
   
 

   
 

 

The Use of Shear Wave Elastography to Estimate the 

Mechanical Properties of the Soft Tissues Surrounding 

the Proximal Femur 

by 

Sukirat Kaur Bhullar  

A thesis 

presented to the University of Waterloo 

in fulfillment of the 

thesis requirement for the degree of 

Master of Science  

in 

Kinesiology and Health Sciences 

 

 

Waterloo, Ontario, Canada, 2023 

© Sukirat Kaur Bhullar 2023 

  

 

 

 



   
 

   
 

ii 

Author’s Declaration 
I hereby declare that I am the sole author of this thesis. This is a true copy of the thesis, including 

any required final revisions, as accepted by my examiners. 

I understand that my thesis may be made electronically available to the public. 

  



   
 

   
 

iii 

Abstract 
Introduction: Falls are the leading cause of injury, morbidity, and mortality amongst older adults 

nationally and worldwide, with 95% resulting in hip fractures. Previous studies have found that the soft 

tissues (subcutaneous adipose and muscle) surrounding the proximal femur influence the magnitude and 

distribution of the impact force transmitted to the underlying bone during an impact, and thus hip fracture 

risk. However, there is a gap in the literature since studies have not explored the role of the soft tissues’ 

mechanical properties, particularly Young’s modulus, on the impact force magnitudes and distribution 

during both resting and muscle contracted states. This gap can be addressed using shear wave 

elastography (SWE), an ultrasound imaging technique that quantifies soft tissues' shear wave velocity 

(SWV). SWV can be used to compute the Young’s moduli of the tissues and gain a better understanding 

of the mechanical properties of the tissues. Investigating the SWV of the soft tissues would help improve 

the biofidelity of physical and computational hip models, which would allow us to better understand 

lateral fall impact dynamics and help to improve the design of hip fracture prevention technologies.  

Objectives and Hypotheses: There were two main objectives of this thesis. The first objective was to 

evaluate the intra-rater reliability of the SWE protocol used to characterize the SWV of the soft tissues 

(subcutaneous adipose and muscle) in the lateral-hip region, and the potential influence of muscle 

contraction on intra-rater reliability. The second objective was to assess the influence of muscle 

contraction on the soft tissues’ SWV. Based on the previous literature, it was hypothesized that: 1) the 

intra-rater reliability of the subcutaneous adipose and muscle SWV measurements taken with this 

protocol would range from good to excellent (ICC > 0.75), and would not be influenced by contraction 

state, and 2) there would be an interaction effect of muscle contraction on the SWV magnitudes of the 

soft tissues. It was expected that: a) the muscle SWV magnitude would be greater during the muscle 

contracted state compared to the resting state, while b) the subcutaneous adipose SWV magnitude would 

not change during the resting and muscle contracted states.  

Methods: Twenty healthy, young adults between the ages of 18-35 years with a BMI ≤ 24.9 kg/m2 were 

recruited. The elastography setting on the GE LOGIQ E10 commercial ultrasound machine and a linear 

probe were used to take 3 measurements of the muscle and subcutaneous adipose tissues from a marked 

location on the participants’ left lateral hip region. Three measurements from each tissue were taken 

during the muscle relaxed and contracted states, resulting in 12 measurements being collected from each 

participant. A two-way mixed effects absolute agreement intraclass correlation (ICC) model was used to 

assess the intra-rater reliability of the measurements and the influence that muscle contraction had on it. A 

two-way repeated measures analysis of variance (ANOVA) was used to assess the potential interaction 

effect of muscle contraction on the SWV magnitudes of the soft tissues. 
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Results: As hypothesized the intra-rater reliability of the subcutaneous adipose and muscle tissues ranged 

from good to excellent (0.81 < ICC < 0.95) and was not influenced by contraction state. This aligned with 

previous literature and supported that the protocol was appropriate for examining the influence of muscle 

contraction on SWV (Objective 2). Two-way repeated measures ANOVA revealed a significant 

interaction effect of muscle contraction on the SWV magnitudes of the soft tissues (p < 0.05), which was 

particularly driven by the significant increase in the muscle’s SWV from resting to contracted state (p < 

0.001). In contrast, the subcutaneous adipose’s SWV was not different during the two conditions (p = 

0.825). These results aligned with the hypothesis and indicated that the moduli of the soft tissues in this 

region respond differently between relaxed and contracted states.   

Discussion and Conclusion: The protocol used in this thesis had good to excellent intra-rater reliability 

and can be used to characterize the moduli of the soft tissues in additional locations in the hip region. 

Additionally, the influence of BMI and aging on the stiffness of the soft tissues in this region can also be 

investigated. Muscle contraction also influenced the SWV of the muscle, while the SWV of the 

subcutaneous adipose did not change. This finding indicates that the soft tissues in the hip have unique 

properties and respond differently to muscle contraction. Accordingly, it is worth exploring whether they 

should be modelled separately in biomechanical models of the hip and pelvis. Implementing this finding 

in physical and computational models that currently bulk together the properties of the soft tissues in the 

hip, should improve their biofidelity. Additionally, the protocol used in this thesis, along with the 

differences observed in the soft tissues’ SWV, can potentially be used to assess muscle quality. Since 

alternative modes on the ultrasound, such as echo intensity, are currently used to assess changes in muscle 

quality, SWE may be an alternative technique that can be used.   
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Chapter 1 
 Thesis Overview 

 

Approximately 20-30% of older adults experience one or more falls each year in Canada, 

resulting in increased rates of injuries, morbidity, and mortality amongst this population (Government of 

Canada, 2021; World Health Organization, 2007). A common injury caused by falls is hip fractures, with 

approximately 28,000 annual cases in Canada and more than 95% of them being caused by falls (Scott et 

al., 2010). Hip fractures result in increased rates of mortality, disability, and medical costs compared to 

other fragility fractures (Auais et al., 2018). The older adult population is expected to increase (Statistics 

Canada, 2017), resulting in an increase in the incidence of hip fractures (Nikitovic et al., 2013), which 

already have direct attributable healthcare system costs of approximately $1.1 billion per year. These 

costs are expected to increase to $2.4 billion by 2041 (Schneider & Guralnik, 1990; Wiktorowicz et al., 

2001). 

Hip fracture risks are elevated with side-ways falls (Yang et al., 2020) and the characteristics of 

the underlying bone and soft tissues, including the femur’s strength (Palanca et al., 2021) and bone 

mineral density (BMD) (Greenspan et al., 1994). A negative correlation exists between body mass index 

(BMI) and hip fracture risk (De Laet et al., 2005; Gonnelli et al., 2014; Hayes et al., 1993). However, it is 

difficult to gain a better understanding of hip fractures and the factors that influence their risk through in-

vivo studies and ex-vivo, cadaveric studies, as living individuals cannot be exposed to high loads and 

cadaveric tissues do not directly represent the response of living tissues, respectively. Thus, physical and 

computational models have been developed to better understand hip fracture causations, the risk factors 

associated with them, and to design engineering-based interventions to help with their prevention. The 

majority of the finite element models incorporate the soft tissues around the pelvis (Fleps et al., 2018; 

Fleps et al., 2019; Galliker et al., 2022; Majumder et al., 2007; Majumder et al., 2008); however, they 

often bulk the soft tissues (subcutaneous adipose and muscle tissues) together.  

Soft tissue properties, such as thickness and muscle contraction state, influence the total force 

distribution in the pelvis during an impact. Based on the current literature, individuals with a lower BMI 

experience peak pressures that are 55% greater than those with a higher BMI. BMI is also highly 

correlated with trochanteric soft tissue thickness (TSTT) (Maitland et al., 1993; Choi et al., 2010), which 

is known to influence peak impact forces and energy absorption during impacts to the hip (Robinovitch et 

al., 1995). Additionally, muscle contraction is known to influence the impact characteristics by increasing 

the total impact force experienced during lateral falls on the hip (Martel et al., 2018). It is also known to 
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increase pelvic stiffness in females (Martel et al., 2018) and may change the geometry of the skin surface, 

ultimately influencing the impact force distribution (Pretty et al., 2017). The properties of these soft 

tissues also influence the effectiveness of hip fracture prevention technologies, including hip protectors 

and compliant flooring (Bhan et al., 2013; Choi et al., 2010; Galliker et al., 2022; Laing et al., 2008a; 

Laing et al., 2008b; van Schoor et al., 2006). However, since the mechanical properties of these tissues 

and the influence of muscle contraction on these properties have not been previously explored, they 

cannot be included in hip models to increase their biofidelity and help to address the existing gaps in the 

literature.  

As an initial step towards gaining a better understanding of hip fracture mechanisms, risk factors, 

and impact dynamics, the mechanical properties of the soft tissues (subcutaneous adipose and muscle) 

within this region should be assessed. Accordingly, this thesis aimed to use shear wave elastography 

(SWE), an ultrasound (US) imaging technique, to quantify the shear wave velocity (SWV) of the soft 

tissues in the lateral hip region. SWV can be used to compute Young’s moduli of these tissues and gain a 

better understanding of their mechanical properties. The proposed thesis focused on 1) assessing the intra-

rater reliability of the protocol that was used to 2) characterize the mechanical properties of the soft 

tissues (subcutaneous adipose and muscle) in the lateral hip region during relaxed and muscle contracted 

states. Figure 1 provides a visual framework of this thesis and section 2.7 contains more information 

regarding its research questions and hypotheses.  
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Figure 1: Thesis Framework 

  



   
 

   
 

4 

Chapter 2 
Literature Review 

2.1 Hip Fracture Epidemiology  

 

2.1.1 Prevalence of Fall-Related Hip Fractures  

Falls are the leading cause of injury, morbidity, and mortality amongst the older adult population 

both nationally and globally (Government of Canada, 2021; World Health Organization, 2007). There are 

approximately 28,000 annual cases of hip fractures in Canada, with more than 95% of them being caused 

by falls (Scott et al., 2010). Compared to other fragility fractures, including spine and wrist, hip fractures 

result in increased rates of mortality, disability, and medical costs (Auais et al., 2018). Approximately 

25% of older adults who experience hip fractures die within a year (Nikitovic et al., 2013) and 50% 

experience difficulties performing daily activities and a decline in independence (Wolinsky et al., 1997). 

As life expectancy increases (Decady & Greenberg, 2014) and the baby-boomer cohort (people born 

between 1946 and 1965) ages, the older adult population is expected to increase (Statistics Canada, 2017), 

resulting in the incidence of hip fractures to continue increasing (Nikitovic et al., 2013).  

2.1.2 Burden Caused by Fall-Related Hip Fractures  

Based on the current literature, fall-related hip fractures have a large economic burden. In 

Canada, hip fractures have a direct attributable healthcare system cost of approximately $1.1 billion per 

year. This cost is expected to rise to $2.4 billion by 2041, as the older adult population continues to 

increase (Schneider & Guralnik, 1990; Wiktorowicz et al., 2001). In Ontario, the direct yearly costs are 

$282.1 million, with post-fracture costs being an additional $64.5 million in the second year of 

rehabilitation (Nikitovic et al., 2013). As mentioned above, older adults who have sustained a hip fracture 

tend to have difficulties performing daily activities, resulting in their transfer to long-term care (LTC) 

facilities. Wiktorowicz and colleagues (2001) found that approximately 15.5% of community-dwelling 

older adults were transferred to LTC facilities after sustaining a fracture, where their average yearly cost 

of living was $44,156. Their cost of living was greater compared to when they were residing in their 

communities ($21,385) and to the other LTC residents’ cost of living ($33,729) (Wiktorowicz et al., 

2001).    

Along with the economic burden, fall-related hip fractures result in a social burden. These 

fractures are related to increases in morbidity, with 18-22% of patients requiring LTC (Jaglal et al., 1996) 

and two-thirds of community-dwelling patients requiring home-care services (Nikitovic et al., 2013). 

Death related to hip fractures within the first year is 13-23%, with 5.6% of patients who die within their 
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first 30 days of hospitalization (Nikitovic et al., 2013). Additionally, recovering patients have difficulties 

performing daily activities, such as taking medication (Magaziner et al., 2000; Dyer et al., 2017), dressing 

(Beaupre et al., 2007), and walking (Magaziner et al., 2000). Those residing in LTC have lower mobility 

recovery rates than those that continue to reside in their community, with only 21% being able to recover 

their mobility entirely (Neuman et al., 2014). Additionally, 53% of pre-fracture community-dwelling 

older adults, who continue to reside within their communities’ post-fracture, require assistance to access 

places within walking distance (Magaziner et al., 2000). Individuals also experience a heightened fear of 

falling (Bower et al., 2016) which may also influence their recovery. The likelihood of them sustaining a 

second hip fracture also remains high as one in twenty (5.08%) patients are likely to experience a second 

hip fracture within their first year of recovery, and this rate increases to 8.11% within the second year 

(Lönnroos et al., 2007). Overall, older adults who sustain hip fractures endure hardships to their health, 

costs of living and in the social aspects of their lives, which greatly influences their independence and 

quality of life (Papaioannou et al., 2009). As the older adult population continues to increase, along with 

the incidence of hip fractures, it is important to understand the risk factors related to these hip fractures to 

improve the design of preventative technologies and rehabilitation programs. 

 

2.2 Biomechanical Factors that Influence Fall-Related Impact Dynamics & Hip Fracture 
Risk 

 

2.2.1 Risk Factors for Hip Fractures 

Several fall factors increase the risk of hip fractures, including fall height (Yang et al., 2020), 

orientation (Pretty et al., 2021a; Yang et al., 2020), and landing configuration (Yang et al., 2020). With 

the majority of hip fractures resulting from falls initiated from standing heights. There is a 2.4-fold greater 

risk of hip fractures from falls initiated at standing heights compared to those initiated from lower heights 

(Norton et al., 1997). Specifically, Yang and colleagues (2020) found that the majority of hip fractures in 

LTC facilities were caused by falls from standing heights, while 38% of non-fractures occurred from falls 

from lower heights, such as falls succeeding sitting tasks. As a protective mechanism to prevent head 

impacts, approximately 38% of falls involve the rotation of the body during the descent phase to change 

the landing configuration (Yang et al., 2020). Forty-two percent of forward-directed falls involve the 

individual rotating to land side-ways and 41% of side-ways falls involve individuals rotating backwards 

(Yang et al., 2020), which decreases their risk of hip impact by 10-fold (Yang et al., 2016). The risk of 

hip fractures is increased by 5.5-fold during side-ways landing compared to forward fall landing 
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configurations (Yang et al., 2020). Thus, landing configuration is one of the strongest determinants of hip 

fractures and increases their risk by approximately 20-fold compared to other factors (Hayes et al., 1993). 

Additionally, impact forces directed towards the posterolateral aspect of the pelvis increase the likelihood 

of hip fractures by six times (Yang et al., 2020) because they result in greater contact forces on the 

proximal femur (Keyak, 2001; Yang et al., 2020). Having high contact forces in this region of the femur 

increases the likelihood of a hip fracture because the proximal femur has the lowest strength compared to 

the other regions (Yang et al., 2020). In summary, hip fracture risks are elevated based on the 

biomechanics of the fall.  

Additionally, bone and soft tissue characteristics also influence the risk of hip fractures. The 

femur’s strength, also known as fracture load, is influenced by its morphology, subcortical bone voids 

(Palanca et al., 2021), and bone mineral density (BMD) (Dragomir-Daescu et al., 2018). Greenspan and 

colleagues (1994) found that the BMD is not only lower in individuals who fractured their hips compared 

to individuals without hip fractures, but it is significantly lower at the femoral neck, intertrochanter, and 

trochanter. Studies have also reported a negative correlation between BMI and fracture risk (De Laet et 

al., 2005; Gonnelli et al., 2014; Hayes et al., 1993). A higher BMI has been found to act as a protective 

mechanism against hip fractures (Gonnelli et al., 2014) as the increased soft tissue in the hip region 

absorbs energy during a fall (Fleps et al., 2018). BMI is also highly correlated with trochanteric soft tissue 

thickness (TSTT) (Maitland et al., 1993; Choi et al., 2010). As expanded on in section 2.2.3, the soft 

tissues overlying the femur influence the total forces transmitted to the bone during an impact and thus, 

fracture risk. Further research should focus on understanding the influence that soft tissue characteristics 

have on lateral fall impact dynamics and hip fracture risk.  

 

2.2.2 Force Distribution during Lateral Falls 

The force distribution following a lateral fall is primarily influenced by the impact’s magnitude 

and the type of lateral fall, which dictates the loading vector orientation and the primary point of impact 

on the pelvis. Pretty and colleagues (2021a) utilized three different fall simulations (Figure 2) to evaluate 

their impact vector magnitude, center of pressure, and direction. The fall simulations that they used were 

the pelvis, kneeling, and squat release falls which represented different fall types observed in older adults. 

The highly controlled pelvis release falls were initiated by the release of an electromagnet that caused the 

participant to impact their lateral hip directly. In contrast, during the kneeling release falls, the faller 

impacted the knee before impacting the hip laterally. While during the squat release falls, the faller flexed 

their knee, hip, and ankle during the descent phase, before rotating their bodies laterally to impact the hip. 
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During the pelvis release, the peak force loading vector was directed closest to the greater trochanter 

(GT). However, during the kneeling release, the force’s loading vector was directed more medially, with 

respect to the femoral shaft, while during the squat release, it was directed more distally. In the anterior-

posterior plane, both the kneeling and squat release falls impact force loading vector was directed more 

anteriorly, compared to the pelvis release falls. In all three releases, the mean location of the center of 

pressure was 0.1-1.1 cm posterior and 0.8-1.8 cm distal to the GT (Pretty et al., 2021b). The force 

distribution during these falls is dependent on the distribution and type of soft tissues underlying their 

primary points of contact. The pelvic soft tissues play a critical role in influencing the impact force 

distribution and are discussed in greater detail in section 2.2.3. Overall, during all three of these types of 

lateral falls, peak forces are initially directed distal and posterior to the GT (Pretty et al., 2021a; Pretty et 

al., 2021b). 

 

 

Figure 2: Phases of a) Pelvis, b) Kneeling, and c) Squat Release Fall Simulation Protocols (Pretty et al., 

2021b) 

 

2.2.3 Influence of Soft Tissues on Fall Impact Dynamics  

Soft tissue properties, such as thickness and muscle contraction, influence the total force 

distribution in the pelvis during an impact. Based on the current literature, individuals with a lower BMI 

experience peak pressures that are 55% greater than those with a higher BMI. BMI is also highly 

correlated with trochanteric soft tissue thickness (TSTT) (Maitland et al., 1993; Choi et al., 2010), which 
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is known to influence peak impact forces and energy absorption during hip impacts (Robinovitch et al., 

1995). Higher TSTT has been associated with decreased peak impact forces when the forces are 

normalized to the individual’s body mass, as it shunts energy away from the femur (Pretty et al., 2021a; 

Pretty et al., 2021b). However, when these forces are not normalized to the individuals’ body mass, taller 

and heavier individuals experience increased forces over their proximal femur than shorter and thinner 

individuals. Pretty and colleagues (2017) reported that males experience 47% greater local impact forces 

over the GT during a lateral fall than females, which is likely caused by differences in body mass. Body 

mass is directly related to the kinetic energy of an impact; therefore, individuals with increased mass, 

higher BMI, and TSTT, may experience increased impact forces than those who have a lower mass. 

However, there are some inconsistencies in the literature regarding the association between BMI and peak 

impact forces. Some studies have found that BMI does not influence peak forces (Pretty et al., 2017; Choi 

et al., 2010), while others have reported that individuals with higher BMI or TSTT experience increased 

peak forces (Levine et al., 2013; Pretty et al., 2021b). Although there are some inconsistencies regarding 

the association between BMI and peak impact forces, decreased BMI is associated with lower peak 

impact pressure (Choi et al., 2010; Pretty et al., 2017). Individuals with a low BMI may have a smaller 

pelvis with a decreased contact area during the fall, causing the majority of the force to be applied in a 

smaller area overlying the GT, compared to high BMI individuals where loads can be distributed to the 

outer regions of their pelvis (Pretty et al., 2017). Overall, soft tissues influence the impact force 

dissipation during a lateral fall. However, studies have not explored the role that these soft tissues’ 

mechanical properties have on the impact force’s magnitude and distribution.    

Additionally, muscle contraction is known to influence the impact characteristics by increasing 

the total impact force experienced during lateral falls on the hip (Martel et al., 2018). Increased muscle 

activation has also been shown to increase the stiffness of the pelvic tissues in females (Martel et al., 

2018) and may alter the geometry of the skin surface, ultimately influencing the impact force distribution 

(Pretty et al., 2017). Additionally, Pretty and colleagues (2017) found muscle activation during a fall 

increases peak impact forces and the skin’s contact area, which leads to no differences in peak pressure 

during muscle-relaxed and contracted states. However, a limitation that may have influenced their results 

is that their muscle activation targets (20-30% MVC) were based on upper limb impact data from studies 

that simulated forward falls. There is currently a gap in the literature regarding the muscle activation 

patterns of muscles in the lower limbs during lateral falls. Pretty and colleagues (2017) also reported that 

gluteal muscle activation did not influence the TSTT overlying the GT and they did not assess its effects 

on the soft tissues’ elastic moduli and skin-surface geometry in the surrounding trochanteric regions. 

Accordingly, there is a knowledge gap in the literature regarding the influence of muscle contraction on 
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the soft tissue properties that could potentially influence (and/or be incorporated into) computational 

models of hip impact dynamics.  

2.2.4 Influence of Soft Tissues on Hip Injury Prevention Technology (Hip Protectors & Compliant 

Flooring) 

As discussed in the previous sections, the pelvic soft tissues influence the total force distribution 

along the proximal femur during lateral hip falls. They also influence the effectiveness of hip fracture 

prevention technologies, including hip protectors and compliant flooring (Bhan et al., 2013; Choi et al., 

2010; Galliker et al., 2022; Laing et al., 2008a; Laing et al., 2008b; van Schoor et al., 2006). Hip 

protectors and compliant flooring will be discussed in greater detail in the following sections.  

 

2.2.4.1 Hip Protectors 

Hip protectors are devices that consist of either soft- or hard-shell pads that are embedded in 

undergarments to cover the proximal femur (Laing et al., 2008a). They are known to reduce the risk of 

hip fractures amongst ambulatory older adults by 3-fold when worn at the time of a fall (Korall et al., 

2019). They attenuate forces by absorbing the energy from the impact and/or shunting it away from the 

GT into the surrounding pelvic soft tissues (Kunnus et al., 2000; Laing et al., 2008a; Laing et al., 2008b). 

The ability of hip protectors to attenuate impact forces is influenced by the underlying pelvic soft 

tissues (Choi et al., 2010; Galliker et al., 2022; Laing et al., 2008a; Laing et al., 2008b; van Schoor et al., 

2006). In an impact testing simulation using surrogate femurs, van Schoor and colleagues (2006) reported 

that in combination with a thick (2.54-cm) soft tissue layer, hard-shell hip protectors reduced peak forces 

by 68-80% and soft-shell hip protectors reduced them by 42-62%. Both types of protectors reduced the 

peak impact forces below the average hip fracture threshold of 3100 N; however, hard-shell protectors 

reduced the impact forces significantly more. When the impact testing simulations were conducted with a 

thinner soft tissue layer (1.27-cm), only hard-shell hip protectors were able to reduce the peak impact 

forces below the fracture threshold. In this scenario, hard-shell protectors reduced peak forces by 67-86%, 

while soft-shell protectors reduced them by 19-46%. This suggests that soft tissue thickness influences the 

effectiveness of hip protectors and should be considered when designing these devices. Similarly, in a 

pelvis release experimental study with human volunteers, Laing and Robinovitch (2008a) found that as 

BMI increased, soft-shell hip protectors were able to attenuate less impact forces. Specifically, these hip 

protectors attenuated 15-35% of the peak impact force in individuals with a BMI of 19 kg/m2, while they 

only attenuated 7.5-10% in individuals with a BMI of 27 kg/m2. Similarly, Choi and colleagues (2010) 

reported that soft-shell hip protectors provided more than twice the reduction in peak pressure and 
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increased shunting of pressure away from the GT in low BMI participants, compared to high BMI 

participants. Building upon this work, Galliker and colleagues (2022) used an FE model to find that 

protectors attenuate the greatest forces over the GT and transfer them to the surrounding soft tissues in 

low BMI individuals. In contrast, for a high BMI individual, wearing the protector was found to increase 

the peak forces over the GT because it acted as a force concentrator, which elevated hip fracture risk.  

Altogether, the findings from these studies suggest that the effectiveness of hip protectors is 

influenced by the characteristics of the underlying soft tissues. A large portion of the literature has 

focused on the influence that BMI and TSTT have on the force attenuation capabilities of these 

protectors. However, studies have not considered the effect that the soft tissues’ mechanical properties 

have on the protector’s effectiveness. Therefore, a greater understanding of these soft tissues’ mechanical 

properties could lead to the improvement of wearable hip protectors.  

 

2.2.4.2 Compliant Flooring 

In addition to hip protectors, compliant flooring is another promising intervention for reducing 

fall-related injuries (Drahota et al., 2022). These floors attenuate the peak forces applied to the pelvis (by 

up to 11.7%) and increase the time to peak force (by up to 25.5%) (Bhan et al., 2013). They are designed 

to have decreased stiffness, compared to conventional flooring, which helps to reduce the magnitude and 

distribution of the impact force during side-ways falls (Laing et al., 2006; Laing & Robinovitch, 2009) 

similar to the native soft tissues (section 2.2.3) and wearable hip protectors (section 2.2.4.1). Additionally, 

BMI has been found to influence the force attenuation capability of this compliant flooring. Following 

lateral pelvic release experiments utilizing participants with a wide range of BMI, Bhan and colleagues 

(2013) found that the compliant flooring attenuated 18.4% of the peak forces in low BMI participants and 

only 0.3% in high BMI participants. Since BMI is highly correlated with TSTT (Maitland et al., 1993; 

Choi et al., 2010), the protective capacity of the flooring is influenced by the soft tissue thickness 

overlying the pelvic region. Although researchers have considered the influence that the pelvic soft 

tissues’ thicknesses have on the effectiveness of this intervention, there are no studies that have explored 

the influence of their elastic moduli. Therefore, understanding the mechanical properties of these soft 

tissues would be the preliminary step towards better understanding their influence on the effectiveness of 

compliant flooring.   
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2.2.5 Take-Home Messages  

There are several factors that influence the risk of fall-related hip fractures, including the soft 

tissues overlying the proximal femur. These tissues influence the magnitude and distribution of the impact 

forces transmitted to the underlying bone during an impact and the effectiveness of hip injury prevention 

technologies. Muscle contraction is also known to influence the skin-surface impact characteristics during 

lateral falls including increased pelvic stiffness and total impact force (Martel et al., 2018), and altered 

force distribution (Pretty et al., 2017). Although studies have explored the role that soft tissues have on 

the force distribution, impact dynamics, and effectiveness of preventative technologies, there is a large 

gap in the literature regarding their mechanical properties and the influence they have on fall-related 

impact dynamics and preventative technologies.  

 

2.3 Finite Element Models of Pelvic Impact Dynamics & Soft Tissues 

Finite element (FE) models of the hip allow us to simulate different lateral falls and understand 

the effect of their impact forces on the femur. This is especially beneficial when only low-magnitude 

impact forces can be applied to the femur during in vivo fall experiments. Table 1 provides a summary of 

the different FE models designed to simulate the hip region. The majority of the FE models incorporate 

the soft tissues around the pelvis (Fleps et al., 2018; Fleps et al., 2019; Galliker et al., 2022; Majumder et 

al., 2007; Majumder et al., 2008), except for a CT scan-based FE model presented by van der Zijden and 

colleagues (2015). Although these models do consider soft tissues, they often bulk them together, rather 

than including the individual properties of the subcutaneous adipose and muscle tissues in the pelvic 

region. They also fail to consider the damping effect of muscle activation during lateral falls, although 

muscle activation is known to affect total impact forces, soft tissue stiffness (Martel et al., 2018), and 

tissue level stresses (Choi et al., 2015). There is a gap in the literature regarding the mechanical properties 

of these tissues, and the influence that muscle activation has on them, preventing these details from being 

included in these models. Bridging this gap would increase the biofidelity of these models, allowing for 

more accurate outcomes to be extracted. This would ultimately lead to the improvement of engineering-

based interventions, such as hip protectors and safety flooring. 
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Table 1: Description of Finite Element (FE) Models of the Hip. This table provides a summary of all the 

different FE models of the hip that are currently being used, along with details regarding their methods, 

tissues modelled, stiffness values of the soft tissues modelled, and their limitations.  

Author/Year  Methods FE Model 
Skin 
Surface 
Geometry 

Tissues 
Modelled 

Soft Tissue Stiffness Limitations 

Majumder et 
al. (2007) & 
(2008)  

CT scan-
based non-
linear 3D 
FEM of 
human 
pelvis-femur-
soft tissue 
complex 
modelled 

Soft tissue 
geometry 
matched a 
58-year-old 
male (77.47 
kg)  

Bone, 
ligaments, 
and bulk 
soft tissue  

To consider the effect 
of large deformation, 
used the non-linear 
hyperelastic “Mooney-
Rivlin material mode” 
to determine the 
stiffness of the soft 
tissue.  
Mooney-Pivlin 
Coefficients C10 and 
C01 (where C01 = 
C10/4) that determine 
the stiffness of soft 
tissue were selected as 
85.5 kPa and 21.38 kPa, 
respectively.  
  
  

Only a single 
participant modelled  
  
Bulked soft tissue 
modelled  
  
Muscle activation was 
not considered 
(damping effects of 
pelvic muscles and 
ligaments could not be 
incorporated in the 
model)  

van der 
Zijden et al. 
(2015) 

CT scan-
based FEM 
of the 
femoral head 
and hemi-
pelvis of one 
healthy male 
femur (81 
years) and 
one 
osteoporotic 
female femur 
(81 years) 

Bones 
modelled to 
match the 
two 
specimens 

Bone No soft tissues 
modelled 

Oversimplification of 
model where no soft 
tissue (adipose and 
muscle) was not 
considered  
Only two specimens (1 
healthy and 1 
osteoporotic) 

Fleps et al. 
(2018) 

Dynamic 
linear and 
non-linear 
FEMs were 
constructed 
using CT 
scans for two 
participants 
(1 male and 1 
female) to 
represent 
cadaveric 
pendulum-

Soft tissue 
geometry 
matched the 
subjects  

Bone, 
ligaments, 
cartilage, 
femoral 
capsule & 
bulk TSTT 

Effective pelvic 
stiffness, in the range of 
300-1000 N, 
experimentally and 
FEM derived: 
  
Experiment = 50.7-80.3 
N/mm 
FEM_linear = 47.4-77.3 
N/mm 
FEM_nonlinear= 
46.9-79.8 N/mm 
  

Only two specimens 
were modelled 
  
Bulked soft tissues 
together (not 
representing the 
heterogeneity of the 
tissue) and used 
ballistics gel as a soft 
tissue surrogate  
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based hip 
fractures 

Fleps et al. 
(2019) 

Subject-
specific 
explicit 
FEMs 
modelled 6 
females and 
5 males ages 
54-94 years 
old (with an 
average age 
of 77.1(13.4) 
years  

Soft tissue 
geometry 
matched 
subjects 
tested in an 
experimental 
study by 
Fleps et al. 
(2018) 

Bone, 
ligaments, 
cartilage, 
femoral 
capsule & 
bulk TSTT 

Effective pelvic 
stiffness ex vivo 
experimentally and 
FEM derived: 
  
Ex vivo = 58.5-492.0 
N/mm 
FEM_nonlinear = 61.5-
550.6 N/mm 
FEM_linear = 63.0-
788.3 N/mm 
FEM_lowheight = 24-
152 N/mm  

Bulked soft tissues 
together (not 
representing the 
heterogeneity of the 
tissue) and used 
ballistics gel as a soft 
tissue surrogate  
  
Muscle activation at the 
hip joint was not 
modelled (since little is 
known about the 
muscle activation 
patterns around the hip 
during sideways fall 
impacts) 

Galliker et al. 
(2022) 

FE model of 
generic hip 
protector 
models 
combined 
with subject-
specific FE 
models for 4 
specimens (2 
males and 2 
females) to 
represent ex 
vivo fall 
simulations 

Generic hip 
protector FE 
model was 
designed 
using 
dimensions 
of a low 
BMI female 
(BMI = 15.4 
kg/m2) 
  
Subject-
specific FE 
models 
matched the 
design of FE 
models 
described in 
Fleps et al. 
(2018) and 
(2019)  

Bone, 
ligaments, 
cartilage, 
femoral 
capsule & 
bulk TSTT 

Didn’t provide much 
info except: 
Hip protector stiffness 
was measured as the 
tangent slope at specific 
points within the force-
displacement curve 
(0.5, 1.0, 2.0, and 3.0 
kN). Additionally, the 
overall stiffness up to 
4.0 kN, the stored 
energy up to 4.0 kN, 
and the absolute and 
relative dissipated 
energy were calculated.  
  

Bulked soft tissues 
together (not 
representing the 
heterogeneity of the 
tissue) and used 
ballistics gel as a soft 
tissue surrogate  
  
Muscle activation at the 
hip joint was not 
modelled (since little is 
known about the 
muscle activation 
patterns around the hip 
during sideways fall 
impacts) 

 

 

2.4 Utilizing Shear Wave Elastography to Quantify the Young’s Moduli of Soft Tissues 

 

2.4.1 Introduction to Shear Wave Elastography 

Shear wave elastography (SWE) is an ultrasound (US) imaging technique that allows for the 

quantification of the SWV of tissues throughout the body, which can be used to compute their Young’s 

modulus. The US transducer is used to generate an acoustic radiation force pulse sequence, which 

generates shear waves away from the region of interest (ROI) within the tissue of interest. The ROI is a 
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feature within the US system’s software that defines the area within the SWE image that will be used to 

calculate the SWV. The shear waves propagate perpendicular to the primary US wave, producing the 

acoustic radiation force and generating local stress that causes displacements in the tissue. Fast plane 

wave excitation is then used to track the displacements in the tissue and SWV within the ROI (Taljanovic 

et al., 2017). Tissue displacement maps are used to calculate the shear wave velocity, in meters per 

second (m/s), which is directly related to the shear modulus (G). The shear modulus is calculated using 

Equation 1.  

𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟏: 𝐺 = 𝜌 ∗ 𝑆𝑊𝑉! 

Where G = shear modulus, SWV = shear wave velocity, and 𝜌 = density of the tissue (assumed to be 1 
g/cm3). The tissue’s underlying properties are assumed to be linear, isotropic, incompressible, and 
homogenous). 

  

Shear modulus is also directly related to Young’s modulus (E), as long as the tissue is assumed to be 

linear, isotropic, incompressible, and homogenous (Shina et al., 2015). Young’s modulus (E) is the ratio 

of tensile stress to tensile strain (Taljanovic et al., 2015) and is calculated in kilopascals (kPa) using 

Equation 2.  

𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟐: 𝐸 = 3𝐺 = 3 ∗ 𝜌 ∗ 𝑆𝑊𝑉! 

For a better understanding, Figure 3 displays the basic operational steps of SWE described by Taljanovic 

and colleagues (2017). 
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Figure 3: Basic Operational Steps of SWE (Taljanovic et al., 2017) 

Once measurements are taken, the quantitative shear modulus maps are represented by colour-

coded elastograms. These elastograms can either display shear wave velocity (m/s) or Young’s modulus 

(kPa). This thesis focuses on extracting the shear wave velocity (SWV) of the tissues that are in the region 

of interest. Figure 4 is an example of the elastogram obtained when using SWE to quantify the SWV of 

the soft tissues directly above the GT. Red represents tissues with a higher Young’s moduli, while blue 

represents tissues with a lower Young’s moduli. Green and yellow represent regions with intermediate 

Young’s moduli. Additionally, shear waves propagate faster in stiffer and contracted tissues and along the 

long axis of healthy tendons (Taljanovic et al., 2017). Shear wave velocities decrease when measuring 

deeper tissues and with the presence of bone below the ROI (Ewertsen et al., 2016). 
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Figure 4: SWE Image of the Soft Tissues Overlying the Greater Trochanter – The elastogram is used to 
obtain the SWV of the region of interest. Within the elastogram, red represents stiffer tissues with a 

harder consistency, while blue represents softer, less stiff tissue. Green and yellow represent regions with 
intermediate stiffness.   

There are three main types of US transducers that are used for B-mode imaging, including the 

linear, curvilinear, and phased array. Linear transducers are ideal for imaging superficial structures and 

operate at a higher frequency. Curvilinear transducers penetrate deeper than linear transducers and operate 

at lower frequencies which results in a wider field of view, and phased transducers contain a series of 

elements that are used to generate pulsed waves in the tissue to generate images (Markowitz, 2011). SWE 

is a feature that can be used with both the linear and curvilinear transducers; however, majority of the 

literature used the linear transducer (Alfuraih et al., 2019; Baumer et al., 2017; Botanlioglu et al., 2012; 

Dieterich et al., 2017; Eby et al., 2015; Lin et al., 2015; Matsuda et al., 2019; Nojiri et al., 2021; Quack et 

al., 2019; Wu et al., 2018; Yun et al., 2019; Zhou et al., 2019). Linear transducers generate US waves in 

straight lines and have a greater resolution than curvilinear transducers, which have a cone-like field of 

view and greater depth perception (Chan & Perlas, 2011) (Figure 5). For this thesis, a linear transducer 

will be used to differentiate and quantify the SWV of the subcutaneous adipose and muscle tissues within 

the hip region because it has a higher resolution. Additionally, the ultrasound system being used does not 

support using the curvilinear probe for performing SWE on musculoskeletal tissue. Figure 5 represents a 

B-mode US image taken with a curvilinear transducer and demonstrates the difficulty of differentiating 

the soft tissues, especially when compared to the image from the linear probe (Figure 4).  
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A) B)  

Figure 5: B-mode US image taken with the Linear (A) vs Curvilinear (B) Probes – The linear probe has a 
higher resolution than the curvilinear probe, allowing for the differentiation between the different soft 

tissues in the lateral hip region. 

 

2.4.2 Benefits and Limitations of SWE  

There are several benefits of utilizing SWE to quantify the SWV of tissues within the body, 

which can be used to quantify Young’s moduli. Firstly, it is a non-invasive modality that allows for the 

direct, real-time assessment of tissue elasticity (Dieterich et al., 2017; Shina et al., 2015). In comparison 

to other techniques, like compression sonoelastography, SWE is more objective and reproducible, as it is 

simple to use and does not require manual compression (Taljanovic et al., 2017). Additionally, it has been 

reported to have moderate to good intra- and inter-reliability (0.85 < ICC < 0.96), which is discussed in 

more depth in section 2.4.4. It also does not expose individuals to harmful radiation (Abramowicz, 2013). 

However, there are some limitations to this technique. The reliability of SWE measurements of superficial 

tissues may also be influenced by the pressure exhibited by the transducer onto the skin that can cause 

high artifactual shear wave speeds (SWS) due to the localized pre-stress. To improve the reliability of the 

superficial tissues’ SWE measurements, the operator should minimize the pressure applied from the probe 

to the tissue of interest (Bamber et al., 2013). Additionally, gel stand-offs can be used to reduce the 

occurrence of artifacts generated by pressure from the probe onto the skin (DeJong et al., 2017; DeJong et 

al., 2020). Another limitation of SWE is that the shape and size of the region of interest (ROI) is limited, 

resulting in the quantification of SWV/modulus at only certain parts of the tissue of interest, rather than 
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the entire tissue (Zhou et al., 2019). Although SWE has these limitations, in comparison to other methods 

that are discussed in more depth in section 2.5, it is a reliable, non-invasive modality. It has been used for 

the real-time assessment of tissues throughout the body and will allow for the characterization of the 

mechanical properties of pelvic soft tissues. 

 

2.4.3 The Use of SWE at Diverse Anatomical Regions  

As previously mentioned, SWE is a non-invasive method of quantifying the Young’s moduli of 

soft tissue (Dieterich et al., 2017; Matsuda et al., 2019). Table 2 summaries a few of the many studies in 

which researchers have used SWE to identify pathology (Alfuraih et al., 2019; Botanlioglu et al., 2012; 

Yun et al., 2019) or tissue state changes associated with aging (Baumer et al., 2017; Eby et al., 2015; Wu 

et al., 2018; Yun et al., 2019), sex (Botanlioglu et al., 2012; Eby et al., 2015; Wu et al., 2018), posture 

(Dieterich et al., 2017; Eby et al., 2015), pain (Lin et al., 2015), stretching (Nojiri et al., 2021; Zhou et al., 

2019), and surgical interventions (Quack et al., 2019).  

The main body regions where SWE has been used to quantify the tissues’ Young’ moduli include 

the neck, shoulder, elbow, lower back, leg, and the iliopsoas muscle of the hip. Additionally, it has 

recently been used to characterize the non-linear mechanical behaviour of the heel pad (Lin et al., 2015; 

Wu et al., 2018). Specifically, the SWV was quantified with no compression to characterize the initial 

moduli (i.e. initial shear and Young’s moduli) of the tissues, with additional measurements that quantified 

their non-linear mechanical behaviour by increasing the compressive loads on the tissue (Chatzistergos et 

al., 2018). SWE has been used across multiple anatomical locations to characterize their soft tissues’ 

mechanical properties, except for in the lateral pelvic-hip region. Addressing this gap in the literature will 

allow for the computation of more biofidelic hip models and the improvement of engineering-based 

interventions, such as hip protectors and safety flooring.   
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Table 2: Summary of SWE Research. This table provides a summary of the different SWE studies that 

have been conducted on different body regions, along with details about their SWE settings, main 

findings, and limitations.  

Body 
Region 

Author/Year Main Theme/ 
Purpose 

SWE Settings Main Findings Limitations 

Neck 
  

Dieterich et al. 
(2017) 
  

Muscle 
(passive/active) 
  
Main neck 
extensor muscles 
investigated – 
multifidus, 
semispinalis 
cervicis, 
semispinalis 
capitis, splenius 
capitis, and 
trapezius 
  
Purpose – To 
examine the 
influence of the 
layered 
organization 
(muscle depth) of 
the neck extensors 
on muscle 
stiffness in the 
resting state and 
during a head lift 
(active state) 

SWE recorded at 
1Hz using linear 
transducer (SL10-
2 MHz) 
  

Highest passive 
and active 
stiffness values 
were recorded for 
the deeper neck 
extensor muscles  
  
During head lift, 
semispinalis 
cervicis 
experienced the 
greatest increase 
in active stiffness 

Previous studies 
have reported 
lower 
reproducibility of 
shear modulus 
measurements for 
deeper muscles. 
For current study, 
they used smaller 
muscle-specific 
ROIs  

Shoulder Baumer et al. 
(2017) 
  

Muscle/tendon 
(passive/active), 
aging, rotator cuff 
tear  
  
Supraspinatus 
tendon and muscle 
  
Purposes – assess 
the association 
between SWS and 
age in healthy, 
asymptomatic 
subjects, and to 
compare measures 
of SWS between 
patients with a 
rotator cuff tear 
and healthy, 
asymptomatic 
subjects  

9L4 linear probe 
was used 
  
Muscle and 
tendon SWE 
images were 
acquired under 
both passive and 
active conditions - 
active condition 
involved the 
subjects lifting 
their forearm off 
their thigh and 
abducting their 
shoulder in the 
scapular plane 
only enough to 
remove contact 
with the abduction 
pillow (not MVC)  

Mean shear wave 
speed (SWS) was 
of the muscle and 
tendon increased 
with age for both 
passive and active 
conditions  
  
Subjects with 
rotator cuff tears 
had lower mean 
SWS in the 
muscle and tendon 
during active 
condition, but 
there was no 
difference during 
the passive 
condition 
  
  

Did not measure 
intramuscular 
tendon cross-
sectional 
dimensions, which 
can influence 
SWS 
measurements  
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Body 
Region 

Author/Year Main Theme/ 
Purpose 

SWE Settings Main Findings Limitations 

Shoulder Yun et al. 
(2019) 

Tendons, 
idiopathic 
adhesive capsulitis 
of the shoulder 
(ACS) & aging 
  
Main muscles – 
supraspinatus 
(SST) & 
infraspinatus 
(IST)  
  
To compare the 
elasticity of the 
supraspinatus 
tendon (SST) and 
infraspinatus 
tendon (IST) in 
patients with 
idiopathic 
adhesive capsulitis 
of the shoulder 
(ACS) with those 
in the control 
groups and to 
evaluate the 
relationship 
between age and 
tendon elasticity. 
  

Circular region of 
interest (ROI) of 
size 0.09 cm2 was 
set in the target 
tendon  
  

SST and IST were 
stiffer in patients 
with ACS than 
those with normal 
shoulders 
regardless of age 

Specific ROIs 
within the SST 
and IST were 
measured, which 
may not represent 
the entire tendon 
  
Intra-observer 
agreement was not 
evaluated  
  

Elbow/ 
Biceps 

Eby et al. 
(2015) 

Muscle & Aging 
  
Purpose – 
Quantify passive 
stiffness/ shear 
modulus of biceps 
brachii throughout 
adulthood in 
flexed and 
extended elbow 
positions  

Trials lasted 
approximately 30-
60s 
  
Used SL15-4 
(linear array) 
transducer with a 
frequency of 8.5 
MHz  

Females in the 
same age group 
have higher shear 
modulus than 
males due to 
muscle cross-
sectional area or 
other joint 
structures 
  
Shear modulus of 
the muscle 
increased with age  
  
Age and sex 
account for 44% 
of the variation in 
shear modulus in 
group of 60 years 
and older 
  
 

All personal 
information was 
collected using a 
self-reporting 
questionnaire  
  
Did not obtain 
info regarding 
menstrual cycle 
for premenopausal 
females  
  
Number of male 
subjects above 30 
was lower than 
women – reducing 
the statistical 
power 
  
Participants were 
requested to 
remain relaxed but 



   
 

   
 

21 

Body 
Region 

Author/Year Main Theme/ 
Purpose 

SWE Settings Main Findings Limitations 

Elbow/ 
Biceps 

Eby et al. 
(2015) 

  Did not find 
significant 
contributions of 
BMI, arm 
circumference, or 
exercise frequency 
on shear modulus 
values 

did not confirm 
with EMG 

Lower 
Back 

  

Matsuda et al. 
(2019) 
  

Muscle (passive) 
  
Main muscle 
investigated – 
multifidus (MF) 
  
Purpose – To 
investigate the 
reproducibility of 
elastic moduli 
measurements of 
the MF 
(superficial and 
deep) at different 
trunk angles using 
SWE 

SL10-2 (linear 
array) transducer 
with a frequency 
of 2-10 MHz; 
SWE penetration 
depth range: 2.5–
45 mm; SWE 
resolution: 2.0 
mm  
  
  

ICCs revealed that 
the elastic 
modulus 
measurements of 
the superficial and 
deep layers of MF 
under different 
trunk angles was 
reliable  
  
  

Participants were 
requested to 
remain relaxed but 
did not confirm 
with EMG 

Hip 
  

Nojiri et al. 
(2021) 

Muscle & static 
stretching (SS) 
  
Main muscles 
investigated – 
iliopsoas muscle 
consisting of the 
iliacus and psoas 
major muscles  
  
  
Purpose – To 
investigate the 
time required for 
hip extension SS 
to reduce the 
stiffness of the 
iliacus muscle  
  

SuperLinear SL 
10–2 probe  
  
Square (1.5 cm x 
1.5 cm) was 
centered at the 
iliacus muscle 
belly and a circle 
was drawn inside 
to represent the 
ROI 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Shear elastic 
moduli decreased 
with 1 min of SS 
and continued to 
decrease as SS 
continued for 5 
min 
  

Only investigated 
the acute effects 
of SS and not 
long-term  
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Body 
Region 

Author/Year Main Theme/ 
Purpose 

SWE Settings Main Findings Limitations 

Leg Quack et al. 
(2019) 
  

Total knee 
arthroplasty 
(TKA) including 
the patellar & 
quadriceps 
tendons 
  
Purposes – to 
examine the non-
invasive 
sonographic 
imaging 
modalities B-
mode US, PD-US, 
and SWE to 
morphologically 
and quantitatively 
evaluate tendon 
anatomy and 
stiffness in 
quadriceps and 
patellar tendons 
after TKA and to 
compare non-
operative knees. 
Also, to find out if 
there was any 
correlation 
between 
sonographic 
displayable 
pathologic 
changes in the 
quadriceps and/or 
patellar tendon 
and the existence 
of AKP 

High-resolution 
linear 
(SuperLinear SL 
15-4) 15 MHz 
transducer 
  
Standoff –gel 
cushion delay 
block was used:  
Sonogel, Sonokit 
Proxon, length 
100x100 mm, 
delay distance 10 
mm  
  
  

Tendons in the 
operated knee had 
decreased stiffness 
compared to the 
non-operated knee 
(assessed by 
SWE). B-US and 
PD-US also 
showed significant 
changes.  
  
Tendons improved 
as the knee healed 
– SWE is great 
tool to use during 
follow-up  

Did not 
investigate inter-
rater and intra/-
rater reliability  

Alfuraih et al. 
(2019) 
  

Muscle (passive) 
& glucocorticoid-
induced myopathy 
(GIM)  
  
Main muscles of 
the proximal leg 
explored – 
quadriceps, 
hamstrings and 
biceps brachii 
muscles  
  
  
 

SL10-2 (linear 
array) transducer 
with a frequency 
of 2 MHz 
  
Muscles were 
scanned in resting 
posture 

Proximal lower 
limb muscles of 
GCA patients can 
lose on average 
15% and up to 
one-quarter of its 
stiffness after 
being exposed to 
high 
glucocorticoid 
dose therapy for 3 
and 6 months 

Small sample size 
(half the 
participants 
dropped out)  
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Body 
Region 

Author/Year Main Theme/ 
Purpose 

SWE Settings Main Findings Limitations 

Leg Alfuraih et al. 
(2019) 
 

Purpose – To 
investigate the 
responsiveness of 
muscle stiffness as 
measured by SWE 
and physical 
strength tests in 
patients exposed 
to high doses of 
glucocorticoid 
treatment  
 

   

Botanlioglu et 
al. (2012) 

Muscle 
(passive/active) & 
Patellofemoral 
pain syndrome 
  
Main muscles 
investigated – 
vastus lateralis 
(VL) and vastus 
medialis obliquus 
(VMO) muscles 
  
Purpose – to 
define and 
compare the 
mechanical 
properties of the 
VMO and VL 
muscles (in resting 
and in contraction 
phases) by the 
way of 
quantitative shear-
wave elastography 
in male and 
female healthy 
control (HC) 
subjects, and in 
female patients 
with PFPS 
 
 
 
 
 
 
 
 
 
  

4-15 MHz 
transducer was 
used  
  
Shear modulus 
determined in kPa 
by system  
  
Resting and MVC 
trials were 
performed in 
neutral and 30° 
abduction position 
of the hip  
  

Found differences 
in VL and VMO 
elasticity based on 
sex and posture  
  
Found significant 
VMO weakness in 
patients with 
PFPS 
  
  

Participants were 
requested to 
remain relaxed but 
did not confirm 
with EMG 
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Body 
Region 

Author/Year Main Theme/ 
Purpose 

SWE Settings Main Findings Limitations 

Leg Zhou et al. 
(2019) 

Muscle (passive), 
tendon & static 
stretching  
  
Main muscles and 
tendons of ankle 
explored – 
gastrocnemius-
achilles tendon 
complex 
  
  
Purposes – (1) to 
investigate the 
acute effects of 
static stretching 
(SS) on the shear 
modulus of the 
medial 
gastrocnemius 
muscles (MG) and 
lateral 
gastrocnemius 
muscles (LG) and 
AT for different 
regions; (2) to 
examine the 
differences in 
range of motion 
(ROM) before and 
after SS; and (3) 
to investigate the 
change of 
thickness of AT 
and fascicle length 
of MG and LG 
before and after 
SS  

50-mm linear-
array (SL15-4) 
transducer  
  
Used the default 
standard 
musculoskeletal 
(MSK) pre-sets  
  
Upper limit (800 
kPa) of the system 
was adopted for 
measurement of 
the muscle-tendon 
Young’s modulus  
  
Q-box diameter of 
the MG and LG 
were set as 5´5 
mm, and the size 
of the ROIs was 
10´10-mm  
  
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

5-minutes of SS 
significantly 
decreased stiffness 
of the MG and 
LG, while 
increasing the 
stiffness of the AT  
  
Passive stiffness 
differs amongst 
the different 
regions of the 
muscle and tendon  
  
Significant 
differences found 
within the 3 
regions of the MG 
and LG pre-
stretching, but not 
after post-
stretching  
  
Significant 
differences found 
within the 3 
regions of AT 
measured pre- and 
post-stretching 

Participants were 
requested to 
remain relaxed but 
did not confirm 
with EMG; 
however, B-mode 
imaging was used 
to confirm that the 
muscle was not 
contracted 



   
 

   
 

25 

Body 
Region 

Author/Year Main Theme/ 
Purpose 

SWE Settings Main Findings Limitations 

Heel pad Lin et al. 
(2015) 

Heel pad & 
plantar heel pain 
  
Purposes –  
(1) To investigate 
the reliability of 
SWE in measuring 
stiffness of the 
heel pad and its 
microchamber and 
microchamber 
layers  
(2) To compare 
heel pads with 
plantar heel pain 
and normal heel 
pads with respect 
to the stiffness of 
the heel pad and 
its microchamber 
and 
macrochamber 
layers 
(3) To understand 
how changes in 
heel pad stiffness 
are related to 
plantar heel pain 

SL15-4 (linear 
array) transducer 
with a frequency 
of 4-15 MHz and 
frame rate of 
20,000 frames/s 
  
Transducer placed 
perpendicular on 
the plantar heel 
lightly, without 
touching the skin 
and compressing 
the heel pad  

Stiffness of the 
microchamber 
layer was higher 
than the 
microchamber 
layer  
  
Stiffness of bulk 
heel pad was a 
little higher than 
microchamber 
  
Heel pads with 
plantar pain were 
stiffer than normal 
ones, either in the 
bulk of the heel 
pad or in its 
micro- or 
macrochamber 
layers  
  
Plantar pain may 
be associated with 
loss of elasticity 
of the heel pad   

Did not 
investigate inter-
rater reliability nor 
hour-to-hour or 
day-to-day 
reliability; results 
obtained may be 
exaggerated  
  
Two clinical 
assessment groups 
were not matched 
for age  

Wu et al. 
(2018) 

Heel pad & Aging 
  
Purpose – 
Determine and 
compare the 
elasticities of the 
microchamber and 
microchamber 
heel pad layers 
between young 
and elderly 
subjects using 
SWE 

SL15-4 (linear 
array) transducer 
with a frequency 
of 4-15 MHz and 
frame rate of 
20,000 frames/s 
  
Shear modulus 
determined in kPa 
by system  
  
No external 
compression was 
applied 

Elasticity was 
similar between 
males and females  
  
Older subjects had 
a stiffer 
microchamber 
layer and softer 
macrochamber 
than younger 
individuals  
  
  

The shape of the 
ROI could not be 
adjusted, 
preventing them 
from obtaining 
whole heel pad 
elasticity  
  
Measurements 
taken in non-
weightbearing 
condition and not 
assessed during 
standing or 
walking 
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2.4.3.1 The Use of SWE to Assess the Mechanical Properties of Muscle & Subcutaneous Adipose 

As previously mentioned in section 2.2.3, muscle activation is known to influence the impact 

characteristics by increasing the magnitude and rate of loading of the external loads experienced during 

lateral falls on the hip (Martel et al., 2018). It is also known to increase the pelvic tissue’s stiffness in 

females (Martel et al., 2018) and may influence the impact force distribution following a lateral fall 

(Pretty et al., 2017). Although it plays a critical role in fall impact dynamics, the mechanical properties of 

the muscles in the lateral hip region have not been characterized, nor has the influence of muscle 

activation on these properties been investigated.  

Table 3 demonstrates a few of the studies that have utilized SWE to quantify the elastic moduli of 

different muscles throughout the body, including the neck, shoulder, elbow, lower back, leg, and the 

iliopsoas muscle of the hip. These studies were mainly concerned with understanding the tissue state 

changes associated with aging (Baumer et al., 2017; Eby et al., 2015; Wu et al., 2018; Yun et al., 2019), 

posture (Dieterich et al., 2017; Eby et al., 2015), stretching (Nojiri et al., 2021; Zhou et al., 2019), and 

surgical interventions (Quack et al., 2019). They also focused on investigating the influence of certain 

pathologies, like idiopathic adhesive capsulitis (Yun et al., 2019) and patellofemoral pain syndrome 

(Botanlioglu et al., 2012), on the muscles and tendons’ mechanical properties. The majority of these 

studies focused on assessing muscles in their resting (passive) state (Alfuraih et al., 2019; Eby et al., 

2015; Matsuda et al., 2019; Nojiri et al., 2021; Quack et al., 2019; Yun et al., 2019; Zhou et al., 2019), 

while a few explored the influence of muscle activation on the tissues’ elastic moduli (Baumer et al., 

2017; Botanlioglu et al., 2012; Dieterich et al., 2017; Lee et al., 2021). The studies that explored the 

effects of muscle activation observed an increase in the tissue’s elastic modulus as the muscle contracted 

and experienced an increase in its internal force production. This was regardless of whether the muscle 

was healthy or pathological. Additionally, Nojiri and colleagues (2021) are the only researchers that have 

explored the mechanical properties of a muscle (iliopsoas) within the hip region; however, this is not the 

primary muscle located in the lateral pelvic-hip region that would influence the soft tissues’ properties 

during a lateral fall. Thus, there is a need to characterize the resting and muscle-active mechanical 

properties of the gluteus maximus since it is in the region where lateral falls are commonly sustained.  

Based on Table 2, it is evident that researchers have not utilized SWE to quantify the elastic 

modulus of the subcutaneous adipose throughout the body. As previously mentioned in section 2.2.3, the 

soft tissues overlying the hip region influence the impact force attenuation during a fall. Although many 

studies have focused on the combined effects of muscle and adipose tissues on fall impact dynamics, they 

have failed to investigate their independent effects. For instance, a higher BMI has been found to act as a 

protective mechanism against hip fractures (Armstrong et al., 2011) as increased soft tissue will be able to 
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absorb energy during a fall (Fleps et al., 2018a). However, an individual may have a higher BMI due to 

increased muscle or adipose mass. Since each of these tissues is different, their effects on force 

attenuation may also be different. Hence, there is a need to characterize the mechanical properties of these 

individual tissues within the hip region, which can be incorporated into computational models to better 

understand their unique roles during lateral falls.   

Table 3: Summary of Studies that have Used SWE to Quantity the Mechanical Properties of Muscles. 

This table provides a summary of the previously conducted studies that have used SWE to quantify the 

shear modulus or SWV of muscles throughout the body. 

Author/ 
Year 

Muscle  Sample Size Age (years) 
(Mean ± 
SD) 

Mean Shear 
Modulus (kPa)/ 
Shear wave speed 
(SWV) 
(Mean ± SD) 

Conversion of results 
into Shear Wave 
Velocity (m/s) 
(Mean ± SD) 

Dieterich et 
al. (2017) 
  

Neck: 
main neck 
extensor 
muscles 
investigated – 
multifidus, 
semispinalis 
cervicis, 
semispinalis 
capitis, splenius 
capitis, and 
trapezius 
  
Both resting 
and contracted 
states  

4 females  
  
7 males 

Mean: 21.17 
± 3.2 

Resting:  
Multifidus: 14.9 kPa 
(IQR 1.4)  
Semispinalis capitis: 
9.5 kPa (IQR 2.5)  
Semispinalis cervicis: 
8.9 kPa (IQR 2.8)  
Splenius capitis: 6.5 
kPa (IQR 2.5) 
Trapezius: 7.7 kPa 
(IQR 4.4) 
  
Head lift (contracted 
state): shear modulus 
increased but explicit 
values were not 
shared 

Resting:  
Multifidus: 3.86 (IQR 
1.18) 
Semispinalis capitis: 
3.08 (IQR 1.58) 
Semispinalis cervicis: 
2.98  
(IQR 1.66) 
Splenius capitis: 2.55 
(IQR 1.58) 
Trapezius: 2.77 (IQR 
2.10) 
  

Baumer et 
al. (2017) 
  

Shoulder: 
supraspinatus 
tendon and 
muscle 
  
Both resting 
and contracted 
states 

Control: 
17 females 
2 males 
  
Full-
thickness 
rotator cuff 
tear (RCT):  
4 females 
7 males 
  

Control: 
Mean: 42.4 
± 18.9  
  
RCT: Mean: 
60.0 ± 6.1  
  
  
  

Passive muscle SWS: 
Control: 2.4 ± 0.4 
m/s  
RCT: 2.4 ± 0.6 m/s  
  
Passive tendon SWS: 
Control: 2.9 ± 0.4 
m/s  
RCT: 3.0 ± 0.9 m/s  
  
Active muscle SWS: 
Control: 4.0 ± 0.4 
m/s  
RCT: 3.3 ± 0.8 m/s  
 
 

Passive muscle:  
Control: 2.40 ± 0.40 
RCT: 2.40 ± 0.60 
  
Passive tendon: 
Control: 2.90 ± 0.40 
RCT: 3.00 ± 0.90 
  
Active muscle:  
Control: 4.00 ± 0.40 
RCT: 3.30 ± 0.80 
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Author/ 
Year 

Muscle  Sample Size Age (years) Shear Modulus 
(kPa)/ Shear wave 
speed (SWV) 

Conversion of results 
into Shear Wave 
Velocity (m/s) 

Baumer et 
al. (2017) 
 

   Active tendon SWS: 
Control: 6.1 ± 1.4 
m/s  
RCT: 4.5 ± 1.3 m/s 
 

Active tendon: 
Control: 6.10 ± 1.40 
RCT: 4.50 ± 1.30 

Yun et al. 
(2019) 

Shoulder: 
supraspinatus 
tendon (SST) 
and 
infraspinatus 
tendon (IST)  
  
Resting state 

Control:  
6 females 
12 males 
  
Idiopathic 
adhesive 
capsulitis 
(ACS): 
14 females 
6 males  
  

Control: 
52.6 ± 10.5  
ACS:  
53.5 ± 7.9  
  

Control:  
SST median moduli: 
3.24 kPa (IQR 2.08–
5.02) 
IST median moduli: 
3.49 kPa (IQR 2.66–
5.25) 
  
ACS:  
SST median moduli: 
32.55 kPa (IQR 
12.14–56.41) 
IST median moduli: 
19.49 kPa (IQR 
13.39–65.98) 
  

Control: 
SST median SWV: 1.04 
(IQR 0.83–1.29) 
IST median SWV: 1.08 
(IQR 0.94–1.32) 
  
ACS: 
SST median SWV: 3.29 
(IQR 2.01–4.34) 
IST median SWV: 2.55 
(IQR 2.11–4.69) 
  

Eby et al. 
(2015) 

Biceps brachii 
  
Resting state at 
90 deg elbow 
flexion and full 
extension  

86 females 
47 males  

Mean age: 
44.3 years 
(range: 21-
94) 
  
Divided 
subjects into 
subgroups 
and 
quantified 
shear 
modulus 
during 90 
deg elbow 
flexion and 
full 
extension 
(ext) 

20–29 years: 
90 deg shear 
modulus: 5.23 ± 1.86 
kPa 
Ext shear modulus: 
16.13 ± 4.51 kPa 
  
30–39 years: 
90 deg shear 
modulus: 5.44 ± 2.10 
kPa 
Ext shear modulus: 
15.48 ± 4.07 kPa 
  
40–49 years: 
90 deg shear 
modulus: 5.75 ± 1.62 
kPa 
Ext shear modulus: 
17.76 ± 5.62 kPa  
  
50–59 years: 
90 deg shear 
modulus: 5.78 ± 1.43 
kPa 
Ext shear modulus: 
16.33 ± 3.02 kPa 
  
 

20–29 years: 
90 deg SWV: 2.29 ± 
1.36 
Ext SWV: 4.02 ± 2.12 
  
30–39 years: 
90 deg SWV: 2.33 ± 
1.45 
Ext SWV: 3.93 ± 2.02 
  
40–49 years: 
90 deg SWV: 2.40 ± 
1.27 
Ext SWV: 4.21 ± 2.37 
  
50–59 years: 
90 deg SWV: 2.40 ± 
1.20 
Ext SWV: 4.04 ± 1.74 
  
60–69 years: 
90 deg SWV: 2.48 ± 
1.61 
Ext SWV: 3.91 ± 2.42 
  
70–79 years: 
90 deg SWV: 2.48±1.52 
Ext SWV: 4.27 ± 2.02 



   
 

   
 

29 

Author/ 
Year 

Muscle  Sample Size Age (years) Shear Modulus 
(kPa)/ Shear wave 
speed (SWV) 

Conversion of results 
into Shear Wave 
Velocity (m/s) 

Eby et al. 
(2015) 

   90 deg shear 
modulus: 6.15 ± 2.58 
kPa 
Ext shear modulus: 
15.31 ± 5.87 kPa   
  
70–79 years: 
90 deg shear 
modulus: 6.15 ± 2.32 
kPa 
Ext shear modulus: 
18.27 ± 4.10 kPa 
  
80–89 years: 
90 deg shear 
modulus: 6.40 ± 3.89 
kPa 
Ext shear modulus: 
20.98 ± 8.87 kPa 
  
90–99 years: 
90 deg shear 
modulus: 5.06 ± 2.81 
kPa 
Ext shear modulus: 
19.82 ± 5.44 kPa 
 

80–89 years: 
90 deg SWV: 2.53 ± 
1.97 
Ext SWV: 4.58 ± 2.98 
  
90–99 years: 
90 deg SWV: 2.25 ± 
1.68 
Ext SWV: 4.45 ± 2.33 
 

Matsuda et 
al. (2019) 
  

Back muscle:  
multifidus 
(MF) 
  
Resting state  

3 females 
8 males 

23.0 ± 5.9 Reproducibility study 
– didn’t report values 
obtained from SWE 

  

Nojiri et al. 
(2021) 

Hip: iliopsoas 
muscle 
consisting of 
the iliacus and 
psoas major 
muscles 
  
Resting state 
before and after 
5 min of static 
stretching (SS) 

26 males 23.2 ± 2.9 Before SS: 22.1         
± 3.5 kPa 
1 min after SS: 20.5 
± 4.2 kPa 
2 min after SS: 20.1 
± 4.4 kPa 
3 min after SS: 19.8 
± 3.7 kPa 
4 min after SS: 19.4 
± 3.5 kPa 
5 min after SS: 18.2 
± 2.4 kPa 

Before SS: 4.70 ± 1.87 
1 min after SS: 4.54 ± 
2.05 
2 min after SS: 4.48 ± 
2.10 
3 min after SS: 4.45 ± 
1.92 
4 min after SS: 4.40 ± 
1.87 
5 min after SS: 4.27 ± 
1.55 
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Author/ 
Year 

Muscle  Sample Size Age (years) Shear Modulus 
(kPa)/ Shear wave 
speed (SWV) 

Conversion of results 
into Shear Wave 
Velocity (m/s) 

Quack et al. 
(2019) 
  

Total knee 
arthroplasty 
(TKA) 
including the 
patellar & 
quadriceps 
tendons 
  
Resting state 
  

35 males 
28 females 

64 ± 8.44 Non-operated (n=50) 
shear modulus:  
Patellar tendon – 
60.08 ± 19.13 kPa 
Quadriceps tendon – 
52.65 ± 16.20 kPa 
  
TKA (n=76) shear 
modulus:  
Patellar tendon – 
45.69 ± 14.78 kPa 
Quadriceps tendon – 
36.43 ± 16.51 kPa 
  

Non-operated:  
Patellar tendon: 7.75 ± 
4.37 
Quadriceps tendon: 7.26 
± 4.02 
  
TKA:  
Patellar tendon: 6.76 ± 
3.84 
Quadriceps tendon: 6.04 
± 4.06 
  

Alfuraih et 
al. (2019) 
  

Muscle 
(passive) & 
glucocorticoid-
induced 
myopathy 
(GIM)  
  
Main muscles 
of the proximal 
leg explored – 
quadriceps, 
hamstrings and 
biceps brachii 
muscles  
  
Resting and 
passively 
stretched states 
Passively 
stretched state 
was only 
investigated for 
a few muscles 
  

10 females  
4 males 

68.2 ± 4.3  
  

Baseline mean SWS 
(m/s): 
Vastus lateralis – 
1.62 ± 0.16 
Rectus femoris – 1.68 
± 0.11 
Vastus medialis – 
1.70 ± 0.33  
Vastus intermedius – 
1.96 ± 0.33  
Biceps brachii – 1.83 
± 0.30  
Biceps femoris – 1.62 
± 0.17  
Semitendinosus – 
1.58 ± 0.15  
Semimembranosus – 
1.59 ± 0.15  
  
Baseline passively 
stretched mean SWS 
(m/s):  
Vastus lateralis – 
2.67 ± 0.33  
Rectus femoris – 2.28 
± 0.63  
Vastus medialis – 
2.41 ± 0.28  
Vastus intermedius – 
2.42 ± 0.22  
  
 
 
 
 
  

Baseline: 
Vastus lateralis – 1.62 ± 
0.16 
Rectus femoris – 1.68 ± 
0.11 
Vastus medialis – 1.70 ± 
0.33  
Vastus intermedius – 
1.96 ± 0.33  
Biceps brachii – 1.83 ± 
0.30  
Biceps femoris – 1.62 ± 
0.17  
Semitendinosus – 1.58 ± 
0.15  
Semimembranosus – 
1.59 ± 0.15  
  
  
Baseline passively 
stretched: 
Vastus lateralis – 2.67 ± 
0.33  
Rectus femoris – 2.28 ± 
0.63  
Vastus medialis – 2.41 ± 
0.28  
Vastus intermedius – 
2.42 ± 0.22  
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Author/ 
Year 

Muscle  Sample Size Age (years) Shear Modulus 
(kPa)/ Shear wave 
speed (SWV) 

Conversion of results 
into Shear Wave 
Velocity (m/s) 

Alfuraih et 
al. (2019) 
 

   3 months after 
baseline (1st 
glucocorticoids 
treatment) mean 
SWS (m/s): 
Vastus lateralis – 
1.40 ± 0.10  
Rectus femoris – 1.54 
± 0.13  
Vastus medialis – 
1.36 ± 0.12  
Vastus intermedius – 
1.62 ± 0.19  
Biceps brachii – 1.82 
± 0.18  
Biceps femoris – 1.37 
± 0.09  
Semitendinosus – 
1.36 ± 0.08  
Semimembranosus – 
1.41 ± 0.11  
  
3 months after 
baseline (1st 
glucocorticoids 
treatment) passively 
stretched mean SWS: 
Vastus lateralis – 
2.66 ± 0.28  
Rectus femoris – 1.99 
± 0.28  
Vastus medialis – 
2.30 ± 0.22 
Vastus intermedius – 
2.37 ± 0.34 
  
6 months after 
baseline (2nd 
glucocorticoids 
treatment) mean 
SWS (m/s): 
Vastus lateralis – 
1.31 ± 0.06 
Rectus femoris – 1.41 
± 0.15 
Vastus medialis – 
1.41 ± 0.15 
Vastus intermedius – 
1.76 ± 0.22 
Biceps brachii – 1.84 
± 0.28 
 

3 months after baseline 
(1st glucocorticoids 
treatment): 
Vastus lateralis – 5.88 ± 
0.03 
Rectus femoris – 7.11 ± 
0.05 
Vastus medialis – 5.55 ± 
0.04 
Vastus intermedius – 
7.87 ± 0.11 
Biceps brachii – 9.94 ± 
0.10 
Biceps femoris – 5.63 ± 
0.02 
Semitendinosus – 5.55 ± 
0.02 
Semimembranosus – 
5.96 ± 0.04 
  
  
3 months after baseline 
(1st glucocorticoids 
treatment): 
Vastus lateralis – 21.23 
± 0.24 
Rectus femoris – 11.88 
± 0.24 
Vastus medialis – 15.87 
± 0.15 
Vastus intermedius – 
16.85 ± 0.35 
  
  
6 months after baseline 
(2nd glucocorticoids 
treatment): 
Vastus lateralis – 1.31 ± 
0.06 
Rectus femoris – 1.41 ± 
0.15 
Vastus medialis – 1.41 ± 
0.15 
Vastus intermedius – 
1.76 ± 0.22 
Biceps brachii – 1.84 ± 
0.28 
Biceps femoris – 1.21 ± 
0.10 
Semitendinosus – 1.26 ± 
0.08 
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Author/ 
Year 

Muscle  Sample Size Age (years) Shear Modulus 
(kPa)/ Shear wave 
speed (SWV) 

Conversion of results 
into Shear Wave 
Velocity (m/s) 

Alfuraih et 
al. (2019) 
 

   Biceps femoris – 1.21 
± 0.10 
Semitendinosus – 
1.26 ± 0.08 
Semimembranosus – 
1.35 ± 0.10 
  
6 months after 
baseline (2nd 
glucocorticoids 
treatment) passively 
stretched mean SWS 
(m/s): 
Vastus lateralis – 
2.50 ± 0.34 
Rectus femoris – 2.05 
± 0.11 
Vastus medialis – 
2.30 ± 0.15 
Vastus intermedius – 
2.08 ± 0.34 
 

Semimembranosus – 
1.35 ± 0.10 
  
6 months after baseline 
(2nd glucocorticoids 
treatment) passively 
stretched mean: 
Vastus lateralis – 2.50 ± 
0.34 
Rectus femoris – 2.05 ± 
0.11 
Vastus medialis – 2.30 ± 
0.15 
Vastus intermedius – 
2.08 ± 0.34 
 

Zhou et al. 
(2019) 

Muscle 
(passive), 
tendon & static 
stretching  
  
Main muscles 
and tendons of 
ankle explored 
– medial 
gastrocnemius 
muscles (MG) 
and lateral 
gastrocnemius 
muscles (LG) 
and achilles 
tendon (AT) 
  
Measurements 
were made at 3 
regions along 
the muscle: 
proximal (pro), 
middle (mid) 
and distal (dis) 
  

15 females 
15 males 

21.33 ± 2.72  
  

Pre-stretching shear 
modulus (kPa):  
MG – Pro: 
28.37±15.13  
MG – Mid: 
18.11±6.94  
MG – Dis: 
25.67±17.54  
LG – Pro: 
32.94±13.69  
LG – Mid: 
23.72±8.69  
LG – Dis: 
22.18±10.98  
AT – Pro: 
430.56±53.25  
AT – Mid: 
400.14±50.49  
AT – Dis: 
396.81±65.34  
  
 
 
 
 
 
 
 
 
  

Pre-stretching: 
MG – Pro: 5.33±3.89 
MG – Mid: 4.26 ± 2.63 
MG – Dis: 5.16 ± 4.19 
LG – Pro: 5.74 ± 3.70 
LG – Mid: 4.87 ± 2.95 
LG – Dis: 4.71 ± 3.31 
AT – Pro: 20.75 ± 7.79 
AT – Mid: 20.00 ± 7.11 
AT – Dis: 19.92 ± 8.08 
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Author/ 
Year 

Muscle  Sample Size Age (years) Shear Modulus 
(kPa)/ Shear wave 
speed (SWV) 

Conversion of results 
into Shear Wave 
Velocity (m/s) 

Zhou et al. 
(2019) 

   Post-stretching shear 
modulus (kPa):  
MG – Pro: 
17.22±6.71  
MG – Mid: 
13.56±3.58  
MG – Dis: 
16.92±6.98  
LG – Pro:  
19.46±9.33  
LG – Mid: 
15.77±5.51  
LG – Dis:  
16.59±6.98  
AT – Pro: 
512.15±64.14  
AT – Mid: 
465.32±56.90  
AT – Dis: 
487.06±55.50 

Post-stretching: 
MG – Pro: 4.15 ± 
2.59 
MG – Mid: 3.68 ± 1.89 
MG – Dis: 4.11 ± 2.64 
LG – Pro: 4.41 ± 3.05 
LG – Mid: 3.97 ± 2.35 
LG – Dis: 4.07 ± 2.64 
AT – Pro: 22.63 ± 8.01 
AT – Mid: 21.57 ± 7.54 
AT – Dis: 22.07 ± 7.45 

Botanlioglu 
et al. (2012) 

Muscle & 
Patellofemoral 
pain syndrome 
  
Main muscles 
investigated – 
vastus lateralis 
(VL) and 
vastus medialis 
obliquus 
(VMO) 
muscles 
  
Resting and 
contracted 
states in neutral 
(N) and 30 deg 
abduction (30) 
of the hip 
positions 
  

Control 
group: 
11 females 
11 males 
  
Patellofemor
al pain 
patients 
(PFPS): 
11 subjects 

Control 
group: 
Females – 
28.1 ± 4.0  
Males – 28.8 
± 2.0  
  
PFPS: 30.8 
± 8.2  
  
  

Control males resting 
mean elastic modulus 
(kPa): 
VL (N) right – 16.2 ± 
3.7 
VL (N) left – 14.9 ± 
5.2 
VL (30) right – 14.3 
± 3.0 
VL (30) left – 15.1 ± 
3.5 
VMO (N) right – 
14.8 ± 5.3 
VMO (N) left – 13.4 
± 3.7 
VMO (30) right – 
12.9 ± 4.1 
VMO (30) left – 13.9 
± 4.4 
  
Control males 
contracted mean 
elastic modulus 
(kPa): 
VL (N) right – 201.8 
± 70.5 
VL (N) left – 173.8 ± 
43.7  
VL (30) right – 152.5 
± 44.1  
VL (30) left – 153.6 
± 41.0  

Control males resting: 
VL (N) right – 2.32 ± 
1.11 
VL (N) left – 2.23 ± 
1.32 
VL (30) right – 2.18 ± 
1.00 
VL (30) left – 2.24 ± 
1.08 
VMO (N) right – 2.22 ± 
1.33 
VMO (N) left – 2.11 ± 
1.11 
VMO (30) right – 2.07 ± 
1.17 
VMO (30) left – 2.15 ± 
1.21 
  
Control males 
contracted: 
VL (N) right – 8.20 ± 
4.85 
VL (N) left – 7.61 ± 
3.82  
VL (30) right – 7.13 ± 
3.83  
VL (30) left – 7.16 ± 
3.70 
VMO (N) right – 8.19 ± 
4.44  
VMO (N) left – 8.42 ± 
4.65   



   
 

   
 

34 

Author/ 
Year 

Muscle  Sample Size Age (years) Shear Modulus 
(kPa)/ Shear wave 
speed (SWV) 

Conversion of results 
into Shear Wave 
Velocity (m/s) 

Botanlioglu 
et al. (2012) 

   VMO (N) right – 
201.3 ± 59.1  
VMO (N) left – 212.7 
± 64.9  
VMO (30) right – 
204.4 ± 44.3  
VMO (30) left – 
234.5 ± 73.1  
  
Control females 
resting mean elastic 
modulus (kPa): 
VL (N) right – 16.5 ± 
2.6  
VL (N) left – 13.9 ± 
3.7  
VL (30) right – 16.9 
± 4.5  
VL (30) left – 14.6 ± 
3.8  
VMO (N) right – 
11.4 ± 3.7  
VMO (N) left – 12.1 
± 3.5  
VMO (30) right – 
12.4 ± 5.1  
VMO (30) left – 9.6 
± 2.3  
  
Control females 
contracted mean 
elastic modulus 
(kPa): 
VL (N) right – 113.7 
± 53.2  
VL (N) left – 122.6 ± 
58.1  
VL (30) right – 125.5 
± 51.6  
VL (30) left – 113.7 
± 42.0  
VMO (N) right – 
139.1 ± 47.6  
VMO (N) left – 157.6 
± 31.0  
VMO (30) right – 
160.6 ± 46.1  
VMO (30) left – 
168.3 ± 37.3  
  
 

VMO (30) right – 8.25 ± 
3.84  
VMO (30) left – 8.84 ± 
4.94  
  
Control females resting: 
VL (N) right – 2.35 ± 
0.93 
VL (N) left – 2.15 ± 
1.11  
VL (30) right – 2.37 ± 
1.22 
VL (30) left – 2.21 ± 
1.13 
VMO (N) right – 1.95 ± 
1.11 
VMO (N) left – 2.01 ± 
1.08 
VMO (30) right – 2.03 ± 
1.30 
VMO (30) left – 1.79 ± 
0.88  
  
Control females 
contracted: 
VL (N) right – 6.16 ± 
4.21  
VL (N) left – 6.39 ± 
4.40  
VL (30) right – 6.47 ± 
4.15 
VL (30) left – 6.16 ± 
3.74 
VMO (N) right – 6.81 ± 
3.98 
VMO (N) left – 7.25 ± 
3.21 
VMO (30) right – 7.32 ± 
3.92  
VMO (30) left – 7.49 ± 
3.53  
  
PFPS resting: 
VL (N) right – 2.14 ± 
1.18 
VL (N) left – 2.29 ± 
1.05 
VL (30) right – 2.14 ± 
1.43 
VL (30) left – 2.11 ± 
1.17 
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Author/ 
Year 

Muscle  Sample Size Age (years) Shear Modulus 
(kPa)/ Shear wave 
speed (SWV) 

Conversion of results 
into Shear Wave 
Velocity (m/s) 

Botanlioglu 
et al. (2012) 

   PFPS resting mean 
elastic modulus 
(kPa): 
VL (N) right – 13.8 ± 
4.2  
VL (N) left – 15.8 ± 
3.3  
VL (30) right – 13.7 
± 6.1  
VL (30) left – 13.3 ± 
4.1  
VMO (N) right – 
14.2 ± 4.0  
VMO (N) left – 13.0 
± 3.3  
VMO (30) right – 
12.1 ± 3.6  
VMO (30) left – 11.6 
± 3.7 
  
PFPS contracted 
mean elastic modulus 
(kPa): 
VL (N) right – 80.6 ± 
26.0  
VL (N) left – 98.2 ± 
34.3  
VL (30) right – 98.5 
± 34.6  
VL (30) left – 92.2 ± 
38.5  
VMO (N) right – 
116.2 ± 45.2  
VMO (N) left – 103.9 
± 39.3  
VMO (30) right – 
101.8 ± 28.3  
VMO (30) left – 
102.9 ± 41.1 

VMO (N) right – 2.18 ± 
1.15 
VMO (N) left – 2.08 ± 
1.05 
VMO (30) right – 2.01 ± 
1.10 
VMO (30) left – 1.97 ± 
1.11 
  
PFPS contracted: 
VL (N) right – 5.18 ± 
2.94 
VL (N) left – 5.72 ± 
3.38 
VL (30) right – 5.73 ± 
3.40 
VL (30) left – 5.54 ± 
3.58 
VMO (N) right – 6.22 ± 
3.88  
VMO (N) left – 5.89 ± 
3.62 
VMO (30) right – 5.83 ± 
3.07  
VMO (30) left – 5.86 ± 
3.70 

Lee et al. 
(2021) 

Lower limb 
muscles 
investigated: 
rectus femoris 
(RF), tibialis 
anterior (TA), 
biceps femoris 
(BF) & medial 
gastrocnemius 
(MG) 
Both resting 
and contracted 
states 

20 males & 
20 females  

22.15 ±2.29 Resting Young’s 
Moduli: 
RF – 13.99 ± 3.14 
TA – 21.10 ± 2.99 
BF – 13.13 ± 3.70 
MG – 12.29 ± 2.84 
 
Contracted Young’s 
Moduli: 
RF – 79.76 ± 14.99 
TA – 138.97 ± 32.80 
BF – 80.45 ± 15.74 
MG – 79.68 ± 18.45 

Resting SWV: 
RF – 2.16 ± 1.02 
TA – 2.65 ± 1.00 
BF – 2.09 ± 1.11 
MG – 2.02 ± 0.97 
 
Contracted SWV: 
RF – 5.16 ± 2.24 
TA – 6.81 ± 3.31 
BF – 5.18 ± 2.29 
MG – 5.15 ± 2.48 
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2.4.4 The Inter-Rater & Intra-Rater Reliability of SWE 

The two types of reliability used to evaluate the consistency of a measurement tool and its users 

are intra-rater and inter-rater reliability. Intra-rater reliability is used to evaluate the consistency of one 

rater over several trials of the same measurement, while inter-rater reliability is used to evaluate the 

consistency of two or more raters when measuring the same measurement on a single subject (Scheel et 

al., 2018). The intraclass correlation coefficient (ICC) is the reliability index used for the analysis of intra-

rater and inter-rater reliability. ICC values less than 0.5, between 0.5 and 0.75, between 0.75 and 0.9, and 

greater than 0.90 are indicative of poor, moderate, good, and excellent reliability, respectively (Koo & Li, 

2016).  

A few of the studies that utilized SWE to quantify the tissues' elastic moduli also explored the 

reliability of this tool and their results are summarized in Table 4. According to the calculated ICCs in 

these studies, the inter-rater and intra-rater reliability was moderate or higher. Additionally, Lin and 

colleagues (2015) mentioned that a few conditions must be met during measurements for good 

repeatability. These include a standardized scanning site, controlling the tilt/orientation of the transducer, 

the amount and homogeneity of the coupling gel and the stability of the hand holding the transducer. 

Since no studies have investigated the elastic moduli of tissues in the pelvic-hip region using the SWE, it 

would be beneficial to explore the intra-rater reliability of this tool in this region.  

  

Table 4: Summary of the Reliability Results from Studies that Utilized SWE. This table provides a 

summary of the different SWE studies that have assessed the intra and inter-rater reliability of their trials. 

Author/Year  Body Region Intra-Rater Reliability Results 
(ICC (95% confidence 
interval)) 

Inter-Rater Reliability Results 
(ICC (95% confidence 
interval)) 

Wu et al. (2018) Heel pad  • Microchamber: 0.94  
(0.79-0.99) 

• Microchamber: 0.89  
(0.53-0.97) 

• Entire heel pad: 0.96 
(0.87-0.99) 
Classification: Good to excellent 

• Microchamber: 0.87  
(0.51-0.97) 

• Microchamber: 0.80  
(0.26-0.95) 

• Entire heel pad: 0.93 
(0.72-0.98) 
Classification: Good to excellent 

Lin et al. (2015) Heel pad • Microchamber: 0.95  
(7.1 6 2.5%) 

• Microchamber: 0.93  
(8.8 ± 3.3%) 

• Entire heel pad: 0.96 
(6.1 ± 2.2%) 

• Concordance correlation 
coefficient was used to 
confirm the repeatability, 

Did not explore inter-rater 
reliability  
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a value of >0.9 indicated 
adequate reliability. 

Classification: Excellent 
Baumer et al. 
(2017) 

Shoulder – 
Rotator Cuff 

Previously studies by Sahrmann 
(2002) 

• Supraspinatus muscle & 
tendon: > 0.87  

Classification: Good 

Previously studies by Sahrmann 
(2002) 

• Supraspinatus muscle & 
tendon: > 0.73  

Classification: Moderate 
Matsuda et al. 
(2019) 

Lower Back - 
Multifidus 

Superficial layer of the multifidus 
in different positions: 

• Prone: 0.88 (0.64-0.96) 
• Flexed prone: 0.95  

(0.86-0.98) 
• Extended prone: 0.85  

(0.57-0.95) 
Classification: Good to excellent 
Deep layer of the multifidus in 
different positions: 

• Prone: 0.88 (0.65-0.96) 
• Flexed prone: 0.85  

(0.57-0.95) 
• Extended prone: 0.86  

(0.59-0.96) 
Classification: Good 

Did not explore inter-rater 
reliability 

Nojiri et al. (2021) Hip - Iliacus 
  

• Iliacus: 0.85 (0.69-0.93) 
Classification: Good 

Did not explore inter-rater 
reliability 

 

2.5 Alternative Methods of Quantifying the Mechanical Properties of Soft Tissues 

There are several other methods that can be used to quantify the mechanical properties of soft 

tissues, including myotonometry, strain elastography, and transient elastography.  

 

2.5.1 Myotonometry  

Myotonometry allows for the quantification of the physiological properties of muscles, including 

Young’s modulus. A small, non-invasive, handheld myotonometer (Davidson et al., 2017), which is a 

metal probe consisting of two cylindrical pieces (Kerins et al., 2013) is used. The outer cylinder remains 

stationary, while the inner cylinder has a force transducer that moves when the myotonometer is pushed 

into the soft tissue (Kerins et al., 2013). Rather than Young’s modulus, the muscle’s dynamic modulus is 

calculated as a ratio of the maximum acceleration of the damped oscillations, that characterize the soft 

tissue’s resistance to the externally applied force, divided by the total displacement of the soft tissue, 

measured by the movement of the inner cylinder. (Lee et al., 2021). Bizzini and colleagues (2003) found 

that this is a reliable method for measuring the moduli of muscles, like the rectus femoris, vastus lateralis, 

biceps femoris, and gastrocnemius. It was also sensitive to changes in the muscles’ mechanical properties, 
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including changes in their lengths. This method has good to excellent intra-rater reliability for quantifying 

the muscles’ moduli during resting and muscle contracted states. When its Young’s moduli outputs were 

compared to SWE, they showed moderate to good correlations during both resting and muscle active 

states. However, unlike SWE, myotonometry is not suitable for measuring the moduli of muscles that are 

covered with more than 20 mm of subcutaneous adipose (Lee et al., 2021). A few additional limitations 

are that the probe’s rate of compression is not standardized (Kerins et al., 2013), which would result in an 

increased reported moduli of muscles that are compressed faster (van Loocke et al., 2008) than those that 

are compressed at a slower rate. The probe must also be perpendicular to the tissues being measured, 

increasing the likelihood of error with the slightest changes in the probes’ orientation (Kerins et al., 

2013).  

 

2.5.2 Strain Elastography (SE) 

Strain elastography (SE), also known as compression sonoelastography, is another mode 

available on the US machine, similar to SWE. The examiner applies rhythmic and regular compression to 

the area of interest to quantify the axial strain of the tissue. Physiologic changes in pressure, from 

heartbeats and respiratory movements, can also be used to evaluate strain (Carlsen et al., 2015; Prado-

Costa et al., 2018). The US machine provides a visualization of the differences in the tissue’s strain by 

comparing the US images throughout the compression period (Taljanovic et al., 2017). Strain is related to 

the structural stiffness and Young’s modulus of the tissue (Shina et al., 2015), where softer tissues will 

have a larger strain than stiffer tissues (Prado-Costa et al., 2018). Strain ratios (SR) are calculated in 

which the strain of the region of interest (ROI) is compared to its surrounding tissue’s strain and a ratio 

above one signifies that the ROI is stiffer than the surrounding tissue (Carlsen et al., 2015). This 

technique is influenced by the depth of the ROI, probe positioning (Prado-Costa et al., 2018), and is 

operator-dependent (Ozturk et al., 2018). Thus, Young’s moduli values obtained from SWE have better 

repeatability than SE because it is difficult to ensure consistent compression and there is limited 

consistency in selecting the reference surrounding tissue that is required for the quantification of SR 

(Carlsen et al., 2015; Sowa et al., 2016).  

 

2.5.3 Transient Elastography (TE) 

Similar to SWE, transient elastography (TE) utilizes low-frequency shear waves to quantify the 

Young’s moduli of tissues that are assumed to be homogeneous. However, these shear waves are 

generated using controlled external vibration and their motion is tracked using the US (Ozturk et al., 
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2018; Prado-Costa et al., 2018). The mean of the SWV within the ROI is measured and used to compute 

Young’s modulus (Shina et al., 2015). The Young’s modulus of the regional tissue that can be quantified 

is limited by its depth (Taljanovic et al., 2017), unlike SWE, which can measure the Young’s moduli of 

deeper tissues using push beams (Prado-Costa et al., 2018). This limitation specifically decreases the 

reliability of TE measurements in obese individuals (Ozturk et al., 2018).  

  

2.6 Key Gaps in Literature  

The key gaps in the literature that this thesis aimed to address are:  

1. There is no previous research that focused on characterizing the mechanical properties, 

specifically the SWV, of the muscle (gluteus maximus) and subcutaneous adipose tissues in the 

lateral hip region.  

2. There is scarce research on the influence of muscle contraction on the mechanical properties of 

the soft tissues in the lateral hip region.  

It is important to consider the individual mechanical properties of the tissues in this area to better 

understand how they contribute to the energy absorption and impact dynamics of lateral falls. This 

information can be used to improve the biofidelity of hip models and the design of engineering-based 

interventions, like hip protectors and compliant flooring. 

 

2.7 Thesis Objectives and Hypothesis 

2.7.1 Primary Analysis  

There were two main objectives of this thesis. The first objective was to evaluate the intra-rater 

reliability of the SWE protocol that was used to characterize the SWV of the soft tissues (subcutaneous 

adipose and muscle) in the lateral-hip region. Along with determining whether muscle contraction 

influenced the protocol’s intra-rater reliability. The second objective was to assess the influence of muscle 

contraction on the soft tissues’ SWV.   

Specifically, the main questions that were investigated are:  

1. What is the intra-rater reliability of the subcutaneous adipose and muscles’ SWV measurements 

and is it influenced by muscle contraction? 

2. Does muscle contraction influence the SWVs of the subcutaneous adipose and muscle tissues in 

the lateral hip region? 
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The hypotheses, related to the main questions were:  

1. The intra-rater reliability of the subcutaneous adipose and muscle SWV measurements: 

a. Would range from good to excellent (ICC > 0.75), based on the findings of previously 

conducted SWE studies; and  

b. Would not be influenced by the contraction state.  

2. There would be an interaction effect of muscle contraction on the SWV magnitudes of the soft 

tissues. It is expected that:  

a. The muscle SWV magnitude would be greater during the muscle contracted state 

compared to the resting state.  

b. The subcutaneous adipose SWV magnitude would not change during the resting and 

muscle contracted states.  

 

2.7.2 Secondary Analysis  

A secondary analysis was conducted to explore differences in SWV based on sex and BMI and explore 

the influence of muscle contraction on soft tissue thicknesses. The main questions that were being 

investigated were:  

1. Does sex influence the SWVs of the subcutaneous adipose and muscle during resting and 

contracted states?  

2. Does BMI influence the SWVs of the soft tissues during resting and contracted states?  

3. Does muscle contraction influence the subcutaneous adipose, muscle, and total soft tissue’s 

thickness in a location in the lateral hip region? 
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Chapter 3 
 Research Experiment 

3.1 Introduction  

As previously mentioned, the pelvic soft tissues influence the total force distribution during an 

impact and the effectiveness of fall intervention devices, such as hip protectors and compliant flooring. 

However, studies have not explored the individual characteristics of these tissues, such as the properties 

of the subcutaneous adipose and muscle, during relaxed and muscle contracted states. Thus, this proposed 

thesis aimed to address these gaps by exploring the objectives and research questions listed in section 2.7.  

 

3.2 Methodology 

 

3.2.1 Participants  

Twenty participants between the ages of 19-35 years old were recruited for this study. Table 5 

summarizes their age and anthropometric characteristics.  

Table 5: Mean (SD) Participant Anthropometric Characteristics 

 Participants 
Sex Male Female 
N 10 10 
Age (years) 23.8 (4.0) 23.8 (3.5) 
Height (m) 1.78 (0.09) 1.69 (0.08) 
Mass (kg) 75.0 (14.0) 61.0 (13.0) 
BMI (kg/m2) 23.3 (3.0) 21.4 (3.7) 

 

Prior to the data collection, power calculations were conducted to compute the appropriate sample 

size for this study (Table 6). These sample size calculations used the results from a previously conducted 

study by Botanlioglu and colleagues (2012) that quantified the SWV of the vastus medialis obliquus 

(VMO) and vastus lateralis (VL) of the right (R) and left (L) sides during resting and contracted states. 

These muscles are in close proximity to the gluteus maximus, which is the muscle of interest in this 

thesis, and contraction state was one of the primary factors being explored in this thesis. According to the 

literature review, there was no available data that quantified the SWV of the subcutaneous adipose; thus, 

the sample size was computed using the muscle SWV values. All calculations were conducted using 

G*Power 3.1 (Universität Düsseldorf, Düsseldorf, Germany) to achieve an 80% power for identifying 

differences in each of the independent variables, along with an α-value of 0.05.   
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Based on the SWV of the muscles collected by Botanlioglu and colleagues (2012), the predicted 

sample size for observing differences in SWV based on muscle contraction ranged from 5-7 participants. 

Overall, the sample size calculations presented in Table 6 were used to justify the sample size of 20 

participants for this thesis. The sample size was increased from 5-7 participants to 20 participants to 

maximize the probability of achieving adequate statistical power. Although sex-based differences were 

not primarily being explored in this thesis, both sexes were equally represented by recruiting 10 male and 

10 female participants. Finally, additional sample size calculations were conducted based on the SWV 

results of other studies that focused on muscles in different body regions, and a range of theoretical effect 

sizes (Appendix A) – overall, these data also aligned with the sample size selected. 

Table 6: Sample Size Calculations to Identify Differences in SWV Based on the Muscle Contraction 
Results from Botanlioglu et al. (2012). They focused on the vastus lateralis (VL) and vastus medialis 

obliquus (VMO) muscles on both sides of the body.  

Independent 
Variable  

Group 
Comparison 
from 
Literature 

Resting 
Mean 
SWV 
(m/s) 

Muscle 
Contracted 

Mean 
SWV 
(m/s) 

Resting 
SWV SD 

(m/s) 

Muscle 
Contracted 
SWV SD 

(m/s) 

Effect Size Predicted 
Sample 
Size (N) 

Predicted 
Sample 

Size 
averaged 

across 
sexes and 

sides 
Muscle 
Contraction 
(Botanlioglu 
et al., 2012) 

VL males’ 
right side 

2.32 8.20 1.11 4.85 1.335981 6 7 

VL males’ 
left side 

2.23 7.61 1.32 3.82 1.600992 5 

VL females’ 
right side 

2.35 6.16 0.93 4.21 0.994615 8 

VL females’ 
left side 
 

2.15 6.39 1.11 4.40 1.069804 7 

VMO males’ 
right side 

2.22 8.19 1.33 4.44 1.512614 5 5 

VMO males’ 
left side 

2.11 8.42 1.11 4.65 1.500125 5 

VMO 
females’ right 
side 

1.95 6.81 1.11 3.98 1.366188 5 

VMO 
females’ left 
side 

2.01 7.25 1.08 3.21 1.852191 4 
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3.2.1.2 Eligibility/Exclusion Criteria 

Participants were recruited based on sex to obtain a representative distribution from both sexes. 

They were excluded from this study if they:  

• Were not between the ages of 18-35 years.  

• Had allergies to ultrasound gel, rubbing alcohol, tapes, or other adhesives that may have been 

used during data collection. 

• Had chronic or recently acquired hip or pelvis injuries. 

• Lost or gained twenty-five or more pounds in the last year. 

• Had recent injections of gaseous contrast media to the hip or pelvic area. 

• Suspected or known pregnancy. 

• Had a BMI > 24.9 kg/m2.  

Participants with chronic or recent hip or pelvis injuries, including hip replacement(s) were 

excluded from the study because they may have confounded the typical relationship between soft tissues 

and body composition, pelvic location, and muscle contraction. Similarly, sudden weight loss or gain 

affects soft tissue characteristics and may also have confounded the typical relationship between soft 

tissues and age, body composition, pelvic location, and muscle contraction. Participants who had recent 

injections of gaseous contrast media and a suspected or known pregnancy could not participate because 

the increased temperatures resulting from the ultrasound exposure for longer than five minutes could have 

been harmful to the individual or fetus, respectively.  

Additionally, individuals with a higher BMI were excluded from this thesis because it was 

difficult to obtain high-resolution images of their muscle tissue. Higher-resolution images were required 

to differentiate between the subcutaneous adipose and muscle tissues when obtaining the tissue-specific 

SWV values. It was particularly difficult to differentiate between the soft tissues directly overlying the 

greater trochanter (Figure 6). Thus, the linear ultrasound probe which results in higher resolution images 

compared to the curvilinear probe (Figure 7), was used (Chan & Perlas, 2011; Mandal et al., 2015). The 

penetration depth of the linear probe was 14 cm, making it difficult to image and clearly differentiate 

tissues in higher BMI individuals. According to Table 2, majority of the SWE literature has utilized the 

linear probe (Eby et al., 2015; Dieterich et al., 2017; Nojiri et al., 2021; Zhou et al., 2019; Botanlioglu et 

al., 2012; Alfuraih et al., 2019; Yun et al., 2019; Wu et al., 2018; Baumer et al., 2017; Quack et al., 2019; 

Lin et al., 2015; Matsuda et al., 2019). As an initial step towards utilizing SWE in the lateral hip region to 

quantify the tissue specific SWV values, low and normal BMI individuals were recruited for this thesis to 

ensure that there was a clear distinction between the soft tissues being quantified. 



   
 

   
 

44 

 

Figure 6: B-mode US Image of the Greater Trochanter – This image of the soft tissues over the greater 
trochanter in a normal BMI individual demonstrates the difficulty in identifying the different soft tissues 

at this location.   

A) B)  

Figure 7: Image Resolution Differences between the Linear (A) & Curvilinear (B) Probes – The linear 
probe has a higher resolution than the curvilinear probe, allowing for the improved differentiation 

between the different soft tissues in the lateral hip region. 
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3.2.2 Instrumentation 

The elastography setting on a GE LOGIQ E10 commercial ultrasound machine (Figure 8-A; GE 

Healthcare Canada, ON, Canada), an L2-9VN-D linear array ultrasound probe (Figure 8-B; GE 

Healthcare Canada, ON, Canada), and AquaFlex gel pad stand-off (Figure 9) were used to obtain the 

SWV measurements of the subcutaneous adipose and muscle tissues at the location of interest. The linear 

probe was used because it allowed for higher resolution imaging, compared to the curvilinear probe (Chan 

& Perlas, 2011; Mandal et al., 2015) and a clearer differentiation of the soft tissues (adipose and muscle) 

in this region (Figure 7). Additionally, the curvilinear probe on the GE LOGIQ E10 system does not 

support the use of SWE for musculoskeletal tissue, thus the linear probe was used.  

For all SWE measurements, the general musculoskeletal imaging setting (MSK Gen) and the 

largest region of interest (ROI) of 2 x 4 cm were used. Once all the SWE images were collected, the 

systems’ built-in measurement software was used to extract the SWV of the ROI in meters per second 

(m/s), which is described in greater detail in section 3.4.  

 

Figure 8: A) GE LOGIQ E10 Commercial Ultrasound Machine (https://www.logiqclub.net/emea/logiq-
e10) and B) the L2-9VN-D Linear Array Ultrasound Probe (https://theultrasoundsource.com/ge-l2-9vn-

d-linear-probe/) 
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(https://www.civco.com/catalog/accessories/aquaflex-standoff-pads/) 

Figure 9: AquaFlex Gel Stand-off Pads 

A force transducer (HG Schaevitz: model FTA-IT-500, Pickering, Ontario, Canada) with a rated 

force capacity of 500 lbs and a LVDT amplifier (Daytronic: model 3230, Miamisburg, Ohio, United 

States) were also utilized during the muscle contracted trials to collect the functional output of the muscle 

during its contracted state. It was also used to provide visual biofeedback to participants ensuring that 

they met the force exertion criteria of this thesis. One side of the force transducer was connected to a 

customized metal mount that was hooked onto the ultrasound table, while the other side was attached to 

the participant’s left thigh (Figure 10). The participants were asked to externally rotate and extend their 

left hip to activate their gluteus maximus muscle, which was the muscle located within the region of 

interest (Figure 11). Their force output was displayed on custom software (NIAD 3.0, University of 

Waterloo, Waterloo, Ontario, Canada) using a laptop that was placed in front of them.  
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Figure 10: Force Transducer Visual Biofeedback Set Up – Live biofeedback from the force transducer 
was set up in front of the participants on a laptop. This updated the participant on the amount of force 

they exerted during the muscle contracted state trials.  

 
Figure 11: Gluteus Maximus (University of Washington, 2023) – This was the muscle located in the 

region of interest which was 6 cm distal and 3 cm posterior to the greater trochanter.   

Electromyography (EMG) (Bortec Biomedical, Calgary, Alberta, Canada) was used to confirm 

that this force transducer set-up was activating the gluteus maximus. This EMG collection was conducted 

on one participant prior to the actual data collection of this protocol. Two electrodes were placed between 

their sacral vertebrae and the greater trochanter, which corresponded to the center of the muscle’s belly 
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based on the Seniam (2023) recommendations, and a reference electrode was placed on the participant’s 

wrist. Custom software (NIAD 3.0) was used to collect data from both the force transducer and the EMG 

system. The participant was first asked to perform 3 maximum voluntary contractions (MVC) and the 

average of the maximum forces exerted during these trials was used to calculate the 10%, 20%, 30%, 

40%, 50%, 60%, 70%, 80%, and 90% of their MVC. These acted as targets for the participant to hold for 

10 seconds during the next 9 trials. The visual biofeedback system set-up (Figure 10) was used to display 

the participant’s force exertion targets on a laptop in front of them. They were instructed to maintain these 

targets by externally rotating and extending their hip. Upon completion of the trials, the EMG data was 

full wave rectified, linear enveloped, and normalized to the participant’s MVC trial’s EMG data in 

MATLAB (R2022b). The force transducer data was also normalized to the MVC trial’s force transducer 

output. Figure 12 presents both the normalized EMG and force transducer data, where it was evident that 

as the participant exerted a greater percentage of force, their muscle activation also increased 

proportionally. This supported using the force transducer and visual biofeedback set-up as an accurate 

method for controlling muscle activation during the muscle contracted trials.  

 

 

Figure 12: Normalized EMG and Force Transducer Data during Different Force Exertion Percentages 
of an MVC – As the participant exerted a greater percentage of force, their muscle activation also 

proportionally increased. This supported using the force transducer to control muscle activation during 
the muscle contracted trials.  
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3.2.3 Experimental Protocol 

The data collection was broken down into the set-up, introductory, resting trials, muscle 

contracted trials, and clean-up stages which are broken down in Table 7. Two researchers were required 

for this data collection: the primary and secondary researchers. The primary researcher was responsible 

for landmarking and controlling the ultrasound probe. They were also responsible for instructing the 

secondary researcher to position the ROI, initiate the force collections during the muscle contracted trials, 

and save the SWE images. The secondary researcher was mainly responsible for controlling the US based 

on the primary researcher’s instructions.  

After the collection set-up was completed and the participant arrived, they were asked to provide 

verbal and written informed consent. They were then instructed to change into a loose comfortable t-shirt 

and loose-fitting shorts before their height and weight were measured to confirm that their BMI was 

within the inclusion criteria.  

Participants were then instructed to lie on their right side with their knees and hips straight (no 

flexion) during the landmarking and imaging procedures, to simulate a lateral fall configuration. Visual 

cues were used to correct the participants’ posture and ensure that this posture was maintained throughout 

the collection. This position was standardized for all participants to prevent the effects of postural changes 

from influencing the SWE measurements.  

The location of interest (P1) was marked on the participants using a grid centered over the greater 

trochanter (Figure 13). This grid had a total of 3 locations with two over the lateral aspect of the femur 

(L1-L2) and one over the posterolateral aspect of the femur (P1). Point L1 was centered over the greater 

trochanter, while L2 aligned with the diaphysis of the femur to ensure that the grid was placed 

consistently across all subjects. The main P1 location was chosen in accordance with the peak center of 

pressure during a lateral impact, which is posterior and distal to the GT (Pretty et al., 2021a; Pretty et al., 

2021b). The distance between L1 and L2 was 6 cm and P1 was 3 cm posterior to L2 (Figure 13). A 

permanent marker was used to mark these locations on the participants’ left side through the holes in the 

grid. 
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Figure 13: Landmarking the Measurement Location – Black circles indicate the 3 locations that were 
marked on the participant, while the red circles indicate the 2 locations (L1 and P1) from which the SWE 

modulus measurements were taken. Point L2 is the point over the GT, while L2 is aligned with the 
femur’s diaphysis. The distance from L1 to L2 was 6 cm, while P1 was positioned 3 cm posterior to L2.  

 

Once the measurement location was landmarked, the data collection process began. The data 

collection was divided into the resting and muscle contracted states. During the resting state, participants 

were asked to keep their entire body relaxed with their knees and hips straight (no flexion) and stacked on 

top of one another (Figure 14). The primary researcher controlled the probe placement, applying minimal 

to no compression, and instructed the secondary researcher to collect and save the SWE images. Visual 

cues from the ultrasound images were used to ensure that the tissues at the P1 location were not being 

compressed. Figure 15-A represents an US image of the tissues when compression is applied, while 

Figure 15-B represents an image where no compression is applied. The tissues and gel standoff compress 

together when compression is applied which becomes very evident on the US screen, and this was 

avoided during the collection. Additionally, the gel standoff is very soft and dents when compression is 

applied, which is another cue that was used to ensure that tissues were not being compressed throughout 

the collection. A total of 6 SWE measurements were collected, resulting in 3 SWE images for the 

subcutaneous adipose and 3 for muscle. The tissue order (muscle versus adipose) was randomized for 

each of the 3 trials, however, both subcutaneous and muscle measurements for a specific trial were 

completed before initiating the next trial.  
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Figure 14: Participant Positioning during the Landmarking and Resting State Trials – Participants laid 
on their right side with their bodies relaxed and their hips and knees straight (no flexion). SWV 

measurements were taken from the left side. 

A) B)  

Figure 15: Visual Cues Used to Ensure Minimal to No Compression was Applied from the Probe onto the 
Tissue – A) When compression is applied, the tissues and standoff compress together which is visually 
evident on the US screen, whereas B) when no compression is applied, there is no compression of the 

tissues and standoff. 

Prior to collecting the muscle contraction trials, the participant performed 3 MVC trials that 

targeted the gluteus maximus, which was the muscle underlying P1. This was accomplished by having 

them externally rotate and extend their hip and the force transducer was used to collect their maximum 

exerted force during these MVCs (Figure 16). The MVCs were averaged and for the muscle contracted 

trials, participants were asked to maintain 40-60% of the force exerted during their MVC for 

approximately 10-20 seconds, with a two-to-four-minute break between each of the trials. They 

performed contractions using the force transducer and visual biofeedback system mentioned in section 

3.2.3. Forty to sixty percent of their maximum exertion was chosen as a desired exertion level because 

Martel and colleagues (2018) found that muscle activation of 20-30% MVC led to increased pelvic 
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stiffness in females. However, their muscle activation target was based on upper limb impact data and this 

thesis’s protocol aimed to capture the SWV of tissues during increased muscle contraction levels. This is 

because there is currently a gap in the literature regarding the level of muscle contraction maintained 

during a lateral fall. Thus, the highest-level possible force exertion (60% MVC) was used to explore the 

influence of muscle contraction on the soft tissues’ SWV. Initially, the aim of this thesis was to obtain the 

SWV of the tissues during a 100% MVC contraction, however, the SWE system slows down when 

obtaining images of contracted and deeper tissues, like the muscle. Thus, participants would be expected 

to maintain their MVC from 40-50 seconds, which would not be realistic for them to maintain for 

multiple trials without the onset of fatigue. During the piloting trials for this protocol, 60% MVC was the 

highest force exertion output that most of the participants could maintain for the entire trial. Some 

participants struggled to maintain this force exertion target; therefore, a minimum target of 40% MVC 

was implemented to provide them with a force exertion range. Similar to the resting state, a total of 6 

SWE measurements were collected, resulting in 3 SWE images for the subcutaneous adipose and 3 for 

muscle, with the tissue order being randomized during each trial.  

 

Figure 16: Participant Positioning during the Contracted State Trials – Participants laid on their right 
side. During the SWE measurements, they performed an external rotation and extension of their left hip, 
while keeping their leg straight to activate the gluteus maximus. This pulled on the force transducer and 

updated the force that the participant was exerting on the biofeedback system set-up in front of them. 

 

During both stages, the AquaFlex gel stand-off (Figure 9) was placed over the measurement 

location while the L2-9VN-D linear probe was positioned above it longitudinally to obtain the SWE 

images. The center of the probe was positioned directly above the marked location and compression to the 

probe was not applied since SWE does not require manual compression as it influences the SWV values 

(Taljanovic et al., 2017). Before taking the images, clear visualization of the standoff, skin, adipose, 

muscle and femur was ensured by using a water-soluble ultrasound gel, adjusting the gain setting of the 

ultrasound, and the penetration depth of the probe. The maximum size of the ROI (2 cm by 4 cm) was 
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used and positioned over the tissue of interest when capturing the SWE images. To obtain the SWV for 

the muscle, the ROI was positioned between the outer edge of the femur to the inner edge of the muscle 

fascia (Figure 17-C). Whereas it was positioned between the outer edge of the muscle fascia to the inner 

edge of the skin to obtain the SWV for the subcutaneous adipose (Figure 17-B). If the ROI overlapped 

between both tissues, the ultrasound’s lasso tool was used to extract the SWV of the tissue of interest 

during the data analysis stage (Figure 18). Until then, the SWE images containing the elastogram within 

the ROI were saved on the ultrasound system. 

A) B) C)  

Figure 17: ROI for Subcutaneous Adipose and Muscle Tissues – B) Subcutaneous adipose – ROI was 
positioned between the inner edge of the skin to the outer edge of the muscle fascia. C) Muscle – ROI was 

positioned between the inner edge of the muscle fascia to the outer edge of the bone. However, the 
elastogram often included the adipose tissue above the muscle because the maximum ROI (2 cm by 4 cm) 
was used for all measurements. The SWV of the muscle was extracted using the lasso tool to ensure that 

the adipose did not influence this measurement.  

 

A total of 12 SWE images were taken during the collection, 3 for the subcutaneous adipose and 3 

for muscle during the resting and muscle contracted states. The resting state was completed first with the 

tissue order being randomized using a random number generator, which prevented the imaging order from 

influencing the results. Subsequently, the muscle contracted state was collected using the random number 

generator as well. Once all the muscle contracted trial SWE images were saved, the collection was 

terminated, and the researchers cleaned up.   
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Table 7: Data Collection Breakdown 

Stage Description Time  

Set-up  • Set-up the participants' file on the US  
• Gathered materials for collection:  

o Consent forms 
o Laptop  
o Permanent marker  
o Landmarking grid  
o Force transducer, amplifier, and breakout box 

• Set-up the force transducer set up and connected it to the 
mount  
 

30 minutes 

Introduction • Provided a breakdown of the collection  
• Consent forms  
• Asked participant to change into loose-fitting shorts 
• Obtained the height and weight measurements 
• Calculated BMI 

 

10 – 15 minutes  

Landmarking • Landmarked the greater trochanter while the participant was 
standing 

• Asked participant to lie on their right hip with their knees and 
hips straight  

• Used visual cues to correct their posture  
• As a practice for the muscle contracted trials, asked 

participants to externally rotate and extend their left leg to 
activate their gluteus maximus 
o Pointed out the differences they should feel during a 

resting versus muscle contracted state  
• Used the ultrasound to confirm the greater trochanter location 

and the femoral shaft  
• Used the grid to mark the L1 (GT), L2 (femoral shaft) 

locations, and P1 locations (Figure 13) 
 

10 minutes 

Resting State • Instructed participant to remain relaxed throughout the 
collection (Figure 14) 

• Used visual cues to ensure they maintained the correct posture 
• Collected 3 subcutaneous adipose and 3 muscle images at the 

P1 location using the following steps:  
o Primary researcher positioned the probe over the P1 

location and asked the secondary researcher (responsible 
for controlling the US) to move the ROI over the tissue 
of interest 

o Collected 3 images for each trial  
o Primary researcher went through the images and saved 

the best one  
 

20 – 25 minutes 
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Muscle 
Contracted 
State  

• Connected the force transducer to the participants’ left thigh 
and instructed them to activate their gluteus maximus (Figure 
16) 
o Used visual cues to correct their posture to ensure that 

their knees and hips remained straight to prevent them 
from using other muscle groups to compensate during 
the muscle contraction 

• After they performed some practice trials, 3 MVC trials were 
collected with 2 – 4 minutes of rest in-between 

• Calculated their 40-60% MVC force exertions and marked 
them on the laptop screen  

• Instructed the participant to maintain this force exertion during 
the muscle contracted trials  

• Once the participant was in this contraction range, their force 
output was collected along with the 6 SWE images. The 
specific breakdown of these steps is: 

o Participant began contraction and met their 40-60% 
MVC force exertion  

o Probe was positioned at the P1 location and the 
ROI was focused on the tissue of interest 

o Secondary research began the force collection on 
the laptop 

o Primary researcher the secondary researcher to 
begin collecting the SWE images when they were 
ready 

o Once three images were collection (for one trial), 
the trial was terminated  

o Participant rested for 2-4 minutes 
o Primary researcher selected the best image from the 

trial to save  
 

30 – 45 minutes 

Clean-up  • Saved all the images on the US and shut down the system 
• Cleaned all the equipment and stored it away  

 

10 – 20 minutes 

  

 
3.3 Data Analysis 

During the data analysis process, the ultrasound’s built-in software (General Electric Company, 

version R1, revision 5.2, software part number 5821700-8) was used to obtain the SWV of the 

subcutaneous adipose and muscle tissues from the saved SWE images. The lasso and circle cut-out tools 

(Figure 18) were used to outline the tissue of interest within the ROI that contained the elastogram to 

extract the SWV in meters per second (m/s). The red in the elastogram represented stiffer tissue with a 

harder consistency, while the blue represented softer, less stiff tissue. This SWV can be used to compute 

the Young’s moduli of the tissues using Equation 2. Once the SWV values were extracted from each of 

the trials, they were saved for the statistical analysis process.  
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𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟐:  𝐸 = 3𝐺 = 3 ∗ 𝜌 ∗ 𝑆𝑊𝐸! 

Where G = shear modulus, SWV = shear wave velocity, and 𝜌 = density of the tissue (assumed to be 1 
g/cm3). The tissue’s underlying properties are assumed to be linear, isotropic, incompressible, and 
homogenous). 

 

A) B)  

Figure 18: Tools Used to Extract SWV Measurements from the Elastograms – A) Lasso tool was used to 
outline around the tissue of interest to extract its SWV measurements, while the B) Circle cut-out tool 

was used to extract the SWV of tissues where the elastogram fell within the tissue's boundaries. 

 

3.4 Statistical Analysis 

3.4.1 Primary Statistical Analysis 

A summary of the statistical analysis for hypotheses 1 and 2 is provided in Table 8 and it was 

conducted in RStudio (2022.07.2+576).  

For hypothesis 1, a two-way mixed effects absolute agreement intraclass correlation (ICC) model 

was used to assess the intra-rater reliability of this protocol. Specifically, the intra-rater reliability of 

multiple factors of this collection’s protocol and data analysis processes were assessed. During the data 

collection process positioning and orienting the probe above the landmarked location, along with the 

participants' positioning, postural changes, movement of the underlying tissues, changes in muscle 

activation, fatigue, and selecting the best image from each trial could influence the intra-rater reliability. 

Additionally, potential changes in the contact pressure applied to the standoff while taking measurements 
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throughout the data collection could have also affected the intra-rater reliability. During the image 

analysis process, identifying and selecting the tissue of interest with the lasso tool could influence the 

intra-rater reliability. A total of 2 ICC values were calculated for each tissue during the resting and 

contracted states (Figure 19). These ICC values were compared to Koo and Li’s (2016) ICC 

classifications where an ICC < 0.5, between 0.5 – 0.75, 0.75 – 0.9, or ICC > 0.9 are classified as poor, 

moderate, good, or excellent, respectively. The 95th percentile confidence interval was also computed and 

compared across the different trial conditions to identify whether the intra-rater reliability between the 

conditions was significantly different (significant differences being signified if the confidence intervals 

did not overlap).  

For hypothesis 2, a two-way repeated measures analysis of variation (ANOVA) statistical model 

was used to assess the effects of tissue type (adipose and muscle) and tissue state (resting and contracted) 

on SWV values. For each participant, the SWV measurements from the three repeated trials for each 

condition were averaged prior to performing this analysis. The two repeated measures factors were tissue 

type and contraction state. The main effects of tissue type and contraction state were examined, along 

with the two-way interaction between these two factors. If a significant two-way interaction was 

observed, it was decomposed using paired samples t-tests to test the effect of contraction state within each 

tissue type.  

Table 8: Summary of the Statistical Tests for the Primary Analysis 

Hypothesis  Statistical Test  
Hypothesis 1: 
The intra-rater reliability of the subcutaneous adipose 
and muscle SWV measurements will be good to 
excellent (ICC > 0.75) and will not be influenced by 
muscle contraction.  

Two-way mixed effects absolute agreement 
intraclass correlation (ICC) model  
 
The lower and upper bounds of the 95th percent 
confidence intervals were compared to identify 
whether the ICCs for each condition are significantly 
different. 
 

Hypothesis 2: 
There will be an interaction effect of muscle 
contraction on the SWV magnitudes of the soft 
tissues. It is expected that:  

1. The muscle SWV magnitude will be greater 
during the muscle contracted trials compared 
to the resting trials.  

2. The subcutaneous adipose SWV magnitude 
will not change between the resting and 
muscle contracted trials. 

Two-way repeated measures ANOVA  
• Factors: Contraction state and Tissue type 
• Dependent Variable: SWV 
• Interaction effect of contraction state was 

examined for the muscle and subcutaneous 
adipose tissues 

• If interaction was present, paired samples t-
tests were used to test the effect of 
contraction state within each tissue type 
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Figure 19: Breakdown of the Collection Protocol Demonstrating the Four Different Conditions that the 
Intraclass Correlation (ICC) Model was Conducted For – The ICC values were calculated individually 
for each condition resulting in two ICC values being collected for both tissues during the resting and 

muscle contracted states. 

  

3.4.2 Secondary Statistical Analysis  

Although exploring sex and BMI-related differences was not the primary goal of this thesis, a 

secondary analysis was performed to explore whether these differences existed across the SWV values of 

the soft tissues. The influence of muscle contraction on the subcutaneous adipose, muscle, and total soft 

tissue thicknesses was also explored during the secondary analysis. Table 9 summarizes the statistical 

tests that were conducted for each of these additional analyses.  

The dataset was divided among males and females prior to conducting the statistical analysis to 

explore the influence of sex on the SWV of the tissues during the resting and muscle contracted states. A 

three-way mixed effects ANOVA was conducted where the main factors were sex (between-subjects), 

tissue type (repeated measures), and contraction state (repeated measures). The main effect of sex was 

examined, along with the three-way interaction between sex, tissue type, and contraction state. Pairwise 

comparisons and post-hoc tests were performed when significant main effects and interactions were 

found.  

Similarly, when investigating the influence of BMI on the SWV of the soft tissues during resting 

and muscle contracted states, the data set was divided based on the median BMI. This divided the 

participants into low BMI and high BMI groups. A three-way mixed effects ANOVA was conducted 

using BMI (between-subjects), tissue type (repeated measure), and contraction state (repeated measure) as 

its three factors. The main effect of BMI was examined, along with the three-way interaction between 
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BMI, tissue type, and contraction state. Pairwise comparisons and post-hoc tests were performed when 

significant main effects and interactions were observed.  

A two-way repeated measures ANOVA was conducted to investigate the influence of muscle 

contraction on the thicknesses of the subcutaneous adipose, muscle, and total soft tissues. The two 

repeated measures factors were the type of soft tissue thickness and contraction state. Pairwise 

comparisons and post-hoc tests were performed when significant main effects and interactions were 

found.  

 

Table 9: Summary of the Statistical Tests for the Secondary Analysis 

Purpose Statistical Test  
Investigate the influence of sex on the SWV of the 
tissues during resting and muscle contracted states 

Three-way mixed measures ANOVA 
• Between-subjects factor: sex 
• Repeated measures factors: tissue type and 

contraction state  
• Dependent variable: SWV 

 
Investigate the influence of BMI on the SWV of the 
tissues during resting and muscle contracted states 

Three-way mixed measures ANOVA 
• Between-subjects factor: BMI 
• Repeated measures factors: tissue type and 

contraction state  
• Dependent variable: SWV 

 
Investigate the influence of muscle contraction on 
the adipose, muscle and total soft tissues’ 
thicknesses 

Two-way repeated measures ANOVA  
• Repeated measures factors: type of soft 

tissue thickness and contraction state  
• Dependent Variable: soft tissue thickness 

  

 
  



   
 

   
 

60 

Chapter 4 
 Results 

 

4.1 Results for the Primary Analysis  

A two-way mixed effects absolute agreement intraclass correlation (ICC) model was conducted to 

assess the intra-rater reliability of the adipose and muscle SWV measurements during the resting and 

contracted states (Table 10). The intra-rater reliability for the adipose SWV measurements during the 

resting state was 0.93, with a 95% confidence interval of 0.86-0.97, and it increased to 0.95, with a 95% 

confidence interval of 0.90-0.96, during the contracted state. Based on Koo and Li’s (2016) ICC 

classifications, the intra-rater reliability was classified as excellent during both these conditions. The 

intra-rater reliability for the muscle SWV measurements during the resting state was 0.91, with a 

confidence interval of 0.81-0.96, and it decreased to 0.81, with a confidence interval of 0.60-0.92, during 

the contracted state (Table 10). The resting muscle intra-rater reliability was classified as excellent and 

dropped to good during the muscle contracted trials (Koo & Li, 2016). Since all the confidence intervals 

overlapped, there was no significant difference between the intra-rater reliability of the different trial 

conditions (Figure 20).  

Table 10: Intra-rater reliability ICC classification and the lower & upper bounds of the 95% CI for the 
SWV trial conditions using Koo & Li’s Classifications (2016) 

Condition ICC Value Lower Bound of 
95% CI 

Upper Bound of 
95% CI 

Classification 

Subcutaneous 
Adipose – Resting 

0.93 0.86 0.97 Excellent 

Subcutaneous 
Adipose – 
Contracted 

0.95               0.90 0.98 Excellent 

Muscle – Resting 0.91 0.81 0.96 Excellent 
Muscle – 
Contracted 

0.81 0.60 0.92 Good 
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Figure 20: Intra-Rater Reliability (ICC values and 95% CI represented by the error bars) for the SWV 
Trial Conditions using the Koo & Li’s Classifications (2016) – The area below the red line represents 

poor reliability (ICC < 0.50) and the area between the orange and red lines represent moderate 
reliability (0.50 < ICC < 0.75). The area between the green and orange lines represents good reliability 
(0.75 < ICC < 0.90), while the area above the green line represents excellent reliability (ICC > 0.90).  

 

 A two-way repeated measures ANOVA was conducted to assess the influence of tissue type 

(subcutaneous adipose and muscle) and contraction state (resting and muscle contracted) on SWV 

measurements. SWV was influenced by a significant tissue type-contraction state interaction (F1,19 = 

19.42, p < 0.001, η2 = 0.054), as well as a main effect of tissue type (F1,19 = 42.98, p < 0.001, η2 = 0.182) 

and contraction state (F1,19 = 10.87, p < 0.05, η2 = 0.065) (Figure 21). Decomposition of the interaction 

using paired samples t-tests revealed that the SWV of muscle during its resting state was significantly 

lower than its SWV during its contracted state (p < 0.001). Whereas the SWV of the subcutaneous 

adipose showed no change (p = 0.825) during the resting (mean (SD) = 2.45 (0.16) m/s) and contracted 

(mean (SD) = 2.47 (0.17) m/s) states. Therefore, the interaction between tissue type and contraction state 

was driven by the 25% increase in the muscle tissues’ SWV from resting (mean (SD) = 2.64 (0.19) m/s) 

to contracted (mean (SD) = 3.05 (0.27) m/s) state. 
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Figure 21: Shear Wave Velocity of the Subcutaneous Adipose and Muscle Tissues during the Resting and 
Muscle Contracted States (SD is represented by the error bars) – A significant tissue type-contraction 

state interaction was observed, along with the main effects of tissue type and contraction state. (* 
indicated significant differences between the muscle SWV during resting and contracted states based on 

the post hoc paired samples t-tests α = 0.05).    

 

4.2 Results for the Secondary Analysis 

A secondary analysis was completed to analyze the influence of sex and BMI, along with tissue 

type and contraction state, on SWV. Additionally, the influence of the contraction state on the 

subcutaneous adipose, muscle, and total soft tissue thicknesses was also investigated.  

A three-way mixed measures ANOVA was conducted to assess the effects of sex (between-

subjects), tissue type (repeated measures), and contraction state (repeated measures) on SWV. The 

ANOVA did not reveal a significant interaction between sex, tissue type, and contraction state (F1,18 = 

0.278, p = 0.604, η2 = 0.001). However, it did reveal a significant tissue type-contraction state interaction 

(F1,18 = 18.69, p < 0.001, η2 = 0.086), as well as main effects of sex (F1,18 = 19.873, p < 0.001, η2 = 0.384), 

tissue type (F1,18 = 41.22, p < 0.001, η2 = 0.267), and contraction state (F1,18 = 10.94, p < 0.05, η2 = 0.102) 

(Figure 22). Decomposition of the interaction using pairwise comparisons revealed that the muscles’ 

SWV was significantly greater during its contracted state compared to its resting state (F1,19 = 34.70, p < 

0.001, η2 = 215). Females experienced a 13% increase in the SWV of their muscle tissue from resting 

(mean (SD) = 2.40 (0.19) m/s) to contracted (mean (SD) = 2.76 (0.27) m/s) state, while males 
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experienced a 14% increase from resting (mean (SD) = 2.88 (0.43) m/s) to contracted (mean (SD) = 3.34 

(0.27) m/s) state. However, there was no significant difference between the resting and muscle contracted 

SWV of the subcutaneous adipose tissue (F1,19 = 0.05, p = 0.825, η2 = 0.0005). The resting state mean 

SWV of the subcutaneous adipose in females was 2.26 (SD = 0.17) m/s, while the contracted state mean 

SWV was 2.19 (SD = 0.32) m/s. The resting and contracted state means for the males’ subcutaneous 

adipose were 2.64 (SD = 0.43) m/s and 2.75 (SD = 0.46) m/s, respectively. Additionally, the main effect 

of sex indicated that males have significantly greater SWV measures than females.  

 

 

Figure 22: Shear Wave Velocity of the Subcutaneous Adipose and Muscle Tissues during Resting and 
Contracted States Divided by Sex (SD is represented by the error bars) – A significant tissue type-

contraction state interaction was observed, along with main effects of sex, tissue type, and contraction 
state. (* indicated significant differences between the muscle SWV during resting and contracted states, 

in both sexes, based on the post hoc pairwise comparison tests α = 0.05).  

  

A three-way mixed measures ANOVA was conducted to assess the effect of BMI, tissue type, 

and contraction state on SWV. BMI was treated as a between-subjects factor, while tissue type and 

contraction state were repeated measures factors. The ANOVA did not reveal a significant interaction 

between BMI, tissue type, and contraction state (F1,18 = 0.185, p = 0.672, η2 = 0.0006). However, the 

ANOVA did reveal a significant tissue type-contraction state interaction (F1,18 = 18.59, p < 0.001, η2 = 

0.057), as well as a main effect of tissue type (F1,18 = 41.66, p < 0.001, η2 = 0.190) and contraction state 

(F1,18 = 10.43, p = 0.005, η2 = 0.068) (Figure 23). Decomposition of the interaction using pairwise 
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comparisons revealed that the muscle SWV was significantly greater during its contracted state compared 

to its resting state (F1,19 = 34.70, p < 0.001, η2 = 215). Low BMI individuals experienced a 14% increase 

in the SWV of their muscle tissue from resting (mean (SD) = 2.70 (0.40) m/s) to contracted (mean (SD) = 

3.13 (0.33) m/s) state, while high BMI individuals experienced a 13% increase from resting (mean (SD) = 

2.58 (0.43) m/s) to contracted (mean (SD) = 2.97 (0.46) m/s) state. However, there was no significant 

difference between the resting and muscle contracted SWV of the subcutaneous adipose tissue (F1,19 = 

0.05, p = 0.825, η2 = 0.0005). The resting state mean SWV of the subcutaneous adipose in low BMI 

individuals was 2.53 (SD = 0.43) m/s, while the contracted state mean SWV was 2.60 (SD = 0.54) m/s. 

The resting and contracted state means for high BMI individuals’ subcutaneous adipose were 2.37 (SD = 

0.31) m/s and 2.34 (SD = 0.41) m/s, respectively. Therefore, although BMI does not influence SWV, 

tissue type and contraction state do have an influence on SWV.   

  

Figure 23: Shear Wave Velocity of the Subcutaneous Adipose and Muscle Tissues during the Resting and 
Contracted States divided by BMI (SD is represented by the error bars) – A significant tissue type-

contraction state interaction was observed, along with main effects of tissue type and contraction state.  
(* indicated significant differences between the muscle SWV during resting and contracted states, in both 

BMI groups, based on the post hoc pairwise comparison tests α = 0.05).  

  

A two-way repeated measures ANOVA was conducted to assess the influence of soft tissue 

thickness type (subcutaneous adipose, muscle, and total thicknesses) and contraction state (resting and 

muscle contracted) on thickness measurements. The ANOVA revealed a significant interaction between 

soft tissue thicknesses and contraction state (F2,28 = 4.62, p = 0.01, η2 = 0.006), as well as a main effect of 
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tissue type thicknesses (F2,38 = 85.76, p < 0.001, η2 = 0.629) (Figure 24). Decomposition of the interaction 

using pairwise comparisons revealed that the interaction was being driven by a significant increase in the 

muscle’s thickness from resting to contracted state (p = 0.039), while adipose (p = 0.110) and total tissue 

(p = 0.424) thicknesses were not significantly different during these states. The muscle thickness 

increased by 12% from resting (mean (SD) = 14.54 (1.24) mm) to contracted (mean (SD) = 16.44 (0.87) 

mm) state. While the adipose thickness did not change during resting (mean (SD) = 25.32 (0.95) mm) and 

contracted states (mean (SD) = 24.09 (0.97) mm). Similarly, the total tissue thickness also did not change 

during resting (mean (SD) = 41.99 (0.88) mm) and contracted states (mean (SD) = 42.67 (1.47) mm). 

 
Figure 24: Subcutaneous Adipose, Muscle & Total Soft Tissue Thickness during the Resting and Muscle 
Contracted States (SD is represented by the error bars) – A significant soft tissue thicknesses-contraction 
state interaction was observed, along with main effect of soft tissue thicknesses. (* indicated significant 
differences between the muscle’s thickness during resting and contracted states, based on the post hoc 

pairwise comparison tests α = 0.05)  
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Chapter 5 
 Discussion & Conclusion 

 
The primary objectives of this thesis were to evaluate the intra-rater reliability of the SWE 

protocol used to characterize the SWV of the soft tissues in the lateral-hip region, determine whether 

contracted state influenced the intra-rater reliability, and assess the influence of muscle contraction on the 

SWV of the soft tissues. In support of the first hypothesis, the intra-rater reliability of the subcutaneous 

adipose and muscle SWV measurements obtained from this protocol ranged from good to excellent (ICC 

> 0.75) during the resting and muscle contracted trials. Intra-rater reliability also was not influenced by 

the contraction state. Similarly, in support of the second hypothesis, a tissue type-contraction state 

interaction existed. The muscle SWV was significantly greater during the muscle contracted state 

compared to the resting state, while the SWV of the subcutaneous adipose did not change.  

 

5.1 Intra-Rater Reliability  

The intra-rater reliability of the subcutaneous adipose and muscle SWV measurements obtained 

using this protocol ranged from good to excellent (ICC > 0.75) during both the resting and muscle 

contracted trials. This aligns with the results of previous studies that used SWE to quantify the SWV or 

Young’s moduli of different tissues across the body. Wu et al. (2018) and Lin et al. (2015) quantified the 

shear moduli and Young’s moduli, respectively, and reported good (0.75 < ICC < 0.90) to excellent (ICC 

> 0.90) intra-rater reliability of the entire heel pad and it’s microchamber and microchambers. Baumer et 

al. (2017) reported good intra-rater reliability of the SWE measurements taken of the supraspinatus 

muscle and tendon, while Matsuda et al. (2019) found the SWE measurements of the superficial and deep 

layers of the multifidus to range from good to excellent. The SWE measurements of the iliacus, a muscle 

within the pelvic region, were found to have good intra-rater reliability (Nojiri et al., 2021). Lin and 

colleagues (2015) also mentioned a few conditions that must be met to ensure good repeatability that were 

considered during our collections. These included controlling the tilt/orientation of the transducer, the 

amount of ultrasound gel used, and hand stability throughout the collections.  

While considering the conditions mentioned by Lin and colleagues (2015), the intra-rater 

reliability explored in this thesis was influenced by many factors of its collection protocol and data 

analysis processes. During the data collection process, controlling the positioning and orientation of the 

probe, participants’ positioning, postural changes, movement of the underlying tissues, changes in muscle 

activation, fatigue, and selecting the best image from each trial could have influenced the intra-rater 
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reliability results. Potential changes in the contact pressure applied to the standoff while taking 

measurements throughout the data collection could have also affected the intra-rater reliability. While, 

during the data analysis process, identifying and selecting the tissue of interest with the lasso tool are 

factors that could have also influenced this reliability. Although this thesis investigated the combined 

influence of multiple factors on the protocol’s intra-rater reliability, it would be beneficial to break these 

factors apart and explore their individual influence on the intra-rater reliability in future studies.  

Additionally, although the intra-rater reliability between the different conditions was not 

statistically different, the intra-rater reliability of the muscle’s measurements decreased from excellent 

(ICC = 0.91) to good (ICC = 0.81) during the muscle contracted trials compared to the resting trials based 

on Koo & Li’s ICC classification approach (2016). In addition to the factors mentioned above, there are 

potential explanations for this. For example, participants were asked to contract their left gluteus maximus 

by externally rotating and extending their left hip, which resulted in their left leg being suspended in the 

air during the contracted trials. In contrast, this leg rested on the right leg during the resting trials. While 

their leg was suspended, during the contraction, it tended to slightly move or twitch, which may have 

influenced the SWV measurements during these trials. In the future, it may be beneficial to add an 

extension to the mount or another type of touch point target for the contracted leg to help stabilize it while 

it contracts. This would allow the participant to maintain a similar posture to the one in this thesis while 

keeping their leg stabilized for the researcher to acquire the SWE images more repeatably.  

The previously conducted studies that utilized SWE and investigated the intra-rater reliability of 

their protocol took measurements from different regions in the body, while this thesis was one of the first 

to focus on the lateral hip region. It is important to quantify the mechanical properties of the soft tissues 

within this region as it is the primary contact site during the majority of lateral falls. Currently, there is 

literature regarding the morphological properties of these tissues, like thickness, and their influence on 

fall impact dynamics (Choi et al., 2010; Pretty et al., 2017; Levine et al., 2013; Pretty et al., 2021b). 

However, studies have not explored the influence of their Young’s moduli on fall impact dynamics. As 

the protocol in this thesis has been found to have good to excellent intra-rater reliability, potential next 

steps could involve exploring its inter-rater reliability before using it to investigate the SWV of additional 

locations in the hip region and the influence of sex, BMI, and age on SWV.   

 

5.2 The Influence of Muscle Contraction on the Subcutaneous Adipose & Muscle SWVs 

The SWV of the gluteus maximus increased by 25% during the muscle contracted state, while the 

SWV of the subcutaneous adipose did not change during both the resting and muscle contracted states. As 
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previously mentioned, SWV can be used to compute the Young’s moduli of these soft tissues. The 

changes in the muscle’s SWV support the findings of previously conducted studies that have reported an 

increase of up to 40-75% in the SWV of their muscles during muscle contracted trials. The muscles 

studied include the vastus lateralis, vastus medialis obliquus (Botanlioglu et al., 2012), supraspinatus 

(Baumer et al., 2017), neck extensor muscles (Dieterich et al., 2017), rectus femoris, tibialis anterior, 

biceps femoris, and medial gastrocnemius (Lee et al., 2021).  

A major limitation of the previously conducted studies was that they did not quantify the 

functional output of the muscles’ contraction nor reported the contraction level of their muscle contracted 

trials. Hence, their participants may have been contracting closer to 100% of their MVC, which may help 

to explain the larger differences between their resting and muscle contracted muscle SWV measurements, 

compared to those observed in this thesis. It is difficult to use electromyography (EMG) to quantify the 

muscles’ activity during the SWV muscle contracted trials because electrodes would be located above the 

measurement location, making it challenging to orient the ultrasound probe to obtain the SWE images. 

However, in this thesis, the functional output of the gluteus maximus was quantified using a force 

transducer and the visual biofeedback set-up ensured that all participants were exerting 40-60% of their 

MVC forces. Additionally, the mechanical properties of subcutaneous adipose have not been previously 

investigated and this thesis is the first to quantify them. Altogether, this thesis addressed many of the key 

limitations of previous SWE studies and its findings have many implications.  

Muscle quality refers to the force generated by each volumetric unit of muscle tissue (Chiles 

Shaffer et al., 2017) and is often quantified using measures of muscular strength or intramuscular fat 

content (Koo, 2022). In healthy muscles, stiffness increases during active muscle contraction. These 

increases in stiffness are influenced by the muscle’s intrinsic factors, including the mechanical properties 

of its cycling cross-bridges that form between its myofilaments and the level of motor unit recruitment. 

Cross-bridges have spring-like properties that contribute to changes in the stiffness of muscle fibres. As 

more motor units are recruited, intrinsic muscle force and stiffness increase disproportionately, such that 

stiffness increases to a lesser degree than force (Nichols & Huyghues-Despointes, 2009). A decline in 

muscle quality, specifically in the hip region, can occur due to various muscle dysfunctions, such as 

myosteatosis and sarcopenia. Myosteatosis is the decline in muscle quality caused by excessive fat 

infiltration in a muscle (Koo, 2022) and is a characteristic of many other muscle conditions, including 

sarcopenia. Sarcopenia is the age-related decline in muscle mass, strength, and quality (Walston, 2012). 

Currently, there is no consensus in the literature on the link between age-related decline in muscle quality 

and changes in passive muscle stiffness or Young’s modulus. Passive muscle stiffness may increase 

(Brandenburg et al., 2014; Eby et al., 2015) or decrease (Alfuraih et al., 2019) with an age-related decline 
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in muscle quality. Additionally, changes between the resting and contracted states of a muscle have not 

been evaluated. SWE can potentially be used to quantify the muscle’s SWV and Young’s modulus, 

allowing for the characterization of muscle quality, as mechanical properties are associated with the 

muscle’s force production (Koo et al., 2013; Phan et al., 2019). As ultrasonography is currently an 

established method to assess muscle quality by quantifying muscle thickness and echo intensity (Lv et al., 

2022), SWE may be another avenue to explore and assess changes in muscles in the clinical setting.  

Shear wave elastography can also be used to improve the biofidelity of physical and 

computational FE models. There is currently a gap in the literature regarding the mechanical properties of 

the subcutaneous adipose and muscle in the pelvic region, preventing these characteristics from being 

included in hip models. Most of the FE models incorporate these soft tissues (Fleps et al., 2018; Fleps et 

al., 2019; Galliker et al., 2022; Majumder et al., 2007; Majumder et al., 2008) by simplifying their 

properties. Their morphological and mechanical properties, if considered, are bulked together, rather than 

the models considering their unique properties. They also fail to consider the influence of muscle 

activation during lateral falls, although it is known to affect total impact forces, soft tissue stiffness 

(Martel et al., 2018), and tissue level stresses (Choi et al., 2015). Similarly, physical models, also known 

as test systems, of the femur consider soft tissues in this region by bulking them together (Yahaya et al., 

2020). Different types of gels and foams, such as silicone elastomer (Derler et al., 2005), poly-ethylene 

foam, soft flexible foam (Yahaya et al., 2020) and others, are used to represent the subcutaneous adipose 

and muscle around the femur. Both computational and physical models are used to understand the impact 

dynamics of lateral falls and improve the effectiveness of hip injury prevention technologies, including 

hip protectors and compliant floorings. Studies that have used these models have reported that the 

effectiveness of hip protectors and compliant floors is affected by the underlying soft tissue thickness 

(Bhan et al., 2013; Choi et al., 2010; Galliker et al., 2022; Laing et al., 2008a; van Schoor et al., 2006). 

However, the influence of the mechanical properties of the subcutaneous adipose and muscle on the 

effectiveness of these preventative technologies is currently unknown. SWE can be utilized to quantify 

the SWV and the Young’s moduli of these tissues, which can be incorporated into both computational and 

physical models to improve their biofidelity and bridge this gap in the literature.  

The secondary analysis conducted in this thesis revealed that the soft tissues in males have 

significantly greater SWV than females and this can be further supported by exploring this in future 

studies using a larger sample size. BMI was found to not influence the soft tissues’ SWV, however, the 

BMI cut-off for this thesis was 24.9 kg/m2 due to the ultrasound probe’s depth perception capabilities. 

Thus, the sample size of this thesis fell within the underweight to normal BMI range. However, 

replicating this protocol using an ultrasound transducer with a greater depth perception on a sample size 
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with a larger BMI range will allow for further investigation of the effect of BMI on SWV. This thesis also 

focused on collecting from young individuals, however, collecting on different age groups will be 

beneficial in identifying the effects of aging on these tissues. Ideally, exploring the sex, BMI, and age-

related changes will aid our understanding of the mechanical properties of the soft tissues in the hip 

region. 

 

5.3 Limitations 

 The SWE system’s capabilities did present some limitations to this protocol. Firstly, the system 

tends to slow down when collecting the SWV of muscle at higher percentages of the MVC contraction 

and this limited the muscle contracted trials’ force exertion range to 40-60% MVC. There is currently a 

gap in the literature regarding the level and pattern of muscle activation during a lateral fall, which could 

be addressed in the future using computational modelling, as it is difficult to use EMG to collect this data 

during a falling scenario. The muscle activation data obtained should be considered in a future SWE 

protocol to better understand the SWV of the tissues during a lateral fall. Additionally, the linear 

ultrasound probe used has a depth perception of 14 cm. It was also noted that the GE LOGIQ E10 system 

slows down when taking measurements of contracted muscle and deeper tissues. Thus, the strict BMI 

criteria only allowed low to normal-BMI individuals to participate. It would be beneficial to extend this 

work to incorporate higher BMI individuals with varying body compositions to better understand the 

mechanical properties of their tissues, in contrast to the participants that were recruited for the current 

thesis. Thirdly, there were some postural differences associated with the resting and muscle contracted 

trials that may have influenced the SWV results. As the posture changed, different regions of the soft 

tissues may have been measured due to the tissues shifting underneath the landmarked location of interest. 

In future collections, it would be valuable to position a pillow between the participants' legs during the 

resting trials to prevent the left hip from adducting. This change would also improve the resemblance of 

the hip and knee’s postures between the resting and muscle contracted trials.  

There are also limitations associated to the study’s recruitment criteria and data analysis process. 

Firstly, young, healthy participants were recruited to infer soft tissue characteristics of older adults who 

are at a greater risk for hip fractures. There are several age-related changes that influence the composition 

and functioning of the soft tissues, such as the loss of skeletal muscle mass and function, redistribution of 

adipose tissue, and physiologic changes that also occur at the cellular level (De Carvalho et al., 2019). 

These age-related tissue-state changes could ultimately influence the subcutaneous adipose and muscle’s 

SWV. Thus, it would be beneficial to conduct this protocol on a wider age range in future collections. 

Secondly, there is some subjectivity involved when saving the best SWE image during each trial. The best 
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SWE image is chosen from the 3 images collected during each trial based on image clarity and the 

patchiness of the elastogram. Additionally, there is some subjectivity involved when differentiating the 

soft tissues during the data analysis process to obtain their SWV. Exploring the inter-rater reliability of 

this protocol in future studies would help to address these limitations. Lastly, the SWE system applies 

specific assumptions regarding the properties of the soft tissues when computing their SWV and 

converting it into their Young’s moduli. These assumptions include the tissues being linear, isotropic, 

incompressible, and homogenous when they are non-linear, anisotropic, compressible, and heterogenous.  

 

5.4 Conclusion 

Overall, this thesis is unique as it is the first to quantify the SWV of the soft tissues in the lateral 

hip region during both resting and contracted states and is the first to quantify the functional output of the 

muscle contractions during the contracted state. The intra-rater reliability of this protocol ranged from 

good to excellent; a next step would be to explore its inter-rater reliability. Future applications of the 

protocol could involve investigating the SWV of additional locations in the hip region and the influence 

of sex, BMI, and age on SWV. As other modes of ultrasonography, specifically echo intensity, are 

already being used to assess muscle quality, SWE is another prospective avenue that can be used. SWE 

allows for the characterization of the muscles’ mechanical properties during their resting and contracted 

states and could potentially be used to augment clinical research on muscular disorders. The findings from 

this thesis also help to address gaps in the literature regarding physical and computational models and aid 

in increasing their biofidelity. Bridging these gaps will improve our understanding of fall impact 

dynamics and the design of hip injury prevention technologies. Ultimately, SWE is a non-invasive 

modality that allows for the direct, real-time quantification of the tissues’ mechanical properties and has 

the potential to help address many gaps within the literature.  
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Chapter 6 
 Thesis Synthesis & Significance 

Overall, this thesis had two primary objectives. The first objective was to evaluate the intra-rater 

reliability of the SWE ultrasound system when characterizing the SWV of the soft tissues (subcutaneous 

adipose and muscle) in the lateral-hip region and determine whether muscle contraction influenced it. The 

second objective was to assess whether the SWV of the soft tissues is influenced by muscle contraction.  

 

6.1 Significance  

Shear wave elastography is a new technology that previous studies have used to quantify the 

mechanical properties of different muscles throughout the body. Some body regions where it has been 

used include the neck, back, shoulders and leg. Yet, it has never been used in the lateral hip region which 

is the primary contact site during lateral falls. This thesis is the first to quantify the mechanical properties 

of the subcutaneous adipose and muscle within this region. Additionally, previous studies have 

investigated the effect of muscle contraction on the muscles’ mechanical properties; however, they did 

not quantify the force output during their muscle contraction trials. This thesis was the first to use a force 

transducer set-up to quantify the force output during the muscle contraction trials to determine and 

confirm the level of muscle contraction. The influence of muscle contraction was also investigated for 

both the subcutaneous adipose and muscle tissues, and the results indicate that these tissues have unique 

Young’s moduli and react differently during the muscle contracted state. The findings from this thesis and 

its protocol add valuable insight into the literature and their implications will be discussed in the 

following sections.  

 

6.2 Future Research  

6.2.1 Enhancing the Protocol 

The intra-rater reliability of the subcutaneous adipose and muscle SWV during both the resting 

and muscle contracted states was investigated in this thesis. Based on Koo and Li’s (2016) ICC 

classifications, it ranged from good to excellent during both these conditions, deeming this protocol to be 

reliable. The next step would be to explore the inter-rater reliability to ensure that different raters are also 

obtaining reliable measurements with this protocol before it continues to be used. Eventually, the goal 

would be to use this protocol on a wider BMI and age range to understand the effect of these factors on 

the mechanical properties of the soft tissues within this region, as this thesis only collected from a small 

range. Ideally, this protocol can also be used to characterize the mechanical properties of the soft tissues 
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in additional locations in the lateral-hip region, rather than focusing on a single location. This would add 

interesting input to the literature as it would characterize the mechanical properties of tissues throughout 

the hip region, increasing our understanding of their properties.   

 

6.2.2 Quantifying Changes in the Tissues’ Mechanical Properties due to Myostestosis & Sarcopenia 

The mechanical properties of the soft tissues in the hip being affected by muscle dysfunctions, 

including sarcopenia and myostestosis, can also be explored using the protocol used in this thesis. 

Sarcopenia is the age-related decline in muscle mass, strength, and quality (Pahor et al., 2009). 

Myostestosis is the deposition of adipose in a muscle which declines the muscle’s quality (Koo, 2022). It 

is a characteristic of several diseases, such as sarcopenia and solid cancers (Cespiati et al., 2022). Both 

these muscle dysfunctions result in a decline in muscle quality, prohibiting the muscle from functioning 

regularly. Currently, the literature has reported that these conditions influence passive muscle stiffness 

(Alfuraih et al., 2019; Brandenburg et al., 2014; Eby et al., 2015), however, their influence on active 

muscle stiffness has not yet been evaluated. The protocol used in this thesis can potentially be used to 

bridge this gap by quantifying the SWV and Young’s moduli of muscles in individuals with these 

conditions. Since ultrasonography techniques, such as muscle thickness and echo intensity (Lv et al., 

2022), are already being used in clinical settings to assess muscle quality, SWE is another avenue that can 

be explored.    

 

6.2.3 Model & Hip Injury Prevention Devices  

The majority of the physical test systems and computational models that represent the hip 

simplify the characteristics of the soft tissues in this region by bulking them together and not considering 

their unique morphological and mechanical properties (Fleps et al., 2018; Fleps et al., 2019; Galliker et 

al., 2022; Majumder et al., 2007; Majumder et al., 2008). This can be attributed to an existing void in the 

literature regarding the mechanical properties of the subcutaneous adipose and muscle within this region. 

This thesis allows us to characterize and understand the role of muscle contraction on these mechanical 

properties, which can potentially be incorporated into models to improve their biofidelity. These models 

are currently being applied to understand the impact dynamics of lateral falls that cannot be tested in-vivo 

and improve the effectiveness of hip injury prevention technologies. They have allowed for the 

understanding of the role that the morphology of these soft tissues has on the effectiveness of injury 

prevention technologies. However, the influence that the mechanical properties of these soft tissues has 

not been previously explored. SWE can be used to characterize these mechanical properties that can 
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further be incorporated into models to bridge the existing gap in the literature. Overall, this would 

increase the biofidelity of hip models, enhance our understanding of lateral-fall impact dynamics, and 

improve the design of injury prevention technologies.  

Currently, there is also a gap in the literature regarding the level of muscle activation and pattern 

during lateral falls. It is difficult to address this gap in vivo with fall simulations because EMG cannot be 

used on the leg which would impact the floor as it would influence the data collected. However, 

modelling is a potential avenue that can be used to bridge this gap in future studies. Ultimately, 

implementing these findings, specifically the level of activation of the gluteus maximus, could be 

incorporated into the current SWE protocol to better understand the mechanical properties of the muscle 

during a lateral fall.  

 

6.2.4 Conclusion 

Overall, this thesis has presented the first reliable SWE protocol used in the lateral hip region and 

has characterized the mechanical properties of the soft tissues in this region during resting and muscle 

contracted states. The findings from this thesis, along with its protocol can be used to bridge many of the 

existing gaps in literature regarding the mechanical properties of these tissues and the influence they have 

on fall impact dynamics and injury prevention technologies. The next step is to explore the inter-rater 

reliability of this protocol and use it to characterize the mechanical properties of additional sites within 

the hip region in a wider BMI and age-range. Ideally, the long-term goals would be to potentially use 

SWE to understand the effects of different muscle dysfunctions on the Young’s moduli of the soft tissues 

within this region, allowing this technology to be used in clinical research. An alternative goal involves 

potentially using these findings to improve the biofidelity of hip models and the design of hip injury 

prevention technologies. Altogether, the knowledge gained from this thesis aids the older adult 

population, as it provides a greater understanding of the tissues in the hip region that are susceptible to 

injury during lateral falls.  
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Appendix A 
Table A.1 represents the additional sample size calculations that were conducted based on the 

SWV results of additional studies and effect sizes.  

Table A.1: Sample Size Calculations to Identify Differences in SWV Based on Muscle Contraction and 
Effect Size 

Independent 
Variable  

Group 
Comparison 
from 
Literature 

Resting 
Mean 
SWV 
(m/s) 

Muscle 
Contracted 
Mean 
SWV 
(m/s) 

Resting 
SWV SD 
(m/s) 

Muscle 
Contracted 
SWV SD 
(m/s) 

Effect Size 
dz 

Predicted 
Sample 
Size (N) 

Muscle 
Contraction 
(values from 
Botanlioglu 
et al., 2012) 

VL males’ 
right side 

2.32 8.20 1.11 4.85 1.335981 6 

VL males’ 
left side 

2.23 7.61 1.32 3.82 1.600992 5 

VMO males’ 
right side 

2.22 8.19 1.33 4.44 1.512614 5 

VMO males’ 
left side 

2.11 8.42 1.11 4.65 1.500125 5 

VL females’ 
right side 

2.35 6.16 0.93 4.21 0.994615 8 

VL females’ 
left side 

2.15 6.39 1.11 4.40 1.069804 7 

VMO 
females’ right 
side 

1.95 6.81 1.11 3.98 1.366188 5 

VMO 
females’ left 
side 

2.01 7.25 1.08 3.21 1.852191 4 

Muscle 
Contraction 
(Baumer et 
al., 2017)  

Supraspinatus 
muscle 

2.4 4.0 0.4 0.4 4 3 

Muscle 
Contraction 
(Lee et al., 
2021)  

Rectus 
Femoris 

2.16 5.16 1.02 2.24 1.544423 5 

Tibialis 
Anterior 

2.65 6.81 1.00 3.31 1.414761 5 

Biceps 
femoris 

2.09 5.18 1.11 2.29 1.557847 5 

Medial 
gastrocnemius  

2.02 5.15 0.97 2.48 1.445963 5 
 
 

Sample size 
based on 
effect size  

Small effect  - - - - 0.2 156 
Moderate 
effect  

- - - - 0.5 27 

Large effect  - - - - 0.8 12 
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Appendix B 
A two-way mixed effects model was conducted to assess the intra-rater reliability of the SWE 

protocol used to characterize the mechanical properties of the soft tissues in the hip region. There are two 

types of tests that can be computed which are “single measurement” and “mean of k measurements.” The 

type of test is determined based on the future intended use of the protocol. Thus, if the protocol is 

intended to only be used to only take a single measurement for a given condition, the “single” type is 

used. However, if the intended use is to take multiple measurements for a given condition and then 

average them, then the “mean of k measurements” type is used (Koo & Li, 2016). Given the exploratory 

nature of the protocol developed in this thesis, the “mean of k measurements” type was used during the 

statistical analysis. Currently, this protocol will not be used in a clinical setting for which the “single” 

type of test would have been ideal. As this protocol will be further developed in future studies, the “mean 

of k measurements” type of test was used. However, Figure A.1 represents the results for a “single” type 

of two-way mixed effects model that was conducted using the dataset. The reliability is lower than the 

other test because it is computing the reliability based on the actual application being a single 

measurement, rather than multiple measurements being averaged together. Since the condition of the 

protocol changes from containing multiple measurements to a single measurement, this decreases its 

intra-rater reliability.  

 

Figure B.1: Intra-rater reliability (ICC values and 95% CI represented by the error bars) for the SWV 
trial conditions using Koo & Li’s Classifications (2016) – The area below the red line represents poor 
reliability (ICC < 0.50) and the area between the orange and red lines represents moderate reliability 
(0.50 < ICC < 0.75). The area between the green and orange lines represents good reliability (0.75 < 

ICC < 0.90), while the area above the green line represents excellent reliability (ICC > 0.90).  
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Appendix C 
Figures C.1.A, C.1.B, and C.1.C below were from a pilot SWE collection that was conducted on an 

individual with a high BMI (30 kg/m2). It was extremely difficult to capture their femur in the image and 

obtain elastograms of their muscle tissue at the P1 location.  

A)   B)  C)  

Figure C.1: SWE images collected at the P1 location in a high BMI individual – It was difficult to 
capture an image with the femur and obtain elastograms of the muscle tissue. 

 

 

 

 


