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Abstract
Background and aims—There are no data showing whether or not age-related declines in
physical function are related to in vitro properties of human skeletal muscle. The purpose of this
study was to determine whether physical function is independently associated with histologic and
metabolic properties of skeletal muscle in elderly adults.

Methods—The study was a cross-sectional observational study of 39 sedentary, older (60–85
yrs) men and women. A needle biopsy of the vastus lateralis for assessment of muscle fiber type,
fiber area, capillary density and citrate synthase and aldolase activities was performed. Physical
function tests included the Short Physical Performance Battery (balance, walking speed, and chair
rise time), as well as self-reported disability.

Results—Total fiber area (R=−0.41, p=0.02), number of Type II fibers (R=−0.33, p=0.05), and
aldolase activity (R=−0.54, p=0.01) were inversely related to age. Persons who reported greater
difficulty with daily activities had lower capillary density (R=−0.51, p=0.03) and lower citrate
synthase activity (R=−0.66, p=0.03). Walking speed was directly related to fiber area (R=0.40,
p=0.02), capillary density (R=0.39, p=0.03), citrate synthase (R=0.45, p=0.03) and aldolase
(R=0.55, p<0.01) activities, even after adjustment for age, BMI and disease status.

Conclusions—In older adults, skeletal muscle capillary density and metabolic enzymatic
activity are independent predictors of lower extremity physical function.
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INTRODUCTION
Clinical measures of physical function decline with age and are highly predictive of the
incidence of disability, institutionalization, and/or mortality (1–4). Although the specific
biological mechanisms underlying aging-related declines in physical function are poorly
understood, alterations in skeletal muscle are likely contributors. While loss of muscle mass
and declines in strength are well documented with aging (5), they do not fully account for
the extent of aging-related loss of function (6, 7). Therefore, adverse alterations of the
intrinsic properties of muscle tissue itself are also potential mechanisms underlying the
decline in physical abilities with age.

Results from a number of studies indicate that there are age differences in skeletal muscle
histology and metabolic properties (8, 9). Although almost exclusively from cross-sectional
studies, most data show that individual fiber size (10), the relative number of type II muscle
fibers (11, 12), oxidative enzyme activity (9, 11, 13, 14), and capillary density (14–16) are
reduced in older persons. Unfortunately, there are no data showing whether or not age-
related declines in physical function are related to these alterations in skeletal muscle.

Age-related loss of function can result from several different chronic diseases. However,
while the primary impairments in these diseases clearly differ, there are similarities in their
systemic consequences (e.g., effects on skeletal muscle function). Yet, there is little
understanding of the etiology and underlying biological factors for this common pathway
towards reduced function. It is generally accepted that abnormalities in skeletal muscle
function are likely to be causal factors in the progression towards physical disability in the
elderly. However, there have been limited advances in testing this hypothesis for several
reasons, including the lack of data on muscle properties from tissue samples of well-
characterized persons with clinical measures of physical function. Therefore, the purpose of
this cross-sectional study was to determine whether measures of physical function are
independently associated with skeletal muscle fiber area, fiber type, capillary density, and
activity of an oxidative (citrate synthase) and a glycolytic (aldolase) enzyme, in elderly men
and women.

METHODS
Study participants

The participants included a sample of 39 older men and women who were originally
recruited for clinical studies conducted at the Wake Forest University J. Paul Sticht Center
on Aging, and who also agreed to undergo a muscle biopsy to determine the relationships
between physical function and skeletal muscle characteristics. The data reported here are
from the baseline assessments of individuals enrolled in 3 separate clinical studies - a
randomized, clinical trial of angiotensin converting enzyme inhibitor usage in chronic heart
failure (CHF) patients (n=22), and a pilot study of power training (n=8), and a cross-
sectional blood flow pilot study (n=9) in healthy (no evidence of chronic disease) older men
and women with mild self-reported disability. The CHF patients were all diagnosed with
isolated diastolic heart failure, defined as heart failure with normal systolic function (left
ventricular ejection fraction >50%) and no evidence of significant coronary or valvular heart
disease or pulmonary disease.
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All participants gave written informed consent to participate in the study according to the
guidelines of the WFU Health Sciences Institutional Review Board. All participants were
older (≥60 yrs), community-dwelling, sedentary (no regular exercise consisting of >15 min,
2 times/wk in the past 6 months), and non-smokers. They underwent a screening medical
exam and were excluded if they reported: 1) recent (within 6 months) history of stroke or
myocardial infarction, 2) inducible myocardial ischemia, 3) active treatment for cancer, 4)
peripheral vascular disease, 5) renal insufficiency, 6) uncontrolled diabetes or hypertension,
7) chronic obstructive pulmonary disease, 8) severe anemia, 9) liver disease, 10) orthopedic
impairment (presence of a prosthesis or prior knee/hip replacement), 11) presence of
pacemaker or defibrillator, or 12) cognitive impairment (MMSE<24). Measures of physical
function and a skeletal muscle biopsy were collected on all participants within a three week
window as described below.

Study assessments
Short physical performance battery (SPPB)—The SPPB consists of a timed short
distance walk, repeated chair stands and a balance test. Each of the performance measures is
assigned a score ranging from 0 to 4, with 4 indicating the highest level of performance and
0 the inability to complete the test. A summary score ranging from 0 (worst performers) to
12 (best performers) is calculated by adding all scores. The reliability of the SPPB is good,
with intra-class correlation coefficients above 0.88 for each of the individual components, as
well as the summary score (17).

Usual walking speed is assessed by asking participants to walk at their usual pace over a 4
meter course. The faster of two walks is used to compute walking speed as follows: unable
to perform the test=0; ≥8.7 sec=1; 6.2–8.6 sec=2; 4.8–6.1 sec=3; <4.8 sec=4. For the
repeated chair stands test, participants are asked to stand from a sitting position without
using their arms five times, as quickly as possible. The time to complete the task is scored as
follows: unable to perform the task=0; ≥ 16.7 sec=1; 13.7–16.6 sec=2; 11.2–13.6 sec=3;
≤11.1 sec=4. For the test of standing balance, participants are asked to maintain balance in
three positions: feet together (side by side), the heel of one foot beside the big toe of the
other (semi-tandem), and the heel of one foot in front of and touching the toes of the other
(full tandem). Participants are assigned a score of 1 if they can hold a side-by-side standing
position for 10 seconds, but are unable to hold a semi-tandem position for 10 seconds; a
score of 2 if they can hold a semi-tandem position for 10 seconds, but are unable to hold a
full-tandem position for more than 2 seconds; a score of 3 if they can stand in a full-tandem
position for 3 to 9 seconds; a score of 4 if they can stand in a full-tandem position for 10
seconds.

Disability questionnaire—Physical disability was measured using a 23-item, self-report
questionnaire which inquires about perceived difficulties in general activities of daily living
during the last month. Respondents answer whether they experience: 1) no difficulty, 2) a
little difficulty, 3) some difficulty, 4) a lot of difficulty, 5) unable to do or, 6) did not do for
other reasons, and answers are averaged across items.

Skeletal muscle biopsy
All biopsies were performed in the early morning after an overnight fast. Subjects were
asked to refrain from taking aspirin, prescription and over-the-counter non-steroidal anti-
inflammatory drugs, or other compounds that may affect bleeding, platelets, or bruising for
the week prior to the biopsy, and to refrain from any strenuous activity for at least 36 hours
prior to the biopsy. Muscle was obtained from the vastus lateralis using the percutaneous
needle biopsy technique with a University College Hospital needle under local anesthesia
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with 1% lidocaine. There were no medical complications or other reported adverse events
from the procedure.

Visible blood and connective tissue were removed from the muscle specimen, and portions
for enzymatic analysis (20–30 mg), capillary density (15 mg), and fiber typing (15 mg) were
partitioned. The enzymatic assay samples were snap frozen in liquid nitrogen and stored at
−80°C until analyses. The muscle portion used for histochemical analysis was oriented such
that the fibers ran longitudinally, mounted on cork in embedding medium (OCT compound,
Miles Laboratory, Naperville, IL), and frozen in isopentane cooled to its freezing point with
liquid nitrogen. The muscle portion for capillary density was placed in a histology cassette
and quick frozen in isopentane, which was first pre-cooled in liquid nitrogen for 20–30
minutes. The cassette was stored at −80°C and transported along with the sample for
enzymatic analyses on dry ice to the laboratories of Drs. Kraus and Annex.

The average yield for all biopsies was 150±20 mg; however, not all biopsies yielded a
sufficient amount or quality of tissue to perform all planned assays. As such, sample sizes
varied and were n=37 for fiber typing, n=34 for fiber area and capillary density, and n=23
for enzymatic analyses.

Fiber typing—Fiber type histological analyses were performed following published
procedures (18). Monoclonal antibodies against myosin heavy chain (MHC) were used to
identify muscle fiber subtypes. Muscle specimens were pinned to the bottom of a plastic box
and covered with OCT (embedding medium) and rapidly frozen in a container with
metylbutane on dry ice. Muscle sections of 10 μm thickness, obtained with a cryostat, were
mounted on a glass slide (~5 sections/slide). Slides were exposed to the primary antibody
(Novocastra, Newcastle, Tyne, UK; Alexis, San Diego, CA) at 1:20 dilution in PBS for 4-hr,
rinsed in PBS and exposed for another 4-hr in the secondary antibody (FITC conjugated IgG
rabbit anti-mouse, Sigma). Immunostained cross-sections were analyzed in an inverted
Axiovert microscope (Zeiss) equipped with fluorescence filters. Images were digitized using
a Photometric CCD camera and Isee software (Inovision, Durham, NC). The percent of
Type I and Type II fibers reported is based on fiber number and the different fibers are
counted using a code system. Results are from the mean of at least 10 cross-sections for the
Type I, and at least 10 cross-sections for the Type II, antibodies. The variability in the
number of a specific fiber subtype from section to section stained with the same antibody is
<2%.

Fiber area and capillary density—Endothelial cells were identified using
immunohistochemistry and cell specific monoclonal (CD31) antibodies. CD31 is a mouse
monoclonal antibody (Biogenex, cat #AM232-5M), designed for the specific localization of
human endothelium in normal and tumor tissue. Slides were brought to room temperature,
placed in ice-cold acetone for 2 min and PBS for 5 min. Blocking solution (10% horse
serum in PBS) was applied for 1 hr at room temperature. The primary antibodies were
applied for 1 hr followed by sequential incubation with a biotinylated anti-mouse IgG and
ABC reagent, according to the manufacturer’s specifications (Vectastain ABC kit, Vector
Laboratories). Levamisole was added to block endogenous alkaline phosphatase activity and
immune complexes were localized using the chromogenic alkaline phosphatase substrate
Vector Red (Vector Laboratories). When counterstained with hematoxolin, dehydrated and
mounted with Permount (Fisher Scientific), the antigen appears red and the nuclei blue. A
murine IgG monoclonal antibody served as a negative control. The stained slide of human
muscle was placed on the Olympus 1x70 microscope and transferred onto a computer screen
at a magnification of 100x through an Optronics Engineering DEI-750 camera to the Adobe
Premiere 4.2.1 program. Within this program the image of the muscle fiber was captured
and saved to the Adobe Photoshop LE program, then opened into the NIH Image 1.6/ppc
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program. In the NIH Image program the individual muscle fiber was outlined and the total
area was calculated. Capillary density (mean number of capillaries/muscle fiber) was
measured by counting endothelial cells and muscle fibers in at least three random 100x
magnification fields per sample. A minimum of 100 muscle fibers was counted. Intra-
observer variability on samples chosen for blind repeat analysis was 5% (19).

Citrate synthase and aldolase enzyme activity—The citrate synthase and aldolase
enzyme assays were performed as previously described (19). Briefly, frozen tissue samples
(20–30 mg) were homogenized in a phosphate buffer (pH 7.4) containing 0.02% bovine
serum albumin (BSA), 5 mmol/L B-mercaptoethanol, and 0.05 mmol/L EDTA and diluted
(1:100) in 20 mmol/L imidazole buffer with 0.02% BSA (20). Citrate synthase activity was
detected fluorometrically and aldolase was measured per established kinetic assays (19). In
our laboratory, the coefficient of variation for each of these enzyme assays is <5%.

Statistical analyses
Statistical analyses were performed using SAS 9.1 (SAS Institute, Cary, NC). All data are
presented as mean ± standard deviation and the level for statistical significance was set at
α=0.05. Pearson’s correlation coefficients were calculated to describe pair-wise
relationships between variables. The Student’s t-test was used to compare between group
differences (such as between men and women and between SPPB ≤9 and SPPB >10 groups).
Linear regression analysis was used to examine the association between physical function
and skeletal muscle characteristics after adjustment for age, BMI, and CHF status.

RESULTS
Relationships between demographic and skeletal muscle characteristics

Participant physical characteristics, co-morbidities, and physical function are shown in
Table 1. There was a wide range in age, body mass, and physical function, especially in
walking speed (nearly 3-fold difference) and chair rise time (nearly 5-fold difference). Table
2 shows the measures of vastus lateralis fiber area, capillary density, citrate synthase and
aldolase enzyme activities, and fiber type.

Older persons had lower fiber area (R=−0.41, p=0.02), lower percentage of Type II fibers
(R=−0.33, p=0.05), and lower aldolase activity (R=−0.54, p=0.01). Only citrate synthase
(R=0.54, p=0.01) and aldolase (R=0.51, p=0.01) activities were related to BMI such that
more obese persons had higher activities of these enzymes. Women had smaller relative
number of Type II fibers (0.56±0.09) compared with men (0.64±0.11, p=0.04). There were
no gender differences in any other skeletal muscle characteristics.

Relationships between physical function and skeletal muscle characteristics
Table 3 shows pair-wise correlation coefficients between measures of physical function and
skeletal muscle characteristics. Overall, better function was associated with higher fiber
area, capillary density, and citrate synthase and aldolase activities. Specifically, persons who
reported greater difficulty with daily activities (i.e., higher disability score) had lower
capillary density (p=0.03) and lower citrate synthase activity (p=0.03). Walking speed was
directly related to fiber area, capillary density, citrate synthase and aldolase activities (all
p<0.05; Fig. 1a–d). The time to rise from a chair five times was inversely related to aldolase
activity (p=0.03). There were no apparent sex interactions between muscle characteristics
and physical function, and the direction of the relationships were consistent between men
and women (data not shown).
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We also analyzed whether skeletal muscle characteristics differed between participants with
SPPB scores ≤9 (lower function, n=13) or ≥10 (higher function, n=21). Only capillary
density was significantly different between these two groups (low SPPB: 329±111; high
SPPB: 411±65; p=0.03).

Next, linear regression analyses were used to examine whether the relationships between
usual walking speed and skeletal muscle characteristics were independent of age, BMI, and
CHF status. Results showed that walking speed was not related to fiber area, aldolase
activity or fiber type after adjusting for these confounding variables. However, walking
speed remained significantly related to capillary density and citrate synthase activity
independent of age, BMI and CHF status (Table 4).

DISCUSSION
The purpose of this study was to examine whether clinical measures of physical function
were related to metabolic and histologic properties of skeletal muscle in older individuals.
Results showed that, overall, better physical function, including a self-report measure of
disability, was associated with higher muscle fiber area, capillary density, and citrate
synthase and aldolase activities measured in biopsy samples taken from the vastus lateralis
of men and women aged 60–85 years old. Of the skeletal muscle properties we analyzed,
capillary density and citrate synthase activity showed the strongest and most consistent
associations with physical function in these individuals. In our adjusted analyses, both of
these biological measures were independent predictors of usual walking speed, accounting
for approximately 21% of the variance in walking speed after adjustment for age, BMI and
CHF status. Whether this association is strong enough that increases in capillary density or
citrate synthase activity would translate into a clinically relevant, or physiologically
meaningful, increase in walking speed remains to be determined.

The current study is unique in its analyses of the relationship between clinically meaningful
measures of physical function and intrinsic characteristics of skeletal muscle. There are only
a few prior studies that report a relationship between physical abilities and skeletal muscle
characteristics, and most of this work links peak aerobic capacity (VO2peak) and/or exercise
tolerance with muscle fiber type and oxidative capacity. For example, exercise time and
VO2peak correlated positively with capillary density and slow-twitch fiber area in elderly
PAD patients (21), and VO2peak was related to muscle fiber area (22) and capillary density
and oxidative enzyme activity (including citrate synthase) (19, 23, 24) in CHF patients. In
addition, VO2peak was related to citrate synthase activity in young women (25), and in
healthy men of a wide age range (26), although in the latter study, this relationship was only
evident in the gastrocnemius, but not the vastus lateralis, muscle.

Previous studies have also shown that greater muscle strength is associated with larger
overall and fast-twitch fiber area, and with a greater proportion of fast-twitch fibers (13, 27–
29). Moreover, a more recent study showed that usual walking speed was inversely related
to the percentage of fast-twitch muscle fibers in the paretic leg of stroke patients (30). The
results of the current study extend these findings to show that usual walking speed, time to
rise from a chair repeatedly, and even self-reported difficulty with daily tasks, are associated
with skeletal muscle capillary density, and glycolytic and oxidative enzymes.

The inverse relationships we observed between age and total fiber area, relative number of
fast-twitch fibers, and aldolase activity are consistent with existing data which show age-
related differences in several properties of skeletal muscle. Type II fibers are those most
consistently affected by age, with older persons observed to have a lower area and relative
number of these fibers (both Type IIA and IIB) compared to younger persons (8, 11, 31, 32).
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Our data show that this relationship is still evident even within a group of older adults (i.e.,
≥60 yrs). However, these results need to be interpreted in light of the fact that we did not
discriminate between Type IIA and IIB fibers; and, in humans, Type IIA fibers can be more
oxidative than Type I fibers (33).

Several enzymes (mainly those associated with aerobic energy production) are reported to
be lower in skeletal muscle of older persons (9, 34). We observed only a trend for a
relationship between citrate synthase and age, but other studies show that citrate synthase
activity is lower in older compared to younger individuals (13, 14, 35–38). In addition, as
with others (35–38), we saw large variability in the values we observed for citrate synthase
(0.02–0.18 μmol/min/μg protein) in this sample of older individuals, suggesting that there
are factors other than age that contribute to variability in oxidative capacity of skeletal
muscle. For example, although Pastoris et al. observed a negative relationship between age
and vastus lateralis citrate synthase, the range of citrate synthase within their 60–85 yr olds
was quite similar to our data (0.02–0.12 μmol/min/μg protein) (37). Our values are also
consistent with other reported citrate synthase values of older healthy persons (39) and those
with heart failure (24) who are sedentary.

The mean (377±98 number/mm2) and range (151–536 number/mm2) of capillary density we
observed is reflective of our combination of men and women, and healthy and heart failure
older persons, and these values are quantitatively similar to that of the capillary density
reported in other studies of older, sedentary persons (15, 16, 23, 39). For example,
Magnusson et al. reported the vastus lateralis capillary density of older healthy persons and
CHF patients to be 370±63 and 277±55 number/mm2, respectively (23). However, although
other studies have shown that capillary density is inversely related to age among individuals
of a wide age range (14–16, 40), our data did not confirm this relationship within our sample
of 60–85 yr olds.

It is known that aerobic exercise training can affect the intrinsic properties of skeletal
muscle (41). Therefore, one of the limitations of the current study was the lack of an
objective or self-reported measure of physical activity and/or of aerobic fitness. However,
our study included only sedentary individuals who reported no purposeful exercise,
including walking, and did not include active older persons whereby fitness level would
affect the associations. Moreover, while there may have been individual differences in daily
physical activity (household chores, errands, caretaking), these differences are also unlikely
to account for the relationships we observed between physical function and muscle
characteristics, since these types of activity are not considered intense enough to elicit
adaptations in physical function. Another limitation of the study is that the cross-sectional
design prevents interpretation of the results regarding causality. Moreover, the nature of our
study sample was such that over one-half of the participants had CHF. There are well-known
effects of CHF on exercise intolerance/physical abilities (42) and there is emerging evidence
that skeletal muscle characteristics, particularly capillary density, is also affected by CHF
status (19). However, since walking speed remained significantly related to capillary density
and citrate synthase activity after adjustment for CHF status, our data suggest that these
associations were not confounded by the high prevalence of CHF in our sample.

CONCLUSIONS
This study reports novel data demonstrating that skeletal muscle capillary density and
metabolic enzymatic activity are independently associated with clinical measures of physical
function in the elderly. Although there is no way from our cross-sectional design to
determine that the functional outcomes are a direct result of skeletal muscle properties, these
observations, coupled with previously published data showing age differences in properties
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of muscle tissue, suggest that specific skeletal muscle abnormalities may constitute a
biological pathway contributing to the onset of disability in the elderly.
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Fig. 1.
Fig. 1a–d - Scatterplots of the relationships between Walking Speed and Fiber Area (a),
Capillary Density (b), Citrate Synthase (c), Aldolase Enzyme Activities (d).
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Table 1

Physical characteristics, comorbidity, and physical function of the study sample.

Mean±SD Range n

Age (yrs) 71±7 60–85 39

Gender (% Female) 67% 39

Comorbidity (%) 39

 Chronic heart failure 56%

 CHD history 10%

 Diabetes 23%

 Cancer history 7%

Body mass (kg) 79.4±15.0 50.8–108.9 39

BMI (kg/m2) 28.9±5.4 19.4–39.3 39

Self-reported disability* 1.61±0.57 1.00–2.74 24

Walking speed (m/s) 1.14±0.23 0.63–1.83 38

Chair rise test (s) 15.1±6.3 8.0–39.6 36

SPPB score (0–12) 10.2±1.5 6–12 35

*
Self-reported disability scale from 1 (no difficulty) to 5 (unable to perform).
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Table 2

Intrinsic skeletal muscle (vastus lateralis) characteristics of the study sample.

Mean±SD Range

Fiber area (μm2) 5018±1259 2562–8372

Capillary density (number/mm2) 377±98 151–536

Citrate synthase activity (μmol/min/μg protein) 0.086±0.033 0.020–0.183

Aldolase activity (μmol/min/mg protein) 0.269±0.107 0.033–0.498

Fiber type

 % Type I, slow twitch 42±12 20–74

 % Type II, fast twitch 58±12 26–80

n=34 for fiber area and capillary density; n=22 for enzyme activities; n=37 for fiber type.
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