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A B S T R A C T

Purpose: The purpose of the present study was to investigate sex-related differences in the stiffness of the
Achilles tendon and gastrocnemius muscle at rest and tensioned state. Another purpose of the study was to
investigate the inter-observer reliability and inter-day repeatability of MyotonPRO, a portable myotonometer, in
measuring tendon and muscle stiffness.
Methods: The study included 73 healthy participants (19 males for the reliability and repeatability study; 24
males and 30 females for the experimental study) with an age range of 19–27 years. The stiffness of the Achilles
tendon and medial gastrocnemius muscle was measured with a portable myotonometer (MyotonPRO). The
stiffness measurements of the Achilles tendon and medial gastrocnemius muscle were performed at 0° and 10° of
ankle joint dorsiflexion. The stiffness measurements were performed by two physiotherapists to determine the
inter-observer reliability of the device. For the inter-day repeatability (or between-day precision), the same
individuals were reassessed by the same examiner after a 3-day interval.
Results: It was found that MyotonPRO has excellent inter-observer reliability and inter-day repeatability in
measuring the stiffness of the Achilles tendon and medial gastrocnemius muscle (ICC = 0.83-0.98). The stiffness
of the Achilles tendon and gastrocnemius muscle at neutral and 10° joint dorsiflexion was higher in males
compared to females (p < 0.05); however, the stiffness value of difference between neutral and 10° joint
dorsiflexion for the Achilles tendon and gastrocnemius muscle was similar in both groups (p > 0.05).
Discussion: The obtained results suggest that MyotonPRO is a reliable and repeatable device in measuring the
stiffness of the Achilles tendon and gastrocnemius muscle. Furthermore, males have stiffer Achilles tendon and
gastrocnemius muscle, compared to females; however, the change in the stiffness of the assessed tissues caused
by joint motion was similar in both sexes.

1. Introduction

It is well known that the incidence of musculoskeletal disorders
(such as foot pain, Achilles tendinopathy or patellofemoral pain syn-
drome, etc) is higher in females compared to males [1–3]. In recent
years, many researchers have extensively studied to determine the sex
related differences related to the musculoskeletal system (balance
ability, muscle strength, joint stability or joint mobility, etc), which
may increase the incidence of musculoskeletal disorders in females
[4–7]. On the other hand, sex related differences in muscle and tendon
stiffness may be related to a higher incidence of musculoskeletal dis-
orders in females. Tendon and muscle stiffness are an important com-
ponents of joint stability and/or control [8,9]. Furthermore, muscle-

tendon stiffness could influence the stretch-shortening cycle and it is
related to rapid force production during a dynamic movement [10].
Because of these reasons, differences in muscle and/or tendon stiffness
in females could cause an increase in the risk of tendon and/or joint
injury. More recently, sex-related differences in the passive stiffness of
muscle and tendon were investigated by some studies. It was reported
that males had stiffer patellar tendon [11], medial gastrocnemius
muscle [12], rectus femoris muscle [13], and gastrocnemius muscle
[14]. On the other hand, the others found that males and females had
similar stiffness of the Achilles tendon [15,16], patellar tendon [17],
medial gastrocnemius muscle [18], and biceps brachia muscle [13].
Other studies indicated that the stiffness of the triceps surae [19], and
biceps brachia [20] muscle in females was higher compared to males.
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Changes in muscle and tendon stiffness may be different in males and
females when the tendon and muscle are exposed to a mechanical
stress, such as tension. Tendon and muscle stiffness in tension state
could provide important information about the ability of force trans-
lation and/or shock absorption of the muscle and tendon [21,22]. There
is limited information about sex-related differences in soft tissue stiff-
ness in tensioned state. In a study by Chino and Takahashi [18], it was
reported that the change in the stiffness of the medial gastrocnemius
caused by joint motion had no significant sex-related differences. On
the other hand, Miyamoto et al. [23] suggest that there is a sex-related
difference in muscle stiffness in different tension states. It seems that
there is no consensus about sex-related differences in soft tissue stiff-
ness. Any insight into sex-related difference in muscle and tendon
stiffness between males and females may shed light on the factors
causing tendon and muscle disorders, or it may provide important in-
formation on the pathomechanics of musculoskeletal disorders.

There are a few methods allowing the measurement of the muscle
and/or tendon stiffness such as myotonometry, magnetic resonance
elastography, and shear-wave elastography. Myotonometry has some
advantages compared to magnetic resonance elastography and shear-
wave elastography. For example, a myotonometer is a hand-held device
which allows performing measurements in different environments. On
the other hand, it is comparatively more economical than magnetic
resonance and/or ultrasonography devices. Stiffness measurements by a
myotonometer is very simple, which can be easily learned, compared to
magnetic resonance elastography and shear-wave elastography.
Furthermore, it was reported that myotonometry is a reliable [24–26]
and valid [27] method as well as magnetic resonance elastography and
shear-wave elastography [28,29]. However, the reliability and repeat-
ability of myotonometry was investigated predominantly in muscle
[24–26] by limited studies, and only one study [30] investigated its
reliability in measuring the tendon stiffness. The reliability of the
MyotonPRO may be different in tension state and/or other soft tissues,
such as tendon, and/or ligament.

The purpose of the present study was to investigate the sex-related
differences in the stiffness of the Achilles tendon and gastrocnemius
muscle at rest position and tensioned state. Another purpose of the
study was to investigate the inter-observer reliability and inter- day
repeatability of the MyotonPRO in measuring tendon and muscle
stiffness. It was hypothesized that (1) the Achilles tendon and gastro-
cnemius muscle stiffness would be the higher in males compared to
females, (2) tension response in the Achilles tendon and gastrocnemius
muscle stiffness would be different between males and females, (3)
MyotonPRO would be a reliable and repeatable device in measuring
tendon and muscle stiffness.

2. Material and method

2.1. Ethics statements

The present study was approved by the ethics committee of the
Toros University. All participants provided oral and written informed
consent prior to experiment (2019-05/29).

2.2. Stiffness measurements

The stiffness of the Achilles tendon and medial gastrocnemius was
measured with a portable myotonometer (MyotonPRO, Muomeetria
Ltd., Tallinn, Estonia). The device measures mechanical oscillations of
the assessed soft tissues by a mechanical impulse, which is a short
duration (15 ms) and involves a constant mechanical force (up to
0.6 N) [31]. The stiffness values of the assessed soft tissue were ob-
tained by calculating the maximum acceleration of the oscillation/
maximum displacement of the assessed tissue [31]. The device mea-
sures the stiffness value as Newton/meter (N/m). The larger value in-
dicates a stiffer tissue.

Stiffness of the Achilles tendon and medial gastrocnemius was
measured on the subject's dominant leg. The dominant leg was de-
termined by asking the participant to kick a ball [11,32]. Similar to
previous studies [18,30], stiffness measurements were performed when
the participants were in prone position with neutral ankle position and
full knee extension. The point by 2 cm proximal to the superior aspect
of the calcaneus was preferred for measuring the Achilles tendon
stiffness, because pathological changes in the Achilles tendon is com-
monly seen in this area [33,34]. According to previous studies [18,35],
medial gastrocnemius stiffness was measured at 30% of the lower leg
length distal in line with the medial malleolus to medial joint of the
knee (Fig. 1). The probe of MyotonPRO was placed perpendicular to the
skin above the assessed muscle or tendon to be measured. Stiffness
measurements of the Achilles tendon and medial gastrocnemius were
performed at 0° and 10° of ankle joint dorsiflexion. The angle of the
ankle joint was measured with a universal goniometer. The joint posi-
tion was kept using an adjustable foot–ankle splint. The stiffness value
of the assessed tissues was calculated by taking the average of three
successive measurements performed.

2.3. Reliability and repeatability study

Reliability study was designed to determine inter-observer relia-
bility and inter-day repeatability of the myotonometer device. The
study included 19 asymptomatic males in an age range between 19 and
25 years (21.6 ± 1.6 years). Participants with a history of knee, ankle,
or foot orthopaedic injuries such as plantar fasciitis, tendinopathy,

Fig. 1. (a) MyotonPRO was used for stiffness measurements; (b) the point by
2 cm proximal to the superior aspect of the calcaneus was preferred for mea-
suring the Achilles tendon stiffness; (c) medial gastrocnemius stiffness was
measured at 30% of the lower leg length distal in line with lateral malleolus to
lateral joint of the knee.
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bursitis, or ligament injuries were excluded from the study.
The stiffness measurements were performed by two physiotherapists

to determine the inter-observer reliability of the device. For the inter-
day repeatability (or between-day precision), the same individuals were
reassessed by the same examiner after a 3-day interval. The measure-
ments were carried out at the same time of the day (± 1 h). In order to
prevent confounding effects, the participants were asked not to do any
strenuous exercises within the 24 h prior to assessments.

2.4. Experimental study

The experimental study was designed to investigate the sex effect on
the stiffness of the Achilles tendon and medial gastrocnemius muscle.
The study included 54 healthy participants (24 males, 30 females) with
an age range of 19–27 years (21.4 ± 1.6 years). The data obtained
from reliability study was not used in the experimental study.
Participants with a history of knee, ankle or foot orthopaedic injuries
such as plantar fasciitis, tendinopathy, bursitis, or ligament injuries
were excluded from the study.

2.5. Statistical analysis

Statistical analyses were performed with a statistics software (SPSS
version 22 software, IBM Corporation, Armonk, NY). The reliability of
the MyotonPRO was tested by intraclass correlation coefficient (ICC)
test with 95% confidence interval. ICC3,1 (two-way mixed model,
consistency) was used to determine inter-day repeatability, and ICC2,2

(two-way random affect model, absolute agreement) was used to ex-
amine inter-observer reliability. For every comparison, the standard
error of measurement (SEM) was calculated using the following for-
mula: = × −SEM SD ICC[ (1 )]. Coefficient of variation (CV) for
every comparison was calculated according to the formula:

= ×( )CV[ 100%]SEM
Mean . Minimum detectable change (MDC) was calcu-

lated using the following formula: = × ×[MDC 2 1.96 SEM].
Correlation analysis results were classified as follows: 0.00–0.20 (poor),
0.21–0.40 (fair), 0.41–0.60 (moderate), 0.61–0.80 (good), and
0.81–1.00 (excellent) [36].

Independent T-test was used to compare the assessed parameters
between male and female groups. Paired-samples T-test was used to
compare the stiffness values of the Achilles tendon and gastrocnemius
muscle between neutral and 10° dorsiflexion position. An overall 5%
Type 1 error level was accepted for inter statistical significance.

3. Results

3.1. Inter-observer reliability and inter-day repeatability

Mean height, weight, and body mass index of the assessed in-
dividuals in the reliability study were 1.80 ± 0.05 m, 74.7 ± 10.7 kg,
and 23.1 ± 3.2 kg/m2, respectively. Inter-observer reliability of the
Achilles tendon at 0° and 10° of ankle joint dorsiflexion was excellent
(ICC = 0.87–0.94): SEM less than 44 N/m, MDC less than 122 N/m,
and CV less than 4%. Similarly, inter-day repeatability of tendon stiff-
ness measurements was excellent (ICC = 0.83–0.90): SEM less than
37 N/m, MDC less than 102 N/m, and CV less than 4%. On the other
hand, inter-observer reliability of the gastrocnemius at 0° and 10° of
ankle joint dorsiflexion was excellent (ICC = 0.93–0.98): SEM less than
15 N/m, MDC less than 78 N/m, and CV less than 7%. Inter-day re-
peatability of gastrocnemius muscle stiffness measurements at 0° and
10° of ankle joint dorsiflexion was excellent (ICC = 0.87–0.91): SEM
less than 31 N/m, MDC less than 85 N/m, and CV less than 8%
(Table 1) (Fig. 2).
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3.2. Effect of joint motion

Gastrocnemius muscle stiffness at 10° dorsiflexion position was
significantly higher in both females and males compared to the neutral
position (p < 0.001). Similarly, Achilles tendon stiffness at 10° dorsi-
flexion position was higher in both sexes compared to the neutral po-
sition (Table 2).

3.3. Sex effect on the stiffness of the Achilles tendon and gastrocnemius
muscle

Both groups were similar in age (p = 0.595), while males had
higher height, weight and body mass index compared to females
(p < 0.001) (Table 2). The stiffness of the Achilles tendon and gas-
trocnemius muscle at neutral and 10° joint dorsiflexion in males was
higher compared to females (p < 0.05); however, differences in stiff-
ness values between neutral and 10° joint dorsiflexion for the Achilles
tendon and gastrocnemius muscle were similar in both groups
(p > 0.05) (Table 3) (Fig. 3).

4. Discussion

The purpose of the present study was to investigate the differences
in the stiffness of medial gastrocnemius muscle and Achilles tendon
related to the ankle joint motion and sex. Another purpose of the study
was to determine the inter-observer reliability and inter-day repeat-
ability of quantifying the stiffness of medial gastrocnemius muscle and
Achilles tendon. Our results support that the MyotonPRO device has
excellent inter-observer reliability and inter-day repeatability in mea-
suring the stiffness of the medial gastrocnemius muscle and Achilles
tendon. In addition, the results of this study indicate that the stiffness of
the medial gastrocnemius muscle and Achilles tendon is higher in males
compared to females; however, stiffness changes in the gastrocnemius

Fig. 2. Bland and Altman plots of the inter-observer reliability and inter-day repeatability of the Achilles tendon and medial gastrocnemius muscle at neutral
position. (A) Inter-observer reliability of the medial gastrocnemius, (B) inter-day repeatability of medial gastrocnemius, (C) inter-observer reliability of the Achilles
tendon, (D) inter-day repeatability of the Achilles tendon.

Table 2
Demographic data of females and males (n = 54).

Male (n = 24) Female (n = 30) p
Mean ± SD Mean ± SD

Age (years) 21.5 ± 1.6 21.3 ± 1.6 0.595
Height (m) 1.81 ± 0.06 1.66 ± 0.05 <0.001
Body mass (kg) 77.3 ± 11.8 55.4 ± 6.0 <0.001
Body mass index (kg/m2) 23.8 ± 3.7 20.2 ± 1.9 <0.001

Table 3
Comparisons of the stiffness of the Achilles tendon and gastrocnemius muscle
between neutral and 10° of ankle joint dorsiflexion (n = 54).

Parameters Male (n = 24) Female (n = 30) p
Mean ± SD Mean ± SD

Achilles tendon stiffness
At neutral (N/m) 856.1 ± 82.5 781.0 ± 98.1 0.004
At 10° dorsiflexion (N/m) 1197.4 ± 200.9 1075.2 ± 79.0 0.004
Difference (N/m) 341.3 ± 202.1 300.0 ± 108.5 0.347
Difference (%) 40.8 ± 26.3 40.9.0 ± 22.3 0.994

Gastrocnemius muscle stiffness
At neutral (N/m) 370.8 ± 104.4 257.0 ± 52.5 <0.001
At 10° dorsiflexion (N/m) 422.2 ± 90.5 292.2 ± 59.2 <0.001
Difference (N/m) 51.4 ± 50.2 35.2 ± 22.4 0.118
Difference (%) 16.0 ± 14.3 14.0 ± 9.3 0.545
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muscle and Achilles tendon depending on joint motion was similar in
both sexes.

4.1. Inter-observer and inter-day reliability

The results of the present study revealed that the MyotonPRO device
has excellent inter-observer reliability and inter-day repeatability for
measuring the stiffness of the Achilles tendon at neutral and 10° dor-
siflexion positions. Previous studies predominantly focused on de-
termining the reliability of the MyotonPRO in measuring passive
muscle stiffness, but not in tensioned state. The reliability of the
MyotonPRO may be different in tension state and/or other soft tissues,
such as tendon, and/or ligament. There is only one study that in-
vestigated the reliability of MyotonPRO in measuring tendon stiffness.
In a study by Liu et al. [30], the stiffness of the Achilles tendon was
quantified by a MyotonPRO. Liu et al. [30] found excellent inter-and
intra-observer reliability (ICC: 0.88–0.95), corresponding to SEM less
than 18.2 N/m, and MDC less than 36.6–44.4 N/m. On the other hand,
the results of the present study suggest that MyotonPRO has excellent
inter-observer reliability and inter-day repeatability to quantify the
medial gastrocnemius muscle. The obtained results are consistent with
previous studies focusing on the reliability of MyotonPRO in measuring
muscle stiffness [24–26]. Liu et al. [26] examined the inter-and intra-
observer reliability of MyotonPRO to quantify the upper trapezius

stiffness in healthy individuals. They found excellent inter- and intra-
observer reliability (ICC = 0.97), corresponding to SEM of 9.5 N/m and
MDC of 26.2 N/m. Davidson et al. [24] examined the inter- and intra-
observer reliability of MyotonPRO in measuring muscle stiffness in the
perineal and thenar muscles. Davidson et al. [24] reported that ICC
values ranged from 0.70 to 0.91, corresponding to SEM less than
23.8 N/m and MDC less than 66.1 N/m. Lohr et al. [25] investigated
the intra-tester reliability and inter-day repeatability of MyotonPRO in
measuring lumbar erector spinae in healthy volunteers. Lohr et al. [25]
revealed that ICC ranged from 0.91 to 0.97, corresponding to SEM less
than 22.9 N/m, CV less than 5.9%, and MDC less than 63.4 N/m. In
summary, there seems to be a consensus in the literature that Myo-
tonPRO is reliable and repeatable in measuring the muscle and tendon
stiffness.

4.2. Effect of joint motion on muscle and tendon stiffness

Another important finding of the present study is that tendon and
muscle stiffness significantly increased when the ankle was brought
from neutral to 10° dorsiflexion. However, there was a difference be-
tween the tendon and the muscle in terms of this increase. It was found
that mean difference at the Achilles tendon stiffness was 40%, while the
mean difference at the medial gastrocnemius stiffness ranged from 14%
to 16%. On the other hand, standard deviations of this difference were
in a wide range. This finding indicates that the effect of joint position on
muscle and tendon stiffness was highly variable depending on personal
characteristics. Similar to our study, Liu et al. [30] examined the effect
of joint motion on Achilles tendon stiffness. They revealed that Achilles
tendon stiffness was 1143 N/m at neutral position, and it was 1329 N/
m at 30° ankle dorsiflexion. Aubry et al. [37] quantified the difference
in Achilles tendon stiffness related to ankle joint motion. They reported
that Achilles tendon stiffness increased nearly 5 times at maximum
dorsiflexion compared to the neutral ankle position (from 147 kPa to
780 kPa). Furthermore, Huang et al. [22] investigated the effect of
ankle joint position on medial and lateral gastrocnemius muscles. They
found that mean difference in the stiffness of the medial gastrocnemius
muscle increased up to 163 N/m from −50° to 25° of ankle joint ro-
tation. On the other hand, Chino and Takahashi [18] quantified the
difference of medial gastrocnemius muscle at different joint angles by
shear-wave elastography. They reported that the stiffness value of the
medial gastrocnemius muscle at 10° dorsiflexion was almost twice more
compared to the neutral ankle position (from 12 kPa to 24 kPa).

4.3. Effect of sex on muscle and tendon stiffness

The primary purpose of this study was to investigate the effect of sex
on the stiffness of the Achilles tendon and medial gastrocnemius
muscle. Similar to our hypothesis, the obtained results indicate that
males have stiffer Achilles tendon and medial gastrocnemius muscle
compared to females. The difference between males and females was
more prominent in the medial gastrocnemius muscle
(370.8 ± 104.4 N/m for males, and 257.0 ± 52.5 N/m for females)
compared to the Achilles tendon (856.1 ± 82.5 N/m for males, and
781.0 ± 98.1 N/m for females). This difference may be related the
hormonal differences between sexes. The estrogen is an important
hormone that affects the homeostasis of many musculoskeletal tissues
[38–40]. The estrogen level could influence the sensitive estrogen re-
ceptors in soft tissue such as tendon and/or muscle, which causes to
decrease in the estradiol level and collagen synthesis [38–40]. Any
decrease in collagen synthesis could cause a decrease in tendon and
muscle stiffness [41,42]. There are several studies which investigated
the sex effect in muscle and tendon stiffness; however, the reported
results vary immensely. It has been reported that males had stiffer
patellar tendon [11], medial gastrocnemius muscle [12], rectus femoris
muscle [13], and gastrocnemius muscle [14]. On the other hand, others
have found that male and female had similar stiffness of the Achilles

Fig. 3. Stiffness values of the Achilles tendon and medial gastrocnemius muscle
at neutral and 10° dorsiflexion positions.
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tendon [15,16], patellar tendon [17], medial gastrocnemius muscle
[18], and biceps brachia muscle [13]. Other studies have indicated that
the stiffness of the soleus [19] and biceps brachia [20] muscles in fe-
males was higher compared to males. It seems that there is no con-
sensus about the effect of sex on tendon and/or muscle stiffness, which
may be related with the methodological differences of these studies.
The differences in the method used to assess tissue stiffness (myoto-
nometry, shear-wave elastography, ultrasonography, etc), the eval-
uated structures (muscle or tendon), and the evaluated population
(athletes, young, middle age, or old individuals, etc.) might cause
substantial differences in the results.

Another hypothesis of this study was that changes in tendon and
muscle stiffness caused by joint motion would be different in males and
females. The hypothesis is based on the idea that there would be dif-
ferences in tendon and muscle stiffness between males and females,
because the concentration of the connective tissue may differ between
sexes. Thus, differences in tendon and muscle stiffness between sexes
may lead to a significant sex-related difference in tendon and muscle
stiffness in tensioned state. Different from our hypothesis, it was found
that changes in the stiffness of Achilles tendon and the medial gastro-
cnemius muscle were similar in both sexes when the ankle was brought
from neutral to 10° dorsiflexion. One study by Chino and Takahashi
[18] investigated the sex-related differences in medial gastrocnemius
stiffness in different ankle joint motions. They found that changes in the
stiffness of the medial gastrocnemius caused by joint motion were not
significant sex-related difference between sexes. On the other hand,
Miyamoto et al. [23] quantified the effect of joint motion in the gas-
trocnemius by shear-wave elastography. They revealed that dorsi-
flexion ROM was negatively correlated to passive muscle stiffness in
males but not females.

4.4. Limitations

The present study has some limitations. First, only inter-observer
reliability and inter-day repeatability were investigated in the present
study. Intra-observer reliability, by measurements a few hours apart on
the same day, was not investigated. Second, the effect of joint motion in
muscle and tendon stiffness was tested only at 10° of ankle joint dor-
siflexion. The effect of joint motion may be different at different degree
of ankle joint motion such as 20° dorsiflexion, or 10° or 30° plantar-
flexion. Last, the study included young and healthy individuals. The
reliability of the device used, sex effect and joint motion may be dif-
ferent in different populations (middle aged, geriatric, athletes, etc.) or
pathological conditions (tendon pathologies or muscle damage).

5. Conclusion

It was found that males have stiffer Achilles tendon and gastro-
cnemius muscle compared to females; however, changes in the stiffness
of the assessed tissues caused by joint motion were similar in both
sexes. Lower tendon and muscle stiffness in females may cause the
impaired joint stability and/or control compared to males, and it may
cause an increase in the musculoskeletal injury risk in females. On the
other hand, the obtained results suggest that MyotonPRO has excellent
inter-observer reliability and inter-day repeatability in measuring the
stiffness of the Achilles tendon and medial gastrocnemius muscle.

Brief summary

What is known

• Tendon and muscle stiffness are an important component of joint
stability and/or control.

• Tendon and muscle stiffness may be different in females because of
the differences in hormone concentrations.

• Tendon and muscle stiffness are correlated with the tension on

muscle and tendon.

What this study adds

• MyotonPRO has excellent reliability and repeatability in measuring
the stiffness of tendon and muscle.

• The stiffness of the Achilles tendon and gastrocnemius muscle is
higher in males compared to females.

• Tension effect in tendon and muscle stiffness is similar in both sexes.
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