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Abstract

The reliability of MyotonPRO that can monitor the mechanical properties of tissues is still

unclear. This study aimed to analyze the within-day inter-operator and between-day intra-

operator reliability of MyotonPRO for assessing tone and stiffness of quadriceps femoris

and patellar tendon at different knee angles. The tone and stiffness of healthy participants

(15 males and 15 females, aged 24.7±1.6 years) in the supine and resting position were

measured using the MyotonPRO device. The measurements were quantified at 0˚, 30˚, 60˚,

and 90˚ of knee flexion. The intraclass correlation coefficient (ICC), standard error of mea-

surement (SEM), and minimal detectable change (MDC) were calculated and a Bland–Alt-

man analysis was conducted to estimate reliability. The results indicated excellent inter-

operator reliability (ICC > 0.78) and good to excellent intra-operator reliability (ICC > 0.41).

The inter-operator SEM measurements ranged between 0.1–0.9 Hz and 3.8–37.9 N/m, and

intra-operator SEM ranged between 0.5–1.3 Hz and 7.9–52.0 N/m. The inter-operator MDC

ranged between 0.3–2.5 Hz and 10.5–105.1 N/m, and intra-operator SEM ranged between

1.1–3.3 Hz and 21.9–144.1 N/m. The agreement of inter-operator was better than that of

intra-operator. The study concluded that MyotonPRO is a reliable device to detect the tone

and stiffness of quadriceps femoris and patellar tendon.

Introduction

Tone is considered an intrinsic function required to maintain postural stability in balanced

equilibrium positions as well as at efficient muscle energy costs [1]. Stiffness is considered an

intrinsic ability to resist changes of muscle’s shape caused by an external force [2]. Both the

tone and stiffness can be used to assess the health of muscles and tendons [3], and they can be
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altered under pathological circumstances such as sports-related injuries [4], pain [5], and

cramps [6]. Clinicians often use palpatory techniques to assess the tone and stiffness of tissue

to guide treatment and appraise treatment effectiveness [7, 8]. However, the reliability of man-

ual palpatory techniques have been criticized because of subjective limitations. Apart from

subjective instruments, elastography ultrasound of musculoskeletal ultrasound is widely used

to quantify the mechanical properties of tissues[9, 10]. Unfortunately, it is not easy to acquire

and operate owing to the equipment costs and required technical expertise. Therefore, it is cru-

cial to quantify the mechanical properties of muscles and tendons in a rapid and reliable way

that requires little technical expertise for the convenience of clinical and scientific research.

The MyotonPRO (MyotonPRO, Estonia) is an easy-to-operate, portable, objective, non-

invasive, convenient device that can be used to quantify tone and stiffness not only in muscles

but also in tendons. The principle is that MyotonPRO elicits oscillations through multiple

short impulses from a testing probe, and these oscillation waveforms are reflective of the visco-

elastic properties of tissues [11]. Previous studies have demonstrated that the device is reliable

in evaluating the viscoelastic properties of various muscles and tendons, including rectus

femoris [12, 13], gastrocnemius [2], biceps brachii [13], and Achilles tendons [14] in healthy

populations and in people with pathological conditions such as acute stroke [15], chronic spi-

nal cord injury [16], and dementia [17]. However, except the ones with positive results, several

authors have raised doubts about the reliability of the device[18].Further, the reliability of

MyotonPRO varies in healthy populations of different studies[12, 19].Hence, it is meaningful

to perfect reliability research and establish normative data using the MyotonPRO device to

provide evidence for future assessments of skeletal muscles and tendons.

The quadriceps femoris and patellar tendon (PT), which are closely related to the functions

of the hip and knee joint, are extraordinarily important tissues in the human body. They are

essential for daily activities such as walking, running, jumping, and squatting. Quadriceps

femoris plays an important role in stabilizing the patella and the knee joint during gait. It is

subdivided into four parts: rectus femoris (RF), vastus medialis (VM), vastus lateralis (VL),

and vastus intermedius (VI). All four parts ultimately insert into the tuberosity of the tibia via

the patella, forming the PT. Apart from VI, the remaining three parts can be considered to be

muscular markers on the body surface. Because it is deep inside the RF, VI cannot be measured

by MyotonPRO. Previous studies demonstrated that the mechanical properties of quadriceps

femoris and PT would be changed by anterior cruciate ligament injury[4, 20], stroke[15], or

habitual loading[21]. Further, muscle mechanical properties would be changed when the mus-

cle is at different positions[22, 23]. Therefore, it is necessary to measure its mechanical proper-

ties at different positions. To the best of our knowledge, studies [12, 13, 19, 24] have been

conducted on the reliability of MyotonPRO in measuring the quadriceps femoris when the

knee is extended; however, they have all only focused on measuring the reliability of RF and

other parts in the quadriceps femoris(VM and VL) at different knee angles have not been

investigated. Furthermore, a previous study[23] found the reliability of RF tone at rest and

during active muscle contraction would be changed using computerized muscle tonometer.

However, no investigations have been conducted to examine the correlation between the

angles of the knee and the reliability of mechanical properties of the quadriceps femoris and

PT determined by the MyotonPRO device.

The study aimed to determine 1. the within-day inter- and between-day intra-operator reli-

ability of the tone and stiffness of the quadriceps femoris (RF, VM, VL) and PT measured by

MyotonPRO at different angles of the knee joint; 2. the difference in tone and stiffness of cer-

tain tissues at different angles of the knee joint.

Tone and stiffness of quadriceps femoris and patellar tendon measured by MyotonPRO
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Method and materials

Experimental setup

This single-center study was carried out at the orthopedics department of Guangdong Second

Traditional Chinese Medicine Hospital. All the tests were carried out in the same room, where the

room temperature was maintained around 25˚C. The participants, who rested for 10 min before

the test, were requested to remain in supine and resting positions on the examination couch. The

measurement sites were marked with the knee and hip extended. The RF was measured at two-

thirds of the distance between the anterior superior iliac spine (ASIS) and the superior pole of the

patella[13]. To identify the muscle belly of VM and VL, subjects were requested to actively con-

tract the lower limbs and force the hip and knee to extend; then, the measurement points were

taken to be the most salient points of each belly (near the knee joint). The PT was measured at a

point midway between the patella distal and the tuberosity of tibial when the knee was flexed at

90˚. All the locations were marked by one operator (GqC), the measuring points were marked by

a pen, and MyotonPRO was placed at these measuring points such that the probe was perpendicu-

lar to the skin surface of the tested muscle belly and tendon. The measurements at four sites were

performed at 0˚, 30˚, 60˚, and 90˚ of flexion of the knees. The hip flexed with knee position to

make sure the lower limbs in the neutral position. A steel goniometer was used to quantify the

angle of knee flexion (Fig1B). The measurements were performed bilaterally. The order was as fol-

lows: left RT, right RF; left VM; right VM; left VL; right VL; left PT; right PT. The measurement

technique of MyotonPRO is illustrated in Fig 1A. The measurements were performed on each

subject at different angles by one operator (GqC) based on the above-mentioned protocol, while

another operator (JtW) maintained the lower limbs in a neutral position (Fig1B and 1C), and

then, vice versa, with a 30 min-interval between two measurements on the same day. After a

7-day interval, the same subject was reassessed by the operator GqC, with JtW as the assistant.

Recruitment

We used social media, the internal hospital network, and posters to recruit healthy participants

from local university staff or students who were on clinical rotation in local hospitals.

Fig 1. The MyotonPRO measurement technique. (A) MyotonPRO device; (B) Identification of measurement angle;

(C) Measurement with MyotonPRO.

https://doi.org/10.1371/journal.pone.0220521.g001
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Participants who were interested in this study were required to communicate with one mem-

ber of our team. All potential participants were required to fill out a basic questionnaire. Then,

two members of our team (JtW, WX) screened the eligible participant. Any disagreement was

arbitrated by a senior member (GcC).

Sample population

Healthy young adults were included if (i) they were aged between 20 to 30 years; (ii) they did

not have any musculoskeletal dysfunction; (iii) or systemic diseases; (iv) they did not perform

intense exercises or play sports weekly.

The exclusion criteria were as follows: (i) those with a body mass index (BMI)� 28 kg/m2

or� 16 kg/m2; (ii) those with a history of fracture or surgery in lower limbs; (iii) pregnant or

menstruating women; (iv) those who performed intense exercises, such as running for more

than half an hour, or played sports, such as basketball or football, weekly; (v) those who were

taking medication that could affect the musculoskeletal function; (vi) those who could not

complete the entire process.

Ethics

The Institutional Ethics Committee of Guangdong Second Traditional Chinese Medicine Hos-

pital approved the study protocol (Approval No.: 2018(43)). All participants who met the crite-

ria were recruited to engage in the study. Before the experiments, all participants were given

time to consider whether they were interested in this study. If they agreed to participate in the

trial, their written informed consent was obtained prior to data collection. All participants

were free to withdraw from the trial at any stage. The study was registered with the Chinese

Clinical Trial Registry (ChiCTR1800019407 on November 10, 2018).

Equipment

A non-invasive handheld machine (MyotonPRO, Estonia) was used to collect tone and stiff-

ness data of the muscles and tendons around the knee joint. First, the probe of MyotonPRO

was held perpendicular to the skin surface. Then, it was pushed against the tested area to reach

the required depth. After the red light turned green, five short impulses (tap interval was 0.8 s)

were implemented automatically by the device in order to induce mechanical oscillations in

the soft tissues. The MyotonPRO device provides data on the oscillation frequency (F, Hz) and

dynamic stiffness (S, N/m) that can indicate the tone and stiffness, respectively. The mean val-

ues for tone and stiffness were calculated from the responses to the five impulses delivered.

Parameters measured

The parameters of tone and stiffness were recorded by MyotonPRO. The device collects data

through mechanical oscillations of soft tissues induced by mechanical impulses. The muscle

tone is calculated as the oscillation frequency (Hz) = 1/T, where T represents the duration of

oscillation. The stiffness value is calculated as the maximum acceleration of the oscillation and

the deformation of the tissue detected by the transducer (N/m).

Statistical analysis

We used SPSS 22 software (IBM, US) to conduct the data analysis. Demographic characteris-

tics of the participants including age, gender, height, weight, and BMI were assessed by

descriptive statistics. The normality distribution was assessed by the Kolmogorov–Smirnov

test and frequency histograms. The intraclass correlation coefficient (ICC) was used to assess

Tone and stiffness of quadriceps femoris and patellar tendon measured by MyotonPRO
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the inter- and intra-operator reliability. The model ICC (3,1) (two-way mixed model, single

measures) and model ICC (2,2) (two-way random model, mean measures) were used to exam-

ine the intra-operator (measurements taken on two occasions separated by 7 days) and inter-

operator (measurements by two operators) reliability, respectively. The reliability was consid-

ered excellent when the values of ICC exceeded 0.75. When the ICC range from 0.4 to 0.74, the

reliability was considered to be good to fair, and when the value was less than 0.40, it was con-

sidered poor[25]. The absolute reliability was assessed using standard error of measurement

(SEM, SEM = standard deviation×
p

1-ICC), minimal detectable change (MDC,

MDC = 1.96×SEM×
p

2), and 95% limits of agreement (LOA). Bland–Altman plots obtained

by the MedCalc 18 software (Software bvba, Ostend, Belgium) were used to assess inter- and

intra-operator reliability to visualize the degree of agreement and to identify systematic bias.

One-way ANOVA was used to compare the mean tone and stiffness (three measurements)

index of the quadriceps femoris and PT among different angles, followed by post-hoc analysis

with Bonferroni adjustment. The level of significance was determined as p< 0.05, and data

were presented as mean ±SD.

Results

Demographics

Thirty healthy participants (15 females and 15 males, aged 24.7±1.6 years) were recruited in

this study. Table 1 shows the characteristics of the enrolled participants. The data of height,

weight, and BMI were 165.3±8.4 cm, 57.9±10.9 kg, and 21.0±2.8 kg/m2, respectively. Average

mean values of normal data and mean values of three measurements are shown in Tables 2

and 3.

Difference in tone and stiffness of tissues at each angle

Differences in tone and stiffness of tissues at each angle are shown in Table 3. The one-way

ANOVA and post-hoc analysis with Bonferroni adjustment indicated that there was no signifi-

cant difference in the tone of RF between the different angles (P>0.05). In contrast, the tone

and stiffness of PT showed significant differences among all angles (p<0.01). There also was

no significant difference in measurements of tone and stiffness of VM and VL made at 0˚ com-

pared to 30˚(P> 0.05).

Inter- and intra-operator reliability

MyotonPRO showed good to excellent inter- and intra-operator reliability between the sets of

five repetitions shown in Tables 4 and 5. The within-day inter-operator reliability was excellent

for muscles and tendons at different angles, regardless of the tone and stiffness (ICC 2,2>0.78).

More specifically, the ICC values of inter-operator reliability of RF ranged from 0.87 to 0.98,

Table 1. A summary of the demographics of all participants.

Basic information

Age (mean ± SD) years 24.7±1.6

Height (mean ± SD) cm 165.3±8.4

Weight (mean ± SD) kg 57.9±10.9

Body Mass Index (mean ± SD) kg/m2 21.0±2.8

Gender, Female/Male 15/15

Dominant Side, Left/Right 1/29

https://doi.org/10.1371/journal.pone.0220521.t001
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those of VM ranged from 0.79 to 0.98, those of VL ranged from 0.81 to 0.98, and those of PT

ranged from 0.78 to 0.97. For the between-day intra-operator reliability, the mean of a single set

of five taps was good to excellent (ICC 3,1 = 0.41–0.90) with wide 95% confidence intervals.

More specifically, the ICC values of intra-operator reliability of RF ranged from 0.70 to 0.87,

those of VM ranged from 0.53 to 0.90, those of VL ranged from 0.41 to 0.90, and those of PT

ranged from 0.51 to 0.90. The overall mean values of inter-operator ICC (95%CI) was 0.87

(0.82–0.97), and the overall mean values of intra-operator ICC (95%CI) was 0.74 (0.56–0.86).

Tables 6 and 7 show the SEM, MDC, and 95% LOA. The SEM for all inter-operator tissue

tone measurements were below 1 Hz (0.1–0.9 Hz). The SEM for all inter-operator tissue stiff-

ness measurements ranged from 3.8 to 37.9 N/m. The SEM for all intra-operator tissue tone

measurements ranged from 0.5 to 1.3 Hz, while intra-operator tissue stiffness measurements

ranged from 7.9 to 52.0 N/m. For the tone of pooled tissues, the SEM for inter-operator ranged

from 0.3 to 0.6 Hz and the SEM for intra-operator ranged from 0.3 to 1.5Hz.

The MDC for all inter-operator tissue tone measurements ranged between 0.3 to 2.5 Hz.

The MDC for all inter-operator tissue stiffness measurements ranged between 10.5 to 105.1

N/m. The MDC for all intra-operator tissue tone measurements ranged from 1.1 to 3.3 Hz,

while intra-operator tissue stiffness measurements ranged from 21.9 to 144.1 N/m.

The Bland–Altman analysis showed the level of inter- and intra-operator agreements, the

result of which are presented in Tables 4 and 5. The 95% LOA values were wider for between-

Table 3. Mean values of three measurements and the difference at each angle.

Location Angles Of

knee

Variable RF VM VL PT

Mean value of Three

measurements

Mean value of Three

measurements

Mean value of Three

measurements

Mean value of Three

measurements

Dominant leg 0˚ Frequency (Hz) 14.8 12.1 14.2 14.4

Stiffness (N/m) 265.3 185.6 251.1 220.6

30˚ Frequency (Hz) 14.3 12.1 13.9 16.8#

Stiffness (N/m) 258.1 191.2 249.7 382.3#

60˚ Frequency (Hz) 14.9 13.7� 15.3� 21.2#�

Stiffness (N/m) 271.9 245.8� 295.3� 618.2#�

90˚ Frequency (Hz) 15.2 15.4�Δ 16.3�Δ 24.5#�Δ

Stiffness (N/m) 278.7 294.2�Δ 330.2�Δ 716.2#�Δ

P value Frequency 0.186 0.00 0.00 0.00

Stiffness 0.027 0.00 0.00 0.00

Non Dominant

leg

0˚ Frequency (Hz) 14.8 12.5 14.0 14.4

Stiffness (N/m) 264.8 194.6 250.2 223.5

30˚ Frequency (Hz) 14.3 12.3 13.9 16.8#

Stiffness (N/m) 259.4 199.9 250.2 385.4#

60˚ Frequency (Hz) 14.9 13.7� 15.3� 20.7#�

Stiffness (N/m) 272.4 247.5� 294.2� 605.4#�

90˚ Frequency (Hz) 15.2 15.3�Δ 16.4�Δ 23.7#�Δ

Stiffness (N/m) 277.2� 293.5�Δ 327.7�Δ 690.1#�Δ

P value Frequency 0.067 0.00 0.00 0.00

Stiffness 0.045 0.00 0.00 0.00

RF = Rectus Femoris, VM = Vastus Medialis, VL = Vastus Lateralis; PT = Patellar Tendon.
#P<0.05 compare to 0˚,

�P<0.05 compare to 30˚,
Δ P<0.05 compare to 60˚.

https://doi.org/10.1371/journal.pone.0220521.t003
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day results than within-day results. The plots showed little systematic bias between the two

measurements (Fig 2). The 95% LOA values of PT were wider than those of other tissues at

each level. The 95% LOA of pooled muscle tone on different knee angles for inter-operator

and intra-operator were between −2.4 to 2.3 Hz and −2.8 to 2.7Hz, respectively.

Discussion

The present study is, to date, the first to use MyotonPRO to measure tone and stiffness of quad-

riceps femoris (RF, VM, and VL) and PT at different angles of the knee joint in a healthy popu-

lation. In this study, the portable MyotonPRO device showed good inter- and intra-operator

reliability. The within-day inter-operator reliability was shown to be excellent for measuring

muscles and tendons at all angles, and the between-day Intra-operator reliability was indicated

to be good to excellent. There was no difference in RF measurements with variation in the

angle, while there was a significant difference in PT measurements with a change in the angle.

Within-day inter- and between-day intra-operator reliability

It has been reported that MyotonPRO is a reliable device to assess the mechanical properties of

several muscles and tendons. However, studies published in the literature have not yet used

MyotonPRO to measure the reliability of RF, VM, VL, and PT in healthy populations as well

as at different positions of the knee joint.

ICC is a descriptive statistic that can be used to reflect on both degrees of consistency and

agreement when quantitative measurements are performed [26]. The values of ICC range from

0 to 1; a high ICC value indicates close agreement between measurements [11]. Some authors

consider that the validity of ICC is primarily based on inter-rater reliability data, and the device

would be considered reliable if ICC values of intra-operator reliability are higher [27].

In terms of inter-operator reliability, the ICC values were observed to range from 0.78 to

0.98, i.e., they were greater than 0.75; this indicated that the inter-rater reliability was excellent

Table 4. The results of Inter-operator ICC values and 95% CI.

Location Angles Of knee Variable RF VM VL PT

ICC (95% CI) ICC (95% CI) ICC (95% CI) ICC (95% CI)

Dominant leg 0˚ Frequency (Hz) 0.90(0.48–0.96) 0.98(0.93–0.99) 0.98(0.95–0.99) 0.92(0.83–0.96)

Stiffness (N/m) 0.92(0.75–0.97) 0.98(0.97–0.99) 0.97(0.94–0.99) 0.93(0.85–0.97)

30˚ Frequency (Hz) 0.89(0.66–0.95) 0.96(0.91–0.98) 0.92(0.84–0.96) 0.87(0.73–0.94)

Stiffness (N/m) 0.94(0.87–0.97) 0.97(0.93–0.98) 0.92(0.82–0.96) 0.89(0.76–0.95)

60˚ Frequency (Hz) 0.96(0.92–0.98) 0.86(0.71–0.94) 0.85(0.69–0.93) 0.90(0.79–0.95)

Stiffness (N/m) 0.98(0.95–0.99) 0.90(0.79–0.95) 0.89(0.76–0.95) 0.92(0.81–0.96)

90˚ Frequency (Hz) 0.95(0.90–0.98) 0.93(0.85–0.97) 0.89(0.78–0.95) 0.90(0.79–0.95)

Stiffness (N/m) 0.97(0.94–0.99) 0.92(0.83–0.96) 0.84(0.64–0.93) 0.97(0.93–0.99)

Non Dominant leg 0˚ Frequency (Hz) 0.90(0.69–0.96) 0.96(0.91–0.98) 0.99(0.97–0.99) 0.90(0.79–0.95)

Stiffness (N/m) 0.91(0.70–0.97) 0.97(0.93–0.98) 0.97(0.94–0.99) 0.78(0.53–0.89)

30˚ Frequency (Hz) 0.90(0.40–0.97) 0.90(0.79–0.95) 0.81(0.61–0.91) 0.94(0.87–0.97)

Stiffness (N/m) 0.94(0.86–0.97) 0.94(0.86–0.97) 0.94(0.88–0.97) 0.96(0.91–0.98)

60˚ Frequency (Hz) 0.87(0.54–0.95) 0.79(0.56–0.90) 0.90(0.78–0.95) 0.92(0.83–0.96)

Stiffness (N/m) 0.96(0.90–0.98) 0.89(0.76–0.95) 0.88(0.75–0.94) 0.92(0.83–0.96)

90˚ Frequency (Hz) 0.94(0.83–0.98) 0.95(0.90–0.98) 0.97(0.93–0.98) 0.95(0.90–0.98)

Stiffness (N/m) 0.98(0.96–0.99) 0.95(0.90–0.98) 0.95(0.90–0.98) 0.97(0.94–0.99)

ICC = Intraclass Correlation Coefficients, CI = Confidence Intervals, RF = Rectus Femoris, VM = Vastus Medialis, VL = Vastus Lateralis; PT = Patellar Tendon

https://doi.org/10.1371/journal.pone.0220521.t004
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at all parts for all angles. The within-day inter-operator ICC values in RF ranged between 0.90

to 92 (including dominant leg and non-dominant leg); these results were in accordance with

those of a published study[24] where the within-day reliability of RF tone and stiffness at 0˚

was measured (ICC = 0.92 to 0.93). The ICC values (0.97 to 0.99) of within-day in a previous

study [12] were higher than those of our study. This difference may be related to the individual

measurement habits of operators. The former study considered the same operator, while ours

considered two different operators.

Regarding intra-operator reliability, we observed that ICC values ranged from 0.41 to 0.90,

i.e., they were greater than 0.4; this indicated that the intra-operator reliability was good to

excellent at all parts for all angles. Our study showed that the between-day intra-operator ICC

Table 5. The results of Intra-operator ICC values and 95% CI.

Location Angles Of knee Variable RF VM VL PT

ICC (95% CI) ICC (95% CI) ICC (95% CI) ICC (95% CI)

Dominant leg 0˚ Frequency (Hz) 0.72(0.48–0.86) 0.90(0.80–0.95) 0.87(0.75–0.94) 0.64(0.37–0.81)

Stiffness (N/m) 0.81(0.63–0.90) 0.87(0.70–0.94) 0.90(0.81–0.95) 0.51(0.18–0.73)

30˚ Frequency (Hz) 0.75(0.54–0.87) 0.84(0.70–0.92) 0.72(0.49–0.86) 0.64(0.38–0.81)

Stiffness (N/m) 0.76(0.56–0.88) 0.60(0.32–0.79) 0.49(0.16–0.72) 0.74(0.52–0.87)

60˚ Frequency (Hz) 0.84(0.69–0.92) 0.70(0.46–0.84) 0.83(0.67–0.92) 0.70(0.46–0.85)

Stiffness (N/m) 0.87(0.73–0.93) 0.58(0.28–0.78) 0.69(0.44–0.84) 0.78(0.58–0.89)

90˚ Frequency (Hz) 0.83(0.67–0.92) 0.76(0.55–0.88) 0.84(0.65–0.93) 0.73(0.51–0.86)

Stiffness (N/m) 0.82(0.65–0.91) 0.58(0.29–0.78) 0.64(0.34–0.81) 0.80(0.63–0.90)

Non Dominant leg 0˚ Frequency (Hz) 0.78(0.58–0.89) 0.81(0.64–0.91) 0.58(0.30–0.78) 0.62(0.34–0.80)

Stiffness (N/m) 0.70(0.46–0.85) 0.86(0.73–0.93) 0.79(0.65–0.90) 0.59(0.30–0.78)

30˚ Frequency (Hz) 0.74(0.53–0.87) 0.76(0.56–0.88) 0.70(0.45–0.84) 0.82(0.66–0.91)

Stiffness (N/m) 0.70(0.45–0.84) 0.53(0.23–0.75) 0.41(0.06–0.67) 0.80(0.62–0.90)

60˚ Frequency (Hz) 0.74(0.51–0.87) 0.78(0.59–0.89) 0.70(0.47–0.85) 0.83(0.67–0.91)

Stiffness (N/m) 0.77(0.58–0.89) 0.55(0.24–0.76) 0.42(0.07–0.68) 0.85(0.71–0.93)

90˚ Frequency (Hz) 0.80(0.77–0.95) 0.84(0.68–0.92) 0.82(0.65–0.91) 0.87(0.75–0.94)

Stiffness (N/m) 0.85(0.69–0.93) 0.60(0.31–0.79) 0.69(0.43–0.84) 0.90(0.81–0.95)

ICC = Intraclass Correlation Coefficients, CI = Confidence Intervals, RF = Rectus Femoris, VM = Vastus Medialis, VL = Vastus Lateralis; PT = Patellar Tendon

https://doi.org/10.1371/journal.pone.0220521.t005

Fig 2. Examples Bland–Altman plots for MyotonPRO measurement of dominant rectus femoris tone(A) and stiffness(B) of

healthy males. 95% limits of agreement and mean difference marked with dotted(––) and solid (—)lines.

https://doi.org/10.1371/journal.pone.0220521.g002
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values of RF at 0˚ were between 0.70 to 0.81; these results are close to those of a study con-

ducted in Southampton, UK (ICC = 0.81 to 0.83) [19]. The first reason for lower ICC values

may be related to the choice of the ICC model; our study selected a single-measure model,

while the previous study selected a mean measure model. Commonly, the values of ICC mean

measure models are higher than those of ICC single measure models. The second reason may

be related to the participants; in our study, the participants included both males and females

while their study only considered males. A previous study on VL [22], indicated that the ICC

value of VL stiffness measured using a myometer (Myoton-2) was 0.4, which was poorer than

the result in our study. This difference may be associated with the measurement device. Myo-

tonPRO is a novel device that consists of a triaxial accelerometer and a system to increase sta-

bility, which allows multidirectional measurements in relation to the gravity vector, while

Myoton-2 consists of only a single accelerometer [24]. Moreover, a study [28] on PT tone and

stiffness at 90˚ reported that the within-day ICC values for PT tone (ICC = 0.96) and stiffness

(ICC = 0.96) were close to those of our study (tone ICC = 0.95, stiffness ICC = 0.97).

Regarding ICC values of different angles, to the best of our knowledge, data for comparison

are limited in published articles. A previous study[23] investigated the reliability of computer-

ized muscle tonometer measuring RF tone at different knee angles(0–60˚), they found the ICC

values ranged from 0.75 to 0.99. The ICC values in our study ranged from 0.87 to 0.96(0–60˚).

In our study, we observed that ICC values of PT and RF were higher at 90˚ than at 0˚, regard-

less of inter-operator or intra-operator and tone or stiffness. A previous study suggested that

subcutaneous fat may influence Myoton parameters [29]. According to its structure, the higher

ICC values may be related to the subcutaneous fat within the knee [30]. When the knee joint is

extended, the subcutaneous fat assembled can affect the measurements of slack PT as well as

RF. As the angle reaches 90˚, PT and RF remains at a strained status where the subcutaneous

fat has little effect on the measurements. According to the ICC values, the best angle to mea-

sure PT and RF was 90˚. For VM and VL, the best angle was 0˚. However, our study only

investigated four angles, and more angles should be conducted in the future.

Essentially, the within-day inter-operator reliability of MyotonPRO was better than the

between-day intra-operator reliability. Furthermore, our study may provide a new method to

increase the inter- and intra-operator reliability. This means that if the ICC values at the 0˚

position are poor, we may consider other angles of the knee joint. The reliability of Myoton-

PRO in various muscles and tendons need to be considered using more data, as the accuracy

of this technique can be influenced by the architecture of tissues.

SEM, MDC, and Bland–Altman analysis

The SEM and MDC values provide guidance for expected errors [31], indicating the real differ-

ence in tone and stiffness. SEM may be considered as the estimation of how repeated measures

tend to be distributed around the “true” score. SRD value considers the minimum amount of

change that could be interpreted as an actual change[25]. The smaller the values of SEM and

MDC, the higher the reliability of the device. The Bland–Altman plots aim to identify system-

atic bias.

Few studies have been conducted in this regard and there is insufficient data for a compari-

son of SEM and MDC values of tissues. The SEM of tone observed in the present study was

less than 1.3 Hz and 15.5 N/m for stiffness. For RF at 0˚, our study indicated that the within-

day SEM values ranged from 0.4 Hz to 8.4 Hz and the within-day MDC values ranged from

1.1 to 23.3 Hz. The results of within-day SEM and MDC values were consistent with the results

of a previous study [19], where the within-day SEM values ranged from 0.49 to 10.4 Hz and

the MDC values ranged from 1.34 to 28.8 Hz. The slightly higher between-day SEM and MDC

Tone and stiffness of quadriceps femoris and patellar tendon measured by MyotonPRO
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values of their study may be related to the lower between-day reliability. SEM = standard

deviation×
p

1-ICC. The smaller of ICC values, the higher the SEM; MDC = 1.96×SEM×
p

2,

the lager the SEM, the higher the MDC. Previous studies have limited information on Myoton-

PRO when measuring VM, VL, and PT. In the present study, particularly with respect to the

PT between-day intra-operator, the lowest value found for PT MDC values was 64 N/m and

the highest value was 144.1 N/m. In this context, we advise researchers to consider MDC in

future reliability studies of tone and stiffness.

The purpose of the Bland-Altman analysis is to identify systematic bias. The Bland–Altman

plots indicated little systematic bias between the two measurements. Few studies have con-

ducted Bland–Altman analyses so there is little scope for comparison with published studies.

For between-day RF measurements, the results of the present study (mean frequency 0, 95%

LOA ranged from -1.8 to 1.9; mean stiffness 2.6, 95% LOA ranged from -33.1 to 38.4) are con-

sistent with those reported by Lucy Aird [12]. In their study, MyotonPRO was used to measure

between-day frequency and stiffness and similar results were observed (mean frequency 0.17,

95% LOA ranged from -2.26 to 2.59; mean stiffness 2.21, 95% LOA ranged from -36.65 to

41.06). The slight difference may be related to the age and gender of the participants. In our

study, the 95% LOA values were wider for between-day values than within-day values. This

was also consistent with the results reported in Lucy Aird’s study.

Muscles and tendon mechanical properties

The tone and stiffness of quadriceps femoris (RF, VM, and VL) and PT were quantified by

MyotonPRO in healthy young participants at different knee joint angles (Table 3). For RF at

0˚, the muscle tone ranged from 14.4 to 15.0 Hz. The range of stiffness was 260.2 to 269.1

N/m, which was similar to the values found using Myoton-2 for five females and five males

with a mean stiffness of 268 N/m in the right quadriceps [22]. Our result was lower than that

of a previous study on 21 young males (288 N/m) [24]. The lower values may be related to gen-

der. The tone of RF was not changed by the knee angles, and there were differences in the stiff-

ness at 30˚ and that at 90˚. The results were contrary to those of a study where stiffness was

measured by ultrasound shear wave elastography[32]. They showed that passive RF stiffness

begins to increase when the knee angle at 45˚. This difference may be related to RF architec-

tural structure and measurement way. RF insertion is on the pelvis, and passive tension of RF

would be affected by both hip and knee flexion. In our study, we measured the tone and stiff-

ness of RF at different angles when the hip and knee both flexed (less stretch in our study). The

higher tone and stiffness values of PT as knee angles increase are closely related to the anatomy

of PT as well as subcutaneous fat, which cause PT strain when the knee is flexed. The changes

in the tone and stiffness of PT were considerable with changes in knee positions. In the current

study, we used the within-day mean tone and stiffness index to describe the tone of the PT.

The means of the tone were 14.4 N at 0˚, 16.9 N at 30˚, 21.0 N at 60˚, and 24.1 N at 90˚, and

the means of stiffness were 223.1 N/m at 0˚, 387.2 N/m at 30˚, 612.1 N/m at 60˚, and 703.1

N/m at 90˚; these results can provide a reference for future studies. Fiorella Celsi Young et al

[33] used MyotonPRO to conduct measurements on healthy males (mean age: 27.3 years) in

Santiago. The means of stiffness were 902 N/m for the dominant limb and 862 N/m for the

non-dominant limb at 90˚. The lower stiffness value may be associated with the race, gender,

and knee position of the participants (our study adopted the supine position while theirs

adopted the sitting position). To the best of our knowledge, studies have not been conducted

on the tone and stiffness of muscles and tendons of participants of different races. This can be

considered as a topic of future research.
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Limitations

The present results should be considered with several limitations. First, participants who had

not performed any weekly strenuous exercise in the week before joining the study were consid-

ered. Although the participants were advised by our team to limit their activities before the

experiments, this could not be accurately controlled. We can only ensure that the participants

had sufficient time to rest before the experiments were conducted. Second, the sample size was

too small, even if it reached the minimum requirement of numbers to examine the reliability

(n = 20) [34]. Furthermore, all participants were of local hospitals and universities. This means

that the enrolled participants were not generalizable. Third, sometimes it was difficult to locate

the sites of the VM and VL in females, because they were not obvious. Measuring multiple

sites and ways of relocating them reliably could be explored in future clinical research. Fourth,

the MyotonPRO technology also has limitations, because it tests the properties of a certain

muscle or tendon, while including the soft tissue above or below the muscle fiber or tendon.

Therefore, the “true” values are not true. Previous studies have proved that the stiffness of

Achilles’s tendon and erector spinae measured by the myometer was consistent with those

measured by ultrasound shear wave elastography. Future studies should focus on this topic.

Fifth, the relaxation was not measured by electromyography; therefore, it was not possible to

ensure that the lower limbs were in a resting state. To reduce the error, all the participants

were measured by the two operators (GqC, JtW), and we reminded the participants to relax

their lower limbs during the execution. Sixth, Inter-operator reliability may have been higher

in the present study because one operator marked the location to be measured for both opera-

tors to use.

In conclusion, our study established the tone and stiffness values of quadriceps femoris (RF,

VM, VL) and PT in healthy humans at different knee angles using MyotonPRO. The present

study also suggested that the MyotonPRO is an acceptable device for the detection of tone and

stiffness of quadriceps femoris and PT. The device will be useful for studying the mechanical

properties of muscles and tendons, such as training, disease, growth, and aging.

Supporting information

S1 Table. A summary of the demographics of all participants.

(PDF)

S2 Table. Mean values ± standard deviation for measurement of tone and stiffness of quad-

riceps femoris and patellar tendon at each angle recorded by MyotonPRO. SD = standard

deviation, RF = rectus femoris, VM = vastus medialis, VL = vastus lateralis, PT = patellar ten-

don; Operator1 means recorded by GcC, Operator2 means recorded by JtW.

(PDF)

S3 Table. Mean value of three measurements and the difference at each angle. RF = Rectus

Femoris, VM = Vastus Medialis, VL = Vastus Lateralis; PT = Patellar Tendon. #P<0.05 com-

pare to 0˚, �P<0.05 compare to 30˚, Δ P<0.05 compare to 60˚.

(PDF)

S4 Table. The results of inter-operator ICC values and 95% CI. ICC = Intraclass Correlation

Coefficients, CI = Confidence Intervals, RF = Rectus Femoris, VM = Vastus Medialis,

VL = Vastus Lateralis; PT = Patellar Tendon

(PDF)

S5 Table. The results of intra-operator ICC values and 95% CI. ICC = Intraclass Correlation

Coefficients, CI = Confidence Intervals, RF = Rectus Femoris, VM = Vastus Medialis,

Tone and stiffness of quadriceps femoris and patellar tendon measured by MyotonPRO

PLOS ONE | https://doi.org/10.1371/journal.pone.0220521 July 31, 2019 14 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0220521.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0220521.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0220521.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0220521.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0220521.s005
https://doi.org/10.1371/journal.pone.0220521


VL = Vastus Lateralis; PT = Patellar Tendon

(PDF)

S6 Table. The results of inter-operator SEM, MDC and 95% LOA. SEM = Standard Error of

Measurements, MDC = Minimal Detectable Change, LOA = Limits of Agreement,

RF = Rectus Femoris, VM = Vastus Medialis, VL = Vastus Lateralis, PT = Patellar Tendon

(PDF)

S7 Table. The results of intra-operator SEM, MDC and 95% LOA. SEM = Standard Error of

Measurements, MDC = Minimal Detectable Change, LOA = Limits of Agreement,

RF = Rectus Femoris, VM = Vastus Medialis, VL = Vastus Lateralis, PT = Patellar Tendon

(PDF)

S1 Fig. The MyotonPRO measurement technique. (A) MyotonPRO device; (B) Identification

of measurement angle; (C) Measurement with MyotonPRO.

(PDF)

S2 Fig. Examples Bland–Altman plots for MyotonPRO measurement of dominant rectus

femoris tone(A) and stiffness(B) of healthy males. 95% limits of agreement and mean differ-

ence marked with dotted(––) and solid (—)lines.

(PDF)

S1 Data. RF = Rectus Femoris, VM = Vastus Medialis, VL = Vastus Lateralis, PT = Patellar

Tendon.

(XLSX)

Acknowledgments

The authors are grateful to Jianping Du for valuable practical help during the project.

Author Contributions

Conceptualization: Guoqian Chen, Jiatao Wu, Xuemeng Xu.

Data curation: Jiatao Wu, Zugui Wu, Yingxin Guan.

Formal analysis: Guocai Chen, Yanyan Lu, Wei Ren, Wu Xu.

Methodology: Xuemeng Xu.

Software: Yanyan Lu.

Supervision: Xuemeng Xu.

Writing – original draft: Guoqian Chen, Yi Zheng, Bofan Qiu.

Writing – review & editing: Guoqian Chen, Xuemeng Xu.

References

1. Masi AT, Hannon JC. Human resting muscle tone (HRMT): narrative introduction and modern concepts.

J Bodyw Mov Ther. 2008; 12(4):320–32. https://doi.org/10.1016/j.jbmt.2008.05.007 PMID: 19083691.

2. Huang J, Qin K, Tang C, Zhu Y, Klein CS, Zhang Z, et al. Assessment of Passive Stiffness of Medial

and Lateral Heads of Gastrocnemius Muscle, Achilles Tendon, and Plantar Fascia at Different Ankle

and Knee Positions Using the MyotonPRO. Med Sci Monit. 2018; 24:7570–6. https://doi.org/10.12659/

MSM.909550 PMID: 30352050.

3. Marusiak J, Jaskolska A, Budrewicz S, Koszewicz M, Jaskolski A. Increased muscle belly and tendon

stiffness in patients with Parkinson’s disease, as measured by myotonometry. Movement disorders:

Tone and stiffness of quadriceps femoris and patellar tendon measured by MyotonPRO

PLOS ONE | https://doi.org/10.1371/journal.pone.0220521 July 31, 2019 15 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0220521.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0220521.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0220521.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0220521.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0220521.s010
https://doi.org/10.1016/j.jbmt.2008.05.007
http://www.ncbi.nlm.nih.gov/pubmed/19083691
https://doi.org/10.12659/MSM.909550
https://doi.org/10.12659/MSM.909550
http://www.ncbi.nlm.nih.gov/pubmed/30352050
https://doi.org/10.1371/journal.pone.0220521


official journal of the Movement Disorder Society. 2011; 26(11):2119–22. Epub 2011/06/30. https://doi.

org/10.1002/mds.23841 PMID: 21714009.

4. Alvarez-Diaz P, Alentorn-Geli E, Ramon S, Marin M, Steinbacher G, Boffa JJ, et al. Effects of anterior

cruciate ligament injury on neuromuscular tensiomyographic characteristics of the lower extremity in

competitive male soccer players. Knee surgery, sports traumatology, arthroscopy: official journal of the

ESSKA. 2016; 24(7):2264–70. Epub 2014/09/25. https://doi.org/10.1007/s00167-014-3319-4 PMID:

25248310.

5. Bialas P, Gronwald B, Roloff K, Kreutzer S, Gottschling S, Welsch K, et al. Pain in tones—Is it possible

to hear the pain quality? A pilot trial. Patient education and counseling. 2019; 102(1):134–8. Epub 2018/

08/23. https://doi.org/10.1016/j.pec.2018.08.017 PMID: 30131265.

6. Bentley S. Exercise-induced muscle cramp. Proposed mechanisms and management. Sports medicine

(Auckland, NZ). 1996; 21(6):409–20. Epub 1996/06/01. https://doi.org/10.2165/00007256-199621060-

00003 PMID: 8784961.

7. Fryer G, Morse CM, Johnson JC. Spinal and sacroiliac assessment and treatment techniques used by

osteopathic physicians in the United States. Osteopathic medicine and primary care. 2009; 3:4. Epub

2009/04/16. https://doi.org/10.1186/1750-4732-3-4 PMID: 19366458; PubMed Central PMCID:

PMC2676310.

8. Miller EM, Bazrgari B, Nussbaum MA, Madigan ML. Effects of exercise-induced low back pain on intrin-

sic trunk stiffness and paraspinal muscle reflexes. Journal of biomechanics. 2013; 46(4):801–5. Epub

2012/11/28. https://doi.org/10.1016/j.jbiomech.2012.11.023 PMID: 23182221; PubMed Central

PMCID: PMC3568223.

9. Qiu W, Wang C, Xiao Y, Qian M, Zheng H. A new shear wave imaging system for ultrasound elastogra-

phy. Conference proceedings: Annual International Conference of the IEEE Engineering in Medicine

and Biology Society IEEE Engineering in Medicine and Biology Society Annual Conference. 2015;

2015:3847–50. Epub 2016/01/07. https://doi.org/10.1109/embc.2015.7319233 PMID: 26737133.

10. Gao J, Li PC, Chen J, He W, Du LJ, Min R, et al. Ultrasound Strain Imaging in Assessment of Biceps

Muscle Stiffness and Dynamic Motion in Healthy Adults. Ultrasound in medicine & biology. 2017; 43

(8):1729–36. Epub 2017/05/28. https://doi.org/10.1016/j.ultrasmedbio.2017.04.011 PMID: 28549736.

11. Hu X, Lei D, Li L, Leng Y, Yu Q, Wei X, et al. Quantifying paraspinal muscle tone and stiffness in young

adults with chronic low back pain: a reliability study. Sci Rep. 2018; 8(1):14343. https://doi.org/10.1038/

s41598-018-32418-x PMID: 30254233; PubMed Central PMCID: PMC6156595.

12. Aird L, Samuel D, Stokes M. Quadriceps muscle tone, elasticity and stiffness in older males: reliability

and symmetry using the MyotonPRO. Arch Gerontol Geriatr. 2012; 55(2):e31–9. https://doi.org/10.

1016/j.archger.2012.03.005 PMID: 22503549.

13. Agyapong-Badu S, Warner M, Samuel D, Stokes M. Measurement of ageing effects on muscle tone

and mechanical properties of rectus femoris and biceps brachii in healthy males and females using a

novel hand-held myometric device. Arch Gerontol Geriatr. 2016; 62:59–67. https://doi.org/10.1016/j.

archger.2015.09.011 PMID: 26476868.

14. Liu CL, Li YP, Wang XQ, Zhang ZJ. Quantifying the Stiffness of Achilles Tendon: Intra- and Inter-Opera-

tor Reliability and the Effect of Ankle Joint Motion. Med Sci Monit. 2018; 24:4876–81. https://doi.org/10.

12659/MSM.909531 PMID: 30006997; PubMed Central PMCID: PMC6069534.

15. Lo WLA, Zhao JL, Chen L, Lei D, Huang DF, Tong KF. Between-days intra-rater reliability with a hand

held myotonometer to quantify muscle tone in the acute stroke population. Sci Rep. 2017; 7(1):14173.

https://doi.org/10.1038/s41598-017-14107-3 PMID: 29074974; PubMed Central PMCID:

PMC5658427.

16. Ko CY, Choi HJ, Ryu J, Kim G. Between-day reliability of MyotonPRO for the non-invasive measure-

ment of muscle material properties in the lower extremities of patients with a chronic spinal cord injury.

Journal of biomechanics. 2018; 73:60–5. Epub 2018/03/31. https://doi.org/10.1016/j.jbiomech.2018.03.

026 PMID: 29599041.

17. Van Deun B, Van Den Noortgate N, Van Bladel A, Palmans T, Cambier D. The Impact of Paratonia on

Fine and Gross Motor Function in Older Adults With Mild and Moderate Dementia. Alzheimer disease

and associated disorders. 2018. Epub 2018/10/30. https://doi.org/10.1097/wad.0000000000000278

PMID: 30371515.

18. Van Deun B, Hobbelen JSM, Cagnie B, Van Eetvelde B, Van Den Noortgate N, Cambier D. Reproduc-

ible Measurements of Muscle Characteristics Using the MyotonPRO Device: Comparison Between

Individuals With and Without Paratonia. Journal of geriatric physical therapy (2001). 2018; 41

(4):194–203. Epub 2016/12/23. https://doi.org/10.1519/jpt.0000000000000119 PMID: 28005829.

19. James Mullix MW, Stokes Maria. Testing muscle tone and mechanical properties of rectus femoris and

biceps femoris using a novel hand held MyotonPRO device: relative ratios and reliability. Working

Papers in Health Sciences. 2012.

Tone and stiffness of quadriceps femoris and patellar tendon measured by MyotonPRO

PLOS ONE | https://doi.org/10.1371/journal.pone.0220521 July 31, 2019 16 / 17

https://doi.org/10.1002/mds.23841
https://doi.org/10.1002/mds.23841
http://www.ncbi.nlm.nih.gov/pubmed/21714009
https://doi.org/10.1007/s00167-014-3319-4
http://www.ncbi.nlm.nih.gov/pubmed/25248310
https://doi.org/10.1016/j.pec.2018.08.017
http://www.ncbi.nlm.nih.gov/pubmed/30131265
https://doi.org/10.2165/00007256-199621060-00003
https://doi.org/10.2165/00007256-199621060-00003
http://www.ncbi.nlm.nih.gov/pubmed/8784961
https://doi.org/10.1186/1750-4732-3-4
http://www.ncbi.nlm.nih.gov/pubmed/19366458
https://doi.org/10.1016/j.jbiomech.2012.11.023
http://www.ncbi.nlm.nih.gov/pubmed/23182221
https://doi.org/10.1109/embc.2015.7319233
http://www.ncbi.nlm.nih.gov/pubmed/26737133
https://doi.org/10.1016/j.ultrasmedbio.2017.04.011
http://www.ncbi.nlm.nih.gov/pubmed/28549736
https://doi.org/10.1038/s41598-018-32418-x
https://doi.org/10.1038/s41598-018-32418-x
http://www.ncbi.nlm.nih.gov/pubmed/30254233
https://doi.org/10.1016/j.archger.2012.03.005
https://doi.org/10.1016/j.archger.2012.03.005
http://www.ncbi.nlm.nih.gov/pubmed/22503549
https://doi.org/10.1016/j.archger.2015.09.011
https://doi.org/10.1016/j.archger.2015.09.011
http://www.ncbi.nlm.nih.gov/pubmed/26476868
https://doi.org/10.12659/MSM.909531
https://doi.org/10.12659/MSM.909531
http://www.ncbi.nlm.nih.gov/pubmed/30006997
https://doi.org/10.1038/s41598-017-14107-3
http://www.ncbi.nlm.nih.gov/pubmed/29074974
https://doi.org/10.1016/j.jbiomech.2018.03.026
https://doi.org/10.1016/j.jbiomech.2018.03.026
http://www.ncbi.nlm.nih.gov/pubmed/29599041
https://doi.org/10.1097/wad.0000000000000278
http://www.ncbi.nlm.nih.gov/pubmed/30371515
https://doi.org/10.1519/jpt.0000000000000119
http://www.ncbi.nlm.nih.gov/pubmed/28005829
https://doi.org/10.1371/journal.pone.0220521


20. Kuszewski MT, Gnat R, Szlachta G, Kaczynska M, Knapik A. Passive stiffness of the hamstrings and

the rectus femoris in persons after an ACL reconstruction. The Physician and sportsmedicine. 2019; 47

(1):91–5. Epub 2018/09/25. https://doi.org/10.1080/00913847.2018.1527171 PMID: 30247085.

21. Couppe C, Kongsgaard M, Aagaard P, Hansen P, Bojsen-Moller J, Kjaer M, et al. Habitual loading

results in tendon hypertrophy and increased stiffness of the human patellar tendon. Journal of applied

physiology (Bethesda, Md: 1985). 2008; 105(3):805–10. Epub 2008/06/17. https://doi.org/10.1152/

japplphysiol.90361.2008 PMID: 18556433.

22. Bizzini M, Mannion AF. Reliability of a new, hand-held device for assessing skeletal muscle stiffness.

Clinical Biomechanics. 2003; 18(5):459–61. https://doi.org/10.1016/s0268-0033(03)00042-1 PMID:

12763442

23. Alamaki A, Hakkinen A, Malkia E, Ylinen J. Muscle tone in different joint positions and at submaximal

isometric torque levels. Physiol Meas. 2007; 28(8):793–802. https://doi.org/10.1088/0967-3334/28/8/

003 PMID: 17664672.

24. Sandra Agyapong-Badu LA, Bailey Louise, Mooney Kate, Mullix James, Warner Martin, Samuel

Dinesh, Stokes Maria. Interrater reliability of muscle tone, stiffness and elasticity measurements of rec-

tus femoris and biceps brachii in healthy young and older males. Working Papers in the Health Sci-

ences. 2013.

25. Portney L, and Watkins M. Foundations of Clinical Research: Applications to Practice. Edn r,

editor2015.

26. Demetrashvili N, Wit EC, van den Heuvel ER. Confidence intervals for intraclass correlation coefficients

in variance components models. Stat Methods Med Res. 2016; 25(5):2359–76. https://doi.org/10.1177/

0962280214522787 PMID: 24535554.

27. To T, Estrabillo E, Wang C, Cicutto L. Examining intra-rater and inter-rater response agreement: a med-

ical chart abstraction study of a community-based asthma care program. BMC Med Res Methodol.

2008; 8:29. https://doi.org/10.1186/1471-2288-8-29 PMID: 18471298; PubMed Central PMCID:

PMC2396663.

28. Sohirad S, Wilson D, Waugh C, Finnamore E, Scott A. Feasibility of using a hand-held device to charac-

terize tendon tissue biomechanics. PLoS One. 2017; 12(9):e0184463. https://doi.org/10.1371/journal.

pone.0184463 PMID: 28877266; PubMed Central PMCID: PMC5587276.

29. Frohlich-Zwahlen AK, Casartelli NC, Item-Glatthorn JF, Maffiuletti NA. Validity of resting myotonometric

assessment of lower extremity muscles in chronic stroke patients with limited hypertonia: a preliminary

study. J Electromyogr Kinesiol. 2014; 24(5):762–9. https://doi.org/10.1016/j.jelekin.2014.06.007 PMID:

25023163.

30. Williams WR. Anatomy of the Knee Joint. Journal of anatomy and physiology. 1880; 14(Pt 2):178–84.

Epub 1880/01/01. PMID: 17231312; PubMed Central PMCID: PMC1309929.

31. Furlan L, Sterr A. The Applicability of Standard Error of Measurement and Minimal Detectable Change

to Motor Learning Research-A Behavioral Study. Frontiers in human neuroscience. 2018; 12:95. Epub

2018/04/07. https://doi.org/10.3389/fnhum.2018.00095 PMID: 29623034; PubMed Central PMCID:

PMC5875129.

32. Xu J, Hug F, Fu SN. Stiffness of individual quadriceps muscle assessed using ultrasound shear wave

elastography during passive stretching. J Sport Health Sci. 2018; 7(2):245–9. https://doi.org/10.1016/j.

jshs.2016.07.001 PMID: 30356470; PubMed Central PMCID: PMC6180538.

33. Young FC, Cristi-Sanchez I, Danes-Daetz C, Monckeberg JE, Aguirre RS. Patellar Tendon Stiffness in

Elite Breakdancers Assessed by Myotonometric Measurement. J Dance Med Sci. 2018; 22(4):179–83.

https://doi.org/10.12678/1089-313X.22.4.179 PMID: 30477606.

34. Atkinson G, Nevill AM. Selected issues in the design and analysis of sport performance research. Jour-

nal of sports sciences. 2001; 19(10):811–27. Epub 2001/09/20. https://doi.org/10.1080/

026404101317015447 PMID: 11561675.

Tone and stiffness of quadriceps femoris and patellar tendon measured by MyotonPRO

PLOS ONE | https://doi.org/10.1371/journal.pone.0220521 July 31, 2019 17 / 17

https://doi.org/10.1080/00913847.2018.1527171
http://www.ncbi.nlm.nih.gov/pubmed/30247085
https://doi.org/10.1152/japplphysiol.90361.2008
https://doi.org/10.1152/japplphysiol.90361.2008
http://www.ncbi.nlm.nih.gov/pubmed/18556433
https://doi.org/10.1016/s0268-0033(03)00042-1
http://www.ncbi.nlm.nih.gov/pubmed/12763442
https://doi.org/10.1088/0967-3334/28/8/003
https://doi.org/10.1088/0967-3334/28/8/003
http://www.ncbi.nlm.nih.gov/pubmed/17664672
https://doi.org/10.1177/0962280214522787
https://doi.org/10.1177/0962280214522787
http://www.ncbi.nlm.nih.gov/pubmed/24535554
https://doi.org/10.1186/1471-2288-8-29
http://www.ncbi.nlm.nih.gov/pubmed/18471298
https://doi.org/10.1371/journal.pone.0184463
https://doi.org/10.1371/journal.pone.0184463
http://www.ncbi.nlm.nih.gov/pubmed/28877266
https://doi.org/10.1016/j.jelekin.2014.06.007
http://www.ncbi.nlm.nih.gov/pubmed/25023163
http://www.ncbi.nlm.nih.gov/pubmed/17231312
https://doi.org/10.3389/fnhum.2018.00095
http://www.ncbi.nlm.nih.gov/pubmed/29623034
https://doi.org/10.1016/j.jshs.2016.07.001
https://doi.org/10.1016/j.jshs.2016.07.001
http://www.ncbi.nlm.nih.gov/pubmed/30356470
https://doi.org/10.12678/1089-313X.22.4.179
http://www.ncbi.nlm.nih.gov/pubmed/30477606
https://doi.org/10.1080/026404101317015447
https://doi.org/10.1080/026404101317015447
http://www.ncbi.nlm.nih.gov/pubmed/11561675
https://doi.org/10.1371/journal.pone.0220521

