Journals of Gerontology: Medical Sciences
cite as: J Gerontol A Biol Sci Med Sci, 2019, Vol. 74, No. 6, 844-852
doi:10.1093/gerona/gly129

GERONTOLOGICAL sasmcosssessrreon

SOCIETY OF AMERICA®

X,

Translational Section

Bringing Men’s Health into the Limelight

Research Article

Strong Relation Between Muscle Mass Determined by D -
creatine Dilution, Physical Performance, and Incidence of
Falls and Mobility Limitations in a Prospective Cohort of
Older Men

Peggy M. Cawthon, PhD, MPH,"? Eric S. Orwoll, MD,* Katherine E. Peters, MS,’
Kristine E. Ensrud, MD,**¢ Jane A. Cauley, DrPH,” Deborah M. Kado, MD,?
Marcia L. Stefanick, MD,° James M. Shikany, DrPH,"° Elsa S. Strotmeyer, PhD,’
Nancy W. Glynn, PhD,” Paolo Caserotti, PhD,”" Mahalakshmi Shankaran, PhD,"
Marc Hellerstein, MD, PhD, %' Steven R. Cummings, MD,"? and William J. Evans, PhD'24
for the Osteoporotic Fractures in Men (MrOS) Study Research Group

'Research Institute, California Pacific Medical Center, San Francisco. ?Department of Epidemiology and Biostatistics, University
of California, San Francisco. *Department of Medicine, Oregon Health and Science University, Portland. “Center for Chronic Disease
Outcomes Research, Minneapolis VA Health Care System, Minnesota. *Division of Epidemiology and Community Health and SDepartment
of Medicine, University of Minnesota, Minneapolis. ’Department of Epidemiology, University of Pittsburgh, Pennsylvania. 3Departments of
Family Medicine & Public Health and Internal Medicine, University of California, San Diego. *Department of Medicine, Stanford Prevention
Research Center, Stanford University, Stanford, California. ®Division of Preventive Medicine, University of Alabama at Birmingham.
"Institute of Sports Science and Clinical Biomechanics, University of Southern Denmark, Odense. ?Department of Nutritional Sciences
and Toxicology, University of California, Berkeley. *Department of Medicine, University of California, San Francisco. “Department of
Medicine, Duke University, Durham, North Carolina.

Address correspondence to: Peggy M. Cawthon, PhD, MPH, California Pacific Medical Center Research Institute, University of California, San
Francisco, San Francisco Coordinating Center, 550 16th Street, 2nd floor, Box #0560, San Francisco, CA 94143. E-mail: pcawthon@sfcc-cpmc.net

Or

Katherine E. Peters, MS, San Francisco Coordinating Center, 550 16th Street, 2" floor, Box #0560, San Francisco, CA 94143. E-mail: kpeters@
sfcc-cpme.net

Received: November 10, 2017; Editorial Decision Date: May 14, 2018

Decision Editor: Anne Newman, MD, MPH

Abstract

Background: Direct assessment of skeletal muscle mass in older adults is clinically challenging. Relationships between lean mass and late-life
outcomes have been inconsistent. The D,-creatine dilution method provides a direct assessment of muscle mass.

Methods: Muscle mass was assessed by D,-creatine (D,Cr) dilution in 1,382 men (mean age, 84.2 years). Participants completed the Short
Physical Performance Battery (SPPB); usual walking speed (6 m); and dual x-ray absorptiometry (DXA) lean mass. Men self-reported mobility
limitations (difficulty walking 2-3 blocks or climbing 10 steps); recurrent falls (2+); and serious injurious falls in the subsequent year. Across
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quartiles of D ,Cr muscle mass/body mass, multivariate linear models calculated means for SPPB and gait speed; multivariate logistic models

calculated odds ratios for incident mobility limitations or falls.

Results: Compared to men in the highest quartile, those in the lowest quartile of D ,Cr muscle mass/body mass had slower gait speed (Q1: 1.04
vs Q4: 1.17 m/s); lower SPPB (Q1: 8.4 vs Q4: 10.4 points); greater likelihood of incident serious injurious falls (odds ratio [OR] Q1 vs Q4:
2.49, 95% confidence interval [CI]: 1.37, 4.54); prevalent mobility limitation (OR Q1 vs Q4,: 6.1, 95% CI: 3.7, 10.3) and incident mobility
limitation (OR Q1 vs Q4: 2.15 95% CI: 1.42, 3.26); p for trend < .001 for all. Results for incident recurrent falls were in the similar direction

(p = .156). DXA lean mass had weaker associations with the outcomes.

Conclusions: Unlike DXA lean mass, low D,Cr muscle mass/body mass is strongly related to physical performance, mobility, and incident

injurious falls in older men.

Keywords: Muscle, Sarcopenia, Falls, Functional performance

Sarcopenia, the age-associated loss of skeletal muscle mass, is a geri-
atric syndrome with an ICD-10 code that lacks a precise clinical def-
inition. Initial definitions of sarcopenia relied entirely on lean mass
derived from dual x-ray absorptiometry (DXA). Most often, DXA
lean mass of the arms and legs (appendicular lean mass) is operation-
alized as an approximation of muscle mass (1). However, associations
between lean mass assessed by DXA and outcomes such as phys-
ical performance, self-reported mobility, falls, and other functional
outcomes have been inconsistent (2-4). Muscle strength and other
qualities of muscle function are more robust predictors of general
functional decline (2,4-12). Thus, more recent consensus definitions
of sarcopenia have incorporated measures of muscle strength and/or
physical performance in part because the associations between DXA
measures of lean mass were not consistently associated with poor
outcomes (13-15). Therefore, the precise role of muscle mass in mo-
bility and poor physical performance remains unresolved.

The inconsistent associations reported between lean mass and
outcomes may be attributable to limitations of current clinical meas-
urements of muscle mass. Computed tomography (CT) and magnetic
resonance (MR) usually measure individual muscle groups rather
than providing a total body assessment of skeletal muscle. Full body
MRI or CT is expensive and only used in select research settings. DXA
is widely used to assess bone mass for the diagnosis of osteoporosis
(16) and also measures lean mass. DXA estimates body composition
using a three-compartment model, directly measuring fat and bone
mineral content through differential absorption of two photon ener-
gies; and by subtraction measures lean mass, or the nonbone nonfat
component of body mass. Lean mass from DXA does not measure
muscle mass directly; rather total body lean mass includes tissue from
organs like kidney and liver, as well as fibrotic and other lean tis-
sue. Operationally, lean mass from DXA is usually analyzed as ap-
pendicular lean mass (ALM, the nonbone, nonfat component of the
arms and legs that includes muscle, fibrotic and connective tissue, and
water). To account for body size, ALM is often standardized to height
(eg, ALM/height?) (1,17) although other standardizations have been
proposed (ie, ALM/body mass index) (18).

The D,Cr dilution method is a novel measure of total body muscle
mass that utilizes a simple, clinically feasible procedure. Total body
creatine pool size, and thus total body muscle mass, can be estimated
with a single oral dose of deuterated creatine (D,-creatine), which is
absorbed and diluted by entry into the endogenous pool of creatine in
skeletal muscle. Labeled creatinine (D,-creatinine) enrichment is then
assessed in a single-void urine sample (19,20). While this measure has
been validated as a marker of total muscle mass in humans (21), its as-
sociation with clinical outcomes has not been evaluated. Since the D,Cr
dilution method avoids the use of the assumptions of a compartment
model (unlike DXA), we posit that the accurate assessment of muscle

mass provided by this new measure will demonstrate more robust
associations with physical performance and functional outcomes than
DXA measures of lean mass (which we suggest are subject to greater
measurement error). We hypothesized that muscle mass (standardized
to body mass) as measured by the D,Cr dilution method is associated
with strength, physical performance, and prevalent functional limita-
tions; that individuals with lower D,Cr muscle mass/body mass report
fewer incident falls and self-reported mobility limitations; and that these
associations would be stronger than those observed with lean mass by
DXA. We selected these outcomes because physical performance and
functional limitations (measures of a person’s ability to move around
his day-to-day environment) are likely to be related to muscle mass.
We tested these hypotheses in the prospective Osteoporotic Fractures in
Men (MrOS) cohort study of community-dwelling older men.

Methods

MrOS Cohort

In 2000-2002, 5,994 ambulatory community-dwelling men aged
>65 years without bilateral hip replacements were enrolled in MrOS,
a multicenter cohort study of aging and osteoporosis (22,23). 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 (Supplementary Figure 1).

D.Cr Dilution Method to Estimate Muscle Mass

The D,Cr dilution method involves a participant ingesting a 30-mg
dose of stable isotope-labeled creatine (D-creatine), and providing a
fasting, morning urine sample 72-144 hours (3—6 days) later in which
D,-creatinine, unlabeled creatinine, and creatine are measured using
high performance liquid chromatography and tandem mass spec-
troscopy; these measures are then included in an algorithm to deter-
mine total body creatine pool size and thus skeletal muscle mass (as
previously described) (24). Several features of creatine biology allow
for this measurement. First, virtually all total body creatine (>98%)
is found in the skeletal muscle (25). Second, the concentration of cre-
atine in muscle is relatively constant (approximately 4.3 g/kg muscle
weight) (26). Third, creatine is metabolized by a nonenzymatic
hydrolytic cyclization to its nonionic cyclic derivative creatinine at
a constant rate (~1.7%./day) (27). This conversion is not reversible
in vivo. Fourth, creatinine rapidly diffuses from muscle into plasma
and urine with no reuptake into muscle (28). Fifth, the muscle does
not synthesize creatine; it is synthesized in the liver and kidney, and is
accumulated in muscle against a concentration gradient via specific
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active transport from plasma, which allows ingested creatine to enter
quantitatively into skeletal muscle (29). Sixth, orally ingested cre-
atine is quantitatively absorbed and enters the bloodstream. Finally,
creatinine is not significantly otherwise metabolized. Accordingly,
under steady-state conditions, creatine pool size is proportional to
skeletal muscle mass (28,30). Moreover, by measuring dilution of
orally administered labeled D -creatine to the unlabeled creatine pre-
sent in the whole-body pool from the ratio of labeled (D -creatinine)
to unlabeled creatinine in a single urine sample, the total amount of
creatine in the body can be determined as an estimate of total muscle
mass. Importantly, because the enrichment of creatinine is measured
(ie, the ratio of D -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). To account for variations in
total body muscle mass by body size, in our primary analyses, we
analyzed D,Cr muscle mass divided by body mass as the primary
independent variable.

Muscle Strength, Muscle Power, Physical
Performance, and Functional Limitations
Grip strength (kg) from two tests of each hand was assessed using
Jamar handheld dynamometers; the maximum value obtained across
all tests was analyzed. Men completed three to five weight bearing
countermovement leg-extensions (“jumps”) on a force plate, from
which we estimated peak power (watts’kg body mass), force (Newton/
kg body mass), and velocity (m/s) at peak power (31,32). Walking
speed at usual pace was measured over a 6-m course using the average
of two trials (m/s) (33). Ability and time to complete five repeated
chair stands was assessed. Standing balance was assessed by side-by-
side, tandem, and semitandem stands. We calculated scores for the
Short Physical Performance Battery using walking speed, chair stands
and balance tests (34) (0-12, higher score indicates better perform-
ance). A long distance corridor walk (400 m) at the participants’ usual
pace was attempted (35); time and ability to complete were recorded.
Men answered questions about the ability to complete a number
of activities of daily living (ADLs) and instrumental ADLs (IADLs),
including walking 2-3 blocks; climbing 10 steps; heavy housework;
bathing/showering; getting in and out of bed or chairs; and carrying or
lifting 10 pounds. Men classified the degree of difficulty (none, some,
much, or unable) and if they reported that they did not do the task,
they were asked whether or not this was due to a health or physical
problem. Men reporting any difficulty in these tasks, and those who
reported that they were unable to do these tasks were considered to
have a limitation for that task. Prevalent mobility limitations were
defined as having any difficulty (or inability to complete due to health/
physical reasons) for either walking 2-3 blocks or climbing 10 steps.
Appendicular lean mass (ALM) and body fat were assessed by
whole-body DXA scans (Hologic 4500 scanners, Waltham, MA) as
previously described (36). Other clinical measures considered as po-
tential confounders were assessed in MrOS and are described in the
Supplementary Methods.

Incident Falls and Mobility Limitations

Every March, July, and November, MrOS participants answered ques-
tionnaires about falls and difficulty walking 23 blocks or climbing 10
stairs in the preceding 4 months. We used the three questionnaires that
followed the participant’s Year 10.5 clinic date to identify incident falls
and mobility limitations. Recurrent falls were dichotomized as two or
more falls in the year after the visit (vs 01 falls). Serious injurious falls
were classified as a fall injury in the year after the visit for which the

participant reported visiting a doctor or other health care provider (vs
no falls or any other fall which did not result in medical attention). We
defined mobility limitations as any new self-reported difficulty walking
2-3 blocks or climbing 10 steps in the year after the visit.

Study Sample

We invited all 1,841 men with a Year 10.5 clinic visit to complete
the D,Cr dilution protocol (without any inclusion/exclusion criteria)
and 1,641 agreed to participate (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 D,Cr muscle mass/body mass more than 2
SD from the mean, most of which included values that exceeded
100% of body mass. Thus, 1,425 men had valid measures of D,Cr
muscle mass/body mass; of these 43 were missing the falls outcome
or covariate data. Thus, the main analysis sample is 1,382 men; for
the incident mobility limitation outcome, the sample was limited to
those without prevalent mobility limitations (N = 1,062).

Statistical Approach

We compared characteristics of participants across quartiles of
D,Cr muscle mass/body mass, using ANOVA, Wilcoxon tests,
and chi-square tests as appropriate. We used generalized linear
models to compute adjusted means (see footnote, Figure 2) of
the various muscle function and physical performance tests across
quartiles of D,Cr muscle mass/body mass, and report 95% con-
fidence intervals and p for trend from these models. We report
the standardized beta-coefficient (95% CI) for the association be-
tween D Cr muscle mass/body mass and the muscle function and
performance measures. Logistic regression was used to estimate
the likelihood of prevalent mobility limitations, and separately
for limitations in other tasks (heavy housework, bathing/shower-
ing; getting out of bed/chairs, and carrying or lifting 10 pounds).
Both D,Cr muscle mass/body mass and ALM/ht*> by DXA were
analyzed as continuous values with the odds ratio expressed per
SD increment, and also by quartiles. Secondarily, we also ana-
lyzed D,Cr total body muscle mass, ALM, ALM/body mass index
(BMI), and ALM/body mass or their associations with functional
limitations. We adjusted for potential confounding variables not
on the causal pathway between low muscle mass and falls or
limitations, and adjusted all models for this parsimonious set of
variables. (see footnote, Figure 2). Further adjustment for other
factors such as living arrangement, marital status and nutritional
intake did not materially change the results. Smoking status was
not assessed in 168 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 D,Cr muscle mass/body mass was associated with these
outcomes was independent of physical performance, we subse-
quently adjusted all models for walking speed and grip strength.
Those missing walking speed and grip strength were coded to
the lowest value in all analyses to reduce missing data. Due to
problems with collinearity discovered when examining variance
inflation factors with weighted predicted probabilities from our
logistic models, we did not adjust for percent body fat. The asso-
ciations between percent body fat and incident outcomes are pre-
sented in Supplementary Tables. In addition, we ran multivariate
models with D,Cr muscle mass or DXA ALM without adjustment
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body size, and then additionally adjusted in subsequent models Incident Analyses

with separate variables for body mass (weight); total fat mass; Separate logistic regression models were used to estimate the like-
body mass and height’; total fat mass and height’; and body mass, lihood of incident recurrent falls, incident serious injurious falls,
height?, grip strength, and walking speed. and incident mobility limitations. D ,Cr muscle mass/body mass and

Table 1. Characteristics of MrOS Men by Quartiles of Muscle Mass/Body Mass by D,Cr Dilution

Quartile 4

Quartile 1, (lowest) Quartile 2 Quartile 3 (highest)

<0.273 >0.273-<3.02 >0.302-<0.338 >0.338

N =350 N =350 N =350 N =351 p-value
Anthropometrics and demographics
Age 85.5+4.3 84.7 + 4.1 83.9=+4 82.6 +3.2 <.001
White race 326 (93.1) 324 (92.6) 323 (92.3) 289 (82.3) <001
Height (cm) 172.8 + 6.9 1723 + 6.6 172.1 = 6.6 171.7 = 7 .166
Weight (kg) 86.6 = 13.5 80.7 +11.9 78.0 £ 11.3 73.4+9.1 <.001
BMI (kg/m?) 29 4.0 27.1+33 26.3 3.2 249 +2.7 <.001
Percent body fat 32.1+5.3 29149 26.7 £4.7 23.3 4.8 <.001
ALM (kg) 22.7+34 22.2 3.1 22.5+3.0 22.4+3.0 .200
ALM/ht* (kg/m?) 7.6 1.0 7.5+0.8 7.6 0.8 7.6 0.8 144
Physical performance and strength
Unable to complete five chair stands 14 (5.3) 4 (1.3) 6(1.8) 1(0.3) <.001
Unable to complete 400 m walk 117 (33.9) 46 (13.4) 28 (8.1) 11 (3.1) <.001
Unable to hold tandem stand for 10 s* 212 (60.6) 159 (45.4) 132 (37.7) 84 (23.9) <.001
Comorbid conditions
Stroke 17 (4.9) 18 (5.1) 20 (5.7) 7 (2.0) .077
Diabetes 75 (21.4) 56 (16.0) 44 (12.6) 40 (11.4) .001
Parkinson’s disease 5(1.4) 6 (1.7) 8(2.3) 4 (1.1) .669
Myocardial infarction 70 (20.0) 44 (12.6) 37 (10.6) 36 (10.3) <.001
Congestive heart failure 49 (14.0) 26 (7.4) 23 (6.6) 15 (4.3) <.001
Chronic obstructive pulmonary disease 54 (15.4) 46 (13.1) 29 (8.3) 34 (9.7) .013
Nonskin cancer 169 (48.3) 174 (49.7) 155 (44.3) 168 (47.9) 524
Cognitive function
Global cognitive function (Teng 3MS) 91.4 = 6.8 92.0=7.2 92.7 = 6.6 93.5+5.8 <.001
Trails B (seconds) 158.7 + 72.4 137.5 + 64.2 135.7 + 66.3 125.3 =+ 64.7 <.001
Health habits, activity and quality of life
Smoking status <.001
Never 97 (27.7) 131 (37.4) 139 (39.7) 162 (46.2)
Past 188 (53.7) 169 (48.3) 171 (48.9) 154 (43.9)
Current 3(0.9) 5(1.4) 1(0.3) 6(1.7)
Not assessed® 62 (17.7) 45 (12.9) 39 (11.1) 29 (8.3)
Alcohol use .006
0-2 drinks per week 228 (65.7) 215 (61.4) 203 (58.5) 193 (55.0)
3-13 drinks per week 94 (27.1) 123 (35.1) 130 (37.5) 138 (39.3)
>14 drinks per week 25(7.2) 12 (3.4) 14 (4.0) 20 (5.7)
Self-reported physical activity (PASE) **** 94.7 £ 61.5 109.0 = 61.4 129.5 = 64.8 139.5 = 60.8 <.001
SF-12 modified physical component 56271 56.5 6.4 56.2 6.3 56.5+6.0 .909

summary scale!

Exhaustion/low energy* 40.5 = 11.7 45.6 £10.2 48.0+9.2 50.0 8.5 <.001
Pittsburgh physical fatigability score 20.5+9.7 17.0+9.3 15.0 = 8.7 124+ 8.2 <.001
Life-space score? 9.3+9.2 7.8 8.2 72=x7 6x6.9 <.001
Lives alone 90 (25.7) 89 (25.4) 80 (22.9) 74 (21.1) 420
Total energy intake (kcal) 1,593.3 +671.8 1,481.1 = 559.3 1,528.6 = 635.4 1,499.1 = 602.1 225
Number of medications <.001
0-6 81 (23.1) 111 (31.7) 104 (29.7) 136 (38.7)
7-10 123 (35.1) 133 (38) 138 (39.4) 127 (36.2)
11+ 146 (41.7) 106 (30.3) 108 (30.9) 88 (25.1)

Note: ALM = Appendicular lean mass; BMI = Body mass index; MrOS = Osteoporotic fractures in men study.

“Part of the balance component of the SPPB. "Some participants were not queried about current smoking status at the Year 10.5 visit. ‘Reporting having a good
a little of the time,
on a weighted average of responses to questions about volitional and occupational activity; higher scores indicate greater activity. SF-12 PCS score is a unit less scale

» « »

bit of energy “none of the time, some of the time” over the past 4 wk as part of the SF-12. “Scale descriptions: PASE is a unit less scale based
based on a weight 12 questions about generic health status; range is 0-100 and higher scores indicate greater self-rated health. Life-space is a unit less measure of
the participant’s mobility through his home and community was estimated by questionnaire (score 0-120, higher score indicates greater mobility). The Pittsburgh
physical fatigability score is unit less scale based on 10 questions about situational fatigability; score 0-50 with higher scores representing greater fatigability.
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DXA ALM/ht?, were analyzed as described above, with the same set
of covariates included in the multivariate models, and the same set
of sensitivity analyses completed.

Results

Men in higher quartiles of D,Cr muscle mass/body mass were
younger, were less likely to be white and had smaller body size
(lower weight and lower BMI, Table 1). Some comorbid conditions
varied across quartiles of D,Cr muscle mass/body mass, especially
diabetes, myocardial infarction, congestive heart failure and chronic
obstructive pulmonary disease. In addition, men in higher quartiles
of D,Cr muscle mass/body mass generally had better cognitive func-
tion, had higher levels of physical activity, greater Life-Space, and
had markedly lower levels of exhaustion and fatigue. Inability to
complete repeat chair stands, the 400 m walk, or the balance com-
ponent of the Short Physical Performance Battery (SPPB) was more
common amongst men in the lower versus higher quartiles of D,Cr
muscle mass/body mass. There were no differences, however, in DXA
ALM/ht* across quartiles of muscle mass/body mass.

D,Cr muscle mass was moderately correlated with total body
lean mass by DXA (Figure 1). However, this relationship did not
fall along the line of identity, with the DXA measure of total body
lean mass consistently higher than muscle mass by D Cr dilution.
D,Cr muscle mass was also moderately correlated with ALM/ht?,
ALM/BMI, ALM, and BMI, and was weakly correlated with ALM/
body mass; the correlation with percent fat was not significant. D,Cr
muscle mass/body mass was weakly correlated with total body lean
mass by DXA; modestly correlated with DXA ALM/BMI, DXA
ALM/body mass, percent fat, and BMI. There was no statistically
significant correlation between D,Cr muscle mass/body mass and
DXA ALM/ht?> or DXA ALM. In general, men who reported preva-
lent mobility limitations were in the lower end of the distribution of
muscle mass/body mass or the higher end of the percent fat distri-
bution, but such a relationship was not observed for the DXA based
measures of lean mass.
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Figure 1. Correlations between D,Cr dilution measures of muscle mass (kg)
and D,Cr muscle mass/body mass with DXA-derived measures of lean mass
and fat (total body lean mass, ALM, ALM/ht?, ALM/body mass, percent fat)
and BMI in older men. ALM = Appendicular lean mass; BMI = Body mass
index; DXA = Dual x-ray absorptiometry.

D,Cr Muscle Mass/Body Mass, ALM/ht?, and

Physical Performance and Strength

Men in the highest quartiles of D,Cr muscle mass/body mass
walked faster over 6 and 400 m; had greater grip strength and bet-
ter lower extremity muscle power and force; and had much better
performance on repeated chair stands and SPPB after adjustment
for numerous potential confounders (Figure 2 and Supplementary
Figure 2). The association between D,Cr muscle mass/body mass
and physical performance and strength was graded: with increasing
quartiles of D,Cr muscle mass/body mass, we observed better phys-
ical performance (p for trend across quartiles <.002 for all strength
and physical performance measures). The strongest associations be-
tween D,Cr muscle mass/body mass and measures of physical per-
formance were with lower extremity muscle power and force, as
evidenced by standardized beta-coefficients from linear regression
models (Supplementary Table 1). Aside from a positive association
between DXA ALM/ht? and grip strength, there was no statistically
significant association between low DXA ALM/ht? and other phys-
ical performance measures for the adjusted means by quartile or for
the standardized beta-coefficients from linear regression.

D,Cr Body Muscle Mass/Body Mass, ALM/ht?, and
Prevalent Limitations

Men with D,Cr muscle mass assessment at the Year 14 Visit reported
prevalent difficulty in several ADLs and IADLs. Of the men in the
multivariate models, 320 (23.1%) reported a mobility limitation;
80 (5.9%) reported difficulty with bathing/showering; 206 (14.9%)
reported difficulty getting out of bed/chairs; 77 (5.6%) reported
difficulty lifting/carrying 10 lbs; and 275 (19.9%) reported diffi-
culty with heavy housework. Lower D,Cr muscle mass/body mass
was strongly related to difficulty with these tasks. For example,
after multivariate adjustment, men in the lowest quartile of D ,Cr
muscle mass/body mass were more than six times more likely to re-
port a prevalent mobility limitation than men in the highest quartile
(Figure 3). In addition, each SD increment in D,Cr muscle mass/

‘Walking speed over 6 m Lower extremity power

<.001 0.013

<.001

0.137

1.10

1.05

1.00
Ql Q2 Q3 Q4 Ql Q2 Q3 Q4
D,Cr muscle mass/body mass ALM/ht®

Ql Q2 3 Q4

D,Cr muscle mass/body mass

Ql Q2 Q3 Q4
ALM/ht?

Short Physical Performance Battery Score Grip strength

<.001 0.437

Ql Q2 3 Q4
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D,Cr muscle mass/body mass

Ql Q2 3 Q4
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Figure 2. Adjusted* means of walking speed over 6 m, lower extremity
power, SPPB score, and grip strength across quartiles of D,Cr muscle mass/
body mass or ALM/ht%. *Adjusted for age, clinical center, race, alcohol use,
smoking, congestive heart failure, chronic obstructive pulmonary disease,
diabetes, myocardial infarction, physical activity, exhaustion, and cognitive
function. Quartile cut-points for D,Cr muscle mass/body mass: Q1: <0.27 Q2:
>0.27-0.30, Q3: 20.30-0.34, Q4: 20.34. Quartile cut-points for ALM/ht? (kg/m?):
Q1:<6.9, Q2: 26.9—<7.5, Q3: 27.5-<8.1, Q4: >8.1. ALM = Appendicular lean mass.
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A. By DiCr total muscle mass/body mass

N Outeome p-trend 0Odds Ratio
N%) 95% Confidence Interval
Prevalent Mobility Limitation 1382 320 23.1) <0.001
Q1 6.14(3.68,1027) —
Q2 2.83(1.68,4.77) ——
Q3 1.89(1.10,3.26) ——
Q4 1.00 (Referent)
Per SD increment: 0.47 (0.39, 0.56)
Difficulty bathing/showering 1382 80(5.79) 0.033
QI 264 (1.02,6.82) —a
Q2 291(1.14,742) —

Q3 1.79(0.66,4.85) —
Q4 1.00 (Referent)
Per SD increment: 0.69 (0.52, 0.92)

Difficulty getting in/out bed or chairs 1382 206 (14.9) <0.001
QI 3.74/(2.09,6.69) —
Q2 2.58(1.43,4.66)

Q3 2.15(1.17,3.93)
Q4 1.00 (Referent)
Per SD increment: 0.57 (0.47, 0.69)

Difficulty lifting/carrying 10 Ibs 1381 77(5.58) 0.061
Q1 1.63(0.70,3.79) —_
Q2 1.28(0.54,3.03) —
Q3 0.61(022,1.69)

Q4 1.00 (Referent)
Per SD increment: 0.75 (0.55, 1.02)

Difficulty with heavy housework 1381 275 (19.9) <0.001
QI 4.12(241,7.04) —a
Q2 2.44(1.42,420) —.

Q3 1.81(1.03,3.19) (———
Q4 1.00 (Referent)
Per SD increment: 0.56 (0.47, 0.68)

0.1 1 10

B. By DXA ALM/ht®
N Outcome p-trend 0dds Ratio

N%) 95% Confidence Interval

Prevalent Mobility Limitation 1359 304 (22.3) <0.001
Q1 0.44(0.29,0.69) ——
Q2 0.60(039,092) —a—
Q3 0.6 (043, 1.00) —a—
Q4 1.00 (Referent)

Per SD increment: 1.36 (1.17, 1.59)

Difficulty bathing/showering 1359 73(5.37) 0.309
Q1 065(031,135)

Q2 0.96(047,1.95) —
Q3 0.83(0.39,1.77) —_—
Q4 1.00 (Referent)

Per SD increment: 1.30 (101, 1.67)

Difficulty getting in/out bed or chairs 1359 194(14.2) 0.003
QI 045(0.28,0.74) —a
Q2 0.70 (044, 1.12) —a
Q3 0.69(0.43,1.09) —a—
Q4 1.00 (Referent)

Per SD increment: 140 (1.18, 1.65)

Difficulty lifting/carrying 10 Ibs 1358 70(5.15) 0973
QI 0.88(0.40, 1.96) —

Q2 150(071,3.18) —_—
Q3 0.92(0.40,2.10)

Q4 1.00 (Referent)

Per SD increment: 0.97 (0.73, 1.27)

Difficulty with heavy housework 1358 259 (19.0) 0201
QI 070 (0.4, 1.13) —at
Q2 1.01(0.64,1.59) ——
Q3 0.92(0.59,1.44) ——
Q4 1.00 (Referent)

Per SD increment: 1.16 (0.98, 1.37)

T T
0.1 1 10

Figure 3. Multivariate-adjusted* likelihood (odds ratio, 95% CI) of prevalent
function limitations, by D,Cr muscle mass/body mass and DXA ALM/ht
*Model is adjusted for age, clinical center, race, alcohol use, smoking,
congestive heart failure, chronic obstructive pulmonary disease, diabetes,
myocardial infarction, physical activity, exhaustion, and cognitive function.
Quartile cut-points for D,Cr muscle mass/body mass: Q1: <0.27 Q2: 20.27-
0.30, Q3: >0.30-0.34, Q4: >0.34. Quartile cut-points for ALM/ht2 (kg/m?): Q1:
<6.9, Q2: >6.9-<7.5, Q3: 27.6-<8.1, Q4: 28.1. SD for D,Cr muscle mass/body
mass: 0.048; SD for ALM/ht% 0.87. ALM = Appendicular lean mass.

body mass was associated with 0.47-fold lower adjusted odds of
a prevalent mobility limitation. Similarly, after multivariate adjust-
ment, men in the lowest quartile of D,Cr muscle mass/body mass
were 3.7-4.1-fold more likely to report difficulty with getting in/
out of bed or chairs, or doing heavy housework compared to men in
the lowest quartile. Further adjustment for walking speed and grip
strength only slightly attenuated these associations (Supplementary
Table 4). Associations between D,Cr muscle mass/body mass and
difficulty bathing/showering or lifting/carrying 10 pounds were in-
consistent. By contrast, lower levels of DXA ALM/ht? were not asso-
ciated with increased likelihood of reporting difficulty with any of
the tasks examined. In some cases, the association between DXA
ALM/ht? and difficulty with these tasks went in the opposite of the
hypothesized direction (that is, lower DXA ALM/ht* was protective
against reporting difficulty rather than being a risk factor).

Alternative Metrics of Muscle, Lean Mass and Fat
Mass, and Prevalent Limitations

D,Cr muscle mass (not adjusted for body mass) was associated with
prevalent mobility limitation, carrying 10 Ibs and heavy housework,
but not with difficulty bathing/showering or difficulty getting out

of bed/chairs after full adjustment. Separate adjustment for sep-
arate variables of body mass; fat mass; body mass and height?; or fat
mass and height* generally demonstrated similar associations. D,Cr
muscle mass was most strongly related to outcomes when body mass
was included as a covariate (Supplementary Table 2). DXA ALM
was associated with difficulty getting out of bed/chairs, albeit in the
opposite direction of our hypothesis (lower DXA ALM was pro-
tective against this outcome rather than a risk factor.) DXA ALM/
BMI was associated with prevalent mobility limitations, carrying 10
Ibs, and heavy housework, but this association was more modest
in magnitude than the associations observed between D,Cr muscle
mass/body mass. DXA ALM/BMI was not related to either diffi-
culty with bathing/showering or difficulty getting out of bed/chairs.
Likewise, in the fully-adjusted models, DXA ALM/body mass was
associated with prevalent mobility limitation, difficulty getting out
of bed/chairs, and difficulty with heavy housework (although not
difficulty with bathing/showering or carrying 10 lbs), but again this
association was more modest than the association between D,Cr
muscle mass/body mass and these outcomes. Separate adjustment
for separate variables of body mass; fat mass; boy mass and height?;
or fat mass and height’ generally demonstrated similar associa-
tions. Lower DXA ALM was associated with increased likelihood
of prevalent mobility limitation only when body mass was included
as an additional variable (but not when height?, or grip and walk-
ing speed were also included in the model, Supplementary Table 3).
Lower percent body fat was protective against prevalent mobility
limitations, difficulty getting out of a bed/chair, and difficulty with
heavy housework, but not with difficulty bathing/showering or car-
rying 10 lbs after multivariate adjustment.

D,Cr Muscle Mass/Body Mass, DXA ALM/ht?, and
Incident Falls and Mobility Limitations

In the year after the Year 14 visit, 255 (18.5%) men reported re-
current falls and 144 (10.4%) reported serious injurious falls.
Among men without a mobility limitation at the Year 10.5 Visit,
347 (32.7%) reported a new mobility limitation. Men in the lowest
quartile of D,Cr muscle mass/body mass were more than twice as
likely to report incident serious injurious falls or an incident mobility
limitation compared to men in the highest quartile (Figure 4). In add-
ition, each SD increment in D,Cr muscle mass/body mass was associ-
ated with an approximate 0.75-0.80-fold reduction in the likelihood
of either serious injurious falls or incident mobility limitations. In
contrast, there was no statistically significant association between
DXA ALM/ht? and recurrent falls or serious injurious falls. The as-
sociation between DXA ALM/ht? and incident mobility limitations
was in the opposite direction of our hypothesis, such that men in the
lowest quartile of DXA ALM/ht? had a 0.63-fold reduced likelihood
of reporting a mobility limitation than men in the highest quartile.
When DXA ALM/ht? was analyzed as a continuous variable, the as-
sociation was the same. Results were similar when further adjusted
for grip strength and walking speed (Supplementary Table 7).

Alternative Metrics of Muscle, Lean Mass and Fat

Mass, and Incident Falls and Mobility Limitations

Lower D,Cr muscle mass (unadjusted for body mass), lower DXA
ALM, and lower DXA ALM/BMI were not associated with increased
likelihood of incident recurrent falls, serious injurious falls or mo-
bility limitations and full multivariate adjustment. Higher percent
fat and lower DXA ALM/weight were not associated with recurrent
or serious injurious falls after full multivariate adjustment. Higher
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A. By DiCr total muscle mass/body mass

N Outcome p-trend 0dds Ratio
N(%) 95% Confidence Interval

Recurrent Falls 1382 255(185)  0.156
QI 1.30(0.83,2.05) -
Q2 1.60 (104, 2.46) —.—
Q3 1.20(0.77, 1.87) ——
Q4 1.00 (Referent)

Per SD increment: 0.89 (0.76, 1.05)

Serious Injurious Falls 1382 144(104)  0.022
QI 249 (1.37,4.54)

Q2 1.36(0.73,2.52) —-—
Q3 2.15(1.20,3.83) —a
Q4 1.00 (Referent)

Per SD increment: 0.82 (0.67, 1.00)

Incident Mobility Limitation 1062
QI 2.15(1.42,3.26) —-—
Q2 1.80(1.19,2.71) —-—
Q3 1.22(0.80, 1.86) ——
Q4 1.00 (Referent)

Per SD increment: 0.74 (0.64, 0.87)

347 (32.7) <0.001

0.1 1 10

B. By DXA ALM/ht?

N Outcome p-trend 0dds Ratio
N(%) 95% Confidence Interval

Recurrent Falls 1359
QI 0.79(0.51,1.21)

Q2 1.07(0.71, 1.60)

Q3 0.93(0.62, 1.40)

Q4 1.00 (Referent)

Per SD increment: 1.08 (0.93, 1.26)

Serious Injurious Falls 1350 140(103) 0981

QI 1.06 (0.61, 1.84)

Q2 1.26(0.74,2.14)

Q3 1.37(0.82,2.31)

Q4 1.00 (Referent)

Per SD increment: 1.02 (0.85, 1.23)

Incident Mobility Limitation 1055 344 (32.6) 0.022

QI 0.63(0.42,0.95) —-—
Q2 0.75(0.51, 1.13)

Q3 0.87(0.59,1.29)

Q4 1.00 (Referent)

Per SD increment: 1.21 (1.04, 1.40)

248(182)  0.3%

Figure 4. Multivariate-adjusted* likelihood (odds ratio, 95% CI) of incident
recurrent falls, serious injurious falls and mobility limitation, by D,Cr
muscle mass/body mass and DXA ALM/ht%. *Model is adjusted for age,
clinical center, race, alcohol use, smoking, congestive heart failure, chronic
obstructive pulmonary disease, diabetes, myocardial infarction, physical
activity, exhaustion, and cognitive function. Quartile cut-points for D,Cr
muscle mass/body mass in falls models: Q1: <0.27 Q2: >0.27-0.30, Q3: >0.30-
0.34, Q4: 20.34. Quartile cut-points for ALM/ht? (kg/m?) in falls models: Q1:
<6.9, Q2: 26.9-<7.5, Q3: 27.6-<8.1, Q4: >8.1. Quartile cut-points for D,Cr muscle
mass/body mass in mobility limitations model: Q1:<0.28, Q2: >0.28-<0.31,
Q3: >0.31-<0.35, Q4: >0.35. Quartile cut-points for ALM/ht2 (kg/m?) in mobility
limitations models: Q1: <6.9, Q2: >6.9-<7.5, Q3: >7.5-<8.0, Q4: >8.0. For falls
models: SD for D,Cr muscle mass/body mass: 0.048; SD For ALM/ht2: 0.87
For mobility limitations models: SD for D,Cr muscle mass/body mass: 0.046;
SD for ALM/ht? 0.855. ALM = Appendicular lean mass; DXA = Dual x-ray
absorptiometry.

percent fat and lower DXA ALM/body mass were associated with
increased likelihood of mobility limitation after full multivariate ad-
justment, however, the association was more modest than that for
D,Cr muscle mass/body weight (Supplementary Table 7). In D Cr
muscle mass models further adjusted for separate variables of body
size, there was no association in any model with recurrent falls or
serious injurious falls (Supplementary Table 5). Lower D,Cr muscle
mass, in multivariate models (with our without adjustment separately
for body mass; total fat mass; weight and height?; or total fat mass
and height?) remained significantly associated with increased likeli-
hood of serious injurious falls. Further adjustment for body mass,
height? and grip and walking speed attenuated this association to non-
significance. Lower D,Cr muscle mass was associated with incident
mobility limitations in models unadjusted for body size and in those
adjusted for body mass, and body mass and height?, but not in the
other models accounting for total fat mass, or grip strength and walk-
ing speed. DXA ALM was not associated with recurrent falls or ser-
ious injurious falls in any of these sensitivity models (Supplementary
Table 6). Lower DXA ALM without adjustment for body mass was

associated with lower likelihood of incident mobility limitations;
after adjustment for body mass, this association was reversed, with
lower DXA ALM demonstrating a borderline increased likelihood of
incident mobility limitation. None of the other DXA ALM sensitivity
analyses for incident mobility limitation were significant.

Discussion

Here, we show for the first time in older men that strong and con-
sistent associations exist between D,Cr muscle mass and physical
performance; self-reported functional limitations; and incident
falls and mobility limitations in older men, particularly when D Cr
muscle mass is standardized to body mass. The wide-ranging asso-
ciation of D,Cr muscle mass with components of everyday activities
provides compelling evidence for the powerful influence of skeletal
muscle (when measured accurately) on health outcomes important to
older persons, even after accounting for the potentially confounding
influence of activity level, body size, and coexisting medical condi-
tions. Although weakness and poor endurance have been previously
associated increased risk of falls and mobility limitations (4,37), this
is the first study to demonstrate the importance of the amount of
muscle mass per se. The associations observed for physical perform-
ance were strong in magnitude, with differences across quartiles of
0.13 m/s for walking speed and 2.0 points for the SPPB, exceeding
clinically important differences in these tests (38). Accordingly, the
D,Cr dilution method to measure muscle mass is a novel, accurate
tool for measuring total muscle mass.

The strong relationship between muscle mass and adverse out-
comes has not been previously observed, likely because other stud-
ies have used inaccurate approximations of muscle mass. To wit,
a traditional approximation of low muscle mass, low DXA ALM/
height?, was not strongly associated with poor physical performance
or adverse health outcomes in our data, similar to previous reports
in this and other populations (2,39). This may be explained by the
fact that the use of DXA for the determination of lean mass is not
specific for skeletal muscle and includes noncontractile components
as well as water content. Measures of lean mass from DXA are influ-
enced by hydration status and the presence of extracellular fluid, as
water is included in lean mass estimates (as water is neither bone nor
fat) (40). Our secondary results confirm previous studies that dem-
onstrate that obesity is associated with poor physical performance
and functional limitations (4). In addition, the secondary results also
suggest that DXA measures of lean mass are less strongly associ-
ated with poor physical performance and functional limitations than
D,Cr dilution muscle mass. Therefore, in totality, our data suggest
that both obesity and muscle (but not lean mass by DXA) should be
considered when evaluating the risk of functional decline in older
adults.

The D3Cr dilution method may prove feasible for use in out-
patient clinical settings as evidenced by our successful implementa-
tion in this population of community-dwelling men aged 80 years
and older. In addition, this method provides precise quantification
of a biochemical phenotype that is very specific for muscle. This is in
contrast to other imaging methods such as DXA, MRI, and CT that
rely on numerous assumptions to provide a blunt approximation of
muscle mass. The cost of the test in the research setting (including
the dose and the assays) is approximately $120USD per participant,
a cost that is equivalent to or slightly more than DXA but consid-
erably less than MR or CT in research settings in the United States.
Thus, should future research confirm our findings in other popula-
tions (such as women, younger people, and the institutionalized),
muscle mass by D,Cr dilution has the potential to precisely identify
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those with low muscle mass who are at risk of adverse health out-
comes through the use of a single, straightforward test.

Strengths of this study include its large size, prospective design,
and extensive characterization of mobility endpoints. We cannot
rule out unmeasured confounding as an explanation for our find-
ings. However, we adjusted for many potentially confounding fac-
tors, and it is unlikely that unmeasured factors would fully explain
the compelling associations observed. While we considered for meas-
ures of strength (grip strength) and force generation (from the force
plate jumping measure), we did not include gold standard measures
of strength such as isokinetic dynamometry, thus future research
should assess the independence of D ,Cr muscle mass and strength
when strength is measured with optimal methods.

In summary, low muscle mass as measured by D ,Cr dilution
was strongly associated with several of the most common clinical
complaints of older men including poor physical performance, fa-
tigue, and subsequent risk of injurious falls and mobility limitations
particularly after accounting for body mass. Such associations were
not observed with lean mass assessed by DXA, demonstrating that
lean mass assessed by DXA does not provide an accurate measure
of total muscle mass. The D,Cr dilution test may enable a shift in
future research to elucidate the role of skeletal muscle mass in loss
of mobility, and to precisely test the effects of lifestyle, nutritional,
and pharmaceutical interventions on improving muscle mass. Future
research is required to evaluate the use of D,Cr muscle mass as a pre-
cise test for diagnosing sarcopenia and for identifying older adults at
risk of adverse health outcomes.

Supplementary Material

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