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Context: It has been assumed that the increase in urine calcium (Ca) that accompanies an increase
in dietary protein was due to increased bone resorption. However, studies using stable Ca isotopes
have found that dietary protein increases Ca absorption without increasing bone resorption.

Objective: The objective of the study was to investigate the impact of a moderately high protein
diet on bone mineral density (BMD).

Design: This was a randomized, double-blind, placebo-controlled trial of protein supplementation
daily for 18 months.

Setting: The study was conducted at two institutional research centers.

Participants: Two hundred eight older women and men with a body mass index between 19 and
32 kg/m2 and a self-reported protein intake between 0.6 and 1.0 g/kg participated in the study.

Intervention: Subjects were asked to incorporate either a 45-g whey protein or isocaloric malto-
dextrin supplement into their usual diet for 18 months.

Main Outcome Measure: BMD by dual-energy x-ray absorptiometry, body composition, and mark-
ers of skeletal and mineral metabolism were measured at baseline and at 9 and 18 months.

Results: There were no significant differences between groups for changes in L-spine BMD (primary
outcome) or the other skeletal sites of interest. Truncal lean mass was significantly higher in the
protein group at 18 months (P � .048). C-terminal telopeptide (P � .0414), IGF-1 (P � .0054), and
urinary urea (P � .001) were also higher in the protein group at the end of the study period. There
was no difference in estimated glomerular filtration rate at 18 months.

Conclusion: Our data suggest that protein supplementation above the recommended dietary
allowance (0.8 g/kg) may preserve fat-free mass without adversely affecting skeletal health or renal
function in healthy older adults. (J Clin Endocrinol Metab 100: 2214–2222, 2015)
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It has been recognized for more than a century that in-
creasing dietary protein increases urinary calcium

(UCa), but the source of this additional UCa remains un-
clear. Until recently it was hypothesized that the increment
in UCa induced by increases in dietary protein was due to
an increase in bone resorption. In particular it was as-
sumed that bone catabolism was required to liberate buf-
fer required to compensate for the fixed metabolic acid
load imposed by the metabolism of sulfur-containing
amino acids (1–4). Early balance studies (5, 6) failed to
show a change in intestinal Ca absorption with increased
dietary protein, making the skeleton the only plausible
source of the additional UCa. However, more recent ev-
idence from short-term studies using dual-stable Ca iso-
topes has demonstrated that increasing dietary protein im-
proves intestinal Ca absorption and that the increment in
UCa can be quantitatively explained by an increase in Ca
absorption (7, 8). Furthermore, in one study calcium (Ca)
retention was improved as dietary protein increased, al-
though this effect was observed only when dietary Ca was
relatively low, 675 mg/d (9).

To address the longer-term impact of dietary protein on
skeletal metabolism, we undertook an 18-month study in
older adults who were selected on the basis of a reported
low-moderate protein intake (0.6–1.0 g/kg). Subjects
were randomized to receive either a 45-g whey protein
isolate (representing 40 g of protein) or an isocaloric
maltodextrin control supplement (carbohydrate group).
In addition to measuring bone mineral density (BMD) by
dual-energy x-ray absorptiometry (DXA) and quantita-
tive computed tomography (QCT), body composition,
circulating levels of IGF-1, and biochemical markers of
skeletal and mineral metabolism were evaluated.

Materials and Methods

Study design
This was a multicenter, double-blind, randomized controlled

trial to determine the effect of 18 months of dietary supplemen-
tation with either whey protein (protein group; Provon 290;
Glambia Nutritionals) or maltodextrin (carbohydrate group;
Maltrin M100; Grain Processing Corp) on bone mass in older
men and women. The supplements were closely matched for
composition, color, and the following nutrients: kilocalories, so-
dium, potassium, phosphorus, fiber, and Ca (Supplemental Ta-
ble 1). BMD was assessed by DXA in all subjects at baseline and
at 9 and 18 months. QCT was also used to assess bone mass in
half of the study subjects at baseline and after the 18 month
intervention. Blood samples were analyzed for measures of intact
PTH, IGF-1, creatinine, and markers of bone turnover. Twenty-
four hour urine samples were collected for urea and Ca. Serum
25-hydroxyvitamin D [25(OH)D] was measured as an entry cri-
teria. If a participant’s level was less than 50 nmol/L (20 ng/mL)
at randomization, they received a one-time dose of 50 000 IU of

vitamin D2 per os, and their level was rechecked at visit 3. All
participants were vitamin D sufficient at baseline (Table 1). Phys-
ical activity, assessed by the Baecke Questionnaire (10), tobacco
use, and alcohol consumption were evaluated at baseline and 18
months. The Baecke Questionnaire is a validated instrument (11)
used to assess frequency, intensity, and duration of three com-
ponents of physical activity: work, sport, and leisure. Scores can
range between 3 (minimum level) and 15 (maximum level).
Height and weight were obtained at each study visit using a
balance beam scale and used to calculate body mass index (BMI).

Subject recruitment
Subjects were recruited at two study centers (The University

of Connecticut Health Center, Farmington, CT, and Yale Uni-
versity School of Medicine, New Haven, Connecticut). Potential
volunteers were screened by dietitians using a health history and
diet questionnaire in an effort to recruit patients whose self-
reported protein intake ranged between 1.0 and 0.6 g/kg � d.
Women over the age of 60 years and men over the age of 70 years
were recruited to the study. Men and women with self-reported
protein intakes less than 0.6 g/kg or greater than 1.0 g/kg, or a
BMI greater than 32 kg/m2 or less than 19 kg/m2 were excluded.
Additional exclusion criteria are listed in Supplemental Table 2.
Supplemental Figure 1 summarizes the number of subjects who
were screened and randomized. Of the subjects screened, 208
met final inclusion criteria and were randomized. Treatment as-
signment was performed using a random numbers generator. All
participants and members of the research team were blinded to
treatment allocation except for the research pharmacists. The
study was approved by investigational review boards at the two
study sites. All participants gave their written informed consent.

Measurements of bone mass and body
composition

BMD and body composition were measured by DXA at base-
line and at 9 and 18 months using either a Hologic 4500W ma-
chine (Yale University School of Medicine) or a Lunar Prodigy
DPX-IQ (University of Connecticut Health Center). The coeffi-
cient of variation for lumbar spine BMD, the primary outcome
variable, was 1.3% at site 1 and 1.2% at site 2. All subjects were
scanned only at the study site to which they were initially re-
cruited. A single phantom was used to cross-calibrate both ma-
chines every 9–12 months to ensure that there was no discordant
drift in densitometric measures over the course of the study.
BMD by QCT was performed at the Women’s Imaging Center
(South Windsor, Connecticut) using a Toshiba Asteon 4 detector
Helical scanner and Mindways QCTPro Software (Mindways,
Inc). Because of expense, the QCT testing was performed on half
of the study subjects chosen randomly from each group. Mea-
surements were made in the lumbar spine and hip at both base-
line and month 18.

Measures of skeletal and mineral metabolism
Serum and 24-hour urine samples were collected at baseline

and at 9 and 18 months. Intact PTH and serum 25(OH)D were
measured using commercially available RIAs. UCa and serum
creatinine were measured using an ACE Wasserman autoana-
lyzer. Serum osteocalcin was measured in the laboratory of Dr
Caren Gundberg (Department of Orthopaedics, Yale School of
Medicine) using a double-antibody RIA (12). Serum amino-ter-
minal propeptide of type I procollagen (P1NP), C-terminal te-
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lopeptide of type 1 collagen (CTX), and IGF-1 were measured
using commercially available ELISAs. Urinary urea was mea-
sured using a commercially available kit. Commercial assay
manufacturers normal ranges and interassays coefficients of
variation for all assays are provided in Supplemental Table 3.
Estimated glomerular filtration rate (eGFR) was calculated from
serum creatinine, age, sex, and race using the National Kidney
Foundation on-line calculator (13).

Dietary monitoring
At study entry all participants met with a registered dietitian

and were instructed in estimating portion sizes using food models
and measuring cups. All subjects completed 3-day food records
prior to all study visits, which were reviewed by dietitians to
encourage adherence to the intervention and to monitor their
energy, protein, Ca, and vitamin D intake. All subjects received
a daily multivitamin mineral supplement that contained 400 IU
of vitamin D (One-A-Day; Bayer). The multivitamin supple-
ment, Ca carbonate supplement (Tums, 300 mg tablets), and
Ca-containing foods were used to ensure a minimum Ca intake
of 1200 mg/d. Subjects who wanted to continue their own mul-
tivitamin and Ca supplements instead of those provided by the
study were asked to bring all supplement bottles to their ran-
domization visit. Total vitamin D and Ca from personal nutri-
tional supplement labels were included in the analyses presented

in Table 2. Study dietitians counseled subjects to ensure that their
weight remained stable during the study. Food records collected
at baseline and 6 and 18 months were analyzed using the ESHA
Food Processor software program (ESHA Research; version
10.1.0).

Adverse events
Participants were asked about adverse events at each study

visit. The relationship of adverse events to the study interven-
tions were adjudicated by the principal investigator or subinves-
tigator and categorized as either definitely related or unrelated
and then graded 1–5 for the degree of severity.

Sample size estimate
Sample size was estimated from a prior human study that

most closely matched the current protocol (14). A sample size of
at least 67 completers in each group was determined to provide
90% power to detect a 3.63% � 6.9% (mean � SD) difference
in spinal BMD (assessed by DXA) at the two-sided 0.05 signif-
icance level. For a spinal BMD (our primary outcome variable)
of 0.874 g/cm2 in a postmenopausal Caucasian woman (with an
associated T-score of �1.6), this would represent an absolute
change of 0.032 g/cm2. We targeted an enrollment of 200 vol-

Table 1. Baseline Demographics, Bone Parameters, and Markers of Kidney Function for the Two Study Groups

Carbohydrate (n � 102) Protein (n � 106) P Valuea

Demographics
Female, n, % 89, 87.3% 89, 84.0% .500
Age, y 70.5 � 6.4 69.9 � 6.1 .529

Male 75.4 � 15.4 74.4 � 8.8
Female 69.8 � 6.6 69.1 � 6.5

Height, cm 163.5 � 0.92 163.6 � 0.76 .942
Weight, kg 70.5 � 11.8 69.8 � 10.8 .665
BMI, kg/m2 26.4 � 4.0 26.1 � 3.4 .607
Body fat, % 37.6 � 0.9 36.6 � 0.91 .435
Total lean mass, kg 42.0 � 0.77 42.6 � 0.83 .584

DXA bone density measurements, g/cm2

Femoral neck 0.820 � 0.1 0.808 � 0.1 .514
Total femur 0.897 � 0.1 0.887 � 0.1 .5559
Lumbar spine 1.107 � 0.2 1.091 � 0.2 .5635

QCT bone density measurements n � 44 n � 45
QCT femur, mg/cm3

Cortical density 918.61 � 68.9 922.41 � 133.3 .8666
Trabecular density 126.06 � 17.5 122.21 � 20.8 .349
Total density 256.52 � 38.8 250.06 � 41.3 .449

QCT spine
Total density, g/cm3 105.6 � 25.2 104.0 � 29.7 .7865

Serum markers of skeletal metabolism n � 78 n � 90
Serum P1NP, nmol/L 1.44 � 0.56 1.23 � 0.47 .009
Serum CTX, ng/L 500 � 300 400 � 200 .0952
Serum OC, nmol/L 1.28 � 0.51 1.18 � 0.50 .2739
Serum IGF-1, nmol/L 10.41 � 3.54 10.47 � 3.20 .9143

Vitamin D metabolites
25(OH)D, nmol/L 79.4 � 19.7 78.9 � 19.2 .8051

eGFR and urinary urea
eGFR, mL/min per 1.73 m2 74.5 � 16.0 72.3 � 13.3 .2863
24-hour urinary urea, g/d 17.4 � 8.6 17.5 � 5.8 .9454

Abbreviation: OC, osteocalcin. Data are presented as mean � SD. Statistically significant P values are shown in bold.
a P values are shown for comparisons between the control and protein groups using a t test for continuous outcomes and �2 for differences in
proportions.
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unteers to allow for an anticipated dropout rate of 30% based on
a previous clinical trial from our group (15).

Statistical analysis
Normality was assessed by residual plots at each time point.

None of the variables we examined demonstrated a compelling
departure from normality and were therefore not transformed.
Baseline characteristics were summarized by treatment group
using descriptive statistics. Our primary outcome variable was
change in lumbar spine BMD. Changes in bone density at the hip,
trabecular and cortical skeletal envelopes, eGFR, UCa, IGF-1,
and indices of body composition were considered secondary out-
come variables. Exploratory end points were markers of bone
turnover and mineral metabolism. Urinary urea was a compli-
ance measure and not considered an outcome measure. The ef-
fect of treatment (protein supplementation) on the primary, sec-
ondary, and exploratory outcome variables was assessed with
general linear mixed-models analysis adjusted for baseline val-
ues, an approach appropriate for longitudinal data sets with
multiple missing data points (16). Outcome data are presented as
least squares means from the mixed-model, repeated-measures
analyses (unless otherwise noted). The models included fixed
effects for treatment (two levels), time, time-by-treatment inter-
action, and a random effect for each participant. An unstruc-
tured covariance pattern was used to accommodate correlation
from the repeated assessments.

Primary analyses were conducted according to the intent-to-
treat principle using all randomized subjects. Secondary analyses
using the same mixed-model approach were conducted on the
following: participants categorized as having a protein intake at
or below the current recommended dietary allowance (RDA;
�0.8 g/kg) or above the RDA (�0.8 g/kg) as well as those par-
ticipants who continued to take the study intervention for the
entire 18 months (termed treatment completers). The proportion
of adverse events per study arm was analyzed using a Pearson’s

�2 or a Fisher’s exact test (depending on cell counts). All analyses
were performed with SAS version 9.2 (SAS Institute) at the two-
sided level of significance at P � .05. There was no adjustment
for multiple comparisons for testing secondary outcomes.

Results

Study population
The two study groups were closely matched for gender,

age, body composition, and baseline BMD (Table 1). Mea-
sures of bone turnover, except for P1NP (P � .009), as well
as 25(OH)D, eGFR, and 24-hour urinary urea were also
similar between the two groups. The diets in the two study
groups were nearly identical in baseline total energy and
macronutrient consumption as well as Ca and vitamin D
intakes (Table 2). There were also no significant differ-
ences in baseline dietary fiber, phosphorous, magnesium,
or sodium content (data not shown). There were no base-
line differences in reported physical activity, measured by
the Baecke Physical Activity Questionnaire (total physical
activity score 6.7 � 2.1 vs 6.8 � 1.9; protein vs carbohy-
drate; mean � SD), tobacco use (total number of smokers:
protein 2 vs carbohydrate 1), or alcohol consumption
(number of drinks per day 0.4 � 0.6 vs 0.6 � 0.8; protein
vs carbohydrate; mean � SD) between the two study
groups.

Study retention
Of the 208 subjects randomized, 158 completed the

study, and of these, 121 continued to take the study sup-

Table 2. Change in Dietary Intake From Baseline to 18 Months in the Two Study Groups

Carbohydrate (n � 102) Protein (n � 106)

Between-Group

Differences

Baseline 6 Mo 18 Mo Baseline 6 Mo 18 Mo P Valuea P Valueb

Kilocalories from diet 1692 � 42.3 1672 � 71.9 1688 � 50.4 1709 � 37.6 1608 � 42.3 1589 � 41.4 .427 .040
Fat, g 61.3 � 2.5 57.8 � 3.1 58.8 � 2.4 59.4 � 2.1 54.3 � 2.0 55.6 � 2.0 .436 .273
Dietary protein

Grams 72.9 � 1.8 73.5 � 2.9 72.7 � 2.4 73.9 � 1.9 73.9 � 3.5 70.1 � 2.3 .973 .411
Grams per kilogram 1.06 � 0.03 1.07 � 0.05 1.05 � 0.04 1.07 � 0.03 1.06 � 0.06 1.01 � 0.03 .918 .395

Supplement protein, g 21.7 � 1.7 18.1 � 1.7
Total protein

Grams 72.9 � 1.8 73.5 � 2.9 72.7 � 2.4 73.8 � 1.9 99.6 � 3.9 90.7 � 3.3 <.0001 <.0001
Grams per kilogram 1.06 � 0.03 1.07 � 0.05 1.05 � 0.04 1.07 � 0.03 1.46 � 0.06 1.30 � 0.05 <.0001 <.0001

Dietary carbohydrate, g 206 � 5.8 205 � 10.7 210 � 7.4 214.1 � 5.2 202.1 � 6.7 196.9 � 6.6 .620 .035
Supplement carbohydrate, g 23.3 � 1.7 18.2 � 1.8
Total carbohydrate, g 206.2 � 5.8 227.5 � 11.6 229.0 � 9.5 214.1 � 5.2 202.1 � 6.7 196.9 � 6.6 .014 <.001
Dietary calcium, mg 848.2 � 35.4 908.0 � 70.0 883.8 � 36.3 811.0 � 28.9 801.9 � 32.6 800.9 � 33.4 .239 .059
Supplement calcium2, mg 634.1 � 33.3 614.9 � 47.0 640.8 � 49.4 636.0 � 36.4 593.6 � 39.2 634.9 � 46.4 .709 .832
Total calcium, mg 1484.5 � 43.0 1540.6 � 69.9 1553.3 � 53.1 1459.7 � 42.1 1436.4 � 48.3 1426.1 � 54.4 .282 .154
Dietary vitamin D, IU 109.5 � 10.1 112.0 � 9.5 109.6 � 10.1 116.7 � 9.5 122.8 � 10.2 118.4 � 9.5 .633 .755
Supplement vitamin D3, IU 638.3 � 106.0 740.3 � 87.7 815.4 � 109.0 455.3 � 34.9 551.8 � 47.1 576.9 � 54.8 .377 .241
Total vitamin D, IU 745.9 � 112.6 848.0 � 100.1 916.2 � 123.4 569.7 � 35.9 681.8 � 50.1 715.1 � 57.6 .448 .400

Data are presented as least square mean � SEM. Between-group differences were adjusted for baseline (except for supplement). Supplement
calcium includes the calcium contained in the subjects’ own supplement, the study multivitamin (MVI), and/or Tums and the study protein or
control supplement. Supplement vitamin D includes the vitamin D in the subjects’ own supplement and/or study MVI. Statistically significant P
values are shown in bold.
a Between-group differences at 6 months.
b Between-group differences at 18 months.
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plement for 18 months (Supplemental Figure 1). The av-
erage supplement consumption for treatment completers
(ie, participants who continued to take to the supplement
for 18 mo) was 31.5 and 31.0 g/d at 18 months for the
protein (n � 61) and carbohydrate (n � 60) groups,
respectively.

Effect of study intervention on dietary intake
Changes in nutrient intake for the study population

over the 18-month intervention are presented in Table 2
and Supplemental Table 4. The prespecified study goal
was to ensure that total caloric intake (diet plus supple-
ment) remained constant in both groups. In the carbohy-
drate group, there were no changes in caloric intake from
diet over the 18 months of the study. In the protein group,
there was a decline in dietary caloric intake (from food
sources), which by month 18 was significantly less than
baseline. At baseline the carbohydrate group’s dietary ca-
loric intake was 1692 kcal and only marginally increased
to 1761 kcal at the end of the study period with the ad-
dition of the maltodextrin supplement (1688 kcal from
diet plus 73 kcal from supplement). The protein group’s
baseline caloric intake was 1709 kcal and declined slightly
to 1661 kcal at the end of the 18-month intervention (1589
kcal from diet plus 72 kcal from supplement). Overall, the
addition of either supplement to the subject’s usual dietary
intake did not substantially impact total energy consump-
tion throughout the study period.

There were no significant changes in any of the macro-
nutrients from diet or in Ca intake in the carbohydrate
group. However, total vitamin D intake significantly in-

creased in the carbohydrate group, which was due to a rise
in supplemental intake rather than dietary changes (Sup-
plemental Table 4). Fat intake declined in the protein
group (18 mo vs baseline, P � .041), but there were no
significant between group differences in dietary fat at 6 or
18 months. Carbohydrate intake also declined in the pro-
tein group (18 mo vs baseline, P � .024), and there was a
significant between-group difference at 18 months (P �
.035). Dietary protein, Ca, and vitamin D intakes re-
mained stable in the protein group.

Changes in BMD
There were no significant between-group differences

for lumbar spine BMD (primary outcome variable) or any
of the other analyzed regions of interest at either 9 or 18
months (Table 3). Percentage change (least square mean �
SEM) in lumbar spine, total hip, and femoral neck BMD
from baseline to 18 months was calculated for all subjects
for whom there were at least two bone density determi-
nations by DXA (protein group: n � 92; carbohydrate
group: n � 79). At the end of the study, BMD had in-
creased by 0.5% � 0.4% in the spine; had declined by
0.7% � 0.3% in the total hip; and had declined by 0.5% �
0.5% in the femoral neck in the carbohydrate group. In the
protein group, spinal BMD increased by 0.5% � 0.4%
and declined by 0.7% � 0.3% in the total hip and by
1.1% � 0.4% in the femoral neck. There were no statis-
tically significant between-group differences in the data
when expressed as a percentage change from baseline for
any of these regions of interest (P � .05). When percentage
change was calculated for the treatment completers (pro-

Table 3. Changes in DXA and QCT BMD Between the Two Study Groups at 9 and 18 Months

Carbohydrate Protein

Between-Group Differences

Mean Difference (95% CI)

Baseline 9 Mo 18 Mo Baseline 9 Mo 18 Mo 9-Mo Difference 18-Mo Difference

DXA measurements,

n (g/cm2)
Lumbar spine 102 (1.10 � 0.01) 102 (1.11 � 0.02) 102 (1.11 � 0.02) 105 (1.09 � 0.01) 105 (1.09 � 0.01) 105 (1.10 � 0.01) �0.001 (�0.012 to

0.010)

0.002 (�0.011 to

0.014)
Total hip 102 (0.90 � 0.01) 102 (0.89 � 0.01) 102 (0.89 � 0.01) 106 (0.89 � 0.01) 106 (0.88 � 0.01) 106 (0.88 � 0.01) �0.001 (�0.007 to

0.005)

0.001 (�0.007 to

0.009)
Femoral neck 102 (0.82 � 0.01) 102 (0.82 � 0.01) 102 (0.82 � 0.01) 106 (0.81 � 0.01) 106 (0.80 � 0.01) 106 (0.80 � 0.01) 0.004 (�0.004 to

0.012)

0.006 (�0.004 to

0.016)
QCT measurements,

n (mg/cm3)
Lumbar spine 44 (106 � 3.72) 44 (106 � 4.07) 45 (103 � 4.51) 45 (99.3 � 4.29) 4.151 (�0.169 to

8.470)
Femoral neck,

cortical

44 (970.91 �

19.39)

44 (956.45 �

20.17)

45 (1038.68 �

51.50)

45 (971.05 �

22.32)

�0.863 (�50.756 to

49.029)
Femoral neck,

trabecular

44 (130.60 �

2.65)

44 (129.98 �

2.61)

45 (123.32 �

3.15)

45 (124.23 �

3.41)

�0.953 (�5.054 to

3.147)
Femoral total,

cortical

44 (918.61 �

10.25)

44 (911.37 �

11.32)

45 (922.41 �

19.61)

45 (899.03 �

12.29)

1.926 (�29.754 to

33.606)
Femoral total,

trabecular

44 (126.06 �

2.63)

44 (126.13 �

2.95)

45 (122.21 �

3.11)

45 (122.91 �

3.18)

�0.421 (�3.900 to

3.058)

Abbreviation: CI, confidence interval. Data are presented as least square mean � SEM or least square mean (95% CI). Between-group differences
were adjusted for baseline. There were no significant between-group differences.
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tein group: n � 57; carbohydrate group: n � 60), there was
a difference between treatment groups in femoral neck
BMD at 9 months (protein: �1.31 � 0.43 vs carbohy-
drate: 0.14 � 0.43, between group difference: �1.5 �

0.6%, P � .019). However, when the data from treatment
completers were analyzed at 18 months, there were no
significant between-group differences in the percentage
change from baseline at any of the three BMD sites (data
not shown). A subanalysis of treatment completers who
had good adherence (average supplement intakes: protein
group: 31.5 g; carbohydrate group: 31.0 g, values that are
69% of the target 45 g intake) still demonstrated no ob-
served differences.

Table 3 also summarizes the change from baseline in
BMD in a subset of individuals who had BMD measured
by QCT in the spine and hip (carbohydrate: n � 44; pro-
tein: n � 45). There were no significant between-group
differences at 18 months for any of the cortical or trabec-
ular skeletal parameters. Lastly, we performed a suba-
nalysis in 43 individuals who had baseline protein intakes
at or below the RDA. This subanalysis revealed no change
in bone density when measured either by DXA or QCT
(data not shown).

Biochemical measures of skeletal and mineral
metabolism in treatment completers

Because of the expense in performing these analyses,
they were undertaken only in subjects who continued to
adhere to the supplement (ie, treatment completers; Ta-
ble 4 and Supplemental Table 5). There were no signif-
icant changes in serum PTH between the two groups
over the 18 months (P � .605). As expected, by 9
months UCa increased in the protein group and differed
significantly from the carbohydrate group (P � .0073).

However, at 18 months this difference was no longer
significant.

There were significant differences between the two
groups for both CTX and P1NP at month 9 (CTX: P �

.0206; P1NP: P � .0007) and CTX at 18 months (P �

.0414). IGF-1 levels were also higher in the protein group
compared with the carbohydrate group throughout the
intervention, and the difference was significant at the
study end (9 mo: P � .141; 18 mo: P � .0054).

Urine urea was significantly higher in the protein group
compared with the carbohydrate group both at 9 (P �

.001) and 18 months (P � .001). There was no significant
change in urine urea in the carbohydrate group. Mean
eGFR remained above 60 mL/min per 1.73 m2 in both
groups throughout the study, and there was no treatment
effect at 18 months.

Changes in anthropometric indices
There were no significant differences for any of the

anthropometric measurements at 9 months (Table 5; P �
.178 to P � .895). However, by 18 months, total lean mass
(P � .011) and truncal lean mass (P � .003) had signifi-
cantly declined in the carbohydrate group from baseline,
whereas lean mass remained unaltered in the protein
group. Total lean mass tended to be higher in the protein
group (P � .069), and lean trunk mass was significantly
higher with protein supplementation (P � .048) at 18
months. Lastly, total fat mass significantly increased over
the course study in the carbohydrate group (P � .018), a
change in body composition that was not observed with
protein supplementation. These changes in body compo-
sition occurred despite the fact that there was no change in
BMI between the two groups (9 mo: P � .624; 18 mo: P �
.742).

Table 4. Impact of the Intervention on Measures of Skeletal and Mineral Metabolism in Treatment Completers

Carbohydrate (n � 60) Protein (n � 61)

Between-Group

Differences

Baseline 9 Mo 18 Mo Baseline 9 Mo 18 Mo P Valuea P Valueb

Markers of mineral metabolism
PTH, ng/L 32.6 � 1.79 31.4 � 1.54 31.2 � 1.52 29.0 � 1.41 30.4 � 1.56 28.2 � 1.20 .2136 .605
UCa, mmol/d 3.9 � 0.24 3.8 � 0.23 4.0 � 0.43 4.3 � 0.38 5.1 � 0.43 4.9 � 0.33 .0073 .2406

Serum markers of skeletal metabolism
Serum P1NP, nmol/L 1.43 � 0.08 1.28 � 0.06 1.35 � 0.07 1.23 � 0.06 1.33 � 0.07 1.32 � 0.06 .0007 .3952
Serum CTX, ng/L 470 � 30 420 � 30 440 � 30 400 � 20 450 � 30 480 � 30 .0206 .0414
Serum OC, nmol/L 1.17 � 0.06 1.12 � 0.06 1.18 � 0.06 1.04 � 0.05 1.10 � 0.06 1.12 � 0.05 .3332 .7747
Serum IGF1, nmol/L 10.72 � 0.46 10.77 � 0.44 10.40 � 0.45 10.74 � 0.41 11.37 � 0.53 11.41 � 0.45 .1413 .0054

eGFR and urinary urea
eGFR, mL/min per 1.73 m2 77.2 � 2.3 74.3 � 1.8 75.4 � 1.9 73.5 � 1.9 76.9 � 2.1 74.8 � 2.4 .006 .3394
24-hour urinary urea, g/d 17.5 � 1.1 16.0 � 0.7 16.8 � 0.8 17.2 � 0.7 23.8 � 1.0 23.3 � 1.0 �.0001 �.0001

Abbreviation: OC, osteocalcin. Treatment completers refers to subjects who continued to take powder intervention throughout the entire 18
months of the study. Data are presented as least square mean � SEM. Between-group differences were adjusted for baseline. Statistically
significant differences are shown in bold.
a Between-group differences at 9 months.
b Between-group differences at 18 months.
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Changes in lifestyle factors
There was no difference in levels of physical activity

between the two study groups at 18 months. Furthermore,
there were no significant changes within each group when
comparing baseline scores with those at 18 months (total
physical activity score: protein: 6.7 � 2.136.8 � 2.1 vs
carbohydrate: 6.8 � 1.937.1 � 2.0; mean � SD). There
were two smokers in the protein group and one in the
carbohydrate group. Alcohol consumption remained
moderate throughout the intervention, with no differences
being observed between baseline and 18 months within
each group or between the groups at the end of the study
(number of drinks per day: protein: 0.4 � 0.630.5 � 0.6;
carbohydrate: 0.6 � 0.830.5 � 0.8; mean � SD).

Adverse events
There were relatively equal numbers of total adverse

events in each group (Supplemental Table 6).

Discussion

In this study whey protein supplementation in older men
and women with adequate dietary protein intakes had no
effect on BMD assessed by DXA. There were also no sig-
nificant differences in QCT measurements at the lumbar
spine (a site rich in trabecular bone) or at the femoral neck
(a cortically enriched site). However, total lean body mass
was preserved, and truncal fat-free mass was significantly
higher in individuals receiving a whey protein supplement.
Protein supplementation was associated with a transient
increase in bone turnover markers along with an increase
in UCa at the study midpoint and higher IGF-1 levels at the
end of the intervention period. The eGFR remained within
normal limits throughout the entire study. As expected
with protein supplementation, urinary urea remained el-
evated in that group throughout the study (17).Therewere
no changes in physical activity, tobacco use, or alcohol
consumption that could have influenced these findings.

The observed changes in body composition suggest a need
to further explore the relationship between dietary protein
and indices of body composition in older adults.

Our finding that truncal lean body mass was signifi-
cantly higher in the protein-supplemented group may have
clinical relevance. Central fat deposition tends to increase
with age, especially in women after menopause, and is a
known risk factor of cardiovascular disease (18). Thus, the
difference in trunk lean mass we observed between our
two study groups suggests a potential cardioprotective
benefit of moderately high dietary protein intakes in older
adults. This did not appear to be due to differences in the
level of exercise between the two groups, but other po-
tential confounding factors were not evaluated in this
study because it was not a principal outcome variable.
Furthermore, direct measures of cardiac health were not
assessed in the current study, and thus, the long-term effect
of higher protein intakes on cardiac outcomes in older
adults requires investigation.

Our results are consistent with previous reports by Zhu
et al (19) and our own group (15). The age of the study
subjects were similar across the three reports. Baseline
protein intake in the study by Zhu et al (19) was compa-
rable with that of the current study, whereas subjects in
our previous report (15) had slightly lower baseline pro-
tein intakes that hovered around the current RDA. In the
report by Zhu et al, subjects ingested either a 30-g whey
protein supplement or isocaloric carbohydrate control
supplement in a 2-year randomized trial. They saw no
between group differences in BMD, whether assessed by
DXA or QCT. In our earlier work, subjects were asked to
consume an 18-g soy protein supplement with or without
isoflavones for 1 year, and we too observed no significant
changes in BMD with protein supplementation. Results
from these studies suggest that moderate, long-term pro-
tein intakes above the current RDA that are high in either
animal or vegetable sources do not appear to be detrimen-
tal to the aging skeleton.

Table 5. Measures of Body Composition, BMI, and Weight in the Two Study Groups at 9 and 18 Months

Carbohydrate Protein

Between-Group

Differences at 18 Mo

Least Square Mean

(95% CI)

n � 102

Within-Group

Differences n � 105

Within-Group

Differences

Baseline 9 Mo 18 Mo P Valuea Baseline 9 Mo 18 Mo P Valuea

Total lean body mass, kg 42.0 � 0.8 41.9 � 0.8 41.5 � 0.8 .011 42.6 � 0.8 42.7 � 0.8 42.6 � 0.8 .933 �0.52 (�1.08 to 0.04)
Trunk lean body mass, kg 20.9 � 0.4 20.8 � 0.4 20.6 � 0.4 .003 21.2 � 0.4 21.2 � 0.4 21.1 � 0.4 .769 �0.33 (�0.660 to �0.003)
Total fat mass, kg 26.3 � 0.8 26.6 � 0.8 27.1 � 0.9 .018 25.4 � 0.7 25.6 � 0.8 25.8 � 0.8 .214 0.39 (�0.48 to 1.26)
BMI, kg/m2 26.3 � 0.4 26.4 � 0.4 26.4 � 0.4 .307 26.1 � 0.3 26.2 � 0.4 26.3 � 0.4 .115 �0.06 (�0.43 to 0.31)
Weight, kg 70.3 � 1.2 70.5 � 1.2 70.5 � 1.2 .729 69.9 � 1.1 70.1 � 1.1 70.2 � 1.1 .329 �0.20 (�1.16 to 0.76)

Abbreviation: CI, confidence interval. Data are presented as least square mean � SEM or least square mean (95% CI). Within- and between-group
differences were adjusted for baseline. Statistically significant differences are shown in bold.
a Within-group differences, 18 month vs baseline.
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The findings from our current study and two prior clin-
ical trials (15, 19) stand in contrast to recent epidemio-
logical data (20–24) and previous work in rats (25), sug-
gesting a beneficial effect of dietary protein on skeletal
mass. A number of possibilities exist that could explain
this discrepancy. The effect of any dietary intervention is
likely to be modest, and to observe an effect may require
longer-term studies, dietary alterations of greater magni-
tude, and larger numbers of individuals, or it may be that
under periods of limited nutrient availability dietary pro-
tein’s effect on the skeleton is more pronounced (26). Our
current study was limited by a significant dropout rate.
This underscores the difficulty of long-term nutrition in-
tervention studies in older adults, which require the in-
corporation of a food stuff into the daily diet.

Furthermore, the level of dietary calcium was relatively
high in our study population, which could represent an-
other limitation. The estimated least square means for di-
etary Ca in our participants ranged between 1426 and
1553 mg/d. Hunt et al (9) found that increasing dietary
protein increased total body Ca retention in individuals
consuming 675 mg/d of dietary Ca. This effect was not
observed when dietary Ca was increased above the RDA
to 1510 mg/d.

Our study had several strengths. The study population
accurately reflected the population of individuals at great-
est risk for fragility fractures, namely postmenopausal
women. Dietary intake and adherence to the intervention
were carefully monitored by dietitians with independent
validation using urinary urea as a biomarker of adherence.
Dietary monitoring ensured that there were no changes in
body weight throughout the study period. State-of-the-art
methods were used to assess changes in body composition
and bone density including analyses of cortical and tra-
becular skeletal envelopes. Our study also had limitations.
Mean protein intake of our study participants exceeded
our target protein intake. As just noted, dietary Ca in our
participants was at a level that was previously reported to
obscure the effects of dietary protein on bone and may
have limited our ability to detect an effect of dietary pro-
tein on BMD.

In conclusion, there was no beneficial or detrimental
effect on BMD of a whey protein supplement administered
over 18 months to older adults who had an adequate di-
etary protein intake; however, protein supplementation
resulted in a higher lean trunk mass. In this group with
normal renal function at baseline, protein supplementa-
tion had no detrimental effect on eGFR. Based on our
experience, larger and/or longer nutrition intervention tri-
als using whole-protein supplements will be challenging.
The development of amino acid-based nutriceuticals

could make larger and longer-term clinical trials more
feasible.
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