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Abstract
Introduction: MyotonPRO technology is a clinically accessible tool for objectively monitoring the biomechanical and viscoelastic properties of musculoskeletal tissues. This study aimed to identify the level of accuracy needed for recording from specified measurement sites on the soleus muscle and plantar fascia, which are important for postural control and gait.
Methods: In 20 healthy adults, MyotonPRO measurements were taken 1cm above and below a standardised point on the soleus and plantar fascia. Ultrasound scans were also taken at each site to measure subcutaneous tissue thickness to aid interpretation of MyotonPRO findings.
Results: Biomechanical and viscoelastic properties of the soleus and plantar fascia, measured using the MyotonPRO, were not affected by the change in recording site. Subcutaneous tissue thickness above the plantar fascia changed significantly (p<0.001) by 0.61cm when moving distally by 2cm, whilst above the soleus, these did not differ significantly (p=0.175) when moving distally by 2cm.
Conclusion: Changing the recording site 1cm above or below the standardised site did not affect either the MyotonPRO results (soleus and plantar fascia) or ultrasound results for soleus, whilst this same distance affected ultrasound measurements of subcutaneous tissue thickness above the plantar fascia significantly. Moving away from the musculoskeletal junction reduces the need for precision in relocating the recording site for measuring soleus. These findings allow for quicker and easier measurement of soleus or plantar fascia using the MyotonPRO.
Keywords: Biomechanical properties, Viscoelastic properties, MyotonPRO, Ultrasound imaging. 






Introduction 
[bookmark: baut0005]Two structures in the lower leg and foot, triceps surae and plantar fascia (PF), are vital for optimal physical function, specifically postural control, and walking. The triceps surae muscle consists of the medial and lateral heads of the gastrocnemius and soleus muscles [1, 2]. These muscles are essential for maintaining postural control in standing and generate 35-45% of power during normal gait [3-5]. While these muscles are commonly grouped together, their relative use in functional actions is dependent on the positioning on the knee, with gastrocnemius unable to generate much force for plantarflexion of the ankle while the knee is flexed [4]. It is therefore important to be able to assess these muscles separately, as soleus dysfunction has been found in neurological conditions such as Parkinson’s [6] and Stroke [7], which subsequently affects balance. Assessing muscle properties can therefore be instrumental in further understanding the effects of such neurological conditions, as well as the effects of injury, aging and disuse. The present study arose from the need to establish the robustness of the protocol for a study of the effect of disuse on muscle in astronauts (Myotones project) due to prolonged microgravity on the International Space Station (ISS) [8].  It was important to know how accurate the astronauts had to be in applying the Myoton device to recording sites marked on the skin, due to the challenge of remaining still relative to one another whilst in microgravity.
The plantar fascia is a deep fascia on the plantar surface of the foot that contains some of the thickest layers of fascia in the body, typically approximately 3mm [9]. The central component of the fascia forms the ‘Plantar Aponeurosis’ which starts proximally at the calcaneus before extending distally into medial and lateral components, serving as fascial coverings for abductor hallucis and abductor digiti minimi, respectively [10]. The PF contributes significantly to supporting the arch of the foot and carries as much 14% of the loading [10]. It is also of great importance in walking, playing a dynamic function aiding in propulsion [4]. 
A portable non-invasive handheld technology useful for assessing the biomechanical properties of muscles is the MyotonPRO. The electronic device is designed to provide a digital measure of biomechanical and viscoelastic properties of soft biological tissues, such as muscle, tendon or fascia [11]. The MyotonPRO has been shown to be reliable in various muscles or both inter- and intra-rater reliability [12-24]. It is also quick to use, very portable due to its small size, and does not require high levels of training [11, 23].   
Rehabilitative Ultrasound Imaging (RUSI) is a useful non-invasive method for measuring muscle thickness by clinicians, owing to its safety, portability, and low cost [25, 26]. RUSI has been shown to be valid against Magnetic Resonance Imaging (MRI) [27, 28] and is much more affordable and easier to access in clinical settings. The reliability of using RUSI has been found to be similar across populations and location sites, with researchers reporting RUSI to have good to excellent inter-rater and intra-rater reliability [29-32]. Reliability studies have been conducted under experimental research conditions, where it is easier to standardise conditions than in clinical or field environments. An important factor that may affect reliability of data is the location at which measurements are taken over the tissue of interest.  Protocols for RUSI and MyotonPRO testing involve precise location over a certain muscle, for example, but errors may occur when relocating the site on a different day or a novice user may not record over the precise site located [26, 33]. The question of how close to the standardised site measurements have to be taken to be accurate was addressed is a study [33]  prompted by the Myotone’s study mentioned above, in which astronauts took recordings from one another on the ISS, where it is difficult to remain completely still, even when restrained with straps, while floating in a spacecraft.  In quadriceps (rectus femoris) and biceps brachii, less precision was needed along the length of the muscles than their width, due to the changing tissue architecture in the medial-lateral dimension [33].  It is not known whether the standardised sites used for assessing the soleus muscle and plantar fascia in the Myotone’s experiment are at optimal locations along the lengths of the tissues for reproducing consistent recordings.   
MyotonPRO technology is limited to examining superficial tissue structures, so subcutaneous tissue thickness or overlying muscles can affect recordings.  For soleus, gastrocnemius lies superior to it for some of its length. It is possible to see with RUSI where soleus is free of gastrocnemius, to help locate the site for MyotonPRO testing for research purposes. In the absence of RUSI, it is not possible to determine if the recording site is on or near the musculotendinous junction (MTJ). It would be helpful to know if the standardised site for testing soleus in the Myotones project is below the MTJ (i.e., the relative proportions of lower leg length where soleus becomes superficial and where the standardised site is located). Regarding the plantar fascia, the subcutaneous tissue varies along its length, so the relationship between changes in tissue thickness and MyotonPRO parameter recordings needs to be examined. The present study addressed these unknown effects of testing site on tissue thickness (subcutaneous and muscle) and MyotonPRO recordings. 

Aim
To identify the level of accuracy needed for relocating the testing sites using the MyotonPRO to measure biomechanical and viscoelastic properties, and ultrasound imaging to quantify tissue thickness, in healthy young individuals, to help refine the robustness of the study protocol for the Myotones experiment [8] . 

Objectives
1. [bookmark: _Hlk82620041]To determine whether the thickness of the subconscious tissues above the soleus muscle might explain any differences in MyotonPRO recordings at three different locations.  
2. To determine whether the thickness of the subconscious tissues above the plantar fascia might explain any differences in MyotonPRO recordings at three different locations.  

Method
Participants
This was a cross-sectional, quantitative study in healthy individuals. A convenience sample of 20 participants (10 males and 10 females) aged 19-28 years, were recruited from the University of Southampton. The sample size was deemed sufficient to inform statistics given that previous MyotonPRO and Ultrasound studies included 15-20 participants [14, 33]. The study was approved by the University of Southampton’s Faculty of Environmental and Life Sciences Ethics Committee (Ethics number: 52269) and participants gave their written, informed consent.
Inclusion criteria were healthy adults, over the age of 18 years; no musculoskeletal or neurological disorders or lower limb or spinal injuries affecting mobility; no cognitive disorders that would affect their ability to understand the project. Potential participants were excluded if they had a high Body Mass Index (BMI) (>30kg/m²) or any motor dysfunction. 
Equipment
The MyotonPRO device is hand-held and applied perpendicular to the skin. The blunt-ended probe applies a brief mechanical impulse (15 ms) to the skin, consisting of a light force (0.4N) following a pre-compression force (0.18N) to compress subcutaneous tissue above the tissue layer of interest (muscle or fascia). The impulse elicits dampened oscillations that are detected by the device in the form of an acceleration signal. Recorded parameters of tone (Hz), elasticity (logarithmic decrement; log) and dynamic stiffness (N/m) are calculated automatically from the measured acceleration [11]. 
Rehabilitative ultrasound images of the plantar fascia, and soleus were produced using a real–time B-mode ultrasound scanner (ORCHEO lite, SONOSCANNER, Paris, France) with 3.5-16.7 MHz linear transducer. 
Data collection 
[bookmark: _Hlk58431861]The protocol for the Myotones experiment on astronauts was followed, due to the purpose of determining how precise the location of the testing site needs to be for that project [8]. Participants were positioned in prone, with their feet protruding off the edge of the couch, and maintained a relaxed state throughout the session, as contractile state is known to affect MyotonPRO recordings [33]. For studying the soleus muscle, four points were located on the right calf, which are based on the SENIAM guidelines [34], and marked with a non-toxic pen. Only the right leg was studied, as evidence shows symmetry of MyotonPRO recordings between the dominant and non-dominant legs [14, 35].
To identify the midline of the calf for locating soleus, point ‘Z’ was marked at the thickest point of the achilles tendon, and ‘Y’ marked in the middle of the popliteal fossa, both located through palpation. The standardised site from the Myotone’s protocol for soleus used the formula of 33% of the calf length going proximally (‘ZY’) and then 3cm medially [25], which was marked on the skin as Soleus Formula (SF) on the skin (see Figure 1A). ‘Soleus Upper (SU)’ and ‘Soleus Lower (SL)’ were then marked 1cm above and below SF. 
An investigator experienced in ultrasound imaging (SB or PM), imaged the three sites for soleus (Figure 1A). The musculotendinous junction (MTJ) between gastrocnemius and soleus was located using ultrasound prior to MyotonPRO readings, to confirm correct positioning over soleus (Fig 2). The distance between SF and the MTJ was measured, to determine whether the standardised point for locating soleus was truly over soleus and not overlapped by the MTJ or gastrocnemius muscle.
An Investigator (NW) then measured muscle parameters using the MyotonPRO at SF, SU, SL and MTJ, taking two sets of five oscillations at each location [14]. 
The standardised point for the plantar fascia (PF1) was located by palpation, as the distal end of the calcaneus, and marked on the plantar surface of the foot. A further two points 'PF2’ and ‘PF3’ were located distally at 1cm intervals along a line drawn from PF1 towards the second phalanx (Figure 1B). 
An investigator imaged the three sites for plantar fascia (Fig 1B) and the MyotonPRO was positioned over the three points on the plantar surface of the foot (by IH). 
[insert figure 1]
[insert figure 2]
All ultrasound images were measured later off-line by investigators (CH, AH), using a MATLAB algorithm (R2019b; written by MW). Subcutaneous tissue thickness over soleus was measured from ultrasound images between the top of the superior border of the skin to the inferior border of the muscle fascia (Figure 2). For subcutaneous tissue thickness over the plantar fascia, measurements were made between the top of the superior border of the skin to the superior border of the plantar fascia.
[insert figure 3]
Data analysis 
For MyotonPRO measurements, the mean of the set of five impulses recorded at each location was calculated and used in data analysis.
A Shapiro-Wilk test determined the distribution of data and post hoc tests depended on normal distribution of the data. A one-way repeated ANOVA was conducted to assess for significant differences at the various measurement’s sites on the soleus, and plantar fascia. IBM SPSS Statics (Version 26) was used to analyse the data gathered from the MATLAB algorithm. 
A Tukey post-hoc test determined statistical significance of the difference in subcutaneous tissue of three points along soleus and the plantar fascia respectively. 

Results
There were no significant differences found in subcutaneous tissue thickness when comparing soleus upper, soleus lower and soleus formula. The only significant difference found in MyotonPRO readings taken from the soleus, were significant differences between SL and MTJ stiffness (p=0.03). 
A significant difference in subcutaneous tissue thickness was found between all three plantar fascia sites (p <0.001), but no significant differences were found in the MyotonPRO findings along the plantar fascia. 
[insert table 1]

Soleus
MyotonPRO 
The mean values at the formula site for soleus were tone 18.8 ± 2.9 Hz; stiffness 410.5 ± 66.9 Nm; elasticity 1.4 ± 0.2 (log decrement). Tone gradually increased distally from Soleus Upper to Soleus Lower but there were no significant differences were found between sites (p=0.27). Elasticity decreased distally but this was not significant (p=0.47). Stiffness increased distally from Soleus Upper to Soleus Lower however, a significant difference in stiffness was only found between locations Soleus Lower and MTJ (p=0.03). There were no significant differences between Soleus Lower and MTJ for tone (p=0.21) or elasticity (p=0.41).
Subcutaneous tissue thickness
The mean thickness of subcutaneous tissue was similar at all three points over Soleus, with thickness only varying by 1mm (Table 2). There were no statistically significant differences found in subcutaneous tissue thickness between Soleus Formula and Soleus Upper (p=0.604), between Soleus Formula and Soleus Lower (p=0.674) or between Soleus Upper and Soleus Lower (p=0.175).
[insert table 2]
The MTJ point between gastrocnemius and soleus was always superior to the formula point in all participants (mean; 3.25cm in males, 4.17cm females, 3.71cm overall).
Plantar fascia
MyotonPRO
The mean values at site Plantar Fascia 1 were: tone 23.07 ±2.01 Hz; stiffness 450.2 ±62.7 Nm; elasticity 1.04 ±0.08 (log decrement). No significant differences were found between the three locations on the plantar fascia, for any of the three MyotonPRO parameters (Table 3). 

[insert table 3]
Subcutaneous tissue thickness
The mean thickness of superficial tissues varied at each point along the plantar surface of the foot (Table 2). There was a significant (p <0.001) variation of superficial tissue thickness above Plantar Fascia at the three selected points (p < 0.001). Follow up repeated measures Tukey post hoc showed that differences were significant at all points (Plantar Fascia 1-2 p<0.001, Plantar Fascia 2-3 p<0.001, Plantar Fascia 1-3 p<0.001).
Discussion
There were no significant differences in the MyotonPRO parameters between the three recording sites for each of the two tissues examined: soleus muscle and plantar fascia.  The only significant difference found was between the MTJ (not used for MyotonPRO recordings but as a reference location for determining whether the formula site was over soleus) and the lower soleus site. The subcutaneous tissue thicknesses measured, to aid interpretation of MyotonPRO findings, did not vary significantly between the three sites along soleus or the plantar fascia respectively. 
 
There were no statistically significant changes in tone, stiffness or elasticity measured at different sites along the belly of soleus using the MyotonPRO. These findings indicate that the location at which the MyotonPRO is used along the belly of soleus, 1cm either side of the formula site, does not affect muscle parameters in healthy individuals.  The present study is in support of findings from the rectus femoris muscle in healthy young adults (aged 15-35 years), where sites 1cm above and below a central site did not produce statistically significant differences [23]. There were, however, differences seen in the biceps brachii muscle for the inferior site, which was closer to the MTJ [23].  The size of the muscle belly will obviously determine the level of precision needed for making recordings, but quadriceps and soleus appear to be large enough to capture muscle belly parameters, if the location is anatomically appropriate. For example, soleus formula and lower (still over the muscle belly) sites appear to be preferable to the upper site, which is closer to tendinous tissue at the MTJ and the trend in changes in recordings from distal to proximal (although non-significant) indicated this.  The previous study found [23] that both rectus femoris and biceps brachii showed significant differences for recording site in older people (aged 65-90 years), so ageing as well as smaller muscles require recording site location to be more precise.   
There were also no statistically significant changes on ultrasound images for subcutaneous tissue thickness between the locations along soleus It could be argued that the MyotonPRO was recording parameters from the subcutaneous tissues and not necessarily the contractile tissues (soleus muscle and plantar fascia), as both their recordings were uniform along their length.  However, the MyotonPRO parameters at the MTJ were significantly different to those at the lower soleus site, with the MTJ having a mean of 13% lower stiffness.  It is not unexpected that the MTJ would have different biomechanical and viscoelastic properties to the muscle belly [36]. 
The findings suggest that providing recordings are made within 1cm of the soleus formula site, which is relatively easy to locate, the standardised protocol from the Myotone’s experiment for measuring properties of the soleus belly is appropriate for using the MyotonPRO. 
It is worth considering that the trends in MyotonPRO parameters observed along the lengths of the soleus muscle and plantar fascia (Table 3), may be clinically relevant. It is therefore recommended that recordings are made as close to the formula site as possible, but a small margin of error appears to be permissible when it is difficult to find the site with precision, e.g., for space experiments where the participant and operator may be moving relative to one another, or where a novice researcher lacks skill in locating the site and / or placing the MyotonPRO device exactly on the located site.  At present, only distances of 1cm have been studied, so a wider range of distances (from less than 1cm to several cm) could be explored to determine how precise the distance needs to be. 
The fact that the MTJ was consistently superior to the soleus formula site in all participants (mean 3.17cm) suggests that the site does not need confirmation by ultrasound imaging to ensure soleus is not covered by gastrocnemius. It also indicates that the upper soleus site (1cm above the formula site) was also free of the MTJ as a potentially confounding factor. However, n=20 is a small sample, so this finding of the superior site for the MTJ would need to be confirmed in a larger study.  
[bookmark: _Hlk58431945]There is a direct positive correlation between BMI and subcutaneous adipose tissue [37].  Where subcutaneous tissue thickness cannot be measured, BMI may therefore be used as a guide and the MyotonPRO company recommends that the device is not used with people with a BMI of >30 kg/m2.
There were no significant differences found in the data recorded by the MyotonPRO across plantar fascia 1, plantar fascia 2 or plantar fascia 3, despite significant differences in subcutaneous tissue at these three points. These results could suggest either the MyotonPRO is very accurate and is still able to measure the plantar fascia at all three points with no changes or that the subcutaneous tissue is too thick for the MyotonPRO to collect readings from the tissue of interest beneath it. However, the mean subcutaneous tissue thickness at PF3 (0.86cm) was almost 50% lower than the thickness at plantar fascia 1 (1.47cm) and therefore less likely to influence MyotonPRO recordings. Repeating the present experiment and altering the mechanical properties of the plantar fascia (e.g., through passive stretch) would help address this question of whether they MyotonPRO can record changes in parameters through the subcutaneous tissue at all three sites.   
Orner et al [38] identified normal values for MyotonPRO parameters along the plantar fascia and Achilles tendon. The normal values identified for tone, stiffness and elasticity on the plantar fascia are very similar to our findings at point PF3, which would be expected as they are taken from approximately the same point along the plantar fascia and from a similar population of healthy individuals. However, normal MyotonPRO parameter values differed greatly between the Achilles tendon and the 3 points on the soleus muscle. This is also to be expected as tissue properties between tendon and muscle differ greatly [38] and as explained previously the 3 points along the soleus measured in the present study were not close enough to the musculotendinous junction to alter parameters. This would also offer support for the 1cm error margin identified, as if the MyotonPRO were to be measuring tissue with properties similar to tendon vs muscle belly the MyotonPRO measurements would reflect that of the more tendinous tissues. Further research is needed to examine the plantar fascia at more points along its length, where it becomes even more superficial, to better understand the results from the MyotonPRO. There is also a need to examine the biomechanical properties and subcutaneous tissue thickness at the musculotendinous junction, proximal to the soleus, to ascertain what effect this measurement site would have on the results. 
Conclusions
Changing the recording site 1cm above or below the standardised site did not affect either the MyotonPRO results (soleus and plantar fascia) or ultrasound results for soleus, whilst this same distance affected subcutaneous tissue thickness above the plantar fascia significantly. Moving away from the MTJ allows for more error (i.e. less precision) in measuring soleus and for plantar fascia, whether there is excessive adipose tissue. These findings allow for rapid and easy to make measurements offered by the MyotonPRO for assessing soleus and the plantar fascia. However, the significant changes in subcutaneous tissue above the plantar fascia does call into question the validity of MyotonPRO measurements at this site and requires further investigation, e.g. under different physiological conditions to determine whether the source of the recordings is from the plantar fascia. 
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Figure legends and figures legend 

Figure Legends
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Figure 1: MyotonPRO and Ultrasound imaging sites along: A, the belly of the soleus muscle; B, the plantar fascia. 
Abbreviations: Y, Midpoint of the popliteal fossa; Z, Midpoint of the Achilles Tendon; SU, Soleus Upper; SF, Soleus Formulaic; SL, Soleus Lower; PF1, palpated at the end of the calcaneus; PF2, 1cm distal to PF1; PF3, 1cm distal to PF2.
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Figure 2: Ultrasound image of gastrocnemius musculotendinous junction above the soleus. 
Abbreviations: ST, subcutaneous tissue; G, gastrocnemius; S soleus
[image: ]
Figure 3 A. Ultrasound scan of calf showing soleus; B. Ultrasound scan of plantar fascia  
Abbreviations: S soleus, PF1, palpated at the end of the calcaneus; PF2, 1cm distal to PF1; PF3, 1cm distal to PF2.








Table Legends

Table 1: Demographics of participants. Age, Height, Mass, and BMI.

	Characteristics
	Male (n = 10)
	Female (n = 10)
	Total (n = 20)

	Age (years)
	22.3 ± 2.8 (19-28)
	22.9 ± 2.3 (20-27)
	22.6 ± 2.5 (19-28)

	
	
	
	

	Height (m)
	1.7 ± 0.1
(1.6-1.8)
	1.7 ± 0.1
(1.6-1.7)
	1.7 ± 0.1
(1.6- 1.8)

	
	
	
	

	Mass (kg)
	78.3 ± 14.0 (58.4-98.4)

	67.5 ± 9.0
(57.0-80.6)

	72.9 ± 12.7
(57.0-98.4)


	BMI (kg/m²)
	25.9 ± 2.7
(22.0-29.7)
	24.9 ± 3.8
(19.5-30.2)
	25.4 ± 3.2
(19.5-30.2)



Abbreviations: BMI, body mass index. Values are Mean ± SD (range).












Table 2: Ultrasound measurements of subcutaneous tissue thickness over the plantar fascia and soleus muscle at various locations. Mean ± Standard Deviation (SD) and Range (Minimal-Maximum)

	
Plantar fascia Subcutaneous Tissue Thickness (cm)


	Measurements   
	Plantar Fascia 1 
	Plantar Fascia 2 
	Plantar Fascia 3 

	Mean ± SD 
	1.5 ± 0.2
	1.1 ± 0.3
	0.9 ± 0.3  

	Range  
	0.7 (1.1-1.8)
	1.0 (0.6-1.6)
	1 (0.5-1.4)

	
Soleus Subcutaneous Tissue Thickness (cm)


	Measurements
	Soleus Formula
	Soleus Upper 
	Soleus Lower

	Mean 
	1.0 ± 0.3
	1.0 ± 0.4
	1.0 ± 0.4

	Range  
	1.6 (0.4-2.0)
	1.7 (0.4-2.2)
	1.8 (0.4-2.2)














Table 3. MyotonPRO Results - Tone (Hz), stiffness (Nm) and elasticity (log) measured at all locations on soleus and plantar fascia. Mean ± Standard Deviation (SD) and Range 
	Soleus 

	Location 
	Tone (Hz) 
	Stiffness (Nm) 
	Elasticity (log decrement) 

	Soleus Formula 
	18.8 ± 2.9 (13.6-23.2) 
	410.5 ± 66.9 (243.8-503.9) 
	1.4 ± 0.2 (1-1.9) 

	Soleus Upper
	18.7 ± 2.9 (13.8-24) 
	410.3 ± 58.8 (254.3-490.1) 
	1.4 ± 0.2 (1.1-1.8) 

	Soleus Lower 
	19.4 ± 2.7 (13.7-24.8) 
	425.6 ± 67.2 (245.1-527) 
	1.33 ± 0.2 (1-1.7) 

	Musculotendinous Junction
	17.6 ± 2.8 (13.8-23.8) 
	370.2 ± 51.8 (256.3-486.6) 
	1.43 ± 0.24 (1.1-2.1) 

	Plantar Fascia

	Location 
	Tone (Hz) 
	Stiffness (Nm) 
	Elasticity (log) 

	Plantar Fascia 1
	23.07 ±2.0 (21.1 - 25.1) 
	450.2 ±62.7 (387.5 - 513) 
	1.0 ±0.1 (0.96 - 1.1) 

	Plantar Fascia 2
	23.4 ±2.2 (21.2 – 25.6) 
	465.3 ±67.9 (397.4 – 533.2) 
	1.0 ±0.1 (0.9 – 1.1) 

	Plantar Fascia 3
	24.1 ±2.3 (21.8 – 26.4) 
	500.7 ±74.7 (426 – 575.4) 
	1.1 ±0.1 (1 – 1.1) 
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