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Abstract of thesis  

“Development of a Vibro-ultrasound Method for Muscle Stiffness 

Measurement In Vivo” 

Submitted by Cong-zhi Wang 

for the Degree of Doctor of Philosophy 

at The Hong Kong Polytechnic University 

in December 2010 

Stiffness has been proved to be a very important property of skeleton muscle and 

contribute significantly to muscle function. A number of methods have been developed 

to quantitatively assess muscle stiffness, such as indentation assessment, 

sonoelastography, transient elastography, supersonic shear imaging (SSI), shear-wave 

dispersion ultrasound vibrometry (SDUV) and magnetic resonance elastography 

(MRE). Each of them has unique features and limitations in in vivo studies. One major 

limitation of these methods is that the measurement ranges using these methods cannot 

exceed 50% of the maximum voluntary contraction (MVC) level. However, the 

information at high intensity contraction levels is more important for muscle functional 

assessment.  

Previous studies have reported that skeleton muscle stiffness is positively correlated to 

the non-fatiguing muscle contraction level. However, due to the limitation mentioned 

above, this conclusion has not been verified in a full range of isometric muscle 

contraction, i.e. from 0% to 100% MVC level. Furthermore, the relationship between 
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muscle stiffness and isometric contraction level has seldom been studied systematically, 

with missing knowledge on how joint angle, gender and age may affect the relationship.  

In this study, a novel vibro-ultrasound muscle stiffness assessment system based on the 

measurement of shear wave velocity in tissue was developed and its feasibility was 

evaluated on custom-made phantoms with different stiffness using traditional 

indentation method. Then it was used to assess the shear modulus of vastus intermedius 

(VI) muscle, one of the quadriceps femoris muscles, along the direction of muscle 

action. The relationship between the muscle stiffness and the step isometric contraction 

level was studied from 0% to 100% MVC under two different knee joint angles. The 

differences of muscle stiffness of the subjects with different gender and age ranges were 

also studied at different step isometric contraction levels. Furthermore, VI muscle shear 

modulus values were compared with the root mean square (RMS) values of the surface 

electromyography (EMG) signals collected from vastus lateralis (VL) muscle.  

Forty healthy subjects volunteered to participate in the experiment and were divided 

into four groups: young males (n = 10, 29.4 ± 4.8 yr), young females (n = 10, 27.6 ± 5.0 

yr), elder males (n = 10, 60.6 ± 7.6 yr) and elder females (n = 10, 56.7 ± 4.9 yr). The 

experiments were repeated at two different knee joint angles, 90º and 60º (0º for full 

extension). During the tests, MVC torque value was first determined as the highest 

torque of knee extensor achieved under voluntary contraction, which could be 

maintained for at least 5 seconds. Next, muscle stiffness measurements were performed 

under relaxed condition with 3 trials. Then the subjects were asked to maintain 

isometric contraction at different percentage of MVC levels, from 10% to 100%, for 

approximately 4 seconds. For each level, there were 3 trials and one-minute rest was 

allowed between any two measurements to avoid muscle fatigue.  
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The Pearson’s correlation coefficient (CC) between the shear modulus values measured 

on the 10 pieces of silicone using indentation method and those measured using 

vibro-ultrasound method phantoms was 0.994. The Bland-Altman plot, in which the 

differences between the pairs of corresponding results against their mean were plotted, 

demonstrated that all the plots were in the range between mean ± 2sd and this indicated 

that the results of these two methods have a high agreement. These results proved the 

feasibility of our system. The results of in vivo test showed that the stiffness of VI 

muscle along the direction of muscle action was positively correlated to the step 

isometric contraction level in a full range for both knee joint angles (both p < 0.001). 

The relationship between them was close to a quadratic polynomial curve (p < 0.001). It 

was also found that under both relaxed condition and all step isometric contraction 

levels, the VI muscle shear modulus measured at 90º knee joint angle was larger than 

that measured at 60º knee joint angle (both p < 0.001). There was no significant 

difference in the relaxed muscle shear modulus between different genders (p = 0.156) 

and age ranges (p = 0.221). However, when performing step isometric contraction, the 

muscle shear modulus of the male subjects was larger than that of the females (p < 

0.001), and the muscle shear modulus of the young subjects was larger than that of the 

elderly participants (p < 0.001) at the same contraction level and knee joint angle. A 

high correlation was found between the muscle shear modulus values of the VI muscle 

and the normalized RMS values of the surface EMG of the VL muscle. 

In conclusion, we have successfully demonstrated that the newly developed 

vibro-ultrasound method can provide us a unique tool for muscle stiffness assessment in 

research and clinical practices. Muscle stiffness can provide complementary information 

of muscle mechanical properties in comparison with the traditional bioelectrical and 
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morphological information, such as EMG and sonomyography (SMG). For the first 

time, we measured the muscle shear modulus change over a full range of isometric 

contraction, i.e. from 0% to 100% MVC. We also investigated the relationships between 

the muscle stiffness and the isometric contraction levels, with the effects of gender, age, 

and joint angle considered. The newly developed vibro-ultrasound method together with 

these results can help us to better understand the muscle recruitment strategies under 

different isometric contractions levels. Future studies are needed to further improve the 

reliability and measurement range of the vibro-ultrasound method, to apply our new 

technology in more clinical practices, and to combine it with other measurement 

systems.  

Keywords: Skeletal muscles stiffness, Ultrasound, Shear wave velocity, Shear modulus, 

Vibro-ultrasound method, Isometric contraction, Maximum voluntary contraction, 

MVC, Vastus intermedius, Electromyography, EMG, Sonomyography, SMG 
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1 

CHAPTER 1 INTRODUCTION 

1.1 Background and Significances 

Ultrasonography has been used to evaluate the morphological changes in skeleton 

muscles as an effective method (Mannion et al., 2008; Nogueira et al., 2009; Okita et 

al., 2009; Springer and Gill, 2007). It has also been employed to characterize the 

muscular disfunction and diseases (Botteron et al., 2009; Chester et al., 2008; Sikdar et 

al., 2008). Moreover, ultrasound has been used along with electromyography (EMG) 

signal to provide more comprehensive information on the activities and properties of 

different muscles (Andrade et al., 2009; Ferreira et al., 2004; Ishikawa et al., 2006).  

In a previous study, Zheng et al. (1999) used the tissue ultrasound palpation system 

(TUPS), an indentation method, to determine the soft tissue stiffness of lower limbs 

under different contraction conditions. In another study, sonomyography (SMG) was 

proposed to describe the real-time muscle thickness change detected by B-mode images 

during its contraction (Zheng et al., 2006). Recently, the relationship between SMG and 

wrist extension angle was investigated. It was claimed that SMG signal could 

successfully predict the wrist extension angle and this signal had potential for prosthetic 

control (Guo et al., 2009). 

Stiffness is also a very important property of skeletal muscle. It may change in some 

physiological conditions, such as muscle voluntary contraction, and in some 

pathological conditions, such as spasm, cramps, oedema and delayed onset muscle 

soreness (Gennisson, 2005). The stiffness has also been shown to contribute 
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significantly to muscle efficiency (Wilson et al., 1994). Obviously, quantifying the 

muscle stiffness can help to improve the understanding of some muscular functional 

changes. Therefore, a number of methods have been developed for muscle stiffness 

assessment, such as indentation assessment method (Leonard et al., 2003; Murayama et 

al., 2000; Zheng and Mak, 1999; Zheng and Mak, 2000), sonoelastography (Levinson et 

al., 1995; Parker et al., 1990; Wu et al., 2006), transient elastography (Catheline et al., 

1999; Gennisson et al., 2005; Nordez et al., 2009), supersonic shear imaging (SSI) 

(Nordez and Hug, 2010; Sandrin et al., 1999; Sandrin et al., 2002), shear-wave 

dispersion ultrasound vibrometry (SDUV) (Chen et al., 2008; Chen et al., 2009), and 

magnetic resonance elastography (MRE) (Bensamoun et al., 2008; Dresner et al., 2001; 

Muthupillai et al. 1995; Ringleb et al., 2007). Each of them has unique features and 

limitations in in vivo studies. The major limitation is that none of these studies exceeded 

50% maximum voluntary contraction (MVC) level. However, it is well known that the 

information under high intensity contraction is more important for muscle function 

assessment.  

Previous studies have reported that skeleton muscle stiffness is positively correlated to 

the non-fatiguing muscle contraction level. However, due to the limited measurement 

range of the available methods, this conclusion has not been verified in a full range of 

isometric contraction levels, i.e. from 0% to 100% MVC. Furthermore, the effects of 

joint angle, gender and age on the relationship between muscle stiffness and isometric 

contraction level have not been studied systematically. And little has been done on the 

relationship between the muscle stiffness and traditional surface EMG signal under 

different MVC levels.  

Therefore, development of a new ultrasound based method which can measure the 
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muscle stiffness in a full range can provide us a unique tool for muscle assessment in 

research and clinical practices. If the muscle stiffness is proved to be positively 

correlated with isometric contraction level in a full range, it would have potential to be 

used to estimate the muscle activity level or muscle stress, which is important for 

muscle function assessment. Furthermore, studies on the joint angle, gender and age 

dependences of the muscle stiffness under different contraction levels can provide a new 

perspective to investigate the influence of these factors on the muscle structure, function 

and recruitment strategies, to understand better the reasons for the higher risk of anterior 

cruciate ligament (ACL) and cartilage injury among females, and to explore the process 

of muscle ageing and rehabilitation.  

1.2 Objectives of This Study 

The objectives of this study are: 

1. To develop a new method for quantitative muscle stiffness assessment based on 

shear wave velocity measurement, with the capability of measuring muscle stiffness 

from 0% to 100% MVC.  

2. To characterize the stiffness of vastus intermedius (VI) muscle, one of the 

quadriceps femoris muscles, along the direction of muscle action, and to determine 

the relationship between muscle stiffness and relative isometric contraction level, 

from 0% to 100% MVC. From another point of view, the relationship between 

muscle stiffness and absolute torque of knee extensor is also to be studied.  

3. To study the influences of knee joint angle, gender and age, on the muscle stiffness 
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at relaxed condition and different step isometric contraction levels.  

4. To determine the relationship between the muscle shear modulus and the root mean 

square (RMS) values of surface EMG signal.  

1.3 Outline of the Dissertation  

Following the introduction chapter, Chapter 2 presents a literature review on the 

fundamental physiology of skeletal muscle, the technology utilized for muscle 

assessment, and the gender and age dependences of muscle structure and functions. 

In Chapter 3, the methods used in this study are introduced. The experimental protocols 

are presented in detail. The principle of vibro-ultrasound measurement system is 

described. It was evaluated using custom-made phantoms with different stiffness and 

applied to determine the shear modulus of skeletal muscle on forty subjects. In addition, 

the relationship between muscle stiffness and different isometric contraction levels was 

studied. The knee joint angle, gender and age dependences of muscle stiffness were 

investigated at different isometric contraction levels. Furthermore, muscle shear 

modulus was compared with the RMS values of surface EMG signal.  

In Chapter 4, the results of the corresponding studies in Chapter 3 are reported, 

including the evaluation of the vibro-ultrasound system, the positive correlation and 

quadratic relationships between the muscle shear modulus and both the relative % MVC 

level and absolute torque, and the comparison between the muscle stiffness measured 

from different groups of subjects with different genders or age ranges. Finally, the 

positive correlation and the quadratic relationship between the muscle shear modulus 
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and the RMS values of surface EMG signal are presented.  

Chapter 5 presents discussion on the new method, the experiment protocols and the 

results. Discussion on the vibro-ultrasound method and the experiments described in 

Chapters 3 and 4 is divided into several parts according to their purposes. The results of 

our study are compared with the results of related previous studies. And the 

explanations for our findings are also given in this chapter.  

Chapter 6 summarizes the findings of this study and the potential applications of the 

vibro-ultrasound method in research, clinical practices and sports training. Limitations 

of the system and suggestions on future research directions are also given. 
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CHAPTER 2 LITERATURE REVIEW 

This chapter presents a review of the literature on skeletal muscle physiology, its 

assessment methods including EMG, mechanomyography (MMG) and methods for 

muscle stiffness assessment, and the age and gender dependences of skeletal muscle 

properties. There are three major parts. The first part (Section 2.1) addresses the 

anatomy of skeletal muscle, motor units and muscle fiber types. The second part 

(Section 2.2) presents the techniques used for skeletal muscle assessment. The last part 

(Section 2.3) describes the currently available knowledge on age and gender 

dependences of skeletal muscle structure, properties and function. 

2.1 Skeletal Muscle Physiology 

2.1.1 Anatomy of Skeletal Muscle  

Skeletal muscle represents the majority of muscular tissue in the body. It is the classic 

biological example of a structure-function relationship. At both the macroscopic and 

microscopic levels, the structure of skeletal muscle is exquisitely tailored for its primary 

functions, force generation and movements (Jones et al., 2004; Lieber, 2009). As shown 

in Fig. 2.1, skeletal muscle is surrounded by a connective tissue sheath called epimysium 

and is bound into compartments called fasciculus. Each fasciculus is contained in a 

layer of connective tissue called perimysium and is formed by grouping bundles of 

muscle fibers, which is also surrounded by connective tissue called endomysium. Each 

muscle fiber is a multinucleated single cylindrical muscle cell which is made up of an 

array of stacked myofibrils. Muscle fibers cross the entire muscle lengthwise and attach 

to the bone through a tendon, which is a tough band of fibrous connective tissue and is 

designed to withstand the tension. A rich network of blood vessels and nerves weaves 
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between and within the muscle fibers. On the lowest level, myofibrils are bundles of 

myofilaments (actin and myosin) and divided into segments known as sarcomeres. 

Sarcomeres are the basic units of contraction. Each sarcomere will shorten during 

contraction, thus shortening the entire cell and the entire muscle (Macintosh et al., 2005; 

Lieber, 2009). 

 

 
Fig. 2.1 Structure of a skeletal muscle (from http://www.tarleton.edu/). 

2.1.2 Motor Units 

Although the functional unit of force generation is sarcomere, the functional unit of 

movement is motor unit (MU). It is defined as a single motoneuron plus the muscle 

fibers it innervates (Fig. 2.2). One muscle has a certain number of motor units, groups 

of which often work together to coordinate the contractions. In addition, larger motor 

units have stronger twitch tensions.  
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Fig. 2.2 Structure of motor unit (from http://www.thefreedictionary.com/). 

When an impulse initiated in the motoneuron passes down the axonal branches, all the 

muscle fibers are activated by a synchronous action potential, depolarize as the signal 

propagates along their surface and generate a twitch of force. The size and speed of the 

twitch depends on the number of muscle fibers in the motor unit and their contractile 

properties. Surface electrodes located near the muscle can detect the electric field 

induced by the depolarization. The combination of muscle fiber action potentials from 

all the muscle fibers is the motor unit action potential (MUAP) and the sum of electrical 

activity generated by each active motor unit is the EMG signal (De Luca et al., 1982).  

2.1.3 Skeletal Muscle Fiber Type 

The skeletal muscle fibers can be categorized into type I and type II according to their 

type of myosin (fast or slow twitch in contraction). Fast twitch fibers can be further 

classified into type IIa, type IIx and type IIb fibers. Type I fibers appear red and suited 

for endurance. Type II fibers are white and efficient for short bursts of speed. The 
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distribution of fiber types varies in different skeletal muscles. For example, both types 

of fibers are almost evenly distributed in biceps brachii muscle while there are more 

type II fibers in rectus femoris (RF) muscle (Johnson et al., 1973). Table 2.1 describes 

the most obvious differences among muscle fiber types.  

Table 2.1 List of the properties of type I and type II muscle fibers. (http://en.wikipedia.org/ 
wiki/Skeletal_muscle). 

Fiber Type Type I fibers Type IIa fibers Type IIx fibers Type IIb fibers 

Contraction time Slow Moderately 
Fast Fast Very fast 

Size of motor neuron Small Medium Large Very large 

Resistance to fatigue High Fairly high Intermediate Low 

Activity Used for Aerobic Long-term 
anaerobic 

Short-term 
anaerobic 

Short-term 
anaerobic 

Maximum duration of 
use 

Hours <30 minutes <5 minutes <1 minute 

Power produced Low Medium High Very high 

2.1.4 Muscle Motor Control Strategies: Size Principle 

The force output during a voluntary contraction can be increased either by increasing 

the firing frequency or the number of active motor units. According to the size principle, 

at lower force levels, motor units with small axons are first recruited, and as force 

increases, larger axons are increasingly recruited. Generally, small axons innervate slow 

motor units and larger axons innervate fast motor units (Henneman, 1981). It is the 

anatomical basis for the orderly recruitment of motor units to produce a smooth 

contraction. Motor units from different regions of the same muscle may be also 

separately involved in different movement patterns (Cope and Pinter, 1995).  
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As an indicator of the firing frequency of recruited motor units and an index of muscle 

force or torque (Orizio, 1993; Orizio et al., 2003; Jaskolska et al., 2006), the frequency 

and amplitude of EMG and mechanomyography (MMG) signals, of which the later one 

is the oscillation generated by the muscle during its contraction, have been examined to 

identify the motor control strategies during ramp or step isometric contraction, in which 

the force or torque is linearly increased or steadily maintained (Akasaka et al., 1996; 

Akasaka et al., 1997; Akataki et al., 2001; Beck et al., 2004, 2005; Bilodeau et al., 1997; 

Ryan et al., 2008a; Ryan et al., 2008b). For example, EMG has been used to study the 

difference between various muscle contraction protocols (Bilodeau et al., 1991; 

Lariviere et al., 2001; Nadeau et al., 1993; Sanchez et al., 1993).  

2.1.5 Muscle Contraction Pattern 

Voluntary muscle contractions can be classified according to either the length change or 

the force level, such as isometric, isokinetic, isotonic, concentric and eccentric 

contractions (Lieber, 2009). In isometric contraction, the muscle remains the same 

length. The MVC value was defined as the highest value of force or torque recorded 

during the isometric contraction (Hakkinen and Hakkinen, 1991). Two common 

isometric contraction types are ramp and step. In the ramp increasing and decreasing 

contractions, the subject is required to linearly increase the force or torque from 0 to 

MVC (or a sub-maximal MVC value) and then decrease back to zero. While in the step 

contraction, the subject is required to maintain the force or torque at a stable 

sub-maximal MVC value for a predefined length of time. In isokinetic contraction, the 

muscle contraction velocity remains unchanged. True isokinetic contractions are rare in 

daily life and are primarily an analysis method which is used in experiments on isolated 

muscles dissected out of the organism. In isotonic contraction, the tension remains 
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constant with the changes of muscle length. It means the maximum force or torque 

generated by the muscle exceeds the total load on it. The contraction with the shortening 

of muscle length is referred to as a concentric contraction. When the muscle is forced to 

lengthen due to the generated force is insufficient to overcome the external load, the 

contractions is referred to as an eccentric contraction (MacIntosh et al., 2005).  

2.1.6 Muscle Stiffness 

Skeletal muscle is composed of contractile (myosin) and passive elastic (actin and 

connective tissues) components (Shorten, 1987). Stiffness, which is observed in both 

active and passive muscle behaviors (Fung, 1993), has been shown to contribute 

significantly to muscle efficiency (Wilson et al., 1994). Passive stiffness of muscle is 

important for the control of movement because it determines the muscle resistance to 

the external perturbations. On the other hand, active muscle stiffness plays a key role in 

both the force generation and the body movements procedures. In addition, the stiffness 

of fast fibers (type II) was found to be lower than that of slow fibers (type I) (Goubel 

and Marini, 1987). And it was also found that different muscles exhibited different 

muscle stiffness at relaxed condition. This may be caused by the different muscle fiber 

orientation, e.g. biceps brachii, which is a bipennate muscle, exhibited a higher muscle 

stiffness than the unipennate muscles, such as vastus lateralis (VL) and vastus medialis 

(VM) (Bensamoun et al., 2006). The stiffness of skeletal muscle will be altered due to 

pathology or injury. It is well-known from palpation that muscle stiffness changes in 

some physiological conditions, such as voluntary contraction, and in some pathological 

conditions, such as spasm, cramps, oedema and delayed onset muscle soreness 

(Gennisson, 2005). Quantifying the muscle stiffness can help to improve the 

understanding of several kinds of muscular functional changes. Therefore, the in vivo 
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assessment of muscle stiffness is a valuable complement to muscle diagnosis and 

therapy monitoring, and several methods have been developed to meet this requirement.  

2.1.7 Quadriceps Femoris Muscles  

Quadriceps femoris muscles were selected as the target of this study. Quadriceps 

femoris is a large muscle group which includes four prevailing muscles on the front of 

the thigh. One of them, rectus femoris (RF), occupies the middle of the thigh, covering 

most of the other three quadriceps muscles. Vastus lateralis (VL) is on the lateral side of 

the femur (i.e. on the outer side of the thigh). Vastus medialis (VM) is on the medial 

side of the femur (i.e. on the inner part thigh). Vastus intermedius (VI) lies between VL 

and VM, right under the RF in the front of the femur. The anatomy of the four portions 

of quadriceps femoris is shown in Fig. 2.3. It forms a large fleshy mass which covers 

the front and sides of the femur and all four component muscles are powerful extensors 

of the knee joint. They are the strongest and leanest muscle in the human body and are 

crucial in walking, running, jumping and squatting (Abernethy et al., 2005). Therefore, 

studying the mechanical properties of quadriceps femoris muscles and assessing their 

functions are important when making a diagnosis, therapy or muscle strength training 

(Bensamoun et al., 2006; Karamanidis and Arampatzi, 2006; Kubo et al., 2001; Kubo et 

al., 2006).  
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              Superficial layer                    Deep layer 
 
Fig. 2.3 Anatomy of quadriceps femoris muscle group (rectus femoris, vastus lateralis, vastus 
medialis and vastus intermedius). (from http://anatomy.askthetrainer.com/) 

Various studies have been performed to investigate the structure, function and 

characteristics of quadriceps femoris muscles. Surface EMG, fine wire EMG and MMG 

have been used to study the activity level of the four muscles of quadriceps femoris 

during isometric knee extension and some other complex actions (Ebersole et al., 1999; 

Kimura et al., 2008; Pincivero et al., 2006). Muscle thickness, fascicle angle and 

fascicle length at multiple regions of the quadriceps muscles have been measured using 

ultrasound and other imaging methods (Arts et al., 2010; Karamanidis and Arampatzi, 

2006; Rutherford and Jones, 1992; Willan et al., 1992; Willan et al., 2002). In addition, 

the gender difference between adult men and women (Blazevich et al. 2006), the age 

difference between adults and children (O'Brien et al., 2010), and between young and 

Rectus femoris 

Vastus lateralis 

Vastus medialis 

Vastus intermedius 
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elderly adults (Karamanidis and Arampatzi, 2006) of these morphological parameters 

have also been compared. Furthermore, the isometric MVC torque of knee extensor was 

compared with the volumes, pennation angles of quadriceps femoris muscles and knee 

joint angles (Narici et al., 1992). Using biopsy method, fiber type composition of VL 

and VM of young men and women was also studied (Staron et al., 2000).  

2.2 Techniques for Muscle Assessment   

2.2.1 Electromyography  

Electromyography (EMG), the electrical signal collected by the electrodes during 

muscle contractions, reveals the electrical activity of a skeletal muscle and demonstrates 

the physiological process for muscle contraction. There are two types of EMG: fine wire 

EMG and surface EMG. Fine wire EMG is collected from two fine-wire electrodes 

which are inserted into the muscle. It is used to reflect the MUAP of certain muscle 

fibers and therefore can be used to detect the neuromuscular disorders and diseases 

(http://en.wikipedia.org/wiki/Electromyography). Otherwise, surface EMG signal is 

collected from the electrodes attached to the skin surface. It is the summation of 

individual MUAPs generated during the muscle activation. Compared with the fine wire 

EMG, it provides the information of overall muscle function rather than certain muscle 

fibers. In addition, surface EMG is non-invasive and non-painful to the patient. 

Therefore, surface EMG is widely used in both the clinical diagnosis and research. 

However, sometimes the electrical cross-talk from the adjacent muscles reduces its 

validity on studying a single muscle. In situations where this issue is of concern, it is 

advisable to reduce the size of the electrodes (De Luca, 1997; De Luca, 2002).  
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EMG is a direct reflection of muscle activity and various analyses have been carried out 

to investigate the relationship between the features of EMG patterns and muscle forces 

(Liu et al., 1999), joint angles (Sepulveda et al., 1993), joint moments (Wang and 

Buchanan, 2002), and joint torques and trajectory (Hahn, 2007; Koike and Kawato, 

1995). Moreover, it has been widely used for the evaluation of muscle function in 

biomechanics and kinesiology (Benoit and Dowling, 2006; Paavolainen et al., 2006), 

muscle pathology (Labarre, 2006), muscle fatigue (Masuda et al., 1999; MacIsaac et al., 

2006), and prosthetic device control (Kermani et al., 1995; Kuiken et al., 2004). During 

the past decade, lots of different algorithms have been developed to process EMG 

signals, such as time-frequency representation (Engelhart et al., 1999; Karlsson and 

Gerdle, 2001), wavelet analysis (Al-Assaf 2006; Englehart et al., 1999), fractal method 

(Talebinejad et al., 2009), and support vector machine (SVM) algorithm which has been 

applied to EMG-related neuromuscular disease diagnosis (Xie et al., 2003). All these 

efforts aim to extract efficient features of the EMG signal to represent the skeletal 

muscle physiological characteristics.  

2.2.2 Mechanomyography  

Mechanomyography (MMG) is the oscillation generated by the muscle during its 

contraction (Orizio et al., 2003). As the mechanical consequence of the motor unit 

electrical activity, MMG was detected from the body surface overlaying the muscle 

with, for example, accelerometers (Beck et al., 2004). It has been advised that the lateral 

oscillations detected by MMG could be decomposed into three parts: (1) a gross lateral 

movement at the beginning of a muscle contraction (2) smaller subsequent lateral 

oscillations produced at the resonant frequency of the muscle, (3) dimensional changes 

of the muscle fiber (Beck et al., 2004; Orizio, 1993).  
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The features of MMG have been reported to examine the kinematic and physiological 

characters during postural control (Kouzaki and Fukunaga, 2008), concentric muscle 

contractions (Ebersole et al., 1999), cycle ergometry (Housh et al., 2000; Perry et al., 

2001), and to detect various muscular disorders, including cerebral palsy (Akataki et al., 

1996), myotonic dystrophy (Orizio et al., 1997), low back pain (Yoshitake et al., 2001), 

and muscle fatigue (Mamaghani et al., 2002). MMG signal can also be used for 

monitoring the muscle activity level and has the potential for prosthetic control (Xie et 

al., 2009b). Furthermore, EMG and MMG have been acquired simultaneously to 

investigate the skeletal muscle characteristics, for example, to study the difference of 

agonist and antagonist muscles between elderly and young women (Jaskolska et al., 

2003), and to estimate the reason of elbow flexor torque changes at different joint 

angles (Jaskolska et al., 2004). Additionally, EMG and MMG have been thoroughly 

compared during isometric, concentric and eccentric contractions at different MVC 

(Madeleine et al., 2002).  

2.2.3 Morphological Parameters Measured by Imaging Methods 

2.2.3.1 Morphological Parameters 

Besides EMG and MMG, some morphological parameters of muscles, such as muscle 

thickness, pennation angle, fascicle length and cross-sectional area, can be estimated in 

vivo from the images collected by ultrasonography, computerized tomography (CT), or 

magnetic resonance imaging (MRI). In some muscles, the fibers insert into a sheet of 

membrane named aponeurosis, which thickens to become the tendon at the ends of a 

skeletal muscle. Pennation angle is defined as the angle at which the fascicles run into 

the aponeurosis. The force acting along the muscle axis is the product of the muscle 
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fiber force and the cosine of the pennation angle. Fascicle length is another important 

morphological parameter. In many cases, when investigators refer to muscle fiber 

length, they are actually referring to fascicle length. The propagation velocity of action 

potentials is correlated with the fascicle length (Arendt-Nielsen et al., 1992). Fig. 2.4 

shows an example of muscle morphological parameters measurement, where Ito et al. 

(1998) used ultrasound images to detect the pennation angle and fascicle length of 

human tibialis anterior muscle.  

 

 
Fig. 2.4 Pennation angle and fascicle length of tibialis anterior muscle (Ito et al., 1998). 

A cross-sectional image of leg at the mid-thigh level produced by CT scanning was 

shown for muscles’ physiological cross-sectional area (CSA) calculation (Fig. 2.5).  

The isometric force of a muscle is closely correlated with its CSA and is not dependent 
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on its length (Ikai et al., 1970; Morris, 1948). In addition, a significant positive 

correlation between the CSA of knee extensor muscles and the MVC force was also 

reported (Maughan et al. 1983).  

 

 
Fig. 2.5 CT scan obtained from an untrained healthy subject. The knee extensor muscles: A: 
adductors, G: gracilis, H: hamsstrings, Q: quadriceps, S: sartorius (Maughan et al., 1983). 

2.2.3.2 Ultrasonography 

Ultrasonography is widely used in the measurement of morphology changes of skeletal 

muscles due to its advantages, such as being stable, easy to use, cheap and able to 

record instantaneous activities from the deeper muscles without cross-talk from adjacent 

ones (Hodges et al., 2003). It has been used to detect the changes of muscle thickness or 

displacement (Bojsen-Moller et al., 2003; Farella et al., 2003; Mannion et al., 2008; 

Matsubayashi et al., 2008; Muller et al., 2000; Nogueira et al., 2009; Sallinen et al., 

2008; Springer and Gill, 2007; Suzana et al., 2008), pennation angle (Ichinose et al., 

1997; Mahlfeld et al., 2004), cross-sectional areas (Kanehisa et al., 1995; Narici et al., 

1996; Reeves et al., 2004), and muscle fascicle length (Fukunaga et al., 2001; Griffiths, 

1987; Ichinose et al., 1997). These ultrasound parameters have also been suggested to 
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characterize muscular pain, injuries and dysfunction (Bernathova et al., 2008; Botteron 

et al., 2009; Chester et al., 2008; Diaz et al., 2008; Sikdar et al., 2008). However, most 

of these measurements were in static and quasi-static conditions. 

Since skeletal muscle architecture is closely correlated with its function (Lieber and 

Friden, 2000), ultrasound has been used together with EMG to provide more 

comprehensive information about the muscle activities and properties (Andrade et al., 

2009; Ferreira et al., 2004; Hides et al., 1994; Hodges et al., 2003; Ishikawa et al., 2006; 

Whittaker et al., 2007). It has been reported that the relationship between EMG and 

muscle morphological parameters is almost linear only in lower range of forces, but not 

in higher range of forces for tibialis anterior (TA) (Hodges et al., 2003), biceps brachii 

(Hodges et al., 2003; Shi et al., 2008), transversus abdominis (Hodges et al., 2003; 

McMeeken et al., 2004) and masseter muscle (Georgiakaki et al., 2007).  

In a previous study, Zheng et al. (2006) used sonomyography (SMG) to describe the 

real-time muscle thickness change detected using B-mode ultrasound images during its 

dynamic contraction. A system was developed to record and analyze ultrasound images, 

force, joint angle and surface EMG simultaneously. The system has been successfully 

used for the analysis of muscle fatigue and it was found that the muscle thickness 

increased during the fatigue process (Shi et al., 2007). The correlation between EMG 

and SMG of muscles during isometric contraction has also been investigated (Shi et al., 

2008). It has been proposed to use the real-time muscle morphological change detected 

by ultrasound, i.e., SMG, for the prosthetic control (Guo et al., 2009; Zheng et al., 

2006), assessment of isometric muscle contraction (Shi et al., 2007, 2008; Zhou et al., 

2008) and isotonic contraction (Xie et al., 2009a).  
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2.2.4 Muscle Stiffness Measurement 

Skeleton muscle stiffness in vivo may differ strongly from the stiffness of excised 

muscle due to variations in hydrostatic pressure and biomechanical mechanisms such as 

muscle tension (Fung, 1993). Experimental techniques, such as quick release and 

sinusoidal perturbations, are classically used to study the mechanical behavior of 

muscle in vivo (Brown et al. 2009; Feit et al., 1985; Ochala et al. 2004; Robinson et al., 

1994). They can only assess global mechanical properties of the musculotendinous and 

musculoarticular complexes without differentiation of the various structures in them 

(i.e., muscle, tendon, joint) and the different muscles involved in the task. Recently, 

more localized techniques have been implemented to quantify the muscle mechanical 

properties, such as shear stiffness and viscosity. 

2.2.4.1 Indentation Methods 

Palpation is widely used clinically to detect abnormal regions of increased stiffness as 

an indicator of pathological conditions. However, it is only a qualitative method. For 

quantitative estimation of muscle stiffness, some indentation assessment devices have 

been developed to obtain force-deformation relationship, which can be used to extract 

intrinsic material parameter based on the mathematical model of elastic indentation 

problem, e.g., the Hayes model (Hayes et al., 1972). A portable device called 

myotonometer was developed by applying external pressure on the skin surface with a 

small rod and analyzing the amount of deformation that occurs within a muscle. It has 

been used to assess the human elbow flexor muscles after eccentric exercise (Leonard et 

al., 2003; Murayama et al., 2000). Another device is the Tissue Ultrasound Palpation 

System (TUPS) (Zheng et al., 1997). It is comprised of a hand-held indentation probe 

with an ultrasound transducer, which can measure the tissue deformation and 
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simultaneously provide the muscle thickness, and a strain gauge load cell connected in 

series, which can measure the force exerted on it. The Young’s modulus of the tissue 

then can be determined by the load-deformation relationship (Zheng and Mak, 1999; 

Zheng and Mak, 2000). Although these devices have acceptable reliability, the stiffness 

of muscle and other subcutaneous tissues, such as fat, is still difficult to be 

differentiated. And it is also not suitable for the assessment of deep muscles, of which 

the conditions are much different with the hypothesis defined by the commonly used 

mathematical models. Furthermore, indentation technique cannot provide stiffness 

measurement along the muscle action direction.  

2.2.4.2 Methods Based on Shear Wave Velocity Measurement 

A number of methods have also been proposed to assess the elasticity of soft tissue 

based on ultrasound imaging. Static elastography applies a quasi-static compression to 

the tissue and forms a 2-D image which provides a relative mapping of the estimated 

tissues strain (Ophir et al., 1991). Although this method is useful in detecting abnormal 

lesions, it is inadequate for assessing diffuse disease, where abnormality is not confined 

to a local region and there is no normal background tissue to provide contrast. Such 

circumstances require quantitative methods, where the tissue elastic parameters, such as 

Young’s modulus or shear modulus, can be measured. 

Based on the wave theory, for linear elastic, locally homogeneous, isotropic and 

incompressible material, the shear wave velocity cs, by which the wave propagates in 

the material, is related to the shear modulus µ1, which is one of several quantities for 

measuring stiffness of material, via the following well-known equation: 

2
1 scρµ =                               (2.1) 
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where ρ is the mass density of the material. Thus the estimation of shear wave velocity 

propagating in the muscle can yield an estimation of the muscle shear modulus. The 

velocity can be calculated from the time delay between the waveforms collected from 

two positions along the wave propagation path, or from the wave length measured from 

the 2-D strain images. Biological tissues always exhibit elasticity and viscosity 

simultaneously. For a more complicated model, they were assumed as a Voigt body, 

which consists of a linear elastic spring in parallel with a viscous dashpot (Fig. 2.6). 

Theoretically, for a homogeneous medium, the shear wave propagation velocity cs for 

the Voigt model is related to the vibration frequency fs (Oestreicher, 1951):  
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where µ1 denotes the shear modulus, µ2 denotes the shear viscosity and ρ is the mass 

density of the material. Note that in the absence of tissue viscosity (i.e., µ2 = 0), Eq. 2.2 

will be simplified to the expression described by Eq. 2.1. In these models, the 

reconstruction assumption of a homogeneous and isotropic material is not valid for 

skeletal muscle, but these assumptions are generally assumed to yield an acceptable 

estimation of the tissue stiffness and viscosity. These models has been shown to be a 

promising technique for estimating the shear modulus and also the shear viscosity of 

various tissues including the skeletal muscle (Catheline et al., 1999; Gennisson et al., 

2005; Kruse et al., 2000; Madsen et al., 1983; Muthupillai et al. 1995; Muthupillai et al. 

1996). In addition, they have also been proved to be better than the other models, e.g. 

Maxwell model, for the agar-gelatin phantom and bovine muscle (Catheline S et al., 

2004). 
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Fig. 2.6 Voigt viscoelastic model where µ1 and µ2 are the coefficients of elasticity and 
viscosity. (Hoyt et al., 2008) 

Sonoelastography consists of steps of stimulating the tissue with a low-frequency 

monochromatic mechanical vibration (10 to 1000 Hz) and measuring the relative tissue 

displacement with a Doppler instrument. From the Doppler images, the shear wave 

velocity could be determined, and then the shear modulus can be calculated (Gao et al., 

1996; Parker et al., 1990). Applied on human quadriceps muscles, this technique 

showed that the muscle shear modulus was highly correlated to the different weight of 

muscle active load (Levinson et al., 1995). Recently, crawling wave sonoelastography 

was developed by Wu et al. (2004). With this modality, slowly moving shear wave 

interference patterns (termed crawling waves) were generated using a pair of 

mechanical sources and imaged using sonoelastography, as shown in Fig. 2.7. The main 

advantage to this technique is that crawling wave wavelength can reflect local tissue 

stiffness (Wu et al., 2006; Hoyt et al., 2008). However, since sonoelastography requires 

long acquisition time, it is not desirable for studying the muscle at any significant 

fraction of MVC force or torque since the muscle will soon fatigue.  
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Fig. 2.7 Illustration of the crawling wave sonoelastography. Two mechanical sources (a) 
separated by distance L vibrate at slightly offset frequencies (double arrows) and coupled 
normal to the imaging material (b). Slowly moving shear wave displacement fields are imaged 
using an ultrasound probe (c) for a given region-of-interest (d) as these crawling wave propagate 
through the medium (large arrow). (Hoyt et al., 2008) 

In contrast, transient elastography provides instantaneous measurement and can be used 

to track the muscle stiffness changes in the contraction process. In transient 

elastography, an ultrasound transducer is used also as a piston-like vibrator to apply a 

pulsed excitation on the tissue, and the direction of the studied shear wave propagation 

is perpendicular to the muscle action direction (Catheline et al., 1999; Sandrin et al., 

2002). The displacements induced by the transient shear wave are estimated using a 

speckle tracking method (Ophir et al., 1991). The M-mode displacement field image of 

transient elastography is shown in Fig. 2.8. This method has been used to assess the 

stiffness of biceps brachii muscle and the gastrocnemius medius muscle (Gennisson et 

al., 2005; Nordez et al., 2009; Sandrin et al., 2002), and it has been shown that the 

transverse shear modulus of muscles is related to their activity level (Gennisson et al., 

2005) and their passive tension (Nordez et al., 2008). However, the coefficients of 

determination reported by Gennisson et al. (R2 = 0.55) and the repeatability reported by 
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Nordez et al. were both lower than desired levels. This indicated the limitations of this 

1D technique to accurately estimate muscle activity from the elastic modulus. Since the 

skeletal muscle is an anisotropic tissue, the shear modulus along the direction of muscle 

action is desired to be more related to the muscle activity level than the transverse shear 

modulus, and thus more desirable in research and clinical studies. Recently the 

transient elastography has been extended to investigate the 2D shear wave propagation, 

which is termed as supersonic shear imaging (SSI) (Sandrin et al., 1999; Sandrin et al., 

2002). In SSI, besides the shear modulus, the dispersion phenomenon of shear wave 

propagation, in which the shear wave velocity varies depending on its frequency, was 

used to estimate the shear viscosity of soft tissues based on the Voigt model. SSI has 

been reported to study the stiffness of biceps brachii muscle (Nordez and Hug, 2010) 

and muscles in the lower leg (Shinohara et al., 2010). The results confirmed that the use 

of SSI can improve the calculated correlation coefficients between muscle shear 

modulus and EMG expressing muscle activity levels. This also showed that SSI has 

potential to be used to indirectly estimate muscle stress. However, this technique 

requires super fast imaging speed to achieve a very high frame rate, which is not 

compatible with current commercial ultrasound scanners. The frame rate limitation also 

made the stiffness measurements of SSI saturates at 100 kPa. In Nordez and Hug’s 

recent study (2010), the incremental isometric ramp tasks were analyzed on the biceps 

brachii muscle only under 28±7% of maximum EMG activity level due to this 

saturation issue. In Shinohara et al.’s study (2010), the contraction level of the lower leg 

muscles they studied was 30% MVC and all the shear modulus values they reported 

also did not exceed 100 kPa.  



CHAPTER 2                                                  Literature Review 
 

26 

 

Fig. 2.8 Two typical displacement fields obtained for a pulse (100 Hz disturbance) in the 
transient elastography method. The displacements of a compressional wave (P) and of a shear 
wave (S) in an Agar-gelatin based phantom can be observed in the left one. The shear wave 
velocity can be obtained by divided depth ∆d with time ∆t. The experimental displacement field 
along depth versus time on a beef muscle is shown in the right one (Gennisson et al., 2003).  

Another instantaneous measurement technique which is called shearwave dispersion 

ultrasound vibrometry (SDUV) focused on the measurement of tissue elasticity along 

the same direction of shear wave propagation (Chen et al., 2009). A harmonic shear 

wave is produced by the acoustic force generated by a focused ultrasound beam, and its 

propagation is monitored by a pulse echo ultrasound beams at one side of the vibration 

source. The shear wave velocity is calculated from the time delay and distance between 

the two positions, as shown in Fig. 2.9. Besides the shear modulus, it can also solve the 

shear viscosity of the soft tissues using the frequency-velocity dispersion curve. The 

technique has been verified using two separated ultrasound transducers, one for pushing 

and the other one for detection. However, penetration depth of SDUV is limited by 

whether enough ultrasound intensity can be delivered to the depth of measurement to 

generate sufficient tissue vibration. It is not very successful when using the single 

commercial linear array transducer to generate both the acoustic force and the detection 

beam, since the acoustic force cannot generate decent shear waves at enough depth of 

the deep muscle (Chen et al., 2008). This technique has been evaluated on the porcine 

muscle (Urban et al., 2009) and bovine muscle (Chen et al., 2008), but has not been 

∆d 

∆t 
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reported to be used for the assessment of human muscle stiffness in vivo.  

 

Fig. 2.9 Illustration of the principle of shearwave dispersion ultrasound vibrometry (SDUV). 
The pushing and detecting beams are focused at two different locations separated by distance r. 
The shear wave velocity can be calculated by divided the distance r with the time delay ∆t. 
(Chen et al., 2009) 

Magnetic resonance elastography (MRE) is a novel non-invasive phase-contrast MR 

technique which is capable of visualizing small amplitude wave propagation excited by 

an external vibrator (Muthupillai et al. 1995; Muthupillai et al. 1996). The wavelength λ 

of shear wave can be measured from the MR images and used to calculate shear wave 

velocity cs with the following equation: 

ss fc λ=                                (3) 

where fs is the vibration frequency. An elastogram of the spatial elasticity distribution 

then can be produced throughout the tissue. Fig. 2.10 shows the MR modulus image and 

corresponding wave image of a human’s calf. In contrast to ultrasound, MRE has no 

limitations in penetration depth and can provide images with a high resolution. Many 

studies have been reported about the assessment of muscle stiffness using MRE method 

(Bensamoun et al., 2006; Bensamoun et al., 2008; Dresner et al., 2001; Ringleb et al., 

2007; Sack et al., 2002; Uffmann et al., 2004). However, it is expensive and requires 

very long acquisition time (about 1-3 minutes for one acquisition). This greatly limits its 
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application, particularly when under high intensity muscle contraction. It was also 

observed that the SNR of the MRE wave images decreased with the increase of 

contraction levels after 20% MVC (Bensamoun et al., 2008).  

 

Fig. 2.10 Shear waves were applied to the calf of a human volunteer at the location illustrated in 
the modulus image (a). The corresponding wave image (b) was acquired using magnetic 
resonance elastography (MRE) with two cycles of motion-sensitizing gradients and clearly 
depicts propagating waves in vivo. (Muthupillai et al. 1996) 

2.2.4.3 Shear Wave Generation and Propagation Pattern in Skeleton Muscle 

There are two methods often to be used to generate shear waves in soft tissue. One is to 

generate mechanical shear waves at the skin surface using an electromagnetic vibrator 

and the waves will propagate into the tissue, as used in the transient elastography and 

MRE. The other one is using the focused ultrasound beam to generate acoustic force at a 

given depth and the shear waves will propagate from this starting point to the 

surrounding tissue, as used in the SSI and SDUV. The former method can generate 

much larger amplitude waves than the later one, so the displacement of the tissue can be 

easily tracked. In addition, the generated shear waves can be monochromatic and so the 

tracking results can be easily filtered to remove noise. However, the external 

mechanical vibration is difficult to standardize for in vivo experiments. In the process of 

the propagation from the skin surface to the inside tissue, refraction and reflection will 

λ 
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occur at the interfaces between two tissue layers with different mechanical properties, 

especially when there is complex bone-muscle geometry (Heers et al., 2003). This will 

change the wave patterns and make the wavelength or time delay hardly to be measured 

accurately. The later method can reduce the interference from wave reverberation 

phenomenon and make the system more compact. However, due to the power limitation 

caused by safety consideration, it can only generate very small amplitude vibrations at a 

limited depth. This shortage limits its usage on the deep muscles and makes the tissue 

displacement tracking much harder.  

Shear wave propagation patterns in the soft tissue has demonstrated several wave 

phenomena. The wave front undergoes refraction and reflection at the interface between 

the stiff and soft medium, such as an aponeurosis or a bone. Attenuation of the shear 

wave as it propagates through the tissue is also evident. All of these phenomena will 

affect the wave patterns in the skeleton muscle and the measured shear wave velocity 

(Muthupillai et al., 1996). How to avoid the negative influences of these wave 

phenomena must be thoroughly considered when designing the experiment. Skeleton 

muscle is known to be anisotropic. Muscle filaments can slide along each other and the 

coupling between them may be the reason that muscle demonstrates lower stiffness in 

the direction across the muscle fibers than in the direction along the fibers, which is 

approximately the muscle action direction. So for the mechanical vibration method, the 

short push-bar mounted on the rod of the vibrator must be kept in a consistent 

orientation to generate shear wave propagation parallel to the muscle fibers to minimize 

the anisotropic effects (Chen et al., 2009; Gennisson et al., 2005; Hoyt et al., 2008; 

Kruse et al., 2000). When the external excitation is applied on different positions, the 

shear wave patterns in the muscle will also be different (Sack et al., 2002). V-shaped 
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waves were observed when excitation was applied on the tendon, since the shear wave 

propagation in a central band of stiff fascicles was about twice as fast as that in 

surrounding soft tissues. However, when excitation was applied on the muscle belly 

surface using a short push-bar, the shear wave patterns were planar as all muscle fibers 

were simultaneously excited.  

The influence of viscosity on shear wave velocity measurements in muscle has been 

previously studied (Catheline et al., 2004; Deffieux et al., 2009). Using SSI, Deffieux et 

al. (2009) found that in the direction along the muscle action direction, the shear wave 

propagation was practically non-dispersive, whereas in the direction perpendicular to 

the muscle action, the propagation was highly dispersive. In addition, at several 

different isometric contraction levels, the shear wave velocity along the direction of 

muscle action still remained quasi-constant when the exciting frequency increased. 

Their results are also in accordance with those reported by Catheline et al. (2004) using 

transient elastography method on bovine muscles. Therefore, the shear wave velocity is 

almost independent of the exciting frequency and the viscous effects can be neglected 

when the muscle shear modulus along the muscle action direction is measured. 

2.3 Muscle Variations with Age, Gender and Other Factors 

2.3.1 Muscle Ageing 

Sarcopenia is a term referring to the degenerative loss of skeletal muscle mass and 

strength in elderly humans. It starts as early as 30 years elderly and becoming 

significant around the age of 60 years (Jones and Haan et al., 2004; Lieber, 2009). With 

the age increasing, these degenerations will be associated with increased susceptibility 
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to fall and a decreasing mobility. Some studies have been reported about the 

relationship between the age-related muscle weakness of elderly adults and their ability 

of dynamic stability control (Arampatzis et al., 2008; Grabiner et al., 2005; Karamanidis 

et al. 2008). Since the aged population is the fastest growing subgroup in the world, 

muscle ageing presents a serious problem for the health and social services. 

2.3.1.1 Strength Changes with Ageing 

Comparisons of the isometric MVC force or torque in young and elderly subjects have 

been performed for several different muscle groups, such as the ankle plantarflexors, the 

knee extensors, the handgrips and the elbow extensors. It has been demonstrated by 

these studies that the loss of muscle strength occurs in all the muscle groups tested and 

it affects men and women equally (MacIntosh et al., 2005). The decline in the muscle 

strength of elderly adults comparing to the young ones is in a range from about 20% to 

larger than 60%. Likewise, the maximum velocity of contraction also decreases in the 

elderly subjects (Abernethy et al., 2005; MacIntosh et al., 2005).  

2.3.1.2 Muscle Fibers Changes with Ageing 

Corresponding to the loss of muscle strength, the muscle size estimated from the muscle 

CSA has also been proved to be about 20% smaller in elderly adults compared to young 

adults (Klein et al. 2001; Narici et al. 2003). The decrease in muscle volume could be 

due to fiber atrophy and decreased numbers of fibers. Lexell et al. (1983) found that the 

VL muscle of elderly men contain about 25% fewer fibers than the corresponding 

muscles of young men. In addition, ageing also leads to marked alterations in muscle 

architecture that potentially contribute to the strength loss. Muscle fascicle lengths and 

pennation angles in elderly individuals were reported to be significantly smaller than 
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those in young adults (Morse et al., 2005; Narici et al., 2003; Narici et al., 2008). 

Moreover, according to the studies on the fiber types, an increase in the relative 

percentage of type I fibers was found, and the fiber atrophy with ageing is most 

pronounced for type II fibers (Larsson et al., 1978). The dominant loss of the fast fibers 

also explained the slowing of the contractile properties of the ageing muscle (MacIntosh 

et al., 2005).  

2.3.1.3 Antagonist Muscle Coactivation with Ageing 

Muscle coactivation is the concurrent activity of agonist and antagonist muscles 

surrounding a joint. The conventional interpretation of coactivation is that it serves to 

increase joint stiffness to absorb the energy of impact (Hortobagyi et al., 2000). As a 

prerequisite for studying the muscle coactivation, it has been observed that both young 

and elderly subjects could fully activate their muscles (Phillips et al., 1992). However, 

the level of coactivation has been observed increasing slowly with age (Klein et al., 

2001). In a recent study, coactivation in elderly adults was reported to be increasing 

with age independent of the different muscle or the type of muscle contraction 

(Hortobagyi et al., 2009). These changes of skeleton muscles can increase the joint 

stability and safety to compensate the reduction of muscle strength in the elderly adults 

(Ochala et al., 2004).  

2.3.2 Gender Differences of Muscle 

Anterior cruciate ligament (ACL) is a major ligament of human knee and important for 

proper movement. ACL injury is the most common knee ligament injury in athletes 

(http://en.wikipedia.org/wiki/Anterior_cruciate_ligament). Tears in the ACL often take 

place when the knee receives a direct impact from the front while the leg is in a stable 
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position, or when the knee is forced to make sharp changes in movement. The risk of 

ACL injury in female athletes is more than twice higher compared to equivalently 

trained males. Research has failed to identify a sole factor responsible for this gender 

discrepancy and this has been attributed to the multi-factorial effects of the gender 

differences in anatomy, muscular strength, reaction time of muscle contraction and 

training techniques (Aune et al., 1996; Eiling et al., 2007; Padua et al., 2005; Park et al., 

2008; Withrow et al., 2006; Zhang et al., 1997). The best way to prevent an ACL injury 

is to implement warm up drills before training or match. These drills will increase 

neuromuscular control and conditioning. In turn, muscular reactions will improve thus 

decreasing the risk of an ACL injury.  

Previous researches indicated that the muscle mass and cross-sectional area are greater 

in males than in females (Miller et al., 1993; Staron et al., 2000). Muscle architecture is 

also different between genders. Females were found to have longer muscle fiber length 

and males have thicker muscles and larger pennation angles (Chow et al., 2000). 

Although many studies have found gender differences related to fiber size, conflicting 

reports have been published regarding the gender differences in fiber type distribution. 

Inconsistent results have been reported with a higher percentage of slow fibers in 

women, in men, or no difference between men and women (Blackburn et al., 2009; 

Staron et al., 2000). As a global mechanical property of the knee joint including muscle, 

tendon, bone and cartilage, the knee flexor stiffness of males was greater than that of 

females. However, no gender difference in knee flexor stiffness was found after 

normalizing to the anthropometric characteristics (Blackburn et al., 2004; Granata et al., 

2002). When focusing on an individual muscle, the elastic modulus of hamstring was 

found to have no gender difference (Blackburn et al., 2009). But at a different muscle, 
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triceps surae, the elastic modulus was significantly greater in males than females 

(Blackburn et al., 2006).   

2.4 Summary 

This chapter has mainly reviewed the previous studies for the methods of skeletal 

muscle stiffness assessment, and the age and gender differences of skeletal muscle 

properties. The method based on shear wave velocity measurement can provide 

quantitative estimation of muscle stiffness, i.e. shear modulus, and is becoming a 

promising technique in this field. Many previous studies have been reported about the 

correlation between muscle stiffness and muscle activity level during non-fatiguing 

contraction. Some of them used different weight loads to represent the different muscle 

activity levels at step isometric contraction, such as from 1kg to 10 kg (Dresner et al., 

2001; Sandrin et al., 2002). But for individuals with different muscle strength, 

especially when the age and gender dependences of muscle stiffness are to be 

considered, the same weight load does not mean the same relative muscle activity level 

compared with the maximum contraction capability of the individuals their own. The 

more reasonable method is to use the percentage of MVC as an indicator, such as 

dividing the range from 0% MVC to 100% MVC into different levels, to describe the 

different muscle activity levels. However, all current muscle stiffness assessment 

methods mentioned above are not suitable for this kind of study due to the limitation of 

the measurement range. MRE has been used under different percentage of MVC levels, 

but acceptable quantitative results can be only achieved under up to 20% MVC level 

(Bensamoun et al., 2008). At higher percent levels, the SNR of the MRE images was 

significantly reduced due to the long acquisition time. In contrast, ultrasound methods 
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can provide instantaneous measurement and thus overcome the fatigue issue. SSI has 

been applied to study the muscle stiffness at different contraction levels (Nordez and 

Hug, 2010; Shinohara et al., 2010). However, the small imaging region and the limited 

frame rate made the measured shear modulus saturate at 100 kPa. The isometric 

contraction tasks were analyzed only under up to 30% MVC level due to this saturation 

issue. On the other hand, quadriceps femoris muscles are extensors of the knee joint. 

They are the strongest and leanest muscle in the human body and play an important role 

in normal actions and movements. Although many studies have been performed on this 

muscle group using traditional assessment methods, such as EMG, MMG and 

morphology measurement, the stiffness of its four separate portions was rarely studied 

(Bensamoun et al., 2006; Bensamoun et al., 2008), especially the deeper one, VI 

muscle. In addition, very little has been done on the age and gender dependences of 

muscle stiffness under different muscle contraction levels. To fix these gaps, the main 

objectives of this study are 1) to develop a new vibro-ultrasound method to characterize 

the stiffness of VI along the muscle action direction in a full muscle contraction range, 

i.e. from 0% to 100% MVC levels of step isometric contraction; 2) to determine the 

relationship between the measured muscle stiffness and the incremental step isometric 

contraction levels of knee extensor; 3) to compare the results of above assessments 

obtained from four divided groups of subjects with different age ranges and genders; 4) 

to correlate the muscle stiffness with the EMG expressing muscle activity level. 
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CHAPTER 3 METHODS 

3.1 Skeletal Muscle Stiffness Measurement System  

3.1.1 System Setup 

The measurement system consisted of a programmable ultrasound scanner, a 

custom-made program for ultrasound data acquisition and a mechanical vibrator. An 

electromagnetic vibrator (minishaker type 4810, Brüel & Kjær, Nærum, Denmark), 

which was driven by a power amplifier and controlled by a conventional function 

generator, was used to induce shear waves in the muscle. The reason for selecting 

mechanical vibrator but not acoustic force method was that it can generate shear waves 

with enough large amplitude in the deep muscle, such as VI, and hence increase the 

SNR of the tracking results of tissue displacements. Moreover, for VI muscle and the 

RF muscle above it, their sizes are large, shapes are plane and their muscle fibers are 

almost aligned on the same axis to form a simple structure. Therefore, the refraction and 

reflection phenomenon along the direction of muscle action, i.e. the wave propagation 

direction we studied, can be greatly reduced and almost neglected. The vibrator 

impacted the muscle with monochromatic low-frequency sinusoidal pulses (100 Hz, 10 

cycles for a train in this study). As mentioned in Section 2.2.4.3, the shear wave 

velocity is almost independent of the exciting frequency and the viscous effects can be 

neglected when measuring the muscle shear modulus along the muscle action direction. 

For soft tissue like skeleton muscle, low-frequency mechanical vibration must be used 

because of the power limitation of mechanical actuator and the rapid attenuation of 

propagating shear wave with a high frequency. In general, the vibration frequency of 90 

to 150 Hz are typically used in MRE for the skeletal muscle assessment (Bensamoun et 
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al., 2008; Brauck et al., 2007; Domire et al., 2009; Ringleb et al., 2007; Suga et al., 

2001). For a more reasonable comparison with the results of previous studies using 

MRE, which include almost all the studies of muscle shear modulus assessment at step 

isometric contraction, 100 Hz frequency was also selected to be used in this study. For 

the consideration of safety issue, the maximum force of the vibrator was 10 N and the 

maximum peak-to-peak displacement of the piston was 6 mm, thus the generated 

vibrations were very safe for the human subjects.  

The shear wave velocity measurement system was developed based on a commercial 

ultrasound scanner SonixRP (Ultrasonix Medical Corp. Vancouver, Canada) with a 

5-14 MHz (driven by the central frequency, 9.5 MHz) linear array probe and its 

software developing kits programmed by Visual C++ (Microsoft Corporation, USA). As 

demonstrated in Fig. 3.1, shear wave generated by the external vibrator propagated along 

the muscle action direction. The long axis of the linear array probe was placed along 

this direction. At the proximal and distal positions, the tissue displacements were 

monitored by two focused ultrasound beams. The distance between these two scan lines 

was ∆r and the time delay between the two detected waveforms was ∆t. The wave 

velocity c could then be calculated by 

trc ∆∆= /                            (3.1) 
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Fig. 3.1 Diagram of shear wave velocity measurement method using two scan lines. 

A custom-designed ultrasound transmission and reception sequence was developed by 

programming the beamformer of the system. After the sequence started running, 

B-mode images were first acquired with 256 scan lines (corresponding to a width of 38 

mm) and a predefined penetration depth (65 mm for the measurements on VI muscle) 

for helping position the probe on the expected place with a right orientation, where RF 

and VI could be clearly distinguished with aponeurosis and the transducer surface was 

parallel to the muscle action direction, as shown in Fig. 3.2. The short bar of the 

vibrator was also oriented under ultrasound guidance to guarantee the direction of shear 

wave propagation was parallel to the direction of muscle action and hence the 

anisotropic effects was minimized (Gennisson et al., 2005; Hoyt et al., 2008; Kruse et 

al., 2000).  
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Fig. 3.2 A typical B-mode image of thigh muscles along the muscle action direction. 

Then with an external trigger which was also used to control the vibrator, two scan lines 

with a predefined distance (in this study, a distance of 15 mm was used) were selected 

to measure the propagation of the shear wave. A very high frame rate could be achieved 

for the two scan lines. The exact frame rate depended on the predefined penetration 

depth, since the acquisition time for each frame increased with the penetration depth. 

The deeper was the depth, the longer the acquisition time, and thus the lower the frame 

rate. However, the exactly frame rate value would be different for different ultrasound 

scanner devices since the variations on hardware and software. Besides the frame rate, 

the distance between the two scan lines was another parameter which could affect the 

upper limit of shear wave velocity measurement. The larger the distance, the larger the 

time delay, hence when the frame rate was the same, the higher the velocity upper limit 

could be achieved. However, if the distance was too large, the amplitude of the shear 

wave detected at the distal point would be too small to be tracked. The 15 mm distance 

used in this study was the result of a compromise between the two factors mentioned 

above. The frame rate finally achieved in this study was up to 4.6 kHz at a 65 mm 

penetration depth, and theoretically the upper limit of velocity measurement was 69 

m/s, assuming the minimally detectable time delay was 1 frame. This value 
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corresponded to a shear modulus of more than 4000 kPa, which could well satisfy the 

requirement of muscle stiffness measurement at even 100% MVC isometric contraction 

level. The sampling frequency of the received radio-frequency ultrasound signal was 40 

MHz. The vibrator and the ultrasound scanner were synchronized using an external 

trigger signal to guarantee the vibration occurred in the ultrasound data acquisition 

period. The data acquisition was instantaneous and therefore the subject only needed to 

maintain the selected contraction level for a very short duration. For each measurement, 

10000 frames radio-frequency data (equivalent to approximately 2s) were stored on the 

hard disk of SonixRP and then transferred to a computer for further analysis. As 

illustrated in Fig. 3.3, the whole experimental setup for human subjects also included a 

dynamometer and a system for surface EMG acquisition. The isometric torque 

production of knee extensor was assessed using a HUMAC NORM rehabilitation 

system (Computer Sports Medicine, Inc., Stoughton, MA, USA), which included a 

specially designed chair and a fixed dynamometer. The machine was set to the knee 

joint isolated movement pattern and isometric resistance mode. The knee joint angle of 

isometric contraction was also set using the machine. The surface EMG signal was 

captured using EMG bipolar Ag-AgCl electrodes (Noraxon U.S.A. Inc., USA) and 

pre-amplified with a gain of 100 using a circuit located near the electrodes. The signal 

was further amplified with another factor of 10 by the custom-designed EMG amplifier 

and filtered by a 10 to 400 Hz band-pass filter. The surface EMG was then digitized by 

a 12 bits data acquisition card (NI-DAQ 6024E, National Instruments Corporation, 

Austin, TX, USA) with a sampling rate of 4 kHz. Its sampling was also synchronized 

using the external trigger signal as mentioned above.  
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Fig. 3.3 Illustration of the data collection system used in this study. 

3.1.2 Data Processing 

3.1.2.1 Tissue Displacements Tracking 

All signals were processed off-line using a custom-made program of Matlab (Version 

R2008, MathWorks, Inc., MA, USA). The tissue displacements induced by the vibrator 

at different depths were determined using the radio-frequency ultrasound signals by a 

modified cross-correlation algorithm, which is also called echo-tracking method 

(Cespedes et al., 1995; Ophir et al., 1991; Wang and Zheng, 2010). The function of 

Matlab c=xcorr(x,y) returns the cross-correlation sequence in a length 2*N-1 vector, 

where x and y are length N vectors (N>1). If x and y are not the same length, the shorter 

vector is zero-padded to the length of the longer vector. The equation used to calculate 

the one-dimensional cross-correlation is as follow:  
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The output vector c has elements given by: 

12 , ,1           ),()( −=−= NmNmRmc xy K                    (3-3) 

It requires a reference signal segment from the initial frame of data and searches for the 

most similar segments to the reference one in the subsequent frames. Then the relative 

tissue movement in the vertical direction is estimated. Since tissue movement between 

two neighboring frame is generally not integral multiples of the sampling period, the 

location of the largest sample of the cross-correlation function (CCF) is an inexact 

estimator of the location of the peak. Therefore, we must interpolate between the 

samples of the CCF to improve the estimation precision. The maximum likelihood 

approach to interpolation is the application of a reconstruction filter to the discrete CCF. 

However, this method can only be approximated in practice and can be computationally 

intensive. For these reasons, a simple method has been widely used in the previous 

studies to fit a parabola to the samples of CCF in the neighborhood of its peak, as 

shown in Fig. 3.4 (Cespedes et al., 1995). In this study, the highest 3 points of the peak 

of CCF were linked with a fitted parabola and 200 points were interpolated in this 

range, then the location of the largest interpolated point was treated as the result.  
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Fig. 3.4 Diagram of the cross-correlation function peak (solid line), its samples, and a fitted 
curve (dashed line) (Cespedes et al., 1995).  

According to its size, the first frame of radio-frequency ultrasound signals was divided 

into 20 - 40 parts with equal length and 50% overlap (the number of segments depended 

on the selected penetration depth of ultrasound scanner). Each part was then treated as a 

reference signal segment and its movement was tracked and estimated using the 

cross-correlation algorithm frame by frame automatically. The tissue movements at 

different depths were then plotted with time along the x-axis and depth along the y-axis 

similar to an M-mode ultrasound image. Due to the high frame rate, the plotted 

waveforms could be very smooth, as demonstrated in Fig. 3.5. The shear wave velocity 

was estimated based on the two waveforms recorded by the two scan lines.  
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Fig. 3.5 Tracking result of the tissue movements at about 32 mm depth of a young male human 
subject’s thigh muscle. The solid deep color line was the movement detected at the proximal 
point. The dashed light color line was the one detected at the distal point.  

3.1.2.2 Shear Wave Velocity Estimation 

The data interpolation method described in the last section was also used to improve the 

temporal resolution of the waveforms shown in Fig. 3.5, since the detected waveforms 

were sinusoidal and the interpolation could determine the peaks of the waves more 

accurately. With 200 points interpolation among three adjacent frames at the wave 

peaks, the equivalent frame rate was up to 460 kHz, with a time resolution of 

approximately 2µs. The time delays of the wave propagation detected at a selected 

depth were calculated for the shear wave velocity estimation. Fig. 3.6 shows an interim 

result on a young male subject. Fig. 3.6 (a) is the B-mode image of thigh muscles. The 

two vertical lines mark out the position of two scan lines and the distance between them 

is ∆r. The rectangle drawn on the VI muscle marks the region of interest (ROI) with a 
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width of 15 mm (the distance between the two scan lines) and a depth of about 1/3 

thickness of the VI muscle, where the shear modulus would be estimated. In this study, 

the part of VI muscle right under the RF muscle was selected as ROI. Fig. 3.6 (b) is the 

tracking result of tissue movements, without showing the continuous sinusoidal 

waveforms of the shear wave propagating in the muscle, only the peaks of every cycle 

of the two sinusoidal waveforms were plotted to easily determine the time delay 

between them. Fig. 3.6 (c) is an enlarged part of (b) at the depth of ROI including four 

wave cycles. The points marked by stars (*) indicate the peaks of sinusoidal waveforms 

collected from the proximal position to the vibration source. Correspondingly, the 

points marked by circles (o) show the peaks collected from the distal position. 

Obviously time delay values ∆t can be calculated from these points. In order to 

minimize the variability of estimated shear modulus in ROI, all the time delay values 

calculated from these successive tracked wave cycles were averaged and used in Eq. 3.1 

for the estimation of the shear wave velocity.  
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(a)                               (b) 

 

(c) 

Fig. 3.6 The procedure of shear wave velocity calculation. (a) A B-mode image of thigh muscles 
of a young male subject with marks of scan lines and ROI; (b) Tracking results of tissue 
movements obtained from the corresponding data of (a) with time on the x-axis and depth on 
the y-axis; (c) An enlarged part of (b) which indicates the peaks of sinusoidal waveforms gotten 
from the proximal and distal positions.  

In wave theory, shear wave is a kind of transverse wave, which means it is a moving 

wave that consists of oscillations occurring perpendicular to the direction of wave 

propagation. From Fig. 3.6 (c), the points of sinusoidal wave peaks collected at the ROI 

depth could be seen to form a wave front, of which the shape was straight line vertical 

to the time axis. Each pair of these lines gotten from two scan lines was also 

Peak points of two waveforms 
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approximately parallel. Hence the shear wave at this depth had the same pattern as a 

planar wave, of which the propagation direction was parallel to the direction of muscle 

action and vertical to the ultrasound scan lines. This was the reason why the shear wave 

velocity could be directly estimated from the distance between the two scan lines and 

the time delay consumed by the wave propagation. As mentioned in Section 2.2.4.3, the 

shear wave velocity was almost independent of the exciting frequency and the viscous 

effects could be neglected when the shear modulus along the direction of muscle action 

was measured. Therefore Eq. 2.1 could be directly used to estimate the shear modulus, 

using the reported muscle density of 1000 kg/m3 (Gennisson et al., 2005). The planar 

wave patterns in the ROI of VI muscle were further verified by the results of the 

experiment described in Section 3.3.  

3.2 System Evaluation Using Silicone Phantom 

3.2.1 Objective 

To evaluate the reliability of our newly developed vibro-ultrasound method, shear 

modulus values of several custom-made silicone phantoms with different stiffness were 

assessed. Their stiffness was also evaluated using the conventional indentation method, 

and comparison was made between the results by the two methods.  

3.2.2 Phantom Fabrication 

Ten pieces of tissue-mimicking phantoms with a size of 100 mm × 80 mm × 20 mm 

were prepared for the experiment. The phantoms were made of addition-curing RTV-2 

silicone rubbers (M4600 A/B, Wacker Chemicals Hong Kong Ltd., Hong Kong, China). 

They were cured by mixing the two components A and B in the prescribed ratio by 
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weight (A: B = 10:1 for M4600). In addition, their stiffness was varied by adding the 

AK-35 silicone oil (Wacker Chemicals Hong Kong Ltd., Hong Kong, China), which 

can change the rubber compound softness in proportion to the amount added. The 

weight ratio between M4600A and AK-35 was selected as 1:0, 1:0.25, 1:0.5, 1:0.75 and 

1:1, with a decreasing stiffness of corresponding phantoms. Because the components 

were mixed in air, a certain amount of air would be unavoidably introduced into the 

rubber mix. To obtain phantoms without any air bubbles, the mixtures were then 

deaerated in a vacuum cabinet until no more bubbles were formed by the reduced 

pressure. At last, the phantoms were heated at 60℃ for several hours to increase the 

speed of curing. A total of ten phantoms were made (two pieces for each concentration 

level). Different from the skeleton muscles, these phantoms were homogeneous and 

isotropy. However, since the VI muscle we measured has a large size, planar shape and 

its muscle fibers are almost aligned parallel around the same axis, it can be assumed to 

be locally homogenous and quasi-isotropy along the muscle action direction. Thus the 

results obtained from these phantoms could be used to verify the reliability of the new 

method. 

3.2.3 Experimental Protocol 

The shear modulus values of these phantoms were first assessed using indentation tests 

with a material testing machine (Instron ASTM Method Set, Braintree, MA, USA). The 

diameter a of the indenter we used is 10 mm. Phantoms were compressed for 2 mm with 

a velocity of 0.5 mm/sec and then relaxed at the same speed. During three cycles of 

compression-relaxation, the compression load P (N) and the deformation W (mm) 

values were sampled and saved to determine the load-deformation relationship. Then 

the effective Young's modulus E was calculated using the Eq. 3.4, which is based on the 
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Hayes model for the elastic indentation problem of a thin elastic layer bonded to a rigid 

half-space with a rigid, frictionless cylindrical plane-ended indenter (Hayes et al., 

1972).  

W
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ν−=                           (3.4) 

where h is the phantom thickness, and κ is a scaling factor, which provides a theoretical 

correction for the finite thickness of the measured phantom and it depends on both the 

ratio a/h and the Poisson's ratio ν. The Poisson's ratio ν was defined as 0.5 in this study 

with an assumption that the silicone is nearly an incompressible material. Then the 

shear modulus µ of the phantoms could be calculated by the following equation: 
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where ν is the Poisson's ratio, with a defined value of 0.5. The indentation tests were 

performed for 3 times on each piece of the phantoms. Then the stiffness of each 

phantom was assessed using our vibro-ultrasound method, also for 3 times. To reduce 

the reflection effects from upper and lower boundaries, the measured phantom was 

placed between two pieces of elastic silicone layers. And to avoid the reflection effects 

in the horizontal direction caused by the relatively smaller size of phantom comparing 

to the VI muscle, the vibration train included only 3 cycles comparing to the 10 cycles 

in the human tests. All the measurements were performed at room temperature (25±1

).  

3.2.4 Data Analysis 

The shear modulus values measured on the 10 pieces of phantoms by the indentation 

method were compared with those values measured by the vibro-ultrasound method. 
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The results of the 3 times of measurements were averaged. Then the Pearson’s 

correlation coefficient (CC) between the results of two methods was calculated. A 

scatter figure of the corresponding pairs of shear modulus values and the line of equality 

were plotted. In addition, the differences between the pairs of results against their mean 

(Bland-Altman plot) were also plotted, which was used to illustrate the agreement of 

two different methods measuring the same characteristic. All the data were analyzed 

using SPSS Statistics (SPSS Inc. Chicago, IL, USA). Statistical significance was set at 

the 5% probability level.  

3.3 System Evaluation for Different Distance between Vibration 

Source and Ultrasound Scan Lines 

3.3.1 Objective 

According to wave theory and literatures, the shear wave propagation velocity along the 

direction of muscle action is nearly independent of wave amplitude and frequency. 

However, whether the distance between vibration source and ultrasound scan lines 

(vibrator-beam distance) would influence the measured shear wave velocity was rarely 

studied. Actually, this is a deductive problem caused by the shear wave pattern in the 

muscle. If the wave pattern is planar, the vibrator-beam distance will not affect the 

measured shear wave velocity. Therefore, an experiment was designed to evaluate the 

effects of different vibrator-beam distances on the measurement results.  

3.3.2 Subjects Selection 

Ten healthy young subjects (8 males and 2 females, age: 30.7 ± 4.1 yr, height: 170.2 ± 
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10.7 cm, weight: 68.0 ± 14.4 kg) were recruited for the experiment. The human subject 

ethical approval was obtained from the human ethics committee of The Hong Kong 

Polytechnic University and informed consent was obtained from the subject prior to the 

experiment.  

3.3.3 Experimental Protocol 

The subjects were asked to sit on the chair with several straps restraining the waist and 

shoulders. A cuff was fastened around the right lower leg and fixed to the lever of the 

dynamometer. The axis of the lever was aligned with the supposed rotation axis of the 

right knee joint. The ultrasound probe and the vibrator were hung over the thigh and 

touched the skin surface on the middle part of the RF muscle belly with a predefined 

distance (if this distance was 10 mm, the distance between the vibrator and first scan 

line, i.e. the vibrator-beam distance, was about 20 mm), as shown in Fig. 3.7. Ultrasound 

gel was applied between the ultrasound probe and the skin to propagate ultrasound 

signal. With the help of the short bar connected to the piston of the vibrator and the 

selected position where the vibration occurs, planar pattern waves would be generated at 

the expected depth and propagate along the direction of muscle action. The experiments 

were performed at a 90º knee joint angle (0º = full extension). First, the MVC torque 

was assessed as the highest torque value produced from three successive isometric 

contractions for 5 seconds with about 30 seconds interval for rest. Next, muscle stiffness 

assessments were performed at relaxed condition and at 20% MVC level, and with three 

different vibrator-beam distances, i.e. 15 mm, 20 mm and 25 mm for comparison. For 

each measurement, the subject was asked to maintain the isometric contraction for 

approximately 4 seconds. The measurement was repeated for three times under the same 

condition with a 1 minute interval for rest.  
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Fig. 3.7 The position of the ultrasound probe and the vibrator during the experiment. They were 
hung over the thigh touching the skin surface on the middle part of the RF muscle belly with a 
predefined distance. The surface EMG sensors were attached on the VL muscle belly. The three 
positions of the vibrator used for the different vibro-beam distance tests were also indicated.  

3.3.4 Data Analysis 

A total of 18 (2 [contraction levels: 0% and 20% MVC]×3 [vibrator-beam distances]×

3 [three times]) shear modulus assessments were performed by the same investigator. 

The intra-class correlation (ICC) based on two-way mixed model was performed to 

evaluate the intra-observer repeatability of measurements. The shear modulus was 

represented by the mean value of the results of the three repeated measurements. Then 

the shear modulus of the ten subjects measured at different vibrator-beam distances 

were plotted as scatter figures (one figure for the results between 15 mm and 20 mm 

vibrator-beam distance, the other one for the results between 25 mm and 20 mm 

distance) and the lines of equality were plotted. The shear modulus values were also 

analyzed using two-way repeated measure analyses of variance (ANOVA) (% MVC 

[0% and 20%, 2 levels]×vibrator-beam distances [15mm, 20 mm and 25 mm]) method 
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to evaluate their differences. The normalized root mean squared deviation (NRMSD) 

between the shear modulus measured at 15 mm and at 20 mm vibrator-beam distance, 

and the NRMSD value between the results measured at 25 mm and 20 mm distance, 

were calculated and expressed as a percentage. All the data were analyzed using SPSS 

Statistics (SPSS Inc. Chicago, IL, USA). Statistical significance was set at the 5% 

probability level. 

3.4 Skeleton Muscle Stiffness Measurement at Rest and at Different 

Isometric Contraction Levels 

3.4.1 Subjects Selection 

Forty healthy subjects volunteered to participate in the experiment and were divided 

into four groups: young males, young females, elder males and elder females (Table 3.1). 

They were asked not to participate in any strength or flexibility training one day before 

the experiment, and subjects with recent injury were excluded. All subjects were 

explained with the experimental protocol and asked to sign on the informed consent 

prior to the experiment for their participation which had been approved by the human 

ethics committee of The Hong Kong Polytechnic University.  

Table 3.1 Demographic information of the subjects presented with mean (SD) 

 Age (yr) Height (cm) Mass (kg) 

Young males (n = 10) 29.4 (4.8) 174.7 (8.1) 73.3 (13.0) 

Young females (n = 10) 27.6 (5.0) 164.3 (4.4) 55.3 (4.0) 

Elderly males (n = 10) 60.6 (7.6) 166.7 (5.8) 66.1 (11.9) 

Elderly females (n = 10) 56.7 (4.9) 156.9 (5.6) 58.9 (8.4) 
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3.4.2 Experimental Protocol 

The experimental setup was similar with that described in Section 3.3.3. The ultrasound 

probe was placed on the middle part of the RF muscle belly right above the VI and 

femur with the guidance of B-mode images. The positioning of the vibrator and 

transducer was manually controlled. The distance between the vibrator and the 

transducer was set to be about 10 mm (i.e. the vibrator-beam distance was about 20 

mm). The MVC torque was assessed first as the highest torque value of the subject 

produced from three successive isometric contractions. Next, the muscle stiffness was 

measured for three times at relaxed condition. Then the subject was asked to maintain 

isometric contraction at different MVC levels, from 10% to 100%, with an increase of 

10% for each step. The reason for selecting the step type of isometric contraction but 

not the ramp type was to reduce the effects of motion noises and improve the accuracy 

of shear modulus estimation. In the step type isometric contraction, muscle fibers were 

in a quasi-static situation when the measurement was performed. However, in the ramp 

type isometric contraction, muscle fibers would keep moving under skin in the direction 

of shear wave propagation. It would seriously affect the tracking results of 

radio-frequency signal and the accuracy of shear wave velocity estimation. At each 

MVC level, assessments were performed for three times with about 1 minute interval 

for rest. And for each trial, the subject was asked to maintain the isometric contraction 

for approximately 4 seconds. The experiments were performed at two different knee 

joint angles, 90º and 60º (0º = full extension). The surface EMG signal was 

simultaneously captured from the VL muscle during the tests for each contraction level.  
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3.4.3 Data Analysis 

A total of 2640 (4 [groups: young males, young females, elder males and elder females] 

×10 [subjects per group] ×11 [contraction levels: 0%-100%]×2 [knee joint angles] 

×3 [three times]) shear modulus assessments were performed by the same investigator. 

The intra-class correlation (ICC) based on two-way mixed model was performed to 

evaluate the intra-observer repeatability.  

To study the influences of the factors, including knee joint angle, gender and age, on the 

muscle stiffness at relaxed condition and different isometric contraction levels, 

four-way repeated measure analyses of variance (ANOVA) (gender [male vs. female] 

×age [young vs. elder] × % MVC [0% -100%, 11 levels] ×knee joint angles [90º 

vs. 60º]) were used to analyze the shear modulus values of the VI muscle. Specially, the 

comparison of the muscle shear modulus measured at relaxed condition (0% MVC) was 

first performed separately using three-way ANOVA method.  

Two methods were generally used to exhibit the different contraction intensities, one 

was to use the relative muscle contraction level (% MVC), and the other one was to use 

the absolute torque value of the joint extensor or flexor. These two methods focused on 

different features. Using the former method, the muscle stiffness was studied at the 

relative percentage levels of maximum muscle contraction capability for each person, 

considering the individual muscle strength difference. However, using the later method, 

the muscle stiffness was generally evaluated corresponding to the absolute torque values 

and this was meaningful among the whole population. Both methods could help us to 

further understand the muscle function and recruitment strategies from different 

perspectives.  
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To determine the relationship between the muscle stiffness and the relative isometric 

contraction levels (% MVC), polynomial regression analyses by linear, quadratic and 

cubic models were performed for each individual, and the coefficients of determination 

(R2) values of these models were compared using one-way ANOVA to find the best 

one. The mean shear modulus values across the ten subjects in each group then were 

fitted with the relative isometric contraction levels (% MVC) using a quadratic 

regression model.  

From another perspective, to study the relationship between the muscle shear modulus 

and the corresponding absolute torque values, quadratic regression was also performed 

for each individual subject at a given joint angle and the 10 sets of polynomial 

coefficients in each group were averaged to represent the trend of the relationship. The 

achieved quadratic curves were plotted within a range from 0 Nm to the mean value of 

MVC torques in each group and were compared to investigate the differences of their 

trends.  

The correlation between the muscle shear modulus and the surface EMG magnitude was 

also studied. During each step isometric contraction, a 1-s epoch of EMG data was 

selected from the middle of the whole 4-s muscle contraction duration. The RMS values 

of the EMG signals were calculated for each epoch, and then expressed as a percentage 

of the maximum RMS value for each subject. Relationship between the mean shear 

modulus values and the RMS values of surface EMG signals was plotted as a scatter 

figure for each group and also evaluated by the correlation coefficients (CC).  

All the data were analyzed using SPSS (SPSS Inc. Chicago, IL, USA). Statistical 

significance was set at the 5% probability level.  
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CHAPTER 4 RESULTS 

In this chapter, the main findings are represented, including the comparison between the 

result by our vibro-ultrasound method and that by the traditional indentation method on 

silicone phantom, effect of different vibrator-beam distances on the measured shear 

modulus results, the positive correlation between the muscle shear modulus and the 

isometric contraction level, and the age and gender dependences of muscle shear 

modulus with different relative contraction levels (% MVC) and absolute contraction 

torque values (Nm). Finally, the correlation coefficients (CC) between the mean shear 

modulus values of VI muscle and the RMS values of surface EMG signals gotten from 

VL muscle in each group are also shown.  

4.1 System Evaluation using Silicone Phantom 

The Pearson’s correlation coefficient (CC) between the results of indentation method 

and those of vibro-ultrasound method on the 10 pieces of silicone phantoms is 0.994. A 

scatter figure of the corresponding pairs of measured shear modulus values and the line 

of equality were plotted in Fig. 4.1 (a). The coefficient of determination (R2) value was 

0.989. The differences between the pairs of corresponding results against their mean 

(Bland-Altman plot) were plotted in Fig. 4.1 (b). The mean value of the differences was 

0.9 kPa, and the standard deviation (SD) was 12.7 kPa. It was demonstrated that all 

plots were between the two dashed lines of mean ± 2SD, indicating that the results of 

these two methods had a high agreement, and the accuracy of the vibro-ultrasound 

method was comparable to that of the traditional indentation method for the stiffness 

assessment on the silicone phantoms.  
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(a) 

 

(b) 
 

Fig. 4.1 (a) Correlation between the shear modulus values assessed by the indentation method 
and the corresponding values measured by vibro-ultrasound method. (b) The differences 
between the pairs of shear modulus values measured by the two methods against their mean 
(Bland-Altman plot). 
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In Fig. 4.1 (a), the shear modulus of one of the two hardest phantoms (228.1 kPa 

measured by indentation method, and 248.5 kPa by vibro-ultrasound method) was 

smaller than the other one (308.7 kPa and 327.5 kPa by indentation and 

vibro-ultrasound method, respectively). The reason was that the deaeration process of 

this piece of phantom was not fully successful (several very tiny bubbles could be seen 

on its surface). This may influence the completion of the curing process and thus reduce 

the final stiffness of the phantom. However, this inconsistent stiffness of the two 

phantoms would not affect the evaluation of the measurement system. 

4.2 System Evaluation for Different Distances between Vibration 

Source and Ultrasound Scan Lines 

The ICC for the measured shear modulus using two-way mixed model, type consistency 

and averaged measures was 0.982 (95% CI lower bound: 0.968; 95% CI upper bound: 

0.991), which indicated a high degree of reliability in this experiment. Fig. 4.2 shows the 

scatter figures plotted by the shear modulus of the ten subjects measured at different 

vibrator-beam distances. Fig. 4.2 (a) is the figure between the results measured at 15 mm 

and 20 mm vibrator-beam distance. Fig. 4.2 (b) is the figure between the results of 25 

mm and 20 mm distance. The coefficients of determination (R2) values are 0.978 and 

0.955, respectively. There was no significant effect for the two-way interactions 

between the isometric contraction levels and the vibrator-beam distance (p = 0.860) and 

the individual effect of vibrator-beam distance (p = 0.818), but the individual effect of 

isometric contraction levels was significant (p < 0.001). The NRMSD value between the 

shear modulus measured at 15 mm and at 20 mm vibrator-beam distance was 5.6%, and 

the NRMSD value between the results measured at 25 mm and 20 mm distance was 
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6.5%. These results proved that, although the vibrator-beam distance was set to be 

approximately 20 mm and not strictly controlled in the subsequent experiments, the 

measured muscle shear modulus would not be influenced by the variation of this 

parameter. It also provided another evidence for the inference that the shear wave 

patterns propagating in the ROI of VI muscle were close to planar waveforms.  
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Fig. 4.2 The scatter figures plotted by the shear modulus of the ten subjects measured (a) at 15 
mm and 20 mm vibrator-beam distance and (b) at 25 mm and 20 mm distance. 
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4.3 Skeleton Muscle Stiffness Measurement at Rest and at Different 

Isometric Contraction Levels 

4.3.1 Results Using ICC and Multi-way ANOVA Analysis 

First of all, the mean MVC torque values in each subject group and different knee joint 

angles are listed in Table 4.1. The results of three-way ANOVA showed that the main 

effects of age (p = 0.01), gender (p < 0.001) and knee joint angle (p = 0.001) factors 

were all significant for the MVC torque values. However, all the two-way interaction 

effects were not significant (All p > 0.1). According to the estimated marginal mean 

values provided by the ANOVA method (the marginal means for one factor are the 

means for that factor averaged across all levels of the other factors), the conclusion was 

that the MVC torque values of males were larger then females; the values from young 

subjects were larger than those from elderly subjects; the values measured at 90º knee 

joint angle were larger than those at 60º.  

Table 4.1 The mean MVC torque values (Nm) of each group at 90º and 60º knee joint angles. 

 Young male Young female Elderly male Elderly female 

90º knee joint angle 83±16.4 63±17.0 73±14.9 51±15.2 

60º knee joint angle 68±9.2 51±16.0 65±14.3 42±9.2 

 

The overall ICC for the measured shear modulus using two-way mixed model, type 

consistency and averaged measures was 0.994 (upper bound: 0.993; lower bound: 

0.994), suggesting a high degree of reliability in this experiment. To estimate the 
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reliability under different isometric contraction levels, ICC under different percentages 

of MVC were also calculated, as shown in Table 4.2. It was found that, ICCs under 

higher percentage of MVC levels seemed to be a little smaller than those under lower 

levels. However, the differences was very small and all ICCs were larger than 0.980 

which indicates a high degree of intra-observer repeatability 

Table 4.2 The intra-class correlation coefficients (ICC) for the shear modulus of VI under 
different % MVC levels from three repeated measurements conducted by one operator.  

% MVC ICC 95% CI lower 95% CI upper 

0 0.993 0.990 0.995 

10 0.992 0.988 0.995 

20 0.992 0.988 0.995 

30 0.994 0.992 0.996 

40 0.992 0.988 0.995 

50 0.990 0.985 0.993 

60 0.988 0.982 0.992 

70 0.992 0.988 0.994 

80 0.989 0.984 0.993 

90 0.986 0.979 0.990 

100 0.984 0.977 0.989 
 

Comparison of the muscle shear modulus at relaxed condition (0% MVC) was 

performed first. The mean values of each group are shown in Table 4.3. Results of 

multi-way ANOVA showed that, there was no significant main effect for gender (p = 

0.156) and age (p = 0.221) factors and interactive effect between each two factors (all p 

> 0.05) on the muscle shear modulus measured at relaxed condition. However, there 

was a significant main effect for knee joint angle factor (p = 0.001) on the muscle shear 

modulus measured at relaxed condition. The estimated marginal mean value of the 
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muscle shear modulus measured at relaxed condition and 90º knee joint angle (16.2 ± 

8.1 kPa) was larger than the mean value at 60º knee joint angle (11.1 ± 4.4 kPa). 

Table 4.3 The mean muscle shear modulus values (kPa) of each group at relaxed condition (0% 
MVC), shown separately for 90º and 60º knee joint angles. 

Knee joint angle Young male Young female Elderly male Elderly female 

90º  14.5 ± 6.3 19.0 ± 10.2 13.8 ± 7.4 17.2 ± 8.4 

60º  11.6 ± 3.5 12.8 ± 5.4 10.3 ± 5.0 9.5 ± 3.3 

 

There were no significant four- or three-way interaction effects among the four factors 

(gender×age×% MVC×knee joint angles, all p > 0.05). All the main effects of single 

factor on the muscle shear modulus were significant. The estimated marginal mean 

value of males was larger than the value of females (p < 0.001). The mean value of 

young subjects was also larger than that of elderly participants (p < 0.001). And the 

value measured at 90º knee joint angle was larger than the value measured at 60º (p < 

0.001). The results of post-hoc Bonferroni test for the muscle shear modulus measured 

at different percentage of MVC levels are shown in Table 4.4. Furthermore, all the 

two-way interactions including gender factor were not significant (all p > 0.1) and all 

other two-way interaction effects, i.e., age vs. % MVC, joint angles vs. % MVC and age 

vs. joint angles, were significant (all p < 0.001). For age vs. % MVC interaction, with 

the increase of % MVC, differences between the muscle shear modulus of young 

subjects and that of elderly subjects increased. A similar relationship was also found for 

joint angles vs. % MVC, with the increase of % MVC, differences between the muscle 

shear modulus measured at 90º knee joint angle and that measured at 60º increased. For 
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age vs. joint angles, the difference between the muscle shear modulus of young subjects 

and elderly subjects was larger at 90º knee joint angle than the difference at 60º. The 

detailed relationships are shown in Fig. 4.3 by plotting the estimated marginal means of 

muscle shear modulus.  

Table 4.4 Multi-way ANOVA showed significant main effects of percentage MVC levels on 
muscle shear modulus. The post hoc Bonferroni comparisons results showed the details of the 
relationships among these levels. 

Percentage of MVC Post hoc comparisons results 

0% < 30% - 100%, p < 0.05 

10% < 40% - 100%, p < 0.005 

20% < 50% - 100%, p < 0.001 

30% > 0%, p < 0.05; < 50% - 100%, p < 0.05 

40% > 0% - 10%, p < 0.005; < 60% - 100%, p < 0.001 

50% > 0% - 30%, p < 0.05; < 70% - 100%, p < 0.001 

60% > 0% - 40%, p < 0.001; < 80% - 100%, p < 0.001 

70% > 0% - 50%, p < 0.001; < 80% - 100%, p < 0.05 

80% > 0% - 70%, p < 0.05; < 90% - 100%, p < 0.005 

90% > 0% - 80%, p < 0.005; < 100%, p < 0.001 

100% > 0% - 90%, p < 0.001 
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(a) 

 
(b) 
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(c) 

 
Fig. 4.3 Estimated marginal means of muscle shear modulus plotted for the significant two-way 
interaction effects. (a) For age vs. % MVC, with the increase of % MVC, shear modulus 
differences between young and elderly subjects increased. (b) For angles vs. % MVC, with the 
increase of % MVC, differences between the results measured at 90º knee joint angle and 
measured at 60º increased. (c) For age vs. angles, difference between the results of young and 
elderly subjects was larger at 90º knee joint angle than at 60º. 

4.3.2 Analysis Based on Relative Isometric Contraction Level (% MVC) 

Polynomial regression analyses by linear, quadratic and cubic models were performed 

on the relationship between shear modulus vs. % MVC levels for each individual and 

the mean R2 values of three models were 0.937 ± 0.034 (linear), 0.992 ± 0.007 

(quadratic) and 0.995 ± 0.004 (cubic), respectively. The results of one-way ANOVA 

indicated that there was no significant difference between the R2 values of quadratic 

model and cubic model (p = 0.390). However, significant differences were found 

between the R2 values of linear model and the other two models (all p < 0.001). Thus 

the quadratic model was selected to examine the relationship of muscle shear modulus 

vs. relative isometric contraction levels (% MVC). The mean shear modulus values 
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across the ten subjects in each group at the same knee joint angle were fitted using a 

quadratic regression model with the relative isometric contraction levels (% MVC), as 

shown in Fig. 4.4. The Pearson’s correlation coefficients (CC) between the muscle shear 

modulus and the % MVC level in each group and knee joint angle are listed in Table 4.5, 

and were all larger than 0.96. This indicated that the stiffness of VI muscle along the 

direction of muscle action was positively correlated to the relative muscle activity level 

of the knee extensor in a full range of step isometric contraction. The plots also 

indicated that the muscle shear modulus measured at 90º knee joint angle was larger 

than the corresponding value measured at 60º knee joint angle at almost each % MVC 

level in each group of subjects, which was in agreement with the result of multi-ways 

ANOVA analysis.  

Table 4.5 The Pearson’s correlation coefficients between the mean shear modulus values of VI 
muscle and the relative isometric contraction levels in each group and at different knee joint 
angles. 

Knee joint angle Young male Young female Elderly male Elderly female 

90º 0.977 0.974 0.980 0.975 

60º 0.971 0.968 0.975 0.979 
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 (d) 
 

Fig. 4.4 The mean shear modulus values at different relative isometric contraction levels (% 
MVC) and different knee joint angles (90º and 60º) with the corresponding quadratic regression 
fitting curves for (a) young male subjects; (b) young female subjects; (c) elderly male subjects 
and (d) elderly female subjects.  
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The results between the young and elderly groups with the same gender at a given knee 

joint angle were compared, as shown in Fig. 4.5. It was observed that for both joint 

angles and genders, the shear modulus values of the young subjects were larger than 

those of the elderly participants, especially at the relatively higher % MVC levels. The 

results were in agreement with the previous ones obtained using multi-ways ANOVA 

with the main effect of age factor being significant.  
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 (d) 
 

Fig. 4.5 The age differences of mean shear modulus values at different relative isometric 
contraction levels (% MVC) between the subjects with the same gender. Comparisons were 
made between young and elderly male subjects at (a) 90º and (b) 60º knee joint angles, and 
between young and elderly female subjects at (c) 90º and (d) 60º knee joint angles. 

The results were also compared between the genders with similar age range at a given 

knee joint angle, as shown in Fig. 4.6. The comparison showed that for both age ranges 

and joint angles, the shear modulus values of males were larger than those of females, 

especially at the relatively higher % MVC level. However, at the corresponding relative 

muscle contraction level, the gender difference seemed to be smaller than the age 

difference. These results were also in agreement with those obtained using multi-ways 

ANOVA, that the main effect of gender factor was significant.  
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Fig. 4.6 The gender differences of mean shear modulus values at different relative isometric 
contraction levels (% MVC) between subjects with similar age range. Comparisons were made 
between young male and female subjects at (a) 90º and (b) 60º knee joint angles, and between 
elderly male and female subjects at (c) 90º and (d) 60º knee joint angles.  
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4.3.3 Analysis Based on Absolute Isometric Contraction Torque 

Since the R2 value did not change for each individual subject when only the scale of 

x-axis changed, i.e. from relative % MVC level to absolute isometric contraction torque, 

the quadratic regression model could be also used for examining the trend of the 

relationship between muscle shear modulus vs. absolute torque values. Quadratic 

regression was performed on the result of each individual subject at a given joint angle. 

Then the 10 sets of polynomial coefficients from each group were averaged for plotting 

curves. The achieved quadratic curves were plotted within a range from 0 Nm to the 

mean value of MVC torques achieved by each group of subjects and then compared to 

investigate the differences of their trends. The quadratic curves of each group were 

plotted to investigate the different trends at 90º and 60º knee joint angles, respectively. 

It was observed that with the increasing absolute torque value, the muscle shear 

modulus increased faster at 90º knee joint angle than at 60º knee joint angle, as 

demonstrated in Fig. 4.7. This result was similar to the relationship between muscle 

shear modulus vs. relative muscle contraction level (% MVC).  
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Fig. 4.7 Comparison of the relationships between the muscle shear modulus values and the 
absolute torque values at 90º and 60º knee joint angles for (a) young male subjects; (b) young 
female subjects; (c) elderly male subjects and (d) elderly female subjects. 
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The relationships between the muscle shear modulus and the absolute torque values 

with different age ranges and the same gender at a given knee joint angle were also 

plotted (Fig. 4.8). The results indicated that the shear modulus values of the young 

subjects increased faster compared with the elderly subjects, for both gender at the same 

knee joint angle. These relationships were the same as those between the muscle shear 

modulus and the relative muscle contraction level (% MVC).  
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Fig. 4.8 Age dependences of the relationships between the muscle shear modulus values and the 
absolute torque values. Comparison were made between young and elderly male subjects at (a) 
90º and (b) 60º knee joint angles, and between young and elderly female subjects at (c) 90º and 
(d) 60º knee joint angles.  

Furthermore, the relationships between the muscle shear modulus and the absolute 

torque values of different genders and the same age range at a given knee joint angle 

were also compared, as shown in Fig. 4.9. The results showed that the shear modulus 

values of females increased faster than those of males, for both the age ranges and the 

knee joint angles. However, these results were opposite to the relationships between the 

muscle shear modulus and the relative muscle contraction level (% MVC). The reason 

of this conflict might be due to the relatively smaller MVC torque values of the female 

subjects, and would be further discussed in the Discussion chapter.  
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Fig. 4.9 Gender dependences of the relationships between the muscle shear modulus values and 
the absolute torque values. Comparison were made between young male and female subjects at 
(a) 90º and (b) 60º knee joint angles, and between elderly male and female subjects at (c) 90º 
and (d) 60º knee joint angles.  
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4.3.4 Correlation between Muscle Shear Modulus and EMG Magnitude 

The Pearson’s Correlation Coefficients (CC) between the mean shear modulus values of 

VI muscle and the normalized RMS values of the surface EMG signals obtained from 

VL muscle were listed in Table 4.6. The two signals were separately plotted according to 

the subject groups and knee joint angles, as shown in Fig. 4.10. Quadratic regression 

results were marked on the figures and all R2 values were larger than 0.98. Since the 

EMG signal has been widely used as an index of muscle activity level, or to estimate the 

muscle stress in vivo via some mathematical models, our results indicated that the 

muscle shear modulus had potential to be used as the substitute for the surface EMG 

signal in research and clinical practice. Furthermore, it was found that, at 60º knee joint 

angle, the muscle shear modulus and the EMG magnitude were more linearly correlated 

compared with that at 90º knee joint angle.  

Table 4.6 The Pearson’s correlation coefficients between the mean shear modulus values of VI 
muscle and the normalized RMS values of surface EMG on VL muscle in each group and at 
different knee joint angles. 

 Young male Young female Elderly male Elderly female 

90º knee joint angle 0.982 0.948 0.935 0.961 

60º knee joint angle 0.994 0.995 0.994 0.993 
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(d) 

 
Fig. 4.10 The relationship between the mean shear modulus values of VI muscle and the 
normalized RMS values of surface EMG obtained from VL muscle. The figures were plotted for 
(a) young male subjects; (b) young female subjects; (c) elderly male subjects and (d) elderly 
female subjects.  
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CHAPTER 5 DISCUSSION 

In this chapter, the newly developed vibro-ultrasound method for muscle stiffness 

assessment, the relationship between muscle stiffness of VI and contraction level of 

knee extensor, the gender and age dependences of muscle stiffness under different 

isometric contraction levels, and the correlation between the shear modulus of VI and 

the RMS value of surface EMG signal collected from VL, are discussed.  

5.1 Development of Vibro-ultrasound Method for Muscle Stiffness 

Assessment 

In this thesis, a vibro-ultrasound method for the measurement of muscle stiffness in vivo 

was developed and its feasibility was successfully tested on VI muscle. The accuracy of 

this new method might be influenced by several factors, including biomechanical model 

of soft tissues, wave propagation pattern in the skeleton muscle, and wave reverberation 

phenomena.  

5.1.1 Tissue Biomechanical Model 

In this vibro-ultrasound method, the simple tissue biomechanical model (i.e. Eq. 2.1 as 

described in Section 2.2.4.2) was adopted with an assumption that the skeleton muscle 

is a kind of pure elastic, locally homogeneous, isotropic and incompressible material. 

Thus the shear modulus µ1 could be directly calculated with the shear wave velocity cs 

and the material mass density ρ using the following well-known equation: 

2
1 scρµ =                               (5.1) 

In this model, the reconstruction assumption of a pure elastic, homogeneous and 
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isotropic material is not valid for skeletal muscle, as the skeleton muscle has been 

proved to be anisotropic with higher stiffness along the muscle action direction than 

across the direction of muscle action. However, the assumption is generally assumed to 

yield an acceptable estimation of the muscle stiffness. This model has been widely used 

in the sonoelastography method, transient elastography method and MRE method for 

assessing the stiffness of various kinds of soft tissues. Previous studies have 

demonstrated that it is a promising model for estimating the stiffness of skeletal muscle 

(Bensamoun et al., 2006; Catheline et al., 1999; Gennisson et al., 2005; Hoyt et al., 

2008; Levinson et al., 1995; Muthupillai et al. 1995; Ringleb et al., 2007).  

Considering the viscosity of biological tissues, a more complicated model, Voigt model, 

has been used in the SDUV method and the SSI method to estimate the shear modulus 

and the shear viscosity of the soft tissues simultaneously, with a similar assumption that 

the tissues are homogeneous and isotropic mediums. However, it has been found that 

along the muscle action direction, the shear wave propagation is practically 

non-dispersive, at both relaxed and isometric contraction conditions (Catheline et al., 

2004; Deffieux et al., 2009). This suggests that, along the muscle action direction which 

was studied using the vibro-ultrasound method in this study, the viscous effects could 

be neglected.  

Furthermore, for minimizing the anisotropic effects in all the in vivo tests of our study, 

the mechanical vibrator (i.e. the short push-bar) was oriented under ultrasound guidance 

to ensure the direction of shear wave propagation was exactly along the muscle action 

direction (Gennisson et al., 2005; Hoyt et al., 2008; Kruse et al., 2000; Manduca et al., 

2001). 
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5.1.2 Wave Propagation Pattern 

Wave propagation pattern in the skeleton muscle is another important factor affecting 

stiffness measurement result and should be carefully studied and controlled during the 

measurement. In our method, the wave front was desired to be planar and vertical to the 

muscle action direction, since the shear wave velocity was estimated by directly 

dividing the distance between the two ultrasound scan lines by the corresponding time 

of shear wave propagation. If the wave front was a spherical surface or a sloppy plane, 

this distance would theoretically be longer than the real length of wave travelling path. 

Thus the measured shear modulus would be overestimated.  

Previous studies have reported that when the external excitation was applied on the 

different positions of skeleton muscle, such as on the tendon or on the muscle belly, the 

shear wave pattern would be different. Sack et al. (2002) reconstructed the shear wave 

patterns using 3D coupled harmonic oscillator calculations (CHO) method and in vivo 

MRE data gotten from the biceps brachii muscle. In the CHO model, all muscle fibers 

were assumed to be simultaneously excited and the elements along the muscle action 

direction were coupled more strongly than those in the perpendicular direction. Planar 

waves were observed in their results when the external excitation was applied on the 

muscle belly using a short push-bar, of which the orientation was kept to be vertical to 

the muscle fibers to minimize the anisotropic effects (Hoyt et al., 2008; Kruse et al., 

2000). The planar wave pattern along the muscle action direction can also be seen from 

the MRE images in the previous studies (Bensamoun et al., 2007; Bensamoun et al., 

2008; Chen et al., 2008; Heers et al., 2003; Muthupillai et al. 1996; Ringleb et al., 

2007). 
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Furthermore, it is also important to guarantee the wave front at ROI is a plane vertical to 

the muscle action direction. In wave theory, shear wave is a kind of transverse wave, 

which consists of oscillations perpendicular to the direction of wave propagation. The 

wave front is the locus of the points having the same phase, which is often described as 

a line/curve in a 2D wave propagating plane or a surface in 3D wave propagating 

model. In our experiments, lines were plotted by fitting the peak points of sinusoidal 

waveforms collected from the proximal and distal positions. The shape of these lines 

was straight and vertical to the time axis. So each fitting line could be seen as the wave 

front of shear wave at this depth and at a special time point. Hence in 3D space, the 

shape of wave front was a plane and the plane was parallel to the direction of ultrasound 

scan lines. The direction of scan lines had been positioned vertical to the muscle action 

direction with the help of B-mode ultrasound image guidance. In addition, each pair of 

wave fronts collected at the same time point but different positions was parallel. Thus, 

from the figures as interim results of echo-tracking procedure, e.g. Fig. 3.6, the wave 

fronts were shown to be vertical to the muscle action direction and hence the wave 

propagating direction was along the muscle action direction in the ROI region.  

As mentioned in Section 3.3.1, whether the vibrator-beam distance would influence the 

measured shear modulus is a deductive problem caused by the shear wave patterns in 

the muscle. If the wave front pattern was planar, the vibrator-beam distance would not 

affect the measured shear wave velocity. If the wave front was a spherical surface or a 

sloppy plane, the direction of shear wave propagation would have an angle with the 

direction of muscle action, thus the measured shear modulus would be overestimated. 

Under this condition, when the vibrator-beam distance decreased, the angle between 

wave propagation direction and the muscle action direction would increase and hence 
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this kind of overestimation would also increase. Therefore, the above conclusion, i.e. in 

our study, the shear wave propagation pattern in the ROI of VI muscle was planar and 

the wave front was vertical to the muscle action direction, was also supported by the 

results of the experiment which evaluated the effects of different vibrator-beam 

distances on the measured muscle shear modulus, as described in Section 4.2.  

5.1.3 Wave Reverberation Phenomena 

Shear wave propagation in soft tissue has demonstrated several wave phenomena, such 

as refraction and reflection at the interface of aponeurosis or bone, and wave attenuation 

as it propagates through the tissue. All of these phenomena will affect the wave patterns 

in skeleton muscle (Muthupillai et al., 1996). In this study, efforts to avoid the negative 

influence of these wave phenomena had been considered when designing the 

experiment. In the case where the dimensions of the propagation medium are 

comparable to the wavelength, the boundary conditions may influence the 

measurements. For example, if the muscle shear modulus was measured as 16 kPa, 

which was a value close to the mean VI muscle shear modulus demonstrated in our 

study for the young male subjects under relaxed condition and 90º knee joint angle 

(14.5 ± 6.3 kPa), the shear wavelength would be 4 cm when the frequency of 

mechanical vibration was 100 Hz and it was much smaller than the dimension of the VI 

muscle along the direction of muscle action (about as long as femur, approximately 

20-40 cm in adults). In our method, before the reflected wave echoed back along the 

muscle action direction, the data acquisition had been accomplished and would not be 

affected. Although high frequency could decrease the wavelength of shear wave and 

thus reduce the reflection effect, low-frequency mechanical vibration was used because 

the shear wave with high frequency would rapidly attenuate during the propagation in 
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the muscle. To increase the range of shear modulus measurement, a relatively larger 

distance between the two ultrasound scan lines was desired. This also required the wave 

attenuation on this distance to be small enough to make the tracking of the echoes 

displacements available at the distal position.  

Most of the organs in the body can be seen as layered structures of tissues with different 

shear modulus. For example, in our study, the top layer is skin, followed by the fat 

layer, the RF muscle, the aponeurosis, the VI muscle and the bone, sequentially. Since 

the shear waves in the muscle were generated by the mechanical vibrator from the skin 

surface, the reverberation of the vertical vibrations also arose in the perpendicular 

direction from the boundaries of these layers. Although the boundaries were paralleled 

to the direction of shear wave propagation, the waveforms were still distorted by these 

reverberations, thus affecting the measured local shear wave velocity. However, this 

kind of distortion had been found to be relatively small and almost negligible at the 

upper part of the deeper muscle, just under its upper boundary (i.e. the aponeurosis in 

current study) (Suga et al., 2001), as the amplitude of reverberative waves from its 

deeper boundary (i.e. the femur bone in our study) was very small and quickly 

attenuated, as shown in Fig. 5.1. In this study, the ROI was selected as the upper part of 

the VI muscle. According to the wave patterns shown in the echo-tracking results in 

Fig. 3.6, the influence of the vertical wave reverberation on the measured muscle shear 

modulus would be very small. 
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Fig. 5.1 Region of interest (ROI) in the soft tissues with layered structure. The arrow in the 
diagram indicated the vertical vibration (thick line) and reflection wave (dotted line) in the 
vertical direction. The reflections would interfere with the shear wave pattern and thus the shear 
wave velocity measurement. However, the effect of reflection could be mostly avoided in the 
ROI.  

In addition, both the mechanical vibrator and ultrasound transducer were fixed rigidly to 

avoid their relative motion and to keep a consistent ROI for repeated measurements. 

Regarding the boundary conditions, our pilot studies had revealed that tissue surface 

stresses imposed by either the mechanical vibrator or ultrasound transducer could also 

influence the shear wave pattern by damping the vibration response of underlying 

tissues. Since the VI muscle is located deep in the layered structure, the effect of 

boundary condition on its stiffness measurement should be very little. In addition, the 

pennation angle of VI muscle at the anterior position, i.e. the position measured in this 

study, is small (7.1 ± 2.9º) (Blazevich et al., 2006), thus its muscle fiber direction was 

more in line with the muscle action direction which further guaranteed the accuracy of 

the shear wave velocity measurement.  

RF muscle 

Aponeurosis 

VI muscle 

vibration 
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5.1.4 Other Issues Related to the Vibro-ultrasound Method 

The exact force exerted by a specific muscle cannot be directly measured in vivo. One 

solution is to use the joint torque measured by a dynamometer as an indication of the 

muscle activity intensity. This method has been widely used in the previous studies 

(Alkner et al., 2000; Guo et al., 2008; Kubo et al., 2001; Ryan et al., 2008; Wilson et al., 

1994). Furthermore, since the quadriceps femoris muscle group is the sole contributor to 

generate force in the single-joint knee extension, and the neuromuscular activity vs. 

torque relationships of its four components, RF, VI, VL and VM, are similar in the step 

isometric contraciton exercises (Alkner et al., 2000), using the knee extension torque as 

an index for estimating the VI muscle activity was an acceptable approaching in our 

study. Furthermore, since the neuromuscular activity of the antagonistic muscle, 

hamstring, has been found to be much smaller than those of the four components of the 

quadriceps femoris muscle group during the step isometric contraciton exams (Alkner et 

al., 2000), the contribution of antagonistic muscular contraction has not been accounted 

for in this study. However, the activity and stiffness of hamstring during the knee 

extension should be further studied in the future.  

In our method, all the time delay values at different depths in the ROI were averaged 

and the mean value was used to calculate the overall shear wave velocity, and then the 

overall shear modulus. A previous study using SSI method has reported the local spatial 

variablility of shear modulus in the biceps brachii muscle. However, very similar 

relationships between the shear modulus values and % MVC levels were also observed 

between the results obtained in different trials, of which the measured location slightly 

changed (Nordez and Hug, 2010). This justified the averaging of the measured shear 

modulus values in the ROI to be more representative of the mechanical properties of the 
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muscle belly. To understand better the site differences of skeleton muscle, the spatial 

variability of the muscle shear modulus should be investigated in future studies. 

The influence of viscosity on shear wave velocity measurement in the muscle has been 

previously studied (Catheline et al., 2004; Deffieux et al., 2009). Using SSI, Deffieux et 

al. (2009) found that along the direction of muscle action, the shear wave propagation 

was practically non-dispersive, whereas in the direction perpendicular to the muscle 

action, the propagation was highly dispersive. In addition, at several different isometric 

contraction levels, the wave velocity along the muscle action direction remained 

quasi-constant versus frequency. In the vibro-ultrasound method of this study, as the 

muscle shear modulus along the muscle action direction was measured, the shear wave 

velocity was assumed to be almost independent of the exciting frequency and the 

viscous effects could be neglected. 

The vibro-ultrasound method had been evaluated on the silicone phantoms using a 

conventional indentation method before it was performed on human muscle in vivo. 

MRE measurements were previously compared with static compression tests or 

dynamic mechanical analysis method on various kinds of phantoms (Hamhaber et al., 

2003; Muthupillai et al., 1995; Ringleb et al., 2005) and the results measured with 

different methods showed good agreement. Our result on the tissue mimicking 

phantoms by the newly developed vibro-ultrasound method also agreed well with that 

by the traditional indentation method. This suggested that the methods based on the 

biomechanical models as mentioned in Section 5.1.1 could provide acceptable 

assessments of soft tissue stiffness. In addition, in the in vivo study, the overall ICC for 

the measured shear modulus of VI and the ICCs under different % MVC levels also 

indicated a high degree of intra-observer repeatability of this method.  
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5.2 Stiffness of VI Muscle in Relaxed Condition 

The mean shear modulus of VI muscle in relaxed condition for all subjects were 16.2 ± 

8.1 kPa (at 90º knee joint angle) and 11.1 ± 4.4 kPa (at 60º knee joint angle). Although 

several methods based on shear wave velocity measurement have been used to estimate 

the shear modulus of skeleton muscle, few studies have been done to assess the VI 

muscle stiffness. An earlier study using sonoelastography method by Levinson et al. 

(1995) yielded a Young’s modulus of 79 ± 29 kPa in the quadriceps, corresponding to a 

shear modulus of about 27 kPa. However, in that study, which part of the quadriceps 

was examined was not clarified. From the figures in their paper, the muscle they studied 

should be the RF muscle. MRE method has also been used on the quadriceps femoris 

muscles, but only on VL and VM. Bensamoun et al. (2006) measured the shear modulus 

of VL and VM in relaxed condition on young healthy subjects. The mean values were 

3.73 ± 0.85 kPa and 3.91 ± 1.15 kPa, respectively. The same group (Bensamoun et al., 

2008) also assessed the stiffness of VM, using both 2D MRE and 1D MRE methods, 

and reported shear modulus values of 4.36 ± 0.98 kPa and 3.69 ± 0.80 kPa, respectively. 

The stiffness of other skeleton muscles in relaxed condition has also been measured in 

previous studies. The shear modulus for the biceps brachii was measured as 17.9 ± 5.5 

kPa (Uffmann et al., 2004) and 27.3 ± 11.9 kPa using MRE (Dresner et al., 2001). 

Using SSI method, the shear modulus of biceps brachii measured at rest was 11.3 ± 3.8 

kPa and 10.7 ± 4.5 kPa for two trials (Nordez and Hug, 2010). The stiffness of distal leg 

muscles was also investigated using MRE. Specifically, the shear modulus values were 

8.7 ± 2.8 kPa (Uffmann et al., 2004) in the flexor digitorum profundus; 16.77 ± 0.24 

kPa (Basford et al., 2002), 16.4 ± 0.2 kPa (Heers et al., 2003) and 12.5 ± 7.3 kPa  

(Uffmann et al., 2004) in the soleus (SL); 16.16 ± 0.19 kPa (Basford et al., 2002), 16.4 
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± 0.2 kPa (Heers et al., 2003), 9.9 ± 6.8 kPa (Uffmann et al., 2004) and 22.04 ± 3.46 

kPa (Jenkyn et al., 2003) in the lateral gastrocnemius muscle (LG); 24.9 ± 0.7 kPa 

(Basford et al., 2002) and 20.3 ± 1.1 kPa (Heers et al., 2003) in the medial 

gastrocnemius muscle (MG); 12.03 ± 0.39 kPa (Basford et al., 2002), 11.9 ± 0.6 kPa 

(Heers et al., 2003) and 12.3 ± 4.5 kPa (Jenkyn et al., 2003) in the tibialis anterior (TA).  

The different stiffness observed in different muscles may indicate that the propagation 

of shear waves is influenced by the muscle structure, such as muscle fiber orientation. 

The biceps brachii, gastrocnemius, RF and VI muscles, which are bipennate muscles, 

exhibit higher muscle stiffness than the VL and VM muscles, in which the fiber 

orientation is unipennate (Bensamoun et al., 2006). In addition, these differences might 

be also related to the muscle volume, muscle fiber type, muscle function or other 

specific muscle characteristics of different muscles. Although it is difficult to compare 

these results directly, the shear modulus values all fall into a similar range. Further 

studies are desired to more precisely determine the range of muscle stiffness under 

relaxed condition.  

The results of muscle shear modulus measurement in relaxed condition might be also 

influenced by factors other than those discussed above. Although all the subjects were 

asked to fully relax their muscles during the exams, they might have slightly altered the 

tension in the muscle unconsciously. Since muscle stiffness is strongly influenced by 

the muscle contraction state, even this kind of slight tension might affect the 

measurement results. The muscle stiffness might also be affected by the state of the 

muscle itself. Little is known about the variation of muscle stiffness in vivo over time. 

The momentary stiffness might change due to the history of muscle use preceding the 

exams, which might also change the biochemical state of the subject’s muscle (Uffmann 
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et al., 2004). That was why in our experiment, the subjects were asked not to participate 

in any strength or flexibility training one day before the measurement. The effects of 

sports and exercises on muscle stiffness should be further investigated in future studies.  

It was found that the mean value of muscle shear modulus in relaxed condition at 90º 

knee joint angle (16.2 ± 8.1 kPa) was significantly larger than the value at 60º knee joint 

angle (11.1 ± 4.4 kPa) (p < 0.001). Few studies have been performed to investigate the 

relationship between the shear modulus of VI and the knee joint angle. The change of 

shear modulus of relaxed TA and LG muscles in distal leg with different foot position 

were studied using MRE by Jenkyn et al. (2003). Shear modulus of LG increased to 

35.1 ± 0.4 kPa at 20º of dorsi-flexion from 22.1 ± 0.2 kPa at neutral, but decreased to 

18.4 ± 0.1 kPa at 45º of plantar-flexion. The shear modulus of TA increased from 12.3 ± 

0.5 kPa at neutral to 32.5 ± 0.2 kPa at 45º of plantar-flexion and was almost unchanged 

at 20º of dorsi-flexion (13.5 ± 0.4 kPa). The results indicated that the shear modulus 

increased with the increase of passive muscle stretching. Their results are in good 

agreement with ours. At the 90º knee joint angle, the VI muscle was more stretched than 

at the 60º knee joint angle, thus the shear modulus increased. Besides passive muscle 

stretching in this state, the difference of shear modulus might also be related to the 

morphology change with the different knee joint angles, such as fascicle length and 

pennation angle. When the knee was extended, the length of muscle-tendon complex 

and fascicle length of quadriceps femoris were reported to be shortened, and pennation 

angle increased in step with the changes of knee joint angle (Fukunaga et al., 1997; 

Ichinose et al. 2000). However, the detailed relationship between the changes of VI 

muscle shear modulus and the morphology changes with knee joint angle should be 

further studied.  
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5.3 Relationship between Muscle Stiffness and Step Isometric 

Contraction 

As mentioned in Section 3.4.3, two methods have been used to exhibit the different 

contraction intensities, one is to use the relative muscle contraction level (% MVC), and 

the other one is to use the absolute torque value of the joint extensor or flexor. The 

focused aspects of these two methods are different. However, both of these two methods 

can help us to further understand the muscle function and recruitment strategies from 

different perspectives.  

Besides two methods mentioned above, some previous studies also used different 

weight loads to represent the different muscle contraction levels, such as on the knee 

extensor (Levinson et al. 1995) and on the elbow flexor (Dresner et al., 2001). In the 

study of Levinson et al. (1995), 0, 7.5 kg and 15 kg weights were applied to the ankle 

and the sonoelastography method was used. The corresponding values of Young’s 

modulus of quadriceps femoris muscle were 79 ± 29 kPa, 103 ± 26 kPa and 126 ± 26 

kPa, respectively. The shear modulus values estimated from the Young’s modulus were 

about 26 kPa, 34 kPa and 42 kPa, assuming a Poisson’s ratio of 0.5. In the study of 

Dresner et al. (2001), various weight loads from 0 kg to 10 kg were applied on the wrist 

of subjects when the elbow joint angle was 90º and the shear modulus of biceps brachii 

muscle was measured using MRE. Linear regression was performed on the relationship 

between shear modulus and weight loads among 5 male subjects (age: 18 – 55). The 

slope values were from 7.9 ± 0.4 kPa/kg to 34.0 ± 3.5 kPa/kg. However, the method 

using weight load as an indicator of isometric contraction level was not accurate 
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enough, since the length of limbs was different among the subjects and the lever of 

force was not counted. Thus these results can hardly be compared with ours.  

5.3.1 Previous Studies Based on Relative Isometric Contraction Levels 

Our results demonstrated that the stiffness of the VI muscle along the direction of 

muscle action was positively correlated to the relative muscle contraction level (% 

MVC) at two different knee joint angles and in the full range of isometric contraction. 

Some previous studies have been reported about the positive correlation between the 

muscle stiffness and the non-fatiguing muscle contraction level on different muscles.  

For the VM muscle, the shear modulus values measured under a contraction of 20% 

MVC using 2D MRE and 1D MRE were 9.22 ± 1.29 kPa and 9.52 ± 2.74 kPa, while the 

values in the relaxed position were 4.36 ± 0.98 kPa and 3.69 ± 0,80 kPa, respectively 

(Bensamoun et al., 2008). In another MRE study by Bensamoun et al. (2006), the 

reported shear modulus values of the VL and VM were 6.11 ± 1.15 kPa and 4.83 ± 1.68 

kPa when the subjects were asked to contract their thighs at 10% MVC. With a 

contraction of 20% MVC, the shear modulus values of the VL and VM were reported to 

be 8.49 ± 4.02 kPa and 6.40 ± 1.79 kPa respectively. They also reported that the shear 

modulus values of VL and VM at relaxed condition were 3.73 ± 0.85 kPa and 3.91 ± 

1.15 kPa. Their results showed a significant increase (p < 0.05) in the shear modulus of 

VL and VM muscles with the increase of % MVC (Bensamoun et al., 2006).  

Since the subjects in their studies were young males and young females (but were not 

distinguished), for a comparison, the averaged shear modulus values of the VI muscle of 

the young male subjects at 10% MVC in our study were 88.5 ± 53.8 kPa at 90º knee 
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joint angle and 46.7 ± 18.2 kPa at 60º knee joint angle, and for the young female 

subjects, the values were 152.9 ± 92.5 kPa at 90º knee joint angle and 93.4 ± 30.9 kPa at 

60º knee joint angle. At 20% MVC, the corresponding shear modulus values were 69.8 

± 31.5 kPa, 37.7 ± 14.0 kPa for the young males, and 138.7 ± 54.6 kPa and 68.5 ± 33.8 

kPa for the young females, respectively. As mentioned in the Section 5.2, since the 

structure of VI muscle is different from those VL and VM muscles, their stiffness is 

different even under the same contraction conditions. Furthermore, the position of the 

subjects in their studies was supine and the knee joint angle was 30º, which were both 

different from the conditions in our study, the muscle contraction strategies would also 

be different. Thus it was hard to compare the shear modulus values they measured with 

ours. However, our conclusion of a significant increase of muscle stiffness with the 

increase of isometric contraction level from 10% to 20% MVC is in good agreement 

with their finding.  

5.3.2 Previous Studies Based on Absolute Torques 

It was demonstrated in this study that the shear modulus of the VI muscle along the 

direction of muscle action was also positively correlated to the absolute torques. Some 

previous studies have reported the shear modulus measured under different absolute 

torques of joint extensors or flexors, but not on the quadriceps femoris muscle 

Several studies have been reported to assess the stiffness of distal leg muscles, such as 

TA, MG, LG and SL, as groups of agonist and antagonist. The muscle shear modulus 

was measured under isometric contraction when the subject resisted ankle 

plantar-flexing and dorsi-flexing moments, of which the directions of applied moments 

were opposite. In the study of Heers et al. (2003) using MRE method, the shear 
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modulus in the TA increased significantly (p < 0.0001) from 70.6 ± 1.8 kPa to 126.6 ± 

5.1 kPa as the plantar-flexing moment increased from 8.2 Nm to 16.4 Nm. On the other 

hand, the shear modulus measured in the posterior muscles, i.e. the MG, LG and SL, did 

not show significant changes (p > 0.05). In addition, as dorsi-flexing loads increased 

from 20.2 Nm to 40.4 Nm, shear modulus increased significantly from 41.6 ± 5.1 kPa to 

63.2 ± 5.1 kPa in the MG (p < 0.01), from 27.6 ± 1.1 kPa to 73.1 ± 7.3 kPa in the LG (p 

< 0.003), and from 36.0 ± 0.4 kPa to 65.6 ± 1.8 kPa in the SL (p < 0.001) as the muscles 

resisted the dorsi-flexing moment of the plate. However, the shear modulus measured in 

the TA did not change with load (p > 0.05). A similar study was performed by Jenkyn et 

al. (2003) on the distal leg muscles. Shear modulus of relaxed TA and LG with the foot 

in neutral was 12.4 ± 0.5 kPa and 22.1 ± 0.2 kPa, respectively. Shear modulus of TA 

increased to 133.7 ± 2.1 kPa during a 16 Nm dorsi-flexing effort, but was relatively 

unchanged during a 48 Nm plantar-flexing effort (30.1 ± 0.5 kPa). Shear modulus of LG 

decreased slightly during a 16 Nm dorsi-flexing effort (15.0 ± 0.3 kPa), but significantly 

increased with a 48 Nm plantar-flexing effort (140.4 ± 0.3 kPa).  

Since the muscles they studied were different with ours, their measured shear modulus 

values based on the absolute isometric contraction torques could not be directly 

compared with ours. However, our result of the relationship between the increasing 

muscle stiffness and the increasing absolute torques was the same as theirs.  

5.3.3 Regression Analysis of the Relationship between Muscle Stiffness and Activity 

Our results showed that in the full range of isometric contraction, the stiffness of VI 

muscle along the direction of muscle action was positively correlated to both the 

relative contraction level (% MVC) and the absolute torques (Nm). The above two 
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relationships were both close to be quadratic curves. In previous studies, the results of 

regression analysis were mostly reported as a linear relationship (Levinson et al. 1995; 

Dresner et al., 2001). However, they only measured the muscle shear modulus with 3 or 

5 isometric contraction levels. Furthermore, their results were also limited by the 

relatively small measurement range of the methods they used. It is well known that, a 

small range of the quadratic curve can be treated as being linear. That might be the 

reason for the different conclusions between theirs and ours. In addition, from the 

results reported by Nordez et al., (2010), the relationship between the shear modulus of 

biceps brachii muscle and the isometric contraction torques seemed to be similar to a 

quadratic curve. However, they didn’t perform a quantitative regression analysis, hence 

it was difficult to compare theirs results with ours.  

5.3.4 Previous Studies Based on Muscle EMG Activity 

In this study, a high correlation was observed between the mean shear modulus values 

of VI muscle and the normalized RMS values of surface EMG obtained on VL muscle. 

The relationship was close to a quadratic polynomial curve.  

Since VI muscle lies between VL and VM muscles and right under the RF muscle, 

surface EMG can be hardly collected directly from it. Few studies have been reported 

to collect EMG from VI muscle, including using surface EMG or fine wire EMG. 

Watanabe et al. (2008) reported that they had successfully collected the surface EMG 

from the distal region of the VI muscle. However, the surface region of VI is very small 

and the EMG signal was recorded from the distal end of a muscle near the joint but not 

the muscle belly, which would affect the amplitude and frequency of the collected 

signals. In addition, the surface EMG is sensitive to the location of electrodes (Ramirez 
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et al., 2008). This makes it difficult to compare the results of their studies to those 

obtained in our study. We found that sometimes the EMG signal recorded from VL 

muscle was assumed to be representative for the VI muscle activity (Nene et al., 2004; 

Byrne et al., 2005). Since the vasti muscles, including VI, VL and VM, work in 

unison and the amount of fusion between VI and VL was reported up to be 60% to 77% 

(Willan et al., 2002), it is reasonable to use the activity of VL muscle to represent the 

activity of VI muscle in our study. Further studies are necessary on how to more 

accurately measure the EMG signal for VI muscle.  

Comparison between the muscle stiffness and the surface EMG signals has been made 

in previous studies. In the study of Nordez and Hug (2010) using SSI method, a linear 

relationship was demonstrated between the biceps brachii muscle shear modulus and the 

corresponding EMG activity level. During an increasing ramp type isometric 

contraction, shear modulus was estimated simultaneously with the measurement of 

surface EMG for two trials. The shear modulus estimated at 3% and 7% of the 

maximum EMG activity (by RMS values) was 21.7 ± 6.7 kPa (3%, trial 1), 23.2 ± 7.2 

kPa (3%, trial 2) and 42.6 ± 14.1 kPa (7%, trial 1), 44.8 ± 15.8 kPa (7%, trial 2), 

respectively. A significant main effect of muscle contraction intensity (p < 0.01) was 

found, indicating that the shear modulus was higher at 7% of the maximum EMG 

activity than that at 3% EMG activity. However, the range of activity used in this 

comparison was limited to 30% of the maximum EMG activity. The muscle recruitment 

strategies of ramp type isometric contraction they used might differ from the step type 

that we used in this study (Sanchez et al., 1993). In another study of Heers et al. (2003) 

using MRE method, it was reported that changes in the EMG activity and muscle 

stiffness with different loads were linearly related for the distal leg muscles (TA, MG, 



CHAPTER 5                                                        Discussion 
 

105 

LG and SL). However, they only used three different loads (0, 8.2 Nm and 16.4 Nm for 

plantar-flexion and 0, 20.2 Nm and 40.4 Nm for doris-flexion) to indicate different 

muscle isometric contraction level and thus the results may not be accurate enough. In 

addition, the corresponding relative EMG activity level, which was expressed as the 

percentage of the maximum EMG RMS value, was mostly not larger than 40% (only for 

SL, the upper limit of EMG activity level was 63.5 ± 44.1%; for TA, 33 ± 11.8%; for 

MG, 27.4 ± 13.7%; for LG, 23.1 ± 15.5%). Their result of the highly positive 

correlation between the muscle stiffness and the relative EMG activity level was the 

same as ours. However, the linear relationship they reported was different from the 

quadratic relationship we observed. This different result may be caused by two reasons: 

(1) In a lower and smaller range of contraction level, the relationship of the two signals 

may be closer to linear rather than quadratic; (2) The different muscles studied in the 

two studies may behave differently. Moreover, we also found that, at 60º knee joint 

angle, the fitting curves were closer to be linear than the curves at 90º knee joint angle. 

The reason for this phenomenon should be further studied. Furthermore, the differences 

of muscle stiffness change under different contraction types, such as ramp and step 

types, should be further investigated.  

The estimation of the force exerted by a specific muscle has important meaning in both 

biomechanical studies and clinical applications (Nordez and Hug, 2010). However, it 

cannot be directly measured in vivo. Several mathematical models based on EMG signal 

have been developed to estimate the muscle stress (Disselhorst-Klug et al., 2009; 

Erdemir et al., 2007). Nevertheless, their accuracy was affected by various 

physiological or non-physiological factors (Farina et al., 2004). Our results indicate that 

the muscle shear modulus had potential to be used to estimate the muscle activity level 
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or muscle stress, in addition to the traditional method using surface EMG. However, the 

accuracy of this kind of indirect estimation method needs to be further tested in future 

studies. 

5.3.5 Previous Studies Based on Different Joint Angles 

In our study, the results of the mean MVC torque values of different knee joint angles 

showed that, the MVC torque values measured at 90º knee joint angle were larger than 

those measured at 60º (p = 0.001). This result was in agreement with the results of 

previous studies (Altenburg et al., 2009; Papadopoulos et al., 2008; Ruiter et al., 2008; 

Suter and Herzog, 1997).  

We also found that the mean value of muscle shear modulus under step isometric 

contraction at 90º knee joint angle was larger than that measured at 60º (p < 0.001). 

Furthermore, for the two factors interaction of joint angles vs. % MVC, with the 

increase of % MVC, differences between the muscle shear modulus measured at 90º 

knee joint angle and those measured at 60º increased. This indicated that, the influence 

of knee joint angle on the muscle stiffness was larger for higher isometric contraction 

levels compared with the lower levels. Few studies have been reported to investigate the 

relationship between the VI muscle shear modulus and the knee joint angle, especially 

under different step isometric contraction levels. However, EMG activity of VL muscle 

has been studied with different knee joint angles and the results can be used as a 

reference. Suter and Herzog (1997) studied the EMG activity of the VL muscle at 15º, 

30º, 45º, 60º and 90º knee joint angles (0º for full extension). They reported that muscle 

activity measured as the RMS values of the EMG of VL was the same for four out of 

the five knee joint angles. Only at the knee joint angle of 90º, the RMS values were 
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significantly higher than those of other angles. However, some other studies indicated 

that at a joint angle where the MVC torque value was relatively larger, the 

corresponding EMG activity was also relatively larger (Ruiter et al., 2008; Altenburg et 

al., 2009). Considering the highly positive correlation between the muscle stiffness and 

the EMG activity observed in our study, our results about the VI muscle stiffness at 

different knee joint angles was considered to be reasonable.  

Furthermore, similar as described in Section 5.2, the reason for larger muscle stiffness 

at 90º knee joint angle might be also related to the larger passive stretching on the VI 

muscle compared with the passive stretching at 60º knee joint angle. On the other hand, 

the morphological changes with different joint angles might also contribute to the knee 

joint angle dependence of the VI muscle stiffness. However, all these hypotheses should 

be further tested in future studies.  

5.3.6 Other Issues on the Relationship between Muscle Stiffness and Activity 

All the previously reported methods of muscle shear modulus assessment were 

restricted by the limitation of their measurement range. No study has been conducted at 

a contraction level larger than 50% MVC. Acceptable quantitative results of MRE can 

be only achieved under approximately 20% level (Bensamoun et al., 2008). At higher 

levels, the SNR of MRE images was significantly reduced due to the long acquisition 

time and muscle fatigue. The SSI method also had the similar limitation and its 

measured shear modulus values saturated at 100 kPa (Nordez and Hug, 2010; Shinohara 

et al., 2010). However, this gap was now filled by our newly developed 

vibro-ultrasound method. With a frame rate up to 4.6 kHz for a measurement depth of 

65 mm and using the 15 mm distance apart from the two ultrasound scan lines for the 
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shear wave propagation we achieved a theoretical upper limit of shear wave velocity up 

to 69 m/s. The theoretical upper limit for the shear modulus measurement was larger 

than 4000 kPa, which can fully satisfy the requirement of muscle stiffness assessment at 

high isometric contraction levels, even up to 100% MVC. In addition, the data 

acquisition of our method was almost instantaneous, thus the fatigue issue could be 

avoided even at a 100% MVC level.  

Our study has successfully extended the range of shear modulus measurement to 100% 

MVC and provided a full picture of the relationship between the muscle stiffness and 

the muscle isometric contraction activity. However, the deviations of the muscle shear 

modulus at the levels larger than 60% MVC showed an increasing trend among any 

groups of the subjects. It may be related to several possible reasons. First, during a high 

intensity contraction, changes of the structure, location and orientation of the VI muscle 

may be large enough to affect the muscle shear modulus results. Particularly, changes in 

the pennation angle, fascicle length and anisotropy of the contracted muscle may 

produce complicated effects on the shear wave propagation pattern and the measured 

shear wave velocity. To reduce the effects of human body motions during the high 

intensity muscle contraction in this study, besides fixing the subject’s leg on the 

dynamometer, the vibrator and the transducer were also rigidly fixed, and the subject’s 

body was fixed on the chair with straps restricting the movement of waist and shoulders. 

However, the gliding motions of muscle fibers under the skin were not able to be 

avoided during contraction particularly under high contraction levels. Another possible 

reason may be that, the shear wave velocity increased dramatically at high intensity 

contraction levels, thus the measured time delay values became much smaller in 

comparison with those at relaxed condition. Since the time resolution was limited by the 
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frame rate of the ultrasound signals, the experimental error would increase at high 

intensity isometric contraction levels. However, this trend of larger deviations under 

high contraction levels might also be caused by the inherent property of VI muscle 

itself. For maintaining the high intensity isometric contraction, the dynamic range of 

muscle activity level within this period would also increase and subsequently cause the 

increase of the deviations in the results. Further studies are required to investigate 

whether these larger deviations were due to the inherent property of the muscle or 

caused by the limitation of our assessment system. 

5.4 Gender Dependences of the Relationship between Muscle Stiffness 

and Step Isometric Contraction 

The mean MVC torque values obtained from different genders with different knee joint 

angles showed that the MVC torque values of males were larger than females (p < 

0.001). This result was in agreement with those of many previous studies (Granata et 

al., 2001; Ochala et al., 2004; Staron et al., 2000; Uffmann et al., 2004).  

It was found that, at both knee joint angles, there was no significant main effect of 

gender (p > 0.5) on the muscle shear modulus at relaxed condition. However, when 

performing the step isometric contraction, the effect of gender factor was significant. 

The estimated marginal mean value of males was larger than that of females (p < 

0.001). On the other hand, by comparing the trends of the relationship between the 

muscle shear modulus and the absolute torque values of the two genders, it was found 

that the shear modulus of females increased faster than that of males under the same 
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knee joint angle. However, this relationship was opposite to the relationship between 

the muscle shear modulus and the relative contraction levels (% MVC).  

Muscle stiffness links both the primary functions of skeleton muscle, force generation 

and body movements. The gender difference of muscle stiffness may also contribute to 

the sex discrepancy of ACL injury, such as the other mechanical factors including 

muscular strength and tendon stiffness (Aune et al., 1996; Padua et al., 2005; Withrow 

et al., 2006). However, rarely study has been performed to investigate this relationship. 

Our vibro-ultrasound method has a potential to be used to provide additional 

information about the reasons for the higher risk of ACL injury among females. 

Nevertheless, further experimental studies or model calculations are needed for this 

purpose.  

The gender dependences of the muscle stiffness in relaxed and step isometric 

contraction conditions have been rarely studied using methods based on shear wave 

velocity measurement, such as MRE or SSI. Uffmann et al. (2004) measured the 

stiffness of four different muscles (biceps brachii, the flexor digitorum profundus, the 

soleus and the gastrocnemius) at relaxed condition on 8 young male and 4 female 

subjects using MRE. They reported that the comparisons between females and males 

did not reveal statistically significant differences for any muscles. Our result agreed 

well with theirs. In addition, two other methods have often been used to evaluate the 

muscle stiffness in the muscle-tendon structure or in the muscle-joint structure, i.e. 

measuring the musculotendinous stiffness using quick-release movement method or 

measuring the musculoarticular stiffness using sinusoidal perturbations method. 

Although these methods cannot provide numerical values of elastic modulus, they are 

simple and relatively accurate methods for estimating effective stiffness. The slopes of 



CHAPTER 5                                                        Discussion 
 

111 

the linear relationship of stiffness vs. absolute torque were defined as stiffness indexes: 

SIMT and SIMA, respectively (Blackburn et al., 2003; Granata et al., 2001; Ochala et al., 

2004). They were reported to be both higher in elderly females than elderly males for 

the plantar flexor muscles (Ochala et al., 2004). Furthermore, their results showed that 

the musculotendinous and musculoarticular stiffness were both higher in females than 

those in males at the same absolute torque value. In another study of Blackburn et al. 

(2003), young males showed higher active stiffness for the knee flexor, evaluated by the 

sinusoidal perturbations method with a load of 10% body mass. The simultaneously 

collected EMG signal proved that this load was a relatively similar activity level from a 

neural perspective, corresponding to 26% and 31% of the maximum EMG activity in 

males and females, respectively. The relationship between muscle stiffness and relative 

isometric contraction levels obtained in this study was in agreement with theirs. Granata 

et al. (2001) found that at 0% and 20% MVC levels, the musculoarticular stiffness of 

quadriceps muscles and hamstring muscle in young males was larger than that in young 

females. This result also echoed with our findings in this study. However, from the 

scatter figures of musculoarticular stiffness vs. absolute joint torque reported by Granata 

et al. (2001), the stiffness was slightly higher for males than that for females at the same 

torque value, which was opposite to our findings. This difference may result from the 

differences in methodology, sample size or physical activity condition of the subjects in 

the studies. Blackburn et al. (2006, 2009) performed two similar studies on the triceps 

surae muscle and the hamstring muscle using perturbations method to assess the 

musculoarticular stiffness and calculated the Young’s modulus using additional 

morphology parameters and a mathematical model developed by themselves. The load 

they used was 10% body mass. They found the results were different for different 

muscles. For both muscles, the musculoarticular stiffness was greater in males than in 
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females. For triceps surae muscle, the Young’s modulus was greater in males than in 

females, and this result was in agreement with ours. But for hamstring muscle, they 

found there was no significant difference between the Young’s moduli of males and 

females. Their results indicated that for different muscles, the gender dependence of the 

relationship of muscle stiffness and relative contraction level may be not the same.  

The results of musculotendinous stiffness which looks the muscle and tendon as a whole 

structure are more valuable to us for reference than the musculoarticular stiffness. In 

humans, the stiffness of tendon structures in females has been found to be significantly 

lower than that in males (Kubo et al., 2003). Consequently, the higher 

musculotendinous stiffness observed in females would mainly originate from the active 

stiffness of muscle fibers. On the other hand, for the results of musculoarticular 

stiffness, when the two components of knee joint stiffness were compared, i.e. stiffness 

from active muscle recruitment and stiffness from passive joint structures, the active 

muscles were the dominant component (Crisco et al., 1991). Thus the results of 

musculoarticular stiffness could also have values for us to refer to.  

Gender differences on morphology parameters may be one of the reasons for the 

different muscle stiffness between males and females when performing isometric 

contraction. Previous research reported that the muscle mass and the cross-sectional 

area were greater in males than in females (Miller et al., 1993; Staron et al., 2000). In 

addition, females were found to have longer muscle fiber length and males have thicker 

muscles and larger pennation angles (Chow et al., 2000). However, these geometric 

factors would result in a complex relationship with muscle stiffness and the detailed 

influence of morphology parameters on the muscle stiffness is still unclear. The detailed 

causal connections between them need to be further studied.  
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Another possible reason is the gender difference of fiber type distribution. Although the 

fiber type distribution of VI muscle has been seldom studied, VL muscle has been 

widely studied in previous studies. However, conflicting results have been reported. In 

some studies, the differences of muscle fiber type distribution between young male and 

female subjects were found to be not significant for type I fibers (Gollnick et al., 1972; 

Glenmark et al., 1992; Oertel 1988; Staron et al., 2000), for type IIa fibers (Glenmark et 

al., 1992; Simoneau and Bouchard, 1989; Simoneau et al., 1985; Staron et al., 2000) and 

for type IIb fibers (Essen-Gustavsson and Borges, 1986; Glenmark et al., 1992; 

Simoneau et al., 1985; Staron et al., 2000). However, in other studies, the distribution of 

type I fibers of males was reported to be larger (Essen-Gustavsson and Borges, 1986; 

Komi and Karisson, 1978) or smaller than that of females (Simoneau and Bouchard, 

1989; Simoneau et al., 1985). For type IIa fibers, the distribution of males was also 

reported to be smaller than that of females (Essen-Gustavsson and Borges, 1986). And 

for type IIb fibers, the distribution of males was reported to be larger compared with 

females (Simoneau and Bouchard, 1989). However, the cross-sectional area of all three 

fiber types was found to be larger for males compared to females (Simoneau and 

Bouchard, 1989; Staron et al., 2000). In addition, the area of type IIa fibers was found to 

be the larger for males, whereas the area of type I fibers tended to be larger for females 

(Simoneau and Bouchard, 1989; Simoneau et al., 1985; Staron et al., 2000). As 

mentioned in Section 2.1.6, the slow-twitch (type I) and fast-twitch fibers (type II) have 

different stiffness characteristics. For instance, in rats, type I fibers have been observed 

to be stiffer than type II fibers when generating the same active contraction force 

(Toursel et al., 1999). Therefore, the greater area occupied by type I fibers in females 

and the greater area occupied by type II fibers in males (Simoneau and Bouchard, 1989; 

Simoneau et al., 1985; Staron et al., 2000) can at least partially explain the higher 
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muscle stiffness in females than in males at the same absolute torque value. And gender 

differences in muscle stiffness may also be related to the gender differences in hormone 

concentration (Blackburn et al., 2003). 

5.5 Age Dependences of the Relationship between Muscle Stiffness and 

Step Isometric Contraction 

Analysis of the age dependences of the mean MVC torque values at different knee joint 

angles revealed that the MVC torque values of young subjects were larger than those of 

the elderly subjects (p = 0.01). The same result has been reported by many previous 

studies (Abernethy et al., 2005; Karamanidis and Arampatzi, 2006; Karamanidis et al., 

2008; MacIntosh et al., 2005; Ochala et al., 2004).  

Our results showed that, at both knee joint angles, there was no significant effect of age 

(both p > 0.1) on the muscle shear modulus at relaxed condition. However, when 

performing step isometric contraction, the effect of age factor was significant. The 

estimated marginal mean value of young subjects was larger than the value of the 

elderly participants (p < 0.001). Furthermore, the two-way interaction effects of age vs. 

% MVC and age vs. angles were significant (both p < 0.001). For age vs. % MVC, with 

% MVC increasing, the difference between the muscle shear modulus of young subjects 

and that of the elderly subjects became larger. This indicated that at higher isometric 

contraction levels, the age difference of muscle active stiffness was larger. For age vs. 

angles, the difference between the muscle shear modulus of the two knee joint angles 

was larger in the young subjects compared with the elderly subjects. This suggested that 

the influence of knee joint angle on the muscle stiffness was larger for the young 
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subjects than for the elderly subjects. On the other hand, by comparing the trends of 

muscle shear modulus vs. absolute torque values with different age and same gender, it 

was showed that the shear modulus values of the young subjects increased faster than 

the elderly subjects at the same knee joint angle. This relationship was the same as the 

relationship between the muscle shear modulus and the relative muscle contraction 

levels (% MVC).  

Previous studies on the age differences of muscle stiffness in relaxed and step isometric 

contraction conditions have been even rarer than those on the gender differences. 

Domire et al. (2009) measured the stiffness of tibialis anterior muscle using MRE at a 

relaxed condition on 20 female subjects with an age range of 50 to 70 years. They found 

that there was no significant relationship between age and muscle shear modulus. This 

is in agreement with our results. Musculotendinous stiffness and musculoarticular 

stiffness have also been widely used to study the age difference of muscle stiffness. The 

stiffness index, SIMT, was found to be higher for elderly subjects than for young ones for 

the plantar flexor muscles, whereas SIMA was not significantly different between two 

groups with different ages (Ochala et al., 2004). The stiffness values of their study were 

measured at 20 %, 40%, 60% and 80% MVC levels. From the figures they published, it 

was clearly shown that the musculotendinous stiffness of elderly subjects was smaller 

than that of young subjects when measured at the same relative isometric contraction 

level. Although it was reported that the stiffness of tendon structures in elderly subjects 

was significantly lower than that in young subjects (Karamanidis and Arampatzi, 2006; 

Karamanidis et al., 2008; Narici et al., 2005), this result of reduced musculotendinous 

stiffness due to muscle ageing is still valuable as a reference for our study and also in 

agreement with our results. In addition, there are many other studies which focused on 



CHAPTER 5                                                        Discussion 
 

116 

the structure stiffness of knee joint or whole leg when performing a special gait, such as 

fast/slow walk, upward/downward stepping, etc (Cenciarini et al., 2010; DeVita et al., 

2000; Hoffren et al., 2007; Hsu et al., 2007; Wang et al., 2008). Since under these 

conditions, the contraction level of a single muscle could not be exactly examined, it 

was difficult to compare their results with ours. However, some of their findings were 

useful to explain our results, such as the age difference of muscle coactivation level.  

The age differences of morphology factors are related to the sarcopenia caused by 

muscle ageing process and have been studied by many previous studies. Corresponding 

to the loss of muscle strength, the muscle size estimated from the muscle CSA has also 

been proved to be about 20% smaller in older adults compared to young adults (Klein et 

al. 2001; Narici et al. 2003). In addition, Lexell et al. (1983) found that the VL muscle 

of elderly men contained about 25% fewer fibers than the corresponding muscle of 

young men. Furthermore, muscle ageing also leads to marked alterations in muscle 

architecture that potentially contributes to strength loss. Muscle fascicle lengths and 

pennation angles in elderly individuals were reported to be significantly smaller than 

those in younger adults (Morse et al., 2005; Narici et al., 2003; Narici et al., 2008). 

However, few studies were performed to evaluate the relationship between the changes 

of these morphology factors and muscle stiffness. The influence of sarcopenia on the 

muscle stiffness should be further studied in the future.  

Larsson et al. (1978) found that the relative percentage of type I fibers increased with 

ageing and the fiber atrophy was most pronounced for type II fibers. As mentioned in 

Section 5.4, it was reported that type I fibers were stiffer than type II fibers when 

generating the same active contraction force (Toursel et al., 1999). Therefore, the 

increasing percentage of type I fibers in elders should make the muscle stiffer in 
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comparison with the young people when performing the same absolute contraction 

torque. However, this is opposite to the result we observed in our study. The reason may 

be related to the increasing muscle coactivation level for the elders. The level of muscle 

coactivation has been observed increasing with age. In the elders, the EMG activity, i.e. 

the neural driving activity, was found to be reduced in agonist muscles and increased in 

antagonist muscles (Hortobagyi et al., 2000; Klein et al., 2001). And in a recent study, 

muscle coactivation in elderly adults was reported to be increasing, independent of the 

different muscle groups and the types of muscle contraction (Hortobagyi et al., 2009). 

The coactivation can increase the joint stability and safety to compensate for the 

reduction of muscle strength in elderly adults (Ochala et al., 2004). For knee joint 

extensor, quadriceps muscles act as agonist and hamstring act as antagonist. Hence in 

our study, when the elderly subjects performed the knee extension with the same 

absolute torque, the EMG activity level of their VI muscle, one of the quadriceps 

muscles, would be smaller compared with the young subjects. Since the muscle stiffness 

has a positive correlation with the EMG activity, which has been proved by the results 

of our study and several previous studies, reduction in the neural activity of a special 

muscle would decrease its stiffness during contraction. These two competing factors, 

i.e. the increasing distribution of type I fibers and the increasing muscle coactivation, 

result in a complex relationship between the muscle stiffness and the sarcopenia caused 

by muscle ageing process. According to our result that the VI muscle stiffness of young 

subjects was larger than that of the elderly subjects at the same absolute torque value, 

the effect of increasing coactivation may play a dominant role in this process. In 

addition, the age dependence in muscle stiffness may also be associated with the age 

differences in hormone concentration. Further studies are required to better understand 

the effects of different factors contributing to the ageing effects of muscle stiffness.  
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5.6 Summary 

In this chapter, discussion has been made on the advantages and limitations of our 

newly developed vibro-ultrasound method for muscle stiffness assessment, and on the 

relationship between VI muscle stiffness and the relative muscle isometric contraction 

level (in a full range from 0% to 100% MVC), and also the trend of the relationship 

between VI muscle stiffness and the absolute torque of knee extensor. The gender and 

age dependences of these relationships have also been discussed and compared with the 

results of previous studies. Possible reasons leading to these results have been explored 

in detail. Important findings obtained in this study, limitations of the experiment and 

suggested future works will be introduced in the next chapter.  
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CHAPTER 6 CONCLUSIONS AND FUTURE STUDIES 

6.1 Conclusions  

In this study, a new vibro-ultrasound method for muscle shear modulus measurement 

was developed and evaluated on phantoms, and then applied for in vivo tests on human 

subjects. For the first time, the relationship between VI muscle stiffness and the relative 

isometric contraction level was studied in a full range, i.e. from 0% to 100% MVC. The 

gender, age and knee joint angle dependences of this relationship were also investigated. 

Furthermore, the trends of the relationship between VI muscle stiffness and the absolute 

torque values of knee extensor were also compared between subjects with different 

genders, different age ranges and two knee joint angles. The correlation between VI 

muscle stiffness and the RMS of EMG signal obtained from VL muscle was also 

studied. The findings of this study are summarized as follows. 

1. A new vibro-ultrasound method for muscle stiffness measurement was successfully 

developed and evaluated. It provided, for the first time, the measurement of muscle 

shear modulus for a full range of isometric contraction, from 0% to 100% MVC. This 

new system had potential to be a unique tool for muscle assessment in research and 

clinical applications.  

2. For the first time, the positive correlation between the shear modulus of VI muscle 

and the relative isometric contraction level (% MVC) of the knee extensor, as well as 

the positive correlation between the shear modulus of VI muscle and the absolute 

contraction torque (Nm) of the knee extensor, were verified in a full range of isometric 

contraction. Both the relationships were proved to be close to quadratic polynomial 



CHAPTER 6                                    Conclusions and Future Studies 
 

120 

curves. These results can help us to better understand the muscle function and 

recruitment strategies under step type isometric contraction. 

3. The positive correlation between the shear modulus of VI muscle and the normalized 

EMG RMS value obtained from VL muscle was verified in a full range of isometric 

contraction. The relationship was found to be close to a quadratic polynomial curve. 

These results indicated that the muscle shear modulus had potential to be used as an 

index for the muscle activity level or muscle stress, in addition to the traditional method 

using surface EMG.  

4. The shear modulus of VI muscle measured at 90º knee joint angle was found to be 

larger than that measured at 60º knee joint angle in a full range of isometric contraction. 

It was also observed that the effect of knee joint angle on the shear modulus of VI 

muscle was larger under high contraction levels. These results provided a new 

perspective to further investigate the effects of different joint angles on the muscle 

structure and the recruitment strategies of muscle contraction.  

5. There was no significant difference between the muscle shear moduli of the male and 

female subjects at relaxed condition. However, when performing the step isometric 

contraction, the muscle shear modulus of males was found to be larger than that of 

females measured at the same % MVC. On the other hand, for the relationship between 

the muscle shear modulus and the absolute torque, the muscle shear modulus of females 

increased faster than that of males. Studying the gender dependences of muscle shear 

modulus could provide additional information to understand better the reasons for the 

higher risk of anterior cruciate ligament (ACL) and cartilage injury among females. 
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6. No significant difference was observed between the muscle shear moduli of the 

subjects with different age ranges at relaxed condition. However, when performing the 

step isometric contraction, the muscle shear modulus of young subjects was found to be 

larger than that of the elderly subjects measured at the same % MVC. For the 

relationship between the muscle shear modulus and the absolute torque, the muscle 

shear modulus of young subjects increased faster when compared with the elderly 

subjects. Investigating the age dependences of muscle shear modulus would be useful 

for us to better understand the cause and process of muscle ageing.  

6.2 Further Studies 

Based on the findings of the present study, it is necessary to further improve our 

methods in some aspects, and to conduct more experiments to comprehensively assess 

the relationship between the stiffness and other properties of specific muscles. The 

effects or influences of the muscle stiffness on the muscle functions should be also 

included in future studies.  

1. To improve the vibro-ultrasound method 

Although the current vibro-ultrasound method could provide successful muscle stiffness 

measurement under a full range of muscle contraction levels with satisfying reliability 

and intra-observer repeatability, it still had some limitations. In the preliminary study, it 

was observed that, the echo-tracking results showed some wave patterns not good 

enough for further analysis when a muscle with small dimension or complex structure 

was measured. This might be caused by the multiple reflection and refraction 

phenomena at the interface of different tissues. The solution to this problem is to further 
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increase the frame rate of ultrasound acquisition system, and accurately control the 

position, frequency and amplitude of the shear wave generated in the soft tissue. 

Another limitation was that the current system could not provide the estimation of 

viscosity modulus simultaneously with the elastic shear modulus. Although along the 

direction of muscle action the shear wave propagation is practically non-dispersive and 

does not affect our current results according to the results of previous studies (Catheline 

et al., 2004; Deffieux et al., 2009), the viscosity evaluation is still important, especially 

for other kinds of soft tissues. Therefore, different excitation frequency of the vibration 

may be used in future studies to extract the viscosity as well.  

2. The relationship between muscle stiffness and relative isometric contraction level or 

absolute torque value 

Our results provided a whole picture of the relationship between the muscle stiffness 

and the relative isometric contraction level (% MVC) in a full range. However, the 

deviations of the muscle shear modulus at the levels larger than about 60% MVC 

showed an increasing trend for all the groups of subjects. The reason for the increasing 

deviations needs to be further studied. In the current study, only two knee joint angles 

were included in the tests. More experiments are required to be performed at other knee 

joint angles. In addition, how these factors, i.e. knee joint angle, gender and age, would 

influence the muscle stiffness at relaxed condition and different isometric contraction 

levels should be further investigated, e.g. with simultaneous measurement of some 

morphology characteristics using B-mode ultrasound images.  

3. More comparison between the muscle stiffness of different kinds of groups of 

subjects 
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Using our method, more comparisons in the muscle stiffness among different groups of 

subjects can be performed, e.g. well-trained athletes vs. those without or with little 

physical training. In addition, for patients with some muscle diseases such as the 

sarcopenia and the muscle atrophy caused by stroke, some rehabilitation programs are 

desired to assess their recovering. Our method had potential to be used to evaluate the 

effectiveness of these treatments. Further collaboration between our new technology 

and clinical practice will be a very important task in the future.  

4. Combination of the muscle stiffness measurement with sonomyography (SMG) 

Our another aim is to provide real-time muscle stiffness values simultaneously with the 

sonomyography (SMG) signals, which are the sonographically detected signals of the 

morphology change of muscles. A system which can record and analyze ultrasound 

images, force/torque, joint angle and surface EMG simultaneously has been 

successfully used in several previous studies. By combining the muscle stiffness 

measurement device into the existing SMG system can provide more information about 

the functions of skeleton muscles, and help us to further understand the recruitment 

strategies of different types of muscle contraction.  
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APPENDIX  

I. Information Sheet 

Project Title:  Ultrasound Measurement of Muscle Elasticity 

Principle Investigator:  Dr. Yongping Zheng 

Department of Health Technology and Informatics, The Hong Kong Polytechnic 

University 

The aim of this project is to develop a new method to evaluate the muscle elasticity 

using ultrasound, and to study the muscle elasticity under different contraction level, 

which is expressed as percent of the maximum voluntary contraction (MVC). The MVC 

is a maximum exertion of force reported as a moment around a joint. This study can 

provide more information of the muscle mechanical properties and may help to evaluate 

the muscle functions more extensively.  

All the subjects should volunteer to participate for this study. There is no gender and 

age restriction for the subject selection. They should guarantee to not sustain a recent 

injury on their knee joints and thigh muscles that might increase the risk of injury in this 

study and affect the findings. They also should not participate in any strength or 

flexibility training one day before the measurement. The contraction of quadriceps 

femoris muscles of subject will be monitored using a commercial ultrasound scanner 

and the surface electromyography. The isometric moment generated by the knee joint 

will be measured by a commercial isokinetic dynamometer. An electromagnetic vibrator 

will be hung over the thigh and touch the skin surface to generate mechanical shear 

waves. The maximum force is 10 N and maximum displacement is 6 mm, which means 
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the generated vibrations are very safe to the subject. A linear array ultrasound probe, 

nine electrodes of electromyography, and three accelerometers will be attached on the 

skin surface using medical adhesive tape. The clinical used ultrasound gel will be 

applied between the ultrasound probe and the skin. The subject will feel no pain or 

uncomfortableness, and the attachment of the devices will have no hurt to the body. 

During the experiment, the subject will be asked to contract the quadriceps femoris 

muscles to different percents of MVC and extend the knee joint to different levels. The 

subject can stop the experiment any time if they do not want to continue.  

If you have any complaints about the conduct of this research study, please do not 

hesitate to contact Ms Kath Lui, Secretary of the Human Subjects Ethics 

Sub-Committee of The Hong Kong Polytechnic University in person or in writing (Tel: 

2766 7933; E-mail: rokath@            ; c/o Research Office of the University).  
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II. Consent Form 

I, ___________________ (name), hereby consent to participate in as a subject for the 

research project entitled as “Ultrasound Measurement of Muscle Elasticity”.  

 

I understand the effect and details of the experimental procedures which have been 

explained to me.  

 

I understand that I have the right to discontinue, with no reason given, my participation 

anytime, even during the experiment. I realize that any findings of the study will only be 

used for research purpose and will be properties of the Department of Health 

Technology and Informatics, The Hong Kong Polytechnic University.  

 

Please fill your age, height and weight in the following blanks. This information will be 
only used in this study and not leaked out.  
 
                                                                     
 
Name of participant 
 
____________________________________________________________________ 
 
Signature of participant 
 
____________________________________________________________________ 
 
Name of researcher 
 
____________________________________________________________________ 
 
Signature of researcher 
 
____________________________________________________________________ 
 
Date 
 
____________________________________________________________________ 
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