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Abstract: Background: The body mass index (BMI) is closely related to fat tissue, which may have
direct or indirect effects on muscle function. Previous studies have evaluated BMI and muscle
viscoelastic properties in vivo in older people or individual sexes; however, the relationship be-
tween BMI and muscular viscoelastic properties is still unknown. Aims: The purpose of this study
was to determine the correlation of BMI with muscular viscoelastic properties, and to compare
these properties in a young sedentary population with normal and overweight individuals. Meth-
ods: A total of 172 healthy sedentary individuals (mean age, 26.00 & 5.45 years) were categorized
by sex (male and female) and BMI classification (normal (BMI, 18.50-24.99 kg/m?), overweight
(BMI = 25.00-29.99 kg/m?)). Body weight was evaluated using an electronic scale, while height was
measured using a standard stadiometer. BMI was calculated by dividing the weight in kilograms
by the square of height in meters. The viscoelastic properties (tone, stiffness, and elasticity) of the
biceps brachii (BB) and biceps femoris (BF) muscles were measured bilaterally using the MyotonPRO
device at rest. Results: The bilateral BF tone and stiffness, right BB stiffness, and elasticity showed
weak correlations with BMI in all participants. Furthermore, the bilateral BF tone and stiffness, right
BB stiffness and elasticity, and left BB stiffness were weakly positively correlated with male sex.
Only the right BB elasticity was weakly positively correlated with BMI in females (p < 0.05). No
correlation with BMI was determined for other viscoelastic properties (p > 0.05). The overweight
group showed increased bilateral BF stiffness and tone, right BB stiffness, and reduced bilateral
BB elasticity compared to the normal-weight group (p < 0.05), while other viscoelastic properties
were similar (p > 0.05). Greater bilateral BB tone, BF tone and stiffness, and lower BF elasticity were
observed in males than in females (p < 0.05), but other viscoelastic properties were not significantly
different (p < 0.05). No effect of BMI-sex interactions was found on viscoelastic properties (p > 0.05).
Conclusions: The BB and BF viscoelastic properties were weakly correlated with BMI. Males showed
greater muscle tone and stiffness, and lower elasticity. The overweight individuals showed increased
stiffness and tone, particularly in lower extremities, and reduced elasticity in upper extremities. The
effect of BMI-sex interactions on the viscoelastic properties was not clear. Higher BMI (increased
mechanical load) might cause the human body to develop different muscular viscoelastic adaptations
in the extremities.
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1. Introduction

Obesity is a significant health problem with a gradually increasing global prevalence
over the past 3 decades. Obesity can be defined as excessive or abnormal fat accumulation
in a manner that can impair health, and it causes a predisposition to chronic diseases [1].
The cardiovascular and metabolic consequences of obesity have been studied extensively,
but less attention has been paid to its impact on muscle function. Excessive body mass may
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have direct or indirect effects on balance, posture, physical activity, and muscle function
(i.e., overall inadequate strength and power) [2].

Muscle function—especially strength—depends on the structural and material prop-
erties of the muscle. Structural changes (fiber size and pennation, cross-sectional area)
are well known to affect force generation. Previous studies have found that excessive fat
infiltration into muscles is associated with reduced muscle strength and power, as well
as functional limitation [3]. Muscle quality is crucial for motor performance, efficiency of
activities of daily living (ADL), and control of joints. Obese people need higher absolute
forces to move and support their bodies during ADL, such as climbing stairs, sitting,
and walking. This can lead to abnormal loading to joints and gait mechanics, and cause
malalignment, especially in the lower limb joints.

However, it is still unclear how fatty infiltration of muscle affects muscle mechanics.
Healthy muscle contains approximately 2% fat (intra- and extramyocellular), which can
increase up to 5% in obese people. The intramuscular fat may reach higher values as a result
of hypertrophy, and change fiber types due to adaptation of mechanical loading in obese
individuals. However, excessive weight gain, adipocyte hypertrophy, and fatty infiltration
result in an increase in fibrous components (a decrease in contractile elements), and the
reduction in the size and number of muscle fibers may lead to changes in viscoelastic
properties of the muscle—namely, tone, stiffness, and elasticity.

There are few studies that have investigated the effects of BMI on the viscoelastic
properties of muscles [4].Various sophisticated methods and populations have been used to
evaluate these properties, including elastography, ultrasonography, and force plates [5-9].
In a study using a force plate, obese adolescents were found to have greater gastrocnemius
muscle stiffness and lower biceps brachii elasticity than their lean counterparts. Fatty
infiltration of skeletal muscles in obese people may increase muscle stiffness and reduce
flexibility compared to non-obese individuals, due to the limitation of range of motion
and stable posture [9]. Elastography was used in another study to predict the correlation
between BMI and mechanical properties, and it was concluded that BMI was weakly
correlated with upper trapezius stiffness [10]. In contrast, other studies have failed to
identify any relationship between viscoelastic properties of muscles and BMI using different
assessment techniques, such as shear wave ultrasound elastography [11,12].

Access to such devices is not always possible, or may be limited in most clinics,
because of their high purchase and maintenance costs and the requirement of technical
expertise [6]. More recently, a new handheld device known as MyotonPRO (Miiomeetria
Ltd., Tallinn, Estonia) has been introduced. MyotonPRO offers quick, non-invasive, cost-
effective and quantitative measurement of the mechanical properties of skeletal muscles [6].
Objective measurement of soft tissue viscoelastic properties provided by MyotonPRO has
high test-retest reliability and repeatability [6]. Additionally, this portable, user-friendly
device has shown good-to-excellent reliability of muscle stiffness measurements in healthy
individuals and those with various disease states, including stroke, cerebral palsy, and
paratonia [13-18]. More recently, MyotonPRO was used in a single study to identify BMI-
related differences in cervical muscle stiffness and elasticity, and a weak correlation between
the upper trapezius elasticity and BMI was observed, along with a moderate correlation
between BMI and stiffness of the sternocleidomastoid and upper trapezius muscles [19].

Excessive body weight and its mechanical effect may change muscle viscoelasticity
differently in extremities when considering the vertical load. To the best of our knowledge,
upper and lower extremity muscular viscoelastic properties are not correlated with BMI.
Available data from the literature do not indicate a clear association between BMI and
viscoelastic properties. Therefore, the primary aim of this study was to determine the
degree of any relation of BMI to viscoelastic properties of the muscle (i.e., tone, stiffness, and
elasticity). The secondary aim of this study was to identify BMI- and sex-related differences
in these properties in a young sedentary population (normal vs. overweight people, males
vs. females). It was hypothesized that (1) greater stiffness and tone, and lower elasticity, of
the biceps brachii (BB) and biceps femoris (BF) muscles would be correlated with higher
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BMI; (2) muscle stiffness and tone would be greater and elasticity would be lower in
overweight individuals than in normal-weight individuals; (3) muscle stiffness and tone
would be greater, and elasticity would be lower, in males than in females; and (4) muscle
stiffness and tone would be greater, and elasticity would be lower, in overweight males
and females than their normal-weight counterparts.

2. Materials and Methods
2.1. Participants

This cross-sectional study recruited healthy individuals from the local community. A
total of 172 healthy young people (mean age, 26.00 & 5.45 years; mean height, 1.69 £ 0.08 m;
mean body weight, 70.88 £ 10.99 kg; 86 females (mean age, 26.59 £ 5.39 years) and 86 males
(mean age, 25.41 £ 5.47 years)) in the city of Gaziantep (Turkey) were included in this study.

Sedentary young individuals with a range of BMI values (18-30 kg/m?) and physi-
cal activity levels of <300 MET minutes/week, as reflected by the International Physical
Activity Questionnaire (IPAQ) scores, were included in the study [20], because physical
activity or regular exercise training could affect muscle function (intramuscular compo-
nent) and viscoelastic properties [8,21]. All participants were asked to complete the IPAQ
(modified version) to answer questions about their activity levels in order to determine
their overall level of training [22]. Based on the responses to the questionnaire, the par-
ticipants were divided into 3 categories—Category 1: low, representing a sedentary life
with no moderate/vigorous activity at all, Category 2: moderate, and Category 3: high,
representing a recreational lifestyle achieving a minimum of at least 600 and 3000 MET
min/week, respectively. The subjects were excluded if they had a systemic or metabolic
disease, mental disorder, chronic medication use, a condition that might cause muscle
atrophy, prior musculoskeletal surgery in the last three months, BMI greater than 30 kg/m?
or less than 18 kg/m?, or physical activity levels of >300 MET min/week.

Approval for the study (dated 16.12.2020, No. 2020/101) was obtained from the Ethics
Committee for Non-Invasive Research Studies of Hasan Kalyoncu University, Faculty of
Health Sciences. All subjects who participated in the study were informed about the nature
and purpose of the study, and signed the written consent form.

2.2. Procedures

The physical characteristics (body weight, height, activity level) and demographic
data (age and sex) of the participants were recorded prior to the test. Their physical activity
levels were assessed using the International Physical Activity Questionnaire. Body weight
was measured using an electronic scale (GSE 450; GSE Scale Systems, Novi, MI, USA),
while height was assessed using a standard stadiometer. BMI was calculated by dividing
the weight in kilograms by the square of height in meters.

Participants were divided into two subgroups according to BMI and sex: normal
(BMI = 18.50-24.99 kg/m?) (n = 86), and overweight (BMI = 25.00-29.99 kg/m?) (n = 86).
Of the 86 male participants, 43 (50%) were in the normal group, and 43 (50%) were in the
overweight group. Among the 86 female participants, 43 (50%) were in the normal group,
and 43 (50%) were in the overweight group.

The viscoelastic properties of the biceps brachii (BB) and biceps femoris (BF) muscles
were evaluated bilaterally using a MyotonPRO (Mitiomeetria Ltd., Tallinn, Estonia) device.
The participants were asked to avoid alcohol intake for at least 24 h and strenuous physical
activity for at least 48 h before the test [15]. All measurements were obtained during
the afternoon by the same evaluator. The measurements were performed at the ambient
temperature (22-24 °C) and humidity (45-60%) in the same environment.

The MyotonPRO is known to have good-to-excellent reliability in healthy popula-
tions [13,23]; it can be used for objective diagnosis and monitoring in soft tissues in terms
of validity and inter-user reliability [24,25]. The MyotonPRO device provides data on
three different properties: Tone (f) indicates a passive or resting muscle state without
oscillation frequency (Hz). Stiffness (N/m) indicates resistance to any contraction or exter-
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nal intervention [26]. Elasticity (D) is obtained as a logarithmic reduction of the natural
oscillation of soft tissues. Elasticity is inversely proportional to the decrement and, there-
fore, an increase in the logarithmic decrement of the muscle indicates a reduction in the
muscle elasticity [27]. The measurement creates a short-duration (15 ms), low-force (0.40 N)
mechanical stimulation that induces damped natural oscillations of the tissues after the
constant pre-stimulation (0.18 N) of the probe placed perpendicular to the muscle (3 mm in
diameter), and is obtained by recording oscillations using an accelerometer [27].

Before the measurements, participants rested in supine and prone positions for 10 min
and were instructed to relax as much as possible during MyotonPRO recordings on ref-
erence points of BB and BF (Figure 1). The BB mechanical properties were measured in
supine position on a massage table, with the shoulder externally rotated, elbow extended,
and wrist supinated. A rolled towel was placed under the wrist to flex (15°) the elbow
to enable relaxation and take the stretch off the muscle. The reference point was marked
with a permanent marker by palpating the lateral tip of the acromion and the mid-cubital
fossa, and the device was applied at % of the distance between them [28]. For the BF, the
participant lay in the prone position with their feet hanging freely over the edge after
placing a pillow above the ankle joint. The evaluator grasped the heel with the hip and
knee in neutral position; then, the muscle was palpated while the individual performed
isometric contraction against the evaluator’s hand. Along with the contraction, the most
prominent part of the BF muscle was marked, and measurements were taken from this
point, as recommended by Gavronski et al. [26]. These muscles were preferred since they
have been studied previously in many studies, and are particularly important as they are
regularly used in activities of daily living [15,29,30]. The average values obtained from
three consecutive measurements from the muscle reference points were included in the
statistical analysis.

Figure 1. The reference points of muscles for myotonometric assessment: (a) biceps femoris;
(b) biceps brachii.

2.3. Statistical Analysis

Descriptive statistics were presented as mean + standard deviation. The Shapiro—
Wilk test was used to check whether the data were normally distributed. The two-way
analysis of variance (ANOVA) was used to assess the effects of BMI and sex. The effect
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size (n?) was also reported and interpreted as small (0.2), medium (0.5), or large (0.8). The
relationship between numerical variables was evaluated using Spearman’s correlation. A
Spearman’s correlation coefficient of 0.00-0.10 was interpreted as a very weak correlation
or no correlation, 0.10-0.39 as a weak correlation, 0.40-0.69 as a moderate correlation,
0.70-0.89 as a high correlation, and 0.90-1.00 as a very strong correlation [31]. The intraclass
correlation coefficient (ICC; 1) was used for intra-observer reliability, using a two-way
random effects absolute agreement model. The standard error of measurement (SEMgs)
and the minimal detectable change (MDC) were calculated using the following formulae:
SEMO95 = SD x /(1 —ICCy), and MDC = 1.96 x /2 x SEMgs. The reliability level of
ICCs was determined as follows: poor (0.00-0.20), fair (0.21-0.40), moderate (0.41-0.60),
good (0.61-0.80), and excellent (0.81-1.00) [32].

Statistical analysis was conducted using SPSS for Windows (IBM Corp. Armonk, NY,
USA), and a p-value < 0.05 was considered statistically significant. The minimum number
of participants required for each group was determined to be 44 (o« = 0.01) in order to detect
a significant difference between two different subgroups at the large effect level (f = 0.75)
with a power of 0.90. G-power version 3.9.1.7 was used in power analysis [9].

3. Results
3.1. Body Composition

Mean and standard deviation values of the participants by BMI classification are
presented in Table 1.

Table 1. Descriptive variables for BMI groups in both males and females.

Normal Weight Overweight
Total Male Female Total Male Female
(n = 86) (n=43) (n=43) (n = 86) (n=43) (n=43)
Age (year) 25.20 + 4.92 24.67 + 4.89 25.72 + 4.96 26.80 + 5.83 26.14 + 5.95 2747 +£5.71
Body Weight (kg) 64.18 +9.33 69.49 4+ 9.00 58.86 + 6.13 77.58 + 8.04 80.23 +7.83 7494 +7.42
Height (m) 1.70 4+ 0.08 1.76 + 0.08 1.64 + 0.53 1.68 + 0.08 1.71 +£ 0.07 1.65 + 0.06
BMI (kg/mz) 22.01 +£1.70 2235+ 1.65 21.67 +1.70 2723 £ 1.36 27.26 +1.25 27.19 +1.47

Abbreviations—kg: kilogram; m: meter; BMI: body mass index; kg/ m?2: kilograms per square meter. Note: mean =+ standard deviation

was reported.

3.2. Intra-Observer Reliability

In all participants, the within-day (three measurements) intra-rater reliability of the
MyotonPRO in the BB and BF produced excellent ICCs for both extremities (ICC2;;:
0.889-0.959). Excellent ICCs were also found for the BB and BF in both the normal-weight
(ICC3,1: 0.913-0.970) and overweight (ICC; 1: 0.898-0.963) groups, as detailed in Table 2.
The reliability of the right BF stiffness appeared to be lower than that of other viscoelastic
properties in all participants and in overweight participants.

Table 2. Test-retest reliability results with SEMgs and MDC.

All (n =172) Normal Weight (n = 86) Overweight (1 = 86)
(05% £ SEMss MDC (95% £ SEMss MDC (95% £ SEMos MbC
Right
B?HT;))H ¢ (0.7(())39—?)(.)982) 0.56 1.56 (0.65%9—%.7985) 0.43 119 (0.7%9—%)?962) 0.67 1.85
BB(liIﬁ/frfrr:)e > (04770;—%)?958) 1384 38.38 (0.82049—4(11?963) 1057 29.32 (o.7£i?10§954) 14.2 39.36
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Table 2. Cont.
All (n =172) Normal Weight (1 = 86) Overweight (1 = 86)
(;gf,fchll) SEMys MDC (915(5/52611) SEMys MDC (915(3,2:2&) SEMys MDC
o %gg)idty (048%39—%?969) 0.04 0.13 (0.8969—3?984) 0.03 0.11 (o.sgigiéo?%z) 0.04 0.12
BF Tone (Hz) (0.52897%)?957) 0.64 177 (0‘7%9—%)?960) 0.64 178 (0‘72297%4‘1951) 0.72 1.99
BF(ls\;i/frfE)e ” (0.6g2'8—%?925) 18.80 5212 (048;)5.9—%)?946) 14.76 4092 (0.65(3)4%?)?934) 19.5 54.06
o %3;@“’ (0.7;)69—?)?968) 0.07 018 (0.83(3)5'9—%?982) 0.05 0.14 (0.8(;)5-2%)?966) 0.09 0.25
Left
B?gg)n ¢ (0.6g9'9—%?977) 0.44 1.21 (08?(%?992) 0.51 142 (o.sgé%)gés) 0.38 1.06
BN oreboom 128 MU orem 129 M2 oo 1181 275
o %g?)idty (0.7;)2'9—%?943) 0.07 0.21 (0.7gé9—%.7988) 0.04 0.11 (0.8269—%)?982) 0.09 0.26
BF Tone (Hz) (047369—3?%1) 0.58 1.60 (0.7849—%?975) 051 1.39 (0.65(;);—%?957) 0-59 164
BFaS\?/fg)e ” (0.75?9‘9—?)?958) 13.37 37.06 (0.7%9—%?967) 12.04 33.39 (0.8359-%)?949) 13.88 38.49
BF Elasticity 0.902 008 o 0.918 00 019 0915 0.08 o

(log)

(0.833-0.986)

(0.704-0.970) (0.841-0.930)

Abbreviations—ICC: intraclass correlation coefficient; CI: confidence interval; SEM: standard error of measurement; MDC: minimal
detectable change; BB: biceps brachii; BF: biceps femoris; Hz: frequency; N/m: Newton/meter; log: logarithmic reduction.

The SEMgs of the BB and BF muscles ranged from 0.44 to 0.64 Hz for tone, from
12.31 to 18.80 N/m for stiffness, and from 0.04 to 0.08 (log) for elasticity in all participants.
The SEMgs of the BB and BF muscles ranged from 0.43 to 0.64 Hz for tone, from 10.57
to 14.76 N/m for stiffness, and from 0.03 to 0.07 (log) for elasticity in normal-weight
participants. The SEMgs ranged from 0.38 to 0.72 Hz for tone, from 11.81 to 19.50 N/m for
stiffness, and from 0.04 to 0.09 (log) for elasticity in overweight participants for the same
muscles (Table 2).

The MDC of the BB and BF muscles ranged from 1.21. to 1.77 Hz for tone, from 34.40 to
52.12 N//m for stiffness, and from 0.13 to 0.21 (log) for elasticity in all participants. The MDC
of the BB and BF muscles ranged from 1.19 to 1.78 Hz for tone, from 29.32 to 40.92 N/m for
stiffness, and from 0.11 to 0.19 (log) for elasticity in normal-weight participants. The MDC
ranged from 1.06 to 1.99 Hz for tone, from 32.75 to 54.06 N/m for stiffness, and from 0.12
to 0.26 (log) for elasticity in overweight participants for the same muscles (Table 2).

The SEMgs and MDC of the right BF stiffness in overweight participants were higher
than those for the left BB and bilateral BF stiffness. Furthermore, these values were highest
when compared to other groups.

3.3. Correlation between the BB and BF Viscoelastic Properties and BMI
3.3.1. Study Sample

BMI was weakly correlated with right BF tone and stiffness (r = 0.17; p = 0.024, r = 0.19;
p = 0.011). Weak positive correlations were also observed between BMI and left BF tone
and stiffness (r = 0.19; p = 0.014, r = 0.21; p = 0.007). Weak positive correlations were found
between the right BB stiffness/elasticity and BMI (r = 0.27; p = 0.001, r = 0.28; p = 0.001).
No correlations were identified between BMI and other viscoelastic properties of the BB
and BF muscles (p > 0.05) (Table 3).
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Table 3. Correlations between the viscoelastic properties of BMI and the BB and BF muscles.

Overall Males Females
(n=172) (n = 86) (n = 86)
Right BB Tone (Hz) r 0.02 0.09 —0.11
Right BB Stiffness (N/m) r 0.27 ** 0.37 ** 0.18
Right BB Elasticity (log) r 0.28 ** 0.35 ** 0.25*
Left BB Tone (Hz) r —0.06 —0.11 —0.07
Left BB Stiffness (N/m) r 0.14 0.22* 0.06
Left BB Elasticity (log) r 0.13 0.16 0.12
Right BF Tone (Hz) r 0.17* 0.22* 0.15
Right BF Stiffness (N/m) r 0.19 * 0.26 * 0.16
Right BF Elasticity (log) r 0.04 0.04 0.04
Left BF Tone (Hz) r 0.19* 0.27 * 0.15
Left BF Stiffness (N/m) r 0.21 ** 0.30 ** 0.18
Left BF Elasticity (log) r —0.03 -0.17 0.02

**p <0.01, * p <0.05. Abbreviations—r: Spearman’s rank correlation; BB: biceps brachii; BF: biceps femoris; Hz: frequency; N/m:
Newton/meter; log: logarithmic reduction.

3.3.2. Females

BMI showed a weak positive correlation with the right BB elasticity (r = 0.25; p = 0.022).
BMI was not correlated with other viscoelastic properties of the BB and BF muscles
(p > 0.05) (Table 3).

3.3.3. Males

Weak positive correlations were observed between right BF tone/stiffness and BMI
(r=0.22; p = 0.042, r = 0.26; p = 0.014). Weak positive correlations were also observed
between left BF tone/stiffness and BMI (r = 0.27; p = 0.013, r = 0.30; p = 0.005). Weak
positive correlations were found between the right BB stiffness/elasticity and BMI (r = 0.37;
p =0.001, r = 0.35; p = 0.001). The left BB stiffness showed a weak positive correlation with
BMI (r = 0.22; p = 0.045). No correlations were found between BMI and other viscoelastic
properties of the BB and BF muscles (p > 0.05) (Table 3).

3.4. Comparison of BB Viscoelastic

Right BB tone revealed a major effect of sex (p = 0.001, n2 =0.59, F(1.168) = 10.505),
but no significant effects of BMI (p = 0.680, > = 0.001) or sex x BMI (p = 0.150, 1> = 0.012).
Males showed greater muscle tone than females. Right BB stiffness revealed a major effect
of BMI (p = 0.002, n? = 0.054, F(1.168) = 9.592), but no significant effects of sex (p = 0.213,
12 = 0.009) or sex x BMI (p = 0.173, n? = 0.011). Overweight people showed higher muscle
stiffness than their normal-weight counterparts. Right BB elasticity revealed a major effect
of BMI (p = 0.001, n? = 0.069, F(1.168) = 12.453), without any significant effects of sex
(p = 0.078, n2 = 0.018) or sex x BMI (p = 0.671, n> = 0.001). Overweight subjects showed
greater muscle elasticity than their normal-weight counterparts (Table 4).

Left BB tone showed a major effect of sex (p = 0.018, n? = 0.033, F(1.168) = 5.684), but
no significant effects of BMI (p = 0.266, n> = 0.007) or sex x BMI (p = 0.665, n?> = 0.001).
Males were found to have greater muscle tone than females. Left BB stiffness showed no
significant effects of BMI (p = 0.310, n? = 0.006), sex (p = 0.990, n? = 0.000), or sex x BMI
(p = 0.470, n? = 0.003). Left BB elasticity showed a major effect of BMI (p = 0.019, n? = 0.032,
F(1.168) = 5.604), with no significant effects of sex (p = 0.253, n2 = 0.008) or sex x BMI
(p = 0.390, n? = 0.004). Overweight subjects showed greater muscle elasticity than their
normal-weight counterparts (Table 4).
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Table 4. Comparison of viscoelastic properties in BMI groups.
Normal Weight Overweight 2 x 2 ANOVA (p-Values)
Right Total (n = 86) Male (n = 43) Female (1 = 43) Total (n = 86) Male (n = 43) Female (1 = 43) BMI Sex Interaction
& Effect Effect
BB Tone M
(Hz) 14.40 £ 1.72 14.68 +1.92 14.11 +1.48 14.53 4+ 2.50 15.27 +2.98 13.79 £ 1.61 0.680 0.001 0.150
BB 0.002
Stiffness 216.12 + 43.55 215.70 + 50.59 216.53 + 35.76 237.92 + 49.00 247.14 £ 57.19 228.70 £ 37.62 ow 0.213 0.173
(N/m)
BB 0.001
Elasticity 1.00 + 0.22 0.97 £0.20 1.02 +0.24 1.12+0.24 1.08 +0.23 1.16 + 0.25 ow 0.078 0.671
(log)
Bl(:g‘z’)“e 15.06 = 2.18 15.97 + 1.87 14.15 £ 2.10 15.71 + 2.29 16.87 £ 2.32 14.56 = 1.58 0.033 0.000 M 0.415
BF 0.015
Stiffness 243.78 + 53.90 261.95 + 47.81 225.60 + 54.01 262.83 + 57.61 290.98 + 61.07 234.67 + 36.93 oW 0.000 M 0.199
(N/m)
BF
Elasticity 1.09 + 0.25 1.20 +0.22 0.99 £+ 0.25 1.10 £ 0.27 1.20 +0.31 1.01 +£0.19 0.715 0.000 M 0.800
(log)
Left
BI:I:{(ZTQ 14.93 4+ 2.00 15.51 +1.39 14.34 +2.33 15.60 4+ 2.02 16.43 +1.97 14.77 £ 1.73 0.266 0.018 M 0.665
BF
Stiffness 244 50 + 50.47 258.74 + 37.81 230.26 + 57.53 265.52 + 49.41 289.12 + 48.15 241.93 + 38.51 0.310 0.990 0.470
(N/m)
BE 0.019
Elasticity 1.14 +£0.25 1.28 +0.24 1.01 £0.17 1.12 +0.26 1.21 +£0.28 1.04 +0.20 oW 0.253 0.390
(log)
B]?I:{;))ne 14.49 +1.85 14.86 + 1.98 14.11 £ 1.66 14.19 £+ 1.67 1445 £ 1.63 13.93 £+ 1.69 0{9\%1 0.000 M 0.390
BB 0.003
Stiffness 223.20 £ 47.10 220.79 £ 51.14 225.60 + 43.16 230.07 + 40.89 232.56 + 41.27 227.58 + 40.84 ow 0.000 M 0.186
(N/m)
BB
Elasticity 1.02 £ 0.23 0.98 £0.23 1.06 £+ 0.22 1.11 £0.26 1.10 £0.33 1.11 £0.17 0.580 0.000 M 0.187

(log)

Abbreviations—BB: biceps brachii; BF: biceps femoris; Hz: frequency; N/m: Newton/meter; log: logarithmic reduction; OW: overweight;
M: male. Descriptive variables are presented as mean =+ standard deviation.

3.5. Comparison of BF Viscoelastic Properties

Right BF tone showed major effects of sex (p = 0.000, nZ = 0.217, F(1.168) = 46.546)
and BMI (p = 0.033, n? = 0.027, F(1.168) = 4.596), but no significant sex x BMI interaction
(p = 0.415, n? = 0.004). Greater muscle tone was found in males than in females, and in
overweight people than in their normal-weight counterparts. Right BF stiffness showed
major effects of sex (p = 0.000, n? = 0.176, F(1.168) = 35.848) and BMI (p = 0.015, n? = 0.035,
F(1.168) = 6.060), but no significant sex x BMI interaction (p = 0.199, n? = 0.010). Greater
muscle stiffness was found in males than in females, and in overweight people than in their
normal-weight counterparts. Right BF elasticity showed a major effect of sex (p = 0.000,
n? =0.148, F(1.168) = 29.148), but no significant effects of BMI (p = 0.715, n? = 0.001) or
sex x BMI (p = 0.800, 2 = 0.000). Males were found to have greater muscle elasticity than
females (Table 4).

Left BF tone showed major effects of sex (p = 0.000, n? = 0.126, F(1.168) = 35.848)
and BMI (p = 0.021, n% = 0.031, F(1.168) = 6.060), but no significant sex x BMI interaction
(p = 0.390, 12 = 0.004). Greater muscle tone was detected in males than in females, and
in overweight people than in their normal-weight counterparts. Left BF stiffness demon-
strated major effects of sex (p = 0.000, n? = 0.146, F(1.168) = 24.126) and BMI (p =0.003,
n? = 0.050, F(1.168) = 5.441), but no significant sex x BMI interaction (p = 0.186, 1> = 0.010).
Greater muscle stiffness was found in males than in females, and in overweight people
than in their normal-weight counterparts. Left BF elasticity showed a major effect of
sex (p = 0.000, n2 = 0.190, F(1.168) = 39.327), but no significant effects of BMI (p = 0.580,
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n? = 0.002) or sex x BMI (p = 0.187, n? = 0.010). Males were found to have greater muscle
elasticity than females (Table 4).

4. Discussion

This study was conducted to determine the correlation of BMI with the viscoelastic
properties of the BB and BF muscles, and to identify BMI- and sex-related differences
in these properties in a young sedentary population (normal vs. overweight people,
male vs. female). The hypotheses of this study were that (1) greater stiffness and tone,
and lower elasticity, of the BB and BF muscles would be correlated with higher BMI;
(2) muscle stiffness and tone would be greater, and elasticity would be lower, in overweight
individuals than in normal-weight individuals; (3) muscle stiffness and tone would be
greater, and elasticity would be lower, in males than in females; and (4) muscle stiffness
and tone would be greater, and elasticity would be lower, in overweight males and females
than in their normal-weight counterparts.

The bilateral BF tone and stiffness, as well as right BB stiffness and elasticity, showed
weak positive correlations with BMI in all participants. Moreover, bilateral BF tone and
stiffness, right BB stiffness and elasticity, and left BB stiffness were positively correlated
with male sex, whereas only the right BB elasticity was weakly positively correlated with
female sex. Kocur et al. explored the relationship between the sternocleidomastoid muscle
stiffness/elasticity and BMI in females, and reported that BMI was strongly correlated with
elasticity and moderately correlated with stiffness [19]. However, it should be noted that
Kocur et al. studied different muscles in females only, as well as an older age range in
comparison to our results. In another recent study, the relationships between gastrocnemius
muscle stiffness, BMI, and other factors (e.g., age, race, anxiety) were investigated in healthy
individuals 18-50 years of age. No association was found between BMI and gastrocnemius
muscle stiffness at rest or during contraction [33]. In a study comparing the viscoelastic
properties of erector spinae muscle in patients with ankylosing spondylitis versus healthy
controls, a weak correlation was found between BMI and viscoelastic properties in patients
with ankylosing spondylitis. In that study, while a moderate correlation was observed
between BMI and erector spinae muscle stiffness, tone, and elasticity in male patients,
female patients and healthy controls (19 females, 4 males) did not show this correlation [34].
One study examining the effects of previous hamstring injury on the sense of vibration in
16 professional soccer players did not find a correlation of BMI with muscle stiffness [35].
It was difficult for us to compare our findings with those reported by other studies due to
the differences in sample size, populations, and muscles studied.

We consider that the differences between female and male subjects as observed in
the present study may be attributed to physiological, physical, and hormonal differences
between the sexes, and when we compared the study groups by sex, most of the viscoelastic
properties of the BB and BF muscles were more favorable in males. Accordingly, for the BF
muscle, greater tone and stiffness and lower elasticity were observed bilaterally in males
than in females. Moreover, the bilateral BB tone was greater in males compared to females,
but bilateral BB stiffness and elasticity were not significantly different. We think that the BB
and BF viscoelastic properties are affected by sex to a greater extent in males than females.
Our results are consistent with those of other studies that reported higher gastrocnemius
stiffness and lower elasticity in males than in females [36,37].

Moreover, it has been demonstrated that males have stiffer rectus femoris and gastroc-
nemius muscles [28,38] However, other researchers found similar stiffness of the medial
gastrocnemius and biceps brachii muscles in both sexes [28,39]. Other studies have also
reported greater stiffness of the soleus and biceps brachii muscles in females than in
males [40,41]. The aforementioned data suggest that there is no consensus about the ef-
fect of sex on muscle stiffness, and this may be related to the different methodological
approaches used in these studies. The differences in the devices used to assess stiffness,
regional muscles, and the populations studied might have caused discrepancies in the
results reported.
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It is well known that there are differences between the sexes in force generation, muscle
fiber type, energy requirements and endurance, contraction rate, and neural activations.
Force generation is dependent on internal and external factors. Regarding internal factors,
muscle mass and volume, cross-sectional area, fiber type and length, and pennation angle
affect strength positively, whereas changes in the muscle—including intramuscular fatty
infiltration and fibrotic formations—may have a negative effect on muscle strength [42-45].
Muscle volume and mass are closely related, and both factors have a strong impact on
stiffness [46,47]. It has been stated that males with greater muscle mass have increased
stiffness, and a variance of 62-84% can be attributed to muscle volume [47]. Similarly, it was
observed that males with greater passive hamstring stiffness have greater muscle mass [46].
Having greater muscle mass and formation of more cross-bridges contribute to force
generation, and may mean more connective tissue, which increases passive stiffness [44,48].
Body mass characteristics differ between males and females, given that men have more
lean mass and less fat mass than women at the same BMI [49]. We think that sex-related
differences in muscle architecture and body composition may affect BF stiffness, tone, and
elasticity bilaterally. However, this does not suffice to explain the absence of changes in BB
stiffness and elasticity. Thus, we consider that viscoelastic properties may be affected by sex
and differences in regional soft tissues—and specifically, adipose tissue distribution [50].

The adipose compartments (subcutaneous and visceral adipose) were also sex-dependent.
Women tend to have a peripheral fat distribution, whereas men are prone to having a central
fat distribution, and have more visceral and less subcutaneous adipose tissue [51]. It is known
that women have more fat tissue accumulation in the thighs and hips [49,52]. The excessive
adipose tissue is tolerated by the expansible panniculus (by extracellular matrix, collagen,
and elastin), which is resisted by subcutaneous septa. The panniculus adiposus, also
known as the hypodermal fat layer, stores two-thirds of the body’s total adipose tissue.
The panniculus adiposus consists of mostly white adipose tissue, and is divided into two
sections: the subcutaneous adipose tissue (SAT), and deep adipose tissue (DAT). The
SAT involves large, almost circular fat lobules that are organized in single or multiple
layers based on fat content, whereas the DAT contains more ovular fat lobules that are
formed by less organized and more obliquely arranged septa. The septa are attached to the
surface of the panniculus adiposus, anchoring the skin to deeper structures, wherein they
are architecturally designed as a foam-like structure. With these general characteristics,
the panniculus adiposus shows some differences regionally and between the sexes. The
SAT is thicker in the lower extremity than in the upper extremity, and on the posterior
aspect than on the anterior. The DAT tends to be thicker posterolaterally at the level of the
flanks, and thinner in the anterior part of the trunk. The architectural design of the septa is
mainly oriented perpendicular to the skin in females, and in a criss-cross pattern in males.
Females have more fatty tissue in the SAT, and fat lobules are organized in multiple layers
in certain regions, such as the breast, arm, back, and thigh. Incidentally, this septal design
is among the causes of the development of cellulitis. The cited sex-related differences in
the panniculus adiposus (women storing more fat in the thighs and having more SAT and
fat lobules, and the panniculus being thicker in the lower extremity) support the greater
BF viscoelasticity of males compared to females, and may explain similar BB stiffness
and elasticity as determined in the current study. During myotonometric assessment, the
panniculus adiposus on the dorsal thigh may have masked the viscoelastic properties of
the BF muscle in female subjects; therefore, this should be taken into account in future
studies when evaluating viscoelastic features. Males have greater muscle stiffness and
tone than females, and women have greater muscle elasticity [50]. When the effect sizes
were analyzed, sex showed a moderate effect on the right BF and BB tone in male subjects,
but the effect of sex on other viscoelastic properties was insignificant. Generally speaking,
muscle tone and stiffness may be affected by several factors, as discussed above. However,
the difference in asymmetric tone may have resulted from the inability of the subjects—
especially the males—to relax sufficiently within the specified period of time. As mentioned
in the study’s limitations, this would have been demonstrated if we had used EMG. The
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dominant extremity could be another factor. However, the effect of the dominant extremity
on viscoelastic properties is still debated in the literature, and no definitive conclusion has
been reached about its impact.

Another reason for the greater tone and stiffness in males than in females might
be the higher estrogen levels in females, which are related to collagen synthesis [53].
Estrogen and muscle stiffness are inversely related, and the beneficial effects of estrogen
on viscoelastic properties has been demonstrated previously [54]. Additionally, estrogen
plays an important role in fat distribution and insulin resistance, and has anti-inflammatory
properties and a protective effect against obesity. The peripheral adipose distribution
(thigh, hip, and subcutaneous) in females—as opposed to central (abdominal) deposition
in males—has been associated with estrogen. In particular, it prevents visceral obesity, and
has beneficial effects on insulin sensitivity, which is closely related to glucose homeostasis
and adipose tissue metabolism [51,55]. The increase in adipokines, which regulate the
production of metalloproteinases, prostanoids, and cytokines in adipose tissue, can affect
skeletal muscle architecture in obesity [56]. We believe that these physiological mechanisms
may lead to different adaptations in muscular and neural structures in females, and may
explain why female sex was not associated with viscoelastic properties.

The overweight participants showed increased BF stiffness and tone bilaterally, in-
creased right BB stiffness, and reduced BB elasticity bilaterally in this study. In contrast
with our hypothesis, the study results showed no change in bilateral BF elasticity, bilateral
BB tone, or left BB stiffness. In terms of effect sizes, although there was a statistically signif-
icant difference in the BF and BB parameters mentioned previously, the effect of BMI on
viscoelastic properties was found to be small (all n? < 0.2). Several factors may have played
a role in the different viscoelastic properties between the overweight and normal-weight
subjects. The SEMgs and MDC values of overweight participants (except for the left BB tone
and stiffness) were generally slightly greater compared to their normal-weight participants.
The clinical relevance of this finding should be interpreted cautiously. Despite similar
reliability (ICCs) values, standard deviation was higher in the overweight subjects (due to
adipose tissue), which may have resulted in higher SEMg5 and MDC values.

The intra-rater observer reliability produced excellent ICCs (0.901-0.959) for the mea-
surements taken at the same session. In reliability studies using the MyotonPRO, similar
results were observed for the measurements obtained from the biceps brachii (ICCs; stiff-
ness, 0.94; tone, 0.84; elasticity, 0.78), biceps femoris (ICCs for all viscoelastic properties,
0.99), and biceps femoris (ICC; stiffness, 0.88) muscles, respectively [15,30,57]. In a separate
study using the MyotonPRO with older individuals (1 = 30), the within-day reliability
was similar for tone, stiffness, and elasticity measurements of the biceps femoris muscle,
with an ICC of 0.99, and SEMs of 0.09 for tone, 2.39 N/m for stiffness, and 0.02 (log) for
elasticity [13]. These differential findings when compared with ours may be due to the
high number of repeat measurements and the use of an elderly population in that study.
In a study using the Myoton 2, it was stated that although intra-rater reliability may vary
depending on the muscles, it was better than between-days intra-rater reliability [57]. High-
to-excellent test reliability was obtained for measurements taken at 30 min intervals using
older versions of the Myoton [58,59]. In 10 healthy 40-year-old subjects, 20 measurements
taken at 1 s intervals showed an ICC of 0.80 for the right side and an ICC of 0.91 for the
left side for biceps femoris stiffness [57]. We achieved excellent test reliability for the mea-
surements taken in triplicate at 1 s intervals. Consistently, a similar finding was observed
in a study of 61 stroke patients with less than Grade 2 spasticity as assessed by the MAS
(Modified Ashworth Scale), which showed less variability between two measurements
obtained in triplicate for the biceps brachii muscle than for other muscles (ICCs, tone 0.94,
elasticity 0.93, stiffness 0.92) [59]. In that study, SEMs for tone, elasticity, and stiffness
were 0.78, 0.16, 11.48, respectively, and MDCs were 1.38, 0.22, and 29.5, respectively. How-
ever, our stiffness MDC and SEM values were slightly higher. This divergence may have
resulted from the difference in the populations studied; our study sample consisted of
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healthy young individuals, whereas the study population was middle-aged stroke patients
in [59]. In addition, spasticity of stroke patients (MAS < 2) might have played a role.

Variations in the reliability values obtained from different muscles have been at-
tributed to the failure to place the Myoton probe perpendicular to the reference point, or
to the differences or difficulties in positioning the individual [59,60]. Other reasons may
include differential muscle geometry and the use of different reference points. Subcuta-
neous fat tissue thickness may result in alteration of the reference point, or may make it
difficult to access. The middle part of the BB muscle body lies more medially and distally
in older individuals than in younger people, and this may cause a change in the reference
point calculated from the anatomic prominences or points. Furthermore, in some cases,
differential viscoelastic results may be obtained—for example, in the elderly, or in those
with neurological disorders. Other investigators should take into account the population
or disease when interpreting their MDC and SEM values in the clinical setting.

Initially, we considered that the high BMI may act as a loading stimulus, especially
in the lower extremities. The lower extremity muscle volume increases along the contin-
uum of increasing BMI from normal to obese people [51]. The plasticity of muscles in
overweight/obese individuals appears to adapt structurally, as in the case of resistance-
trained muscles. Adiposity can confer a training effect similar to resistance workout, as
was demonstrated previously in younger people [51]. Resting muscle tone, in the absence
of neural activation, contains passive stiffness and viscoelastic properties, and may change
with disease and exercise [8,21]. Accordingly, it can be argued that the mechanical loading
caused by excess weight may simulate an exercise impact, improving BF tone in the lower
extremity, while not affecting BB tone in the upper extremity.

On the other hand, fat is a stiffer biomaterial than muscle; higher fat infiltration into the
muscle results in a stiffer base material, and this causes an increase in stiffness, which acts
to resist muscle fiber shortening and transverse bulking [61]. Along with excessive weight
gain, adipocyte hypertrophy, and intramuscular fatty infiltration, an increase in fibrous
components (a reduction in contractile elements) and a decrease in the size and number of
muscle fibers might result in diminished elasticity and increased stiffness [48,49,54]. Stiffer
tissues transfer force more rapidly, but lower tissue elasticity indicates higher mechanical
energy dissipated [19]. Hence, overweight or obese males have greater absolute force (low
relative strength) and more fatigability than their lean counterparts [46]. This is associated
with loss of muscle functionality in obese people. One reason for the loss of contractile
performance is the increase in muscle stiffness as intramuscular fat content increases, which
has been associated with increased adiposity, and connective tissue stiffness may lead to
an increase in sarcopenic muscle [56]. Fatty infiltration of muscles may adversely affect
force-generating capacity and cause pseudohypertrophy, which may also be seen in obese
individuals. Nevertheless, it has been recently suggested that favorable changes occur
within the muscle [48]. As such, these findings may partly explain why increased bilateral
BF stiffness was found in the overweight group.

Although we did not examine intramuscular contractile or base materials in our study,
the findings of increased stiffness with no changes in elasticity for the BF muscle, and
similarly increased elasticity without any changes in stiffness of the BB muscle, may suggest
that the aforementioned negative effects on contractile elements and fatty infiltration may
not have fully occurred. In that case, excessive weight or increased BMI may have affected
the stiffness and elasticity of the BB and BF muscles through a different mechanism. As
such, regular physical training may affect muscular components, as can be seen in athletes,
who have a larger cross-sectional area than sedentary individuals [62]. Similarly, it was
reported that adaptation would occur in muscles and nerves with the increased mechanical
load (training effect) caused by obesity, and as a result, young obese persons might have
a larger pennation angle, cross-sectional area, and muscle thickness [63]. This finding
is consistent with the findings of Tomlinson et al. [64], who found that younger obese
people had 77%, 70%, and 33% larger cross-sectional areas of their gastrocnemius than
underweight, normal-weight, and overweight individuals, respectively. As is known,
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improvement of these intramuscular elements is closely related to stiffness. However,
this loading effect on the upper extremities may not reach the training threshold, while
mechanical loading occurs specifically in the lower extremities during the activities of daily
living, such as sitting and walking. Upper extremities lack this mechanical loading, and are
not used as much as lower extremities; this may bring along a disadvantage that will result
in the loss of the cross-sectional area and contractile components. It is our belief that the
differential mechanic effects of increased body weight lead to an increase in BF stiffness,
with no effect on BB stiffness.

In addition, during activities of daily living, obese individuals need to perform lower
extremity (knees, hips) joint movements in narrow angles due to excessive stress on the
articular surface. In obese individuals, the use of a narrow range of joint movements
is important to generate optimal force by altering muscle/fiber length [65]. Difficulties
in activities of daily living and lack of physical activity may initially reduce the use of
upper extremities in overweight individuals. As it happens, lower extremities may not be
affected as much as the upper extremities. The vertical loads during the activities and the
intensity of closed kinetic movements may cause the elasticity to remain unchanged. In
one study, it was stated that elasticity is dependent on physical activity [21]. Overweight
and obese individuals may develop different adaptations to meet their different needs
in their daily lives. Therefore, increased BMI can affect stability, and may provide a
biomechanical advantage by changing the stiffness and tone of the lower extremity muscles
due to excessive trunk oscillations in stance or walking. From a practical point of view,
increased tone and muscle stiffness in relation to BMI may lead to a decrease in the risk
of falls, injury, and overall muscular performance, resulting in limited ability to perform
daily activities [66].

A wide range of body compositions can be seen in any BMI category, and BMI is
highly correlated with body fat percentage. The calculation of BMI using height and
weight in our study may represent a limitation of our study, because we did not measure
subcutaneous fat tissue thickness. Therefore, it can be assumed that increased thickness of
the subcutaneous fat tissue may alter the response of muscles, reduce their oscillation and
frequency and, thus, affect tone [8]. In a study comparing female athletes with sedentary
females, athletes were found to have lower BMI values, which was the reason for the
decrease in the percentage of subcutaneous fat and the high muscle tone [21]. Thus, we
considered that regional fat deposition and subcutaneous fat tissue might have altered or
affected our viscoelasticity values, which should be considered as an important factor for
future studies with myotonometric evaluation. However, it should be kept in mind that it
is impossible to demonstrate some factors individually in an experimental setting, such as
muscle fiber type and fiber size, and actual fat percentage in muscle and its distribution,
which affect muscle performance in the obese population.

Additionally, we performed three consecutive measurements for each reference point,
in line with other studies [6,58,67], and obtained our data using the triplescan to minimize
data collection time and avoid potential variability in measurement locations and testing
positions between measurements. The MyotonPRO software offers these options to select
the measurement mode (triplescan or multiscan). These scan modes have an internal
algorithm that compares 3 or 10 acceleration curves obtained in rapid succession. The
device saves measurements from the curve closest to the arithmetic mean. Furthermore,
the device shows the coefficient of variation after completing a series of measurements, in
order to allow the researcher to verify whether the coefficient of variation for all parameters
is less than 3%. If the coefficient of variation is higher, the measurement can be repeated
under suitable test conditions.

Limitations

Our study provides important information on the impact of BMI on the musculoskele-
tal system. However, a number of limitations should be noted. Firstly, we used the
conventional BMI calculation, using only height and weight, with no other measures
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(e.g., body fat percentage, fat mass index) used as classification methods. We could have
obtained more solid findings if there were participants with different body compositions.

Additionally, we did not evaluate the thickness of the panniculus adiposus and the
reference points. The accumulation of excess adipose tissue into the lobules increases
tensile stress on the septa, causing herniation of a single or globular cluster of papillae
adiposae, which is known as skin dimpling and nodularity. This appearance of the skin
results from the attachment of the connective tissue fibers to the dermis and deeper fascia,
which is related to fibrosclerosis by the formation of myofibroblasts. Moreover, internal
mechanical strains cause microchanges in the septa, such as disruption of the septal elastic
fiber and calcification, the latter of which results in dystrophic calcification [2,7]. These
factors might alter the response of muscles, reducing their oscillation and frequency, and
might thus have affected the viscoelasticity values that we obtained.

Secondly, if we could evaluate whether the muscles relaxed sufficiently in the resting
position using an objective method such as EMG, it would help us to better understand the
viscoelastic properties of the muscle—especially the tone. Nevertheless, we believe that
the findings of our study provide further insight into the relationship between BMI and
the viscoelastic properties of the musculoskeletal system.

5. Conclusions

Several weak correlations were found between BMI and the viscoelastic properties of
the BB and BF muscles. The overweight individuals showed increased stiffness and tone,
particularly in the lower extremities, and reduced elasticity in the upper extremities. Males
showed greater tone and stiffness, and lower elasticity, compared to females, especially
in the lower extremities. The BMI-sex interaction did not appear to affect viscoelastic
properties. These results suggest that higher BMI creates a loading stimulus that causes
the human body to develop a different muscular viscoelastic adaptation. The increased
mechanical load in the lower extremities may lead to an increase in muscle tone and
stiffness. The upper extremity muscles, which lack mechanical loading, may be adversely
affected. In addition to excess weight, increased tone and stiffness and decreased elasticity
may produce advantageous or disadvantageous biomechanical effects on other systems
and, in particular, the effects of physical activity, ambulation, and musculoskeletal functions
need to be clarified.
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