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Abstract: Background: High levels of intramuscular adipose tissue and low levels of capillarization are both
predicative of low muscle and mobility function in older adults, however little is known about their relationship.
Objectives: The purpose of this study was to examine the relationship of intramuscular adipose tissue and
capillarization in older adults. Setting: An outpatient medical center. Participants: Forty-seven sedentary adults
(age 59.9 + 1.0 years, BMI 32.0 = 0.7 kg/m?, VO, 224 + 0.7 ml/kg/min); Measurements: All participants
underwent CT scans to determine intramuscular adipose tissue and muscle biopsies to determine capillarization
in the mid-thigh. A step-wise hierarchical linear regression analysis was used to examine the contributions
of age, sex, race, body mass index, 2-hour postprandial glucose, VO, ., and muscle capillarization, to the
variability in intramuscular adipose tissue. Results: The predictors as a group accounted for 38.1% of the
variance in intramuscular adipose tissue, with body mass index and capillarization each significantly contributing
to the final model (P<0.001). The part correlation of body mass index with intramuscular adipose tissue was r
= 0.47, and the part correlation of capillarization with intramuscular adipose tissue was r = 0.39, indicating that
body mass index and capillarization explained 22.1%, and 15.2% of the variance in intramuscular adipose tissue.
Conclusions: While increased muscle capillarization is typically thought of as a positive development, in some
clinical conditions, such as tendinopathies, an increase in capillarization is part of the pathological process related
to expansion of the extracellular matrix and fibrosis. This may also be an explanation for the surprising finding
that high capillarization is related to high levels of intramuscular adipose tissue. Future studies are necessary to
determine the relationship of changes in both capillarization and intramuscular adipose tissue after interventions,

such as exercise.
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Introduction

Aging is associated with numerous muscular changes
including a loss of muscle strength and lean mass, and an
increase in muscle intramuscular fat (IMAT), also known as
myosteatosis (1). Changes in muscles composition are an
important factor related to metabolism, strength, and physical
function in older adults (1). Older adults with high levels of
IMAT often have insulin resistance, decreased muscle quality
and physical function, and an increased risk for future mobility
limitations (1, 2) . While the cause of increased IMAT is
currently unknown, comorbid conditions such as diabetes
and obesity, as well as inactivity and disuse all appear to
contribute (3). Likewise, lifestyle interventions such as weight
loss, exercise, and physical activity interventions appear to
ameliorate the accumulation, or even result in reductions in
IMAT 4) .

Capillarization in skeletal muscle is also an important
factor associated with metabolism and muscle function
in older adults (5). Low skeletal muscle capillarization is
associated with sarcopenia (6), increased insulin resistance
(7), and low physical function (8). Decreases in skeletal muscle
capillarization also occur with aging (9), sedentary behavior
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(10), and in co-morbid conditions such as diabetes (11).
Similarly, higher aerobic capacity is associated with increased
capillarization in skeletal muscle, and exercise may likewise
increase capillarization in previously sedentary older adults
(12). Due to the close proximity of IMAT with the skeletal
muscle, and the secretion of pro- and anti-angiogentic factors
from adipose tissue (13), IMAT may exert an influence on the
capillarization of a muscle.

It is reasonable to suspect that high levels of IMAT may
be related to decreased capillarization in skeletal muscle;
however, the relationship between the two variables has not yet
been examined. Understanding this relationship is important
for the effective development of treatment to both decrease
IMAT and increase capillarization in the muscle of older
adults. Therefore, the purpose of this paper is to examine the
relationship of IMAT and capillarization in the thigh muscle of
older adults. We hypothesize that low levels of capillarization
would be associated with high levels of IMAT.

Methods

This study was conducted as a secondary data analysis from
a previously published study (6). In brief, participants age
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45-80 who participated in studies examining the metabolic
responses to exercise or exercise and weight loss, and had
complete baseline data for muscle composition, exercise
capacity, and capillarization were included, resulting in 47
participants with an age range of 50-77 years for this study.
Only baseline data were used in this cross-sectional analysis.
Individuals were included in this study if they were non-
smokers who were weight stable (self-reported weight
change of <2.0 kg in the last year), sedentary (<20 minutes of
aerobic exercise two times per week), and free from diabetes
(confirmed with an oral glucose tolerance test), stroke, coronary
artery disease, heart failure, peripheral arterial disease, and
liver, kidney or lung disease. Health status was confirmed
in a physical examination performed by a physician or nurse
practitioner that included a medical history, fasting blood
chemistry, a graded maximal exercise test, and a two-hour
fasting oral glucose tolerance test. All participants signed
written informed consent approved by the University of
Maryland Baltimore Institutional Review Board.

Body Mass Index and Muscle Composition

Body mass index (BMI) was calculated as body weight
(kg) divided by the square of height (m?). Cross-sectional area
(cm?) of both high and low-density lean tissue was determined
utilizing computed tomography (CT). The methods have
previously been reported in detail (2). Briefly, participants
underwent a mid-thigh CT scan (Siemens Somatom Sensation
64 Scanner). High (HDLT) and low-density lean tissue (LDLT)
cross-sectional area of the thigh were determined using Medical
Image Processing, Analysis and Visualization (MIPAV, v 7.0,
NIH) software. (14) CT data for each muscle were expressed
as a cross-sectional area of tissue (cm?) using Hounsfield
units 30-100 for HDLT and 0-29 for LDLT. LDLT was
normalized to thigh size by calculating a percentage of LDLT
(% LDLT) relative to the sum of LDLT and HDLT (LDLT/
(LDLT+HDLT). As done previously, %LDLT was used as a
measure of IMAT (14).

Exercise Capacity

During a maximal graded treadmill exercise test, VO,
was measured by indirect calorimetry (Quark, Cosmed USA,
Chicago, IL) as previously described (12). In brief, participants
walked at a constant speed during the test with a starting
grade of 0%, the grade was increased every two minutes until
a maximal effort was achieved. VO,  was verified using
standard physiological criteria (i.e., respiratory exchange ratio
>1.10 or a plateau in VO, with increased workload).

Capillarization

Skeletal muscle capillarization was determined using
percutaneous muscle biopsies from the vastus lateralis. Using
a Bergstrom needle (Stille, Solna, Sweden), muscle samples
were obtained from 12-13 c¢m above the patella on the right
thigh (12). Muscle samples were embedded and rapidly frozen

in optimal cutting temperature-tragacanth gum mixture, then
stored at -80° C for histochemical analyses. Samples were
sectioned to a thickness of 14 ym on a cryostat, and capillaries
were identified using a modified double stain technique in
our laboratory as described previously (12). Three measures
of capillarization were obtained: 1) capillary density (CD:
the number of capillaries per mm? of muscle cross-sectional
area), 2) the capillary to fiber ratio (C:F: the number of whole
capillaries equivalents in contact with each muscle fiber) and
3) the capillary-to-fiber perimeter exchange index (CFPE: the
number of capillaries per millimeter of muscle fiber perimeter).
CFPE was chosen as the primary measurement for analyses
as it is thought to best represent the potential for blood-tissue
exchange (15).

Statistical Analysis

All statistical analyses were performed using SPSS Statistics
v. 22 (IBM, Armonk, NY). Data were ensured to meet the
assumptions of a normal distribution prior to all analysis.
Descriptive statistics were performed for demographic
variables and dependent measures and are presented as mean
+/- SEM. Pearson product-moment correlation analyses
were used to test for bivariate correlations between %LDLT,
muscle capillarization, age, BMI, 2-hr postprandial glucose
(G120), and exercise capacity. To assess the relationship of
capillarization and IMAT, individuals were divided into tertiles
of capillarization and the 1st and 3rd tertial were compared
using independent samples t-tests. The alpha level for analyses
was set at <0.05.

To further assess the relative contributions of demographic
variables (age, sex, race, BMI, G120), muscle capillarization,
and VO, to the variability in %LDLT were examined using
a step-wise hierarchical linear regression model. In the model,
%LDLT was the dependent variable and age, sex, race, BMI,
G120, VO,_ ., and muscle capillarization, as represented by
CFPE, were considered for entry in a stepwise manner. A
second step-wise hierarchical linear regression was used
to examine the contributions of demographics, VO, ., and
%LDLT to variability in muscle capillarization. In this second
model, muscle capillarization (CFPE) was the dependent
variable and demographics, VO, ., and %LDLT were
considered for entry in a stepwise manner. The criterion for
entry to both models was a significance level of P<0.10. For
each variable entered in the final model, the part-correlation
was examined to determine the unique amount of variance
in the outcome (%LDLT or muscle capillarization) that was
accounted for by the variable.

Results

Participants were all middle-aged to older women and men
with BMI ranging from 24.2-46.1 kg/m? and low physical
fitness (VO,  range 8.9-33.5 ml/kg/min; Table 1). The
bivariate correlations of %LDLT with all other variables
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Table 1
Participant Characteristics

Variable All Participants (n=47) High CFPE (n =16) Low CFPE (n =15)
Sex (male/female) 17/30 7/9 3/12
Age (years) 60 + 1 59+1 61+2
Race (Black/White) 14/33 5/11 3/12
BMI (kg/m?) 320+0.7 32512 330+13
Fasting plasma glucose (mg/dL) 97+1 95 +2 95+2
G120 (mg/dL) 133+5 112+6 142 + 9%
Low density lean mid-thigh (%) 231 +1.1 25112 20.1+£1.0
VO, (mL/kg/min) 224+0.7 272+12 20.1 £1.0*
CFPE (cap/mm) 49+0.1 58+0.1 40+0.1%*
CD (cap/mm?) 303+9 336+ 13 279 + 16*
C:F (whole capillary equivalent/fiber) 14+0.05 1.7+0.04 1.1 £0.08*

Notes: Data are means + SEM with the exceptions of sex and race. High CFPE refers to those in the top tertial of CFPE while low CFPE are those in the bottom tertial. BMI: Body
mass index; 120-minute postprandial glucose; CFPE: capillary fiber perimeter exchange index; CD: capillary density; C:F: Capillary to fiber ratio. * Significant difference between the

high and low CFPE groups (P<0.05)

Table 2
Bivariate Correlations

Age BMI G120 Vo, .. Capillarization
%LDLT 0.08 0.48%* -0.09 -0.09 0.40*
CFPE -0.04 0.03 -0.38* 0.37* -

Note: Bivariate Person correlation coefficients are presented to show the relationships among percentage low density lean and CFPE and other variables. BMI: Body mass index; CFPE:
Capillary fiber perimeter exchange index; G120: 120 minute postprandial glucose; %LDLT: percentage of low density lean tissue a representation of intramuscular adipose tissue. *P<0.05

revealed moderately strong (r = 0.40-0.48) and significant
(p<0.004) correlations with capillarization (Figure 1) and
BMI (Table 2). After dividing the groups into tertiles by
capillarization there was no significant difference between
those in the high and low capillarization groups for age, race,
or BMI (table 1). There was however a tendency (p=0.06) for a
difference in the %LDLT and a significant difference (P<0.05)
in VO, ., and G120 with the higher capillarization group
demonstrating higher levels of %LDLT and VO,max and lower
G120 levels.

The multiple regression analysis revealed that the predictors
as a group accounted for 38.1% of the variance in %LDLT,
with BMI (P<0.001) and capillarization (P=0.002), each
significantly contributing to the final model (P<0.001). The
part correlation of BMI with %LDLT was r = 0.47, and the part
correlation of CFPE with %LDLT r = 0.39, indicating that BMI
and capillarization explained 22.1%, 15.2% of the variance in
%LDLT respectively, with all other variables in the model held
constant (Table 3).

For the second regression analysis, the predictors as a
group accounted for 38.0% of the variance in CFPE, with

%LDLT (P<0.002), VO,  (P=0.01), and G120 (P=0.05) each
significantly contributing to the final model (P<0.001). In this
model, the part correlation of %LDLT with CFPE was r = 0.40,
of VO, with CFPE was r = 0.32, and of G120 with CFPE was
r = -0.24 indicating that %LDLT, VO, _ , and G120 explained
16.0%, 10.1%, and 5.7% of the variance in capillarization, with
all other variables in the model held constant (Table 3).

Discussion

Contrary to our original hypothesis, we found that
increased amounts of LDLT were related to increased levels
of capillarization in the thigh. To our knowledge, this is the
first time this relationship has been reported. Our findings that
the most significant predictors of %LDLT in the thigh were
BMI and capillarization, and that the most significant predictor
of capillarization in the thigh was %LDLT are surprising.
Previous work has found high levels of IMAT in individuals
with compromised microvasculature such as in diabetes, aging,
and sedentary behavior (1, 3). Conversely, interventions such
as aerobic exercise and weight loss may increase capillarization
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Table 3
Regression Models

Model Model r Adjusted r Model p-value Independent Variables p-coefficient Partial r p-value
Square
% LDLT 0.62 P<0.001
0.22 BMI 0471 0.514 0.001
0.35 CFPE 0.385 0.439 0.002
Sex 0.175 0.216 0.552
Race 0.190 0.241 0.111
Age 0.133 0.169 0.268
vo,, . -0.129 -0.144 0.344
G120 0.078 0.092 0.549
CFPE 0.62 P<0.001
0.16 %LDLT 0.406 0.454 0.002
0.32 vo, . 0.334 0.374 0.011
0.38 G120 -0.250 -0.289 0.054
Sex -0.182 -0.219 0.153
Race -0.146 -0.182 0.237
Age 0.191 0214 0.162
BMI -0.111 -0.119 0.442

Note: Regression analysis presented to show the relationships of low density lean tissue, a representation of intramuscular adipose tissue, capillarization (defined as CFPE) and other
variables. Partial correlation coefficients are presented to show the relationships among low density lean tissue, capillarization and the other variables in the regression analysis. %LDL:
percentage of low density lean as a representation of intramuscular adipose tissue; BMI: body mass index; 120-minute postprandial glucose; CFPE: capillary fiber perimeter exchange

index

and decrease IMAT (4, 12). Our paradoxical finding of
increased IMAT being related to increased capillarization is
surprising in light of this previous literature.

Adipose tissue is known to release a host of proteins that
act in endocrine, paracrine, and autocrine signaling including
increased inflammatory and angiogenic factors (13). The
intimate relationship between IMAT and muscle cells
indicates that IMAT may have a unique interactions with
muscle (16). Previous work has demonstrated that increased
levels of IMAT may promote an increase in the local
proinflammatory environment (17), modify the extracellular
matrix (16), and ultimately result in muscle fibrosis (18). It
is possible that this combination of changes also results in
an increase in capillarization within the muscle. Increased
intramyocellular lipid levels (one component of IMAT) are
found both in athletes (who have high levels of capillarization)
and in sedentary obese adults when compared to lean sedentary
individuals (19). However, given the low VO, levels of
individuals in this study, they would not be considered athletes
and this is an unlikely explanation for our findings.

Figure 1

Scatterplot depicting the relationship of the percentage of low
density lean tissue with capillary-to-fiber perimeter exchange
index (CFPE) in sedentary older adults. In both bivariate
correlation and regression analyses %LDLT was directly

associated with CFPE
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While increasing capillarization in muscle is typically
thought of as a positive development, in some musculoskeletal
conditions, such as tendinopathies, an increase in angiogenesis
is part of the pathological process. For example, in patellar
and Achilles tendinopathies an increase in the microvascular
density occurs (20). This increase is related to the expansion
of the extracellular matrix and ultimately the fibrosis of the
tendon. It is possible that with increased levels of IMAT, the
increased capillarization of the muscle is also related to the
increased local inflammatory environment and changes in
the extracellular matrix. However, as this is a cross-sectional
study, this is only speculative and we do not know the nature
of the relationship of timing between increased IMAT and
capillarization.

As we eliminated any individuals with diabetes from our
sample, in an effort to control for the numerous effects of
diabetes on both IMAT and capillarization, more studies are
necessary to examine the relationships of capillarization and
IMAT in those with diabetes. The older adults in this study
were also all sedentary individuals and it is possible that if
we included active individuals in the study we would find
something similar to the athletes paradox.

In conclusion, contrary to our initial hypothesis that
high levels of IMAT would be related to low levels of
capillarization, we found that high levels of IMAT were related
to high levels of capillarization. Given the cross-sectional
nature of this study, future studies are necessary to determine
the relationship of changes in both capillarization and IMAT
with interventions, such as exercise.
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