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Abstract

Background: The relation between a novel measure of total skeletal muscle mass (assessed by 

D3-creatine dilution, D3Cr) and incident fracture is unknown.

Methods: In 1,363 men (mean age, 84.2 yrs), we determined D3Cr muscle mass; FRAX 10-year 

probability of hip and major osteoporotic (hip, humerus, vertebral, forearm) fracture; and femoral 

neck BMD (by DXA). Incident fractures were centrally adjudicated by review of radiology reports 

over 4.6 years. Correlations adjusted for weight and height were calculated between femoral neck 

BMD and D3Cr muscle mass. Across quartiles of D3Cr muscle mass/weight, proportional hazards 

models calculated hazard ratios for any (N=180); non-spine (N=153); major osteoporotic fracture 

(N=85); and hip fracture (N=40) after adjustment for age, femoral neck BMD, recurrent fall 

history, and FRAX probability. Models were then adjusted to evaluate the mediating influence of 

physical performance (walking speed, chair stands, and grip strength).
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Results: D3Cr muscle mass was weakly correlated with femoral BMD (r=0.10, p<.001). 

Compared to men in the highest quartile, those in the lowest quartile of D3Cr muscle mass/weight 

had an increased risk of any clinical fracture (HR: 1.8, 95%CI: 1.1 – 2.8); non-spine fracture (HR: 

1.8, 95%CI: 1.1 – 3.0), major osteoporotic fracture (HR: 2.3, 95%CI: 1.2 – 4.6) and hip fracture 

(HR: 5.9, 95% CI: 1.6– 21.1). Results were attentuated after adjustment for physical performance, 

but associations remained borderline signficant for hip and major osteoporotic fractures (p≥0.05–

0.10).

Conclusions: Low D3Cr muscle mass/weight is associated with a markedly high risk of hip 

and potentially other fractures in older men; this association is partially mediated by physical 

performance.

Introduction

Low muscle mass likely predisposes individuals to fracture for several reasons. First, bone 

remodels in response to muscle force. Thus, lower muscle strength (presumably due to 

lower muscle mass) should result in weaker bones and therefore more fractures.1 Second, 

lower muscle mass also increases fall risk, whereby smaller, weaker muscles are associated 

with worse muscle function and physical performance, which should in turn result in more 

falls and fractures. There is compelling evidence that poor muscle function (quantified 

as strength and power) and impaired physical performance (gait speed, chair stands) are 

strongly related to risk of hip, vertebral and other fractures.2–6 Third, through bone-muscle 

crosstalk, ‘myokines’ may also influence bone directly.7,8

The evidence for the direct association between muscle mass and fracture are less clear. A 

commonly used approximation of muscle mass is appendicular lean body mass (ALM, kg) 

derived from dual x-ray absorptiometry (DXA). While DXA is widely used to assess bone 

mass and density for the diagnosis of osteoporosis,9 DXA also measures soft tissue lean 

mass. Lean mass from DXA is not a direct measure of muscle mass. Despite this, DXA lean 

mass has been considered a “reference standard” for muscle mass by some,10 a designation 

that is not without controversy.11,12 DXA total body lean mass includes soft tissue from 

organs like kidney and liver; fibrotic and other lean tissue; and water. Operationally, lean 

mass from DXA is usually analyzed as lean mass in the arms and legs, standardized to body 

height (m2), ALM/ht2.13,14 While ALM/ht2 is a commonly used approximation of muscle, 

it is not consistently or independently related to fractures, particularly after consideration of 

bone mineral density.5,15,16 In some cases, after accounting for BMD, those with low ALM 

have a decreased risk of fracture.17,18 We posit that the lack of an independent association 

between DXA low lean mass and fracture risk is due to limitations in the use of DXA as 

a surrogate measure of muscle mass. Therefore, it is possible that a more direct measure of 

muscle mass may be related to fracture risk even when DXA lean mass is not. D3Cr dilution 

assessment of muscle mass (D3Cr muscle mass) relies on several aspects of creatine biology 

to estimate muscle mass19 that does not rely on the same assumptions of compartment 

models (such as DXA), and may therefore represent a more accurate assessment of muscle 

mass.
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We recently demonstrated that low muscle mass by D3Cr dilution is strongly related 

to weakness, poor physical performance, increased likelihood of prevalent disability and 

incident mobility limitations, incident disability, risk of serious injurious falls and mortality 

in older men, while DXA lean mass is not consistently associated with these outcomes.19,20 

We have also demonstrated that D3Cr muscle mass (not adjusted to weight) is only 

moderately correlated with DXA ALM (r=0.68, p<.001) and DXA ALM/ht2 (r=0.55, 

p<.001).19 We hypothesize that the accurate assessment of muscle mass provided by the 

D3Cr dilution method will reveal a strong association of muscle mass with fracture risk. 

We tested this hypothesis in the prospective Osteoporotic Fractures in Men (MrOS) study, 

a cohort of community-dwelling older men. Since much of the association of muscle mass 

may act through strength and performance, we also aimed to test whether any association 

observed between D3Cr muscle mass and fracture was mediated by these factors.

Methods

MrOS Cohort

In 2000–2002 the MrOS multi-center cohort study of aging and osteoporosis recruited 

5,994 ambulatory community-dwelling men aged ≥65 years without bilateral hip 

replacements.21,22 All men provided written informed consent, and the study was approved 

by the Institutional Review Board at each center. In 2014–2016, 2,786 survivors were 

contacted to participate in “Visit 4” (Year 14) clinic visit. Of these, 362 refused participation, 

583 completed questionnaires only, and 1,841 completed questionnaires and at least part of 

the clinic visit (Figure 1). MrOS data is available here: https://mrosonline.ucsf.edu/

D3Cr dilution method to estimate muscle mass

To complete the D3Cr dilution method, a participant takes a “dose” (30-mg) labeled creatine 

(D3-creatine), and the provides a fasting, morning urine sample 72–144 hours (3–6 days) 

later as previously described.19 In the urine, high performance liquid chromatography 

(HPLC) and tandem mass spectrometry (MS/MS) are then used to measure d3-creatinine, 

unlabeled creatinine, and creatine. These measures are then included in an algorithm to 

determine total body creatine pool size and skeletal muscle mass.23 The D3Cr dilution 

method is not dependent on creatinine clearance or renal function, s the enrichment of 

creatinine is measured (i.e., the ratio of D3-creatinine to unlabeled creatinine). No special 

dietary control (other than the need for a fasting morning spot urine sample) is required. To 

account for the relation between body weight and muscle mass we analyzed D3Cr muscle 

mass divided by weight as the primary independent variable.

Other clinical measurements

DXA scans performed Hologic 4500 scanners (Waltham, MA, USA) were used to determine 

femoral neck and total hip BMD, and appendicular lean mass (ALM) standardized to height 

squared (ALM/ht2) as previously described.24 Grip strength (kg) was measured twice on 

each hand with Jamar handheld dynamometers; the maximum value obtained across all 

tests was analyzed. Walking speed at usual pace was measured over a 6-m course using 

the average of two trials (m/s).3 Ability and time to rise from a chair five times without 

the use of the arms was recorded. This was analyzed as chair stands per 10 seconds with 
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those unable to complete coded as 0 chair stands/10 seconds. Self-report of parental history 

of hip fracture; alcohol use, rheumatoid arthritis, history of fracture; and history of falls 

as recorded. Recurrent fall history was considered 2 or more falls in the year prior to 

the visit (compared to 0–1 falls). Height (measured with wall mounted stadiometers) and 

weight (measured by digital or balance beam scales) were used to calculate body mass index 

[weight (kg) divided by height2 (m2)]. Participants were asked to bring in all prescription 

and non-prescription medications; medication was matched to its ingredient(s) based on the 

Iowa Drug Information Service (IDIS) Drug Vocabulary (College of Pharmacy, University 

of Iowa, Iowa City, IA).25 Using data from the Year 14 visit, the 10-year probability of hip 

fracture, or major osteoporotic fracture (hip, humerus, vertebral, forearm), with BMD were 

calculated with U.S. FRAX models.5,26

Fractures

Every four months (March, July and November), MrOS men completed questionnaires 

about fractures that had occurred in the preceding 4 months. These events were then 

centrally adjudicated by physician review of radiology reports, and radiographs if needed. 

The study radiologist confirmed clinically identified vertebral fractures by reviewing lateral 

spine radiographs or the image used to make the diagnosis in the community clinical 

practice setting (e.g., MRI) as available. We analyzed the following fracture outcomes: any 

clinical fracture; any non-spine fracture, major osteoporotic fracture (hip, humerus, clinical 

vertebral, forearm), and hip fracture. Fractures following the Year 14 visit date through 

August 2020 were analyzed.

Study sample

As previously described,19 we invited all 1,841 men with a Year 14 clinic visit to complete 

the D3Cr dilution protocol (without any inclusion/exclusion criteria) and 1425 had valid 

measures of D3Cr muscle mass/weight (Figure 1). Of these, 62 were missing fracture 

follow-up or covariate data. Thus, the main analysis sample included 1,363 men. In the 

models further adjusted for strength and physical performance, 50 men were missing grip 

strength or walking speed; therefore, the N for these mediation models is 1313 men.

Statistical approach

We have previously reported characteristics of the cohort by quartiles of D3Cr muscle 

mass/wgt.19 We compared characteristics of participants by occurrence of incident hip 

fracture using t-tests, Kruskall-Wallis tests and chi-square tests as appropriate. Proportional 

hazards regression was used to estimate the hazard ratio (HR) and 95% CI for fracture. To 

test the proportional hazards assumption, we tested time dependent covariates by creating 

interactions of each of the predictors with a function of survival time, and added them to 

the model. Since these interactions were not significant, the assumption is not violated. D3Cr 

muscle mass/weight was analyzed as a continuous variable with the hazards ratio expressed 

per SD increment, and also by quartiles. Test for trend across quartiles was performed 

by using a four level indicator variable with values of 1–4 representing each quartile. All 

models were adjusted for age, femoral neck BMD, FRAX 10-year probability of fracture 

(hip fracture for hip fracture models; major osteoporotic fracture for all other models), and 

history of recurrent falls. To determine whether the association between D3Cr muscle mass/
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weight was mediated by physical performance and strength, we subsequently adjusted all 

models for walking speed, chair stands, and grip strength.

We considered the competing risk for mortality in sensitivity analyses using the Fine-Grey 

extension of the Cox model. These results yielded virtually identical results to the standard 

proportional models (data not shown) so only the standard proportional hazard results are 

presented.

Results

Mean age of the 1363 men included in these analyses was 84.2 years. At the Year 14 visit, 

men who went on to suffer an incident hip fracture (N=40) were older, taller, had lower 

D3Cr muscle mass/wgt, walked slower, had a slower rate of chair stands (p<.0.05 for all, 

Table 1). Compared to those without an incident hip fracture, those with a hip fracture 

were somewhat more likely to report use of glucocorticoids; rheumatoid arthritis; previous 

fracture; or recurrent falls (p<.0.05 for all). In addition, men with an incident hip fracture 

had lower BMD at the total hip and femoral neck, and a higher FRAX probability than men 

without an incident fracture (P<0.01 for all). There were no significant differences in weight, 

BMI, grip strength, parental history of fracture, or alcohol use (p>0.05 for all). D3Cr muscle 

mass was weakly corrleated with femoral neck BMD (r=0.10, p<.001) and total hip BMD 

(r=0.14, p<.001) after adjustment for height and weight (Figure 2).

Over 4.6 years of follow-up, 180 men (13.2%) had at least one clinical fracture, including 

153 (11.2%) men with a non-spine fracture, 85 men (6.2%) with a major osteoporotic 

fracture and 40 men (2.9%) with a hip fracture. The incidence of fracture was highest in 

the lower quartiles of D3Cr muscle mass/wgt, and the lowest fracture rates were seen in the 

highest quartile of D3Cr muscle mass/wgt (Figure 3).

In multivariate models adjusted for age, femoral neck BMD, FRAX fracture probability and 

recurrent fall history, each SD decrement in D3Cr muscle mass/wgt was associated with a 

1.8-fold higher risk of hip fracture (HR per SD: 1.75, 95%CI: 1.22 to 2.50, mean follow up 

4.6 years); a 1.4-fold higher risk of major osteoporotic fracture (HR per SD: 1.37, 95%CI: 

1.08 to 1.74, mean follow up 4.5 years); a 1.2-fold higher risk of non-spine fracture (HR per 

SD: 1.21, 95%CI: 1.02 to 1.43, mean follow up 4.4 years); and a 1.2 fold higher risk of any 

clinical fracture (HR per SD: 1.22, 95%CI: 1.04 to 1.43, mean follow up 4.3 years). Further, 

men in the lowest quartile of D3Cr muscle mass/wgt had a 5-fold higher risk of hip fracture 

and a 2-fold higher risk of major osteoporotic fracture than men in the highest quartile of 

D3Cr muscle mass/wgt (Figure 4) When we further accounted for the potentially mediating 

effects of muscle function (grip strength) and physical performance (chair stands, walking 

speed), the associations between D3Cr muscle mass/wgt and fracture were attenuated but 

remained borderline statistically significant for hip and major osteoporotic fracture (p≥0.05–

0.10). The point estimates for the HR for the associations of D3Cr muscle mass/wgt with 

non-spine and clinical fracture remained above 1.0 (HR: 1.6 for Q1 vs Q4) but were not 

statistically significant (Supplemental Figure 1).
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Discussion

Our findings suggest that low D3Cr muscle mass/wgt is a risk factor for incident fractures, 

particularly hip fractures, in older men even after accounting for potential confounders that 

may influence both muscle mass and fracture risk. This association is partially mediated 

by physical performance, particularly for any fracture and non-spine fracture outcomes. We 

posit that the relationship between low muscle mass and fractures has not been previously 

observed because other studies have used inaccurate approximations of muscle mass, 

namely lean mass assessed by DXA.

Physical performance partially mediated the effects of D3Cr muscle mass/wgt on fractures, 

as the effect estimates for D3Cr muscle mass/wgt were attenuated but remained significant 

(for p-for-trend and Q1 vs Q4 for hip fractures, p<.05) or borderline significant (for HR 

per SD decrement for hip fractures, 0.05≤p<.1) after these factors were included in the 

models. The most simplistic explanation for these findings is that low D3Cr muscle mass 

results in poor physical performance, and then poor physical performance impacts fracture 

risk; this paradigm is supported by our previous work.20,27 However, this hypothesis is 

difficult to test currently as we only have longitudinal data on D3Cr muscle mass and 

physical performance in a small subset of ~40 MrOS men.28 Although there appears to 

be a relationship between muscle mass and declines in strength and performance and 

muscle mass, full characterization of these changes has not been completed. Low D3Cr 

muscle mass/wgt is associated with increased risk of serious injurious falls in MrOS, 

but not significantly associated with any incident fall or recurrent falls.19 Adjusting the 

present results for fall history did not fully explain the associations observed. Thus, our 

results suggest that the association between low muscle mass and fracture risk may due 

to additional factors aside from just poor function and fall risk. Muscle is known to 

release myokines and these may directly act on bone which then influence fracture risk;7,8 

other pathways (such as inflammation or senescence) impact both muscle and bone.29–32 

Future research will investigate which of these intermediaries most likely explain the D3Cr 

muscle mass – fracture relationship, as such measurements are not available in all MrOS 

participants at the same time point when D3Cr muscle mass was assessed.

Our implementation of the D3-creatine dilution protocol in MrOS as well as previous data33 

show that this approach is an accurate and precise measurement of muscle mass. The finding 

that D3Cr muscle mass is associated with fractures even after adjustment for potential 

confounders including FRAX risk suggest that D3Cr muscle mass may be useful to further 

identify those at risk of fracture beyond traditional risk factors. In contrast, a number of 

reports have noted that adjustment for BMD attenuates the association between low ALM 

and increased fracture risk; in some cases, adjustment for BMD even reverses the association 

such that after account for BMD, those with low ALM have a decreased risk of fracture.17,18 

In our study, however, there were relatively few fractures which precludes our ability to 

conduct meaningful reclassification and discrimination analyses for the D3Cr muscle mass 

data. More research in larger cohorts with a greater number of fractures is needed to make 

this determination.
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This study has several strengths, including its large, well characterized population, 

prospective design, and centrally adjudicated fracture outcomes. However, a number of 

limitations should be noted. First, MrOS is all men with a very high proportion of white 

participants. Whether or not these results generalize to women or all race/ethnic groups is 

unclear. A small study in women (N=74) suggested that D3Cr muscle mass was strongly 

related to self-reported function, and that this association was stronger than the relationship 

between the observed significant association of DXA lean mass and function in women.34 

Men have a much lower fracture risk than women, and men and women have very different 

body sizes and body composition. Thus, it is reasonable to suspect that there may be 

sex differences in the relation between muscle mass and fracture. It does appear that 

sex differences may exist for the relationship between obesity and fracture, with obesity 

associated with a higher risk of fracture in men but a reduce risk of fracture in women.35 

Thus, it is not clear that D3Cr muscle mass and fracture associations would be similar in 

women as they are in men. Second, despite the large size of the study, hip fractures were 

still relatively rare which resulted in wide confidence intervals for the effect estimates and 

limited our ability to adjust for additional potential confounders and ability to detect even 

moderate associations. Thus, these results should be replicated in other studies with more 

fracture events.

Another limitation of our project is that we did not adjust for physical activity, which may 

have led to unresolved confounding. However, this concern is tempered by previous findings 

in MrOS that suggested that physical activity was not causally related to hip fracture risk, 

making unresolved confounding by failure to adjust for physical activity unlikely. Further, as 

this is an observational study, we cannot rule out unmeasured confounding as an explanation 

for our findings. However, we adjusted for potentially confounding factors, and it is unlikely 

that unmeasured factors would fully explain the compelling associations observed. While 

we considered grip strength, we did not include gold standard measures of strength such 

as isokinetic dynamometry of the lower extremities as a potentially mediating factor. In 

addition, the D3Cr dilution method does not allow for regional assessment of muscle mass 

(that is, quantification of the amount of muscle only in the legs, or the amount of muscle 

only in the arms) so it is not possible with these data to disentangle which particular muscle 

groups (if any) are driving the association between D3Cr muscle mass and fractures.

Assessment of muscle mass by D3Cr dilution is in not yet available in clinical settings. 

Potential barriers to its use in clinical settings (or research studies) could include the 

coordination required for the timing of the dose and urine collection. However, we note 

several advantages of the D3Cr dilution approach: this method does not require participant 

interaction with expensive machinery, as the assays are completed at a single central lab, 

allowing the use of this method in a variety of settings (including the home). Further, the 

D3Cr dilution method does not require trained technologists to interact with participants 

(unlike DXA, CT or MR), and does not expose participants to radiation (unlike DXA or 

CT).

Our findings, if replicated in additional studies in diverse populations with additional 

fracture outcomes, may impact the continuing evolution of operational definitions of 

sarcopenia, for example the Sarcopenia Definitions and Outcomes Consortium (SDOC) 
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or the revised European Working Group for Sarcopenia in Older Persons (EWGSOP2) 

definitions.36–38 If low D3Cr muscle mass is consistently found to be a risk factor for 

fracture, then it may be considered for inclusion in such operational definitions, at least 

in research settings. Whether or not D3Cr muscle mass would be included as part of 

a composite definition of sarcopenia in addition to the grip strength and walking speed 

components that are already part of the SDOC and EWGSOP2 definitions, or if D3Cr 

muscle mass could replace these components, would depend on future work, including 

analyses of risk prediction, discrimination, and reclassification.

In summary, low D3Cr muscle mass/weight is associated with a markedly high risk of 

hip and potentially other fractures in older men; this association is partially mediated by 

physical performance. Further research should further evaluate whether D3Cr muscle mass 

is a useful clinical tool to identify those at risk of fracture, particularly in more diverse 

populations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Analysis flow chart
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Figure 2. 
Scatterplot of D3Cr muscle mass/wgt vs femoral neck BMD.

Red triangle indicates participants with incident hip fracture; grey dots represent those 

without incident hip fracture

*partial correlation for D3Cr muscle mass/wgt with femoral neck BMD (r=0.10, p<.001) and 

with total hip BMD (r=0.14, p<.001), adjusted for height and weight
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Figure 3. 
Age-adjusted incidence of fracture per 1000 person years, by quartile of D3Cr muscle 

mass/wgt

D3Cr muscle mass/wgt quartiles were defined as follows: quartile 1 (lowest): <0.273 

(median 0.25); quartile 2: ≥0.273 – <0.303 (median: 0.289); quartile 3: ≥0.303 – <0.339 

(median: 0.319), quartile 4 (highest): ≥0.339 (median: 0.363).
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Figure 4. 
Multivariate* adjusted hazard ratio (HR) for major osteoporotic and hip fracture, by quartile 

of D3Cr muscle mass/wgt

*Panels A and C: Adjusted for age, history of falls, femoral neck BMD, and FRAX 10-year 

risk of hip fracture or major osteoporotic fracture

*Panels B and D: Adjusted for age, history of falls, femoral neck BMD, FRAX 10-year risk 

of hip fracture or major osteoporotic fracture, grip strength, walking speed and chair stand 

rate.

*Hazard ratios per SD decrement in D3Cr muscle mass/wgt in models adjusted for age, 

history of falls, femoral neck BMD and FRAX 10-year risk of hip fracture or major 

osteoporotic fracture were 1.75 (95%CI: 1.22, 2.50) for hip fracture and 1.37 (95%CI: 1.08, 

1.74) for major osteoporotic fracture.
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*Hazard ratios per SD decrement in D3Cr muscle mass/wgt in models adjusted for age, 

history of falls, femoral neck BMD and FRAX 10-year risk of hip fracture or major 

osteoporotic fracture, grip strength, walking speed and chair stand rate were 1.44 (95%CI: 

0.98, 2.10) for hip fracture and 1.23 (95%CI: 0.94, 1.59) for major osteoporotic fracture.

D3Cr muscle mass/wgt quartiles were defined as follows: quartile 1 (lowest): <0.273 

(median 0.25); quartile 2: ≥0.273 – <0.303 (median: 0.289); quartile 3: ≥0.303 – <0.339 

(median: 0.319), quartile 4 (highest): ≥0.339 (median: 0.363).
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