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Abstract

Background:  Whether low muscle mass is a risk factor for disability and mortality is unclear. Associations between approximations of muscle 
mass (including lean mass from dual-energy x-ray absorptiometry [DXA]), and these outcomes are inconsistent.
Methods:  Muscle mass measured by deuterated creatine (D3Cr) dilution and appendicular lean mass (ALM, by DXA) were assessed at the 
Year 14 Visit (2014–2016) of the prospective Osteoporotic Fractures in Men study (N = 1,425, age 77–101 years). Disability in activities of 
daily living (ADLs), instrumental ADLs, and mobility tasks was self-reported at the Year 14 visit and 2.2 years later; deaths were centrally 
adjudicated over 3.3 years. Relative risks and 95% confidence intervals (CI) were estimated per standard deviation decrement with negative 
binomial, logistic regression, or proportional hazards models.
Results:  In age- and clinical center-adjusted models, the relative risks per decrement in D3Cr muscle mass/wgt was 1.9 (95% CI: 1.2, 3.1) for 
incident self-reported ADL disability; 1.5 (95% CI: 1.3, 1.9) for instrumental ADL disability; and 1.8 (95% CI: 1.5, 2.2) for mobility disability. 
In age-, clinical center-, and weight-adjusted models, the relative risks per decrement in D3Cr muscle mass was 1.8 (95% CI: 1.5, 2.2) for all-
cause mortality. In contrast, lower DXA ALM was not associated with any outcome. Associations of D3Cr muscle mass with these outcomes 
were slightly attenuated after adjustment for confounding factors and the potentially mediating effects of strength and physical performance.
Conclusions:  Low muscle mass as measured by D3Cr dilution is a novel risk factor for clinically meaningful outcomes in older men.
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There is strong evidence that poor muscle function (quantified as 
strength and power) and impaired physical performance (gait speed, 
repeat chair stands) are related to mortality and disability (1–4). 
However, although low muscle mass would then theoretically pre-
dispose individuals to disability and mortality, the evidence for the 
association between low muscle mass and these outcomes is less 
clear. For example, appendicular lean body mass (ALM, kg) derived 
from dual x-ray absorptiometry (DXA) standardized to body height 
(m2) (5,6) is a commonly used approximation of muscle mass that 
is not consistently and independently related to disability (7,8), al-
though the apparent modest association with mortality is somewhat 
better characterized (9). This has led some to conclude that muscle 
mass is relatively unimportant in classifying the risk of disability 
or death in older adults (10,11). Indeed, more recently published 
consensus definitions of sarcopenia, such as the European Working 
Group on Sarcopenia in Older People updated 2019 guidelines 
(EWGSOP2) have shifted in focus definition of sarcopenia from low 
muscle mass (ie, low DXA lean mass) toward muscle function (ie, 
muscle strength) (12). Furthermore, although composite dentitions 
of sarcopenia (based on the combined presence of low lean mas, 
low grip strength, and/or low gait speed) are associated with ad-
verse health outcomes in older adults (13), it is often unclear which 
component(s) of sarcopenia are driving these associations: often it 
is low grip strength or low walking speed, not low lean mass, that 
identifies those at risk (1,7).

We posit that the lack of consistent association between low 
DXA lean mass and disability risk is due to problems inherent in the 
use of DXA to approximate muscle mass. DXA does not measure 
muscle mass directly, rather DXA-derived total body lean mass, and 
includes tissue from organs such as the kidney and liver, as well as 
fibrotic and other lean tissue. Operationally, lean mass from DXA is 
usually analyzed as ALM that is the nonbone, nonfat component of 
the arms and legs that includes muscle, fibrotic and connective tissue, 
and water. Because DXA inherently measures muscle mass inaccur-
ately, it is possible that a more direct and accurate measure of muscle 
mass may be related to risk of disability even when DXA lean mass is 
not. A newly available method to assess muscle mass can investigate 
this problem: the D3-creatine dilution method measures total body 
skeletal muscle mass with a simple, direct, and clinically feasible pro-
cedure that has been validated in humans (14). Recent studies con-
firm that low muscle mass by D3Cr dilution was strongly related to 
weakness, poor physical performance, increased likelihood of preva-
lent disability, incident short-term mobility limitations, and incident 
serious injurious falls in older men while DXA ALM was not (15). 
Taken together, we posit that this new, accurate assessment of muscle 
mass will demonstrate more robust associations with disability and 
mortality outcomes compared with the association of DXA meas-
ures of lean mass with these outcomes.

Therefore, we aimed to test the hypothesis that low muscle mass 
as measured by the D3Cr dilution method is independently associ-
ated with an increased risk of self-reported disability in activities of 
daily living (ADL), instrumental ADLs (IADLs), or mobility. Because 
much of the association of muscle mass with these outcomes may act 
through strength and performance, we also aimed to test whether 
any association observed between D3Cr muscle mass and disability 
or mortality was independent of these potential mediators. Finally, 
we hypothesized that low DXA ALM would not be a risk factor 
for disability or mortality. These hypotheses were tested in the pro-
spective Osteoporotic Fractures in Men (MrOS) study, a prospective 
cohort of community-dwelling older men.

Methods

MrOS Cohort
In 2000–2002, 5,994 ambulatory community-dwelling men aged 
≥65 and older without bilateral hip replacements were enrolled 
in MrOS, a multicenter cohort study of aging and osteoporosis 
(16,17). All men provided written informed consent separately for 
the general measures at Visit 4/follow-up and then also for the 
D3-creatine protocol specifically. The study was approved by the 
Institutional Review Board at each center, including the clinical 
sites and Coordinating Center (California Pacific Medical Center). 
In 2014–2016, 2,786 survivors were contacted to participate in 
“Visit 4” (Year 14)  clinic visit. Of these, 362 refused participa-
tion, 583 completed questionnaires only, and 1,841 completed 
questionnaires and at least part of the clinic visit (Supplementary 
Figure 1).

D3-Creatine Dilution
The D3-creatine dilution method involves a participant ingesting 
a 30-mg dose of stable isotope labeled creatine (D3-creatine), and 
providing a fasting, morning urine sample 72–144 hours (3–6 days) 
later in which D3-creatinine, unlabeled creatinine, and creatine 
are measured using high performance liquid chromatography and 
tandem mass spectroscopy (MS/MS); these measures are then in-
cluded in an algorithm to determine total body creatine pool size and 
thus skeletal muscle mass as previously described (18). Importantly, 
because the enrichment of creatinine is measured (ie, the ratio of D3-
creatinine to unlabeled creatinine), this method is not dependent on 
creatinine clearance or renal function. The method does not require 
any special dietary control other than the need for a fasting morning 
spot urine sample.

Self-reported Incident Disability Outcomes
Men answered questions at the Year 14 visit (Visit 4)  and a 
follow-up mailed questionnaire 2.2 ± 0.3 years later (Year 16 ques-
tionnaire) about their ability to complete a number of tasks across 
three domains: activities of daily living (ADLs; eating or feeding 
oneself, toileting, transferring, bathing/showering, dressing); IADLs 
(preparing meals, doing heavy housework, shopping for groceries/
clothes, managing money, managing medications, driving); and 
mobility (walking two to three blocks on level ground, climbing 
10 steps without resting, and carrying or lifting 10 pounds). 
Men reporting inability to perform one or more individual tasks 
within each domain were considered to have a disability for that 
domain. More details about disability assessed are provided in 
Supplementary Materials.

Mortality
Men were contacted every 4 months after the Year 14 contact. Clinic 
staff was usually notified of a participant’s death when following up 
on missed contacts. More detail about adjudication of mortality is 
provided in Supplementary Materials.

DXA and Other Measurements
ALM and body fat were assessed by whole-body DXA scans (Hologic 
4500 scanners, Waltham, MA; details are provided in Supplementary 
Materials) (19). Weight was measured on a balance beam or digital 
scale and height by wall-mounted stadiometers. Other covariate in-
formation is described in Supplementary Materials.
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Study Sample
We invited 1,841 men who attended the Year 14 clinic visit to com-
plete the D3-creatine dilution protocol, and 1,641 agreed to par-
ticipate (Supplementary Figure 1). Of these, 187 were excluded for 
protocol violations that included incorrect timing of the dose or 
urine collection (either less than 72 hours or more than 144 hours 
between the dose and collection) or forgetting to take the dose or 
provide the specimen. Six samples were lost by the clinical center or 
laboratory, and 23 men were excluded because of outlying values 
for total muscle mass/wgt more than 2 SD from the mean, most of 
which included values that exceeded 100% of body weight. Thus, 
1,425 men had valid measures of D3Cr muscle mass, of whom 1,400 
had complete data on vital status and were included in the mortality 
analysis. Men missing data on the incident disability outcomes or 
those with prevalent disability for that outcome were excluded from 
that specific analysis (N = 182 for prevalent ADL disability; 376 for 
prevalent IADL disability; and 269 for prevalent IADL disability). 
This left 1,243 men in the analysis of incident ADL disability, 1,049 
men in the analysis of incident IADL disability, and 1,156 men in the 
incident mobility disability analysis.

Statistical Analysis
We compared characteristics of participants by median split of D3Cr 
muscle mass/wgt using t-tests and Wilcoxon rank-sum tests as ap-
propriate. Negative binominal regression was used to estimate the 
relative risk and 95% confidence interval for incident IADL dis-
ability, incident ADL disability, and incident mobility disability out-
comes, and also separately for disability of each individual task. The 
negative binomial models did not converge for both D3Cr muscle 
mass/wgt and DXA ALM/ht2 for the outcomes of dressing, toileting, 
transferring, and managing money, in which case we used logistic 
regression to calculate the odds ratio (OR, which estimates the rela-
tive risk in this instances as the outcome is rare). For disability out-
comes, D3Cr muscle mass/wgt was the primary predictor variable 
because exploratory analyses revealed that both D3Cr muscle mass 
and weight were independent predictors of the disability outcomes, 
and the absolute value of the ratio of the beta coefficients for the log 
values of these variables was approximately 1 (indicating that a ratio 
of D3Cr muscle mass to weight is the most appropriate predictor for 
disability outcomes). To account for body size in DXA ALM models, 
primary models used ALM/ht2 as the predictor. Proportional hazards 
models were used to estimate the hazard ratio and 95% confidence 
interval for mortality outcomes. Weight was not strongly related to 
mortality, so D3Cr muscle mass (unadjusted for body size) was ana-
lyzed as the primary predictor variable; the mortality models also in-
cluded weight as a covariate. Analogously, we used DXA ALM (not 
standardized to body size) as the primary predictor for mortality 
models. D3Cr muscle mass/wgt, D3Cr muscle mass (not standard-
ized to body size), DXA ALM/ht2, and DXA ALM (not standardized 
to body size) were normally distributed and were analyzed as con-
tinuous values with the relative risk expressed per SD increment, 
and also by quartiles. Secondarily, we also examined the associ-
ations DXA ALM (or DXA ALM/ht2), DXA ALM/BMI, DXA ALM/
wgt with the outcomes. We adjusted all models for age and clinical 
center. Then we further adjusted for potential confounding variables 
unlikely to be on the causal pathway between low muscle mass and 
disability (or mortality) and adjusted all models for this parsimo-
nious set of variables. We considered confounders selected a priori 
that likely to be associated with both muscle mass and mortality 
or disability outcomes. The factors included race, lifestyle habits 

(smoking, alcohol use); self-reported health and comorbid condi-
tions that are likely to have effects on muscle mass (chronic heart 
failure, chronic obstructive pulmonary disease, diabetes, and myo-
cardial infarction); activity level and exhaustion; cognitive function; 
and percent fat and history of weight change since MrOS enroll-
ment. Height was also included as a covariate in multivariate models 
(except in those models where ALM/ht2 was a predictor.) Weight was 
also included as a covariate in multivariate models (except in those 
models were D3Cr muscle mass/wgt was a predictor). Smoking status 
was not assessed in 68 men; those missing these data were included 
in multivariate models as a separate group in order to increase the 
analysis sample for the multivariate model.

To determine whether the association between D3Cr muscle 
mass/wgt or DXA ALM/ht2 and disability was potentially mediated 
by strength and physical performance, we subsequently adjusted all 
models for gait speed, grip strength, and chair stand rate. No clear 
cut-point has been established for identifying mediation. Therefore, 
we considered a reduction in the beta coefficient for the association 
of D3Cr muscle mass/wgt or DXA ALM/ht2 and the mortality or 
disability outcomes of at least 10% to support a hypothesis of me-
diation, similar to other reports (20,21). The statistical approach to 
quantify the discriminative ability of D3Cr muscle mass/wgt or DXA 
ALM/ht2 in these analyses is described in Supplementary Materials. 
We then repeated these models for mortality outcomes, using D3Cr 
muscle mass or DXA ALM (not standardized to body size) as the 
primary predictor variables.

All significance levels were two sided. Analyses were conducted 
using SAS version 9.4 (SAS Institute, Inc., Cary, NC). MrOS data 
from February 2019 were used (https://mrosdata.sfcc-cpmc.net/).

Role of the Funding Source
The funding source had no role in the design, collection, analysis, or 
interpretation of data; writing of the manuscript; or the decision to 
submit this paper for publication.

Results

Many of the participant characteristics varied by median split in 
D3Cr muscle mass/wgt status (Table 1). Of note, compared with men 
with higher D3Cr muscle mass/wgt, those with lower D3Cr muscle 
mass/wgt were older, report a race other than White, a greater 
number of comorbidities, lower activity, and worse self-reported 
health. Men with lower D3Cr muscle mass/wgt weighed more, with 
higher BMI (but no difference in history of weight loss) than men 
with higher D3Cr muscle mass/wgt. Mean D3Cr muscle mass/wgt 
was 0.31 (SD = 0.05) and mean D3Cr muscle mass (unadjusted for 
body size) was 24.1 kg (SD = 4.11). D3Cr muscle mass and height 
were correlated at r = .39 (p < .001).

Incident Self-reported Disability Outcomes
Over 2.2 years, 21 men initially free of ADL disability reported new 
disability in at least one ADL task (Figure 1); 142 men (13.5%) ini-
tially free of IADL disability reported new disability in at least one 
IADL task; and 116 men (10.0%) initially free of mobility disability 
reported new mobility disability. There were marked differences in in-
cidence of self-reported ADL, IADL, and mobility difficulties and dis-
ability, both overall and by task. For example, 20.8% of men (N = 94) 
with lower D3Cr muscle mass/wgt had new difficulty with an IADL 
task, whereas only 8.0% (N = 48) of men with higher D3Cr muscle 
mass/wgt reported difficulty with at least one IADL task (p < .001).
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After adjustment for age and clinical center, each SD decre-
ment in D3Cr muscle mass/wgt was associated with a 1.9-fold 
increased risk of self-reported incident ADL disability, 1.8-fold 
increased risk of self-reported incident mobility disability, and 
1.5-fold increased risk of self-reported incident IADL disability 
(Figure 1). Furthermore, the point estimate for the relative risk be-
tween D3Cr muscle mass/wgt and incident disability in each func-
tional task (eg, bathing, walking two to three blocks, preparing 
meals) was consistently between 1.4 and 2.8, but these did not 
always reach statistical significance as some outcomes were rare. 
The associations remained mostly unchanged after adjustment for 
potentially confounding factors (Figures  2A and B and 3A and 
B). In contrast to the association between low D3Cr muscle mass/
wgt, with the incident disability outcomes, there was no signifi-
cant association between DXA ALM/ht2 and risk of incident ADL 
disability, incident mobility disability, or incident IADL disability 
overall; for any individual functional task; or after adjustment 
for covariates and mediators. Results of secondary analyses for 
disability (mediation, discrimination, and use of alternative DXA 

lean mass metrics including DXA ALM, DXA ALM/BMI, DXA 
ALM/wgt) are described in Supplementary Materials.

Mortality
Over 3.3  years of follow-up, 197 (14.1%) of participants died, 
including 91 (26.0%) of men in the lowest D3Cr muscle mass quar-
tile; 61 (17.6%) of the men in the second D3Cr muscle mass quartile; 
25 (7.2%) of the men in the third D3Cr muscle mass quartile; and 
only 20 (5.6%) of the men in the highest D3Cr muscle mass quartile 
(p < .001). After adjustment for potentially confounding variables, 
both the risk across quartiles of D3Cr muscle mass and mortality 
(relative risk, Q1 vs Q4: 3.4, 95% confidence interval: 1.8, 6.7) and 
the association across quartiles of DXA ALM and mortality (relative 
risk, Q1 vs Q4, 2.0, 95% confidence interval: 0.9, 4.6) remained ele-
vated. Only D3Cr muscle mass remained independently associated 
with mortality after adjustment for strength and physical perform-
ance (Figure 4). Results of secondary analyses for mortality (medi-
ation, discrimination, and use of alternative DXA lean mass metrics 

Table 1.  Characteristics (Mean ± SD or N [%]) of the MrOS Men by Median Split in D3Cr Muscle Mass/wgt

Characteristics
Lower D3Cr Muscle Mass  
< 0.30(N = 712)

Higher D3Cr Muscle  
Mass/wgt ≥ 0.30(N = 713) p-Value

Age, y 85.1 ± 4.2 83.3 ± 3.7 <.001
Race, nonwhite 50 (7.0) 91 (12.8) <.001
Alcohol intake, drinks/wk   .003
  <1 drink/wk 375 (52.9) 314 (44.2)  
  1–13 drinks/wk 297 (41.9) 362 (51.0)  
  14+ drinks/wk 37 (5.2) 34 (4.8)  
Smoking status   <.001
  Never smoker 232 (32.6) 306 (42.9)  
  Past or current smoker 441 (61.9) 378 (53.0)  
  Missing smoking data 39 (5.5) 29 (4.1)  
Number of comorbidities   <.001
  0 412 (57.9) 501 (70.3)  
  1 202 (28.4) 164 (23.0)  
  2 or more 98 (13.8) 48 (6.7)  
History of congestive heart failure 76 (10.7) 40 (5.6) <.001
History of chronic obstructive pulmonary disease 103 (14.5) 64 (9.0) .001
History of diabetes mellitus 134 (18.8) 87 (12.2) <.001
History of myocardial infarction 114 (16.0) 75 (10.5) .002
Physical activity score (PASE) 101.6 ± 61.7 134.2 ± 62.9 <.001
Exhaustion 138 (19.4) 57 (8.0) <.001
Modified Mini-Mental state (3MS) exam score 91.7 ± 7.1 93.0 ± 6.5 <.001
Gait speed, m/s 0.99 ± 0.25 1.15 ± 0.22 <.001
Number of chair stands in 10 s 3.1 ± 1.9 4.3 ± 1.5 <.001
Maximum grip strength, kg 34.1 ± 7.7 37.1 ± 7.7 <.001
Percent body fat 30.6 ± 5.4 25.0 ± 5.1 <.001
Weight, kg 83.7 ± 13.0 75.6 ± 10.5 <.001
Body mass index, kg/m2 28.1 ± 3.8 25.6 ± 3.0 <.001
Weight change since baseline, kg −4.0 ± 7.5 −4.3 ± 6.1 .517
Excellent/good self-rated health 606 (85.4) 664 (93.3) <.001
Died during follow-up 132 (18.9) 65 (9.3) <.001
Incident difficulty with ADL tasks 115 (25.0) 67 (11.4) <.001
Incident ADL disability 17 (2.9) 4 (0.6) .002
Incident difficulty with IADL tasks 140 (37.0) 118 (22.4) <.001
Incident IADL disability 94 (20.8) 48 (8.0) <.001
Incident difficulty with mobility tasks 131 (33.9) 98 (17.0) <.001
Incident mobility disability 89 (17.1) 27 (4.2) <.001

Notes: ADL = activity of daily living; IADL = instrumental ADLs. aIncidence for difficulty or disability all each ADL, IADL, or mobility tasks was significantly 
lower for those with higher D3Cr muscle mass/wgt except inability to feed oneself (this was not reported by any participant); inability to dress oneself; and inability 
to transfer; these events were rare (N < 6 in the entire cohort for each).
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including DXA ALM/ht2, DXA ALM/BMI, DXA ALM/wgt) are de-
scribed in Supplementary Materials.

Discussion

Low D3Cr muscle mass, a direct assessment of muscle mass, was 
strongly associated with a higher risk of mortality and self-reported 
disability in older men. These associations were largely independent 

of potentially confounding factors such as age, comorbidity, health 
habits, and activity level and were only partially mediated by muscle 
strength and physical performance. The absolute difference the inci-
dence of these important clinical outcomes was large: for example, 
26% of men in the lowest quartile of D3Cr muscle mass died while 
only 6% of men in the highest D3Cr muscle mass quartile died. In 
contrast, low DXA lean mass (a traditional approximation of muscle 
mass) was not strongly related to risk of mortality or disability 
(Figure 4).

Our results clarify a conundrum presented by previous work: that 
is, how was it possible that deficits in strength and performance were 
associated with poor outcomes (1–3) while the quantity of muscle 
(when approximated by DXA lean mass) was not (7,8)? This issue 
has led to significant controversy about the inclusion of lean mass in 
operational definitions of sarcopenia, a geriatric condition with an 
ICD-10 code (M62.84) that lacks consensus for clinical diagnostic 
standards (22). Data herein suggest that it may be possible to define 
sarcopenia by the presence of low D3Cr muscle mass or D3Cr muscle 
mass/wgt, but further research is needed confirm these findings in 
other populations including younger adults, women, and other ra-
cial and ethnic groups. In addition, other estimates of muscle mass 
or size include magnetic resonance imaging, bioelectrical imped-
ance analysis, and computerized tomography—including peripheral 
quantitative computerized tomography. These techniques are either 
expensive, inaccurate, do not assess total body muscle mass, or carry 
radiation exposure, which limit clinical uptake and application. 
Furthermore, imaging-based methods (magnetic resonance, com-
puterized tomography) require arduous postacquisition processing. 
Nonetheless, low amounts of muscle volume or cross-sectional are 
from these measurements have generally been associated with poor 

Figure 1.  Age- and clinic center-adjusted relative risk for incident IADL 
disability and mobility disability, per SD decrement of D3Cr muscle mass/
wgt (A) or appendicular lean mass (kg)/height (m2) (B). *Relative risk (95% CI) 
estimated using logistic regression due to small event counts.

Figure 2.  Multivariable-adjusted relative risk for incident IADL disability, 
by quartiles and per SD increment of D3Cr muscle mass/wgt (A, C) or DXA 
appendicular lean mass (kg)/height (m2) (B, D). Multivariable models adjusted 
for age, race, clinical center, alcohol use, smoking status, comorbidities, 
physical activity, percent fat, exhaustion, cognitive function, self-reported 
health status, and weight change. D3Cr muscle mass/wgt models also 
adjusted for height (A, B). Models further adjusted for strength and physical 
performance covariates also include chair stands, gait speed, and grip 
strength (C, D).

Figure 3.  Multivariable-adjusted relative risk for incident mobility disability, 
by quartiles and per SD increment of D3Cr muscle mass/wgt (A, C) or DXA 
appendicular lean mass(kg)/height (m2) (B, D). Multivariable models adjusted 
for age, race, clinical center, alcohol use, smoking status, comorbidities, 
physical activity, percent fat, exhaustion, cognitive function, self-reported 
health status and weight change. D3Cr muscle mass/wgt models also 
adjusted for height (A, B). Models further adjusted for strength and physical 
performance covariates also include chair stands, gait speed, and grip 
strength (C, D).

Journals of Gerontology: MEDICAL SCIENCES, 2021, Vol. 76, No. 1� 127

http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glaa111#supplementary-data


outcomes in older adults, although perhaps to a lesser extent than 
strength or physical performance (23–26).

Some have concluded that muscle mass per se is unimportant in 
terms of identifying older adults at risk of poor outcomes (10,11). 
Our results question this paradigm, in that D3Cr muscle mass/wgt 
itself is associated with disability and D3Cr muscle mass is associated 
with mortality in older men even when strength and performance are 
taken into account. Our results also suggest that the role of muscle 
mass in the day-to-day health of older adults has been largely over-
looked by medical providers. Routine measurement of muscle size, 
strength, or physical performance is not common in clinical settings 
despite evidence that deficits in these domains are strongly related to 
adverse outcomes (1–3,15). Gait speed is already considered by some 
to be the “sixth vital sign” (27); grip strength can be measured inex-
pensively and quickly. It is conceivable that the highly feasible D3Cr 
muscle mass test also has considerable clinical utility although it is 
not yet available for routine clinical use. As shown in Supplementary 
Materials, D3Cr muscle mass may improve discrimination for pre-
diction of disability or mortality suggesting that this measure may 
have clinical utility. However, larger data sets with the D3Cr muscle 
mass measures are needed to clarify when and in whom these tests, 
alone or in combination, should be considered. Further research is 
also needed to inform treatment decisions for those with low muscle 
mass—treatment would currently be limited to recommendations to 
exercise interventions or rehabilitation, as no pharmacological treat-
ments are approved to lower the risk of these outcomes in older 
adults (28).

We observed consistent associations between low D3Cr muscle 
mass/wgt and increased risk of each individual ADL, mobility, and 
IADL task, regardless of whether the task is largely dependent 
on intact cognitive function (such as ability to manage money or 

medications) or on physical function (such as ability to complete 
heavy housework). Given the strong relation between low D3Cr 
muscle mass/wgt and decreased strength and poor physical perform-
ance (15), we would expect that low D3Cr muscle mass/wgt would 
be related to those tasks that depend on intact physical functioning. 
The reason for the association between low D3Cr muscle mass/
wgt and tasks dependent on intact cognitive function are less clear. 
One explanation is that there is a single underlying factor (such as 
comorbid disease burden) that causes parallel declines in both D3Cr 
muscle mass/wgt and cognitive function. However, results were ro-
bust to adjustment for these factors. Another intriguing speculation 
is that low D3Cr muscle mass/wgt is associated subsequent decline 
in cognitive performance resulting in an inability to perform IADLs 
tasks, which are more cognitively demanding. We previously found 
that men with lower D3Cr muscle mass/wgt had lower scores on a 
global cognitive function examination (15). In addition, myokines 
(hormones released by skeletal muscle with local and systemic ef-
fects) may coordinate exercise-induced adaptations in the brain (29). 
Furthermore, observational evidence suggests long-term exposure to 
exercise may delay cognitive decline in older adults (30), although 
these results do not extend to all randomized trials of exercise inter-
ventions (31). The inter-relationship of muscle mass to cognitive 
function as an explanation for the association between low D3Cr 
muscle mass/wgt and IADL disability warrants further investigation.

Both low D3Cr muscle mass and low DXA ALM were related 
to increased risk of mortality, even after accounting for body size, 
comorbidities, health status and history of weight loss. (History of 
weight loss remained an independent predictor of mortality after 
accounting for either low D3Cr muscle mass or low DXA ALM.) 
Although associations observed in the present study were independent 
of comorbid conditions, randomized studies of older adults under-
going caloric restriction to induce weight loss, a situation where 
weight loss is not confounded by underlying disease, have found no 
association between weight loss and mortality (32), suggesting that re-
sidual uncontrolled confounding may be an explanation for our find-
ings. However, change in D3Cr muscle mass has only been measured in 
a small subset of 40 MrOS men (33) and studies to alter levels of D3Cr 
muscle mass in randomized settings (such as with resistance training 
or caloric restriction) have not been completed. Until such data are 
available, the causal relation between low muscle mass (or low lean 
mass) and mortality cannot be established.

There are numerous strengths to our study including the clin-
ical importance of the study outcomes; its prospective design; and 
its extensive characterization of participants who allowed for us 
to establish temporal order of associations and to control for po-
tentially confounding and mediating factors. However, a few limi-
tations should be noted. First, disability was only assessed at two 
time points, which may have led to underreporting (34), potentially 
biasing associations observed toward the null. Second, very few 
men developed ADL disability, limiting power to detect clinically 
meaningful associations and the ability to control for multiple po-
tentially confounding factors simultaneously. Third, our analyses of 
the meditation effect of physical performance/strength on the D3Cr 
muscle mass → mortality or disability association did not follow 
formal causal mediation procedures; future work will investigate 
whether the presence of mediation suggested in these analyses is, in 
fact, causal, and whether other factors (such nutrition or inflamma-
tion) may also mediate these associations. Finally, the MrOS cohort 
is comprised of very old, mostly white men, it is unknown whether 
similar results would be found in women, the younger old, or other 
race or ethnic groups.

Figure 4.  Multivariable-adjusted hazard ratio for all-cause mortality, by 
quartiles of D3Cr muscle mass (A, C) or DXA appendicular lean mass(kg) 
(B, D). Multivariable models adjusted for age, race, clinical center, alcohol 
use, smoking status, comorbidities, physical activity, percent fat, exhaustion, 
cognitive function, self-reported health status, weight change, weight, and 
height (A, B). Models further adjusted for strength and physical performance 
covariates also include chair stands, gait speed, and grip strength (C, D).
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In sum, we have demonstrated a strong and independent rela-
tionship between low D3Cr muscle mass and greater risk of incident 
self-reported disability and mortality in older men that was not ex-
plained by body size, comorbidity, health status, activity, or other 
factors. Low DXA lean mass, a commonly used approximation of 
muscle mass was, at best, modestly related to these outcomes. Low 
muscle mass, when measured accurately, is a risk factor for mean-
ingful clinical outcomes in older men.

Supplementary Material

Supplementary data are available at The Journals of Gerontology, 
Series A: Biological Sciences and Medical Sciences online.
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