.3)

Functional Assessment of Chronic Illness Therapy 1 Scale, Mean (SD)

Fatigue score 42.1 (6.6) 42.4 (7.8) 43.0 (7.6) 41.8 (6.2) 42.3 (7.0)

Derogatis Affects Balance Scale Score, Mean (SD)

Joy 13.3 (2.0) 14.6 (2.5) 13.8 (1.9) 13.6 (3.5) 13.8 (2.6)

Contentment 14.0 (2.4) 14.6 (2.6) 14.9 (1.9) 14.6 (2.6) 14.5 (2.4)

Vigor 11.7 (2.3) 13.1 (3.0) 13.7 (2.7) 12.5 (4.1) 12.8 (3.1)

Affection 12.6 (2.7) 13.9 (3.4) 14.5 (2.4) 14.2 (2.7) 13.8 (2.9)

Anxiety 4.3 (2.6) 5.7 (3.2) 5.8 (2.7) 6.0 (4.2) 5.4 (3.2)

Depression 2.6 (2.3) 3.0 (2.8) 3.5 (2.9) 4.6 (3.9) 3.4 (3.1)

Hostility 3.8 (2.9) 4.6 (2.6) 4.4 (3.0) 4.6 (3.6) 4.4 (3.0)

Guilt 2.9 (2.8) 4.0 (2.7) 3.2 (2.2) 4.3 (3.4) 3.6 (2.8)

Laboratory Data, Mean (SD)

Glucose, mg/dL 104.3 (25.5) 100.0 (20.0) 106.1 (25.8) 100.3 (13.6) 102.6 (21.6)

Serum urea nitrogen, mg/dL 17.8 (4.9) 16.4 (5.5) 16.6 (3.0) 15.4 (4.6) 16.6 (4.7)

Calcium, mg/dL 9.34 (0.33) 9.41 (0.34) 9.40 (0.28) 9.40 (0.31) 9.38 (0.31)

AST, U/L 22.2 (9.0) 21.4 (5.1) 20.7 (5.1) 22.0 (9.7) 21.6 (7.5)

ALT, U/L 23.0 (11.5) 21.1 (6.9) 19.6 (7.7) 19.9 (13.0) 21.0 (10.0)

PSA, ng/mL 1.70 (0.94) 1.55 (1.15) 1.31 (0.82) 1.31 (0.81) 1.48 (0.94)

Hemoglobin, g/dL 14.1 (1.2) 14.4 (1.3) 14.0 (0.9) 14.2 (1.0) 14.2 (1.1)

Hematocrit, % 42.9 (3.5) 43.1 (3.8) 42.4 (2.8) 42.5 (2.6) 42.7 (3.2)

(continued)
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Baseline intake of protein, energy, and macronutrients did not
differ among groups.

Compliance With Dietary Prescription and Study Procedures
During the first 3 months, compliance with packaged meals av-
eraged 81% to 86%, and compliance with supplements aver-
aged 90% to 94%. Compliance was similarly high during months
4 through 6 (eTable 2 in Supplement 2). Participants received
greater than 99% of testosterone or placebo injections.

Energy intake was not different among groups. The men
assigned to receive 1.3 g/kg/d of protein consumed a higher
amount of protein than those assigned to receive 0.8 g/kg/d,
as indicated by food recalls (eTable 3 in Supplement 2) and
higher serum urea nitrogen and urinary urea nitrogen excre-
tion (eTable 4 in Supplement 2).

Lean Body Mass
There was no significant effect of protein level on LBM over 6
months. The changes in LBM did not differ among men as-
signed to 0.8 vs 1.3 g/kg/d of protein (effect size, 0.31 kg; 95%
CI, −0.46 to 1.08 kg; P = .43) regardless of whether they re-
ceived testosterone or placebo (Figure 2 and eTable 5 in
Supplement 2). The increase in protein intake above baseline
was not significantly associated with change in LBM. Men ran-
domized to testosterone gained significantly more LBM than
those randomized to placebo (3.54 kg; 95% CI, 2.88-4.20 kg;
P < .001) regardless of protein intake.

Changes in appendicular (0.04 kg; 95% CI, −0.48 to 0.55 kg;
P = .89) and trunk (0.24 kg; 95% CI, −0.17 to 0.66 kg; P = .24) lean
mass did not differ among men randomized to 0.8 vs 1.3 g/kg/d
of protein regardless of whether they received testosterone or
placebo (Figure 2 and eTable 5 in Supplement 2). Testosterone
administration was associated with greater gains in trunk (1.70

kg;95%CI,1.34-2.06kg;P < .001)andappendicular(1.86kg;95%
CI, 1.48-2.23 kg; P < .001) lean mass than placebo.

Whole-Body and Regional Fat Mass
Fat mass did not change in men randomized to receive 0.8
g/kg/d of protein but decreased in men receiving 1.3 g/kg/d of
protein: the between-group difference was statistically sig-
nificant (difference, −1.12 kg; 95% CI, −2.04 to −0.21 kg; P = .02)
(Figure 2 and eTable 5 in Supplement 2), controlling for tes-
tosterone administration. Testosterone use was associated with
a significantly greater loss of fat mass than placebo (−2.01 kg;
95% CI, −2.69 to −1.33 kg; P < .001), controlling for protein level.

Similarly, appendicular and trunk fat mass did not change
in the group receiving 0.8 g/kg/d of protein but decreased in
the group receiving 1.3 g/kg/d of protein: between-group dif-
ferences were significant for appendicular (−0.40 kg; 95% CI,
−0.75 to −0.05 kg; P = .03) and trunk (−0.69 kg; 95% CI, −1.33
to −0.04 kg; P = .04) fat mass. Testosterone administration was
associated with significantly greater loss of appendicular (−0.95
kg; 95% CI, −1.22 to −0.68 kg; P < .001) and trunk (−1.15 kg; 95%
CI, −1.62 to −0.67 kg; P < .001) fat mass than placebo.

Changes in body mass did not differ between the groups
receiving 0.8 vs 1.3 g/kg/d of protein, controlling for testoste-
rone administration (between-group difference, −0.78 kg; 95%
CI, −1.92 to 0.37 kg; P = .18). These results are shown in eFig-
ure 1 in Supplement 2.

Muscle Performance and Physical Function
Changes in leg press strength, chest press strength, and leg
press power did not differ significantly between the 2 protein
levels (Figure 3 and eTable 5 in Supplement 2). Similarly, there
was no significant difference between the 2 protein levels in
the change in 6-minute walking distance, loaded or unloaded

Table. Baseline Characteristics of Participants by Receipt of Protein, Placebo, and Testosterone Enanthate (100 mg Weekly) (continued)

Variable

0.8 g/kg/d Protein
Plus Placebo
(n = 24)

1.3 g/kg/d Protein
Plus Placebo
(n = 24)

0.8 g/kg/d Protein Plus
Testosterone
(n = 22)

1.3 g/kg/d Protein Plus
Testosterone
(n = 22)

All
(N = 92)

Creatinine, mg/dL 0.97 (0.18) 0.99 (0.19) 0.98 (0.18) 1.07 (0.26) 1.00 (0.21)

Total protein, g/dL 7.00 (0.37) 6.98 (0.44) 7.01 (0.42) 7.03 (0.47) 7.01 (0.42)

Albumin, g/dL 4.36 (0.28) 4.32 (0.24) 4.40 (0.30) 4.40 (0.26) 4.37 (0.27)

Globulin, g/dL 2.64 (0.43) 2.66 (0.35) 2.61 (0.28) 2.64 (0.37) 2.64 (0.36)

Total cholesterol, mg/dL 173.6 (29.3) 165.4 (40.0) 162.1 (29.5) 173.8 (36.8) 168.9 (34.1)

HDL cholesterol, mg/dL 49.2 (20.0) 46.2 (10.9) 44.6 (11.3) 47.6 (15.3) 47.0 (14.8)

LDL cholesterol, mg/dL 96.3 (28.6) 89.0 (32.7) 90.5 (19.5) 101.5 (32.9) 94.3 (29.0)

Triglycerides, mg/dL 149.7 (97.4) 151.1 (78.6) 134.7 (67.4) 123.4 (64.4) 140.3 (78.4)

Total testosterone, ng/dL 323.0 (164.7) 406.3 (241.2) 426.0 (221.8) 484.6 (247.7) 407.8 (224.7)

Free testosterone, ng/dL 7.2 (4.3) 10.1 (7.7) 11.6 (7.3) 12.0 (8.0) 10.1 (7.1)

24-h Urinary calcium, mg/24
h

135.3 (87.9) 114.9 (72.2) 116.6 (95.3) 120.8 (72.2) 122.1 (81.3)

24-h Urinary urea nitrogen,
g/24 h

9.9 (3.1) 9.7 (3.8) 11.1 (3.4) 8.4 (2.1) 9.8 (3.3)

Abbreviations: ALT, alanine aminotransferase; AST; aspartate aminotransferase;
BMI, body mass index (calculated as weight in kilograms divided by height in
meters squared); HDL, high-density lipoprotein; LDL, low-density lipoprotein;
PSA, prostate-specific antigen; SPPB, Short Physical Performance Battery.

SI conversion factors: To convert albumin level to grams per liter, multiply by 10;
ALT and AST levels to microkatals per liter, multiply by 0.0167; calcium level to
millimoles per liter, multiply by 0.25; cholesterol level to millimoles per liter,
multiply by 0.0259; creatinine level to micromoles per liter, multiply by 88.4;

free and total testosterone levels to nanomoles per liter, multiply by 0.0347;
glucose level to millimoles per liter, multiply by 0.0555; hematocrit to
proportion of 1.0, multiply by 0.01; hemoglobin level to grams per liter, multiply
by 10.0; PSA level to micrograms per liter, multiply by 1.0; serum urea nitrogen
level to millimoles per liter, multiply by 0.357; total protein level to grams per
liter, multiply by 10.0; and triglyceride level to millimoles per liter, multiply by
0.0113.
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stair-climbing power, or loaded walking speed regardless of
whether the participants were receiving testosterone or pla-
cebo (Figure 4). Testosterone administration was associated
with greater improvements in leg press strength (84.1 N; 95%
CI, 7.5-160.8 N; P = .03), chest press strength (37.0 N, 95% CI,
18.8 to 55.1 N; P < .001), and leg press power (38.2 W; 95% CI,
5.3-71.1 W; P = .02) than placebo.

HRQOL, Well-Being, Affect Balance, and Fatigue
There was no significant effect of protein level or testosterone
on overall HRQOL or physical component score, well-being,
affect balance, or fatigue. These results are shown in eFigure 2
in Supplement 2.

Sensitivity Analyses
We observed little evidence of interaction of protein and tes-
tosterone effects on outcomes, so the design assumption of ad-
ditivity of effects was consistent with observed results. Analy-
sis of covariance models restricted to end-of-treatment
outcome measures provided results that were similar to the

primary analysis described above in the Lean Body Mass sub-
section. Comparison of effects in the first half of the enrolled
participants with those in the second half did not suggest secu-
lar trends in results.

Serum Chemistries and Safety Measures
Adverse events and serious adverse events (eTable 6 in
Supplement 2) did not differ among groups. Compared with
0.8 g/kg/d of protein, higher protein intake was associated with
greater 24-hour urinary urea nitrogen excretion (1.91 g/24
hours; 95% CI, 0.23-3.58 g/24 hours; P = .03) and higher se-
rum urea nitrogen (4.43 mg/dL; 95% CI, 2.64-6.21 mg/dL;
P < .001) (eTable 4 in Supplement 2). Serum creatinine, aspar-
tate aminotransferase, alanine aminotransferase, calcium, and
24-hour urinary calcium excretion did not differ among the
groups.

In men randomized to testosterone, the mean (SD) total
and free testosterone levels, measured 1 week after injections
and averaged across months 3 and 6, increased from 456 (36)
to 620 (41) ng/dL (total) and from 11.8 (1.2) to 19.3 (1.4) ng/dL

Figure 2. Changes in Body Composition Measures
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A through D, Change in whole-body and regional lean and adipose tissue mass
in kilograms from baseline was assessed using dual-energy x-ray
absorptiometry. The number of randomized participants in each of the 4
intervention groups who contributed the data at each time point is shown at
the bottom of the graphs. The P values, derived from the mixed-effects

regression model framework, for the protein-level effect (0.8 vs 1.3 g/kg/d) and
testosterone effect (testosterone vs placebo) are also shown. The months
represent the time points (0, 3, and 6 months) at which the measurements
were performed. Error bars indicate 95% CIs.
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(free) (to convert testosterone levels to nanomoles per liter,
multiply by 0.0347). Testosterone administration increased
hematocrit and levels of hemoglobin, serum creatinine, and
prostate-specific antigen more than placebo (eTable 4 in
Supplement 2).

Discussion
Compared with a daily intake of 0.8 g/kg/d of protein, a daily
intake higher than the RDA (1.3 g/kg/d of protein) did not in-
crease LBM, muscle strength or power, physical function,
HRQOL, well-being, affect balance, or fatigue in functionally
limited older men whose baseline protein intake was within
the RDA. Furthermore, protein intake exceeding the RDA did
not augment LBM or muscle strength gains induced by testos-
terone administration. Changes in LBM were not related to
changes in protein intake. Our findings indicate that the RDA
was sufficient to maintain LBM and do not support the hy-
pothesis that protein intakes exceeding the RDA promote lean
mass accretion or augment response to a muscle anabolic drug,
such as testosterone. These data support a call by many ex-
perts for reevaluation of the current RDA estimate, which was
derived from short-term nitrogen balance studies1,22 that in-
cluded a small number of participants and even fewer older
adults.1,22 These pioneering studies did not use integrated mea-
sures of anabolism, such as LBM, nor did they assess muscle
performance and physical function.22

The higher protein intake attenuated the gains in whole-
body, appendicular, and trunk fat mass relative to 0.8 g/kg/d
of protein. The mechanisms by which increased protein in-
take attenuates fat mass gains are incompletely understood but
may include increased energy expenditure due to the ther-
mic effect of protein and changes in gut hormones, such as glu-
cagon and glucagon-like peptide 1, or other regulators of ther-
mogenesis, such as sarcoplipin.44-46 Increased protein intake
was associated with greater loss of fat mass in settings of ex-
ercise training or energy-restricted diets.47-49 In a cross-
sectional study50 of older adults, protein intake equal to the
RDA was associated with lower fat mass than protein intake
less than the RDA.

Protein intervention was safe and was associated with a
low frequency of adverse events. There were no significant
changes in liver enzymes, serum creatinine, or urinary cal-
cium excretion.

The study had a good trial design, including block ran-
domization, parallel groups, and masking. The 2 × 2 factorial
design enabled us to investigate the effects of protein level and
testosterone separately and together. Our primary outcome of
LBM, in contrast to urinary nitrogen balance or markers of pro-
tein kinetics, is an integrated measure of whole-body anabo-
lism that can be measured precisely in older adults. We also
included multiple measures of muscle performance, physical
function, and patient-reported outcomes. We recruited men
with physical function limitations whose protein intake was
at or below the RDA, a group most likely to benefit from higher
protein intake. The custom-designed meals included mul-
tiple animal and plant sources of high-quality protein. To our

knowledge, this is the longest and largest randomized, con-
trolled feeding study of protein intervention conducted in older
adults.

Figure 3. Changes in Measures of Skeletal Muscle Performance
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A through C, Maximal voluntary strength measured as 1-repetition maximum in
the leg press and chest press exercises and leg press power was assessed using
the Keiser chest press and leg press machines (Keiser Sports). The number of
randomized participants in each of the 4 intervention groups who contributed the
data at each time point is shown at the bottom of the graphs. The P values,
derived from the mixed-effects regression model framework, for the protein-level
effect (0.8 vs 1.3 g/kg/d) and testosterone effect (testosterone vs placebo) are
also shown. The months represent the time points (0, 3, and 6 months) at which
the measurements were performed. Error bars indicate 95% CIs.
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To control variability in energy intake, we provided pre-
packaged meals and supplements designed to maintain en-
ergy balance. Food recalls and dietary compliance checklists
confirmed that energy intake was not different among groups.
We used several measures to enhance compliance, including
provision of custom-prepared, portion-controlled meals. Di-
etary compliance checklists and 24-hour food recalls were used
to assess compliance and to reinforce dietary instructions each
week. Nutrient composition of packaged meals and supple-
ments was verified periodically by chemical analyses.

An important challenge in dietary intervention studies is
that participants given nutritional supplements may reduce
their intake of other foods. Several lines of evidence indicate
that the participants randomized herein to the higher protein
groups increased their protein intake above baseline. The es-
timates of higher protein intake in men randomized to 1.3
g/kg/d of protein by food recalls and dietary compliance check-
lists were confirmed by increases in serum urea nitrogen and
24-hour urinary urea nitrogen excretion. Although these meth-
ods provide only approximate estimates of protein intake (food

recalls tend to underestimate protein intakes), all 3 methods
confirmed that the participants randomized to 1.3 g/kg/d of pro-
tein consumed a higher amount of protein than at baseline and
higher than the group randomized to 0.8 g/kg/d of protein.

Limitations
The study has some limitations. Because the study included
older men with mild to moderate physical dysfunction, we do
not know whether our findings apply to women or to frail
elderly older persons. Older adults, especially those with frailty,
may have multiple comorbid conditions that may affect LBM.
Our controlled feeding study in a research center was con-
ducted in carefully selected, medically stable participants using
packaged meals, close supervision, and frequent reinforce-
ment of dietary instructions, which facilitated a high level of
compliance. This level of compliance is difficult to achieve in
clinical practice. The mean body mass index of the partici-
pants was approximately 30, which is typical for men of this
age.51 Therefore, a significant proportion of the participants
herein were obese. For this study, protein intakes were inves-

Figure 4. Changes in Performance-Based Measures of Physical Function

150

100

50

0

−50Ch
an

ge
 in

 6
-m

in
 W

al
ki

ng
Di

st
an

ce
, m

Time, mo

6-m Walking distanceA

0

22
22
23
24

3

18
18
22
19

6

19
17
19
19

No. of participants
1.3 g/kg/d Protein plus testosterone
0.8 g/kg/d Protein plus testosterone
1.3 g/kg/d Protein plus placebo
0.8 g/kg/d Protein plus placebo

0

50

100

150

−50

Ch
an

ge
 in

 U
nl

oa
de

d
St

ai
r-

Cl
im

bi
ng

 P
ow

er
, W

Time, mo

Unloaded stair-climbing powerB

0

22
22
23
24

3

16
16
20
17

6

16
17
16
16

No. of participants
1.3 g/kg/d Protein plus testosterone
0.8 g/kg/d Protein plus testosterone
1.3 g/kg/d Protein plus placebo
0.8 g/kg/d Protein plus placebo

Protein P = .96
Testosterone P = .33

Protein P = .08
Testosterone P = .14

0

50

100

150

−50

Ch
an

ge
 in

 L
oa

de
d

St
ai

r-
Cl

im
bi

ng
 P

ow
er

, W

Time, mo

Loaded stair-climbing powerC

0

22
22
23
24

3

14
16
19
17

6

16
17
16
16

No. of participants
1.3 g/kg/d Protein plus testosterone
0.8 g/kg/d Protein plus testosterone
1.3 g/kg/d Protein plus placebo
0.8 g/kg/d Protein plus placebo

Protein P = .52
Testosterone P = .02

0

0.2

0.4

0.6

−0.2Ch
an

ge
 in

 L
oa

de
d 

50
-m

W
al

k 
Sp

ee
d,

 m
/s

Time, mo

Loaded walking speedD

0

22
22
23
24

3

16
17
18
15

6

14
16
17
12

No. of participants
1.3 g/kg/d Protein plus testosterone
0.8 g/kg/d Protein plus testosterone
1.3 g/kg/d Protein plus placebo
0.8 g/kg/d Protein plus placebo

Protein P = .81
Testosterone P = .88

0.8 g/kg/d Protein plus placebo
1.3 g/kg/d Protein plus placebo

0.8 g/kg/d Protein plus testosterone
1.3 g/kg/d Protein plus testosterone
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(per Muscle Performance subsection on page 5 and Figure 4) power were
assessed. The number of randomized participants in each of the 4 intervention
groups who contributed the data at each time point is shown at the bottom of
the graphs. The P values, derived from the mixed-effects regression model

framework, for the protein-level effect (0.8 vs 1.3 g/kg/d) and testosterone
effect (testosterone vs placebo) are also shown. The months represent the time
points (0, 3, and 6 months) at which the measurements were performed. Error
bars indicate 95% CIs.
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tigated using each participant’s measured body mass. Addi-
tional research is needed to assess whether the RDA for pro-
tein should be based on ideal body mass. However, prescribing
protein intake based on ideal body mass would reduce total
protein intake among older adults who are overweight or obese;
this is not currently recommended.52 The participants herein
were not hypogonadal, and there was no clinical indication for
testosterone therapy in these men. A testosterone group was
included to investigate if protein supplementation enhanced
the effects of testosterone.

The sample size of 92 participants was intended to
achieve 80% power to detect robust and clinically meaning-
ful effects, but it provided less assurance of the detection of
more subtle differences. The effect of the testosterone inter-
vention on total and regional LBM was of the expected mag-
nitude and statistically significant. The much smaller
effects of the higher protein level on whole-body and
appendicular fat mass were also detectable. By contrast, the
observed differences in LBM between the groups receiving
0.8 vs 1.3 g/kg/d of protein were small and far smaller than
those hypothesized. These observations suggest that it is
the lack of a meaningful effect of the enhanced protein

intervention, rather than a lack of statistical power, that
drove this null finding.

Nevertheless, the findings of our study should be interro-
gated in larger confirmatory studies. Our analyses did not find
evidence of interaction between interventions, although the
statistical power to detect interactions was limited. The re-
cruitment plans of future trials should consider the OPTIMen
Trial screening experience, which randomized 1 participant per
30 men screened in person and 155 men screened on the
telephone.

Conclusions
Protein intake equal to the RDA was sufficient to maintain LBM,
muscle strength, and physical function in functionally lim-
ited older men. Our findings do not support the recommen-
dation that protein intakes higher than the RDA promote LBM
accretion or augment anabolic response to a muscle anabolic
drug, such as testosterone. Our data highlight the need for re-
evaluation of the protein RDA in older adults, especially those
with frailty and chronic diseases.
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