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Abstract

Background: It is unknown if loading of the lower limbs through additional storage
of fat mass as evident in obesity would promote muscular adaptations similar to
those seen with resistance exercise. It is also unclear whether ageing would
modulate any such adjustments.

Objective: This study aimed to examine the relationships between adiposity,
ageing and skeletal muscle size and architecture.

Method: 100 untrained healthy women were categorised by age into young (Y)
(mean £ SD: 26.7 £ 9.4 yrs) versus old (O) (65.1 + 7.2 yrs) and BMI classification
(underweight, normal weight, overweight and obese). Participants were assessed
for body fat using duel energy x-ray absorptiometry, and for gastrocnemius
medialis (GM) muscle architecture (skeletal muscle fascicle pennation angle and
length) and size (GM muscle volume and physiological cross sectional area
(PCSA)) using B-mode ultrasonography.

Results: GM fascicle pennation angle (FPA) in the obese Y females was 25 per
cent greater than underweight (p=0.001) and 25 per cent greater than normal
weight (p=0.001) individuals, whilst O females had 32 per cent and 22 per cent
greater FPA than their underweight (p=0.008) and normal weight (p=0.003)
counterparts. Furthermore, FPA correlated with body mass in both Y and O
females (Y r=0.303; p<0.001; O r=0.223; p=0.001), yet no age-related differences
in the slope or r-values were observed (P>0.05). Both GM muscle volume
(p=0.003) and PCSA (p=0.004) exhibited significant age x BMI interactions. In
addition, muscle volume and PCSA correlated with BMI, body mass and fat mass.
Interestingly, ageing reduced both the degree of association in these correlations
(p<0.05) and the slope of the regressions (p<0.05).

Conclusion: Our findings partly support our hypotheses in that obesity-associated
changes in GM PCSA and volume differed between the young and old. The
younger GM muscle adapted to the loading induced by high levels of body mass,
adiposity and BMI by increasing its volume and increasing its pennation angle,
ultimately enabling it to produce higher maximum torque. Such an adaptation to
increased loading did not occur in the older GM muscle. Nonetheless, the older
GM muscle increases in FPA to an extent similar to that seen in young GM
muscle, an effect which partly explains the relatively enhanced absolute maximum
torque observed in obese older females.

Key words: Adiposity; Ageing; Muscle Volume; Physiological Cross Sectional
Area; Obesity
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Introduction

Obesity in both young and old individuals has been shown to induce a loading
effect on skeletal muscles of the lower limbs (Lafortuna et al., 2013), increasing
absolute maximal voluntary contraction (MVC) torque in obese compared to both
normal and underweight individuals (Maffiuletti et al., 2007, Rolland et al., 2004).
A plausible explanation for higher absolute strength may be attributed to greater
fat free mass (FFM) seen in obese individuals (Maffiuletti et al., 2007). However,
no previous study has quantified physiological cross sectional area (PCSA) or
muscle architectural components differences in the pennate anti-gravity muscles
of the lower limb in obese and non-obese individuals. This is key since PCSA,
more than FFM, allows for the identification of intrinsic muscle quality (strength per
unit of PCSA) differences, where fascicle length and pennation angle (i.e.
architecture) effects are highlighted.

The potential impact of using muscle specific PCSA measures rather than
whole limb estimates of FFM may explain the apparent discrepancy within the
literature on the currently reported impact of obesity on muscle mass. Blimkie et
al. (Blimkie et al., 1990) reported no difference between obese and non-obese
adolescents in quadriceps anatomical cross sectional area (ACSA) using CT. This
was reiterated by Abdelmoula et al. (2012) from estimated thigh muscle mass
using DEXA. However, in contrast Maffiuletti et al. (Maffiuletti et al., 2007)
reported 18% greater fat free mass in obese adults using bioelectrical impedance,
whereas previous authors (Rolland et al., 2004) reported similarly increased leg
muscle mass using DEXA in an elderly obese population. PCSA is directly
proportional to the maximum force generated by skeletal muscle (Lieber and
Friden, 2000, Maganaris et al., 2001). Therefore using PCSA as a measure of
muscle size would improve data comparison accuracy over ACSA and/or
estimations of lean mass as utilised in previous studies, as highlighted in the
paragraph above. Indeed ACSA and lean mass estimates would potentially
underestimate PCSA (volume/fascicle length) (Alexander and Vernon, 1975),
thereby leading to an inaccurate estimation of intrinsic skeletal muscle quality.

Ageing and specifically sarcopenia, is characterised by reduced muscle PCSA,
and fascicle pennation angle and length (Morse et al., 2005a). Slowing down the
effects of ageing on skeletal muscle is achievable through resistance training and
sustained hypergravity (Reeves et al.,, 2004b, Brown et al., 1990, Ferri et al.,
2003, Morse et al., 2007, Klentrou et al., 2007). In contrast to the benefits of
resistance exercise or simulated hypergravity, excess adiposity does not appear
to be enough of a loading stimulus to mitigate the detrimental functional
consequences of obesity in the elderly (e.g. difficulties in walking, climbing stairs
and rising from a chair; (Rolland et al., 2009)). Additionally a condition that has
shown to exacerbate functional limitations is known as “sarcopaenic obesity”
which is characterised by the age related loss of muscle mass and strength plus
greater intramuscular fat infiltration (Baumgartner, 2000). These increases in fat
infiltration coupled with sarcopenia in the elderly are reported to lead to higher
levels of pro-inflammatory cytokines associated with muscle catabolism (Schrager
et al., 2007), and hence potentially greater prevalence of decreased skeletal
muscle mass.

To date, no study has examined the combined effect of sarcopenia and obesity
in the elderly, on muscle architecture. This is a patently important area of study, as
a further increased loss of sarcomeres in parallel in the obese, would detrimentally
affect maximal torque production, thus highlighting the need to target this
population for specific counter-measures.
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The primary aim of the present study was to examine the degree of any
association between BMI (or adiposity per se, i.e. irrespective of BMI status) and
muscle architecture (fascicle length and pennation angle), as well as PCSA. A
second aim was to determine whether the effects of ageing and adiposity (i.e.
continued adiposity from younger to older age) were additive on these variables.
It was hypothesised that: (1) muscle PCSA in both obese young and old would be
greater when compared to lean, normal weight and overweight individuals. (2)
Muscle fascicle pennation angle and length in obese young and old would be
greater when compared to lean, normal weight and overweight individuals. (3) The
slope of the relationship between adiposity, BMI, or body mass against PCSA,
muscle volume, or architecture, would be lower in the older individuals compared
to their younger counterparts, denoting a faster rate of changes with increased
ageing.

Method
Participants:

A total of 100 untrained females volunteered to take part in this study and were
categorised by age into either Young (Y) 18-49 years old or OIld (O) 50-80 years
old (Table 1). Participants were then sub-categorised into four body mass index
classifications (BMI — Body Mass (kg)/Stature? (m)) into Underweight (BMI < 20),
Normal (BMI 20-24.9), Overweight (BMI 25-29.9) and Obese (BMI > 30). The
principal exclusion criteria were issues with lower limb muscles/joints affecting
mobility or ability to exert maximum torque. It should be noted here that use of
non-steroidal anti-inflammatory drugs was also an exclusion criterion. In addition,
whilst three study participants had controlled type Il diabetes mellitus, they did not
in fact display any characteristics of peripheral neuropathy, such as motor
dysfunction and weakness. Physical activity status was screened by questionnaire
and participants were excluded if they self-reported as habitually undertaking
structured exercise for more than 3 hours per week.

Participants gave written-informed consent prior to undertaking any
assessment, to this study, which had approval from the local university Ethics
committee.

—[Table 1]
Body Composition Measure

A Dual Energy X-ray Absorptiometry (DEXA) scanner (Hologic Discovery:
Vertec Scientific Ltd, UK) was used to ascertain 12 hours fasted whole body
composition. Participants lay in a supine position, avoiding any contact between
the trunk and the appendicular mass during a 7 min scanning procedure (whole
body procedure, EF 8.4 uSv). Appendicular skeletal muscle mass (ASM) was
estimated from the DEXA as the total muscle mass of both the upper and lower
limbs. The appendicular skeletal muscle mass index was then calculated using the
following calculation - ASM/height? (kg/m?).

Muscle Architecture

Muscle architecture of the gastrocnemius medialis (GM) was measured using
B-mode ultrasonography (AU5 Harmonic, Esaote Biomedica, Genoa, Italy) at both
rest and during a graded maximal MVC over 6 seconds. Participants were seated

4
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in an isokinetic dynamometer (Cybex Norm, Cybex International, New York, NY)
with their hip at 85° angle, and dominant leg extended and with their foot secured
to the footplate of the dynamometer. Participants were strapped into the
dynamometer using inextensible straps at the hip, distal thigh and chest to reduce
extraneous movements.

Resting fascicle pennation angle (FPA) and fascicle length (Lf) were measured
with the probe (7.5 MHz linear array probe, 38 mm wide) positioned at 50% of the
GM muscle length, at mid muscle belly in the sagittal plane as shown in Figure 1.
Participants were then asked to perform a ramped MVC over 6 seconds, where
the change in both FPA and Lf were recorded on the capturing software (Adobe
Premier pro Version 6, Adobe Systems Software, Ireland). Both resting and
maximal images (the latter synchronised with torque outputs using a square wave
signal generator) were extrapolated from the capturing software and analysed
using ImageJ (1.45s; National Institutes of Health, Bethesda, Maryland). Three
clearly visible fascicles within the capturing window were defined from the deep to
the superficial aponeurosis were analysed and the mean value of Lf and FPA
were recorded. FPA was defined as the angle that the fascicular path undertook
from the superficial to the deep aponeuroses (datum line) of the GM muscle.
Linear extrapolation was used on fascicles that extended off the edge of the
screen. Extrapolation was only undertaken if 60% of the chosen fascicle was
visible within the scanning window in line with previous methodology examining
muscle architecture of the GM in both a young and old population (Morse et al.,
2005a).

—[Figure 1]
Muscle Volume

GM muscle volume was calculated using the truncated cone method through
the construction of several ACSA’s taken at discrete muscle sites (25, 50, and
75% of GM length) using B-mode ultrasonography (AU5 Harmonic, Esaote
Biomedica, Genoa, Italy). Participants lay in the prone position with their ankle
positioned in neutral (90 degrees angle, referred here as 0 degrees). B-mode
ultrasonography was then used to ascertain the proximal insertion (0% of total
length) and distal insertion (100% of total length) of the GM, where discrete
muscle sites (0, 25, 50, 75% and 100% of length) were marked from the medial to
lateral border of the GM. Thin strips (2mm) of micropore tape (3M, Bracknell, UK)
were placed axially 3-4cm apart, transversally along the nominated muscle
lengths (see Figure 2). The micropore tape was utilised as an echo-absorptive
marker in the schematic reconstruction of ACSA’s using photo editing software
(Adobe Photoshop; Version 10). During recording of the ACSA the ultrasound
probe (7.5 MHz linear array probe, 38 mm wide) was held perpendicular to the
GM on its medial border and moved along a designated marked pathway to its
lateral border to ensure the probe was kept perpendicular to the GM during the
whole scanning procedure. The probe was moved steadily across the leg with a
constant light pressure to avoid compression of the dermal surface (and hence the
muscle) during scanning. This procedure was repeated twice at each muscle site
for reliability purposes.

Using the ‘shadows’ cast by the micropore tape as well as anatomical markers,
individual transverse frames were extracted offline from each ultrasound recording
to reconstruct GM ACSAs at each of the three muscle lengths of interest (Fig. 2)
(Reeves et al., 2004a). Following this manual reconstruction of the three ACSAs

5
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at 25, 50 and 75% of muscle length, the areas of the complete transverse ACSAs
were undertaken using the analysis software ImageJ (1.45s; National Institutes of
Health, Bethesda, Maryland. In order to calculate the total muscle volume, an area
of 0.5cm? was used as a standard measure for 0 and 100% positions along the
GM muscle length. Muscle volume was then calculated using the truncated cone
method (there were 4 cones in total):

Cone Volume= (¥ x h) x 1 x (R1% + R1) x (R2? + R2)
Where R1 = radius of the base ACSA; R2 = radius of the top ACSA, h =
distance between segments; R = V(ACSA/1T), where 11 = 3.142

PCSA was then subsequently calculated using the ratio between GM Lf to
muscle volume (PCSA = GM muscle volume (cm?®)/ Lf (cm)).

—|[Figure 2 & Figure 3]

Reliability

The reliability in the measurement of both muscle architectural characteristics
(muscle fascicle pennation angle and length) and GM ACSA was measured in 10
participants (Y = 5; O = 5; BMI range = 17.6-36.7) on two separate days
(separated by at least 48hrs) by the same investigator.

The Intra Class Coefficients (absolute agreement) for all the measurements
were high and significant for all of the assessment techniques (muscle fascicle
pennation angle rest - 0.997, muscle fascicle pennation angle max - 0.997, muscle
fascicle length rest - 0.996, muscle fascicle length max 0.993, GM ACSA 25%
length - 0.998, GM ACSA 50% length - 0.999, GM ACSA 75% length - 0.998). It is
notable that the measurements of the ACSAs used in the construction of muscle
volume are reliable and demonstrate strong agreement with MRI-obtained values
(Reeves et al., 2004a).

Statistical Analyses

Statistical analyses were carried out using SPSS (Version 19, SPSS Inc.,
Chicago lllinois). To determine parametricity, Kolmogorov-Smirnov (Y participants)
or Shapiro-Wilk (O participants) (normal distribution) and Levene’s tests
(homogeneity of variance) were utilised. If parametric assumptions were met
(FPA, Lf, Lf/muscle length, GM muscle volume and GM PCSA), a factorial 2 x 4
ANOVA (Age x BMI) was utilised with post hoc bonferroni correction for pairwise
comparisons. Where parametric assumptions were breached (age, BMI, fat mass,
ASM and ASM/height’) Mann Whitney or Kruskal-Wallis test were utilised as
appropriate. Pearson correlations described the relationships between measures
of muscle architecture, against body mass, fat mass, total lean mass, body fat %
and BMI. Comparison of the regression coefficients and slopes were conducted
using z-transformations and the Student’s t-statistic. It should be noted that some
participants did not complete all tests due to faults during data capture, hence the
data on regressions utilises fewer samples than the complete cohort of 100
participants (see Results Table 3). Data are reported as mean + SD and statistical
significance was accepted when p < 0.05. Study power (B) and effect size (pe?)
are also reported.
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Results
Body Composition

Table 1 displays descriptive values for age, BMI, body fat%, ASM and
ASM/height® (m) for Y and O females categorised by BMI.

—[Table 2]
Muscle Pennation Angle

Muscle FPA at rest revealed a main effect of age (p=0.036; pe’=0.047;
p=0.556) and BMI (p<0.001; pe®=0.337; p=1.000), but no significant age x BMI
interaction (p=0.190; pe?=0.053; p=0.413). However Y obese had 16% and 24%
larger muscle FPA at rest than Y underweight (p=0.020) and Y normal weight
(p<0.001) individuals, whilst O obese had 38% and 20% larger muscle FPA at rest
than Y underweight (p=0.001) and Y normal weight (p=0.005) individuals (Table
2).

Muscle FPA during a maximum isometric contraction revealed a main effect of
age (p=0.005; pe?=0.083; $=0.813) and BMI (p<0.001; pe?>=0.302; p=1.000), but
no significant age x BMI interaction (p=0.883; pe?=0.007; p=0.0.090). However Y
obese had 25% and 25% larger muscle FPA during a maximum isometric
contraction than Y underweight (p=0.001) and Y normal weight (p=0.001)
individuals, whilst O obese had 32% and 22% larger muscle FPA during a
maximum isometric contraction than Y underweight (p=0.008) and Y normal
weight (p=0.003) individuals (Table 2).

Muscle Fascicle length

Muscle Lf at rest revealed no significant effects of age (p=0.537; pe?=0.004;
p=0.094), BMI (p=0.789; pe®=0.011; p=0.116) nor age x BMI interaction (p=0.227;
pe?=0.041; $=0.339) (Table 2).

Similarly, muscle Lf during a maximum isometric contraction revealed no
significant effects of age (p=0.063; pe?=0.037; p=0.461), BMI (p=0.376; pe®=0.021;
p=0.185) nor age x BMI interaction (p=0.653; pe?=0.017; $=0.158) (Table 2).

—[Figure 4]
Muscle Anatomical cross-sectional area

GM ACSA at 25% of muscle length revealed a main effect of BMI (p<0.001,;
pe®=0.217; =0.988), an age effect (p=0.020; pe?=0.061; p=0.650), as well as an
age x BMI interaction (p=0.001; pe?=0.179; p=0.961). This translated to Y obese
having 68% and 61% greater GM ACSA than Y underweight (p<0.001) and Y
normal weight (p<0.001) individuals, whilst O obese individuals did not have
significantly greater ACSA than their underweight, normal weight and overweight
counterparts (p>0.05) at that site (Table 2).

GM ACSA at 50% of muscle length revealed a main effect of BMI (p<0.001;
pe®=0.365; p=1.000), no significant age effect (p=0.110; pe?>=0.029; p=0.359) and
no age x BMI interaction (p=0.059; pe?=0.081; p=0.617). This translated to Y
obese having 76% and 62% greater GM ACSA than Y underweight (p<0.001) and
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Y normal weight (p<0.001) individuals, whilst O obese individuals did not have
significantly greater ACSA than their underweight, normal weight and overweight
counterparts (p>0.05) (Table 2).

GM ACSA at 75% of muscle length revealed a main effect of BMI (p<0.001;
pe?=0.371; p=1.000), an age effect (p<0.001; pe®=0.144; p=0.968), yet, no age x
BMI interaction (p=0.062; pe?=0.080; p=0.609). More specifically, Y obese had
74%, 58% and 24% greater GM ACSA than Y underweight (p<0.001), Y normal
weight (p<0.001) and Y overweight (p=0.048) individuals, whilst O obese
individuals only had 2% lower ACSA than their underweight counterparts
(p=0.046) (Table 2).

Muscle Volume

GM muscle volume data revealed a main effect of age (p=0.010; pe®=0.074;
B=0.745), BMI (p<0.001; pe?=0.354; p=1.000) and an age x BMI interaction
(p=0.003; pe?=0.145; p=0.897). Thus, Y obese had 77% and 73% greater GM
muscle volume than Y underweight (p<0.001) and Y normal weight (p<0.001)
individuals, whilst O obese individuals did not have significantly greater GM
muscle volume than their underweight, normal weight and overweight
counterparts (p>0.05) (Table 2).

Muscle physiological cross-sectional area

GM PCSA revealed a main effect of age (p<0.001; pe?=0.185; p=0.992), BMI
(p<0.001; pe?=0.371; p=1.000) and an age x BMI interaction (p=0.004; pe?=0.141;
=0.882). Specifically, Y obese had 77%, 70% and 31% larger GM PCSA than Y
underweight (p<0.001), Y normal weight (p<0.001) and Y overweight (p=0.017)
individuals, whilst O obese individuals did not have significantly larger GM PCSA
than their underweight, normal weight and overweight counterparts (p>0.05)
(Table 2).

Associations between muscle architecture and body composition according
to age

Muscle FPA during a maximum isometric contraction and FM were correlated in
both the Y (p<0.001; r* = 0.303) and O (p=0.001; r* = 0.223) age groups, with
similar slopes in the two age groups (Figure 3.A). Similar correlations were
observed during resting conditions between skeletal muscle FPA and FM in both
Y (p<0.001; r* = 0.223) and O (p=0.001; r* = 0.225) groups, with similar slopes for
the two age groups (Table 3).

There were strong positive associations between GM muscle volume and body
mass, fat mass and BMI in both Y and O groups (Table 3). Ageing decreased the
strength of the associations, in that both the correlation coefficients and the slopes
of the regressions were less strong in the O group (p<0.05, Table 3).

There were strong positive associations between PCSA and body mass, fat
mass and BMI in both Y (p<0.001) and O groups (p=0.009) (Table 3 & Figure
3.B). Ageing affected both the correlation coefficient in these associations
(p<0.05) and the slope of the regressions (p<0.05, Table 3).

—|[Table 3]
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Discussion

Our data support the hypothesis that high Body mass (and/or high BMI and/or
high levels of adiposity (absolute fat mass)), acts as a loading stimulus to the GM
muscle, particularly in the young. Indeed, GM muscle PCSA, volume and fascicle
pennation angle were significantly higher in young obese women compared to
their normal weight counterparts. Interestingly, even though GM muscle FPA was
found to increase, muscle Lf did not change with BMI. This effect, functionally,
would translate into a potential for increased force but not increased speed of
contraction with obesity.

Irrespective of BMI, there were no significant differences in muscle Lf between
Y and O individuals. However as expected, Y individuals had significantly higher
GM PCSA, GM muscle volume and muscle FPA compared to O. Interestingly,
there were significant differences in the positive association between PCSA and
BMI, and between body mass and fat mass, in Y compared with O individuals.
This suggests that the loading stimulus of high body mass (and particular where
this is associated with high levels of adiposity) is partially blunted in the O cohort,
possibly through higher levels of circulating pro-inflammatory cytokines and/or
lower anabolic growth hormones previously associated with ageing and obesity
(Schrager et al., 2007).

Muscle Architecture

To our knowledge, this is the first study to compare muscle architecture in non-
obese vs. obese human adults. This study confirms previous reports (Narici et al.,
2003) that muscle FPA decreases with age (Table 2), yet muscle Lf does not
change with age or BMI classification (Table 2).

It was found that muscle FPA at rest and during maximum muscle contraction
increases with BMI classification in both Y (rest 15%, 23% and 1%; max 25%,
25% and 13%) and O (rest 38%, 20% and 8%; max 32%, 22% and 10%)
individuals (for underweight, normal, overweight people, respectively, Table 2). An
increase in FPA allows for more sarcomeres to be arranged in parallel, which in
humans suggests hypertrophy at the single fibre level (Clark et al., 2011). This in
turn enables an increase in MVC torque, as long as an increase in FPA does not
exceed 45° at which point the resultant force resolved at the tendon becomes
negative (Alexander and Vernon, 1975, Degens et al.,, 2009). This finding is
emphasised in Figure 3.A, demonstrating that as fat mass increases, muscle FPA
in both Y (r’=0.303; p<0.001) and O (r’=0.223; p=0.001) individuals increases.
Within this association there were no differences in the slope of the regression or
comparison of the correlation coefficients between age categories (p>0.05)
suggesting the loading effect of adiposity on muscle FPA is similar in Y and O
individuals’. These increases in FPA both at rest and during maximal contraction
reflect the responses seen in bodybuilders, who chronically load their musculature
with weight with the aim of increasing muscle mass and have been shown to
possess a greater FPA when compared to normal weight controls (Kawakami et
al., 1993).

Whether the obesity-mediated beneficial increases in FPA allows more
contractile material between the aponeuroses (which is likely to be indicative of
fibre hypertrophy as observed in diet-induced obesity in pigs (Clark et al., 2011)),
and whether this effect is the same in both Y and O obese individuals, remains to
be confirmed. Alternatively, obesity could cause pseudo-hypertrophy, whereby

9
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excessive fat infiltrates the muscle, thus artificially increasing muscle thickness
and altering the fascicle pennation angle. Fat infiltration has previously been
reported in the skeletal musculature of the elderly (Visser et al., 2005, Delmonico
et al., 2009, Borkan et al., 1983), and is linked to a lowering of the intrinsic force
generating capacity of the whole muscle (Morse et al., 2005b).

There were no differences in muscle Lf between either Y and O individuals
(p=0.063) or BMI sub-categories (p=0.376). As this was the first study to examine
the effect of adiposity on muscle fascicle geometry, there appears to be no
research to compare the effect of adiposity on Lf. Nevertheless, it is notable that
research examining the ageing response on fascicle geometry, reports varying
results in the gastrocnemius. For instance Kubo et al. (2003) reported both GM
muscle FPA (r=-0.112; p>0.05) and Lf (r=-0.109; p>0.05) to not change as a result
of ageing, whereas Morse et al. (2005a) revealed both gastrocnemius lateralis
muscle FPA (-13%) and Lf (-16%) to significantly decrease with ageing. Briefly,
the physiological implication of a shortened Lf is a decrease in the number of
sarcomeres in series, with a potential twofold effect: (a) an alteration to the
working range of the muscle, where this unit may adapt by exhibiting a change in
its force-length relationship, shifting to a shorter muscle length for peak force; (b) a
decrease in the muscle shortening velocity, and ultimately the muscle maximum
power generation capacity. This cascade of effects would potentially cause
problems for an obese or elderly population in activities such as locomotion and
tasks involving the need to apply forces and relatively high velocities (such as, in
getting up from a chair to answer a doorbell ring for instance).

In the current study, the mean (across all BMI categories) GM muscle FPA
during a maximum contraction decreased significantly with ageing (-8%) similar to
the -16% ageing-related FPA decrease reported by Morse et al. (2005a),
suggesting a loss of sarcomeres in parallel. A dissociation between fascicle length
and pennation angle changes is not unique to the present study. For instance, a
12-month resistance-training program in the elderly, highlighted increases in
muscle FPA (12% vs. 19%), yet no alterations in muscle Lf (Morse et al., 2007).

Muscle Size

Prior to the present study, there appeared to be no information on the effect of
body composition on PCSA. Our data, which employed an accurate, non-invasive
measure of muscle size, revealed main effects of BMI (p<0.001) and ageing
(p<0.001), as well as a BMI x age interaction (p=0.004) for PCSA differences.
Thus, we demonstrate that adiposity places a loading stimulus similar to that
attained with resistance training in Y (Erskine et al., 2010), more so than O (Morse
et al., 2007) individuals (Table 2). However, within the older cohort, the blunted
response maybe explained through the older muscle being unable to adapt to the
load placed upon the musculature. These findings support the work by Lafortuna
et al. (Lafortuna et al., 2013), who reported the continuum of increasing BMI from
normal weight to obese individuals to increase absolute lower limb muscle
volume. However, Lafortuna et al. (2013) used a small sample (n=18), as well as
narrower age range (32-76 years old females) in comparison to the present study.

In addition to the BMI x age interaction, the slopes of the regressions between
BMI, body mass or adiposity and PCSA were steeper in Y vs. O (Table 3 & Figure
3.B), thus highlighting the lower response to the loading effect from body
mass/adiposity in the older cohort. The plasticity of the younger muscle appears to
structurally adapt similar to a resistance trained muscle, yet the older musculature
is unable adapt to the loading. Reduced muscle mass is a known characteristic of
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sarcopenia in the elderly (Roubenoff, 1999) and is demonstrated in this study (-
20% normal BMI O vs. normal BMI Y) even though the O females did not match
the sarcopenic criterion (9.6 + 1.5 kg/m? in this group, vs. <5.67 kg/m? standard
(Baumgartner et al., 1998)). Yet, the decreased GM PCSA was exacerbated in the
obese O females (assuming a linear regression when compared against their
underweight, normal weight and overweight counterparts). A plausible rationale for
the greater loss in PCSA between Y and O obese individuals may be explained
through higher levels of circulating pro-inflammatory cytokines seen in both obese
and sarcopenic obese individuals (Schrager et al., 2007, Hotamisligil et al., 1995).
Increases in inflammatory cytokines such as interlukin-6 (IL-6) and tumour
necrosis factor a (TNF-a), have been shown to negatively correlate with muscle
strength and lower muscle mass in the elderly (Visser et al., 2002). High levels of
these specific cytokines expressed by adipose tissue seen in obesity (Schrager et
al., 2007) are reported to increase catabolic activity of skeletal muscle (Roubenoff
et al., 1997). In addition to increased catabolic activity, reduced anabolic signalling
of growth hormones such as insulin like growth factor-1 (IGF-1) are reported in
both elderly (Bucci et al., 2013) and severely obese male and females (Williams et
al., 1984). Therefore, the potential synergistic action of increased catabolism and
decreased anabolism may explain ‘combined ageing and obesity’-induced losses
in GM muscle tissue content, which are over and above expected ‘normal ageing’-
related decrements.

Future research would need to confirm the co-existence of high pro-
inflammatory cytokines milieu, with decreased anabolic potential, in ageing-with-
obesity. Based on such endocrine investigations into pro-inflammatory cytokines
such as TNF-a and IL-6, it would then be possible to substantiate the interaction of
the two factors (ageing and obesity), in blunting the myogenic response
associated with increased mechanical loading (in this case, through additional
body fat), observed in this study.

Conclusion

This study for the first time demonstrates that PCSA and FPA of the GM adapts to
the loading stimulus of high BMI and/or adiposity in obese young and old females.
Increases in GM PCSA and volume when correlated with either BMI and body or
fat mass differed between the young and old obese females. The younger muscle
mass was seen to adapt to the loading created by high levels of BMI and/or
adiposity by increasing GM muscle volume and increasing its pennation angle to
produce higher maximum torque. This adaptation however, does not appear to
occur in older obese persons. Nonetheless, the older cohort increased their FPA
to the same extent as the young women, which may explain an increase in
maximum torque in the obese old relative to other BMl/adiposity classifications of
older women. These findings are suggestive of differential rate of skeleto-
muscular ageing, dependent on a person’s body composition. Therefore, there is
a case for implementing different exercise and/or nutrition interventions according
to the somatotype and age of the individual concerned.
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690 Tables

691 Table 1. Descriptive variables for BMI classifications in both young and old age
692 classifications. Data are presented as Mean + SD.

693
Young (18-49) Underweight (n=13)  Normal (n=13)  Overweight (n=9) Obese (n=17) BMI Effect Ageing Effect
Age (yrs) 23.0+6.7 23.2+7.9 23.6+8.0 30.9+10.7 p=0.002 p=0.001
BMI (kg/m?) 18.8+0.9 21.6+1.1 28.1+2.4 35.2+4.4 p<0.001 p=0.625
Body Fat % 26.5+3.9 30.4+3.5 38.7+5.9 45.3+3.9 p<0.001 p=0.002
Fat Mass (kg) 13.7+2.2 17.2+2.7 28.5+6.8 43.2+7.3 p<0.001 p=0.166

Appendicular
skeletal muscle
mass (ASM) (kg) 15.8+1.8 16.1+2.6 18.742.7 21.3+3.5 p<0.001 p<0.001

ASM/height?
(kg/m?) 9.4+0.9 9.8+1.1 11.5¢1.4 12.8+1.8 p<0.001 p<0.001

Old (50-80) Underweight (n=4) Normal (n=15)  Overweight (n=18) Obese (n=11) BMI Effect Ageing Effect

Age (yrs) 63.85.7 63.5+7.7 68.2+4.8 62.5+9.0 p=0.183 p=0.001
BMI (kg/m?) 19.1#0.8 22.2+1.0 27.3+1.2 34.1#5.7 p<0.001 p=0.625
Body Fat % 26.5+2.1 36.0£3.6 42.9+3.3 46.1+5.0 p<0.001 p=0.002
Fat Mass (kg) 12.5+2.0 19.9+2.9 29.8+3.4 40.9+11.3 p<0.001 p=0.166

ASM (kg) 14.4+1.2 13.9+1.2 15.2+1.6 18.5+3.7 p=0.001 p<0.001

ASM/height®
(kg/m?) 9.0+0.7 8.7+0.6 9.4+0.9 11.4+1.8 p=0.001 p<0.001

694
695
696
697
698
699
700
701
702
703
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704 Table 2. Displays GM skeletal muscle characteristics (GM muscle architecture,
705 GM anatomical cross sectional area, GM muscle volume and GM physiological
706 cross sectional area) in both young and old BMI classifications. Data are
707  presented as Mean = SD.
708
Young Oold
Underweig ~ Normal Overweigh Obese Un.der Norma Overweigh  Obese Young oid .
ht(n=13)  (n=13)  t(n=9) (=17 Weioht | t(=18) (n=11) SM o BMI o Ageing
(n=4) (n=15) effect effect Effect
GM Muscle
Architecture
. 15.5¢1 17.9+2 214+  UN UN N
FPA (°)-Rest  18.8+25 17.6+2.9  21.3%+2.9 21.6+2.3 5 P 19.9+2.8 P ob op  P=0.036
. 24.5+3 26.4%3 323+ UN UN N
FPA (°)-Max  28.4+5.6 28.3+3.9  31.4+4.4 35.2+4.6 e 5 29.3+4.6 P iob op  P=0.005
Lf (cm)-Rest  52+0.6  53t0.4  55:0.8 5.7+0.7 5'74i0' 5'47i°' 5.4+1.0 5'4;50' - - p=0.537
Lf(cm)-Max  3.740.7  3.6¢04  3.9t0.6 3.740.6 4'141'0' 4'071'0' 3.940.6 3'951'0' - ; p=0.063
GM Muscle
Size
GM 25% 11.242  9.7+2. 9.7+2.  UN i 20,020
ACSA (cm?) 8.4+2.3 8.7#2.1  13.845.0 14.0+2.8 .0 0 10.2+2.1 5 /Ob p=0
GM 50% 12.4+1  13.7#2 169+ UN _
ACSA (cm?) 12.1#1.9  13.1+2.6  17.1#4.2 21.3+4.7 P 3 14.8+3.6 40 Ob - p=0.110
GM 75% 10.8+2  8.5+1. 105+ UNO u <0.001
ACSA (cm?) 8.1+1.8 8.9+1.9  11.3¢2.1 14.0+2.9 4 8 8.5+2.3 2.4 /Ob job P
GM Muscle 180.4+38.  185.0+3 182.4+ 194.0+ 200.1+39. 2263  UN N
Volume (cm?) 7 79 25754839 319.4:569  To0n" 404 4 +48.7  /Ob : p=0.010
GM PCSA 52.1+12. 445+8  49.3+1 503+ UNO
(cm?) 50.0+11.9 0 67.8+17.0  88.5+18.3 1 15 51.3t103 3% 10b - p<0.001
/709 (U= underweight, N = normal weight, O = overweight, Ob = obese) (Fascicle pennation angle = FPA) (Fascicle length = Lf)
710 (Anatomical cross sectional area = ACSA) (Physiological cross sectional area = PCSA)
711
712
713
714
715
716
717
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719

16



720

721 Table 3. Pearson correlations, z transformation of r and student’s t statistic
722  between gastrocnemius medialis (GM) muscle volume and physiological cross
723  sectional area (PCSA) and fascicle pennation angle (FPA) against a series of
724  descriptive variables in young and old untrained females (* P<0.05, ** P<0.01, ***
725 P<0.001) (If Z > 1.96, p<0.05; Z > 2.58, p<0.01) (student’s t statistic significance if
726  tfalls outside + 1.96 p<0.05)
Correlation co- Ageing Effect
Young Old efficient
Z-transformation of
n r value slope n r value slope r Student’s t statistic
GM
Muscle 50 0.82%+* 3.15 45 0.47% 1.19 2.39 3.15*
Volume
vs. BM
GM
Muscle 50 0.76%* 454 45 0.40%* 1.52 2.37* 3.90
Volume
vs. FM
GM
Muscle 50 0.75%* 8.23 45 0.43%* 3.13 2.07* 3.51*
Volume
vs. BMI
GMPCSA 49 0.81%+ 0.86 45 0.45% 0.32 2.45% 2.61*
vs. BM
GMPCSA 49 0.75%++ 1.24 45 0.39% 0.41 2.34% 3,77+
vs. FM
GM PCSA *kk *k * *
vs. B 49 0.72 217 45 0.39 0.80 2.02 3.26
FPA(rest) 5y 0.50%++ 0.73 48 0.49% 0.89 0.03 479
vs. BM
FPA(rest) 5y 0,47+ 0.11 48 0.48%* 0.13 0.07 0.50
vs. FM
FPA (rest) ok kokok
e, BMI 51 0.53 0.22 48 0.52 0.27 -0.02 0.55
FPA (max) 51 0.60%+* 0.16 48 0.52%+* 0.15 0.43 0.26
vs. BM
FPA(Max) 5y 0.55%++ 0.23 48 0.47% 0.20 0.36 0.35
vs. FM
FPA (ma‘x) hkk *kk
vs. BMI 51 0.57 0.43 48 0.50 0.40 0.43 0.21
727 (Body mass = BM) (Fat mass = FM) (Body mass index = BMI)
728
729
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Figures

Figure 1. Representative sagittal plane sonographs of the gastrocnemius medialis
at 50% of its muscle length in a (i) young normal weight female, (ii) young obese
female, (iii) old normal weight female and (iv) old obese female (FPA = fascicle
pennation angle; Lf = fascicle length).
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Figure 2. Schematic detailing the anatomical markings at the discrete muscle
lengths along the gastrocnemius medialis (GM) muscle length (25%, 50% and
75%) and placement of the micropore tape. The GM insertion distal constitutes the
100% muscle length and the GM proximal insertion, the 0% length.
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Figure 3. Reconstructed axial plane scans of the gastrocnemius medialis (GM)

anatomical cross sectional area at 50% of muscle length using ultrasonography.
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Figure 4. Displays the impact of fat mass on gastrocnemius medialis fascicle
pennation angle during maximum isometric contraction and physiological cross
sectional area in both young (X 802, A:r?=0.303; p<0.001; B: r* = 0.569;

p<0.001) and old (A ------- A: r* = 0.223; p=0.001; B: r* = 0.149; p=0.009)
females.
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