
Age-related Differences in Lower Extremity Tissue
Compartments and Associations with Physical Function in Older
Adults

Thomas W. Buford1,*, Donovan J. Lott2, Emanuele Marzetti1,3, Stephanie E. Wohlgemuth4,
Krista Vandenborne2, Marco Pahor1, Christiaan Leeuwenburgh1, and Todd M. Manini1,*

1Department of Aging and Geriatric Research, University of Florida, Gainesville, FL, USA
2Department of Physical Therapy, University of Florida, Gainesville, FL, USA
3Department of Orthopedics and Traumatology, Catholic University of the Sacred Heart, Rome,
Italy
4Department of Animal Sciences, University of Florida, Gainesville, FL, USA

Abstract
The lower extremities are important to performing physical activities of daily life. This study
investigated lower extremity tissue composition, i.e. muscle and fat volumes, in young and older
adults and the relative importance of individual tissue compartments to the physical function of
older adults. A total of 43 older (age 78.3 ± 5.6 yr) and 20 younger (age 23.8 ± 3.9 yr) healthy men
and women participated in the study. Older participants were further classified as either high- (HF)
or low-functioning (LF) according to the Short Physical Performance Battery (SPPB). Magnetic
resonance images were used to determine the volumes of skeletal muscle, subcutaneous fat (SAT),
and intermuscular fat (IMAT) in the thigh (femoral) and calf (tibiofibular) regions. After adjusting
for the sex of participants, younger participants had more femoral muscle mass than older adults (p
< 0.001 for between group differences) as well as less femoral IMAT (p = 0.008) and tibiofibular
IMAT (p < 0.001). Femoral muscle was the only tissue compartment demonstrating a significant
difference between the two older groups, with HF participants having 31% more femoral muscle
mass than LF participants (mean difference = 103.0 ± 34.0 cm3; p = 0.011). In subsequent
multiple regression models including tissue compartments and demographic confounders, femoral
muscle was the primary compartment associated with both SPPB score (r2 = 0.264, p= 0.001) and
4-meter gait speed (r2 = 0.187, p= 0.007). These data suggest that aging affects all lower extremity
compartments, but femoral muscle mass is the major compartment associated with physical
function in older adults.
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1. Introduction
Advancing age is a significant risk factor for the development of physical disability.[1, 2]
While the etiology of disability is complex, age-related changes in body composition are
considered important predictors of functional decline.[3, 4] Indeed, age-related declines in
muscle mass – i.e. sarcopenia – and increases in adipose tissue mass each contribute to
declines in physical function among the elderly.[4–6] While several studies have
demonstrated associations between physical function and whole-body tissue composition,
recent studies have largely focused on tissue changes in the lower extremities due to their
importance in performing most daily tasks.[7–9]

Many of these studies have utilized dual energy x-ray absorptiometry (DEXA) to quantify
total muscle and total adipose tissue. More recently however, increasing numbers of
investigators have utilized either computed tomography (CT) or magnetic resonance
imaging (MRI) to quantify tissue volumes and further divide adipose tissue depots into
subcutaneous (SAT) and intermuscular (IMAT) compartments.[5, 10–13] However, these
studies have almost exclusively utilized the thigh (femoral) region — thus data regarding
age-related changes in the composition of the calf (tibiofibular) region and its importance to
function are scarce. The paucity of data in this area is surprising given the importance of the
plantar- and dorsi-flexor muscles to gait and balance.[14] Recent studies have demonstrated
the importance of the tibiofibular muscles to the function of older patients with peripheral
vascular disease.[15, 16] However, little information is available regarding the contribution
of these muscles to the function older adults without overt vascular disease. Over 15 years
ago, Posner and colleagues [17] reported that calf muscle strength was positively associated
with the ability to perform activities of daily living (ADLs), including a gait and balance
test. However, this group did not collect any measure of tissue composition. To our
knowledge, Lauretani and colleagues [18] are the only group to report age-related changes
in tissue composition of the tibiofibular region. Comparing persons in their 20’s to those
between ages 75–85, these investigators reported relatively modest declines in calf muscle
cross-sectional area of 0.33 cm2/year for men and 0.14 cm2/year for women and that this
measure was a weak and inconsistent predictor of mobility limitation. However, these
findings have not been either supported or refuted by subsequent study. Moreover, this study
did not utilize any measure of muscle fat infiltration, an important contributor to functional
performance.[5, 11]

Therefore, the objective of the present study was to add to the literature regarding the
relationship between lower extremity tissue composition and physical performance in older
adults. Further information in this area is important for continuing to optimize strategies to
maintain physical function and prevent disability during advanced age. For example, one
study previously showed that exercise increases muscle and decreases IMAT in the thigh
region of older adults.[13] More recently, it was shown that the addition of diet-induced
weight loss was more efficacious for inducing these changes in overweight to moderately
obese older adults.[19] No study to date has examined the efficacy of such interventions on
the tissue composition of the tibiofibular region. In our opinion, this fact is likely because
the importance of this region to functional performance is largely unknown.

In this study, we compared femoral and tibiofibular muscle, SAT, and IMAT volumes
between young adults and older persons classified as either high- or low-functioning using a
standardized test – the Short Physical Performance Battery (SPPB). We hypothesized that
advanced age would be associated with less skeletal muscle mass and more fat (SAT,
IMAT, or both) within both the femoral and tibiofibular regions. Furthermore, we aimed to
evaluate the relationship of these tissue compartments to the overall physical function of
older adults.
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2. Methods
2.1 Participants

Sedentary men and women over 70 years of age or between the ages of 18 and 35 years
were recruited to participate in this study. The exclusionary criteria were a history of
smoking in the prior 12 months, regular performance of structured exercise, active treatment
for cancer or history of cancer in prior 3 years, congestive heart failure NYHA Class III or
IV, previous stroke with upper and/or lower extremities involvement within prior 6 months,
peripheral vascular disease Fontaine Class III/IV, history of life-threatening cardiac
arrhythmias, stroke, cognitive impairment (i.e., Mini-Mental State Examination score ≤23),
severe neurological disorders including Parkinson’s disease, renal disease requiring dialysis,
lung disease requiring chronic steroid treatment, lower extremity amputation, severe
osteoarthritis interfering with physical function, complicated diabetes, inflammatory
diseases such as active rheumatoid arthritis, vasculitis, autoimmune disorders, and
inflammatory bowel disease, and life-threatening illnesses with an estimated life expectancy
less than 1 year. Prior to enrollment in the study, all participants provided written informed
consent based on documents approved by the University of Florida Institutional Review
Board.

2.2 Screening Procedures
Recruitment was performed by the Recruitment Core of the University of Florida Claude D.
Pepper Older Americans Independence Center. Participants were recruited through a variety
of methods including media articles, direct mailings, newspaper announcements, and
presentations to community groups. Following telephone screening, potentially eligible
persons were invited to attend a screening visit during which the purposes and procedures of
the study were explained and informed consent was obtained. After the participant provided
consent, a general assessment was performed that included questionnaires to collect
information regarding medical history, cognitive function (i.e. Mini-Mental State
Examination), and self-reported disability, as well as a brief physical exam to determine
participant height, weight, and body mass index (BMI).

2.3 Short Physical Performance Battery
To assess physical function, the SPPB test was performed. The SPPB test is scored on a
scale of 0–12, with higher scores indicating a higher level of function.[20] Older participants
in this study were stratified into high- and low-functioning groups based on their
performance on the SPPB. Participants were considered high-functioning if they scored ≥ 11
on the SPPB, while low-functioning participants were included if they scored ≤ 7. We chose
the lower cut-off because of its clinical relevance as SPPB scores ≤ 7 are associated with
adverse outcomes including disability, hospitalization, and mortality.[21–23]

The SPPB is composed by three subtasks: usual gait speed, standing balance and chair stand
tests. Usual gait speed was measured as the best performance (in meter/second) of two trials
on a four meter (4m) course at the subject’s self-selected pace. For the standing balance test,
participants were asked to stand in three progressively more difficult positions for 10
seconds each: a side-by-side feet standing position, a semi-tandem position and a full
tandem position. For the chair stand test, participant were asked to perform 5 repetitions of
standing up and sitting down from a chair without using hands and the performance was
timed. In addition to recording the absolute time taken to perform the chair stand and 4m
walk portions of the SPPB, each of the three tasks were categorized into a five-level score,
with zero representing inability to do the test and four representing the highest level of
performance. Gait speed was also determined from the walk time during the 4m test.
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2.4 Magnetic Resonance Imaging
T1-weighted magnetic resonance imaging (MRI) was used to quantify tissue volumes of the
femoral and tibiofibular regions of the dominant leg. Images were obtained using a Phillips
3.0 Tesla magnet (Philips Medical Systems, Bothell, WA). Three dimensional (3D) data
were collected using a fast gradient-echo sequence, with TR=100 ms, TE=10ms, flip angle
of 30 and a chemically-selective fat suppression was utilized. Images were acquired with an
encoding matrix of 256×256, field of view of 16–24 cm and 7 mm slice thickness. The
femoral images were collected using the body coil while tibiofibular images were collected
using an 8-channel sensitivity encoding, receive-only extremity coil. All images were
exported and analyzed on a separate workstation. For image analyses, 11 contiguous axial
slices (10-mm thickness) were selected beginning at the maximal cross-sectional area of the
thigh and five continuous axial slices were selected beginning at the maximal cross-sectional
area of the tibiofibular region. For each region, muscle, SAT, and IMAT were measured
volumetrically.

Images were analyzed using the freely-available software program MIPAV (version 1.3;
Medical Image Processing, Analysis and Visualization, Center for Information Technology,
National Institutes of Health, Bethesda, MD http://mipav.cit.nih.gov). To quantify muscle
fat infiltration, IMAT was defined as the visible low-signal intensity pixels between muscle
groups and within muscle fascia. The image segmentation process was performed using a
non-parametric, non-uniform intensity normalization (N3) algorithm that corrects smoothly
varying shading caused by poor radiofrequency coil uniformity or gradient-driven eddy
currents.[24] This step is essential for subsequent analyses that assume images are
homogeneous. Next, a volume of interest was created for bone and the fascia lata. The
technical error of drawing the fascia lata border, separating IMAT and SAT, in our
laboratory is CV=0.26% (n=10). Once the bone and the SAT were removed, muscle and
IMAT were segmented using pixel signal intensities. Choosing a pixel intensity that
uniquely identifies muscle and adipose tissue is a subjective process and a major drawback
in traditional MR image processing. Therefore we chose to use automated pixel clustering
using fuzzy-c-means. This process clusters pixels on a membership function determined by a
specified number of classes (e.g. muscle, adipose tissue and background). The function
compares pixel intensities to a membership value of 0 or 1. If the pixel intensity is close to
the centroid (median point) of the specified class then it receives a score of 1. Pixel
intensities far from the centroid receive values close to zero. Both the membership function
and centroids are derived through an iterative process. Comparisons between hand-traced
and fuzzy-c-mean segmentation show strong correlations for muscle (r = 0.99) and adipose
tissue (r = 0.93) segmentation. More importantly, this approach removes subjectivity by
clustering pixels algorithmically thus improving reproducibility for identifying muscle and
adipose tissue pixels.

2.5 Statistical Analyses
Data were analyzed using SPSS software (version 19 for Windows, Chicago, IL) and an
alpha level of 0.05 was set to determine statistical significance. Data were initially analyzed
for normality of distribution and homogeneity of variance and descriptive statistics were
then calculated. Continuous descriptive variables were analyzed by analysis of variance
(ANOVA), and categorical descriptive variables by the chi-square test. Measures of
disability and functional status were only collected for older participants and thus were
analyzed by independent samples t-test. Tissue volumes for femoral and tibiofibular regions
were analyzed by one-way analysis of covariance (ANCOVA) with group as the
independent factor and sex as a covariate. Additionally, to account for differences in limb
size, tissue volumes were also analyzed by ANCOVA as a percentage of total region
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volume. All post-hoc analyses were conducted using Boneferroni’s correction for multiple
comparisons.

Pearson’s correlation coefficient (r) was determined to assess associations between tissue
compartments and gait speed. Because SPPB was non-normally distributed, the correlation
of SPPB to tissue compartments was determined using Spearman’s rank correlation
coefficient (ϱ). Finally, using the stepwise procedure, linear regression models were created
using absolute tissue volumes to predict SPPB and 4m gait speed due to the established
clinical relevance of these outcomes. The stepwise procedure computes a series of F tests to
determine the optimal model; variables were entered into the model at p ≤ 0.05 and removed
from the model at p ≥ 0.10. Age and sex as well as muscle, IMAT, and SAT for both the
femoral and tibiofibular regions were considered for inclusion in the models. To account for
differences in limb size, the total volume of the femoral and tibiofibular images was also
included.

3. Results
A total of 63 persons participated in the study, including 43 older and 20 young men and
women. The majority of the sample was Caucasian (n= 57) and was nearly evenly split
between males (n= 33) and females (n= 30). No significant differences were observed for
height, weight, BMI, or sex composition of the three groups. However, older participants in
LF were on average 5 years older than those in the HF group (Table 1). In accordance with
their performance on the SPPB, LF participants reported significantly more limitations in
performing activities of daily living than did the HF group (p < 0.001). Moreover, average
gait speed of the HF group was more than 0.4 m/sec greater than that of the LF group,
indicating a clinically meaningful difference.[25]

Tissue composition data via MRI are available for 58 of the 63 study participants (Young,
n= 19; HF, n=24; LF, n=15). MRI data were not available for 5 participants due to
equipment difficulties and/or poor image quality. In general, young participants had more
muscle mass and less IMAT (in both regions) than older participants, while the HF group
displayed the least SAT among the three groups (Figure 1). Within the femoral region, a
significant difference was observed across the three groups for IMAT (p = 0.008), and
muscle (p < 0.001) volumes (Figure 2A). Both age and functional status were associated
with differences in femoral muscle mass, while only age was associated with differences in
femoral IMAT. A trend (p = 0.076) toward significance was observed across groups for the
femoral SAT compartment as the HF displayed the least SAT. However when expressed
relative to the total volume of the femoral region, a significant effect was observed across
groups (p = 0.002) as SAT of the LF group composed a larger percentage of the region
volume compared to young (p = 0.005) and HF (p = 0.003) groups (Figure 2B).

With regard to absolute tissue volumes in the tibiofibular region, a significant effect across
the three groups was observed for only IMAT (p = 0.001). This group effect was associated
only with age as no significant difference was observed between HF and LF groups. A trend
toward significance across groups (p = 0.083) was observed for tibiofibular muscle due to a
lower group mean in the LF group. After correcting for the total volume of the tibiofibular
region, this effect was significant (p < 0.001) as muscle of the LF group composed a lesser
percentage of the region volume compared to the young (p < 0.001) and HF (p = 0.001)
groups.

Femoral muscle mass was the only tissue compartment significantly correlated with SPPB
score (ϱ = 0.43, p = 0.006, Figure 3). A trend was observed, however, for tibiofibular muscle
mass (ϱ = 0.27, p = 0.099) (Figure 3). Likewise, femoral muscle was the only compartment
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significantly associated with gait speed (r = 0.43, p = 0.0007). Tibiofibular muscle mass was
only modestly associated with gait speed (r = 0.23, p = 0.155) (Figure 4). In agreement with
the findings of the correlation analyses, stepwise regression models indicated that femoral
muscle was the only significant contributor to the final models of both SPPB and gait speed
(Tables 2a and 2b). These analyses suggest that femoral muscle volume explains
approximately 26% of the variance in SPPB score and 19% of the variance in gait speed.

4. Discussion
This cross-sectional study of lower extremity tissue composition and functional performance
found that older adults classified as LF according to the SPPB have significantly less muscle
mass in the femoral region than their HF peers and young adults. In contrast, we did not
observe significant differences among groups for the absolute muscle volume in the
tibiofibular region. We also observed age-related differences for IMAT in both the femoral
and tibiofibular regions, but these differences did not exist between the functionally-distinct
groups of older adults. No significant differences existed between groups for SAT in either
region unless adjustments were made for total region volume. When all compartments were
considered together using multiple regression, muscle mass of the femoral region was the
primary predictor of physical performance among the older participants.

These findings are important for several reasons. First, this is the first study to directly
compare the tissue compositions of the femoral and tibiofibular regions in young adults and
older persons with contrasting levels of physical function. In recent years, investigators have
developed sizable interest in the effects of age on lower extremity tissue composition due to
the importance of the limbs in maintaining functional capabilities such as mobility.
Numerous studies have demonstrated the importance of total lower extremity muscle and
adipose tissue masses in the physical function of older adults.[4, 6, 7, 26–29] However, our
data indicate that the compositions of the proximal and distal leg regions differ in their
associations with age. Moreover, muscle mass of the femoral region appears to be a stronger
contributor to physical function of older adults than does tibiofibular muscle. Knowledge of
these differences is critical to optimizing interventions designed to maintain leg muscle and
limit adipose tissue accumulation in older adults.

Our data demonstrate that the mass of the proximal leg muscles predicts physical function
among older adults. Subsequently, interventions (e.g. exercise training) designed to maintain
function in advanced age may be best served by preferentially targeting these muscle
groups. Our results are in agreement with previous work by others who reported that thigh
muscle mass was an important predictor of functional capacity, [5] but that calf muscle mass
was a weak predictor of lower extremity performance in older adults.[18] Our findings are,
however, in contrast with those of Posner et al. [17] who previously reported that calf
muscle strength was a stronger predictor of functional task performance than strength of the
quadriceps or hamstrings. The disparate results of previous studies and the present one may
be at least partially because the relationship between muscle mass and muscle strength is not
perfectly linear since motor neuron dysfunction and the infiltration of fat into muscle may
impair muscle strength to a greater degree than muscle atrophy alone.[30]

The infiltration of fat into muscle, known as myosteatosis, is increasingly recognized as an
important component of physical function as well as metabolic disease in the elderly.[5, 31–
34] The findings of the present study are in agreement with previous observations which
indicated that the quantity of lower-extremity IMAT increases significantly with advanced
age.[12, 35] Delmonico et al. [25] reported 5 year increases in mid-thigh IMAT of 35–75%
in men and 17–50% in women aged 70–79 years. Similarly, we observed age-related
differences of over 20% in femoral IMAT. These differences were even more dramatic in
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the tibiofibular region as we observed age-related increases in IMAT of over 40%. Despite
these remarkable age-related differences, these changes in IMAT were not associated with
functional status. This finding is somewhat surprising given that previous studies have noted
that fat infiltration of muscle was associated with declines in skeletal muscle strength, [31]
future self-reported mobility limitations, [5] and risk of hospitalization.[10] It is possible
that our small sample size limited our ability to detect differences in these compartments.
However, this discrepancy may also be due to the fact that the previous cohort studies
utilized computed tomography to determine muscle attenuation, a measure of fat infiltration
that reflects intramuscular fat, rather than IMAT. It is possible that that intramuscular fat, or
that which infiltrates within the myocyte, is more detrimental to muscle function than IMAT
but more investigation is needed. Therefore, a simultaneous comparison of age-related
changes in intra- and inter-muscular fat and their associations with functional performance is
warranted.

An additional finding of our study is that, across both regions SAT does not differ between
study groups. We speculate that aging per se may not have the same effects on SAT that it
does on IMAT. Delmonico et al. [25] previously demonstrated that while over 5 years older
adults experienced annual increases in IMAT of 29% (women) to 49% (men), they
displayed 2% decreases in SAT. Moreover, this group noted that the changes in SAT were
largely driven by changes in total body mass (i.e. those who lost weight lost SAT and vice
versa). Our results are interesting from the standpoint that, though not statistically
significant, the volume of SAT was smaller in the HF than young participants. This
difference disappeared completely after adjusting for total femoral volume. Moreover, after
this adjustment the SAT of the LF group constituted a significantly greater percentage of the
femoral volume compared with the other two groups. These results indicate that
measurements of SAT in the femoral region may be more meaningful if expressed in a
manner that takes into account the volume of other tissues, particularly muscle. Further
exploration is needed, however, to discover the true utility of this method.

The present study has several important strengths. Indeed, this study is among the first to
directly compare age-related differences in muscle and adipose tissue compartments in both
the femoral and tibiofibular regions. Moreover, ours is the first study to include each of
these tissue compartments in assessing their relative importance to the functional
performance of older adults. Despite its strengths, the present study is not without
limitations. Most notable is the inherent limitation of the cross-sectional design that it does
not allow for causal inferences to be drawn regarding the relationship between muscle mass
and physical function. It remains possible that declines in functional performance among the
LF group occurred prior to the onset of significant muscle atrophy. Secondly, the small
sample size in this study makes it susceptible to type II error. Finally, although the
participants were all sedentary, subtle differences in daily physical activity could contribute
to differences in functional outcomes and were not accessed.

In conclusion, our data suggest that age-related differences in lower extremity tissue
composition conflict between the femoral and tibiofibular regions. Furthermore, muscle
volume of the femoral region appears to be more strongly associated with physical function
in older adults than do tibiofibular muscle volume and adipose tissue compartments. These
findings are relevant to both researchers and clinicians interested in preventing or treating
functional decline among older adults. Future prospective studies are needed to determine
optimal methods for maintaining muscle mass and physical function of older adults,
particularly those who are already functionally-limited. Additionally, these results may have
important implications in the development of a widely-accepted clinical definition of
sarcopenia.
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Highlights

• Femoral muscle mass differed across age groups and functional statuses.

• Femoral muscle volume was associated with physical function of older adults.

• Tibiofibular muscle volume was not significantly associated with function.

• Advanced age was associated with elevated intermuscular adipose tissue
(IMAT).

• IMAT did not differ between high- and low-functioning older adults.
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Figure 1.
Representative magnetic resonance images of the femoral region collected at 3T from A)
young B) high-functioning older, and C) low-functioning older study groups.
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Figure 2.
Volumes of skeletal muscle, subcutaneous adipose tissue (SAT), and intermuscular adipose
tissue (IMAT) in the femoral and tibiofibular regions expressed A) in absolute terms (cm3)
and B) as a percentage (%) of total region volume. Columns represent group sex-adjusted
means, error bars indicate standard error. Groups sharing a common symbol (i.e. a, b, or c)
were not significantly different at α = 0.05. High Fxn = High-functioning older adults; Low
Fxn = Low-functioning older adults. Functional status of older adults was determined based
on the participants’ score on the Short Physical Performance Battery (SPPB).
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Figure 3.
Scatterplot demonstrating the linear relationships, including Spearman’s correlation
coefficient, between lower extremity skeletal muscle volumes and score on the Short
Physical Performance Battery among high- and low-functioning older adults.
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Figure 4.
Scatterplot demonstrating the linear relationships, including Pearson’s correlation
coefficient, between lower extremity skeletal muscle volumes and self-selected gait speed
among high- and low-functioning older adults.
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Table 1

Descriptive characteristics and measures of physical function

Young (n=20) HF (n=25) LF (n=18) P-value for group difference

Age, years 23.8 ± 3.9a 76.4 ± 5.7b 81.1 ± 4.1c < 0.001*

Height, m 1.7 ± 0.1a 1.7 ± 0.1a 1.6 ± 0.1a 0.128

Weight, kg 73.2 ± 13.7a 75.6 ± 16.3a 76.0 ± 12.7a 0.801

BMI, kg/m2 25.0 ± 5.1a 26.6 ± 3.7a 28.1 ± 4.3a 0.093

Female, % (n) 50.0 (10)a 36.0 (9)a 61.1 (11)a 0.258

MMSE score 29.2 ± 1.0a 28.5 ± 1.7a 27.9 ± 1.7a 0.071

Co-morbid conditions† 0.1 ± 0.2a 0.4 ± 0.6a,b 0.7 ± 0.7b 0.003*

Self-reported ADL limitations, # N/A 0.8 ± 1.7 6.3 ± 4.6 < 0.001*

SPPB Total Score N/A 11.4 ± 0.5 6.1 ± 1.3 < 0.001*

Chair stands sub-score N/A 3.4 ± 0.5 0.8 ± 0.6 < 0.001*

Balance test sub-score N/A 4.0 ± 0.0 2.6 ± 1.3 < 0.001*

4m walk test sub-score N/A 4.0 ± 0.2 2.7 ± 0.8 < 0.001*

Gait speed (m/sec) N/A 1.10 ± 0.19 0.67 ± 0.13 < 0.001*

Values are mean ± standard deviation unless otherwise noted.

Symbols (i.e. a, b, or c) indicate homogenous subsets. Groups sharing a common symbol are not significantly different at α = 0.05.

HF = High-functioning; determined by a score ≥ 11 on the Short Physical Performance Battery (SPPB)

LF = Low-functioning; determined by a score ≤ 7 on the SPPB

MMSE = Mini-Mental State Examination

N/A = not applicable

†
Includes prior myocardial infarction or stroke, diabetes, chronic lung disease, and osteoarthritis

Note: Young participants did not perform the Short Physical Performance Battery nor complete the disability questionnaire.
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