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ABSTRACT. This study aimed to determine relationships
between muscle quality, the ratio of muscle strength to muscle
mass, and postural control and compare postural control of
older adults with higher and lower muscle quality. Twenty-five
older adults had leg muscle quality and postural control with
eyes open and closed measured. Linear and non-linear postural
control variables were calculated from center of pressure move-
ments. There was a significant canonical correlation between
muscle quality and sway complexity, but no relationship
between muscle quality and sway magnitude. Higher muscle
quality older adults had greater medio-lateral sway complexity
than lower muscle quality older adults. These findings suggest
that higher muscle quality relates to greater sway complexity in
older adults, suggesting maintenance of muscle quality should
be considered important to attenuate postural control declines.

Keywords: muscle function, ageing, balance, complexity

Introduction

ging is associated with a number of changes to

muscle function and characteristics including larger
motor units, reduced voluntary activation, increased
intramuscular adipose tissue (Frank-Wilson et al., 2018;
McPhee et al., 2018), and decreased fascicle length and
pennation angle (Narici & Maffulli, 2010; Wu et al.,
2016). Muscle mass and strength also decrease with age
leading to a decline in physical functioning and balance
(Cruz-Jentoft et al., 2010), which increases the risk of
falling (Nogueira Paranhos Amorim et al.,, 2021; Scott
et al., 2014). However, the rate of decline in muscle
strength is greater than that of muscle mass, resulting in
a loss of muscle quality, the ratio of muscle strength to
muscle mass (Delmonico et al., 2009). The decline in
muscle quality, a disproportionate rate of decline in
muscle strength, has been attributed to changes in neuro-
muscular structures including motor neuron loss, motor
unit remodeling, decreased cortical excitability, and
nerve conduction velocity (Clark & Fielding, 2012;
Doherty, 2003; Fragala et al., 2015). The same neuro-
muscular structures form part of the postural control sys-
tem (Muehlbauer et al., 2015). Postural control requires
accurate neuromuscular output to maintain stability. This
suggests that low muscle quality could cause poor pos-
tural control as the performance of the output of the pos-
tural control system is attenuated and may thus explain

why low muscle quality increases the risk of falling
(Gadelha et al., 2018; Khanal et al., 2021).

Recent studies have demonstrated that muscle quality
is related to performance in functional assessments of
dynamic balance (e.g., timed up and go and short phys-
ical performance battery) and fear of falling (Anderson
et al., 2016; Gadelha et al., 2018). However, despite the
demonstrated relationship between muscle quality and
dynamic balance, there is conflicting evidence regarding
the relationship between muscle quality and postural
sway magnitude with no relationship found (Gadelha
et al., 2018) and associations between sway velocity and
trunk muscle density (Anderson et al., 2016).

The postural control system demonstrates non-linear
behavior as a result of the integration of systems with
different temporal and spatial scales (Duarte & Sternad,
2008). Non-linear measures of postural sway complexity,
such as the fractal dimension, can, therefore, provide an
understanding of the underlying neuromuscular postural
control dynamics that cannot be gained from simple
measures of sway magnitude (Doyle et al., 2004;
Kedziorek & Btazkiewicz, 2020; Walsh et al., 2020).
Although it should be noted that these non-linear meas-
ure of postural control do not differentiate the interac-
tions or functions of specific sub-systems, merely the
dynamics resulting from the interaction of all the rele-
vant sub-systems. Linear measures of postural sway pro-
vide only descriptive information of the postural control
output without considering the underlying control
dynamics (Yamada, 1995). Lower sway complexity is
indicative of a less robust postural control system
(Lamoth & van Heuvelen, 2012; Zhou et al., 2013). It
has also been demonstrated that older adults have less
complex sway compared to young adults (Kilby et al.,
2014; Walsh, 2021; Zhou et al., 2013) and older fallers
have less complex sway than older non-fallers (Costa
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et al., 2007; Ramdani et al., 2013). Therefore, non-linear
measures of postural control could be related to muscle
quality, whereas linear measures such as postural sway
magnitude are not.

According to the systems model of postural control,
postural control is achieved via the integration of various
sources of input, including visual, vestibular, and som-
atosensory components (Horak et al., 1989). With the
removal of visual feedback, neuromuscular function is
likely to contribute more to postural control (Speers
et al.,, 2002). Older adults with lower muscle quality
could thus demonstrate a greater reliance on visual infor-
mation for postural control compared with older adults
with higher muscle quality. Consequently, greater muscle
quality could contribute to reduce the impact of sensory
loss when vision is removed as a possible source of
input for postural control. However, varied findings have
been reported for the effects of removing vision on pos-
tural control. Sway variability, length and ellipse area
increased with eyes closed (Doyle et al, 2004; Lee
et al., 2018; Sarabon et al., 2013; Zhou et al., 2013) but
with both no effect on the complexity (Btaszczyk &
Klonowski, 2001) or correlation dimension (Lee et al.,
2018) of sway and with lower sway complexity (Stins
et al., 2009) reported. The present study seeks to extend
these findings by exploring the relationship and inter-
action between neuromuscular function and vision in
older adults.

The aim of this study was to determine the relation-
ship between lower limb muscle quality and postural
control of older adults. It was hypothesized that muscle
quality would be positively related with postural sway
complexity as previous studies have demonstrated that
individuals with higher neuromuscular function (e.g.,
older adults vs. younger adults or non-fallers vs. fallers)
have more complex postural sway. It was also hypothe-
sized that muscle quality would not be related to sway
magnitude. Furthermore, it was hypothesized that the
high muscle quality group would have lower postural
sway magnitude and greater sway complexity than the
low muscle quality group and there would be an inter-
action between muscle quality group and visual condition
for postural control variables.

Methods

Participants

Twenty-five community dwelling, defined as individu-
als who are not institutionalized or require a dedicated
carer, older adults volunteered to participate in this study
(n-female: 15, n-male: 10, age: 66 (9) years, height: 1.72
(0.10), mass: 69.9 (12.5) kg). Participants were excluded
if they had fallen in the previous 12months, suffered
from neurological conditions such as stroke, Parkinson’s
disease or dementia, or had a lower limb condition that
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prevent unaided walking and quiet standing. The proce-
dures of the study were carried out in accordance with
the Declaration of Helsinki and all participants were
informed of the nature of the study and gave written
informed consent prior to participation. The study
received ethical approval from the Aberystwyth
University ethics committee.

Procedures

Participants attended two separate laboratory sessions
for the assessment of muscle quality and postural control
within 5days of each other. The first session consisted
of body composition measurements using dual-energy X-
ray absorptiometry (DXA: Discovery QDR Series,
Hologic, Bedford, UK) to determine lean muscle mass of
the lower limbs. Participants were positioned in a supine
position with arms by sides. A spine phantom of known
properties (Hologic DXA quality control phantom, bone
mineral density: 0.93 g-cmfz, area: 54.8 cmz, bone min-
eral content: 50.8 g) was analyzed prior to each scan for
quality control. The reliability for muscle mass measure-
ment for individual leg segments (ICC 0.98-0.99) has
been determined in another experiment in our laboratory
(unpublished data).

Maximal concentric torque of the knee extensors, flex-
ors, and ankle plantarflexors and dorsiflexors of the
dominant limb was measured using an isokinetic dyna-
mometer (Biodex Medical Systems Inc., NY, USA) for
the calculation of muscle quality. The lower limb joint
testing order was counterbalanced and randomized
between participants and participants performed a famil-
iarization set of 5 repetitions before each movement dir-
ection, to avoid order and learning effects. Three sets of
5 repetitions for each joint were performed with
30seconds rest between sets. Concentric knee flexion
and extension torque was measured at 60°-s~' with the
hip angle fixed at 90° and concentric ankle plantarflexion
and dorsiflexion measurements were performed at
30°-s~! with the knee fixed at 20°. The reliability for
muscle strength measurement (ICC 0.83-0.98) has been
determined in another experiment in our laboratory
(unpublished data).

In the second session, postural control during quiet
standing was assessed. Postural control was measured
with participants standing quietly on a force platform
(Kistler Instruments AG, Winterthur, Switzerland) sam-
pling at 48 Hz to calculate the movements of the center
of pressure (CoP). Five trials of 60seconds were per-
formed with eyes open (EO) and 5 trials of 60 seconds
with eyes closed (EC). The reliability of postural control
measures in our laboratory have been reported previously
(ICC 0.73-0.94) (Walsh et al., 2018).
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Data Analysis

Muscle Mass, Strength, and Quality

The DXA scans were analyzed (Hologic Discovery
Software, Hologic Inc., Bedford, UK) to determine the
lean muscle mass of the dominant leg using a segmented
method suggested previously (Burkhart et al., 2009).
Upper leg muscle mass was defined as all muscle mass
within bounds defined by proximally, an angled line
intersecting the neck of the femur passing lateral to the
anterior superior iliac spine and the pubis, and distally, a
line bisecting the knee joint. Lower leg muscle mass was
defined as all muscle mass in the region defined proxim-
ally by a line bisecting the knee joint and distally by a
line joining the medial and lateral malleoli. Medial and
lateral borders of both segments were defined to include
all soft tissue of the respective segment.

Upper leg muscle quality was calculated as the sum of knee
flexor and extensor peak torque divided by upper leg muscle
mass. Lower leg muscle quality was calculated as the sum of
ankle plantarflexor and dorsiflexor maximum torque divided
by lower leg muscle mass. Finally, whole leg muscle quality
was calculated as the sum of knee extensor, knee flexor, ankle
plantarflexor, and ankle dorsiflexor peak torques, divided by
the sum of upper and lower leg muscle mass.

Postural Control

Linear indices of postural sway were the total CoP sway
length, calculated as the resultant path length of the medio-
lateral (ML) and anterio-posterior (AP) CoP components,
and the elliptical area. For the calculation of elliptical area
principle component analysis was used to determine the
angle of the principle axis, and the minor axis orthogonal to
the primary (Oliveira, Simpson, & Nadal, 1996). The length
of the axes was calculated as 1.96 times the standard devi-
ation along each axis.

Non-linear indices of postural sway were the fractal
dimension (Dy) of the CoP signal, determined separately
for the AP and ML directions using the Higuchi algo-
rithm (Higuchi, 1988). Fractal dimension calculation has
been described in detail previously (Higuchi, 1988).
Briefly, the CoP series x: x(1), x(2), x(3),...,x(N), is
divided into k new series with initial time value of m
x(m,k). The curve length of each of the reconstructed
time series is calculated and then plotted on a log-log
scale against its respective k value. The Dy is then
calculated as the slope of the least squares best fit of the
log-log plot. The maximum value of k (kmax) used is
determined by calculating D¢ for progressively greater
values of kmax and the point at which a plot of Dy
against kmax plateaus is used for the analysis. In the cur-
rent study kmax values of 70 and 50 were used for the
AP and ML directions, respectively. A D¢ value of 2 rep-
resents random noise and a D¢ of 1 represents a signal
with no complexity for example simple periodic motion.

Analysis of CoP signals was performed using custom
software in Matlab (Mathworks Inc., MA, USA).

Statistics

Canonical correlation analysis (CCA) was used to
determine the strength of relationships between sets of
muscle quality and postural control variables by finding
linear combinations (canonical variates) of the sets that
are maximally correlated with the other set (canonical cor-
relation coefficient). CCA was adopted in this study as it
allows for the capture of the multivariate nature of the
neuromuscular control of posture and the individual con-
tribution of elements to this relationship. This approach
also avoids the inflation of type I error risk associated
with performing numerous correlations. Three sets of vari-
ables were analyzed, set 1 included ML and AP Dy in the
eyes open and eyes closed conditions, set 2 included sway
length and ellipse area in the eyes open and eyes closed
conditions, and set 3 included upper, lower, and whole leg
muscle quality variables. Because the hypothesized direc-
tion of the relationship between postural sway complexity
and muscle quality, and magnitude and muscle quality
was opposite, separate CCA were performed for the com-
plexity variables (set 1) and magnitude variables (set 2) in
relation to muscle quality (set 3). Thus, two canonical cor-
relation analyses were performed, set 1 vs. set 3 and set 2
vs. set 3. The total number of canonical functions (pairs
of canonical variates) calculated for each analysis was
equal to the number of variables in the smaller set. Wilks’
lambda (1) was used to determine the significance of
canonical correlation coefficients for each canonical func-
tion. A conceptual diagram of the canonical correlation
analysis is presented in Figure 1.

For the canonical functions with significant canonical
correlations the canonical loadings, canonical cross-load-
ings and redundancy index were calculated in addition to
the canonical correlation coefficients, as described previ-
ously (Hair et al., 1998; Kilby et al., 2015). The canon-
ical loadings were calculated as the correlations between
variables and their canonical variate to assess the indi-
vidual contribution of variables to the canonical variate.
The canonical cross-loadings were calculated as the cor-
relation coefficients between each variable in the set and
the canonical variate of the other set. There are currently
no guidelines to quantitatively interpret loadings and
cross-loadings so interpretation will only be made quali-
tatively (Hair et al, 1998; Kilby et al., 2015).
Redundancy index was calculated as the average of the
squared cross-loadings. Redundancy index is interpreted
like that of multiple regression R?, as the variance in the
canonical function of the first set explained by the
canonical function of the second set, and vice versa. For
the present study only the redundancy index for the pos-
tural control sets were reported, that is, the amount
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FIGURE 1. A conceptual diagram of the canonical correlation analysis using the canonical correlation between set 1 and set

variance in postural control that is explained by muscle
quality, to test the primary hypothesis.

Higher and lower muscle quality groups were deter-
mined by ranking participants in order of the whole leg
muscle quality. The higher muscle quality group was
comprised of the 40% of participants (n= 10) with the
highest muscle quality. The lower muscle quality group
was comprised of the 40% of participants (n=10) with
the lowest muscle quality. To explore whether there
were effects of group, visual condition and interaction
effects on postural control variables, a two-way mixed
design MANOVA with the 4 postural control variables
(sway length, ellipse area, ML-D; and AP-Dy) was per-
formed. For significant multivariate main effects, univari-
ate  ANOVA were performed to determine which
variables were significantly different. For all group com-
parisons and canonical correlations a was set at 0.05,
and partial eta squared (112) was used as an estimate of
effect size for group comparisons, values of 0.01, 0.06
and 0.14 were interpreted as small medium and large
effects respectively (Richardson, 2011). All statistical
analysis was performed using SPSS software (v22, IBM
UK Ltd., Portsmouth, UK).

Results

Canonical Correlation Analyses

For the CCA between postural sway complexity (set
1) and muscle quality (set 3), the canonical correlation

4

of the first canonical function was significant (r=0.71,
A=0.33, F(12, 47.92)=2.07, P=0.038) but the second
(r=0.49, 2=0.67, F(6, 38)=1.43, P=0.229) and third
(r=0.35, 2=0.88, F(2, 20)=1.37, P=0.277) canonical
functions were not significant.

The canonical loadings and cross-loadings of the first
canonical function for the CCA between postural sway
complexity and muscle quality are presented in Table 1.
The ML-Dy in eyes open and eyes closed conditions were
the strongest contributors to the first postural sway com-
plexity canonical function (canonical loadings) and had the
strongest relationship with the first muscle quality canon-
ical function (canonical cross-loadings). Upper and whole
leg muscle quality were the strongest contributors to the
first muscle quality canonical function (canonical loadings)
and had the strongest relationship with the first postural
sway complexity canonical function (canonical cross load-
ings). The percentage variance in postural sway complex-
ity explained by the muscle quality, redundancy index, for
the first canonical function was 28%.

For the CCA between postural sway magnitude (set 2)
and muscle quality (set 3) the canonical correlations for
canonical functions 1 (r=047, 1=0.59, F(12,
47.92)=0.89, P=0.566), 2 (r=0.43, 1=0.75, F(6,
38)=0.96, P=0.467), and 3 (r=0.27, 1=0.92, F(2,
20)=0.81, P=0.458) were not significant.

Effect of Group and Visual Condition

There was a multivariate effect of muscle quality
group (A=0.46, F(4,15)=4.39, P=0.015, n§:0.54) and
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complexity and muscle quality canonical variates.

TABLE 1. Canonical loadings and cross-loadings for the first canonical function of the postural sway

Postural sway complexity

Muscle quality

EO ML-Dy EO AP-D¢ EC ML-D¢ EC AP-D¢ Upper leg Lower leg Whole leg
Loadings —0.54 0.20 —0.40 0.24 —0.90 -0.21 —0.74
Cross-loadings -0.77 0.28 —-0.57 0.34 —0.64 —0.15 —-0.52

Canonical loadings are the correlation between the variable and its canonical variate. Canonical cross-loadings are the
correlation between each variable in the set and the canonical variate of the other set.
EO: eyes open, EC: eyes closed, ML: medio-lateral, AP: anterio-posterior, Dy: fractal dimension.

visual condition (41=0.46, F(4,15)=4.33, P=0.016,
n§:0.54), however, there was no significant interaction
(1=0.94, F(4,15)=0.22, P=0.922, n§:0.06). The ML-
Dy was greater in the high muscle quality group com-
pared to the low muscle quality group (F(1,18)=8.02,
P=0.011, 115:0.31), however, there were no group
effects for sway length (F(1,18)=0.10, P=0.755,
r]2:0.0.01), ellipse area (F(1,18)=0.81, P=0.381,
1,=0.04) or AP-Dy (F(1,18)=0.11, P=0.744, ;1,2,:0.01).
Both sway length (F(1,18)=18.42, P <0.001, #>=0.50)
and ellipse area (F(1,18)=9.17, P=0.007, 17%20.34)
were greater in EC than EO, however, there was no
effect of visual condition for ML-D; (F(1,18)=4.23,
P=0.054, n§20.19) or AP-Dy (F(1,18)=0.24, P=0.628,
11[2,:0.01). Postural control and muscle quality data for
each muscle quality group and the whole study popula-
tion are presented in Figures 2 and 3, respectively.

Discussion

The findings of this study demonstrate that canonical
correlations exist between lower limb muscle quality of
older adults and postural sway complexity in eyes open
and eyes closed conditions. The results of this study sug-
gest that non-linear measures of postural sway complex-
ity are more sensitive to muscular function than linear
measures of sway magnitude in older adults. In addition,
older adults with higher muscle quality had greater ML-
D than those with lower muscle quality, and sway
length and ellipse area were greater with eyes closed
than eyes open.

Previous studies have demonstrated conflicting rela-
tionships between muscle strength and postural control
or balance measures (Forte et al., 2014; Izquierdo et al.,
1999; Melzer et al.,, 2009; Menz et al., 2005;
Muehlbauer et al., 2012, 2015). However, a recent study
demonstrated that compared to muscle strength or mass
alone, muscle quality has a stronger relationship with
previous falls, fear of falling and dynamic balance in
older adults, but that it is not related with linear meas-
ures of postural sway magnitude (Gadelha et al., 2018).
The findings of the current study extend these previous

results by demonstrating that lower limb muscle quality
is positively related to postural sway complexity,
explaining 28% of the variance in sway complexity. It
has been suggested that lower postural sway complexity
is indicative of a less stable postural control system that
is less robust to perturbation (Lamoth & van Heuvelen,
2012; Zhou et al., 2013). Older adults have lower sway
complexity than young adults (Kilby et al., 2014; Walsh,
2021; Zhou et al., 2013) and older fallers have lower
sway complexity than non-fallers (Costa et al., 2007;
Ramdani et al., 2013). The present findings suggest that
a higher muscle quality could be a contributing mechan-
ism to greater sway complexity, demonstrated by the sig-
nificant positive relationship and significantly greater
ML complexity in higher muscle quality compared to
lower muscle quality older adults. These results may
help explain previous findings demonstrating lower falls
history in higher muscle quality older adults (Nogueira
Paranhos Amorim et al., 2021) and indicates that greater
neuromuscular function allows for greater automaticity
of postural sway, as indicated by greater sway complex-
ity (Kedziorek & Btazkiewicz, 2020; Richer & Lajoie,
2020). However, the relatively small magnitude of the
redundancy index, despite the significant canonical cor-
relation, is likely indicative of the complex control of
posture relying on sensory integration from visual, ves-
tibular, and somatosensory sources as well as neuromus-
cular output.

Declining muscle quality is due to degeneration of
neuromuscular structures such as motor neuron loss,
motor unit remodeling, decreased cortical excitability
and nerve conduction velocity (Clark & Fielding, 2012;
Doherty, 2003; Fragala et al., 2015). The results of this
study, therefore, indicate that neuromuscular factors also
contribute to the postural sway complexity of older
adults and that preventing or minimizing the decline in
muscle quality could reduce age-related declines in pos-
tural control. Whilst the present study has focussed on
muscle strength and mass ratio as a measure of muscle
quality, previous work has demonstrated that factors
such as increased intramuscular adipose tissue (Frank-
Wilson et al., 2018) and decreased voluntary activation
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(McPhee et al., 2018), fascicle length and pennation
angle (Narici & Maffulli, 2010; Wu et al., 2016) also
impair neuromuscular function which may impact on the
relationships found in this study.

Previous studies have suggested that ML postural is
an important factor for fall risk in older adults and pos-
tural control is less stable in the ML direction than the
AP direction (Hilliard et al., 2008; Kurz et al., 2013;
Melzer et al., 2010; Park et al., 2014), although this is
not consistently demonstrated (Kilby et al., 2014). In the
present study, ML sway complexity contributed more to
the first canonical variate than AP and was greater in the
higher than the lower muscle quality group, with no
effect for the AP direction. This indicates that ML pos-
tural control could be more dependent on neuromuscular
function than AP postural control. It is possible that the
postural control system has greater redundancy in the AP
direction due to the greater range of motion and strength
in the sagittal plane of the ankle, knee, and hip joints
providing greater ability for postural correction, thus
reducing the impact of declining neuromuscular function
on postural control.

The greater sway length and ellipse area in eyes
closed conditions compared to eyes open agrees with
previous findings (Doyle et al., 2004; Sarabon et al.,
2013; Zhou et al., 2013). However, this study found no
difference in Dy between the visual conditions, in agree-
ment with previous findings (Btaszczyk & Klonowski,
2001), and no interaction between muscle quality group
and visual condition. Although a medium effect size was
noted (7]12,:0.06) for the interaction effect, these findings
could indicate that in the current healthy population of
older adults, when visual feedback was removed postural
sway magnitude was allowed to increase without a
change in sway complexity, to maintain balance. Thus,
this suggests for both the higher and lower muscle qual-
ity group the redundancy in the postural control system
was generally sufficient to compensate for the removal
of visual feedback.

A limitation of the current study was the small sample
size which may have limited the power of the canonical
correlation and group comparative analyses performed.
However, despite the small sample size, the significant
relationships and large effect sizes between the groups
suggest that muscle quality contributes to the postural
control of older adults. A secondary limitation is that the
interpretations of the findings of this study are limited to
community-dwelling older adults. An understanding of
the relationship between muscle quality and postural con-
trol may be important for understanding the declining
postural control and increasing fall risk in older adults,
particularly those who are frail or with comorbidities.
Future studies should further explore the relationships
presented in this study in larger populations and clinical
populations. Future research could also explore whether

training interventions could specially focus on improving
or maintaining muscle quality in older adults to deter-
mine if improving muscle quality can improve postural
control and reduce the risk of falling.

In conclusion, this study has demonstrated that the
lower limb muscle quality of older adults is correlated
with postural sway complexity but not postural sway
magnitude. Regardless of the availability of visual stim-
uli, ML sway complexity was also greater in older adults
with high muscle quality compared to older adults with
low muscle quality. Finally, postural control in the ML
direction appeared more dependent on muscle quality
than postural control in the AP direction.
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