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Abstract
Objectives—To examine the association between strength, function, lean mass, muscle density
and risk of hospitalization.

Design—Prospective cohort stud

Setting—Two U.S. clinical centers

Participants—Adults aged 70 – 80 years (N=3,011) from the Health, Aging and Body
Composition Study.

Measurements—Measures included grip strength; knee extension strength; lean mass; walking
speed; chair stand pace. Thigh computed tomography scans assessed muscle area and density (a
proxy for muscle fat infiltration). Hospitalizations were confirmed by local review of medical
records. Negative binomial regression models estimated incident rate ratios (IRRs) of
hospitalization for race/sex specific quartiles of each muscle/function parameter separately.
Multivariate models adjusted for age, body mass index, health status and coexisting medical
conditions.

Results—During an average 4.7 years of follow-up, 1,678 (55.7%) participants experienced ≥1
hospitalization. Participants in the lowest quartile of muscle density were more likely to be
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subsequently hospitalized (multivariate IRR: 1.47, 95% CI: 1.24, 1.73) compared to the highest
quartile. Similarly, participants with the weakest grip strength were at increased risk of
hospitalization (MIRR: 1.52, 95% CI: 1.30, 1.78, Q1 vs. Q4). Comparable results were seen for
knee strength, walking pace and chair stands pace. Lean mass and muscle area were not associated
with risk of hospitalization.

Conclusion—Weak strength, poor function and low muscle density, but not muscle size or lean
mass, were associated with an increased risk of hospitalization. Interventions to reduce the disease
burden associated with sarcopenia should focus on increasing muscle strength and improving
physical function rather than simply increasing lean mass.
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hospitalization; lean mass; physical function; muscle fat infiltration; walking speed

Introduction
The loss of strength and muscle mass observed with aging is associated with increased
health care costs; direct health care costs due to sarcopenia in the United States in 2000 were
estimated to exceed $18.5 billon dollars.1 Given the increasing size of the older population
in the United States, the health care costs associated with sarcopenia are likely to increase.
In non-disabled adults, poor physical function including weak muscle strength, slow walking
speed, and poor balance has been associated with an increased risk of falls2–5, fractures6–8;
subsequent mobility limitation,9, 12 and hospitalizations.10 In particular, hospitalizations are
an important outcome in older adults, as even short stays in the hospital are associated with
an increased risk of subsequent functional decline and disability.11,12,13,14

Various imaging techniques are used to assess muscle characteristics: dual x-ray
absorptiometry (DXA) scans determine lean mass, and computed tomography (CT) scans
are analyzed to determine muscle cross-sectional area and muscle density. Low lean mass,
small muscle cross-sectional area and decreased muscle density have been associated with
poor strength15 and increased risk of mobility limitations.9 However, there is no information
regarding how these muscle characteristics may influence the risk of hospitalizations in
older adults. Of particular interest is low muscle density, a marker of muscle fat infiltration
or myosteatosis, that has been associated with poor metabolic function16 and may be
indicative of a perturbation of muscle function.17

Despite the association between lean mass, muscle cross-sectional area and muscle density
with objective physical function measures, few reports have considered the relative or joint
contributions of these factors when assessing health risks in older adults. Understanding
these contributions is important for several reasons. First, if lean mass is not independently
associated with adverse health outcomes, then definitions of sarcopenia that rely on lean
mass alone (and ignore strength or physical function) may not be as clinically useful as more
integrative definitions. Second, the assessment of lean mass, muscle cross-sectional area and
muscle density rely on complex imaging procedures whereas measures of physical
performance, particularly walking speed, can be cheaply and quickly implemented in
clinical settings. If the simple measures capture the risk for adverse events as well as more
complex imaging modalities, then methods to identify individuals at risk should consider the
less complicated measures. Additionally, the best method of identifying those at risk may be
the consideration of both strength and lean mass simultaneously; it may be that strength
relative to muscle size (also know as specific force), rather than each component
individually, is the important determinant of health risks in older adults.
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In these analyses, we aimed to test the hypothesis that weak muscle strength (grip and knee
extension strength); low lean mass (arm and leg); poor physical performance (chair stands,
walking speed); low specific force (upper and lower extremities); small thigh muscle area;
and low thigh muscle density were associated with increased risk of subsequent
hospitalization in non-disabled, community-dwelling older adults using data from the
Health, Aging and Body Composition (Health ABC) study, a large observational study of
more than 3,000 participants.

Methods
Participants

The Health ABC study consists of 3,075 white and black men and women age 70 – 80 years.
Participants were recruited from Medicare beneficiary listings for ZIP codes in the
metropolitan areas surrounding Pittsburgh, PA and Memphis, TN. Fifty-two percent of
participants were women and 41% were black. To be eligible, participants must not have
reported any of the following: difficulty walking one-quarter of a mile, climbing 10 steps, or
performing activities of daily living; history of active treatment of cancer in the prior 3
years; or plans to move from the area within 3 years. The baseline examination took place
between March 1997 and July 1998. Follow-up for these analyses averaged 4.7 years.
Baseline characteristics of the cohort have been described elsewhere.15,18 Institutional
review boards approved this research at all participating institutions, and all participants
provided written informed consent.

Muscle strength
Maximal isokinetic knee extension strength was measured using a KinCom 125 AP
dynamometer (Chattanooga, TN). Strength (torque, Newton meters [Nm]) was measured at
60 degrees per second. Participants had six attempts to complete up to three reproducible
and acceptable trials; the average of the maximal knee extension strength of these three trials
was analyzed. A number of participants were excluded from testing or were missing data for
this measure, including those with high blood pressure (systolic > 200 mmHg or diastolic >
110 mmHg) and those reporting a history of cerebral aneurysm or stroke/bleeding; bilateral
total knee replacement; or severe bilateral knee pain (N=398). Grip strength was measured
using Jamar dynamometers (Sammons Preston Rolyan, Bolingbrook, IL, USA), 19

Participants completed two trials per hand; the maximal strength for either hand was used in
the analyses. Participants were excluded from the grip strength testing due to recent pain in
their wrist or hand; or a history of surgery on the upper extremity in the 3 months prior to
baseline (N=12).

Physical functioning
Participants were asked to walk at their usual pace over 6 meters at least twice. Walking
pace (m/s) was calculated from the faster time observed. A walking speed was not measured
for 9 participants. Participants were asked to rise from a chair once without using their arms
to push off. If they were able to complete a single chair stand, the participant attempted to
rise from a chair five times without the use of the arms. The time to complete the repeated
chair stands was recorded; number of chair stands per second was calculated and analyzed.
Participants unable to complete the single stand or the repeated stand test were considered
unable to complete the repeated chair stands exam; 25 participants had missing data for the
chair stands exam.
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Dual x-ray absorptiometry
To measure lean mass of the upper and lower extremities and percent body fat, whole body
dual x-ray absorptiometry (DXA) scans were completed on Hologic 4500A scanners
(Hologic, Waltham, MA). Leg lean mass data was missing for 79 participants; arm lean
mass data was missing for 21 participants; and 113 participants were missing both total body
lean mass and total body percent fat measures.

Muscle density and cross-sectional area
Computed tomography (CT) scans of the thigh were analyzed to determine mid-thigh
muscle cross-sectional area and muscle density as described previously.9,20,21 Briefly, one
10-mm thick axial image was obtained in both legs at the femoral midpoint, defined as the
midpoint of the distance between the medial edge of the greater trochanter and the
intercondyloid fossa, with scanning parameters of 120 kVp and 200–250 mA. For each
participant, skeletal muscle and adipose tissue were distinguished using bimodal image
histogram results from the distribution of CT values. Intermuscular and visible
intramuscular adipose tissue were distinguished from subcutaneous adipose tissue by
drawing a line along the fascial plane surrounding the thigh muscles. Muscle cross-sectional
area (cm2) was defined as the total area of the nonadipose, nonbone tissue within this fascial
plane; the mean cross-sectional area of the two legs was analyzed. Muscle density was
defined as the mean attenuation coefficient of muscle tissue within the fascial plan
(excluding intermuscular and visible intramuscular adipose tissue) and expressed in
Hounsfield units (HU), with higher attenuation indicating decreased muscle density.
Previous studies have variously described “muscle density” as the mean attenuation
coefficient or as muscle fat infiltration9,20,21 In the Health ABC participants, reproducibility
analyses for the muscle density and cross-sectional area measure were completed in a
convenience sample of 5%. The coefficients of variation for the measures were less than
5%. Muscle area and density measures were missing for 63 participants.

Specific force and torque
Specific force was determined by taking the ratio of strength to mass for the upper and lower
extremities as has been described.22 For the legs, specific force was calculated as the ratio of
average maximal torque (Nm) to the mean leg lean mass in kg. Specific force data for the
lower extremities was missing for 429 participants. In a sub-analysis, muscle cross-sectional
area, instead of leg lean mass, was used to calculate specific force for the lower extremities.
For the arms, specific force was calculated as the ratio of the maximal grip strength to the
mean arm lean mass in kg. Specific force data for the upper extremities was missing for 32
participants.

Other measures
Height was measured using wall-mounted stadiometers, and weight was measured using
balance beam scales; BMI was calculated as weight (kg)/height(m)2. Self-reported health
was categorized as excellent/very good vs. good/fair/poor. Prevalent medical conditions
were ascertained by a combination of self-report, clinic data and/or medication use. Medical
conditions considered in this analysis included cerebrovascular disease, coronary heart
disease, peripheral arterial disease, congestive heart failure, hypertension, hip/knee
osteoarthritis, osteoporosis, pulmonary disease, and diabetes. Sixty-five participants were
missing data for at least one of the covariates listed above.

Hospitalizations
During follow-up, Health ABC participants were asked to report any hospitalizations,
outpatient cancer, fracture, or cardiovascular events. Every six months, they were asked
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directed questions to elicit information about events of this type. Medical records for each
hospitalization were collected centrally; duration of stay and specific diagnosis were
confirmed by local review. Medicare claims data from the Centers for Medicare & Medicaid
Services (CMS) regarding the number of hospitalizations in the year prior to the baseline
exam was also available for all participants.

Statistical methods
Analyses were performed using SAS version 9.1 (SAS Institute, Inc., Cary, NC). Measures
of lean mass, muscle size/density, strength and physical performance were analyzed as race
and sex specific quartiles, as distribution of each measure differed by race and sex. When
applicable, if a participant could not complete a measurement due to physical inability, he or
she was included in statistical models as a separate category (“unable.”) Characteristics of
participants were compared by quartile of each muscle and strength/function parameter (lean
mass, strength, muscle area, muscle density, chair stands and walking performance)
separately. Due to space constraints, only the characteristics of participants by quartile of
muscle density are presented in this report. Additionally, characteristics of participants by
race and gender groups (black female, white female, black male, white male) were
compared using ANOVA for normally distributed continuous variables; Kruskal Wallis tests
for skewed continuous data; and chi-square tests for categorical variables. A p-value
threshold of <0.05 was used for all analyses.

The number of hospitalizations and person time at risk (follow-up time minus days in
hospital) were calculated. Negative binomial regression with robust variance estimators for
standard errors (to account for intra-individual dependence of repeat events) was used to
estimate incidence rate ratios (IRRs) and 95% confidence intervals.23 The highest or best
performing quartile was considered the referent group; linear test for trend across all
quartiles was performed. Negative binomial regression allows for analysis of count data
where follow-up time differs by participant and the underlying distribution follows an
negative binomial distribution. Poisson models were considered, but due to overdispersion
of the data (variance > mean and ≠ 1), negative binomial models were used. Separate
models were run for each predictor variable (muscle density, thigh muscle area, leg lean
mass, arm lean mass, walking speed, chair stands/second, grip strength, knee extension
strength, specific force for the upper extremities and specific force for the lower
extremities.) Participants were included in each of the models if they had no missing data for
the predictor variable or the covariates. Models were adjusted for age, sex, race, weight,
total body percent fat, self-rated health and for the following medical conditions:
cerebrovascular disease, coronary heart disease, peripheral arterial disease, congestive heart
failure, hypertension, hip/knee osteoarthritis, osteoporosis, pulmonary disease, and diabetes.

Finally, to determine the effects of concurrent poor performance in several physical
performance tests and risk of subsequent hospitalization, a summary score for the measures
of grip strength, knee extension strength, walking speed and repeat chair stands exam was
created. The possible values of the summary score ranged from 0 to 4, with 0 indicating the
ability to perform all tests and 4 indicating poor performance on all 4 tests. Poor
performance for a test was defined as performance in the worst race/sex specific quartile or
being unable to complete the measure. For each test with poor performance, one point was
added to the summary score. Next, the risk of hospitalizations by category of the summary
score (0, 1–2, 3 or more) was estimated in multivariate negative binomial models.
Multivariate models were run, and adjusted for medical conditions, age, self-rated health,
race, sex, clinical center. To test whether muscle density is independently associated with
hospitalization risk, the model was additionally adjusted for muscle density. In a sub-
analysis, the analysis data set was restricted to the population of participants who had not
had any hospitalization in the year prior to enrollment.
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Results
During an average of 4.7 years (standard deviation: 0.81 years) of follow-up, 1,678 (55.7%)
participants experienced least one hospitalization. The mean number of hospitalizations was
1.3 (SD=1.9); average days in the hospital was 7.9 (standard deviation =15.3; median= 2
days). Men were more likely than women to experience at least one hospitalization: 60.8 %
of men (N=903) compared to 51.5% (N=816) of women were hospitalized during follow-up.
(p<.001) The difference in hospitalizations between white and black participants was less
pronounced: 54.4% (N=975) of white participants were hospitalized during follow-up,
compared to 58.3% (N=744) of black participants. (p=0.033) A total of 10% (N=325) of
participants with baseline data experienced at least one hospitalization in the year prior to
the baseline exam.

The race and sex differences in measures of lean mass, muscle size, muscle density,
strength, physical function and specific force were pronounced among participants in the
Health ABC study, as the values of each parameter differed across the four race and sex
categories (Table 1, p<0.001 for all). In general, black men had the highest lean mass,
largest muscle area and the greatest strength while white women had the lowest lean mass,
smallest muscle area and lowest strength. White men walked the fastest and completed more
chair stands per second than the other race/sex groups. Since the measures of lean mass,
muscle size, strength and function varied by race and sex, race and sex specific quartiles of
each parameter were created.

Participants in the lowest race/sex specific quartile of muscle density tended to be older;
heavier; have a higher BMI and percent body fat; have larger muscle cross-sectional area;
and higher levels of leg and arm lean mass than those with higher muscle density (Table 2,
p<0.001 for all). Body weight, percent body fat, and BMI were moderately correlated with
thigh muscle density (r2=−0.31 for weight, r2=−0.46 for BMI, and, r2=−0.51 for percent
body fat, p<.001 for all). Greater grip strength, but not knee extension strength, was
modestly associated with higher muscle density. (p=0.022). Specific force of the upper and
lower extremities, walking speed, and chair stands per second were all associated with
muscle density, with better performance associated with higher muscle density (p<0.001).
Self-rated health, diabetes, coronary heart disease, and congestive heart failure were
associated with muscle density, with higher prevalence of disease in participants with the
lowest muscle density (p<0.05 for all). Participants in the middle two quartiles of muscle
density (Q2 and Q3) tended to have higher prevalence of pulmonary disease than those in
the lowest (Q1) or highest quartile (Q4, p=0.005). Unexpectedly, higher muscle density was
moderately associated with higher prevalence of hypertension (p=0.03). Peripheral arterial
disease and osteoporosis were not associated with muscle density (p>0.05). As the quartile
of muscle density increased, the average number of hospitalizations and days in the hospital
decreased (p<.001).

Thigh muscle density was associated with risk of hospitalization during follow-up. In age,
race, sex and clinical center adjusted models, participants in the lowest race and sex specific
quartile of muscle density had a 1.53- fold (95% CI: 1.32, 1.78) higher rate of
hospitalization than participants in the highest quartile of muscle density (p-for trend <0.001
across quartiles.) Further adjustment for potential confounding factors (prevalent medical
conditions, self-rated health, percent body fat, and weight) only slightly attenuated the
results. Thus, in multivariate models, participants in the lowest muscle density quartile had a
51% higher risk of hospitalization during follow-up compared to participants in the highest
quartile (MIRR: 1.51, 95% CI: 1.27, 1.81; p for trend, <.001; Table 3).
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There was an association between measures of muscle strength and function and
hospitalization risk. Weak knee extension and grip strength, as well as poor physical
function (slow walking speed and poor chair stands performance) were associated with
increased risk of hospitalizations in the Health ABC cohort. For example, participants in the
slowest race/sex specific quartile of walking speed had a 70% increased risk of
hospitalization (MIRR: 1.70, 95% CI: 1.45, 1.98) during follow-up, compared to participants
with the fastest walking speed after adjustment for multiple confounding factors. Although
lean mass was not associated with hospitalization risk, poor specific force of muscle was
associated with increased hospitalizations during follow-up. Participants in the lowest
quartile of lower extremities specific force had a 65% (MIRR 1.65, 95% CI: 1.39, 1.96)
increased risk of hospitalization compared to those in the highest quartile after multivariate
adjustment. When CT muscle cross-sectional area was substituted for leg lean mass in the
definition of specific force of the lower extremities, the results were similar and the
conclusions unchanged. (data not shown).

Neither muscle size nor lean mass (leg or arm) were strongly associated with risk of
hospitalizations. No significant association was seen in age or multivariate adjusted models
between thigh muscle area or leg lean mass and risk of hospitalizations. In age, race, sex and
clinical center adjusted models, the risk of hospitalization did not differ between quartile of
arm lean mass. (IRR: 1.05, 95% CI: 0.91, 1.23, for Q1 vs. Q4; p for trend across
quartiles=0.55). In multivariate models, the association between arm lean mass and
hospitalization risk was of borderline significance: participants in the lowest quartile of arm
lean mass had a somewhat higher risk of hospitalizations compared to those in the highest
quartile. (MIRR: 1.31, 95% CI: 1.01, 1.69). There was no difference in hospitalization risk
between participants in Q2 vs. Q4 or Q3 vs. Q4 and the p for trend across quartiles was of
borderline significance. (p=0.090).

Concurrent poor performance on several measures of strength and function (walking speed,
chair stands performance, grip strength and knee extensions strength) was associated with
increased risk of hospitalizations (Table 4). In models adjusted for age, race, sex and clinical
center, participants who had poor performance on all four exams had a risk of
hospitalizations 2.45-fold higher than those participants without poor performance on any
exam. Poor performance on just one exam was associated with an increased risk of
hospitalization compared to poor performance on no exams. (IRR: 1.35, 95% CI: 1.18,
1.54). Adjustment for potential confounding factors somewhat attenuated the associations.
However, all multivariate models remained highly significant. In the model that adjusted for
medical conditions, age, self-rated health, race, sex, clinical center, weight and percent fat,
participants with poor performance on all four exams had a risk of hospitalization 1.88-fold
higher (95% CI: 1.27, 2.78) than participants without poor performance on any exam.
Adding muscle density to the model resulted in essentially unchanged effect estimates. Both
concurrent poor performance and muscle density remained independent predictors of
hospitalization risk. When the analysis was restricted to participants who did not experience
at least one hospitalization in the year prior to the baseline exam, the results were slightly
attenuated but remained statistically significant. For example, in the age, clinical center, race
and sex adjusted model (Model 1), as the number of physical exams with poor performance
increased, so did the risk of hospitalization (p for trend, <.001). For example, participants
with poor performance in one exam were about 26% more likely to experience a
hospitalization (IRR, 1.26 (95% CI: 1.10, 1.45) compared to those having no exams with
poor performance. Additionally, participants with poor performance in all four exams were
2.14-fold more likely to experience a hospitalization compared to those having no exams
with poor performance (IRR: 2.14, 95% CI: 1.43. to 3.19). Similar results were found for the
multivariate models (Models 2 and 3) in Table 4: the IRRs for number of exams with poor
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performance remained significant after sub-setting to participants without a hospitalization
in the year prior to baseline (p for trend for all <.001).

Discussion
Worse physical function, muscle weakness, decreased muscle density and low specific force
of muscle are associated with an increased risk of hospitalization over nearly 5 years of
follow-up in black and white men and women who were free from disability at the baseline
examination. These associations were not explained by adjustment for body size or prevalent
medical conditions. Concurrent poor performance in multiple tests of muscle strength and
function was also associated with an increased risk of hospitalization; excluding participants
with at least one hospitalization prior to the baseline exam only slightly attenuated these
associations. Thus, even among healthy, non-disabled older adults, poor physical function is
associated with an increased risk of hospitalization. However, neither lean mass (measured
at arm or leg) nor muscle area was associated with hospitalization risk. These results suggest
that measures of strength, function, specific force and density may be more important than
measures of lean mass alone in assessing health risks in older adults.

Participants in the lowest quartile of muscle density had a 51% higher risk of
hospitalizations compared to those in the highest quartile. Low muscle density, as measured
by the muscle attenuation coefficient, is a marker for increased muscle fat infiltration or
myosteatosis, and higher intramuscular fat stores. The muscle density measures in Health
ABC exclude most inter-muscular adipose tissue depots. However, extracellular adipose
tissue that is smaller than the pixel resolution of the scanner may not have been completely
excluded.24 Other studies have reported that the correlation between muscle density (also
known as the thigh muscle attenuation coefficient) and lipid content within muscle fibers
was r=−0.43; the correlation between thigh muscle attenuation and muscle triglyceride (TG)
content was r=−0.58.24 In Health ABC, low muscle density has been associated with
increased risk of functional limitation9, poorer strength20 and worse metabolic function.16

Others have hypothesized that intramuscular lipid is a critical component of metabolic and
physical derangement of muscle function.17

In these analyses, lean mass was not independently associated with increased risk of
hospitalizations. A previous report from this cohort demonstrated that strength declines
more quickly than muscle mass in older adults.25 This report also noted that while loss of
lean mass was independently associated with loss of strength, maintenance or gain of lean
mass was not associated with increases in or maintenance of muscle strength. Additionally,
while both lower extremity muscle mass (thigh muscle cross-sectional area) and poor
strength were associated with increased risk of mobility limitation, the association between
decreased muscle mass and mobility limitation was explained by poorer strength.9 Thus,
interventions to improve muscle function and reduce disease and disability in older adults
should aim to improve muscle strength, not just increase muscle size or overall lean mass.
The results of these analyses also indicate that operational definitions of sarcopenia that rely
solely on muscle mass may not be as clinically useful as definitions that would include
measures of function or strength. Finally, treatments (either pharmacologic or behavioral)
that increase muscle density may be particularly important for reducing the burden of
disability and poor health outcomes that are associated with poor function.

The strongest risks for hospitalization in these analyses were for the lower extremity
(walking speed and knee extension strength). Walking speed is a complex trait that may be
influenced by a number of factors, including poor cardiovascular function and cognitive
decline.26,27 The results reported here are consistent with other published reports: decreased
walking speed has previously been associated with hospitalization and mortality in this and
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other cohorts.10,28 Assessment of walking speed is inexpensive and simple to implement.
Thus, walking speed alone may be an ideal measure for identifying individuals at risk of
poor outcomes, including hospitalizations. On the other hand, in this study, upper extremity
strength was also associated with risk of hospitalizations, so poor upper extremity strength
(even with robust lower extremity function) should be considered a possible risk factor for
future adverse health outcomes.

There are several strengths of the current study. The Health ABC study is a large, well
characterized cohort of a diverse group of older adults. Additionally, hospitalization records
are collected in a complete and systematic manner and reviewed by experts, and co-morbid
conditions are very well defined. However, a few limitations should be noted. First, the
study participants were quite healthy at baseline, and this might limit the generalizability of
these findings to other groups, such as non-ambulatory populations or the infirm. This
selection bias may cause an underestimation of the observed associations, because disabled
persons (who are likely to have both poorer muscle strength and lower muscle mass) were
excluded from the study. However, any study or intervention trial in the older persons
focusing on mobility loss is likely to suffer from the same limitation. Secondly, while sub-
analyses were completed restricting the analysis set to participants who did not experience a
hospitalization in the year prior to the baseline exam, the temporal association between poor
performance and risk of hospitalization cannot be fully established. It is possible that those
participants who did experience a hospitalization before the baseline exam had poorer
physical function that contributed to the hospitalization. Without measures of physical
function preceding the first hospitalization of every participant throughout old age, it will be
impossible to concretely establish the temporality of the association. It is reassuring,
however, that poor physical function is not simply a maker of previous hospitalization.
Third, although the analyses were essentially unchanged by adjustment for co-existing
medical conditions, factors that were not measured might explain the associations observed.

In conclusion, low muscle strength, poor physical performance, and low muscle density (but
not muscle size or lean mass) are associated with increased risk of hospitalization in adults
aged 70–79 years. Interventions to improve muscle strength and physical performance may
reduce not only future disability but might also reduce the large economic burden associated
with hospitalizations should poor muscle strength and function be causally related to
subsequent hospitalizations.
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