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Highlights

1. Muscle tone and mechanical properties alter with ageing.

2. The effects of gender are less marked than ageing.

3. Monitoring mechanical properties may help detect risk of premature
frailty.

4. Muscle ageing needs to be considered when assessing effects of

pathological conditions.



Abstract
Background: Age and gender effects on muscle tone and mechanical

properties have not been studied using hand-held myometric technology.
Monitoring changes in muscle properties with ageing in community settings
may provide a valuable assessment tool for detecting those at risk of

premature decline and sarcopenia.

Objective: This study aimed to provide objective data on the effects of
ageing and gender on muscle tone and mechanical properties of quadriceps

(rectus femoris) and biceps brachii muscles.

Methods. In a comparative study of 123 healthy males and females (aged
18-90 years; n=61 aged18-35; n=62 aged 65-90) muscle tone, elasticity

and stiffness were measured using the MyotonPRO device.

Results: Stiffness was greater and elasticity lower in older adults for BB and
RF (p<0.001). Tone was significantly greater in older adults for BB but not
for RF when data for males and females were combined (p=0.28). There
were no gender differences for BB in either age group. In RF, males had
greater stiffness (young males 292 vs females 233 N/m; older males 328 vs
females 311 N/m) and tone (young 16.4 vs 13.6 Hz; older 16.7 vs 14.9 Hz).
Elasticity in RF was lower in young males than females but did not differ

between the older groups (both males and females log decrement 1.6).

Conclusions. Stiffness and tone increased with ageing and elasticity
decreased. These findings have implications for detecting frailty using a
novel biomarker. Age and gender differences are important to consider when
assessing effects of pathological conditions on muscle properties in older

people.

Keywords: Muscle tone; mechanical properties; Ageing; Muscle stiffness;

Muscle elasticity



1. Introduction
Muscle strength is the most commonly used biomarker of musculoskeletal
ageing and frailty (Sayer et al. 2006; Cooper et al. 2011b). However, strength
measurements are not always feasible in older people due to e.g. pain from
arthritis or impaired cognitive function from dementia. Tools for assessing
muscle health are needed, that are not influenced by pain or cognition.

Sarcopenia, the age-associated loss of skeletal muscle mass and
strength (Cruz-Jentoft et al. 2010; Rosenberg 2011), is present when muscle
mass decreases to a level less than expected for a specified age, gender and
race (Baumgartner & Waters 2006). Women have lower muscle mass and
strength than age-matched males (Narici & Maffulli 2010) but greater fatigue
resistance (Wist et al. 2008). These differences in functional capacity with
age and gender reflect differences in muscle fibre-type composition. There
is preferential loss of type 2 (fast twitch) fibres with ageing, which are
predominantly distributed around the periphery of muscle fascicles (Manta et
al. 1995). Type 1 fibres do not change significantly with ageing (Kararizou et
al. 2009). Type 2 fibres have greater intrinsic strength and type 1 fibres are
characteristic of endurance and slower contraction rate (Wust et al. 2008).

Tone and mechanical properties of muscles (Blanpied & Smidt 1993)
and tendons (Scaglioni et al. 2003) change with ageing and are also altered
in neurological conditions, such as stroke and Parkinson’s disease (PD).
Muscle tensile stiffness increases with ageing, as demonstrated using the
resistance to a single stretch (Blanpied & Smidt 1993) and sheer wave
elastography (Eby et al. 2015). Stiffness is also reported to increase with
hypertrophy due to strength training (Kubo et al. 2010) and with increasing
muscle activation (Blanpied & Smidt 1993). Gender differences in muscle
stiffness measured using different laboratory based technologies are
conflicting in the literature. For example, greater stiffness in males than
females was found using the free oscillation technique (Wang et al. 2015),
which might be expected with greater strength in males. However, sheer
wave elastography demonstrated greater stiffness in females (Eby et al.
2015). Differences may be due to methods used and muscles studied.

It is important to be able to distinguish the underlying effects of

ageing from the specific effects of pathology when tone and mechanical
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properties are assessed in clinical conditions, such as musculoskeletal and
neurological disorders. Clinical assessment of tone is subjective, using
manual assessment by rating resistance to passive movement on scales such
as the Modified Ashworth Scale (MAS) for stroke (Fleuren et al. 2010) and the
Unified Parkinson’s disease Rating Scale (UPDRS) for PD (Goetz et al. 2003).
Laboratory techniques for assessing tone and mechanical properties
objectively, such as ultrasound imaging with dynamometry (Narici et al.
1996; Muraoka et al. 2005) and magnetic resonance elastography (Dresner
et al. 2001) are not clinically feasible. There is the need for objective,
reliable, valid, robust, easy to use and cost effective ways of assessing
skeletal muscle tone and mechanical properties in a clinical setting.
Components of muscle tone at rest can be classified as neural or non-neural
(intrinsic); neural aspects comprise active muscle tension and stretch reflex
contractions, while non-neural components comprise passive stiffness and
the inherent viscoelastic properties of the tissues (Britton 2004).

Myoton technology (Myoton AS, Estonia) offers an in-vivo, non-
invasive measurement of state of tension (non-neural tone) and mechanical
properties of individual skeletal muscles, with the added advantage of
portability and relatively low cost (Gavronski et al. 2007). It is necessary to
establish normative data using the Myoton device to provide reference values
for future assessment of skeletal muscle with ageing and in clinical
conditions, as studies have indicated the potential use of Myoton technology
to aid diagnosis and management of increased mechanical tone and stiffness
in stroke (Chuang et al. 2012) and PD (Rdtsep & Asser 2011; Marusiak et al.
2012).

The aim of the present study was to establish normative data for
resting stiffness, tone and elasticity, and identify age and gender differences
in rectus femoris (RF) and biceps brachii (BB) muscles using the MyotonPRO
device. It was hypothesised that muscle stiffness and tone would increase,
and elasticity decrease, with ageing. Stiffness and tone would also be

greater, and elasticity lower, in males than females.



2. Materials and Methods
2.1. Participants

A convenience sample of 123 self-reported healthy participants were studied
in four groups: young and older males and females (61 young; aged 18-35
years, recruited from the University, and 62 older participants; aged 65-90
years, recruited from the local community (see Table 1).

Young participants were included if they did not participate in sports
or exercise more than three times per week, or competitively at university
level or above. For older participants, activity was assessed using the
Physical Activity Scale for the elderly (Washburn et al. 1993) to ensure only
sedentary or moderately active participants were included.

Exclusion criteria for both age groups were: conditions known to affect
muscle characteristics and functional ability; upper and lower limb pathology
(fracture, surgery, neoplasm), skin disorder, neurological conditions and
musculoskeletal injuries severe enough to require treatment or prevent
activity for more than one week in the previous five years. Those taking
medications, such as skeletal muscle relaxants, neuromuscular blocking
drugs and those unable to understand study requirements were excluded.
The study was approved by the Faculty of Health Sciences, University of
Southampton Ethics Committee and was conducted in accordance with the
Helsinki Declaration of 1975. All participants gave their written informed

consent.
2.2. Experimental set-up

Participants were tested in supine lying for both muscles and lay relaxed for
10 minutes prior to testing (Bailey et al. 2013). For BB, the participant lay
supine with the shoulder externally rotated and elbows extended and wrist
supinated. A rolled towel placed under the wrist to flex the elbow
approximately 159 from the horizontal to take the stretch off the muscle and
enable relaxation (Aarrestad et al. 2004). Measurements were taken at a
point midway between the most anterior aspect of the lateral tip of the
acromion and the mid cubbital fossa, following a gentle, resisted isometric

muscle contraction to identify the middle of the muscle belly (Figure 1).



Rectus femoris measurement was achieved with the knee extended and hip
in neutral, with sandbags placed either side of the ankle to maintain this
position (Figure 2). Measurements were taken at two thirds of the distance
between the anterior superior iliac spine (ASIS) and the superior pole of the
patella, to locate a reproducible site over the muscle belly (Mullix et al.
2012).

2.3. Measurement of muscle tone and mechanical properties
All testing was performed by one operator (SAB), an experienced

physiotherapist trained in the use of Myoton technology. Training involved a
one day introductory course and several practise sessions. Inter-rater
reliability was established in a separate study (Agyapong-Badu et al. 2013)
and intra-rater reliability on different days was examined in the present
study (see below). Measurements were performed on the dominant upper
and lower limbs by placing the probe of the device (3mm diameter)
perpendicular on the skin over the muscle of interest, with constant preload
(0.18N) independently of the investigator, to pre-compress subcutaneous
tissues. The device delivered a brief (15ms), low force (0.4N) mechanical
impulse, inducing damped natural oscillations of the underlying tissues.
These oscillations were recorded by an accelerometer attached to the
frictionless measurement mechanism within the device
(http://www.myoton.com/en/Technology/Technical-specification). The
device then calculated simultaneously the parameters describing resting
tone (oscillation frequency [Hz]), elasticity (logarithmic decrement [arbitrary
unit]) of damped oscillations and stiffness [N/m] (Gavronski et al. 2007). Two
pre-defined measurement series for 10 mechanical impulses at one second

apart) were conducted, with a one minute rest between the series.
2.4. Parameters measured

Resting tone or state of tension (frequency [Hz]) defined as the maximum
frequency (F=fmax) computed from the signal spectrum by Fast Fourier
Transform (FFT) was recorded. The higher the frequency of dampened
oscillations (natural oscillation frequency), the greater the muscle tension,

which is increased by contraction (Gavronski et al. 2007) and stretch (Ditroilo
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et al. 2011). Stiffness (N/m) is a measure of the muscle’s ability to resist an

external force that modifies its shape and is calculated using the formula:

S=m
probe{ﬂj
Al

The higher the N/m value, the stiffer the muscle (Gavronski et al. 2007).

Elasticity describes the tissue’s ability to restore its shape after being
deformed. Elasticity can be described by logarithmic decrement as the latter
describes the dampening of the oscillation i.e. dissipation of mechanical
energy in the tissue during an oscillation cycle. The smaller the decrement
value, the smaller the subsequent dissipation of mechanical energy and the
higher the elasticity (Gavronski et al. 2007).

Elasticity (logarithmic decrement) is expressed in arbitrary units as

[6= |n{ﬁ}]
3,

2.5. Fat thickness measurements

Subcutaneous fat thickness was measured using ultrasound imaging to
examine any relationship with Myoton parameters. A real-time ultrasound
scanner (Aquila; Esaote Spa, Genova, Italy) with a 6-MHz linear transducer
array (60-mm footprint) was used to take B-mode transverse images of
subcutaneous tissue over the rectus femoris muscle at the same site as the
Myoton measurements, with the participant resting in supine lying. The
images were saved onto a flash card and downloaded to a computer for
blinded analysis offline using MATLAB Version 10.1 (The MathWorks, Inc,
Natick, MA). The Matlab algorithm (written by co-author MW) loaded
ultrasound images automatically from a directory and prompted the operator
to measure tissue thickness. Subcutaneous fat was measured as the distance
from the skin (inferior border of layer of ultrasound gel) to the outside edge

of superficial fascial layer over the muscle (Agyapong-Badu et al. 2014).

2.6 Reliability



Intra-session reliability between the first and second sets of 10
measurements was examined. A test-retest reliability study was also
conducted in 58 participants (=26 young, 32 older), on two different days,
one week apart, at a similar time of day, in the hands of the present

investigator (SAB).
2.7. Statistical Analysis

Data were imported from Microsoft Excel and analysed using SPSS 21 (SPSS
Inc, Chicago, IL). The data were found to be normally distributed using the
Shapiro-Wilk test. Descriptive statistics were used to summarise the data as
means and standard deviations (SD). The mean values for each parameter
(stiffness, elasticity and tone) were calculated from the responses to the 20
impulses delivered (two sets of 10). Within-session reliability was examined
using intraclass correlation coefficient (ICC) model ICC 3,2. Reliability of
measurements repeated on a second day was examined using ICC 3,1 to
assess agreement, using the classification of (Fleiss 2007), in which ICC
>0.75 is rated as excellent. Standard error of measurement (SEM) and
minimal detectable change (MDC) were also used to assess precision of
repeated measures. Independent sample and paired t-tests were used to
assess gender, age-related and inter-muscle differences between the
groups. Correlation coefficients for the relationship between the
participants’ age, subcutaneous fat thickness and each myometric parameter
were also calculated using Pearson's correlation. Linear regression analysis
was used to assess the influence of age, gender and fat thickness on Myoton
parameters for the RF muscle only (gender classification; O=females,

1=males). Significance levels were set at p<0.05.

3. Results
3. 1. Reliability of Measurements Recorded Within-session and on Different

Days

Within-session reliability was excellent for all parameters in both muscles
(ICC 3,2 0.97-0.99). The SEM ranges were 0.03-5.49 for BB and 0.03-4.83

for RF (Appendix A). Reliability between days ranged from good to excellent
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and depended on age group and muscle property measured (ICC 3,1 BB;
0.72-0.93, RF; 0.68-0.94), as shown in Appendix B (p/ease see
supplementary data on the journal website). The SEM ranges were 0.11-
15.72 for BB and 0.11-12.57 for RF in both age groups. The MDC ranges for
BB and RF were 0.29-43.58 and 0.31-34.82 respectively.

3.2. Muscle tone and mechanical properties
3.2.1. Effects of ageing

Older adults had significantly greater stiffness and lower elasticity (higher
log decrement values) than younger adults for both BB and RF (p<0.001;

Table 2; Table 3). Tone was also significantly greater in older adults for BB.

3.2.2. Effects of gender

For RF in the young adults, males had greater stiffness (mean 292.3 vs 232.8
N/m) and tone (16.4 vs 13.6 Hz), and lower elasticity (1.3 vs 1.2 log
decrement) compared to females (Table 2). There were no gender differences
for any of the three parameters for BB in both young and older groups (Table
3). In the older group, males again had greater stiffness (327.7 vs 310.5
N/m) and tone (16.7 vs 14.9 Hz) than females, while there was no difference
in elasticity (both 1.6).The statistical differences for these gender effects are

shown in Table 3.
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3.2.3 Differences in muscle parameters between age groups

When data were compared between age groups (males and females
combined), significant differences were found for RF in elasticity and
stiffness (Fig 3). In BB all three parameters differed significantly (Fig 4).

3.2.4. Comparison between myometric parameters of the two muscles

Participants were categorised based on gender to assess inter-muscle
differences using paired t-tests. Only stiffness was significantly higher for RF
in females as shown in Table 4. For male participants, all three parameters
recorded relatively higher means for RF compared to BB, and were
significantly different when the two muscles were compared (p<0.01); Table
4).

3.2.5. Percentage difference in Myoton parameters

The percentage differences between the young and older groups (Appendix
B; please see supplementary data on the journal website) indicate the
direction and magnitude of change with ageing. Ageing is associated with
greater stiffness (+10-25%) and tone (+2-10%) and lower elasticity (-20-
30%).

3.2.6 Relationships between muscle parameters and age, gender and
subcutaneous fat (in RF)

Regression analysis for the RF muscle showed that age, gender and fat
thickness were predictive (p<0.001) of the model for stiffness and tone
parameters. Age was the only factor that was significantly predictive
(p<0.001) of the model for elasticity, while fat thickness (p=0.703) and
gender (p=0.118) were not predictive of elasticity. Overall the ANOVA results
showed that all three models were good fit for the data (p<0.001). The
details of the models from regression analysis are shown in Appendix D.

All three BB parameters showed significant correlations with age (log
decrement, r=0.76, p<0.001, so elasticity negatively correlated with age;
frequency (Hz), r=0.52, p<0.001, tone positively correlated; stiffness (N/m),

r=0.72, p<0.001, stiffness positively correlated). For RF, only elasticity (log
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decrement, r=0.65, p<0.001) and stiffness (N/m, r=0.53, p<0.001) showed
significant correlations, while there was no correlation for tone (r=0.16,
p=0.08).

Correlation between Myoton parameters and fat thickness ranged from
r=-0.01 to -0.49 within the four groups (Appendix E). Significant
correlations were found for stiffness in older females only (r=-0.38;
p=0.04), and for tone in young females (r=-0.48; p=0.01), older males (r=-
0.42; p=0.03) and older females (r=-0.49; p=0.01). There were no

significant correlations for elasticity.

4. Discussion

The present study was the first to examine the effect of ageing and gender
on tone and mechanical properties of BB and RF muscles using Myoton
technology. There were age related differences, and to a lesser extent
gender differences, for both muscles and differences between the two
muscles. The present findings provide comparative reference data from
healthy males and females from young and older adult age groups.
Specifically, the hypotheses for effects of age were supported for most
Myoton parameters in both muscles studied and both genders. The
hypothesis for effect of gender on parameters was largely supported for the

RF muscle and was rejected for the BB muscle.

4.1. Effects of ageing on Myoton Parameters

Muscle stiffness was significantly greater in older participants. The
percentage difference in stiffness was similar for BB in both genders and RF
in females (approximately 25%) but was less for RF in males (11%; Table
Appendix B).

A previous study of RF (n=10, 5 females, 5 males, mean age 40 years,
SD 13), using an earlier prototype, recorded mean stiffness of 268+31 N/m
(Bizzini & Mannion 2003), which was lower than that for the present young
males but higher than for young females (Table 2). Direct comparison with
the present data is limited due to differences in age and they combined data

for males and females. The present findings are consistent with laboratory
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based technology studies, which also found greater stiffness with ageing in
the plantar flexors when measuring resistance to a single stretch (Blanpied &
Smidt 1993) and in BB using sheer wave elastography (Eby et al. 2015).

Elasticity was significantly lower in the older groups in both muscles,
with percentage differences of approximately 30% for BB in both genders but
was less for RF (25% females, 19% males).

Muscle tone (Hz) was less variable between groups and increased with
ageing but was only significant for BB (Tables 2&3). Percentage differences
were relatively small compared with stiffness and elasticity (2-11%).

Correlation analysis showed that ageing was associated with stiffer,
more toned and less elastic BB. For RF, ageing was also associated with
stiffer and less elastic muscles but tone was not influenced by ageing in the
present healthy participants. As well as ageing effects, the regression
analysis for RF indicated effects of gender and subcutaneous fat (Appendix
D) on stiffness and tone but not on elasticity, which was only influenced by

age. These relationships are discussed below.

4.2. Gender Differences

The lack of differences between genders for BB in both age groups was
unlike RF, where there were consistent gender differences in both age
groups. Males had greater stiffness and tone, and lower elasticity than
females (Table 2).

The greater stiffness in males than females for RF was consistent with
findings in knee extensors using the free oscillation technique (Wang et al.
2015). The present lack of gender difference for BB may reflect differences
between the muscles studied, as BB has previously been shown to have
greater stiffness in females than males, using sheer wave elastography (Eby
et al. 2015) and contrasting with knee extensor findings.

The present differences in RF Myoton parameters between genders
could not be explained entirely by subcutaneous fat thickness. The
approximate subcutaneous thicknesses were: young males 4mm, young
females 11mm, older males 6mm, older females 13mm). From these values,

genders might be expected to have greater differences in Myoton
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parameters than differences between age groups but this was not the case.
Females within each age group had lower stiffness and tone than their male
counterparts (Table 2) but this could not be attributed to greater
subcutaneous fat because both older males and females had significantly
greater stiffness and tone than the younger groups (Fig 3), despite having
slightly greater fat thickness. The relationship between muscle parameters
and fat thickness was therefore conflicting between the two scenarios. The
systematic differences in stiffness and tone between genders is consistent
with known differences in muscle characteristics e.g. in strength, where
males are stronger than females (Narici & Maffulli 2010) with greater
proportions of type 2 fibres and females have greater fatigue resistance,
characteristic of type 1 fibres (Wist et al. 2008).

The relative differences in RF tone and stiffness between gender and
age may partially be accounted for by subcutaneous fat, but the same cannot
be said about elasticity and parameters for BB which may not be directly
related to subcutaneous fat thickness and these interrelationships require
more detailed investigation.

The sex differences in muscle strength and fatigability outlined in the
introduction may be reflective of fibre-type differences and neural activation
(Wist et al. 2008; Narici & Maffulli 2010). A recent review highlighted the
lack of understanding of sex differences in neuromuscular function and
fatigability, the underlying mechanisms and the functional consequences
(Hunter 2014), so evidence-based conclusions on the mechanisms
underlying Myoton parameters require further research alongside laboratory

based technologies.

4.3 Relationship between Subcutaneous Fat and Muscle Parameters
Frohlich-Zwahlen et al. (2014) suggested that subcutaneous fat
influenced Myoton parameters. They used ultrasound imaging to measure fat

thickness over RF and reported correlations for tone (r=0.56; p<0.001),
stiffness (r=-0.28; p<0.001) and elasticity (r=-0.21) in 40 participants of
different ages and genders. Although these correlation values were
statistically significant, they were low to moderate. The present values were

lower for tone and elasticity than those found by Frohlich-Zwahlen et al.
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(2014), and were not significant for all parameters in the four groups
(Appendix E). The previous study pooled the data from different age groups
and genders, which did not allow for the effects of these different factors on
the relationship with fat to be taken into account. Since subcutaneous fat
thickness varies with age and gender (Table 2), a pooled correlation analysis
would exaggerate the relationship between the muscle parameters and fat.
This would be analogous with correlating another factor known to vary with
age and gender that has no direct relationship with muscle, such as bone
density, and finding that it significantly correlated with Myoton parameters.
While fat thickness is associated with muscle parameters in certain cases, it
is difficult to conclude that fat thickness influences muscle parameters

directly.

4.4. Differences in Mechanical Parameters between Muscles

Parameters varied between the two muscles with gender. Values for stiffness
and tone were greater, and elasticity lower, in RF than BB in males. In
females, only stiffness was significantly greater in RF than BB (p=0.02), with
tone and elasticity being similar between muscles (Table 4). The stiffer and
less elastic RF in the healthy participants is in keeping with the greater
decline in lower limb muscle characteristics with ageing than the upper
limbs, e.g. strength (Traon et al. 2007; Samuel et al. 2012). For male
participants, RF muscle was less elastic, stiffer and recorded higher tone
compared to BB (p<0.001). The RF muscle which forms part of a major
muscle in the body, the quadriceps, is a long bipennate muscle with two
rows of muscle fibres to allow greater power but less range of motion, while
BB is a small spindle shaped muscle with short tendinous structure. Nielsen
et al. (2006) reported that the vastus lateralis muscle, another component of
the quadriceps, contained more non-contractile components than
supraspinatus muscle in the upper limb, using ultrasound imaging. It is
possible that the overall greater tone and stiffness in the RF muscle observed
in the present study could be as a result of the differences in non-contractile
components in the lower limb muscle compared to those in the BB muscle. In

the present study, intramuscular components were not assessed and this
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may be a useful measure to further understand the differences in mechanical
properties for both muscles. The results for RF muscle in the current males
corroborate reported greater quadriceps size and strength than in women
(Young et al. 1985; Cooper et al. 2011a; Samuel et al. 2011).

4.5. Reliability of Measurements Within-session and Between-Days

The present reliability results are consistent with between day reliability
studies of RF in healthy young (ICC 0.81-0.87); (Mullix et al. 2012) and older
males (ICC 0.77-0.82); (Aird et al. 2012) using the MyotonPRO device.

Reliability between days is important for monitoring changes over time.
Based on excellent within-session reliability results, it can be concluded that

the mean of one set of 10 measurements is as reliable as the mean of 2 sets
of 10, so future studies could use one set of 10 measurements, particularly

in field settings where time may be limited.

4.6. Limitations of the study

Relaxation was not measured objectively, e.g. using electromyography, so it
was not possible to be certain that the muscles were in a resting state. The
effect of ageing was only examined in two age bands (18-35 and 65-90
years), rather than across a range of age bands, to examine the progressive
effects of age. Comparison of Myoton measurements with a laboratory based
technology would have enabled the results to be interpreted more

thoroughly in relation to muscle physiology.

4.7. Further research on ageing

The present findings warrant further research in different muscles to
determine normative values across the age spectrum for comparison with
clinical groups, and potentially establish an index in different healthy,
clinical and sports cohorts. For example, how does lifestyle affect muscle
tone and mechanical properties, and could such measures be used to assess

health status and be predictive of mobility, independence and frailty?
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Studies of neurological conditions using Myoton technology to
measure abnormal muscle tone and the effects of interventions are
emerging, e.g. stroke (Chuang et al. 2012) and PD (Ratsep & Asser 2011;
Marusiak et al. 2012). Studies of Myoton parameters in musculoskeletal
conditions, such as osteoarthritis and rheumatoid arthritis, may be
worthwhile. The present findings on the effects of ageing need to be
considered when studying neurological and musculoskeletal conditions that

primarily affect older people.

5. Conclusions

5.1 Effects of ageing on muscle tone and mechanical properties has been
documented in BB and RF using the novel hand-held MyotonPRO device.
Stiffness was greater and elasticity lower in the older groups for both
muscles. Tone was also greater for both genders in older adults for BB,

and in females for RF, but there was no age difference in males for RF.

5.2 The effects of gender were less pronounced than ageing. There were
no gender differences for any parameters for BB in either age group. For
RF in the young adults, females had greater stiffness and elasticity and
lower tone than males. In the older group, females had lower stiffness

and tone than males.

5.3 All three parameters were greater in RF than BB in males. In females,
only stiffness was greater in RF than BB, and tone and elasticity were

similar.

5.4. Relationships between subcutaneous fat and muscle parameters
were inconsistent between ageing and gender differences to allow a
conclusion to be drawn about any direct effects of fat on muscle

parameters.

5.5 Reference data for muscle tone, elasticity and stiffness have been
provided for healthy young and older adults. Further data are needed in
other age groups to produce a comprehensive data set with which to

compare patients.
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Appendices

Appendix A. Within-session reliability of measuring muscle tone and

mechanical properties

Participants (n=58)

Myometric Mean+SD ICC  95%ClI SEM
parameter
1 Biceps Brachii
Elasticity (LD)
M1 1.18 £ 0.2 0.97 0.947-0.98 0.03
M2 1.17 £0.2
Tone (Hz)
M1 15.1 £ 2.1 0.99 0.989-0.996 0.21
M2 15.1 £ 2.1
Stiffness (N/m)
M1 256.8+55.0 0.99 0.987-0.995 5.49
M2 256.4+54.9
2 Rectus Femoris
Elasticity (LD)
M1 1.2+£0.2 0.97 0.953-0.982 0.03
M2 1.2+0.2
Tone (Hz)
M1 15.0+2.1  0.99 0.991-0.997 0.21
M2 15.0 + 2.1
Stiffness(N/m)
M1 261.7+48.5 0.99 0.989-0.996 4.83
M2 263.5+48.2

SD=standard deviation; ICC=Intraclass Correlation Coefficient; Cl=confidence interval;
SEM=Standard Error of Measurement; LD=Log Decrement; M1 =first set of 10
measurements; M2=second set of 10 measurements
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Appendix B. Between-day reliability of measuring muscle tone and mechanical properties

Myometric Young adults (n=26) Older adults (n=32)

Parameters Mean + SD ICC3,1 95%Cl SEM MDC Mean + SD ICC3,1 95%Cl SEM MDC
Biceps Brachii

Elasticity (LD)

Day 1 1.1 £0.2 0.72 0.51-0.85 0.11 0.29 1.6 +0.3 0.80 0.65-0.89 0.13 0.37
Day 2 1.2 +0.2 1.6 = 0.3

Tone (Hz)

Day 1 149+ 1.8 0.90 0.81-0.95 0.57 1.58 154 +1.6 0.75 0.57-0.86 0.82 2.29
Day 2 15.0 + 1.8 153 +1.7

Stiffness (N/m)

Day 1 250 + 51 0.93 0.87-0.97 13.3 36.9 287 + 5] 0.89 0.79-0.94 15.7 43.6
Day 2 251 + 50 288 + 44

Rectus Femoris

Elasticity (LD)

Day 1 1.3+0.2 0.68 0.4-0.83 0.11  0.31 1.6 £0.2 0.76 0.58-0.87 0.12 0.34
Day 2 1.3+0.2 1.7+ 0.3

Frequency (Hz)

Day 1 152+ 1.9 0.94 0.89-0.97 0.45 1.25 155+1.9 0.92 0.86-0.96 0.54 1.49
Day 2 15.1 + 1.8 15.4 +1.9

Stiffness (N/m)

Day 1 270 = 47 0.93 0.86-0.96 12.3 34.0 311 = 41 0.90 0.82-0.95 12.6 34.8
Day 2 270 + 46 309 + 38

SD=Standard Deviation; ICC=Intraclass Correlation Coefficient; CI=Confidence Interval; SEM=Standard Error of Measurement; MDC=Minimal

Detectable Change; LD=Log Decrement
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Appendix C. Percentage differences in Myometric parameters with Ageing

Percentage difference from young to older group

Biceps Brachii Rectus Femoris
Males Females Males Females
Stiffness +25 +26 +11 +23
Elasticity -33 -31 -19 -25
Tone +11 +9 +2 +8

NB. The negative difference for elasticity was due to the greater values for

log decrement in the older groups
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Appendix D. Regression analysis to examine the influence of age, gender
and subcutaneous fat thickness on Myoton parameters for the rectus femoris
muscle combining all four groups of participants

Muscle Regression equation R? Adjusted F value P value

parameter x - fat thickness +/-age + R?
gender

Stiffness  246.62-32.36* + 1.25 0.51 0.49 F3,113) = <0.001
+18.92* 38.4

Tone 15.31-1.884* +0.025* 0.46 0.45 F(3,113) = <0.001
+1.013* 32.1

Elasticity 1.012 - 0.024 +0.008* 0.45 0.43 F(@3,113) = <0.001
+0.092 30.4

* =significant at 0.05 level (2 tailed)
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Appendix E. Correlation between Myometric parameters and fat thickness in

young and old males and females

Young males  Young females Older males Older females

(n=33) (n=26) (n=28) (n=30)
Stiffness (N/m)
r -0.11 -0.39 -0.36 -0.38
p-value 0.544 0.052 0.061 0.041*%
Tone (Hz)
r -0.25 -0.48 -0.42 -0.49
p-value 0.159 0.013* 0.025% 0.006*
Elasticity (log D)
r -0.12 -0.02 -0.01 -0.08
p-value 0.513 0.929 0.943 0.659

r=Pearson correlation coefficient; log D=log decrement; *significant correlation at
0.05 level (2 tailed)
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ACCEPTED MANUSCRIPT

Figure Captions

Figure 1. MyotonPRO technique for measurement of biceps brachii (BB)
stiffness, tone and elasticity
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Subject 14
Quadriceps: Rect Femeorts
Lying Righ, Contral Rolaved

Figure 2. MyotonPRO technique for measurement of rectus femoris (RF)
stiffness, tone and elasticity
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Figure 3. Differences in rectus femoris muscle parameters between healthy
young and older adults measured using the MyotonPRO device. a) elasticity;

b) tone; c) stiffness. *significant difference between groups p<0.001
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Figure 4. Differences in biceps brachii muscle parameters between healthy
young and older adults measured using the MyotonPRO device. a) elasticity;

b) tone; ) stiffness. *significant difference between groups p<0.001
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Tables

Table 1. Participant Characteristics (total n=123)

Young Young Older Older
males females males females
(n=34) (n=27) (n=28) (n=34)
Age (years) 24.5+4.7 26.8+4.7 74.2+5.9 76.1+6.4
Height (m) 1.8+0.1 1.6+0.1 1.7+0.1 1.6+0.1
Weight (kg) 72.6+10 59.6+7.8 78.4+10.4 65.5+8.7
Body mass
index 23.2+2.5 22.9+2.7 25.9+2.9  25.6+2.7

(kg/m2)
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Table 2. Muscle tone and mechanical properties of biceps brachii and rectus

femoris muscles

Myometric/ Young adults (n=61) Older adults (n=62)
Ultrasound Males Females Males Females
Parameter (n=34) (n=27) (n=28) (n=34)
BICEPS BRACHII
Stiffness(N/m)
Mean = SD 213+24 215+28 288+56 302+50
Range (171-273) (172-294) (194-399) (219-425)
Elasticity(log D)
Mean + SD 1 +0.2 1.1 £0.2 1.5+0.4 1.6 £0.3
Range (0.7-1.4) (0.8-1.7) (1-2.5) (1.2-2.3)
Tone (Hz)
Mean + SD 14 + 0.8 13.6 +1.2 15.8+1.7 15.4+1.9
Range (12.4-15.6) (10.8-16.1) (13-19.8) (11.2-20.8)
RECTUS
FEMORIS
Stiffness(N/m )
Mean + SD

292+36 233+ 35 328+29 31142
Range

(228-410) (177-323) (254-398) (236-417)
Elasticity(log D)
Mean + SD

1.3 +0.2 1.2 +£0.2 1.6 +0.3 1.6 £0.2
Range

(0.9-1.7) (0.7-1.5) (1.2-2.3) (1.1-2.0)
Tone(Hz)
Mean + SD

164+1.6 13.6+1.2 16.7 + 1.6 149 +1.7
Range

(13.8-21.1) (11.3-16.6) (13.2-20.5) (11.7-18.7)

Subcutaneous
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fat for RF (mm)

Mean = SD

Range 41+23 10.6 £3.7 6.2 +3.2 12.9 +4
(1.1-10.6)  (5.5-18.9) (1.8-13.5) (5.8-23.1)

SD=standard deviation; log D=log decrement; RF=rectus femoris
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Table 3. Significance test results for age and gender related differences in

muscle tone and mechanical properties

T-test analysis Biceps Brachii Rectus Femoris
E T S E T S
All
Young vs Old
p value 0.00* 0.00* 0.00* 0.00* 0.28 0.00*
t 12.37 5.43 10.15 9.27 1.09 5.99
df 109 103 99 132 132 132
Mean difference 0.54 1.42 74.05 0.38 0.38 45.75
95% CI; Lower 0.44 0.90 59.57 0.29 -0.31 30.65
Upper 0.62 1.94 88.53 0.46 1.08 60.85
Males
Young vs Old
p value 0.00* 0.00* 0.00* 0.00* 0.48 0.00*
t -7.35 -4.64 -6.36 -5.23 -0.71 -3.82
df 40 39 38 65 65 65
Mean difference -0.52 -1.63 -71.91 -0.34 -0.30 -33.9
95% CI; Lower -0.65 -2.33 -94.79 -0.46 -1.14 -51.62
Upper -0.37 -0.91 -49.01  -0.20 0.54 -16.18
Females
Young vs Old
p value 0.00* 0.00* 0.00* 0.00* 0.01* 0.00*
t -9.68 -3.49 -7.58 -8.73 -2.75 -6.79
df 65 62 61 65 65 65
Mean difference -0.53 -1.35 -75.09 -0.44 -1.08 -68.79
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95% Cl; Lower -0.64 -2.13 -94.89 -0.54 -1.87 -89.01

Upper -0.42 -0.57 -55.29 -0.34 -0.29 -48.57

Young

Male vs Females

p value 0.06 0.12 0.69 0.02* 0.00* 0.00*
t -1.85 1.55 -0.39 2.40 6.88 6.19
df 63 63 63 63 63 63
Mean difference -0.08 0.38 -2.59 0.13 2.67 58.54
95% CI; Lower -0.16 0.11 -15.74  0.021 1.89 39.64

Upper 0.01 0.86 10.56 0.22 3.44 77.44
Old

Males vs Females

p value 0.19 0.16 0.66 0.79 0.00* 0.01*
t -1.30 1.40 -0.435  0.27 4.23 2.59
df 67 67 67 51 67 67
Mean difference -0.09 0.65 -5.78 0.02 1.89 23.65
95% CI; Lower -0.24 -0.27 -32.26  -0.11 0.99 5.42
Upper 0.052 1.57 20.70 0.14 2.77 41.88

E=elasticity; T=tone; S=stiffness; YG=young; df=degrees of freedom;

Cl=confidence interval; *significant at the 0.05 level (two-tailed)
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Table 4. Significance test results for inter-muscle differences in tone and

mechanical properties

Biceps Rectus p- Mean 95% ClI

Brachii Femoris value difference
Lower-upper

Males (n=62)

Stiffness (N/m)  247+56 308+37 0.00 -61.4 -74.5-(-48.4)*
Elasticity (log) 1.2+0.4 1.5+0.3 0.00 -0.2 -0.3-(-0.1)*
Tone (Hz) 14.9+1.5 16.5¢£1.6 0.00 -1.7 -2.2-(-1.2)*

Females (n=57)

Stiffness (N/m)  261+60 274+55 0.02 -12.8 -23.1-(-2.6)*
Elasticity (log) 1.4+£0.3 1.4+£0.3 0.23 -0.04 -0.1-0.03
Tone (Hz) 14.6+£1.8 14.3x1.7 0.28 0.23 -0.19-0.6

Cl=confidence interval; *significant at the 0.05 level (two-tailed)
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