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Abstract

Although caloric restriction (CR) could delay biologic aging in humans, it is unclear if this would 

occur at the cost of significant bone loss. We evaluated the effect of prolonged CR on bone 

metabolism and bone mineral density (BMD) in healthy younger adults. Two-hundred eighteen 

non-obese (BMI:25.1±1.7 kg/m2), younger (age:37.9±7.2 yr.) adults were randomly assigned to 

25% CR (CR group;n=143) or ad libitum (AL group;n=75) for 2 years. Main outcomes were 
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BMD and markers of bone turnover. Other outcomes included body composition, bone-active 

hormones, nutrient intake, and physical activity. Body weight (−7.5±0.4 vs. 0.1±0.5 kg), fat mass 

(−5.3±0.3 vs. 0.4±0.4 kg), and fat-free mass (−2.2±0.2 vs. −0.2±0.2 kg) decreased in the CR group 

compared with AL (all between group p<0.001). Compared with AL, the CR group had greater 

changes in BMD at 24 months: lumbar spine (−0.013±0.003 vs. 0.007±0.004 g/cm2; p<0.001), 

total hip (−0.017±0.002 vs. 0.001±0.003 g/cm2; p<0.001), and femoral neck (−0.015±0.003 vs. 

−0.005±0.004 g/cm2; p=0.03). Changes in bone markers were greater at 12 months for C-

telopeptide (0.098±0.012 vs. 0.025±0.015 μg/L; p<0.001), tartrate-resistant acid phosphatase 

(0.4±0.1 vs. 0.2±0.1 U/L; p=0.004), and bone-specific alkaline phosphatase (BSAP) (−1.4±0.4 vs. 

−0.3±0.5 U/L; p=0.047) but not procollagen type 1 N-propeptide; at 24 months only BSAP 

differed between groups (−1.5±0.4 vs. 0.9±0.6 U/L; p=0.001). The CR group had larger increases 

in 25-hydroxyvitamin D, cortisol, and adiponectin and decreases in leptin and insulin compared 

with AL. However, parathyroid hormone and IGF-1 levels did not differ between groups. The CR 

group also had lower levels of physical activity. Multiple regression revealed that body 

composition, hormones, nutrients, and physical activity changes explained ~31% of the variance in 

BMD and bone marker changes in the CR group. Therefore, bone loss at clinically important sites 

of osteoporotic fractures represents a potential limitation of prolonged CR for extending lifespan. 

Further long-term studies are needed to determine if CR-induced bone loss in healthy adults 

contributes to fracture risk and if bone loss can be prevented with exercise.
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Introduction

Caloric restriction (CR) is the most promising intervention for extending healthy lifespan of 

humans.(1) Data from CALERIE (Comprehensive Assessment of Long-term Effects of 

Reducing Intake of Energy) phase 1 suggested that CR is feasible and could confer ample 

health benefits.(2-5) However, there is considerable evidence in the literature linking weight 

loss with increased bone turnover and reductions in bone mineral density (BMD) in older 

adults.(6-12) Conversely, weight loss has not been shown to consistently increase bone 

turnover and decrease BMD in younger adults.(13-16) Moreover, findings of bone loss with 

weight loss mostly come from relatively short-term weight loss studies aiming to reduce 

body fat in obese adults.(8-12) There has been little or no scientific study of the possibility 

that CR initiated with the intent of slowing the aging process in healthy adults could occur at 

the cost of bone loss. In CALERIE phase 1, one year of CR in older adults (age~57 yrs.; 

body mass index [BMI]~27 kg/m2) increased bone turnover and decreased BMD by ~3% at 

the hip and spine,(17) whereas 6 months of CR in younger adults (age~37 yrs.; BMI~26 

kg/m2) increased bone turnover but did not change hip BMD.(14) The long-term effects of 

CR (>1 year) on bone metabolism at the clinically relevant sites of osteoporotic fractures in 

non-obese younger adults are unknown. Furthermore, the underlying mechanisms behind 

any changes in BMD need to be elucidated. Such studies could yield important information 

as to whether CR has adverse effects on bone health and, if so, identify interventions to 

reduce effects of weight loss on bone.
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The purpose of the present study, therefore, was to evaluate the effects of two-year CR on 

bone metabolism and BMD in non-obese younger adults enrolled in a 24-month, 

randomized controlled trial (RCT). The data reported here were obtained as secondary 

outcomes of CALERIE phase 2, which has the overall aim of examining the effects of 

sustained ~25% CR on slowing aging in non-obese humans.(18)

Methods

Overview

CALERIE phase 2 was a two-year, multicenter RCT that recruited healthy volunteers to 

receive an intervention designed to either reduce energy intake by ~25% (CR group) or to 

maintain intake on an ad libitum basis (AL group). The study was approved by the 

institutional review boards at Pennington Biomedical Research Center, Washington 

University, Tufts University, and Duke University. Details of the protocol have been 

reported.(19-21) Study oversight was provided by a Data and Safety Monitoring Board.

Participants

Healthy volunteers were recruited and each provided written informed consent. Men were 

between 20 and 50 years of age and women between 21 and 47 years of age and were 

required to be normal weight or slightly overweight (22.0 ≤ BMI < 28.0 kg/m2) at the 

screening visit. Participants underwent a comprehensive screening procedure to identify 

volunteers who were healthy enough to participate in a two-year RCT of CR and adhere to 

the rigors of the study. Details regarding the screening/recruitment process and eligibility 

can be found elsewhere.(19,21)

Study Design

Participants were randomized to 25% caloric restriction (CR) or ad libitum control (AL) in a 

2:1 ratio. Randomization was stratified for site, sex and BMI.

The CR intervention goal was 25% reduction in energy intake prescribed based on the 

energy requirement to maintain baseline weight as determined by doubly-labeled water.(22) 

The CR intervention was driven by a mathematical model derived from CALERIE Phase 1 

data that predicted the anticipated trajectory of body weight changes for each participant.(23) 

This trajectory predicted weight loss in the first 12 months, followed by weight 

maintenance. A weight loss graph showing these targeted trajectories was used as a tool to 

facilitate adherence.(23) Nutritional/behavioral guidance was customized to decrease the 

degree to which participants’ weight trajectories differed from their targets.(20) Food 

provision was used to educate participants on portion size and diet changes. The behavioral 

component included a structured curriculum and manual driven counseling in group and 

individual sessions. Further details about the CR intervention have been reported.(20) No 

specific diet composition was mandated. Rather, the CR intervention employed an 

algorithmic approach that combined specific nutritional and behavioral guidance so that 

each CR participant could maintain the prescribed level of CR. AL participants were advised 

to continue their current diets on an AL basis. No specific level of physical activity was 

recommended for either group. All participants received a multivitamin supplement (1000 
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IU vitamin D/d, Nature-Made Multi Complete, Mission Hills, CA) and calcium supplement 

(1000 mg/d, Douglas laboratories, Pittsburgh, PA).

Outcome Measures

Outcomes for this report included changes in BMD and bone turnover markers. Other 

outcomes included body composition, bone-active hormones, dietary/nutritional intake, 

physical activity, and strength. All outcomes were assessed at baseline, 12-months, and 24-

months. Bone markers were also assessed at 6 months. Personnel who conducted the 

assessments were not aware of the group assignments.

Body weight, body composition, and BMD

Body weight was measured after participants fasted for ~12 hours. Fat mass (FM), fat-free 

mass (FFM), and BMD of the whole body and at the lumbar spine, total hip, and distal 

radius were measured by dual-energy x-ray absorptiometry (DXA) using Hologic 4500A, 

Delphi W or Discovery A scanners. Scans were analyzed at University of California San 

Francisco, also responsible for centralized quality control. Machine performance was 

monitored with baseline and longitudinal phantom measurements.

Biomarkers of bone turnover and hormones

Venous blood samples were obtained after fasting overnight and analyzed in a central 

laboratory. Enzyme-linked immmunosorbent assay (ELISA) was used to measure C-terminal 

telopeptide of type I collagen (CTX) (Nordic Bioscience, Herlev, Denmark) and tartrate-

resistant acid phosphatase isoform-5b (TRAP5b) (Quidel, San Diego, CA) as markers of 

bone resorption and bone-specific alkaline phosphatase (BAP) (MicroVue, San Diego, CA) 

as marker of bone formation. Radiommunoassay was used to measure N-terminal propeptide 

of type I procollagen (PINP) (Orion, Espoo, Finland) as an additional marker of bone 

formation. ELISA was used to measure high-molecular weight adiponectin (Alpco, Salem, 

NH) and Insulin-like growth factor-1 (Quantikine, Minneapolis, MN). Chemiluminescent 

immunoassays were used to measure parathyroid hormone (PTH) (Roche Elecsys, 

Indianapolis, IN) and cortisol (ADVIA Centaur, Malvem, PA). Multiplex immunoassay was 

used to measure leptin (Millipore, Billerica, MA). Liquid chromatography-tandem mass 

spectrometry was used to measure 25-hydroxyvitamin D (25OHD) (Mayo Laboratories, 

Rochester, MN). CV's for these measurements were 3.4-8.8%.

Dietary intake, physical activity, and strength

Dietary intakes were determined using 6-day food diaries which were analyzed with 

Nutrition Data System for Research (Minneapolis, MN). Physical activity was determined 

using the Stanford 7-day Physical Activity Recall (PAR).(24) Grip strength was assessed 

using Jamar dynamometer (Asimow, Los Angeles, CA).

Statistical Analyses

The same statistical methodologies used in the parent RCT were applied.(18) Briefly, 

intention-to-treat (ITT) analyses were performed by including all available observations in 

the analysis. Baseline characteristics were compared using Wilcoxon-Mann-Whitney test 
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and Fisher exact test. Repeated measures analysis of covariance(25,26) was applied with 

change from baseline as the dependent variable, and treatment, time, and the treatment × 

time interaction as independent variables; site, sex, BMI, and baseline value were included 

as covariates. Hypotheses of specific interest were tested by defining contrasts among the 

regression parameters; the predicted mean ± standard error (se) are the adjusted values from 

this model. Consistency between sexes was evaluated by adding and testing interaction terms 

in this model. Type-I error was controlled using a gatekeeping strategy.(27) The treatment × 

time interaction term was tested first. If significant, then following standard statistical 

practice, between-group differences at each time point were tested at α=.05. If not, the 

treatment main effect was tested next. If significant, then between-group differences at each 

time point were tested at α=.05. Otherwise a Bonferroni correction was applied at each time 

point, with the p-values adjusted by multiplying the nominal p-value by the number of tests 

(truncated at 1.0).(28) Linear regression was used at baseline to generate equations for 

predicting BMD from body weight, age, and sex. The equation was applied at the 24-month 

time-point, and the difference between observed and predicted BMD (i.e., the residual) 

interpreted as the effect of the CR intervention beyond BMD loss expected due to weight 

loss. Pearson's correlation was used to examine relationships in the CR group among 

changes in variables and changes in BMD and bone markers; stepwise multiple regression 

was used to identify which variables were independent contributors to changes in BMD and 

bone markers. All statistical tests were two-tailed; p<0.05 was considered statistically 

significant. Data analysis was generated using SAS version 9.2.

Results

Study population

The CONSORT diagram has been reported previously (Appendix Figure 1).(18) Briefly, 238 

individuals deemed eligible, underwent baseline assessments. Ten were subsequently 

determined to be ineligible and 8 withdrew, so that 220 individuals were randomized. Two 

individuals in the CR group dropped out prior to starting the intervention resulting in an ITT 

cohort of 218 participants (75 in the AL group 143 in the CR group).Thirty participants (4 in 

the AL group, 26 in the CR group) discontinued the intervention due to personal and other 

reasons; however, any data provided were included in the ITT analyses.

The AL group and CR group did not differ on baseline demographic and clinical 

characteristics, including age, sex, ethnicity, marital status, education, weight, BMI, and 

BMD (Table 1).

CR and body weight

Significant CR was achieved in the CR group throughout the 24-month study, reaching 

19.5±0.8% over the first 6 months, 10.8±0.7% over the second 6 months, and 8.3±0.8% over 

the remaining 12 months. Accordingly, there were significant decreases in body weight in 

the CR group, which were significantly different than those observed in the AL group 

(Table 2).
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Body composition and BMD

The CR group relative to AL also had significant reductions in FM and FFM at 12 months, 

with maintenance of lower FM and FFM at 24 months. The changes in body weight and 

composition in the CR group were accompanied by significant decreases in BMD relative to 

the AL group, at the lumbar spine, total hip, femoral neck and other regional hip sites at 12 

months and 24 months (Table 2, Figure 1a).

The treatment effects on BMD did not differ between males and females (sex × treatment 

interaction p>0.05). There were no treatment effects on BMD at the distal radius or whole 

body.

Bone turnover and hormones

Compared with the AL group, serum CTX and TRAP5B concentrations significantly 

increased as early as 6 months and remained elevated at 12 months in the CR group (Table 
3, Figure 1b). Conversely, serum BAP and PINP concentrations did not change at 6 months; 

serum levels of BAP significantly decreased at 12 months and remained suppressed at 24 

months in the CR group compared with the AL group. Serum 25OHD concentrations 

significantly increased in the CR group compared with AL at 12 months and 24 months, 

unaccompanied by changes in PTH. The changes in 25OHD concentrations in the CR group 

were inversely correlated with the changes in body weight (r=−0.21, p=0.02) and FM at 12 

months (r=−0.22, p=0.01) although not at 24 months (both p>0.05). Serum cortisol levels 

slightly but significantly increased at 12 months but not at 24 months in the CR group 

compared with AL as previously reported.(29) Serum levels of adiponectin significantly 

increased and leptin and insulin significantly decreased at 12 months and 24 months in the 

CR group compared with AL. Serum IGF-1 did not significantly change as previously 

reported.(29)

Energy intake, physical activity, and strength

Food records showed that the CR group restricted their energy intake while the AL group 

maintained their intake (Table 4). Only fat intake significantly decreased among the 

macronutrients while micronutrients did not change or increased in the CR group compared 

with AL. PAR indicated that total self-reported physical activity significantly decreased in 

the CR group compared with AL. Changes in grip strength did not differ significantly.

Variables associated with BMD and bone marker changes in the CR group

Results of bivariate correlation are provided in Appendix Table 1 while results of multiple 

regression analyses are provided in Table 5. Stepwise multiple regression revealed that 

change in FFM was the only factor associated with change in total hip BMD at 24 months in 

the CR group. Different combinations of changes in body composition, bone-active 

hormones, nutrition intake, and physical activity explained 10%-31% of the variance in 

changes in spine BMD and bone markers at 12 months and 24 months in the CR group.
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Predicting BMD changes from body weight changes

To determine whether changes in BMD were expected based on changes in body weight, we 

compared the BMD measured by DXA with the BMD derived from a prediction equation at 

baseline. There were no significant differences between the actual results and the values 

derived from the regression model in either group (AL: 1.047±0.122 vs. 1.042±0.021 g/cm2 

and 0.984±0.116 vs. 0.983±0.043 g/cm2; CR:1.029±0.120 vs. 1.024± 0.021 g/cm2 and 

0.969±0.111 vs. 0.970±0.045 g/cm2, for 24-month lumbar spine and total hip BMD, 

respectively) (Appendix Figure 2).

Discussion

CR could enhance healthy lifespan but it also causes weight loss, which has been associated 

with a reduction of bone mass in obese older adults.(6-12) The effects of long-term CR on 

bone health in non-obese younger adults are unknown. In this two-year RCT, prolonged CR-

induced weight loss significantly decreased BMD at the clinically important sites of the 

lumbar spine, total hip, and femoral neck due to an increase in bone resorption and a 

decrease in bone formation.

The decreases in spine and hip BMD in our participants, however, were predicted from their 

decrease in body weight. Weight loss studies in obese older adults also found that bone loss 

was proportional to the amount of weight loss.(6-12) The ~2% decrease in spine and hip 

BMD in our non-obese younger adults is within the range reported in studies of obese older 

adults who lost a similar amount (~10%) of body weight.(6-12) Therefore, the effect of 

weight loss on BMD in non-obese younger adults is similar to that in obese older adults. 

Conversely, our data are in contrast to studies showing no detrimental bone effects with 

weight loss in obese younger adults.(13,15,16) The reason for this discrepancy could be that 

non-obese younger adults have less FFM than obese younger adults to protect against bone 

loss.(30)

BMD decreased at the central sites of the spine and hip but not at the peripheral site of the 

wrist or whole body. A possible explanation is that the spine and hip contain more trabecular 

bone, which has a greater rate of turnover than does cortical bone; sites where trabecular 

bone predominates are more sensitive to factors that alter bone turnover.(31) Another 

possible explanation is that the spine and hip are weight-bearing skeleton whereas the wrist 

is not, which makes these sites more responsive to the unloading effect of weight loss.(17) 

Although whole body BMD is highly reproducible, it is not sensitive in estimating BMD 

changes as it averages findings from many areas of the body. Given that spine and hip BMD 

are used to predict fracture risk and are common sites of osteoporotic fractures,(32) these 

site-specific effects of CR could have clinical implications.

The transient but marked increases (~30%) in CTX andTRAP5B in the CR participants 

indicate that bone resorption was stimulated in response to CR-induced weight loss. In fact, 

the peak increase in bone resorption markers coincided with the peak weight loss (6-12 

months). Interestingly, although bone turnover is a tightly coupled process,(33) bone 

formation markers did not increase following the increase in bone resorption markers, 

supporting the lower BMD observed at 12 and 24 months. On the contrary, BAP decreased 
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(~8%) whereas PINP did not change during the latter phase when bone resorption markers 

were reverting towards baseline coincident with weight maintenance. Our results support 

data from studies in obese older adults, which found that weight loss was associated with 

disproportionate increase in bone resorption.(8,17,34) However, our results also suggest that in 

non-obese younger adults undergoing CR, an absolute decrease in bone formation 

additionally contributes to bone loss.

Although the precise mechanisms for bone loss during CR are unknown, several 

contributory factors have been hypothesized.(30,35,36) Our data showed that CR-induced 

weight loss was accompanied by changes in body composition (FM, FFM) that could 

contribute to bone loss.(30) Other potential contributors to the higher bone loss were greater 

increases in cortisol and adiponectin and decreases in leptin and insulin observed in the CR 

group.(35,36) Regarding cortisol, serum cortisol increased at 12 months while BMD 

decreased at 12 and 24 months comparing the CR and AL groups, consistent with known 

negative effects of cortisol on bone. However, in models confined to the CR group 

investigating factors that contributed to changes in BMD and bone turnover markers in the 

setting of CR, we found that cortisol changes over 12 months were positively associated 

with BMD changes and negatively associated with bone turnover markers in adjusted (Table 

5) and unadjusted (Appendix Table 1) models. We are not certain of the reasons for this 

unexpected finding. We cannot exclude that subjects who had lesser increases in cortisol at 

12 months had greater increases in cortisol at 6 months (not measured in this study), 

consistent with an adaptive CR response.(37) The most rapid weight loss in CR participants 

occurred during the first 6 months. Cortisol levels at 12 months might not accurately reflect 

cumulative exposure to cortisol over the first year. Thus, future studies might include 

measurements of serum cortisol at earlier time points to determine if CR-induced changes in 

cortisol precede and predict the CR-induced bone loss. Although increases in 25OHD were 

greater in the CR group due to the weight loss,(38) changes in PTH or IGF1 did not differ 

between the CR and AL groups. Another contributing factor is the lower level of physical 

activity in the CR group although we did not observe group differences in strength. Analyses 

exploring the factors associated with bone loss suggested that the key factor correlated with 

changes in hip BMD were changes in FFM. For changes in spine BMD and bone markers, 

there was no single main predictor but a combination of predictors in the final models 

accounting for up to 31% of the variance, consistent with the multifactorial nature of the 

bone loss. Conversely, given that a large proportion of the variance was unexplained, factors 

not measured could underlie the bone loss with CR. One such factor is sclerostin, a protein 

secreted by osteocytes in states of unloading (e.g. weight loss) to inhibit Wnt/b-catenin 

signaling and bone formation.(39,40) A recent study reported increase in sclerostin with 

weight loss that was prevented by exercise.(41) It is important to note that physical activity 

decreased in CR participants since PA has been shown to be osteoprotective during CR;(34) 

this reduction in PA could have also contributed to bone loss. Supporting this premise, CR 

was associated with FFM loss, a change that can be prevented/attenuated by increased 

physical activity.(42) Given the coupling between muscle and bone during weight loss,(43) 

factors other than sclerostin that mediate muscle-bone interactions could also mediate bone 

loss during CR(44) and deserve investigation.
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Typically, spine and hip BMD increase until early adulthood and remain stable until age 

~50.(45) Thus, the decreases in spine and hip BMD we observed, although small, are 

unexpected for adults in this age range (21-50 yrs.). However, we also found that the 

changes in BMD were consistent with the changes in body weight. Overall, the predicted 

increase in fracture risk associated with BMD loss with CR appears small. At the femoral 

neck, the average BMD loss was −0.015 g/cm2 (−0.16 T-score units). Using the WHO 

Fracture Risk Assessment Tool, (46) this degree of BMD loss in a 50-year-old woman 

without risk factors corresponds to <0.5% increase in 10-year risk of fracture. In addition, 

there was no increased fracture risk in Look AHEAD, a trial testing the effects of a weight 

loss intervention in overweight and obese adults with type 2 diabetes although the 

intervention group lost an average of 8.6% of body weight.(47) Of course, longer term 

studies are needed to fully assess the clinical importance of these findings. Follow-up studies 

in older adults suggest that BMD loss continues after weight reduction(48) and/or may not 

fully recover with weight regain.(49)

The strengths of our study include the RCT design, unique 2-year CR duration in non-obese 

participants, and comprehensive assessments of bone metabolism. Although we used DXA 

to monitor bone loss because it is the standard for measuring BMD (≥65% of the variance in 

bone strength), a limitation is that DXA assesses bone quantity but not bone quality, an 

additional predictor of fracture risk.(50) Besides bone markers, we did not measure bone 

quality (e.g. bone microarchitecture). It is possible that despite BMD loss, CR preserved 

bone quality as suggested by low BMD but good bone quality noted in persons practicing 

long-term CR.(51) Another limitation is that changes in BMD after weight loss might be 

exaggerated because of technical limitations of DXA.(52) However, this would primarily 

affect interpretation of studies examining bone changes after extreme weight loss not after 

moderate weight loss as in the current study.(36) Moreover, our results are consistent with 

RCTs in older adults showing bone loss with weight loss.(6-12) Importantly, changes in BMD 

in the participants were corroborated by changes in bone markers.(53) Despite extensive 

behavioral counseling, participants did not achieve the protocol goal of 25% CR. As 

discussed,(18) this probably occurred because the target weight loss trajectory based on our 

pilot studies(23) underestimated the weight loss needed to sustain 25% CR. It may also 

reflect the inability of most individuals to maintain greater degrees of CR over long periods. 

Nonetheless, significant CR and weight loss (both ~12%) were achieved throughout the 24-

month study, which suggest that even lesser degree of CR has negative effects on bone. 

Another limitation is that we did not include a standard exercise regime, because the overall 

goal of CALERIE phase 2 was to determine if CR in humans results in the same beneficial 

effects as observed in animals subjected to similar levels of CR.(19) In animals, both CR and 

exercise improve average survival, but only CR extends maximal life span.(54) Finally, our 

study involved a highly motivated population and very intensive behavioral intervention, 

thus limiting broader inferences of our results.

In conclusion, our results demonstrate that 2-years sustained CR in non-obese younger 

adults increases bone resorption while decreasing bone formation (i.e. uncoupling of bone 

turnover) and causes a modest but significant decline in BMD, expected on the basis of the 

weight lost, at clinically important sites of osteoporotic fractures. Further long-term studies 
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are needed to determine if such bone loss increases fracture risk and whether therapeutic 

interventions can prevent bone loss that occurs with CR-induced weight loss.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Mean percent changes ± SEM in bone mineral density (panel a) and biochemical markers of 

bone turnover (panel b) in non-obese younger adults randomized to ad libitum group (●) or 

caloric restriction (○). P value significantly different (<0.05) from ad libitum value. 

Abbreviations: CTX = C-terminal telopeptide of type I collagen; BAP = bone specific 

alkaline phosphatase; TRAP5b = tartrate-resistant acid phosphatase isoform 5b; PINP = 

intact N-terminal propeptide of type I
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Table 1

Baseline Characteristics of Study Participants
*

AL N=75 CR N=143
P value

†

Age, y 37.9 ± 6.9 38.0 ± 7.2 0.89

Sex, no (%)

    Male 22 (29.3) 44 (30.8) 0.88

    Female 53 (70.7) 99 (69.2)

Race, no (%)

    Black or African American 11 (14.7) 15 (10.5) 0.62

    White 57 (76.0) 111 (77.6)

    Other 7 (9.3) 17 (11.9)

Ethnicity, no (%)

    Hispanic or Latino 4 (5.3) 3 (2.1) 0.27

    Not Hispanic or Latino 71 (94.7) 138 (96.5)

    Unknown 0 (0.0) 2 (1.4)

Marital Status, no (%)

    Married 44 (58.7) 86 (60.1) 0.81

    Divorced 6 (8.0) 9 (6.3)

    Single 24 (32.0) 47 (32.9)

    Widowed 0 (0.0) 1 (0.7)

    Separated 1 (1.3) 0 ( 0.0)

Education, no (%)

    Elementary 0 (0.0) 0 ( 0.0) 0.10

    9-12th grade 6 (8.0) 2 (1.4)

    College 46 (61.3) 88 (61.5)

    Non doctoral graduate degree 17 (22.7) 37 (25.9)

    Doctoral degree 6 (8.0) 16 (11.2)

Height, m 168.4 ± 8.3 168.9 ± 8.6 0.91

Weight, kg 71.3 ± 8.6 71.8 ± 9.2 0.96

Body mass index, kg/m2 25.1 ± 1.6 25.1 ± 1.7 0.90

Bone mineral density, z-score

    Lumbar spine −0.5 ± 1.5 −0.2 ± 1.0 0.26

    Total hip −0.0 ± 0.8 −0.0 ± 0.8 0.73

    Femoral neck −0.2 ± 0.9 −0.2 ± 0.9 0.90

Oral contraceptive use in women, no (%)

    Yes 10 (18.9) 22 (22.2) 0.68

    No 43 (81.1) 77 (77.8)

*Values are given as mean ± SD or number (percentage) of participants unless otherwise specified.

†P-values as calculated by Wilcoxon test for continuous and ordinal values and Fisher exact test for categorical values.
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Table 2

Effect of Caloric Restriction on Body Composition and Bone Mineral Density
*

AL N=75 CR N=143
P value

†

Body composition

    Weight (kg)

        Baseline 71.5 ± 1.0 72.0 ± 0.8 0.93

        Change at 6 months −0.8 ± 0.3 −7.3 ± 0.2 <0.001

        Change at 12 months −0.7 ± 0.4 −8.4 ± 0.3 <0.001

        Change at 24 months 0.1 ± 0.5 −7.5 ± 0.4 <0.001

    Fat mass (kg)

        Baseline 23.8± 0.6 23.5 ± 0.4 0.61

        Change at 12 months −0.3 ± 0.3 −6.1 ± 0.2 <0.001

        Change at 24 months 0.4 ± 0.4 −5.3 ± 0.3 <0.001

    Fat-free mass (kg)

        Baseline 47.6 ± 1.0 48.5 ± 0.8 0.48

        Change at 12 months −0.3 ± 0.2 −2.2 ± 0.1 <0.001

        Change at 24 months −0.2 ± 0.2 −2.2 ± 0.2 <0.001

Bone mineral density

    Lumbar spine (g/cm2)

        Baseline 1.043 ± 0.014 1.042 ± 0.010 0.85

        Change at 12 months 0.006 ± 0.003 −0.011 ± 0.002 <0.001

        Change at 24 months 0.007 ± 0.004 −0.013 ± 0.003 <0.001

    Total Hip (g/cm2)

        Baseline 0.982 ± 0.013 0.984 ± 0.009 0.84

        Change at 12 months 0.002 ± 0.002 −0.012 ± 0.002 <0.001

        Change at 24 months 0.001 ± 0.003 −0.017 ± 0.002 <0.001

    Femoral neck (g/cm2)

        Baseline 0.842 ± 0.013 0.839 ± 0.009 0.95

        Change at 12 months 0.000 ± 0.003 −0.011 ± 0.002 0.002

        Change at 24 months −0.005 ± 0.004 −0.015 ± 0.003 0.03

    Intertrochanter (g/cm2)

        Baseline 1.158 ± 0.016 1.167 ± 0.011 0.49

        Change at 12 months 0.002 ± 0.003 −0.015 ± 0.002 <0.001

        Change at 24 Months 0.001 ± 0.004 −0.021 ± 0.003 <0.001

    Trochanter (g/cm2)

        Baseline 0.742 ± 0.013 0.737 ± 0.008 0.95

        Change at 12 Months 0.003 ± 0.002 −0.006 ± 0.002 0.002

        Change at 24 Months 0.002 ± 0.003 −0.009 ± 0.002 0.002

    One third radius (g/cm2)

        Baseline 0.726 ± 0.009 0.728 ± 0.006 0.49

        Change at 12 months 0.007 ± 0.002 0.011 ± 0.002 0.32
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AL N=75 CR N=143
P value

†

        Change at 24 months 0.008 ± 0.002 0.010 ± 0.002 0.64

    Whole body (g/cm2)

        Baseline 1.162 ± 0.011 1.168 ± 0.008 0.68

        Change at 12 months 0.011 ± 0.004 0.019 ± 0.003 0.07

        Change at 24 months 0.011 ± 0.004 0.012 ± 0.003 0.86

*Baseline values are the observed mean (SE); change scores are the least-squares adjusted means (SE) from the repeated measures analysis.

†P values, from the Wilcoxon test for comparison of the baseline value, and the repeated measures of analyses of covariance for comparisons of 
change values at time points. All P values reflect Bonferroni corrections, truncated at 1.0, as appropriate (see text).

J Bone Miner Res. Author manuscript; available in PMC 2017 January 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Villareal et al. Page 17

Table 3

Effect of Caloric Restriction on Bone Markers and Hormones
*

AL N=75 CR N=143
P value

†

Biochemical markers of bone turnover

    CTX (μg/L)

        Baseline 0.358 ± 0.015 0.344 ± 0.013 0.26

        Change at 6 months 0.010 ± 0.013 0.090 ± 0.010 <0.001

        Change at 12 months 0.025 ± 0.015 0.098 ± 0.012 <0.001

        Change at 24 months 0.057 ± 0.016 0.071 ± 0.013 0.47

    TRAP5B (U/L)

        Baseline 2.4 ± 0.1 2.1 ± 0.1 0.02

        Change at 6 months 0.2 ± 0.1 0.6 ± 0.1 <0.001

        Change at 12 months 0.2 ± 0.1 0.4 ± 0.1 0.004

        Change at 24 months 0.3 ± 0.1 0.4 ± 0.1 0.58

    BSAP (U/L)

        Baseline 22.9 ± 0.9 21.7 ± 0.6 0.25

        Change at 6 months 1.6 ± 0.5 0.6 ± 0.3 0.06

        Change at 12 months −0.3 ± 0.5 −1.4 ± 0.4 0.047

        Change at 24 months 0.9 ± 0.6 −1.5 ± 0.4 0.001

    P1NP (μg/L)

        Baseline 43.3 ± 1.9 39.5 ± 1.3 0.08

        Change at 6 months 2.0 ± 1.5 2.2 ± 1.1 1.00

        Change at 12 months −0.3 ± 1.7 0.9 ± 1.3 1.00

        Change at 24 months 2.7 ± 1.8 0.5 ± 1.4 0.93

Bone-active hormones

    25-hyroxyvitamin D (ng/mL)

        Baseline 29.3 ± 0.9 29.6 ± 0.6 0.74

        Change at 12 months 0.3 ± 0.8 2.9 ± 0.5 0.004

        Change at 24 months −0.3 ± 0.9 1.9 ± 0.7 0.047

    Parathyroid hormone (pg/mL)

        Baseline 39.0 ± 1.4 41.5 ± 1.0 0.12

        Change at 12 months 0.0 ± 1.2 −2.0 ± 0.9 0.34

        Change at 24 months 0.4 ± 1.3 −0.4 ± 1.0 1.00

    Adiponectin (ng/mL)

        Baseline 4856 ± 376 4807 ± 240 0.78

        Change at 12 months −435 ± 187 875 ± 142 <0.001

        change at 24 months −1011 ± 195 314 ± 152 <0.001

    Leptin (pg/mL)

        Baseline 17717 ± 1650 16950 ± 1150 0.73

        Change at 12 months −2812 ± 749 −11041 ± 583 <0.001

        Change at 24 months −954 ± 966 −9660 ± 749 <0.001

    Insulin (uIU/mL)

J Bone Miner Res. Author manuscript; available in PMC 2017 January 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Villareal et al. Page 18

AL N=75 CR N=143
P value

†

        Baseline 5.8 ± 0.3 5.4 ± 0.2 0.27

        Change at 12 months −0.1 ± 0.2 −1.6 ±0.2 <0.001

        Change at 24 months 0.1 ± 0.2 −1.7 ± 0.2 <0.001

Abbreviations: CTX = C-telopeptide of type I collagen; BSAP = bone specific alkaline phosphatase; TRAP5b = tartrate-resistant acid phosphatase; 
PINP = intact N-terminal propeptide of type I procollagen

*Baseline values are the observed mean (SE); change scores are the least-squares adjusted means (SE) from the repeated measures analysis.

†P values, from the Wilcoxon test for comparison of the baseline value, and the repeated measures of analyses of covariance for comparisons of 
change values at time points. All P values reflect Bonferroni corrections, truncated at 1.0, as appropriate (see text).
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Table 4

Effect of Caloric Restriction on Nutrient Intake, Physical Activity, and Strength
*

AL N=75 CR N=143
P value

†

Nutrient intake
‡

    Energy (kcal/d)

        Baseline 2045.3 ± 55.50 2126.3 ± 46.7 0.46

        Change at 12 months −83.0 ± 38.6 −279.5 ± 29,3 <0.001

        Change at 24 months −121.1 ± 42.7 −216.3 ± 33.1 0.07

    Protein (g/d)

        Baseline 86.6 ± 2.8 86.5 ± 1.9 0.97

        Change at 12 months 0.13 ± 2.1 −2.4 ± 1.6 0.6

        Change at 24 months −4.9 ± 2.4 −2.6 ± 1.9 0.85

    Fat (g/d)

        Baseline 80.8 ± 2.6 81.3 ± 2.1 0.63

        Change at 12 months −3.2 ± 2.1 −20.2 ± 1.7 <.001

        Change at 24 months −4.4 ± 2.3 −15.3 ± 1.8 <0.001

    Carbohydrates (g/d)

        Baseline 234.9 ± 7.1 254.3 ± 6.3 0.09

        Change at 12 months −12.0 ± 5.8 −9.8 ± 4.5 1.00

        Change at 24 months −15.1 ± 6.1 −9.5 ± 4.7 0.90

    Calcium (mg/d)

        Baseline 917.6 ± 40.7 911.2 ± 25.0 0.82

        Change at 12 months −24.8 ± 30.1 48.3 ± 22.8 0.09

        Change at 24 months −28.6 ± 32.1 −4.6 ± 24.6 1.00

    Vitamin D (μg/d)

        Baseline 5.1 ± 0.4 4.7 ± 0.2 0.73

        Change at 12 months 0.1 ± 0.4 0.5 ± 0.3 0.79

        Change at 24 months 0.3 ± 0.4 −0.1 ± 0.3 0.81

    Vitamin A, (IU/d)

        Baseline 6951.9 ± 478.5 7718.4 ± 384.7 0.23

        Change at 12 months 901.9 ± 822.9 3415.9 ± 618.5 0.01

        Change at 24 months 1446.1 ± 827.5 3174.4 ± 631.1 0.09

    Vitamin K (μg/d)

        Baseline 127.6 ± 12.8 130.8 ± 6.2 0.31

        Change at 12 months 22.6 ± 12.2 32.8 ± 9.2 0.49

        Change at 24 months −0.7 ± 15.8 55.2 ± 12.0 0.01

    Magnesium (mg)

        Baseline 299.3 ± 11.8 311.5 ± 7.6 0.27

        Change at 12 months 1.3 ± 9.3 39.2 ± 7.1 0.001

        Change at 24 months −4.4 ± 10.2 43.6 ± 7.9 <0.001

    Phosphorus (mg)
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AL N=75 CR N=143
P value

†

        Baseline 1344.1 ± 43.9 1349.6 ± 28.1 0.99

        Change at 12 months −27.5 ± 32.3 −29.7 ± 24.5 0.28

        Change at 24 months −67.0 ± 35.2 7.4 ± 27.0 0.16

Physical activity and strength

    Total physical activity (kcal/d)
§

        Baseline 1532.1 ± 31.4 1572.1 ± 23.2 0.38

        Change at 12 months −7.9 ± 20.4 −102.4 ± 15.5 <0.001

        Change at 24 months −16.5 ± 23.1 −83.8 ± 17.9 0.02

    Grip strength (kg)

        Baseline 33.8 ± 1.2 33.8 ± 0.9 0.92

        Change at 12 months 1.8 ± 0.9 0.6 ± 0.7 0.54

        Change at 24 months 0.8 ± 0.6 0.8 ± 0.5 1.00

*Baseline values are the observed mean (SE); change scores are the least-squares adjusted means (SE) from the repeated measures analysis.

†P values, from the Wilcoxon test for comparison of the baseline value, and the repeated measures of analyses of covariance for comparisons of 
change values at time points. All P values reflect Bonferroni corrections, truncated at 1.0, as appropriate (see text).

‡Does not include multivitamin and calcium supplements as provided in the study.

§Self-reported using the Standard 7-day Physical Activity Recall(24)
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