

  sensors-22-08033




sensors-22-08033







Sensors 2022, 22(20), 8033; doi:10.3390/s22208033




Article



The Applicability of Shear Wave Elastography to Assess Myotendinous Stiffness of Lower Limbs during an Incremental Isometric Strength Test



Alfredo Bravo-Sánchez 1,2, Pablo Abián 3[image: Orcid], Giacomo Lucenteforte 4[image: Orcid], Fernando Jiménez 1 and Javier Abián-Vicén 1,*[image: Orcid]





1



Performance and Sport Rehabilitation Laboratory, Faculty of Sport Sciences, University of Castilla-La Mancha, 45071 Toledo, Spain






2



Faculty of Health Sciences, Universidad Francisco de Vitoria, 28223 Pozuelo de Alarcón, Spain






3



Faculty of Humanities and Social Sciences, Comillas Pontifical University, 28049 Madrid, Spain






4



Education and Research Department, Isokinetic Medical Group, FIFA Medical Centre of Excellence, 40132 Bologna, Italy









*



Correspondence: javier.abian@uclm.es; Tel.: +34-925268800 (ext. 5522)







Academic Editor: Alessandro Bevilacqua



Received: 26 September 2022 / Accepted: 19 October 2022 / Published: 21 October 2022



Abstract

:

The aim of the study was to describe the applicability of shear wave elastography to assess muscular and tendinous stiffness of the lower limbs during an incremental isometric strength test and to differentiate the stiffness evolution between superficial and deep muscle regions. Dominant rectus femoris and patellar tendons of 30 physically active people (28.3 ± 9.2 years, 173.2 ± 7.7 cm, 76.2 ± 12.6 kg) were measured in different isometric strength conditions (relaxed muscle, and at 10%, 20%, 30%, 40%, 50% and 60% of maximal voluntary contraction (MVC)). The percentage of success was >85% at all muscle contraction intensities for rectus femoris muscles but only in a relaxed condition for patellar tendons. Rectus femoris stiffness significantly increased compared to the relaxed condition from 30% to 60% MVC (p ≤ 0.011) in superficial muscle regions, and from 10% to 60% MVC (p ≤ 0.002) in deep muscle regions. Deep muscle regions showed higher stiffness values than superficial muscle regions at 30% MVC (51.46 ± 38.17 vs. 31.83 ± 17.05 kPa; p = 0.019), 40% MVC (75.21 ± 42.27 vs. 51.25 ± 28.90 kPa; p = 0.018), 50% MCV (85.34 ± 45.05 vs. 61.16 ± 37.03 kPa; p = 0.034) and 60% MVC (109.29 ± 40.04 vs. 76.67 ± 36.07 kPa; p = 0.002). Rectus femoris stiffness increased during the incremental isometric contraction test, and inter-region differences were found at 30% MVC.
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1. Introduction


Stiffness is defined as the resistance offered by muscle tissue to deformation against an external force that tries to modify its initial shape [1]. The importance of myotendinous stiffness lies in its influence on the joint stability [2,3] and its relationship to explosive force production [4] and to stretching–shortening cycle activity performance [5]. Furthermore, the assessment of small changes in stiffness can be a method of early identification of the development of muscle fatigue, muscle damage or muscle injury [6,7], adaptations to sport practice [8,9] and even age-related changes in myotendinous properties [10]. The relationship between myotendinous stiffness and sport performance and injury prevention has provoked an increase in the number of studies that aim to describe the stiffness in different conditions [7,11].



The study of the mechanical properties in dynamic exercise started with the use of conventional ultrasound during an isometric contraction, in which the myotendinous stiffness resulted in the combination of structural changes and force production [12,13,14]. This measurement requires great expertise and could sometimes be difficult due to the loss of the reference point of the tissue and the anatomical heterogeneity between participants [14]. Elastography is a new measurement technique commonly used to locate tissues that present an abnormality or disease [15], although it has also been used to describe return-to-play adaptations [16], to describe the tissue mechanical properties in athletes [6,10,13] and to analyze the effect of aging on the stiffness of different muscles [17,18,19], showing good reliability for the assessment of superficial muscles [20]. Using elastography, depending on the mechanical stimulus used to evaluate tissue deformation, we can differentiate between strain elastography and shear wave elastography. Shear wave elastography has been more widely used in research than strain elastography, due to its lower operator dependence and better reproducibility [19,21].



The majority of studies that used shear wave elastography to analyze the mechanical properties of muscles and tendons applied this technique in a relaxed condition, without muscle contraction [6,21], and the investigations that reported dynamic evaluation of the stiffness poorly defined the muscle contraction intensities or the range of muscle contraction intensities was low [22,23]. Soldos et al. [24] described the Young’s modulus of vastus lateralis during a maximal isometric contraction and found greater values in athletes than the control group, although the sample size was small. Commonly, during the shear wave evaluation, a circular region of interest (ROI) is placed inside the muscle belly, which gives an average value of the muscle stiffness but does not allow for differentiation between muscle regions [21], which could give a better explanation of the relationship between myotendinous stiffness values and the behavior of the tissues during muscle contraction. In this context, Koo et al. [25] provided preliminary data of muscle stiffness differentiating between superficial and deep muscle regions during passive stretching, so it is necessary to understand what occurs during muscle contraction. Perhaps the main problem during dynamic studies would be the saturation of the elastogram, described as the signal loss and collapse of the ultrasound analysis due to the stiff condition of the evaluated tissue [26]. The saturation of the elastogram occurs when the elasticity of the evaluated tissue exceeds the upper limit of the elasticity that the equipment can measure [26]. Therefore, it is necessary to describe the range of muscle contraction intensities where shear wave elastography is applicable.



Nowadays, the elastography exams of muscles and tendons seem to be limited to basal conditions; therefore, the main objective of our research was to analyze the applicability of shear wave elastography to assess the myotendinous stiffness of the lower limbs during an incremental isometric strength test. As a secondary objective, we aimed to describe the difference in stiffness evolution between superficial and deep muscle regions during the incremental isometric test.




2. Materials and Methods


Thirty physically active males were recruited for the study (28.3 ± 9.2 years, 173.2 ± 7.7 cm, 76.2 ± 12.6 kg, 18.2 ± 4.6% fat). Before the measurements, all subjects signed an informed consent form. The Ethics Committee of Clinical Research at the Toledo Hospital complex approved the study. Participants with an injury or any pain that would prevent them from completing their usual physical activity were excluded from the sample. All data were recorded on the dominant lower limb, which was indicated by the participants before data collection, via a questionnaire, as the self-reported preferred lower limb for kicking [27].



2.1. Design and Procedure


A descriptive study was carried out to determine the applicability of shear wave elastography during a dynamic exam. Each participant undertook the testing procedure, consisting of seven stiffness measurements, on the same day, with different intensities of muscle contractions. All the participants were evaluated on their rectus femoris and patellar tendon of the dominant lower limb, and the shear wave evaluator was blinded to the muscle contraction intensity. To evaluate the intensity range of muscle contraction, a maximal strength test was carried out before elastography assessment. Participants completed a day in the laboratory during which they familiarized themselves with the measurement protocols three days before the data collection process.



The measurement points and the position of the patients during the exams were standardized. Ultrasound exams were performed at 50% of the distance from the upper pole of the patella to the anterior superior iliac spine for the rectus femoris and 1 cm cranial to tibialis tuberosity for the patellar tendon. Participants were sitting with 110° of hip flexion and 20° of knee flexion during all the exams. Each subject completed a familiarization process with the experimental procedures the week before the data collection.




2.2. Isometric Muscle Contraction Work


After a 5 min warm-up at submaximal intensity of knee flexion–extension movement, participants performed a maximal voluntary contraction force (MVC) test. MVC was assessed with an isokinetic dynamometer (Biodex System 3; Biodex Medical Systems, Inc., Shirley, NY, USA). The test was carried out after completion of 2 repetitions of isometric muscle contractions (knee extension) of a 5 s duration with a 60 s recovery period between repetitions. The dynamometer lever arm was attached 1–2 cm cranially to the lateral malleolus with a Velcro strap. The lateral femoral condyle and the dynamometer axis of rotation were aligned, and participants were secured firmly to the dynamometer seat with Velcro straps across the chest and hips and were instructed to grip the seat to stabilize the pelvis during the muscle contractions. The absolute MVC peak torque was determined as the peak force reached during maximal efforts and was defined as the reference value with which to calculate the intensities of submaximal contractions [6]. To measure the stiffness of the rectus femoris and patellar tendon in dynamic conditions, participants carried out submaximal muscle isometric contractions of a 5 s duration during a knee isometric extension assessment. The range of muscle contraction intensity varied from 10 to 60% MVC, divided into incremental steps of 10% MVC (10% MVC, 20% MVC, 30% MVC, 40% MVC, 50% MVC and 60% MVC). Feedback of muscle intensity contraction was shown to the participants during the test, and they were required to keep the effort line at the intensity mark showed on the device screen. All the participants were randomly tested twice at each intensity of muscle contraction. Between each muscle contraction, a 60 s rest period was applied, and between sets of contractions (from 10 to 60% MVC in a random order), there was a 180 s rest period.




2.3. Shear Wave Elastography Assessment


The shear wave elastography exam was performed with a Logiq® P8 ultrasound (GE Healthcare, Milwaukee, WI, USA) with a 2–11 MHz multifrequency linear probe L3-12-D (GE Healthcare system, Milwaukee, WI, USA). The ultrasound probe was aligned with the rectus femoris fascicles or with the longitudinal axis of the patellar tendon, and it was placed with very light pressure on top of the gel. The B-mode image and elastogram color map were displayed side-by-side on the screen during elastography measurements. To avoid anisotropy of the under-probe tissue, (a) the examination probe was held perpendicular to the tissue and (b) the B-mode image showed continuous striations (muscle fascicle) extending from superficial to deep aponeurosis [28]. Four permanent waterproof skin landmarks were drawn with a marker under 2D-mode monitoring during the pre-session to keep the same probe location during all the measurements [7]. To assess the stiffness of the rectus femoris and to differentiate between the superficial and deep muscle regions, two circular ROIs were set inside the muscle belly with the mid-distance of muscle thickness in diameter and without connective tissue inside them (Figure 1). For the patellar tendon assessment, a single circular ROI was placed inside the tendon structure with tendon thickness size in diameter (Figure 1). The stiffness was evaluated after 5 s acquisition exams for all the muscle contraction intensities described above, trying to keep the real-time color map as homogeneous as possible. In addition, before the warm-up, the participants were evaluated in relaxed conditions (without muscle contraction), and this measurement was employed as a basal reference. All the elastography exams were performed by the same expert, who had more than 20 years’ experience in sports medicine and ultrasound application (F.J.).




2.4. Statistical Analysis


The statistical analysis was performed with IBM SPSS Statistics 26.0 (SPSS, Chicago, Illinois). All data were expressed as mean ± standard deviation (SD). The data were tested for normality with a Shapiro–Wilk test, and since the assumption of normality (for all variables p > 0.05) was verified, the significance of differences between muscle region (superficial or deep region) and strength condition (from relaxed muscle to 60% MVC) were calculated with two-way ANOVA. The success of the shear wave application during the evaluation of rectus femoris and patellar tendon stiffness was defined as the evaluation images in which no saturation of elastogram was found. The percentage of success of shear wave application in rectus femoris and patellar tendon analysis was calculated as (1):


Success percentage (%) = Number of successful measurements/Number of participants × 100



(1)







The number of successful measurements was described as the number of exams in which the elastogram was homogeneous and there was no saturation inside of the ROI. The level of significance was p < 0.05.





3. Results


Table 1 shows the results of the elastography evaluation of the patellar tendon and rectus femoris and the percentage of success of the measurement in relation to the intensity of muscle contraction. A success rate > 85% was achieved in all the conditions studied for the rectus femoris. The stiffness of the patellar tendon was successfully described for all participants in the basal condition (82.37 ± 27.97 kPa), and 70% success was achieved at 10% MVC (186.24 ± 36.87 kPa). For 20% MVC, the success percentage was 40%, for 30% MVC and 40% MVC the success percentage was 30%, and for 50% MVC the success percentage was 10%. The success rate was 0% to 60% MVC.



Figure 2 shows the evolution of the rectus femoris stiffness from the basal condition to 60% MVC. The stiffness of rectus femoris was significantly higher compared to the basal condition from 30% MVC to 60% MVC (p = 0.011) in the superficial muscle region. In the deep muscle region of the rectus femoris, the significant increase in stiffness compared to the basal condition occurred at a lower level of muscle contraction intensity, 10% MVC, and remained until the end of the incremental test (p = 0.002). In addition, in the muscle region comparison, deep muscle regions showed higher stiffness values at 30% MVC (51.46 ± 38.17 vs. 31.83 ± 17.05 kPa; p = 0.019), 40% MVC (75.21 ± 42.27 vs. 51.25 ± 28.90 kPa; p = 0.018), 50% MCV (85.34 ± 45.05 vs. 61.16 ± 37.03 kPa; p = 0.034) and 60% MVC (109.29 ± 40.04 vs. 76.67 ± 36.07 kPa; p = 0.002) than superficial muscle regions.




4. Discussion


The main objective of our study was to evaluate the applicability of shear wave elastography for measuring myotendinous stiffness in dynamic conditions. In addition, we described the evolution of the rectus femoris during an incremental isometric strength test differentiating between superficial muscle tissue and deep muscle tissue. Although the percentage of success was 100% for the elastography assessment in the basal condition, elastography was not able to assess the stiffness of the patellar tendon from 10% MVC with a success rate lower than 50% for higher contraction intensities. Therefore, when the tissue stiffness exceeded 200 kPa, it seemed to cause saturation of the elastogram, which led to the invalidation of the measurement technique. On the other hand, the stiffness of the rectus femoris muscle increased significantly compared to the basal condition from a contraction intensity of 10% MVC to 60% MVC, and in particular, the stiffness of the deep region of the rectus femoris increased more than that of the superficial region from 30% to 60% MVC. This difference related to the depth of the ROI position during the measurement should be taken into account by investigators in future research.



Elastogram saturation [26] is one of the main problems occurring in the use of elastography for evaluating the mechanical properties of tissues, even in basal conditions without muscle contraction. The elastogram saturation implies that the probe is not capable of interpreting the waves of ultrasound-generated noncolored spaces within the elastogram from which data cannot be obtained [29]. When saturated areas are large, as occurred in patellar tendons in our study, it is difficult to be objective during measurement with elastography because they should not be included in the ROI. In addition, these noncolored areas reduce the reproducibility of the elastography technique. Our results show that for the dynamic evaluation of patellar tendon stiffness, it would be necessary to improve the capability of ultrasound probes, taking into account that we only achieved 40% success during the measurement at 20% MVC and a lower percentage of success when the intensity of the contraction was greater. This saturation problem has already been reported by Bravo-Sanchez, Abian, Sanchez-Infante, Esteban-Gacia, Jimenez and Abian-Vicen [21], who found some difficulties in the assessment of the vastus lateralis in basal conditions when the superficial connective tissue had a big thickness, reaffirming the need to improve the technology in this aspect.



This investigation is one of the first studies to apply shear wave elastography during a dynamic assessment of rectus femoris stiffness and according to previous studies, where rectus femoris stiffness was the result of combining tissue deformation measured with ultrasound in B mode and the muscle force produced during an isometric contraction [30]; the stiffness of the rectus femoris measured with elastography increased significantly with the intensity of the contraction. The increase in the muscle stiffness that we observed in our study was ~7 times greater compared to basal results for kPa and ~4 times greater for the speed of sound (m × s−1) at 60% MVC intensity, although significant differences to the basal condition were observed from 10% MVC. Our results are similar to the results of Otsuka, Shan and Kawakami [23], who measured the stiffness of the rectus femoris in dynamic conditions at 60% MVC but without differentiation between muscle regions and obtained a ~4 times increase in the speed of sound (m × s−1) at 60% MVC compared to the basal condition. Therefore, our results confirm that shear wave elastography is an applicable technique for evaluating muscle stiffness in dynamic conditions, and following the recommendation of Alfuraih et al. [31], the speed of sound should be the factor of choice for comparison between studies because it is less affected with regard to the under-probe tissue characteristics than kPa values.



The placement of the ROI inside the muscular belly could have a significant influence on the results of the myotendinous stiffness. Otsuka, Shan and Kawakami [23] reported differences between muscle and fascia stiffness evolution during a dynamic evaluation protocol. In addition, the interpretation of muscle stiffness values should not be performed in an isolated manner for muscle groups in which the different muscle bellies may condition the results of the others. Koo, Guo, Cohen and Parker [25] already described an increase in the stiffness of the tibialis anterior due to compression of the anterior crural fascia over the muscle structure, which limits its capacity to increase the thickness during a dorsiflexion ankle movement, which is line with a report by Liu et al. [32], who found an increase in medial gastrocnemius stiffness due to increased tension caused by stretching. In our case, the higher values of muscle stiffness shown by the deep region of the rectus femoris compared to the superficial region may be conditioned by the pressure exerted by the vastus intermedius on the deep aponeurosis of the rectus femoris. In this context, Otsuka, Shan and Kawakami [23], indicated that the muscle contraction increased the stiffness of the fascia lata during the isometric knee extension movement, although this structure was not directly related to the exercise performed. Therefore, future studies should describe the stiffness of analyzed muscles in relation to the structures around them and not in an isolated form.



This work has some limitations. Elastography is a dependent operator technique, so all measurements were made by the same evaluator. In addition, only a specific sample of healthy and young men was included in this study, so it would be necessary to include women in the sample in order to draw conclusions that can be extrapolated to both genders. Finally, the characteristics of the probe used did not allow for recording the stiffness of the patellar tendon when the force exceeded 10% MVC.




5. Conclusions


Shear wave elastography application showed a good success percentage for assessing rectus femoris (from relaxed condition to 60% MVC) and patellar tendon stiffness (from relaxed conditions to 10% MVC). At least 20% MVC saturation of the elastogram was described in most of the participants during patellar tendon analysis. The rectus femoris stiffness increased during the incremental isometric contraction test, and inter-regions (superficial vs. deep) differences were found from 30% MVC. This study could be the starting point for future investigations that want to analyze myotendinous stiffness with shear wave elastography in dynamic conditions.







Author Contributions


Conceptualization, A.B.-S., P.A. and J.A.-V.; methodology, A.B-S., F.J. and J.A-V.; formal analysis, A.B.-S. and J.A.-V.; investigation, A.B.-S., F.J. and P.A.; data curation, F.J. and J.A.-V.; writing—original draft preparation, A.B.-S. and P.A.; writing—review and editing, G.L., F.J. and J.A.-V.; supervision, G.L.; F.J. and J.A.-V. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by group grants from the University of Castilla-La Mancha and co-financed by the European Union through the European Regional Development Fund and by the Education, Audiovisual and Culture Executive Agency of the European Commission, grant number 2018-3795/001-001. Alfredo Bravo-Sánchez was supported by pre-doctoral grants from the University of Castilla-La Mancha, Plan Propio de I + D + I (grant numbers: 2018-PREDUCLM-7632).




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Ethics Committee of Clinical Research at the Toledo Hospital complex (number 72, dated 11 May 2017).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available due to restrictions of the subjects’ agreement.




Acknowledgments


Authors would like to acknowledge General Electric for renting out the ultrasound equipment without any conflicts of interest, which made data acquisition possible.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Gavronski, G.; Veraksitš, A.; Vasar, E.; Maaroos, J. Evaluation of viscoelastic parameters of the skeletal muscles in junior triathletes. Physiol. Meas. 2007, 28, 625–637. [Google Scholar] [CrossRef] [PubMed]

	



Granata, K.P.; Padua, D.A.; Wilson, S.E. Gender differences in active musculoskeletal stiffness. Part II. Quantification of leg stiffness during functional hopping tasks. J. Electromyogr. Kinesiol. 2002, 12, 127–135. [Google Scholar] [CrossRef]

	



Wojtys, E.M.; Huston, L.J.; Schock, H.J.; Boylan, J.P.; Ashton-Miller, J.A. Gender differences in muscular protection of the knee in torsion in size-matched athletes. J. Bone Jt. Surg. Am. 2003, 85, 782–789. [Google Scholar] [CrossRef] [PubMed]

	



Padua, D.A.; Carcia, C.R.; Arnold, B.L.; Granata, K.P. Gender differences in leg stiffness and stiffness recruitment strategy during two-legged hopping. J. Mot. Behav. 2005, 37, 111–125. [Google Scholar] [CrossRef] [PubMed]

	



Pruyn, E.C.; Watsford, M.L.; Murphy, A.J. Validity and reliability of three methods of stiffness assessment. J. Sport Health Sci. 2016, 5, 476–483. [Google Scholar] [CrossRef] [PubMed]

	



Siracusa, J.; Charlot, K.; Malgoyre, A.; Conort, S.; Tardo-Dino, P.E.; Bourrilhon, C.; Garcia-Vicencio, S. Resting Muscle Shear Modulus Measured With Ultrasound Shear-Wave Elastography as an Alternative Tool to Assess Muscle Fatigue in Humans. Front. Physiol. 2019, 10, 626. [Google Scholar] [CrossRef]

	



Andonian, P.; Viallon, M.; Goff, C.L.; de Bourguignon, C.; Tourel, C.; Morel, J.; Giardini, G.; Gergele, L.; Millet, G.P.; Croisille, P. Correction: Shear-Wave Elastography Assessments of Quadriceps Stiffness Changes prior to, during and after Prolonged Exercise: A Longitudinal Study during an Extreme Mountain Ultra-Marathon. PLoS ONE 2016, 11, e0167668. [Google Scholar] [CrossRef]

	



Bravo-Sanchez, A.; Abian, P.; Jimenez, F.; Abian-Vicen, J. Structural and mechanical properties of the Achilles tendon in senior badminton players: Operated vs. non-injured tendons. Clin. Biomech. 2021, 85, 105366. [Google Scholar] [CrossRef]

	



Ramirez-delaCruz, M.; Bravo-Sanchez, A.; Esteban-Garcia, P.; Jimenez, F.; Abian-Vicen, J. Effects of Plyometric Training on Lower Body Muscle Architecture, Tendon Structure, Stiffness and Physical Performance: A Systematic Review and Meta-analysis. Sports Med. Open 2022, 8, 40. [Google Scholar] [CrossRef] [PubMed]

	



Bravo-Sanchez, A.; Abian, P.; Sousa, F.; Jimenez, F.; Abian-Vicen, J. Influence of Badminton Practice on Age-Related Changes in Patellar and Achilles Tendons. J. Aging Phys. Act. 2021, 29, 382–390. [Google Scholar] [CrossRef]

	



Davis, J.J.T.; Gruber, A.H. Leg Stiffness, Joint Stiffness, and Running-Related Injury: Evidence From a Prospective Cohort Study. Orthop. J. Sports Med. 2021, 9, 23259671211011213. [Google Scholar] [CrossRef] [PubMed]

	



Couppe, C.; Kongsgaard, M.; Aagaard, P.; Vinther, A.; Boesen, M.; Kjaer, M.; Magnusson, S.P. Differences in tendon properties in elite badminton players with or without patellar tendinopathy. Scand. J. Med. Sci. Sports 2013, 23, e89–e95. [Google Scholar] [CrossRef] [PubMed]

	



Seynnes, O.R.; Erskine, R.M.; Maganaris, C.N.; Longo, S.; Simoneau, E.M.; Grosset, J.F.; Narici, M.V. Training-induced changes in structural and mechanical properties of the patellar tendon are related to muscle hypertrophy but not to strength gains. J. Appl. Physiol. (1985) 2009, 107, 523–530. [Google Scholar] [CrossRef] [PubMed]

	



Hansen, P.; Bojsen-Moller, J.; Aagaard, P.; Kjaer, M.; Magnusson, S.P. Mechanical properties of the human patellar tendon, in vivo. Clin. Biomech. 2006, 21, 54–58. [Google Scholar] [CrossRef] [PubMed]

	



Prado-Costa, R.; Rebelo, J.; Monteiro-Barroso, J.; Preto, A.S. Ultrasound elastography: Compression elastography and shear-wave elastography in the assessment of tendon injury. Insights Imaging 2018, 9, 791–814. [Google Scholar] [CrossRef]

	



Park, G.Y.; Kwon, D.R. Application of real-time sonoelastography in musculoskeletal diseases related to physical medicine and rehabilitation. Am. J. Phys. Med. Rehabil. 2011, 90, 875–886. [Google Scholar] [CrossRef]

	



Alfuraih, A.M.; Tan, A.L.; O’Connor, P.; Emery, P.; Wakefield, R.J. The effect of ageing on shear wave elastography muscle stiffness in adults. Aging Clin. Exp. Res. 2019, 31, 1755–1763. [Google Scholar] [CrossRef]

	



Sendur, H.N.; Cindil, E.; Cerit, M.N.; Kilic, P.; Gultekin, I.I.; Oktar, S.O. Evaluation of effects of aging on skeletal muscle elasticity using shear wave elastography. Eur. J. Radiol. 2020, 128, 109038. [Google Scholar] [CrossRef]

	



Pang, J.; Wu, M.; Liu, X.; Gao, K.; Liu, Y.; Zhang, Y.; Zhang, E.; Zhang, T. Age-Related Changes in Shear Wave Elastography Parameters of the Gastrocnemius Muscle in Association with Physical Performance in Healthy Adults. Gerontology 2021, 67, 306–313. [Google Scholar] [CrossRef]

	



Romano, A.; Staber, D.; Grimm, A.; Kronlage, C.; Marquetand, J. Limitations of Muscle Ultrasound Shear Wave Elastography for Clinical Routine-Positioning and Muscle Selection. Sensors 2021, 21, 8490. [Google Scholar] [CrossRef]

	



Bravo-Sanchez, A.; Abian, P.; Sanchez-Infante, J.; Esteban-Gacia, P.; Jimenez, F.; Abian-Vicen, J. Objective Assessment of Regional Stiffness in Vastus Lateralis with Different Measurement Methods: A Reliability Study. Sensors 2021, 21, 3213. [Google Scholar] [CrossRef] [PubMed]

	



Shinohara, M.; Sabra, K.; Gennisson, J.L.; Fink, M.; Tanter, M. Real-time visualization of muscle stiffness distribution with ultrasound shear wave imaging during muscle contraction. Muscle Nerv. 2010, 42, 438–441. [Google Scholar] [CrossRef] [PubMed]

	



Otsuka, S.; Shan, X.; Kawakami, Y. Dependence of muscle and deep fascia stiffness on the contraction levels of the quadriceps: An in vivo supersonic shear-imaging study. J. Electromyogr. Kinesiol. 2019, 45, 33–40. [Google Scholar] [CrossRef]

	



Soldos, P.; Besenyi, Z.; Hideghety, K.; Pavics, L.; Hegedus, A.; Racz, L.; Kopper, B. Comparison of Shear Wave Elastography and Dynamometer Test in Muscle Tissue Characterization for Potential Medical and Sport Application. Pathol. Oncol. Res. 2021, 27, 1609798. [Google Scholar] [CrossRef] [PubMed]

	



Koo, T.K.; Guo, J.Y.; Cohen, J.H.; Parker, K.J. Quantifying the passive stretching response of human tibialis anterior muscle using shear wave elastography. Clin. Biomech. 2014, 29, 33–39. [Google Scholar] [CrossRef]

	



Corrigan, P.; Zellers, J.A.; Balascio, P.; Silbernagel, K.G.; Cortes, D.H. Quantification of Mechanical Properties in Healthy Achilles Tendon Using Continuous Shear Wave Elastography: A Reliability and Validation Study. Ultrasound Med. Biol. 2019, 45, 1574–1585. [Google Scholar] [CrossRef]

	



Rouissi, M.; Chtara, M.; Owen, A.; Chaalali, A.; Chaouachi, A.; Gabbett, T.; Chamari, K. Effect of leg dominance on change of direction ability amongst young elite soccer players. J. Sports Sci. 2016, 34, 542–548. [Google Scholar] [CrossRef]

	



Bolsterlee, B.; Gandevia, S.C.; Herbert, R.D. Effect of Transducer Orientation on Errors in Ultrasound Image-Based Measurements of Human Medial Gastrocnemius Muscle Fascicle Length and Pennation. PLoS ONE 2016, 11, e0157273. [Google Scholar] [CrossRef]

	



Taljanovic, M.S.; Gimber, L.H.; Becker, G.W.; Latt, L.D.; Klauser, A.S.; Melville, D.M.; Gao, L.; Witte, R.S. Shear-Wave Elastography: Basic Physics and Musculoskeletal Applications. Radiographics 2017, 37, 855–870. [Google Scholar] [CrossRef]

	



Wang, C.Z.; Guo, J.Y.; Li, T.J.; Zhou, Y.; Shi, W.; Zheng, Y.P. Age and Sex Effects on the Active Stiffness of Vastus Intermedius under Isometric Contraction. Biomed. Res. Int. 2017, 2017, 9469548. [Google Scholar] [CrossRef]

	



Alfuraih, A.M.; O’Connor, P.; Hensor, E.; Tan, A.L.; Emery, P.; Wakefield, R.J. The effect of unit, depth, and probe load on the reliability of muscle shear wave elastography: Variables affecting reliability of SWE. J. Clin. Ultrasound 2018, 46, 108–115. [Google Scholar] [CrossRef] [PubMed]

	



Liu, X.; Yu, H.K.; Sheng, S.Y.; Liang, S.M.; Lu, H.; Chen, R.Y.; Pan, M.; Wen, Z.B. Quantitative evaluation of passive muscle stiffness by shear wave elastography in healthy individuals of different ages. Eur. Radiol. 2021, 31, 3187–3194. [Google Scholar] [CrossRef] [PubMed]








[image: Sensors 22 08033 g001 550] 





Figure 1. Example of elastography measurement. (A) Shear wave elastography measurement of rectus femoris; (B) shear wave elastography measurement of patellar tendon; E = shear modulus; ROI = region of interest. 
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Figure 2. Rectus femoris stiffness during an isometric strength test at different levels of muscle contraction (mean ± SD). Basal = basal condition; MVC = Maximal voluntary contraction force;  [image: Sensors 22 08033 i001] Differences to basal condition. ﹡ Differences between superficial muscle region and deep muscle region; p < 0.05. 
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Table 1. Mean values of rectus femoris and patellar tendon stiffness (mean ± SD).
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	Title 1
	Young Modulus (kPa)
	Speed of Sound (m/s)
	Success Percentage (%)





	Rectus femoris superficial region
	
	
	



	            Basal condition
	10.47 ± 2.74
	1.91 ± 0.30
	100



	            10% MVC
	17.41 ± 8.40
	2.50 ± 0.76
	100



	            20% MVC
	22.17 ± 10.83
	2.78 ± 0.78
	100



	            30% MVC
	31.83 ± 17.05
	3.27 ± 1.04
	100



	            40% MVC
	51.25 ± 28.90
	4.11 ± 1.18
	95



	            50% MVC
	61.16 ± 37.03
	4.59 ± 1.35
	95



	            60% MVC
	76.67 ± 36.07
	5.09 ± 1.22
	85



	Rectus femoris deep region
	
	
	



	            Basal condition
	11.33 ± 4.60
	1.93 ± 0.34
	100



	            10% MVC
	22.70 ± 18.43
	2.65 ± 0.95
	100



	            20% MVC
	31.94 ± 26.37
	3.11 ± 1.13
	100



	            30% MVC
	51.46 ± 38.17 *
	3.95 ± 1.42 *
	100



	            40% MVC
	75.21 ± 42.27 *
	4.83 ± 1.38 *
	95



	            50% MVC
	85.34 ± 45.05 *
	5.17 ± 1.39
	95



	            60% MVC
	109.29 ± 40.04 *
	5.84 ± 1.25 *
	85



	Patellar tendon
	
	
	



	            Basal condition
	82.37 ± 27.97
	5.41 ± 1.56
	100



	            10% MVC
	186.24 ± 36.87
	6.28 ± 1.83
	70



	            20% MVC
	-
	-
	40



	            30% MVC
	-
	-
	30



	            40% MVC
	-
	-
	30



	            50% MVC
	-
	-
	10



	            60% MVC
	-
	-
	0







MVC = maximal voluntary contraction; * Difference between superficial and deep muscle regions; p < 0.05.
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