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RESUMO 

A rigidez muscular desempenha um papel crítico na função e no desempenho muscular, 

afetando fatores como fadiga, atividade metabólica e respostas eletromiográficas. Este estudo 

teve como objetivo investigar a rigidez dos músculos reto femoral (RF) e vasto lateral (VL) em 

diferentes ângulos articulares (60° e 20° de flexão do joelho) e posições do corpo (supino e 

sentado) utilizando Elastografia. Trinta participantes saudáveis foram incluídos em um estudo 

randomizado cruzado, com idade de 21,98 ± 2,92 anos, altura de 1,70 ± 0,10 metros e peso de 

62,35 ± 13,73 quilos. A rigidez muscular foi avaliada utilizando a elasticidade da onda de 

cisalhamento (kPa) e a velocidade da onda de cisalhamento (m/s), com medidas realizadas nas 

regiões superficial, intermediária e profunda dos músculos RF e VL. Os resultados indicaram 

valores de rigidez significativamente maiores no SUP60 (em decúbito dorsal com joelho a uma 

flexão de 60°) (p<0,001) em comparação com outras posições para os músculos RF e VL, 

medidos pelas variáveis kPa e m/s. A rigidez foi consistentemente maior nas regiões superficiais 

(p<0,001) dos músculos em comparação às regiões intermediárias e profundas em todas as 

posições. As análises estatísticas revelaram interações significativas entre posição e tipo 

muscular, bem como entre posição e profundidade, destacando o impacto matizado do ângulo 

articular e posição corporal na rigidez muscular.  Nossos achados de Elastografia indicam que 

tanto o reto femoral, quanto o vasto lateral apresentam maior rigidez quando posicionadas em 

SUP60 em comparação com SUP20, SIT60 e SIT20. Além disso, observamos maior rigidez 

nas regiões superiores desses músculos em todas as posições testadas, em contraste com as 

regiões intermediárias e profundas. 

 

Palavras-chave: Rigidez muscular, elastografia, ângulo articular, quadríceps. 
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ABSTRACT 

Muscle stiffness plays a critical role in muscle function and performance, affecting 

factors such as fatigue, metabolic activity, and electromyographic responses. This study 

aimed to investigate the stiffness of the rectus femoris (RF) and vastus lateralis (VL) 

muscles at different joint angles (60° and 20° of knee flexion) and body positions (supine 

and sitting) using elastography. Thirty healthy participants were included in a crossover, 

randomized trial, with an age of 21.98 ± 2.92 years, height of 1.70 ± 0.10 meters, and 

weight of 62.35 ± 13.73 kilograms. Muscle stiffness was assessed using shear wave 

elasticity (kPa) and shear wave velocity (m/s), with measurements taken at superficial, 

intermediate, and deep regions of the RF and VL muscles. Results indicated significantly 

higher stiffness values in the SUP60 (supine with knee at 60° flexion) (p<0,001) position 

compared to other positions for both RF and VL muscles, as measured by both kPa and 

m/s variables. Stiffness was consistently higher in the superficial regions (p<0,001) of 

the muscles compared to intermediate and deep regions across all positions. Statistical 

analyses revealed significant interactions between position and muscle type, as well as 

between position and depth, highlighting the nuanced impact of joint angle and body 

position on muscle stiffness. Our elastography findings indicate that both the rectus 

femoris (RF) and vastus lateralis (VL) exhibit greater stiffness when positioned at SUP60 

compared to SUP20, SIT60, and SIT20. Additionally, we observed higher stiffness in 

the upper regions of these muscles across all tested positions, in contrast to the 

intermediate and deep regions. 

Keywords: Muscle stiffness, elastography, joint angle, quadriceps. 
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1. INTRODUCTION 

Muscle length is a key factor influencing various adaptations in muscle fibers, which 

may relate to fatigue (Cavalcante et al., 2024), metabolic activity (Al-Mulla, Sepúlveda, 

Colley., 2011), electromyographic activity (Lanza et al., 2017), and clinical protocols in 

rehabilitation (de Sousa et al., 2023), among other factors. Numerous studies have examined 

different muscle lengths under various conditions to observe muscle adaptations, muscle 

capacity and muscle archiving. We observed in the literature that studies bring to us that a 

relationship between stretching of the musculoskeletal (Bastijns et al., 2020), however the 

studies differ about this relation. Kato et al., (2010) show that muscle stiffness is not affected 

by stretching, contradicting the findings (Blazevich et al., 2009; Morse et al., 2008) that reduce 

muscle stiffness depending on stretching. Longer lengths tend to have higher levels of KPa 

(stiffness) compared to shorter lengths in the gastrocnemius muscle (Freitas et al., 2015). The 

reduction of stiffness over a static relaxation protocol is higher for longer lengths in this study.  

Another finding of this study is that the Kpa presents a greater significant difference close to 

the maximal dorsiflexion, compared with reduced articular degrees 

Muscle stiffness analysis can reliably be obtained with Elastography using ultrasound 

imaging in a passive assessment (Gennisson et al., 2010; Liu et al., 2019). Elastography has the 

advantage of assessing muscle stiffness in different muscle positions without requiring 

participants to perform muscle contractions (Eby et al., 2015). Some active methods to assess 

muscle stiffness, such as Young’s modulus, evaluate stiffness based on participants' physical 

efforts (Bravo-Sánchez et al., 2021), which can be unfeasible for individuals with impairments 

or impossibility to perform a muscle contraction, perhaps, the better way to evaluate this people 

is using passive methods (Lee et al., 2017; Tas et al., 2018). During stiffness evaluation using 

elastography, two key variables are typically observed: kilopascals (KPa) and shear wave 

propagation speed. These variables are interconnected, as the propagation speed is directly 

dependent on the shear wave properties (Albano et al., 2024; Nicholls et al., 2020). 

The quadriceps femoris musculature primarily generates knee extensor torque. Each 

constituent of the quadriceps—comprising monoarticular muscles: Vastus medialis (VM), 

vastus lateralis (VL) and vastus intermedium (VI) and a biarticular muscle (Rectus femoris 

(RF))—experiences changes in force production with alterations in hip and knee joint angles 

during knee extension (Pincívero et al., 2004). The fascia that surrounds the quadriceps muscles 

can transmit tension through the joints, affecting muscle stiffness (Schleip et al., 2012).  The 

joint angle significantly influences torque production, with an "optimal" length for force 
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production around 60 degrees of knee flexion (Cavalcante et al., 2023), where 0 degrees 

represents complete knee extension. In various protocols, comparing supine and sitting hip 

positions, the strength production of the quadriceps femoris may either decrease or remain 

unchanged in the supine position across multiple knee joint angles ranging from 20 to 90 

degrees (Mafuilletti et al., 2003). Although knee flexion around 60 degrees favors force 

production, it also increases compression in knee structures. Therefore, investigating muscle 

stiffness in different positions is necessary to understand the relationship between strength 

production capacity and muscle stiffness. Few studies have examined muscle length and 

stiffness, especially in the quadriceps, considering hip and knee joint positioning. Chernak et 

al., (2013) investigated the relationship between muscle length and stiffness from the speed of 

the shear wave in the gastrocnemius, manipulating knee joint positioning through active and 

passive dorsiflexions. They observed greater stiffness indicated by velocity during the most 

dorsiflexed moments in passive movement, particularly in volunteers with the knee extended 

compared to those with it more flexed. Therefore, our objective is to investigate the stiffness of 

the rectus femoris and vastus lateralis at different lengths to observe stiffness behavior in a 

biarticular and a monoarticular muscle of the quadriceps femoris. We hypothesized that higher 

stiffness would be observed in the RF and VL muscles in the SUP60 position, as indicated by 

both the KPa and m/s variables. This increased stiffness would likely be more pronounced in 

the upper region compared to the others. 

 

2. LITERATURE REVIEW 

 

2.1 Relation between muscle length and force generation capacity 

The quadriceps femoris is one of the most studied muscles in the literature, given its 

importance for locomotion and sports gestures such as running, jumping and landing. The 

quadriceps femoris is formed by four muscular bellies (constituents), these being: rectus 

femoris, vast medial, vast intermediate and vast lateral. The rectus femoris presents its origin 

located in the anterior-inferior iliac spine, the vast lateral in the lateral greater trochanter, the 

vast medial in the femoral neck and vast intermediate in the femoral body. These muscles form 

the tendon of the quadriceps femoris, with insertion in the patella, but their tendon fascicles 

have different orientations to offer resistance in different directions, Moreover, the patella fits 

in the trochlear groove of the femur acting as an anchor for the quadriceps femoris and the 
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patellar tendon (Depoujari et al., 2021). The femoral quadriceps is primarily responsible for the 

mechanism of knee extension (Olewnik et al., 2021). For this reason, it is widely explored in 

the scientific literature, in order to provide better bases for evaluation and therapies in clinical 

practice. By sharing the same distal insertion, the constituents of the quadriceps femoris are 

likely to suffer changes due to the change of the knee joint position. The study by Cavalcante 

et al., (2021) found that knee joint angle positioning interferes with different aspects of the 

components of the quadriceps femoris, such as torque, stiffness and stretching. The joint torque 

is a reflection of the structural myotendinous capacities of the volunteer. Muscle length is 

intrinsically related to the strength production capacity of the muscle fiber (de Sousa et al., 

2023), so depending on the muscle length present during a protocol, be it isometric (Oranchuk 

et al., 2019), isokinetic (Marušič et al., 2020; Wan et al., 2017) evoked (Cavalcante et al., 2023) 

or voluntary, we will have different outcomes. Muscle length has been extensively investigated 

in the literature, under different conditions. Many studies investigated different muscle lengths 

during an electrostimulation protocol. A recent meta-analysis shows that muscle length affects 

torque during a neuromuscular electrical stimulation protocol. This study made an interesting 

distinction, grouping the studies by the degree of positioning of the knee joint, during the 

protocol, in order to separate the lengths into groups: very short, short, great, long and very 

long. These data related to knee extension bring that: 1- Optimal lengths presents a greater 

extensor torque when compared to a muscular length very short, short and long. 2- A long length 

has a higher extensor torque when compared to very short. 3- A long length has a higher 

extensor torque when compared to short. On the other hand, many studies also investigate the 

influence of femoral quadriceps muscle length during a voluntary contraction. Scott et al 

compared the force of a voluntary knee extensor torque in order to investigate which joint 

positioning would generate a higher torque. The authors compared 3 degrees of the knee joint, 

30°; 60°; and 90°; respectively. They observed that the positions in which the quadriceps was 

more elongated (90° and 60°) produced a higher torque when compared to the position in which 

the quadriceps was more shortened. Garnier et al., (2021) investigated the influence of hip and 

knee angle during an isometric maximal voluntary contraction, comparing flexed knee (110°, 

considering 0° full knee extension) with extended knee (20°), flexed hip (60°) and extended hip 

(0°) found that: torque was higher when the knee was flexed (greater muscle length), compared 

to extended knee (shorter muscle length). It also noted that hip positioning was indifferent 

during maximal isometric voluntary contraction. Cavalcante eat al., (2021) and Bampouras et 

al., (2017) also corroborate this finding, bringing in their studies that torque is indifferent to the 

influence of the hip (lying and sitting).  The study of Cavalcante et al., (2021) goes even further, 
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bringing that in fact what will determine the power production capacity of the quadriceps, is 

not the hip positioning, but the knee. These findings corroborate with ancient studies, which 

show that there is a length-strength relationship (Gordon 1966). Other studies focus on the 

investigation of the muscular architecture observing the length of it. The architecture of the 

muscle is reflected in the individual’s torque production capacity. The stiffness of the tendon-

aponeurosis complex (Massey et al., 2015), muscle thickness (Blazevich et al., 2006), fascicular 

length, penation angle (Timmins et al., 2016), neural activation (Maffiuletti et al., 2003) and 

stiffness (Kubo 2006; Massey 2015) mechanisms of muscle architecture that will reflect on a 

better tendon muscle capacity. Thus, changes in the angle of the joint, as far as it is concerned, 

can alter the functionality of the muscle (Kubo 2006; Lanza et al., 2017; Pearson et al.,2017). 

Therefore, the study of muscle variables affects the action of the system as a whole. 

 

2.2 Muscle stiffness 

Muscle stiffness is the combination of the active tension produced through contraction, 

and passive tension produced by the connective tissue (Eby et al., 2013; Hug et al., 2015), being 

defined as the compression-deformation ratio (Ikezoe et al., 2012; Creze et al., 2018). This 

deformation can be created from an external action, often being compression, or an intrinsic 

tissue deformation, dependent on tissue properties (Drakonaki et al.,2012; Brandenburg et al., 

2014). Over time it is possible to observe several methods available for the analysis of passive 

musculoskeletal stiffness. Passive stretching test is a common technique used to measure 

passive stiffness of muscles and joints. Due to the measurement of resistance offered by the 

elongated muscle (Magnusson 1966). We can observe the measurement of stiffness through 

dynamometry, which will measure the passive resistance during the stretching or movement of 

the joints (Aagard 2000). Another means of evaluating this stiffness is through magnetic 

resonance imaging, which will use magnetic fields and radio waves to create detailed images 

of the surrounding muscles and tissues, assessing passive muscle stiffness through visualization 

of internal muscle structures. (Dixon 1992; Rigleb et al., 2007). 

 

2.3 Relation Stiffness- Hip/Knee joint 

Stiffness in the muscular belly of knee extensors, such as the muscles of the quadriceps group, 

is determined by several structures and factors: 1) Muscle Fibers: The intrinsic properties of 

muscle fibers, including their type (slow vs. fast contraction fibers) significantly influence 
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muscle stiffness (Lieber, Fridén, 2000; Schiaffino, Reggiani; 2011). 2)Connective tissue: The 

endomysium, perimysium and epimysium, which involve muscle fibers, fascicles and all 

muscle, respectively, contribute to passive stiffness (Purslow et al., 2002; Gillies, Lieber; 2011). 

3)Titin: Titin, a giant protein extending half the length of a sarcomere, plays a key role in 

passive muscle stiffness by providing elasticity (Granzier, Labeit, 2004; Linke et al., 2008). 

4)Fascia: The fascia surrounding the muscles, particularly the deep fascia like the fascia lata, 

contributes to general muscle stiffness (Stecco, et al., 2015; Schleip et al., 2012). 5) Neural 

Factors: Muscle tone, regulated by the nervous system, affects stiffness. Increased muscle tone 

due to increased neural activation may lead to greater stiffness (Kandel et al., 2000; Butler, 

Moseley 2003). 5)Viscoelastic properties: The viscoelastic properties of muscle tissues, which 

include their deformation capacity and return to their original shape, impact stiffness (Magid, 

Law 1985; Fung et al., 1993). The joint positions of the hip and knee significantly influence the 

structures that determine stiffness in the muscular belly of the knee extensors. Thus, the 

relationship between muscle length-tension, passive tension, neural factors and fascial 

interactions are key aspects of this influence. The position of the hip and knee affects the length 

of the quadriceps muscles. For example, hip flexion and knee extension lengthen the rectum 

due to its biarticular nature (Gordon et al., 1966; Lieber, Fridén, 2000). When the hip and knee 

are positioned to lengthen the quadriceps (hip extension and knee flexion), passive tension 

increases due to the stretching of connective tissues and Titin protein (Magnusson et al., 1996; 

Granzier, Labeit, 2004). We can observe in the literature that joint position influences neural 

activation through mechanisms such as muscle spindles and Golgi’s tendon organs, adjusting 

muscle tone and stiffness (Kandel et al., 2000; Enoka et al., 2008). The fascia that surrounds 

the quadriceps muscles can transmit tension through the joints, affecting muscle stiffness, so 

changes in hip and knee positions alter the tension in these fascial structures (Stecco, 2015; 

Schleip et al., 2012). The fascial connections of the rectus femoris and vastus lateral muscles 

are also crucial for the biomechanics of the knee and hip joints. We can also observe that the 

fascia of the rectus femoris integrates with the quadriceps tendon and the patellar ligament, 

providing stability and support to the knee joint (Stecco, et al., 2015; Langevin, Sherman; 2007). 

In the hip, the femoral rectum fascia is continuous with the iliotibial band (ITB) and the fascia 

lata tensor (TFL), influencing the hip movement and stability (Schleip et al., 2012; Barker et 

al., 2014). The fascia of the wide side integrates with the ABI and the lateral retinaculum of the 

knee, providing lateral stability to the patella and knee joint (Standring, 2015; Fairclough et al., 

2006). In the hip, we can observe that the fascia of the lateral vast is interconnected with the 

gluteal fascia, influencing abduction and hip stability (Willard et al., 2012; Huijing, Jaspers; 
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2005). 

2.4 Shear Wave Elastography (SWE) 

 Lately we have observed that many studies have been dedicated to the study of muscle 

stiffness, from Shear wave elastography (Davis et al., 2019), and this technique has advantages, 

among others because: 1) direct evaluation of elasticity; 2) independence of the compression 

that the tissue undergoes; 3) Quantitative data. The acquisition of the stiffness data of Shear 

wave elastography, is performed from an acoustic radiation force impulse (ARFI). This 

technique generates a high-intensity impulse beam, coming from the transducer, to the tissue. 

After the impulse beam, the transducer measures tissue displacement, instantly generating a 

qualitative map of stiffness in a B-mode image (Bastijns et al.,2020) . After mapping the tissue 

stiffness, a measurement, related to tissue tension ratio (ROI) is provided. The ROI is totally 

dependent on the operator, and therefore more qualitative. Soon Shear wave elastography 

provides us with both quantitative and qualitative data. The data are expressed as shear (KPa) 

and/or shear wave velocity (cm/s). Some factors can quality of acquisition of these data, and 

some main care to be taken during image acquisition. First caution: Transducer pressure. 

Carpenter et al., (2015) brings that depending on the pressure maintained in the transducer, 

there may be changes in the data. For example, Kot et al., (2012) observed that 3 different 

pressure levels provide data difference, where increased pressure suggests increased muscle 

stiffness of the participant. Second: Position of the transducer. Studies such as (Cortez 2016 et 

al., Alfuraih et al., 2017) suggest a difference in acquisition speed according to the aponeurosis 

approach. Third: differences between systems and devices. There is low reliability between 

measurements performed by different equipment (Alfuraih 2017 et al.,; Franchi-Abella et al., 

2013). 

 

2.5 Applicability of the SWE 

Providing quantitative and qualitative muscle data, elastography allows its application 

both in a clinical setting and in a research setting. We can observe that many disorders are based 

on the condition and structural changes of the muscles, so elastography can allow the finding, 

and location of certain pathologies. In addition to identifying the pathology, elastography can 

act in order to monitor the evolution during an intervention protocol, or treatment. Due et al., 

(2016) evaluated the ability of elastography, through Shear wave, to assess stiffness in patients 

with Parkinson’s disease, since muscle stiffness is one of the symptoms of Parkinson’s. These 

authors concluded that SWE can be used to assess muscle stiffness. Ding et al., (2021) goes 
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according to the findings, indicating that SWE can be a way of assessing stiffness in patients 

with Parkinson’s disease. Another neuromuscular disorder that has been investigated with the 

use of SWE is Stroke. Stroke will cause greater muscle stiffness on the affected side compared 

to the unaffected side. Eby et al., (2016) proposed to evaluate the potential of SWE in 

individuals with muscle stiffness after Stroke. The authors observed that SWE is promising in 

the evaluation of muscle stiffness in post-Stroke individuals. In addition to evaluating stiffness, 

in post-Stroke individuals, we also observed that it can act following the intervention in these 

individuals (Gao 2019). We also observed other conditions present in the literature that can be 

evaluated or diagnosed through SWE. Cerebaral palsy (Branderburg et al., 2016; Lee 2016; 

Vola et al., 2018), Duchenne muscular dystrophy (Larcourpaille et al., 2015; Pichiecchio et al., 

2018), sarcopenia (Alfuraih et al., 2019b; Bastijns et al., 2019), chronic neck pain (Tas et al., 

2018), among others. It is possible to observe in literature studies are dedicated to investigate 

the influence of sex on musculoskeletal stiffness, in order to observe the difference between 

groups. Some studies show that women have greater stiffness than men (Lima et al., 2018; Chen 

et al., 2017), others show higher values in men when compared to women (Agypong-Badu et 

al., 2016; Wang et al.,2017), and others do not find significant difference between groups. 

Another well studied relationship is stiffness in aging, however the data are still inconclusive. 

Studies report in favor of greater stiffness in younger individuals (Eby et al., 2015; Saito et al., 

2019), but studies have been seen in which older individuals have greater stiffness (Akagi et 

al., 2015), while we observed studies that found no difference between groups (Ikezoe et 

al.,2012). Among some unanswered questions, such as those mentioned above, a question is 

still recurrent regarding the positioning of the subject during the acquisition of muscle stiffness 

via SWE. Depending on muscle length, we can increase or decrease muscle tension, and 

consequently, change muscle stiffness values. Davis et al., (2019) reports that a small increase 

in flexion can change values during data acquisition. It is possible to observe in the literature 

that few studies pay attention to the importance of muscle length during a protocol of stiffness 

analysis, in healthy or compromised individuals. Thus, this study aims to elucidate this 

relationship, investigating the association of these variables in the femoral quadriceps. 

 

3. JUSTIFICATIVE 

Recently many studies have evaluated the passive muscular stiffness of the femoral quadriceps 

using elastography. However, these studies do not focus on the joint positioning of the hip and 

knee, since the quadriceps has monoarticular and biarticular constituents. Previous studies show 



19 
 

that joint positioning interferes with some structures, however the relationship between passive 

stiffness through elastography and angle of knee and hip is not yet clear. 

 

4. OBJECTIVE 

Our objective is to investigate the stiffness of the rectus femoris and vastus lateralis at different 

lengths to observe stiffness behavior in a biarticular and a monoarticular muscle of the 

quadriceps femoris. 

 

5. HYPOTHESIS 

We hypothesized that higher stiffness would be observed in the RF and VL muscles in the 

SUP60 position, as indicated by both the KPa and m/s variables. This increased stiffness would 

likely be more pronounced in the upper region compared to the others. 

 

6. MATERIAS AND METHODS 

 

6.1 Experimental design 

This study is a crossover, experimental, and randomized trial conducted at the 

Musculotendineal Plasticity Laboratory (LaPlasT) of the Faculty of Ceilândia, University of 

Brasília. The project was approved by the Research Ethics Committee of the University of 

Brasília/Faculty of Ceilândia, in accordance with Resolution 510/16 of the National Health 

Council (CAAE: 68446223.2.0000.8093). Following approval by the committee, the research 

protocol was registered on ClinicalTrials.gov (68446223.2.0000.80). Participants were 

thoroughly informed about the purposes, benefits, and risks of the study at all stages. Their 

participation was contingent upon signing the informed consent form, ensuring their voluntary 

and informed entry into the study. 

 

6.2 Participants 

We included 30 participants (13 men and 17 women) with an average age of 21.98 ± 

2.92 years, height of 1.70 ± 0.10 meters, and weight of 62.35 ± 13.73 kilograms. All participants 

were healthy, with a body mass index (BMI) between 18.5 and 24.9 kg/m² (eutrophic), and had 

not undergone systematic lower limb strength training in the past six months. Participants were 

physically active according to the International Physical Activity Questionnaire (IPAQ), 
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engaging in either recreational or sports activities. Exclusion criteria included individuals with 

edema, dermal injury, limited joint range of motion, deformity or amputation in any part of the 

lower limbs, history of patellar dislocation, or trauma to the lower limbs or trunk that could 

compromise results. Additionally, those with conditions affecting musculotendineal 

morphology or neuromuscular excitability, such as type II diabetes mellitus, familial 

hypercholesterolemia, neuromuscular disease, or severe cardiopathy, were excluded. 

Participants with conditions preventing cooperation with procedures, such as cognitive deficits, 

psychiatric disease, chemical dependence, or behavioral problems (Dudley-Javoroski 2010), 

were also excluded. 

 

 6.3 Randomization and concealment of allocation 

In the familiarization session, each participant had their collection randomized by a 

randomization application, and their allocation was related to the assorted positions randomly 

by the application. The positions were as follows: SUP60 (lying with the knee at 60°), SUP20 

(lying with the knee at 20º ), SIT60 (sitting with the knee at 60°) and SIT20 (sitting with the 

knee at 20°). 

 

 6.4 Blinding 

The participants were blinded to the hypotheses of the study and to the numerical values of 

the joint angles used. They were not informed which position was expected to result in greater 

muscle stiffness. However, due to the nature of each position, the evaluator could not be 

blinded. 

 

6.5 Elastography 

Muscle stiffness in the RF and (VL was evaluated using shear wave elasticity (kPa) and 

shear wave velocity (m/s). Musculoskeletal configurations ranging from 0-300 kPa were 

selected using the ACUSON Redwood Ultrasound System (Siemens, USA). Specifically, the 

lateral compartment of the RF and the VL were visualized at 50% and 60% of the thigh length, 

respectively, measured from the anterior-superior iliac spine to the base of the patella 

(Cavalcante et al., 2021a). From B-mode ultrasound images obtained with a linear transducer 

(10 L4), ROIs were delineated in a circular format. Thirty ROIs were manually measured: 10 

in the superficial region of each muscle (superior part in selection box), 10 in the deep region 

(deep part in selection box), and 10 in the intermediate region between the superficial and deep 

regions (medium part in selection box). Muscle tissue stiffness was determined by averaging 
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the shear modulus velocity from these 30 ROIs apply in each depth per image. The stiffness of 

each muscle was calculated based on the mean shear modulus from three obtained images. This 

mean shear modulus represented the stiffness of the quadriceps femoris components. During 

the ultrasound examination, the transducer surface was covered with water-soluble transmission 

gel to ensure acoustic coupling without applying additional pressure on the skin, thereby 

preventing overestimation of tissue stiffness. 

 

Figure 1. Visualization of the VL muscle of a participant in all positions. Insert the sealing box 

between the aponeuroses, in order to fill the ROI s in the upper, medial and lower part of this box. 

 

All elastography evaluations were performed by the same evaluator, VHSR. The evaluation 

environment was maintained at temperatures between 23-25ºC to prevent fluctuations in tissue 

stiffness (Ando & Suzuki, 2019). Three ultrasound images of each tissue (superficial and deep 

fascia of each muscle, RF and VL) were acquired with the participant in a resting position. 

Although the acquisition time of the images does not affect stiffness values, a stabilization 

period for the elastography map is necessary (Lima 2018). Therefore, images were captured 

after a 10-second delay to ensure the map's stabilization (Lima 2017).  

 

6.6 Study design 

Participants performed familiarization with the assessments, which included 

anthropometric measurements (height and body mass), randomization of the order of joint 

positioning, and verification of eligibility criteria. The following positions were evaluated: 
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supine with the knee at 60º flexion (SUP60), seated with the knee at 60º flexion (SIT60), supine 

with the knee at 20º flexion (SUP20), and seated with the knee at 20º flexion (SIT20). These 

knee angles (60º and 20º) were assessed with participants in sitting (hip flexion; 85º) and supine 

(hip extension; 0º) positions. The rectus femoris (RF) and vastus lateralis (VL) muscles were 

selected to observe the stiffness behavior of two muscles within the same group, with one being 

biarticular and the other monoarticular. During anthropometric assessment, participants were 

barefoot and wore light clothing. Body mass index (BMI) was calculated as weight in kilograms 

divided by the square of height in meters (kg/m²). Physical activity levels were assessed using 

the International Physical Activity Questionnaire (IPAQ), which evaluates the frequency and 

duration of physical activities over the past week (Scholes et al., 2016). Following 

familiarization, four sessions were conducted to evaluate stiffness using elastography. Each 

session tested one of the four study positions and was separated by 72 hours. 

 

  

Figure 2. Analysis positioning. Bench press with knee at 60º of flexion (SUP60), sitting with 

knee at 60º (SIT60), bench press with knee at 20º (SUP20) and sitting with knee at 20º 

(SIT20). The positions were randomized in the familiarization session. 
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Figure 3. Data collection. Dynamometer axis aligned with the center of the knee joint, for evaluation 

of stiffness in the RF during the SUP20 position. 

 

6.7 Statistical analysis 

The results were reported through measures of central tendency and dispersion, 

appropriate inference tests, tables and graphs. The normality of the data was verified with the 

Shapiro-Wilk test. A three-way ANOVA [ “position” (4 levels: SUP60, SUP20, SIT60 and 

SIT20) by “muscle” (2 levels: RF and VL) by “depth” (3 levels: upper, intermediate and deep)] 

was applied to verify changes in Kpa and m/S. When a significant difference was detected, we 

applied the post-hoc Tukey test. The significance threshold is defined in α < 0.05 for all 

procedures. All statistical analyses was performed using the software Statistica 23.0 

(STATSOFT Inc., Tulsa, Oklahoma, EUA) and for graphical construction the software 

Graphpad Prism 8.3.0 (San Diego, California, USA). To determine the reliability of the 

measurements, we calculated the intraclass correlation coefficient (ICC). Reliability was 

classified as low (< 0.5), moderate (0.5 - 0.75), good (> 0.75 - 0.9) and excellent (> 0.9) (Koo 

2016).  

 

7. RESULTS  

7.1 Reliability of elastography 

After intra-evaluator ICC analysis, good reliability was observed for RF SUP60 KPa 

(0.90), RF SUP20 KPa (0.88), RF SIT60 KPa (0.80), and RF SIT20 KPa (0.87). Similarly, good 
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reliability was found for RF SUP60 m/s (0.90), RF SUP20 m/s (0.82), RF SIT60 m/s (0.80), 

and RF SIT20 m/s (0.80).  For VL, excellent reliability was observed for SUP60 KPa (0.92), 

SUP20 KPa (0.92), and SIT60 KPa (0.92), and good reliability for SIT20 KPa (0.80). Similarly, 

excellent reliability was found for SUP60 m/s (0.92) and SUP20 m/s (0.90), and good reliability 

for SIT60 m/s (0.88) and SIT20 m/s (0.82). Comparing position and muscles 

There was a significant difference in position (p<0.001), muscle (p=0.001), depth (p<0.001) 

when analyzing KPa data. There was a significant difference in position (p<0.001), muscle 

(p=0.001), depth (p<0.001) when analyzing data related to m/s. 

 

7.2 Position x muscle 

To assess KPa, the main effect of position and muscle (p < 0.001) (Table 1- Suplementary 

table)  indicated that the SUP60 group exhibited significantly higher KPa values compared to 

the other groups for RF (estimated marginal mean [95% confidence interval]: SUP60 = 12.41 

[11.30 – 13.52] %, SUP20 = 7.76 [7.14 – 8.39] %, SIT60 = 7.87 [7.33 – 8.41] %, SIT20 = 6.78 

[6.21 – 7.35] %) and for VL (estimated marginal mean [95% confidence interval]: SUP60 = 

9.63 [8.67 – 10.59] %, SUP20 = 7.22 [6.56 – 7.89] %, SIT60 = 8.30 [7.57 – 9.02] %, SIT20 = 

6.52 [5.96 – 7.09] %) (figure 4). In terms of m/s, the main effect of position and muscle (p < 

0.001) similarly showed that the SUP60 group had higher m/s values compared to the other 

groups for RF (estimated marginal mean [95% confidence interval]: SUP60 = 1.97 [1.88 – 2.07] 

%, SUP20 = 1.57 [1.51 – 1.63] %, SIT60 = 1.64 [1.55 – 1.73] %, SIT20 = 1.46 [1.41 – 1.52] 

%) and for VL (estimated marginal mean [95% confidence interval]: SUP60 = 1.74 [1.66 – 

1.83] %, SUP20 = 1.51 [1.45 – 1.58] %, SIT60 = 1.66 [1.58 – 1.73] %, SIT20 = 1.44 [1.38 – 

1.50] %). There was a significant interaction between position x muscle for variable Kpa (F = 

14.15, P < 0.001, power = 0.99, ηρ2 = 0.32). KPa was significantly higher in SUP60 compared 

to SUP20 (p<0.001), SIT60(p<0.001) and SIT20(p<0.001) in RF. The KPa in VL was 

significantly higher in SUP60 compared to SUP20 (p<0.001), SIT60 (p=0.01) and SIT20 

(p<0.001). RF KPa was significantly higher than VL in the SUP60 position (p<0.001), however 

there was no significant difference when comparing the muscles in the SUP20 (p=0.82), SIT60 

(p=0.94) and SIT20 (p=0.99) positions. There was a significant interaction between position x 

muscle for variable m/S (F = 9.13, P < 0.001, power = 0.99, ηρ2 = 0.23). The m/S was 

significantly higher in SUP60 compared to SUP20 (p<0.001), SIT60 (p<0.001) and SIT20 

(p<0.001) in RF. The m/S in VL was significantly higher in SUP60 compared to SUP20 

(p<0.001), and SIT20 (p<0.001), and there was no significant difference in SUP60 (p=0.20). 

RF m/S was significantly higher than VL in the SUP60 position (p<0.001), however there was 
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no significant difference when comparing the muscles in the SUP20 (p=0.76), SIT60 (p=0.99) 

and SIT20 (p=0.99) positions. 

 

 

Figure 4: Bar graphs. (mean and 95% CI) comparing muscle ultrasonography variables: KPa (A), 

m/S (B) m/S, obtained in the SUP60 UP, SUP60 INT, SUP60 DEEP, SUP20 UP, SUP20 INT, SUP20 

DEEP, SIT60 UP, SIT60 INT, SIT60 DEEP and SIT20 UP, SIT20 INT, SIT20 DEEP. Black dotted 

loops indicate comparisons between position groups. Traced line indicate comparisons between depht 

groups. Significant differences (p <0.05) are represented by an asterisk (*). 95% CI = Confidence 

interval; KPa: shear wave; m/s: shear wave velocity; SUP60: supine with knee 60; SUP20: supine 

with knee 20; SIT60: siting with knee 60; SIT20: sitting with knee 20; RF: Rectus femoris; VL: 

Vastus lateralis; UP: Upper; INT: Intermediate. 
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Table 1. Kpa an m/S in different muscles grouped by joint angle 
Rectus femoris SUP60 SUP20 SIT60 SIT20  

KPa 

 

12.41 

(11.30, 13.52) 

7.76 

(7.14, 8.39) 

7.87 

(7.33, 8.41) 

6.78 

(6.21, 7.35) 

 

m/S 

 

1.97 

(1.88, 2.07) 

1.57 

(1.66, 1.83) 

1.64 

(1.55, 1.73) 

1.46 

(1.41, 1.52) 

 

Vastus lateralis      

KPa 

 

9.63 

(8.67, 10.59) 

7.22 

(6.56, 7.89) 

8.30 

(7.57, 9.02) 

6.52 

(5.96, 7.09) 

 

m/S 1.74 

(1.66, 1.83) 

1.51 

(1.45, 1.58) 

1.66 

(1.58, 1.73) 

1.44 

(1.38, 1.50) 

 

Values are reported as estimated marginal means from the models (95% confidence interval). 

 

7.3 Comparing position and depth 

The main effect of position and depth on kPa values (Table II- Suplementary table) (p 

= 0.003) indicated significantly higher stiffness values at the upper depth across all evaluated 

positions: SUP60 = 12.52 [11.40 – 13.65] %, SUP20 = 8.98 [7.85 – 10.12] %, SIT60 = 9.06 

[8.37 – 9.75] %, and SIT20 = 7.51 [6.55 – 8.48] % (figure 5). Intermediate depth also showed 

substantial stiffness, albeit lower than the upper depth: SUP60 = 10.49 [9.64 – 11.34] %, SUP20 

= 7.00 [6.47 – 7.53] %, SIT60 = 7.68 [7.18 – 8.18] %, and SIT20 = 6.35 [5.85 – 6.84] %. The 

deep region exhibited the lowest stiffness values: SUP60 = 10.05 [9.25 – 10.84] %, SUP20 = 

6.49 [6.15 – 6.83] %, SIT60 = 7.51 [7.07 – 7.96] %, and SIT20 = 6.09 [5.82 – 6.37] %. Similarly, 

for m/s, the main effect of position and depth (p = 0.003) demonstrated higher velocities at the 

upper depth: SUP60 = 1.99 [1.89 – 2.08] %, SUP20 = 1.68 [1.58 – 1.77] %, SIT60 = 1.73 [1.67 

– 1.80] %, and SIT20 = 1.54 [1.45 – 1.63] %. Intermediate depth also showed considerable 

velocity, with slightly lower values compared to the upper depth: SUP60 = 1.82 [1.74 – 1.89] %, 

SUP20 = 1.50 [1.45 – 1.56] %, SIT60 = 1.60 [1.53 – 1.66] %, and SIT20 = 1.42 [1.36 – 1.47] %. 

The deep region exhibited the lowest velocities: SUP60 = 1.77 [1.70 – 1.85] %, SUP20 = 1.44 

[1.41 – 1.48] %, SIT60 = 1.62 [1.52 – 1.72] %, and SIT20 = 1.40 [1.36 – 1.44] %. There was a 

significant interaction between position x depth for variable Kpa (F = 3.39, P = 0.003, power 

=0.93, ηρ2 = 0.10). KPa was significantly higher in the upper region compared to Intermediate 

and deep in all positions (p<0.001). The KPa in the upper region in SUP60 showed significant 
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difference compared to Intermediate (p <0.001) and deep (p <0.001), however there was no 

significant difference in the comparison between Intermediate and deep (p = 0.75). The KPa in 

the Upper region in SUP20 showed a significant difference compared to Intermediate (p<0.001) 

and deep (p<0.001), however there was no significant difference in the comparison between 

Intermediate and deep (p=0.55). The KPa in the Upper region in SIT60 showed a significant 

difference compared to Intermediate (p<0.001) and deep (p<0.001), however there was no 

significant difference in the comparison between Intermediate and deep (p=0.99). The KPa in 

the Upper region in SIT20 showed a significant difference compared to Intermediate (p<0.001) 

and deep (p<0.001), however there was no significant difference in the comparison between 

Intermediate and deep (p=0.99). There was a significant interaction between position x depth 

for variable m/S (F = 3.10, P = 0.006, power = 0.91, ηρ2 = 0.09). The m/S was significantly 

higher in the upper region compared to Intermediate and deep in all positions (p<0.001). The 

m/S in the upper region in SUP60 showed a significant difference compared to Intermediate 

(p<0.001) and deep (p<0.001), however there was no significant difference in the comparison 

between Intermediate and deep (p=0.84). The m/S in the Upper region in SUP20 showed a 

significant difference compared to Intermediate (p<0.001) and deep (p<0.001), however there 

was no significant difference in the comparison between Intermediate and deep (p=0.29). The 

m/S in the Upper region in SIT60 showed a significant difference compared to Intermediate 

(p<0.001) and deep (p<0.001), however there was no significant difference in the comparison 

between Intermediate and deep (p=0.99). The m/S in the Upper region in SIT20 showed a 

significant difference compared to Intermediate (p<0.001) and deep (p<0.001), however there 

was no significant difference in the comparison between Intermediate and deep (p=0.99). 
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Figure 5: Bar graphs. (mean and 95% CI) comparing muscle ultrasonography variables: KPa (A), 

m/S (B) m/S, obtained in the SUP60 UP, SUP60 INT, SUP60 DEEP, SUP20 UP, SUP20 INT, SUP20 

DEEP, SIT60 UP, SIT60 INT, SIT60 DEEP and SIT20 UP, SIT20 INT, SIT20 DEEP. Black dotted 

loops indicate comparisons between position groups. Traced line indicate comparisons between depht 

groups. Significant differences (p <0.05) are represented by an asterisk (*). 95% CI = Confidence 

interval; KPa: shear wave; m/s: shear wave velocity; SUP60: supine with knee 60; SUP20: supine with 

knee 20; SIT60: siting with knee 60; SIT20: sitting with knee 20; RF: Rectus femoris; VL: Vastus 

lateralis; UP: Upper; INT: Intermediate. 
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Table 2. Kpa and m/S at different depht levels grouped by joint angle 
Upper SUP60 SUP20 SIT60 SIT20  

KPa 

 

12.52 

(11.40, 13.65) 

8.98 

(7.85, 10.12) 

9,06 

(8.37, 9.75) 

7.51 

(6.55, 8.48) 

 

m/S 

 

1.99 

(1.89, 2.08) 

1.68 

(1.58, 1.77) 

1.73 

(1.67, 1.80) 

1.54 

(1.45, 1.63) 

 

Intermediate      

KPa 

 

10.49 

(9.64, 11.34) 

7.00 

(6.47, 7.53) 

7.68 

(7.18, 8.18) 

6.35 

(5.85, 6.84) 

 

m/S 1.82 

(1.74, 1.89) 

1.50 

(1.45, 1.56) 

1.60 

(1.53, 1.66) 

1.42 

(1.36, 1.47) 

 

Deep SUP60 SUP20 SIT60 SIT20  

KPa 

 

10.05 

(9.25, 10.84) 

6.49 

(6.15, 6.83) 

7.51 

(7.07, 7.96) 

6.09 

(5.82, 6.37) 

 

m/S 

 

1.77 

(1.70, 1.85) 

1.44 

(1.41, 1.48) 

1.62 

(1.52, 1.72) 

1.40 

(1.36, 1.44) 

 

Values are reported as estimated marginal means from the models (95% confidence interval). 

 

 7.4 Comparing depth (upper, intermediate, deep) KPa and m/S between groups 

A main effect of depth was observed for kPa (p < 0.001), with higher values in the 

superficial region (9.35 [8.70 – 10.33] %) compared to both the intermediate (7.88 [7.42 – 8.34] 

%) and deep (7.54 [7.20 – 7.87] %) regions (figure 6). Similarly, for m/s, a main effect of depth 

was observed (p < 0.000), characterized by higher values in the superficial region (1.73 [1.66 – 

1.81] %) compared to both the intermediate (1.58 [1.53 – 1.63] %) and deep (1.56 [1.51 – 1.61] 

%) regions. Significant interaction was observed between depht for variable Kpa (F = 35.54, P 

< 0.001, power =1.00, ηρ2 = 0.55 The Upper KPa region was significantly higher compared to 

Intermediate and Upper (p<0.001). However, there was no significant difference between 

Intermediate and deep (p=0.36). Significant interaction was observed between depht for 

variable m/S (F = 30.19, P < 0.001, power = 1.00, ηρ2 = 0.51). The Upper m/S region was 

significantly higher compared to Intermediate and deep (p<0.001). However, there was no 

significant difference between Intermediate and deep (p=0.59). 
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Figure 7: Bar graphs. (mean and 95% CI) comparing muscle ultrasonography variables: KPa (A), 

m/S (B) m/S, obtained in the upper, intermediate and deep regions. Traced line indicate comparisons 

between depht groups. Significant differences (p <0.05) are represented by an asterisk (*). 95% CI = 

Confidence interval; KPa: shear wave; m/s: shear wave velocity. 

 

8. DISCUSSION 

This is the first study to evaluate the muscular stiffness of RF and VL through 

elastography, manipulating the hip and knee joint positioning in healthy adults. Our study 

identified the following findings: (1) Higher stiffness (KPa and m/s) was observed in the SUP60 

position for both RF and VL. (2) Stiffer conditions (KPa and m/s) were consistently found in 

the superficial regions across all positions compared to the intermediate and deep regions. (3) 

Greater stiffness (KPa and m/s) was noted in the superficial region compared to both the 

intermediate and deep regions. Thus, structure architecture and the arrangement of structures in 

SUP 60 position, generates a greater passive rigidity compared to other positions. The surface 

regions have a higher stiffness compared to the other regions. Probably because the wave has 

more difficulty in spreading in deeper regions of the muscle. 

 Recognizing higher stiffness in specific muscles or positions through research and how 

the structures will relate, in the future can contributes to clinical practice by guiding diagnosis, 

treatment planning, functional improvement, and injury prevention. Changes in stiffness can be 

explained to changes in structure as connective tissues as fascias (Granzier, Labeit, 2004; Stecco 
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et al.,2015), and this can explain the behavior of rectus femoris (biarticular) and vastus lateralis 

(monoarticular), even hip not influencing the vastus lateralis.  

Our data analysis revealed that the SUP60 position exhibited higher stiffness in both KPa 

and m/s compared to the other positions. This observed difference in stiffness may be attributed 

to the specific muscle capacity in this joint configuration. Muscle capacity, influenced by the 

formation of cross-bridges, directly correlates with Young’s modulus and serves as an indicator 

of strength during isometric contractions (Bastijns et al.,2020). In a similar protocol, but using 

an active assessment, de Sousa et al., (2023) demonstrated that the Young modulus of the 

quadriceps femoris is higher when the knee is flexed at 60º compared to 20º during voluntary 

isometric contractions. Furthermore, their study indicated that the SUP60 position elicited 

higher maximum voluntary isometric contraction (MVIC) values compared to SUP20, SIT60, 

and SIT20, suggesting superior force transmission capability in the SUP60 position. Studies by 

Lui et al., (2019) and Hug et al., (2015) suggest a relationship between muscle strength and 

elastography. Additionally, Bouillard et al., (2011) proposed a correlation between torque 

production and kilopascals (KPa) during muscle contraction.  

While numerous studies have explored the quadriceps in literature (Ewertsen et al., 2016; 

Carpenter et al., 2015; Alfuraih et al., 2018; Lacourpaille et al.,2015), no study to date has 

systematically evaluated muscle stiffness using elastography with varied joint positioning of 

participants. Most investigations into these muscles typically employ protocols where subjects 

are positioned supine (Andonian et al.,2016 ; Kot et al., 2021; Alfuraih et al., 2018). However, 

these studies exhibit significant variability in the specific knee joint angles tested (20º, 30º, and 

0º, respectively). Bastijns et al., (2020) highlights in a review one of the primary challenges in 

elastography as the lack of protocol uniformity and standardization across studies. Dillman et 

al., (2015), Alfuraih et al., (2017), and Franchi-Abella et al.,  (2013) have noted that outcomes 

vary based on the ultrasound system, methodology, and transducer used, complicating direct 

comparisons between studies. In our study, we observed that the upper region consistently 

exhibited higher stiffness across all evaluated positions compared to the intermediate and deep 

regions. This finding is consistent with previous research. For example, Ewertsen et al., (2016) 

investigated muscles such as the biceps brachii, gastrocnemius, and QF, segmenting their 

images to analyze stiffness values across different muscle depths. They similarly reported 

decreasing stiffness values with increasing depth. These findings support our observations 

regarding variations in muscle stiffness across different regions within the same muscle group.  

The reliability of elastography diminishes with increasing muscle depth due to reduced 

shear wave propagation, as highlighted by Creze et al., (2017). This effect is more pronounced 
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in robust muscles compared to less robust ones. Several factors contribute to the attenuation of 

wave propagation, including adipose tissue thickness, BMI, muscle depth, fiber type 

composition (type I and II fibers), bone structure, and underlying pathologies (Bastijns et al., 

2020; Drakonaki et al., 2012). Cadaver studies have examined how these tissues affect stiffness 

measurements, but findings on their impact vary (Yoshitake et al., 2016). Recommendations by 

Alfuraih et al., (2018) suggest limiting depth to 4 cm for accurate measurements, although 

applicability may vary depending on population, region, anatomy, and muscle type. In contrast, 

Carpenter et al., (2015) observed differences in data but did not exceed a depth of 2.5 cm in 

their measurements. The heterogeneity in study characteristics likely contributes to variations 

in reported data across different research efforts. Thus, an alternative approach will attempt to 

standardize the protocol with shear wave elastography (SWE), observing confounding variables 

such as muscle length, depth of the region of interest (ROI) and adipose tissue. It is important 

to acknowledge the limitations of this study. Firstly, the results SWE can vary significantly 

depending on the protocol, evaluator, tissue characteristics, and adipose tissue layer. Variations 

in the distribution of regions of interest (ROI) can occur, particularly in deeper regions 

compared to superficial ones, influenced by individual adipose tissue characteristics. Even with 

participants of similar characteristics, controlling for these layers' interference presents 

challenges. Additionally, our study involved data collection sessions with seven days between 

them. This could potentially induce adaptations in the muscles analyzed, reflecting changes in 

participants' routines over time. Therefore, for future studies employing similar protocols, we 

recommend conducting data collection sessions on the same day to minimize the influence of 

external factors as much as possible. 

 

9. CONCLUSION 

Our elastography findings indicate that both the rectus femoris (RF) and vastus lateralis 

(VL) exhibit greater stiffness when positioned at SUP60 compared to SUP20, SIT60, and 

SIT20. Additionally, we observed higher stiffness in the upper regions of these muscles across 

all tested positions, in contrast to the intermediate and deep regions.  

 

10. PRACTICAL IMPACTS OF FINDINGS FOR SOCIETY 

This study serves as a first step to a greater understanding of this new technology, as well 

as the observation of the relationships between muscle structures, to in the future enable more 

complex investigations and understanding as all about these relationships.
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12.2 Appendix II – Suplementary table 1 

 

Supplementary Table 1. Type III Analysis of Variance Table of KPa. 

 Sum SQ Mean square Df F value P value 

Positions 1948.23 649 3 74.138 < 0.001 

Muscles 112.23 112.23 1 12.48 0.001 

Depht 538.74 269.37 2 35.54 < 0.001 

Positions × Muscles 261.31 87.10 3 14.15 < 0.001 

Positions × Depht 33.04 5.51 6 3.39 0.003 

Muscles × Depht 4.26 2.13 2 1.81 0.171 

Positions × Muscles × Depht 1.06 0.18 6 0.16 0.98 

      

Sum SQ: Sum of squares 

Df: degrees of freedom 

 

 

12.3 Appendix III – Suplementary table 2 

 

Supplementary Table 2. Type III Analysis of Variance Table of m/S. 

 Sum SQ Mean square Df F value P value 

Positions 16.56 5.52 3 63.93 < 0.001 

Muscles 0.96 0.96 1 9.71 0.004 

Depht 4.32 2.16 2 30.19 < 0.001 

Positions × Muscles 1.55 0.51 3 9.13 < 0.001 

Positions × Depht 0.30 0.05 6 3.10 0.006 

Muscles × Depht 0.05 0.02 2 1.99 0.145 

Positions × Muscles × Depht 0.01 0.00 6 0.16 0.98 

      

Sum SQ: Sum of squares 

Df: degrees of freedom 

DenDF: DF in the denominator 
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