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ABSTRACT
Background: Dietary protein and micronutrients are important to the
maintenance of bone health and may be an effective countermeasure
to weight-loss–associated bone loss.
Objectives: We aimed to determine the effect of a 6-mo hypocaloric,
nutritionally complete, higher-protein meal plan on change in bone
density and quality as compared with weight stability in older
adults using a randomized post-test design. We hypothesized that
participants randomly assigned to this meal plan would maintain
similar bone density and quality to weight-stable controls, despite
significant reductions in body mass.
Methods: Ninety-six older adults (aged 70.3 ± 3.7 y, 74% women,
27% African American) with obesity [body mass index (kg/m2):
35.4 ± 3.3] were randomly assigned to a 6-mo hypocaloric,
nutritionally complete, higher-protein meal plan targeting ≥1.0 g
protein · kg body weight–1 · d–1 [weight-loss (WL) group; n = 47]
or to a weight-stability (WS) group targeting 0.8 g protein · kg
body weight–1 · d–1, the current Recommended Dietary Allowance
(n = 49). The primary outcome was total hip bone mineral density
(BMD), with femoral neck BMD, lumbar spine BMD, and lumbar
spine trabecular bone score (TBS) as secondary outcomes, all
assessed at baseline and 3 and 6 mo with dual-energy X-ray
absorptiometry.
Results: Baseline total hip, femoral neck, and lumbar spine BMDs
were 1.016 ± 0.160, 0.941 ± 0.142, and 1.287 ± 0.246 g/cm2,
respectively; lumbar TBS was 1.398 ± 0.109. Despite significant
weight loss achieved in the WL group (6.6 ± 0.4 kg; 8.6% ± 0.4%
of baseline weight), 6-mo regional BMD estimates were similar to
those in the WS group (all P > 0.05). Lumbar spine TBS significantly
increased at 6 mo in the WL group (mean: 1.421; 95% CI: 1.401,
1.441) compared with the WS group (1.390: 95% CI: 1.370, 1.409;
P = 0.02).
Conclusions: Older adults following a hypocaloric, nutritionally
complete, higher-protein meal plan maintained similar bone density
and quality to weight-stable controls. Our data suggest that adherence
to this diet does not produce loss of hip and spine bone density
in older adults and may improve bone quality. This trial was

registered at clinicaltrials.gov as NCT02730988. Am J Clin Nutr
2019;109:478–486.
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Introduction
By 2030, half of the 72 million Americans aged >65 y will

be obese (1, 2). Recent data implicate obesity in osteoporosis
progression (3, 4), a significant concern for aging adults (5, 6).
Although associated medical complications highlight the need to
treat obesity in older adults, weight loss is also associated with
increased osteoporotic fracture risk (7–11).

The association between weight loss and fracture risk is
thought to be due, at least in part, to reduced bone mineral density
(BMD) (12), with randomized controlled trials (RCTs) attributing
10% of weight loss to 1–4% of bone loss, depending on the site
(13, 14). Several strategies have been proposed to mitigate bone
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loss associated with weight reduction, including dietary factors
such as protein, calcium, and vitamin D. In observational studies,
higher dietary protein is associated with reduced fracture risk
and improved BMD [which may be driven mechanistically by
protein-associated increases in insulin-like growth factor (IGF)
and calcium absorption] (14, 15) and may prove critical to
offset weight-loss–associated bone loss in older adults. A recent
position statement recommends 1.0–1.2 g protein · kg–1 · d–1 for
older adults to preserve fat-free mass and function (16), although
few studies have examined its impact during intentional weight
loss, perhaps due to practical difficulties.

Seven RCTs of weight loss in overweight and obese adults
examined protein intake effects on regional BMD (5, 17–22).
Results were largely null, with only 2 reporting attenuated BMD
losses with higher protein intake (20, 22), although for most,
bone outcomes were secondary endpoints and several studies had
<6-mo durations, which may not be sufficient to capture BMD
changes (19, 22). The one study with a weight-stable control
lasted only 11 wk (22), below the 6 mo necessary to reliably
measure BMD changes (23–25). The current literature is also
limited in its ability to generalize to older men and women (i.e.,
no study specifically recruited ages >65 y and only 4 studies
included men) (5, 17–19).

This study aimed to determine the effect of a 6-mo hypocaloric,
nutritionally complete, higher-protein meal plan (targeting ≥1.0
g · kg–1 · d–1) on change in bone density and quality compared
with weight stability (with protein intake at the Recommended
Dietary Allowance, ∼0.8 g · kg–1 · d–1) in older men and women
with obesity. The primary outcome of this analysis was dual-
energy X-ray absorptiometry (DXA)–acquired hip areal BMD,
complemented by femoral neck and lumbar spine areal BMD, and
lumbar spine trabecular bone score (TBS). The addition of TBS
to areal BMD improves fracture risk prediction (26); however,
the effect of a hypocaloric, nutritionally complete, higher-protein
meal plan on TBS is unknown. We hypothesized that participants
randomly assigned to a hypocaloric, nutritionally complete,
higher-protein meal plan would maintain similar bone density
and quality to the weight-stable group, despite reductions in
body mass.

Methods
This study (NCT02730988) was a 6-mo parallel RCT con-

ducted at Wake Forest University to compare the effects of a
nutritionally complete, higher-protein meal plan during weight
loss, as opposed to weight stability, on changes in mobility,
total body mass, fat mass, lean mass, BMD, and TBS in 96
participants using a 1:1 allocation ratio. The study design,
baseline characteristics, and intervention effects on mobility
(primary outcome assessed using the fast 400-m walk test) and
body composition (total body, fat, and lean mass) are reported
in a separate publication (27). The current study represents an
ancillary analysis and focuses on the interventional effect on
BMD and TBS outcomes.

Study participants

Participants were enrolled using the following inclusion crite-
ria: 1) aged 65–79 y; 2) BMI (kg/m2) of 30–40; 3) self-reported
mobility disability (difficulty walking one-quarter of a mile

or climbing stairs/performing house/yard work); 4) sedentary
lifestyle (self-report of less than six 10-min bouts of moderate-
pace walking/wk); 5) nonsmoking (<1 cigarette/d or 4/wk within
1 y); 6) weight stable (<5% weight change in the past 6 mo);
7) not dependent on a cane or walker; 8) without comorbidities
for which the intervention was contraindicated, including insulin-
dependent or uncontrolled diabetes, uncontrolled hypertension,
renal disease, heart disease, cancer requiring treatment in the
past year, and severe systemic disease (i.e., Parkinson disease,
chronic liver disease, systemic rheumatic condition, gout, thyroid
disease); and 9) willing to follow the dietary protocol. The Wake
Forest School of Medicine Institutional Review Board approved
the study, and all participants provided written informed consent
before enrollment. Enrolled participants were randomly assigned
in 5 waves (n = 12–22 participants/wave) to a 6-mo hypocaloric,
nutritionally complete, higher-protein meal plan targeting ≥1.0 g
protein · kg body weight–1 · d–1 [weight-loss (WL) group; n = 47]
or to a weight-stability group (WS group; n = 49). DPB generated
a random allocation sequence using a Web-based randomization
scheme with blocking stratified by sex to assign participants
to the WL and WS groups. Group assignments were blinded
to the lead outcomes assessor, and participants were asked to
refrain from discussing their assignments during the testing
sessions.

Intervention descriptions

Weight-loss intervention.

Intentional weight loss in the WL group was achieved through
the Medifast 4 & 2 & 1 Plan, hereafter referred to as the
“nutritionally complete, higher-protein meal plan.” This weight-
loss plan includes 4 meal-replacement products [∼377–460
kJ (∼90–110 kcal) and 11–15 g protein each], 2 lean and
green meals [each 142–198 g (5–7 ounces) lean protein, 3
nonstarchy vegetable servings, and ≤2 healthy fat servings],
and 1 healthy snack (1 serving of fruit, dairy, or grain).
Overall, this meal plan is estimated to provide ∼4602–5439 kJ
(1100–1300 kcal), 120–150 g protein, 85–100 g carbohydrate,
30–45 g fat, and, of relevance to bone health, ∼1000–1600
mg Ca and 300–600 IU vitamin D/d. A registered dietitian
provided individual nutritional counseling and led 12 biweekly
behavioral counseling groups offering support and weight-
control guidance (self-monitoring, portion control, mindful
eating, and overcoming weight-loss barriers). Participants were
encouraged to maintain their baseline level of physical activity
and complete daily logs on their use of the meal replace-
ment products, which were reviewed biweekly to verify diet
compliance.

Weight-stable intervention.

The WS participants attended 12 biweekly group behavioral
educational sessions on topics such as What Is Successful Aging,
Managing Medications Effectively, and Talking Effectively with
Your Healthcare Provider. WS participants were encouraged to
maintain their baseline dietary and physical activity habits during
the intervention and were weighed at the biweekly sessions to
ensure weight stability was being maintained (within ±5% of
baseline).
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Measures

Intervention compliance.

All participants were weighed biweekly using a Health-o-
Meter Professional 349KLX Digital Floor Medical Scale (Pelstar
LLC). Weights from the first (immediately before random assign-
ment) and last intervention visits were used to calculate the total
weight lost. Intervention compliance was also monitored using
group session attendance, daily self-reported meal-replacement
intake (in the WL group only), and 24-h urinary nitrogen–
estimated protein intake at baseline and 6 mo. Participant urine
was collected over a 24-h period to obtain a 24-h urinary nitrogen
excretion amount in grams (U), which was adjusted by the
participant’s weight in kilograms (W) to estimate daily protein
intake in grams (Equation 1) (28). Prior research indicates near-
complete agreement between protein intake assessed via a 28-d
diet in a metabolic suite and urine estimation (29):

Estimated Protein Intake

= 6.25 ×
[
U +

(
W × 0.031

g nitrogen/kg

d

)]
(1)

Bone outcomes.

DXA scans (iDXA; GE Medical Systems) were acquired at
baseline and at 3 and 6 mo to measure the primary outcome
of this analysis (total hip areal BMD) and secondary outcomes
(femoral neck areal BMD, L1–L4 vertebrae areal BMD, and
TBS at the L1–L4 vertebrae). Using the baseline DXA scans,
participants with a T-score between –1 and –2.5 at any site were
classified as osteopenic. Partially degraded (1.20 < TBS < 1.35)
or degraded (TBS ≤1.20) trabecular bone microarchitecture in
the lumbar spine was identified from baseline lumbar spine
TBS. All scans were performed following the manufacturer’s
recommendations for participant positioning, with CVs from
repeated measurements of <2.0% and 4% for all BMD and TBS
outcomes, respectively. All scans were analyzed in accordance
with recommendations by the International Society for Clinical
Densitometry.

Relevant covariates.

Age, gender, and ethnicity were recorded based on participant
self-report at baseline. Height and weight were measured without
shoes and outer garments at the first screening visit and used to
calculate baseline BMI. Due to the reported associations of proin-
flammatory cytokines with BMD (30), plasma concentrations of
IL-6 and C-reactive protein (CRP) at baseline and 6 mo were
assessed as covariates, as previously described (31).

Statistical analysis

Baseline descriptive statistics were calculated overall and by
treatment group. Session attendance was calculated as the total
number of sessions attended divided by the number expected
for participants who completed the full study. Intervention com-
pliance was assessed by comparing urinary nitrogen–estimated
protein intake across treatment groups at 6 mo using a general
linear model adjusted for baseline urinary nitrogen amounts and
gender. Body-weight estimates were produced from a mixed

model using treatment assignment, visit, and treatment × visit
interaction, assuming an autoregressive covariance structure, and
comparisons both within and between groups were performed
using contrast statements.

The analyses of BMD and TBS outcome measures were
conducted assuming intent-to-treat and analyzed using a mixed-
model fit with treatment group, time, and the treatment ×
time interaction as the main effect, adjusted for baseline values
of the outcome and gender. Effect sizes and 95% CIs were
calculated from the mean 6-mo change in outcome within
each group and the SD of the 6-mo change in outcome
within the total sample. Six-month changes in bone outcomes,
body weight, protein intake, and inflammatory markers were
computed relative to baseline values for the WL participants,
and pairwise correlations were examined. These findings should
be considered exploratory because the main trial’s a priori
power considerations were focused on the 400-m walk test, and
consequently we do not account for multiple outcomes with
regard to the bone data. All statistical analyses were conducted
using SAS version 9.4 (SAS Institute) based on a 0.05 level of
significance.

Results

Recruitment and retention

Recruitment took place over 12 mo from 18 September 2015
to 14 September 2016. Baseline and follow-up DXA assessments
were conducted from 18 September 2015 to 24 March 2017.
A total of 82 participants completed the study and returned
for 6-mo follow-up testing (85.4% retention). Exclusion for
participant hardware, artifacts, and poor positioning resulted in
the following baseline, 3-mo, and 6-mo sample sizes for bone
outcome measures, respectively: total hip/femoral neck BMD
(n = 95, n = 83, n = 79), lumbar spine BMD (n = 82, n = 70,
n = 68), and lumbar spine TBS (n = 82, n = 68, n = 67) (see
Figure 1). Urinary nitrogen–estimated protein intake at baseline
and at 6 mo was available for 80 participants who returned for
follow-up. Demographic characteristics did not differ materially
between participants who completed the intervention and those
who were lost to follow-up (all P > 0.05).

Baseline participant characteristics

Baseline characteristics of the participants are summarized
overall and by group in Table 1. Briefly, a total of 96 participants
(aged 70.3 ± 3.7 y, 74% women, 27% African American) with
obesity (BMI: 35.4 ± 3.3) were randomly assigned to the WL
group (n = 47) or the WS group (n = 49). Baseline urinary
nitrogen–estimated protein intake was similar between groups
(0.77 ± 0.19 and 0.77 ± 0.22 g · kg–1 · d–1 for WL and
WS groups, respectively). At baseline, total hip, femoral neck,
and lumbar spine BMDs were 1.016 ± 0.160, 0.941 ± 0.142,
and 1.287 ± 0.246 g/cm2, respectively; and lumbar spine TBS
was 1.398 ± 0.109. Based on T-scores acquired from the
baseline DXA scans, 11% of the participants had osteopenia.
Partially degraded or degraded lumbar spine trabecular bone
microarchitecture was indicated by baseline TBS in 27% and 5%
of the participants, respectively.
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FIGURE 1 CONSORT flow diagram. BMD, bone mineral density; BP, blood pressure; CONSORT, Consolidated Standards of Reporting Trials; Dx,
diagnosis; DXA, dual-energy X-ray absorptiometry; TBS, trabecular bone score; WL, weight-loss; WS, weight-stability.

Intervention compliance

Among those who completed the intervention, session atten-
dance was 88% and 84% for the WL and WS groups, respectively,
and mean (95% CI) self-reported physical activity levels at 6
mo did not differ by group or time [WL: 48.37 (6.09, 90.66)

min/wk; WS: 30.13 (–14.28, 74.54) min/wk; P > 0.05]. The
4 meal-replacement products provided 44–60 g protein/d, and
self-reported compliance to the meal replacement protocol in
the WL group was 92.7% (91.1% reporting >80% compliance),
with a mean ± SD of 3.7 ± 0.3 meal-replacement products
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TABLE 1 Baseline descriptive characteristics of randomly assigned participants according to treatment group1

Overall (n = 96)
Weight-loss group

(n = 47)
Weight-stable group

(n = 49)

Age, y 70.3 ± 3.7 71.4 ± 3.9 69.2 ± 3.1
Female, n (%) 71 (74.0) 35 (74.5) 36 (73.5)
Race, n (%)

African American 26 (27.1) 13 (27.7) 13 (26.5)
Caucasian 69 (71.9) 33 (70.2) 36 (73.5)

Body weight, kg 97.1 ± 14.9 96.1 ± 16.8 98.0 ± 12.9
BMI, kg/m2 35.4 ± 3.3 35.2 ± 3.5 35.6 ± 3.1
Self-reported physical activity, min/wk 7.0 ± 28.1 8.6 ± 35.6 5.4 ± 17.5
DXA-acquired bone outcomes

Total hip BMD, g/cm2 1.016 ± 0.160 1.016 ± 0.145 1.017 ± 0.175
Femoral neck BMD, g/cm2 0.941 ± 0.142 0.934 ± 0.133 0.948 ± 0.152
Lumbar spine (L1–L4) BMD, g/cm2 1.287 ± 0.246 1.321 ± 0.267 1.254 ± 0.222
TBS, lumbar spine 1.398 ± 0.109 1.386 ± 0.112 1.409 ± 0.106
T-score

Total 0.375 ± 1.106 0.383 ± 1.062 0.368 ± 1.159
Femoral neck 0.599 ± 1.107 0.547 ± 1.078 0.649 ± 1.144
Lumbar spine (L1–L4) 2.082 ± 2.165 2.405 ± 2.369 1.774 ± 1.930

Osteopenia, n (%) 10 (10.5) 5 (10.6) 5 (10.4)
Partially degraded TBS, n (%) 22 (26.8) 9 (23.1) 13 (30.2)
Degraded TBS, n (%) 4 (4.9) 4 (10.3) 0 (0.0)

1Values are means ± SDs unless otherwise indicated. BMD, bone mineral density; DXA, dual-energy X-ray
absorptiometry; TBS, trabecular bone score.

consumed/d. At 6 mo, mean (95% CI) urinary nitrogen–estimated
protein intake was 0.94 (0.87, 1.02) g · kg–1 · d–1 in WL
participants and 0.76 (0.68, 0.83) g · kg–1 · d–1 in WS participants
(P < 0.01). For the WL group, this represented a significant
12% increase from baseline values (P = 0.04). Measures of renal
and hepatic function (creatinine, estimated glomerular filtration
rate, aspartate aminotransferase, alanine transaminase, bilirubin,
alkaline phosphatase, albumin serum, total serum protein) were
stable over the 6-mo study period (P > 0.05) and did not differ
between groups (P > 0.05). Blood urea nitrogen was elevated in
the WL group at 6 mo (baseline—mean: 17.14; 95% CI: 15.94,
18.33 mg/dL; WL, 6 mo—mean: 19.71; 95% CI: 18.43, 20.99
mg/dL; WS, 6 mo—mean: 16.31; 95% CI: 14.97, 17.64 mg/dL;
P < 0.01) but was within the normal clinical range and indicative
of increased protein intake in the WL group (32). WL participants
lost a mean ± SD of 6.6 ± 0.4 kg (8.6% ± 0.4% baseline weight)
and WS participants maintained weight stability (–0.2 ± 0.5 kg;
group × time, P < 0.01). Eighty-seven percent of the total body
mass was lost as fat in the WL group, with minimal fat loss in the
WS group (WL—mean: 37.17; 95% CI: 36.12, 38.21 kg; WS—
mean: 43.68; 95% CI: 42.62, 44.74 kg; P < 0.001). Lean mass
loss was minimal and did not differ between groups (WL—mean:
−0.81; 95% CI: −1.40, −0.23 kg; WS—mean: −0.24; 95% CI:
−0.85, 0.36 kg; P > 0.05).

Treatment effects on bone outcomes

The treatment effect on BMD and TBS measures was assessed
using data from the 80 participants with complete DXA data at
baseline and at 3 and 6 mo (WL: n = 41; WS: n = 39). Despite
significant weight loss achieved in the WL group, total hip BMD,
femoral neck BMD, lumbar spine BMD, and TBS were not
significantly reduced at 6 mo relative to the WS group (P > 0.05).

Although total hip BMD declined slightly from baseline in the
WL group, a differential treatment effect was not observed for
the change in total hip BMD at 6 mo (WL—mean: −0.011;
95% CI: −0.019, −0.003 g/cm2; WS—mean: −0.002; 95% CI:
−0.010, 0.007 g/cm2; effect size: −0.34; 95% CI: −0.75, 0.06;
Figure 2). Similarly, no differential treatment effect was observed
for the change in femoral neck BMD at 6 mo (WL—mean:
−0.004; 95% CI: −0.013, 0.006 g/cm2; WS—mean: 0.005; 95%
CI: −0.005, 0.015 g/cm2; effect size: −0.31; 95% CI: −0.71,
0.09; Figure 2). Lumbar spine BMD was improved from baseline
in both groups at 6 mo but did not differ by treatment group

FIGURE 2 Treatment effect on dual-energy X-ray absorptiometry–
acquired total hip BMD and femoral neck BMD. Values are means (95% CIs)
and generated using a mixed-model fit with treatment, time, and treatment
× time interaction, adjusted for baseline values of the outcome and gender.
P values for treatment, time, and treatment × time interaction were not
significant (P > 0.05). Baseline, 3-mo, and 6-mo sample sizes: WL group
(n = 47, 44, and 41); WS group (n = 48, 39, and 38). BMD, bone mineral
density; WL, weight-loss; WS, weight-stability.
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FIGURE 3 Treatment effect on dual-energy X-ray absorptiometry–
acquired lumbar spine BMD (g/cm2) and TBS (unitless). Values are means
(95% CIs) and generated using a mixed-model fit with treatment, time, and
treatment × time interaction, adjusted for baseline values of the outcome
and gender. The WL group showed a significant improvement at 6 mo in
TBS relative to baseline (P = 0.02), with the 6-mo TBS being significantly
higher in the WL group than in the WS group (P = 0.02). Treatment × time
interaction P values indicated the treatment effect on the lumbar spine BMD
differed significantly at 3 mo compared with 6 mo (P = 0.04) but not for the
TBS (P = 0.297). Baseline, 3-mo, and 6-mo sample sizes: WL lumbar spine
BMD (n = 40, 37, and 35); WS lumbar spine BMD (n = 42, 33, and 33); WL
TBS (n = 39, 35, and 34); WS TBS (n = 43, 33, and 33). BMD, bone mineral
density; TBS, trabecular bone score; WL, weight-loss; WS, weight-stability.

(WL—mean: 0.004; 95% CI: −0.007, 0.016 g/cm2; WS—mean:
0.007; 95% CI: −0.004, 0.018 g/cm2; effect size: −0.10; 95%
CI: −0.50, 0.30; Figure 3). The 6-mo TBS at the lumbar spine
was significantly higher in the WL group than in the WS group
(WL—mean: 1.421; 95% CI: 1.401, 1.441; WS—mean: 1.390;
95% CI: 1.370, 1.409; P = 0.02; Figure 3). Furthermore, only
the WL group showed an average improvement in TBS relative to
baseline (WL—mean: 0.022; 95% CI: 0.002, 0.042; WS—mean:
−0.009; 95% CI: −0.029, 0.010; effect size: 0.53; 95% CI: 0.13,
0.94; P = 0.02).

Body weight, protein intake, and bone outcome correlations
in WL participants

Correlations between the 6-mo change in bone outcomes and
the 6-mo change in body weight, protein intake, IL-6, and CRP
are reported for the WL participants (n = 41) in Table 2. TBS
and weight changes were negatively correlated, indicating that
TBS improved with more weight loss (P < 0.001). Positive
correlations suggest that increasing protein intake improves TBS,
although these trends were not significant. Increased protein
intake (grams per day) was correlated with more lumbar spine
BMD loss (P = 0.04), although this trend was not significant
when protein intake was normalized for body weight (grams
per kilogram per day). Greater increases in protein intake were
correlated with more weight loss (P = 0.04), which may partly
explain the negative correlations between changes in protein
intake and BMD. No significant correlations were observed
between changes in bone outcomes and IL-6 and CRP plasma
concentrations.

Discussion
Results show that the nutritionally complete, higher-protein

meal plan (targeting >1.0 g protein · kg–1 · d–1) is an effective
way for older adults with obesity to preserve bone health while
losing ∼9% of their body weight over a 6-mo period. Whereas the

urinary nitrogen–estimated protein intake of the WS participants
was slightly lower than the current Recommended Dietary
Allowance (0.77 g · kg–1 · d–1), WL participants increased their
urinary nitrogen–estimated protein intake to levels approaching
the 1.0 g · kg–1 · d–1 recommendation for older adults (16)
(0.94 g · kg–1 · d–1; a 12% increase from baseline). As we
hypothesized, total hip, femoral neck, and lumbar spine BMD
did not differ between the WL or WS groups at follow-up. The
fact that we did not observe a decrement in BMD with weight
loss in this study is clinically valuable because prior studies of
≥6 mo duration have associated bone loss with the amount of
weight loss achieved (12–14). In addition, TBS at the lumbar
spine increased from baseline and was significantly higher in
the WL participants than in the WS participants, suggesting
that adhering to a nutritionally complete, higher-protein meal
plan during weight loss may improve vertebral trabecular bone
microarchitecture.

Results from this study support the benefits of higher
protein intake on older adult bone quality recommended by
the PROT-AGE study group (16), as well as evidence on the
importance of maintaining adequate calcium and vitamin D
intake during weight loss (14, 33–36). Findings also align with a
recent systematic review and meta-analysis that found moderate
evidence that higher protein intake causes less lumbar spine
BMD loss than lower protein intake in older adults, with positive
trends in BMD at other bone sites (24). RCTs and cohort studies
included in this review were highly heterogeneous, with varying
protein doses and dietary compositions, which may explain the
lack of significance in some outcomes. It is noteworthy that many
of the RCTs that found attenuation of lumbar, total hip, and total
body BMD losses with higher protein intake were weight-loss
trials, suggesting that the osteoprotective properties of higher
protein intake may be more pronounced in individuals who are
intentionally losing weight (18, 20).

Although increasing dietary protein increases endogenous
calcium excretion, harmful effects on the skeleton are not
observed if calcium intake is adequate (35). Increasing dietary
protein while maintaining adequate calcium and vitamin D intake
may preserve bone health in older adults by attenuating the
decrease in calcium absorption and circulating IGF-I and IGF
binding protein-3 that is associated with intentional weight loss
(14, 15, 37). Serum IGF-I increases osteoblast differentiation
and BMD (38); thus, elevating IGF-I through higher protein
intake during weight loss may promote bone formation. With
controlled calcium (1200 mg/d) and vitamin D (400 IU/d) intake,
attenuation of bone loss in participants consuming a higher-
protein diet (24% of total energy) has also been attributed to
higher serum IGF-I and IGF binding protein-3 and lower bone
resorption after weight loss, in comparison with participants
consuming a normal-protein diet (18% of total energy) (20).
Although we were not able to confirm this in our study because
we did not measure IGF-I or calcium absorption, we encourage
the collection of these measures in future weight-loss studies with
varying protein content.

Novel strengths of this study include specific recruitment of
older men and women (aged ≥65 y) and inclusion of a weight-
stable control group to account for the effect of age itself on
change in bone density and quality. Additional strengths include
excellent participant compliance measured using multiple meth-
ods including 24-h urinary nitrogen excretion, the use of DXA
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TABLE 2 Pairwise correlations between 6-mo changes (�) in body weight, protein intake, biochemical markers,
and bone outcomes in weight-loss participants1

Independent variable, � Dependent variable, � n Correlation P

Weight, kg Total hip BMD, g/cm2 41 +0.215 >0.05
Femoral neck BMD, g/cm2 41 − 0.045 >0.05
Lumbar spine BMD, g/cm2 35 − 0.266 >0.05
Lumbar spine TBS 34 − 0.609 <0.01∗
Protein, g/d 42 − 0.198 >0.05
Protein, g · kg–1 · d–1 42 − 0.320 0.04∗

Protein, g/d Total hip BMD, g/cm2 40 − 0.130 >0.05
Femoral neck BMD, g/cm2 40 − 0.042 >0.05
Lumbar spine BMD, g/cm2 34 − 0.353 0.04∗
Lumbar spine TBS 33 +0.116 >0.05

Protein, g · kg–1 · d–1 Total hip BMD, g/cm2 40 − 0.152 >0.05
Femoral neck BMD, g/cm2 40 − 0.044 >0.05
Lumbar spine BMD, g/cm2 34 − 0.317 >0.05
TBS 33 +0.150 >0.05

IL-6, pg/mL Total hip BMD, g/cm2 40 − 0.002 >0.05
Femoral neck BMD, g/cm2 40 − 0.011 >0.05
Lumbar spine BMD, g/cm2 35 +0.092 >0.05
TBS 34 +0.046 >0.05

CRP, mg/L Total hip BMD, g/cm2 40 +0.181 >0.05
Femoral neck BMD, g/cm2 40 − 0.083 >0.05
Lumbar spine BMD, g/cm2 35 +0.225 >0.05
TBS 34 +0.185 >0.05

1∗P < 0.05. BMD, bone mineral density; CRP, C-reactive protein; TBS, trabecular bone score.

to acquire BMD and TBS measurements, and a sufficient study
duration (6 mo) to capture changes due to bone remodeling (23–
25). However, future studies with a longer follow-up period (12–
24 mo) are warranted because the bone remodeling transient
can affect bone resorption and formation beyond 6 mo (25).
Although the inflammatory markers examined in this study (IL-
6 and CRP) were not significantly correlated with BMD and
TBS, studying other markers of bone turnover is encouraged in
future research to provide an early and sensitive indication of
BMD response to weight reduction. Although prior studies have
shown bone loss after a 6-mo intervention, a longer duration
may have produced further bone loss (14). However, the goal
of this study was to examine bone immediately after the 6-mo
WL or WS intervention, because weight regain or maintenance
over a longer follow-up time postintervention could affect bone
remodeling. The nutritionally complete, higher-protein meal plan
provided protein derived from a combination of plant, animal,
and dairy sources; however, we did not control for the effects
that protein source may have on bone quality and fracture
risk (22, 39, 40). The meal plan provides 1000–1600 mg Ca/d
and 300–600 IU vitamin D/d, which is higher than the typical
dietary intakes of 750–950 mg Ca/d and 150–225 IU vitamin
D/d in older adults (41), which suggests elevated calcium and
vitamin D intake in our WL participants compared with WS
participants. Although we obtained an estimate of protein intake
via urinary nitrogen, a single 24-h urinary collection on a given
day may not be reliable to reflect habitual protein intake. We
did not measure protein, calcium, or other nutrient intakes,
which is a limitation. Without a WL group with similar protein
intake to that of the WS group as a control, we can only
suggest, with supporting evidence from prior studies, that the
effects of the nutritionally complete, higher-protein meal plan

on bone outcomes in this study could be attributed to higher
protein (20, 22), calcium (33, 34), vitamin D, or a combination
thereof (18). Medication and supplement use within the study
population was not collected, which is a limitation. Changes in
other lifestyle factors were also not measured; however, because
this was an RCT, confounding variables are assumed to be
equally distributed among groups so as to not differentially
bias results. In addition, although DXA is the clinical standard
for BMD assessment, the presence of adipose tissue can affect
measurement accuracy (42, 43). The sensitivity of DXA may
be limited in detecting differences between the WL and WS
groups; however, prior RCTs investigating the effect of dietary
protein on bone have detected differential bone loss between
intervention groups using DXA (24). Future studies may address
this by acquiring volumetric bone measurements from computed
tomography, which is less susceptible to measurement error from
obesity or weight loss (44). Furthermore, due to the lack of an a
priori power calculation, these data are presented as hypothesis-
generating rather than confirmatory, so these data were not
collected with a specific goal of reaching significant findings.

In conclusion, we found that adhering to a nutritionally
complete, higher-protein meal plan during intentional weight loss
is effective in preserving bone health among older adults with
obesity. Future studies should explore the effect of protein intake
during weight loss using volumetric measures of bone quality
acquired with computed tomography and examine if a treatment
effect is enhanced with higher amounts of protein intake or longer
periods of follow-up.
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