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Lay Abstract   

The arrangement of small muscle components, known as fascicles, can be observed in 

humans using ultrasound imaging. These fascicle arrangements can be measured to 

improve understanding of muscle function and disease processes. A potential problem of 

viewing muscle with ultrasound is that the angle of the probe head against the skin can 

alter the appearance of the muscle fascicles. The goal of this research was to improve 

current methods of ultrasound imaging of two thigh muscles. We have created a novel 

3D-printed device to attach to the existing ultrasound probe. This 3D-printed device 

stabilizes the ultrasound probe head; and accurately determines the angles between the 

ultrasound probe head and the surface of the skin. In this study, the use of this device 

improved reliability of our ultrasound images by >20%. Future use of this device may 

improve measurements of muscle fascicles acquired with ultrasound imaging.  
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Abstract 

Background: Muscle thickness, pennation angle, and fascicle length describe the 

architecture of a muscle. These properties can be observed alongside subcutaneous fat 

thickness using ultrasonography; however, measurement is sensitive to the angle of the 

transducer against the skin. Typically, the transducer is held perpendicular to skin for 

imaging. Nonetheless, a convenient, reliable method to ensure transducer angle 

consistency has not been reported. 

Objectives: The purpose of this study was to determine the influence of transducer angle 

on muscle architecture and subcutaneous fat measurements of quadriceps muscles (vastus 

lateralis and rectus femoris) in healthy young adults. A secondary objective was to 

determine intra- and inter-rater reliability. 

Methods: Thirty men and women were recruited (25±2.5 years; BMI: 22.6±3.0 kg/m2). 

Ultrasound images were acquired from two muscles. An image was taken at an estimated 

perpendicular angle to the skin. Then, using a 3D-printed device with a protractor that 

attached to the ultrasound transducer, images were taken at measured angles 5-10˚ medial 

and lateral to perpendicular. Agreement and error were determined using intraclass 

correlation coefficients (ICCs) and standard error measurements (SEMs). 

Results: Good to excellent agreement was demonstrated for muscle and fat thicknesses 

regardless of transducer angle (ICC >0.66). Intra-rater reliability was excellent for all 

outcomes within both muscles (ICC >0.89). Inter-rater reliability for the rectus femoris 

was good to excellent for all transducer angles except for measurements of fascicle 
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lengths at 85° (ICC: 0.33–0.99). Inter-rater reliability improved >20% for the vastus 

lateralis with the device.  

Conclusion: Measurements of muscle pennation angle and fascicle lengths, but not 

muscle or subcutaneous fat thicknesses, were sensitive to transducer angle. Reliability of 

pennation angle and fascicle lengths improved with the use of our device. Using our 

device, reliable muscle architecture measures can be made for the rectus femoris and the 

vastus lateralis in healthy young adults.  
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Chapter 1: Introduction 

Skeletal muscle strength loss is a feature of numerous chronic health conditions, 

including musculoskeletal and neuromuscular diseases, as well as a hallmark of healthy 

aging (Roubenoff, 2001; Reardon et al., 2001; Narici et al., 2016).  Regardless of the 

cause, the loss of skeletal muscle strength contributes to reduced physical function that 

limits productivity, recreation, and activities of daily living (Rosenberg, 1997; Roubenoff, 

2001).  The impact of these functional limitations can be debilitating (Rosenberg, 1997; 

Roubenoff, 2001). As a result, clinicians require reliable methods to track skeletal muscle 

strength over time; and researchers must explore the mechanisms that contribute to 

muscle strength in order to devise new strategies to prevent its loss.   

Because muscle size is strongly associated with muscle strength, much research 

has been dedicated to tracking muscle size and volume using clinical tools, such as dual 

x-ray absorptiometry (DEXA), magnetic resonance imaging (MRI), and computerized 

tomography (CT) (e.g., physiological cross-sectional areas and lean muscle mass and 

volume) (Prado & Heymsfield, 2014); and research tools such as muscle biopsy (Suetta et 

al., 2008) to measure muscle and muscle fibre size. Relatively less work has focused on 

quantifying the physical arrangement of structures within the muscle (e.g., muscle 

fascicles); that is, muscle architecture (Blazevich, 2006; Narici, 1999; Gans, 1982). Yet, 

measurements of muscle architecture are related to force output and have been useful for 

tracking changes in muscle after interventions such as surgical procedures (Delp et al., 

1990; Fridén et al., 2002; Lieber, 1993; Reardon et al., 2001), and strength training 

(Malas et al., 2013; Suetta et al., 2008; Vaz et al., 2013). However, traditional techniques 
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to capture measurements of muscle architecture include cadaveric dissection (Friederich 

et al., 1990; Cutts, 1988), and MRI (Prado & Heymsfield, 2014).  Cadaveric studies are 

limited because tissue death alters architectural features (Friederich et al., 1990; Cutts, 

1988) and MRI is costly (Reeves et al., 2004; Maden-Wilkenson et al., 2013). An 

inexpensive, non-invasive alternative is ultrasound imaging of muscle tissue (Prado & 

Heymsfield, 2014). However, the quality of measurements of muscle architecture 

acquired using ultrasonography depends heavily on the consistency of the protocol 

(Klimstra et al., 2007; Bénard et al., 2009; König et al., 2014). This thesis studied the 

sensitivity of muscle architecture measurements to one potential source of error in an 

ultrasonography protocol: the tilt of the ultrasound transducer relative to the skin. The 

following literature review provides relevant background on muscle structure and 

architecture, factors that influence muscle architecture, and measurement techniques used 

to capture this architecture.  

1.1 Muscle Anatomy 

Skeletal muscle is made up of contractile units called sarcomeres. These units are 

contained within bundles and are arranged within muscle based on its specific functional 

demands. Different muscle arrangements (organization of structural components within a 

muscle or muscle architecture) exist to optimize human movement. Variances in muscle 

architecture have implications for sarcomere location and therefore affect the force output 

and speed of muscle shortening (Bodine et al., 1982; Gans et al., 1987). Regardless of the 

specific arrangement, individual muscle components are comprised of the same basic 
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elements (Figure 1). These components are described hereafter in order from smaller, 

deeper elements to larger, more superficial elements.  

1.1.1 Sarcomere  

The sarcomere is the basic unit of muscle contraction and force production (Elder, 2007). 

As depicted in Figure 1d-c, sarcomeres are contained in series within long organelles 

called myofibrils (Damjanov, 2009; Elder, 2007). Sarcomeres are made up of fibrous 

proteins (principally, actin and myosin) that slide to overlap creating cross-bridges as the 

muscle contracts (Huxley et al., 1954; Huxley et al., 1954). Myosin is the component 

containing ATPase enzymes and cross-bridging heads that pull on the actin to allow the 

fibril to contract (Rode et al., 2016). The number of sarcomeres that can be packed within 

a muscle is largely reliant on the structural arrangement of the muscle (Kearns et al., 

2000; Lieber & Fridén, 2000).  

1.1.2 Muscle Fibre 

Fibres, shown in Figure 1b, are made up of groups of myofibrils covered by endomysium 

sheath (Damjanov, 2009). The number of myofibrils contained within a fibre is dependent 

on the amount of force the muscle needs to be able to produce (Scott et al., 1993). Larger 

muscles contain more fibres with more myofibrils than smaller muscles that are 

responsible for movements which require lower force. 

1.1.3 Muscle Fascicle 

Fascicles are bundles of 10 – 100 muscle fibres bound together by a sheath of connective 

tissue called perimysium (Elder, 2007). Groups of muscle fascicles are held together 

alongside blood vessels with a continuous layer of connective tissue called the 
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epimysium, making up the whole muscle (Figure 1a). Fascicles can be viewed in vivo 

using ultrasound and appear dark compared to non-lean tissue (that is, tissue that is not 

muscle, such as fat). The arrangement of muscle fascicles infers the arrangement of its 

subunits (fibres, myofibrils, and sarcomeres).  

There are two main arrangements of skeletal muscle fascicles: parallel (muscle 

fascicles are arranged parallel to the line of shortening) and pennate (muscle fascicles are 

arranged in an oblique feather-like pattern relative to the line of shortening) (Narici, 

1999). Pennate muscles, like the rectus femoris and the vastus lateralis, are typically able 

to produce more force than parallel muscles, like the gracilis and the sartorius muscles 

because they can fit more fibres (and therefore sarcomeres) in parallel (Narici et al., 

2016). 

1.1.4 Aponeurosis 

The aponeurosis is a tendon-like fibrous tissue that attaches broad muscles to its 

respective attachment site (Arellano et al., 2016). Separate from the previously mentioned 

epimysium, the aponeurosis functions to envelope muscle fascicles and separate 

individual muscles (Damjanov, 2009). This tissue can be imaged using ultrasound as it 

appears bright compared to muscle tissue. Aponeuroses can play an important part in 

quantifying muscle architectural properties by appearing as a border for muscles. 
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Figure 1: Anatomy of a muscle. Muscle fascicles, muscle fibres, myofibrils and 

sarcomeres are shown (a, b, c, d, respectively). 

 

1.2 Muscle Architecture 

The architecture of a muscle is often described in terms of whole muscle (muscle 

thickness), and individual fascicle properties (pennation angle, and fascicle length) 

(Blazevich, 2006; Narici, 1999). These architectural properties are useful in assessing 

physical adaptations that occur in response to muscle loading and unloading (Aagaard et 

al., 2001). Today, much research is dedicated to studying muscle characteristics such as 

hypertrophy and atrophy, with intentions of improving force output for activities of daily 

living, as well as occupational and athletic activities (Ikezoe et al., 2011; Puthoff et al., 

2008). Muscle activity is often studied to evaluate muscle coordination and strength. 

Recently, more attention has focused on the physical arrangement of muscle fascicles. 



6 

 

The arrangement of fascicles has demonstrated direct influence upon contractile function. 

For example, a study by Thom et al. (2007) concluded that muscle architecture, 

specifically fascicle length, contributes to the torque and power-velocities of muscles in 

individuals both young and old. After normalization of velocity to fascicle length, 

differences in total contraction velocity decreased 15.9% (Thom et al., 2007). As well, 

Mitsukawa et al. (2009) concluded that changes in fascicle geometry occur in response to 

fatigue. As decreases in torque and tendon lengthening are observed during fatigue 

protocols, increases in fascicle lengths are seen (Mitsukawa et al., 2009). These changes 

occur more quickly in muscles with large proportions of fast-glycolytic fibres compared 

to synergistic muscles with greater proportions of slow-twitch fibres (Mitsukawa et al., 

2009). Furthermore, a measurement often reported in musculoskeletal imaging literature 

is the quantification of the non-lean tissue above the muscle often referred to as fat 

thickness. Measurements of fat thickness provide information of site-specific body 

composition. Common muscle architecture characteristics that are easily observable using 

ultrasound are the following: muscle thickness, pennation angle, and fascicle length, 

along with measurements of subcutaneous fat. 

1.2.1 Muscle Thickness   

Muscle thickness is defined as the muscle belly thickness from superficial to deep 

aponeurosis (Figure 2) (Blazevich et al., 2007). The thickness of muscle is positively 

correlated to pennation angle such that muscles with larger pennation angles will be 

thicker (Fukunaga et al., 1997). This measurement can provide insight regarding atrophy 

and is often observed in immobility studies to quantify the effects of bed rest and space 
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flight on muscle shrinkage (de Boer et al., 2008). After only five weeks of horizontal bed 

rest, muscle thickness of the vastus lateralis declined by a mean of 8.0 ± 9.1% in 

otherwise healthy men (de Boer et al., 2008). Muscle thickness measurements are also 

useful in observing muscular gains (Blazevich et al., 2007).  

1.2.2 Pennation Angle 

The pennation angle of a muscle, shown in Figure 2, is the angle between an individual 

muscle fascicle and the deep aponeurosis of the muscle (Ema et al., 2013; Henriksson-

Larsen et al., 1992; Rutherford et al., 1992). Hypertrophied muscles have pennation 

angles that are larger at rest compared to non-hypertrophied muscles (Kawakami et al., 

1993). On the other hand, atrophy has been linked to decreases in pennation angle 

(Narici, 1999). The pennation angle of a muscle becomes larger as the muscle contracts 

(Fukunaga et al., 1997). Therefore, a muscle will have a smaller pennation angle at a 

rested state than it would in a contracted state. As fascicles of a pennate muscle shorten, 

they increase in angle and bring the aponeuroses towards one another (Narici, 1999). 

Pennate muscles contain more muscle fascicles arranged in parallel, allowing more 

sarcomeres in parallel. This increases the number of potential bridges that can be formed 

within the muscle ultimately allowing it to produce more force than a parallel muscle of 

equal size (Gans et al., 1987). This advantage, however, comes at a cost to contraction 

velocity. Muscles with larger pennation angles contract at a slower velocity than a muscle 

of equal volume with smaller pennation angles or no pennation at all (Narici, 1999). 
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1.2.3 Fascicle Length  

Fascicle length is the length of the individual muscle fascicles within a muscle, extending 

from deep to superficial aponeurosis (Figure 2) (Blazevich et al., 2007). This 

measurement can provide evidence of atrophy, as atrophied muscles often have shorter 

fascicles than healthy muscles (Narici, 1999). Longer muscle fascicles are able to contain 

more sarcomeres arranged in series (Narici, 1999; Thom et al., 2007). Compared to 

shorter fascicles, greater lengths are associated with quicker absolute shortening speeds 

and increased power production (Lieber & Fridén, 2000). However, relative shortening 

velocity of shorter fascicles is higher than in longer fascicles (Narici, 1999). During 

contraction, the length of a fascicle decreases (Fukunaga et al., 1997).  

1.2.4 Subcutaneous Fat Thickness 

A common measure within muscle architecture literature is subcutaneous fat thickness. 

Fat thickness, shown in Figure 2, refers to the thickness of tissue beneath the dermal layer 

and superficial to the muscle fascia (subcutaneous tissue), which is considered to be 

mostly adipose tissue or fat (Prado & Heymsfield, 2014). Measuring fat thickness via 

ultrasound can provide a low cost, site specific, body composition assessment that can be 

reliably performed by individuals ranging in experience (Chirita-Emandi et al., 2015; 

Martinikorena et al., 2016). Such fat thickness assessments can be performed 

conveniently in both clinical or field settings as ultrasound systems can be portable 

(Chirita-Emandi et al., 2015). Burford et al. (2012) used a Short Physical Performance 

Battery (SPPB) test, a group of measurements that incorporates gait speed, chair stands 

and balance assessments, to separate participants into low functioning (participants who 
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scored 7 or less out of 12) and high functioning groups (participants who scored 11 or 

greater out of 12). Subcutaneous fat thickness, assessed using MRI, was shown to be 

larger in low functioning adults compared to high functioning adults (Buford et al., 2012).  

  

Figure 2: Representative ultrasound image of the vastus lateralis with an example of a 

muscle thickness, pennation angle (α), and fat thickness measurement. The dermis layer, 

as well as the aponeuroses are also shown using the orange lines.  
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1.3 Influence of Muscle Architecture on Muscle Function 

Strength is the ability of a muscle to produce force (Sayers, 2007), while muscle power is 

the amount of force produced multiplied by the contraction velocity (Kraemer et al., 

2000; Puthoff et al., 2010). Previous works have shown a relationship between muscle 

architecture (muscle thickness, fascicle length, and pennation angle) and strength (Alegre 

et al., 2006; Ando et al. 2015), as well as power (Thom et al., 2007). Muscle architecture 

properties are related to muscle capacity and are associated with force output (Lieber et 

al., 2000). Specifically, several studies have indicated that muscle thickness and 

pennation angle demonstrate good correlation to knee extension torque (Ando et al., 

2015; Cadore et al., 2012; Fukumoto et al., 2012; Strasser et al., 2013; Watanabe et al., 

2013). The force potential of a muscle is positively correlated to the number of 

sarcomeres in parallel and therefore is related to pennation angle, muscle thickness, and 

fascicle length (Gans et al., 1991; Lieber et al., 2000; Narici et al., 2016; Woittiez et al., 

1983). 

1.4 Factors Affecting Muscle Architecture   

1.4.1 Aging 

Features of muscle architecture, such as muscle thickness, have been related to the loss of 

dynamic torque with aging (Raj et al., 2017; Narici et al., 2003). Muscle capacity likely 

declines in response to a loss of contractile tissue which manifests as a decrease in muscle 

volume, fascicle length, and pennation angle (Narici et al., 2003). For example, myofibril 

length is shorter in older adults than in younger individuals (Melo et al., 2016; Suetta et 
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al., 2008). As well, in a study comparing the gastrocnemius muscle architecture of young 

and old individuals, fascicle lengths and pennation angles were both significantly smaller 

in the older sample (Narici et al., 2003). Other studies have indicated that muscle 

thickness (Fukumoto et al., 2012; Strasser et al., 2013) and pennation angles were 

significantly correlated to isometric strength in older adults (Strasser et al., 2013). A study 

by Thom et al. (2007) compared cross-sectional area (CSA) and fascicle length between 

older and younger men and found that both CSA and fascicle length were significantly 

correlated to torque-velocity in both groups. A different study by Morse and colleagues 

(2005) compared muscle architecture in older and younger men and found significantly 

smaller muscle volume (17 - 29%), and pennation angle (15 - 18%) in the calves of  older 

men (Morse et al., 2005). Baroni et al. (2013), showed that, in the vastus lateralis, muscle 

thickness and fascicle length were significantly smaller in healthy older men compared to 

healthy younger men with similar physical activity levels. Together these findings suggest 

that changes in muscle architecture occur with aging regardless of maintained physical 

fitness throughout life (Baroni et al., 2013).  

1.4.2 Disease  

Several studies have shown altered muscle architecture outcomes in samples with disease 

compared to healthy counterparts (Chen et al., 2018; Kaya et al., 2013; Malas et al., 2013; 

Valle et al., 2016). Compared to children experiencing typical development, children with 

cerebral palsy have been shown to have alterations in their muscle architecture that 

appear similar to that observed during aging (smaller muscle thickness and fascicle 

lengths) (Chen et al., 2018; Moreau et al., 2009). On the contrary, individuals with 
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systemic lupus erythematosus had muscles characterized by increased muscle thickness 

and pennation angles in the vastus lateralis (Kaya et al., 2013). Since relative strength of 

the vastus lateralis and fascicle lengths were lower in individuals with systemic lupus 

erythematosus compared to controls, authors stated that the greater muscle thickness and 

pennation angle was likely a result of edema (Kaya et al., 2013). This highlights that the 

effects of both atrophy and inflammation resulting from pathology can be observed in 

vivo using ultrasound imaging. 

Overall, most studies cite that diseases, such as spastic cerebral palsy and Down 

syndrome, are related to a loss in muscle volume and thickness (Valle et al., 2016), as 

well as a decline in pennation angle and fascicle length (Chen et al., 2018). However, one 

study observed relatively larger quadriceps cross-sectional area and larger pennation 

angle despite a relatively lower knee extension torque in an obese population (Rastelli et 

al., 2015). In obese individuals, absolute muscle strength is greater compared to healthy 

counterparts; however, when strength is normalized to body mass, people with obesity are 

not stronger than healthy individuals. This may be explained by a relatively larger muscle 

fat percentage (Rastelli et al., 2015). These relationships between muscle architecture and 

muscle capacity can help describe disease as well as its underlying risk factors. 

Furthermore, this suggests that muscle fascicle arrangement differ depending on 

population characteristics.  

1.4.3 Effect of Training on Muscle Architecture 

It is well known that physical activity and exercise training influence muscle structure 

(such as hypertrophy) (Suetta et al., 2008; Potier et al., 2009; Blazevich et al., 2007; Ema 
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et al., 2013; Narici et al., 1996). However, not all training protocols effect the same 

properties of muscle architecture (muscle thickness, pennation angle, and fascicle length) 

to the same degree. Specific training protocols (for example, high resistance and low 

power versus low resistance and high power) influence the muscle architecture of each 

individual lower limb muscle differently (Blazevich et al., 2007; Alegre et al., 2014; 

Karamanidis et al., 2006). Heavy resistance training increases pennation angle in the 

vastus lateralis while plyometrics increases fascicle length but decreases pennation angle 

(Blazevich, 2006). Vastus lateralis fascicle length and pennation angle increases have 

been observed after five weeks of slow eccentric and concentric training programs, with 

pennation angle increases continuing up to ten weeks (Blazevich et al., 2007). Pennation 

angle of the vastus lateralis increased 35% with progressive, lower-limb, heavy resistance 

training after 14 weeks in young men (mean age of 27 years old) (Aagaard et al., 2001). 

Isometric training with quadriceps muscles at extended muscle lengths (compared to 90˚ 

flexion) improved pennation angle in 19 healthy young men and women (mean age of 19 

years old) (Alegre  et al., 2014). Muscle thickness increased with isometric training 

regardless of muscle length in 19 healthy young men and women compared to 10 healthy 

men and women in the control group (Alegre et al., 2014). Post-training, changes in 

pennation angle persist and remain above baseline in healthy young adults for a period of 

at least three months (Blazevich et al., 2007). Ultimately, studying muscle architecture 

responses to training and detraining protocols may allow us to design training programs 

to target specific muscle architecture characteristics (such as pennation angle and fascicle 

length). 
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1.5 Why Muscle Architecture is Important  

1.5.1 Research Applications 

It is important to study the underlying mechanisms responsible for reductions in muscle 

capacity that occur as a result of muscle dysfunction in order to explore potential 

solutions. Although muscle architecture has been studied for centuries, it’s implications 

on muscle function have only gained popularity in the literature within the last 40 years 

(Gans et al., 1987). Understanding the arrangement of muscle is a useful research tool for 

understanding muscle mechanics, for modeling (Holzbaur et al., 2005), as well as for 

measuring changes after a training program (Blazevich et al., 2007; Suetta et al., 2008). 

1.5.2 Clinical Uses 

Clinical applications of musculoskeletal imaging have evolved as our understanding of 

muscle architecture has improved. Several clinical applications of muscle architecture 

currently exist while future applications are becoming more apparent as new research 

emerges. Muscle architecture is used to plan and inform surgical procedures (Delp et al., 

1990; Fridén et al., 2002; Lieber, 1993), for monitoring postoperative muscle wasting 

(Reardon et al., 2001), and to assess improvement in muscle after rehabilitation (Malas et 

al., 2013; Suetta et al., 2008; Vaz et al., 2013).  

1.6 Ultrasound to Measure Muscle Architecture In Vivo  

Cadavers have been used to examine muscle architecture in the past, but these 

measurements are typically limited to older adults and might underestimate muscle 

architecture due to tissue shrinkage that occurs over time (Friederich et al., 1990). 
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Importantly, the length of muscle fascicles is several millimetres (mm) shorter than that 

of dead fascicles, as the embalming chemicals used to preserve the tissue cause it to 

shrink (Cutts, 1988). Most importantly, these studies do not provide us with evidence of 

how muscle behaves in vivo. 

MRI scanning has also been used to investigate muscle architecture (Scott et al., 

1993), however this method is expensive, time-consuming, and can be uncomfortable for 

participants who experience claustrophobia. Further, not all MRI scanning systems can 

accommodate larger patients (Prado et al., 2014). This is of concern because, as 

previously mentioned, obesity is both a risk factor and a consequence of many diseases. It 

is important that we be able to study the muscle architecture of these individuals.  Lastly, 

manual segmentation analysis of MRI scans to evaluate muscle architecture can be 

tedious and time consuming. 

Ultrasonography provides a relatively non-expensive, non-invasive alternative that 

is capable of producing images that yield reliable and valid muscle architecture 

measurements in healthy adults for the vastus lateralis (Bleakney & Maffulli, 2002; 

Brancaccio et al., 2008; Chleboun et al., 2007; Fukunaga et al., 1997; Seiberl et al., 2010), 

and the rectus femoris (Moreau et al., 2009). Because acceptable reliability is reported 

consistently, ultrasound is commonly used to measure muscle architecture in vivo. 

Nonetheless, standardization of ultrasound imaging is crucial to boost accuracy, promote 

acceptable reliability and compare results across studies. Furthermore, previous findings 

have stated that excellent reliability (intraclass correlation coefficient (ICC) = 0.97) can 

be achieved between novice, intermediate, and experienced researchers (Correa-de-
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Araujo et al., 2017). Novice operators were considered to be those with less than one 

month of experience, although, the quantity of practice scans was not specified by the 

authors (Correa-de-Araujo et al., 2017).  Therefore, these measurements can be 

completed reliably by individuals with less than one month of experience. Although, 

without an aid, differences in applied pressure of the transducer head seems to be 

prevalent between these groups of imagers. Thus, the current barriers preventing the 

standardization of imaging include differences in transducer placement, and inter-rater 

imaging. 

1.7 Limitations of Ultrasound 

Differences in transducer position can introduce anisotropic error by parallax of images. 

This can occur if imaging region, pressure, imaging plane, and fascicle alignment are not 

constant. Muscle architecture is not uniform throughout the muscle (Kellis et al., 2010). 

Muscle thickness, pennation angle and fascicle length vary from proximal to distal 

portions of muscle (Kellis et al., 2010). Ideally, the thickest portion of the muscle belly 

would be imaged, however, this specific location may vary between participants. Imaging 

regions can be standardized by using relative scaling of imaging sites (e. g., 50% of the 

length between the anterior inferior iliac spine (ASIS) and the superior border of the 

patella) rather than absolute sites (e. g., 15 cm above the patella).  

Muscle appearance can be altered as a result of varying pressure from the 

transducer head compressing the tissue. It is difficult to ensure consistent pressure of the 

transducer head between raters, and indeed, even within a single imager. Some studies 
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have suggested using a generous amount of gel can help to alleviate some of the pressure 

(Blazevich et al., 2006; Lixandrao et al., 2014; Valle et al., 2016). This is often done by 

allowing a thin space of gel above the skin surface to be visible within images (Lixandrao 

et al., 2014). This is a subjective method and may minimally attenuate the signal by 

increasing the depth that the ultrasound must penetrate (Narouze, 2011). 

In order to standardize musculoskeletal ultrasound imaging, fascicle plane 

alignment is required (Bénard et al., 2009). This would require accurately positioning the 

head of the transducer parallel to the fascicles. In vivo, this positioning can be difficult to 

guarantee. A potential solution has been proposed by Bénard et al., 2009. Scout scanning 

can be performed with the ultrasound head in the transverse plane, the crest of the muscle 

can be identified and this can be marked as the imaging region (Bénard et al., 2009).  

Orientation of the transducer (or transducer tilt) relative to the skin is also needed 

to ensure fascicle plane alignment (Bénard et al., 2009; König et al., 2014). A transducer 

orientation that is in line with and parallel to the muscle fascicles themselves is 

recommended for musculoskeletal imaging (Klimstra et al., 2007). Most studies image 

muscle with the transducer oriented perpendicular to the skin (Alegre et al., 2014; Bénard 

et al., 2009; Blazevich et al., 2006; Kwah et al., 2013; Thom et al., 2007; van den Hoorn 

et al., 2016). Methods to standardize the angle of the transducer against the skin are not 

common. To our knowledge, only one study has attempted to standardize transducer 

angle using a foam cast that was strapped around the gastrocnemius (König et al., 2014). 

However, several issues may arise from this method. First, the cast must be tightly 
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secured to the limb to prevent sliding of the transducer head. This may cause bulging or 

swelling of the muscle at the imaging region which could alter the muscle architecture 

measurements. Second, this method does not allow removal of the transducer head 

between scans. Removal of the transducer from the skin between individual scans is 

common practice as the constant transducer contact may compress tissue throughout the 

imaging session (Blazevich et al., 2006). From a practical perspective, the casting of the 

transducer against the skin may be cumbersome and time-consuming to implement into 

regular, clinical practice. Thus, a more convenient method to standardize the angle of the 

transducer is likely useful.  

Finally, differences in sonographer performance and experience can interfere with 

direct comparisons between studies. As previously mentioned, pressure of the transducer 

likely varies between imagers and knowledge of anatomy is required to ensure correct 

imaging region, alignment, and orientation. Results may vary as a result of sonographer 

experience (novice imagers vs. trained sonographers). Therefore, a study that shows good 

intra- and inter-rater reliability by trained sonographers may not be applicable to imagers 

with novice training and experience.  

Studies have investigated the intra-rater reliability in the vastus lateralis (Bleakney 

& Maffulli, 2002; Brancaccio et al., 2008; Chleboun et al., 2007; Fukunaga et al., 1997; 

Moreau et al., 2009; Seiberl et al., 2010), and the rectus femoris (Moreau et al., 2009). 

Three studies with similar designs investigated the intra-rater reliability of the pennation 

angle, fascicle length, and muscle thickness of the vastus lateralis in healthy young adults 

using a coefficient of variance equation (Bleakney & Maffulli, 2002; Brancaccio et al., 
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2008; Fukunaga et al., 1997). All studies imaged the muscles using a perpendicular 

transducer angle, except for Bleakney & Maffulli (2002), who imaged the muscle with 

the transducer parallel to the floor (an explanation for this protocol decision was not 

provided).  Chleboun et al. (2007) investigated the intra-rater reliability of measuring the 

fascicle lengths of the vastus lateralis in healthy young adults and was, seemingly, the 

only study to report absolute and relative reliability. Seiberl et al. (2010) performed ICC’s 

(type unspecified) in order to control for intra-rater variations in measurements of the 

fascicle lengths and the pennation angles of the vastus lateralis in healthy young adults. 

Fascicle length was derived using an extrapolation technique (Finni et al., 2003). The 

intra-rater reliability of fascicle length using this technique was reported to be excellent 

(ICC = 0.80) (Seiberl et al., 2010).  

The inter-rater reliability of in vivo muscle architecture measures of the vastus 

lateralis and the rectus femoris has been previously reported (Strasser et al., 2013). 

Strasser et al. (2013) used two-way random effect ICCs to assess the inter-rater reliability 

of the fascicle length and the muscle thickness in the rectus femoris, as well as the 

pennation angle, fascicle length, and muscle thickness within the vastus lateralis of 

healthy young adults. Strasser et al. (2013) did not report pennation angles of the rectus 

femoris because fascicle lengths were observed to be almost parallel to the aponeurosis 

and were considered to be 0˚. Excellent reliability was reported for the muscle thickness 

measurements from both muscles (ICC = 0.97 for the rectus femoris and0.96 for the 

vastus lateralis), fair reliability was reported for the fascicle lengths of each muscle (ICC 

= 0.57 for the rectus femoris and 0.62 for the vastus lateralis), and fair reliability was also 
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reported for the pennation angle measurements of the vastus lateralis (ICC = 0.53) 

(Strasser et al., 2013).  

It is important to note that very few studies investigated the reliability of muscle 

architecture measures taken from the images of the rectus femoris. As well the majority 

of imaging from the previously mentioned sites were completed with the leg close to full 

extension (0-10˚). To our knowledge, no studies have investigated the reliability of 

images taken of the vastus lateralis and rectus femoris when the knee is positioned such 

that these muscles are at optimal length. For these muscle groups, the optimal knee 

position is reported to be 60˚ (Lindahl et al., 1969; Ng et al., 1994; Welsch et al., 1998). 

Although we do not expect that imaging the quadriceps muscles at this angle will provide 

us with better quality images, most strength assessments are performed with the knee 

joint at the optimal angle of 60˚. If reliable imaging of the vastus lateralis and the rectus 

femoris can be achieved from this knee joint angle, we can take images of the muscles at 

rest and during contraction while the leg is in the same position. Therefore, imaging at 

this angle may be ideal for understanding muscle architecture and fascicle behaviour at 

optimal angles.  

1.8 Purpose and Hypothesis 

The overarching aim of this work was to standardize musculoskeletal ultrasound imaging 

procedures of the rectus femoris and the vastus lateralis in healthy adults. The specific 

purpose of this study was to assess the level of agreement and quantify the error resulting 

from variations of the ultrasound transducer position relative to the surface of the skin, on 

measurements of muscle architecture acquired from the rectus femoris and vastus 
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lateralis, at rest, in healthy adults. This thesis has two secondary objectives. First, this 

study aimed to determine the intra-rater reliability of measuring muscle thickness, 

subcutaneous fat thickness, pennation angle, and fascicle length of two quadriceps from 

ultrasound images taken while the knee is positioned at the optimal length of the 

quadriceps, by a single researcher. Second, this study aimed to test the inter-rater 

reliability of ultrasound image acquisition of these two quadriceps muscles between two 

researchers with novice imaging experience.  

1.8.1 Primary Hypothesis 

We expected agreement of muscle architecture values (muscle thickness, fat thickness, 

pennation angle, and fascicle length) of the rectus femoris and vastus lateralis of healthy 

young adults to be highest, and error to be lowest, when the transducer was held at angles 

nearest to 90˚ to the skin (i.e., 85˚ and 95˚).  

1.8.2 Secondary Aim (A) Hypothesis 

We hypothesized that, in healthy young adults, initial and repeated muscle architecture 

measurements (muscle thickness, fat thickness, pennation angle, and fascicle length) of 

the rectus femoris and vastus lateralis would be similar and therefore reliable.  

1.8.3 Secondary Aim (B) Hypothesis 

We hypothesized that muscle architecture outcomes (muscle thickness, fat thickness, 

pennation angle, and fascicle length) would be reliable between images taken by rater 1 

(BDB) and rater 2 (JCH) in the rectus femoris and vastus lateralis of healthy young 

adults.  
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1.9 Contributions to Literature 

This work will provide future researchers with a resource to aid in musculoskeletal 

ultrasound imaging. This work quantifies the error associated with imaging with different 

transducer angles as well as with different imagers. A device to assist in the 

standardization of transducer angle has been proposed and implemented in this study. 

Lastly, the reliability of data produced while using this device has been assessed in this 

study. This investigation has provided the literature with a comprehensive resource 

assessing the reliability of measuring muscle architecture of two commonly imaged 

muscles in a healthy young adult population.   
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Chapter 2: Reliability of Muscle Architecture Measurements of the 

Vastus Lateralis and the Rectus Femoris Acquired Using a Novel 3D-

Printed Device  

2.1 Introduction 

Muscle thickness, pennation angle, and fascicle length are often used to characterize the 

architecture of a muscle (Blazevich, 2006; Narici, 1999). Muscle architecture is relevant 

to functional capabilities of muscle, such as strength and contraction velocity (Bodine et 

al., 1982; Gans & de Vree, 1987). As a result, muscle architecture assessments are 

commonly studied. Despite the many applications of muscle architecture (e.g., muscle 

thickness, pennation angle, and fascicle length), comparison between muscle architecture 

studies is difficult due to the lack of reporting specific standardization between protocols.  

Ultrasound can be used to assess muscle architecture, as well as surrounding 

tissues, such as subcutaneous fat. However, ultrasound imaging is sensitive to the position 

of the transducer around the x-, y-, and z- axes (shown in Figure 3) (Klimstra et al., 2007; 

Prado et al., 2014). Rotation around the x-axis adjusts the tilt of the transducer relative to 

the skin. Rotation around the z-axis adjusts alignment of the transducer head to the 

muscle fascicles. Rotation around the y-axis adjusts the transducer’s contact with the skin 

and is sometimes referred to as “heel-toe rotation.” Alignment of the transducer in the y- 

and z-axes can be standardized between images by drawing a line on the skin around the 

head of the transducer to ensure the same placement for each image within a participant. 

In the literature, there lacks a technique to standardize the angle of the transducer around 

the x-axis (Figure 3). This is concerning because inconsistent transducer positions can 
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potentially alter the appearance of thickness, pennation angle, and fascicle lengths. Some 

studies report that the transducer was held perpendicular to the skin, however methods to 

ensure a 90˚ position have often not been outlined in current literature. 

 

Figure 3: A 12L ultrasound transducer with the x, y, and z axis of the transducer labeled 

in red, green, and blue respectively.  

 

When imaging the muscle longitudinally, the face of the transducer should be held 

parallel lengthwise to the muscle fascicles (Figure 4) to limit parallax and ensure optimal 

imaging (Klimstra et al., 2007). Parallax is a phenomenon that describes a difference in 

appearance due to a difference in perspective. Consistent positioning of the transducer 

along the x-axis is crucial to avoid imaging parallax errors and subsequent 

underestimation or overestimation of muscle architecture properties. The plane parallel to 
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the fascicles would produce the largest pennation angle and thickness relative to the other 

positions along the x-axis of the transducer. Imaging the muscle at any other angle would 

produce anisotropy artifacts (differences of image appearance as a result of parallax).  

 
Figure 4: An image of the thigh showing the relative positioning of the transducer (the 

grey block) to the muscle fascicles (the black lines). 

 

Consistent transducer positioning is also necessary to allow for comparison of 

data across studies. Given the non-invasive nature of ultrasonography, it is difficult to 

ensure exact alignment to fascicles. Most protocols attempt to achieve this by holding the 

transducer perpendicular to the skin (Alegre et al., 2014; Bénard et al., 2009; Blazevich et 

al., 2006; Kwah et al., 2013; Thom et al., 2007; van den Hoorn et al., 2016). However, 

variation in transducer angle during imaging is likely. To our knowledge, only one study 
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has attempted to standardize the tilt of the transducer against the skin. König and 

colleagues (2014) used a foam cast to standardize the angle of the transducer in a 90˚ 

position relative to the skin when imaging the gastrocnemius muscle in healthy adults. 

Images taken using the cast demonstrated lower error (SEM = 0.05 cm) than without the 

cast (SEM = 0.1 cm). This cast succeeded in maintaining probe position but may have 

sacrificed quality of images due to sustained compression of the transducer head against 

the tissue. Nonetheless, this study concluded that using a device to standardize probe 

position is beneficial to ultrasound imaging. Despite potential modest deviations from a 

perpendicular position that may occur without standardization, few studies have 

demonstrated the measurement error associated with 5-10˚ deviations from the 

perpendicular orientation of the transducer relative to the skin. Furthermore, even when a 

perpendicular placement has been achieved, this transducer position does not ensure that 

images will be acquired perpendicular to the muscle belly.  

2.1.1 Purpose 

The primary purpose of this study was to determine the agreement of muscle architecture 

measures from images taken with the transducer held at 80˚, 85˚, 95˚ and 100˚ relative to 

the skin, compared with a reference position of perpendicular (90˚) to the rectus femoris 

and vastus lateralis in healthy adults. Muscle architectural properties included muscle 

thickness, pennation angle, fascicle length, and subcutaneous fat thickness.  

A secondary purpose was to determine the intra-rater reliability of architectural 

measurements from the same set of images within one researcher. As well, another 

secondary purpose was to determine inter-rater reliability of the muscle architecture 
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measurements from images acquired by two different researchers with novice imaging 

experience. 

2.1.2 Hypotheses 

For the primary hypothesis, we hypothesized that there would be a higher standard error 

and smaller ICC associated with architecture measurements from images of the rectus 

femoris and vastus lateralis taken at 80˚ and 100˚; and lower error and higher ICC 

associated with 85˚ and 95˚ transducer angles. We expected that the direction of error 

would be predictable, such that muscle thickness, and pennation angle would be larger 

than measurements acquired at 90˚, while fascicle length would be smaller when images 

were taken at 90˚ due to an expected anisotropic effect associated with a misaligned 

transducer angle. Further, we expected poor agreement between estimated and measured 

angles 90˚ transducer tilt.  

For the secondary hypotheses, we hypothesized acceptable agreement of 

measurements taken from the same set of images by one researcher; and acceptable 

agreement of muscle architectural measurements from images acquired by two different 

researchers.  

2.2 Methods 

2.2.1 Study Design 

This study was conducted at McMaster University in Hamilton, Ontario, Canada and was 

approved by the Hamilton Integrated Research Ethics Board (# 3472). All participants 

received a detailed explanation of the study purpose, protocol, risks and benefits; and had 
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an opportunity to seek answers to any questions that arose. All participants provided 

written consent prior to study participation. 

2.2.2 Participants 

Participants were recruited locally through the institutional social network and an 

introductory email sent to the Kinesiology Department at the university. Participants were 

screened with an online questionnaire by one researcher prior to scheduling their visit. 

Participants were included if they reported no recent leg injuries or significant leg pain in 

the past year and demonstrated a healthy status according to the Get Active Questionnaire 

(Canadian Society of Exercise Physiology, Ottawa, ON., Canada). Individuals who 

reported comorbidities or injuries that may limit their participation in the study were 

excluded.  Eligible participants were scheduled for a lab visit and were asked to wear 

loose shorts and avoid strenuous physical activity on the day of their visit. 

Thirty healthy participants (15 men, 15 women) between the ages of 20 - 29 years 

old were recruited locally. Demographics are summarized in Table 4. Reliability studies 

typically require 30 participants to estimate absolute reliability (Koo & Li, 2016; Riddle 

& Stratford, 2013). 

2.2.3 Protocol 

 Fifteen right legs and 15 left legs were examined. Each participant’s height and mass was 

measured while they were in bare feet. To identify the dominant leg, participants were 

asked which leg they would kick a ball with.  

Then, participants were familiarized with a 10-point BORG rating of perceived 

exertion (RPE) scale and performed a six-minute walk test (6MWT). The RPE scale is a 
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validated scale that allows the participant to self report how exerted they feel on a scale 

from 0-10, 0 being not exerted at all and 10 representing maximal exertion (Borg, 1982). 

The 6MWT produces reliable data for healthy adults aged 18 - 43 years (ICC = 0.93 

ranging between 0.79 and 0.97) (Wilken et al., 2012). During the 6MWT, participants 

were instructed to walk as fast as they could comfortably for 6 minutes without running in 

a tiled, well-lit, level hallway (Crapo et al., 2002). Throughout this walk, standardized 

statements were used to motivate the participant. A researcher followed behind the 

participant with an odometer to avoid influencing the participant’s pace. The 6MWT was 

intended as a standardized warm-up for the protocol. 

 

2.2.4 Positioning 

Participants were invited to sit on a commercial isokinetic dynamometer seat (Biodex 

System 4, Biodex Medical Systems, Shirley, NY, USA). Ultrasound imaging of the leg 

was done while seated in the dynamometer to ensure sitting position remained standard 

between participants and trials. The seat was adjusted so that the lateral aspect of the 

lateral femoral condyle of the knee joint was centred to the axis of rotation of the 

dynamometer. The leg was secured the dynamometer lever arm using a strap positioned 

above their lateral malleolus. The dynamometer arm was set to 90˚ as a reference point; 

this angle was confirmed with a universal goniometer. During imaging, the dynamometer 

attachment arm was held at 60˚ of flexion (from a straight leg position). Sixty degrees has 

been identified as the optimal knee joint angle for extension in individuals between 20 to 

48 years old (Lindahl et al., 1969; Ng et al., 1994; Welsch et al., 1998).  
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2.2.5 Imaging Land-Marking 

Architecture differs across scanning sites of the muscle (Ando et al., 2015); thus, care was 

taken to ensure that scanning sites remained consistent throughout the collection and 

between participants. The greater trochanter, lateral femoral condyle, anterior superior 

iliac spine (ASIS), and the superficial border of the patella were palpated, and the 

overlaying skin was marked with indelible ink by one researcher for every participant 

(Figure 5). Imaging regions were marked while participants were seated in the 

dynamometer (Figure 5). The vastus lateralis was imaged at the midpoint between the 

greater trochanter and the lateral femoral epicondyle in the sagittal plane of the thigh 

(Baroni et al., 2013; Csapo et al., 2011; Scanlon et al., 2014). The length between the 

greater trochanter and the lateral femoral condyle was recorded as the vastus lateralis 

length. The thigh circumference at this vastus lateralis imaging region was recorded. The 

rectus femoris was imaged at the midpoint of the ASIS and the superior border of the 

patella in the axial plane (Ando et al., 2015; Arts et al., 2010; Ema et al., 2013; Scanlon et 

al., 2014). The septum of the rectus femoris was first located in the transverse view for 

reference, if the septum interfered with the imaging clarity of the longitudinal images, the 

transducer was placed medially, and this new placement was marked. The length between 

the ASIS and the superior border of the patella was recorded as the rectus femoris length. 

The thigh circumference at the midpoint of the rectus femoris was recorded. 
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Figure 5: Image land-marking for the rectus femoris and vastus lateralis. A marking was 

drawn to identify the superior border of the patella and the lateral femoral condyle. A 

mark was made at the half point between the anterior superior iliac spine and the superior 

border of the patella and another mark halfway between the greater trochanter and the 

lateral femoral condyle. 

2.2.6 Image Acquisition 

A high frequency linear probe (12L-RS) was used to image the vastus lateralis and rectus 

femoris quadriceps muscles (Vivid Q, General Electric, WI, USA). A generous amount of 

water-soluble gel was used for acoustic coupling and to minimize pressure of the 

transducer against the tissue (Blazevich et al., 2006; Lixandrao et al., 2014). Researchers 

were cautious to apply minimal pressure during imaging to limit compression of the 

tissues by the ultrasound transducer.  

To standardize the angle of the transducer, a 3D printed transducer attachment 

was created with an affixed protractor (Figure 6A-D). The 3D printed attachment was 

created using a model produced from a 3D scan of the ultrasound transducer (Artec Eva, 
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Artec 3D, CA, USA). An open source modeling software facilitated the 3D model that 

was printed (MeshMixer, Autodesk Inc., CA, United States). The attachment is held 

together against the transducer by 4 small neodymium magnets and features a wedge that 

can be magnetically attached to the protractor and adjusted to accommodate the curvature 

of each participant’s thigh. The purpose of the wedge is to limit rotation of the protractor 

around the thigh.  
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Figure 6: Figure 6A shows the 3D-printed transducer attachment device with a protractor 

marked with blue lines at 80˚, 85˚, 90˚, 95˚, and 100˚. A black wedge attaches to the 

protractor using magnets. The bottom of the wedge fits along the thigh to limit movement 

of the protractor and to distribute pressure. Figures 6B, C, and D show the transducer with 

the attachment in use imaging the vastus lateralis.    
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Participants were asked to relax their muscles as much as possible. Images were taken in 

B-mode and the gain was set to mid range. Imaging parameters are summarized in Table 

1. Images were taken with the transducer in the longitudinal plane for both muscles. For 

each site, three images were acquired as is often done (Rutherford et al., 1992; Noorkoiv 

et al., 2010; Narici et al., 2003). Two researchers acquired images of the rectus femoris 

and vastus lateralis in the study leg. As described below, acquisition of an image at an 

angle estimated to be 90˚ to the skin surface was conducted first by both researchers; 

otherwise, the orders of muscles, transducer angle, and researcher were all block-

randomized with a random number generator. 

The first researcher placed the transducer over the imaging region of the randomly 

assigned first muscle and adjusted the transducer position until it was aligned with the 

muscle and the image appeared clear. A mark was traced on the skin along the top of the 

transducer. The researcher then held the transducer at an angle they perceived to be 

perpendicular to the skin and acquired an image. The angle of the transducer against the 

skin was measured by a third researcher (EGW). This was repeated for the second 

muscle. Finally, this process was repeated by the second imager for both muscles using 

the participant positioning and region markings of the first rater. Both ultrasound 

operators were blinded to their measured angles until completion of the study to avoid 

training over the period of the study. 

Then, using the 3D printed protractor attachment, both muscles were imaged at 

five transducer angles (80˚, 85˚, 90˚, 95˚, 100˚ to the skin) randomly. The edge of the 

protractor and wedge were traced on the skin to ensure that the same placement was used 
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for each image and only the transducer angle was changing. Each angle was imaged 3 

times, the transducer was removed from the skin between images. The number of images 

taken for each transducer angle is summarized in Table 2. The depth of the imaging 

system was kept at 5.5 cm when possible; this was changed when required to image the 

full muscle. The frequency of the ultrasound is related to the depth of view, and this was 

kept at 11 MHz when possible but was decreased if a depth of 6.5 cm or greater was 

required. The ultrasound signal is emitted in an hourglass shape, the smallest point of this 

shape is known as the focus. This focuses the signal toward the tissue of interest. The 

number and position of focus points can be adjusted. For this study, the number and 

positioning of focus points was kept the same when possible but was sometimes changed 

to accommodate different participant anthropometrics. In all instances, the researcher 

aimed to obtain the clearest image of the entire region of interest. 
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Table 1: Imaging parameters for ultrasound imaging summarizing ultrasound signal 

depth, frequency and the number of focus points.  

 Main Parameters Range 

Depth (cm) 5.5 (n=26) 5 - 7 

Frequency (MHz) 11 (n=28) 10 - 11 

Focus Points (#) 2 (n= 25) 2 - 5 

 

Table 2: Total number of images taken for each muscle at each transducer angle.  

Images per muscle Rectus Femoris Vastus Lateralis 

Estimation image  2 (1 by each rater) 2 (1 by each rater) 

80˚ 6 (3 by each rater) 6 (3 by each rater) 

85˚ 6 (3 by each rater) 6 (3 by each rater) 

90˚ 6 (3 by each rater) 6 (3 by each rater) 

95˚ 6 (3 by each rater) 6 (3 by each rater) 

100˚ 6 (3 by each rater) 6 (3 by each rater) 

Total 32 images 32 images 

 

2.2.7 Muscle Architecture Measurements  

Images were exported from the ultrasound software as a jpeg file. Rater 1 analyzed 

images twice in random order separated by approximately 3 weeks. During this analysis, 

the researcher was blinded to participant, muscle, and transducer angle.  

The superficial and deep aponeuroses appear as 2 thick hyperechoic lines that run 

horizontally across the image in a longitudinal plane (Figure 7). These lines were used as 

top and bottom muscle boundaries (aponeuroses) for the pennation angle measurements 

and the extrapolation of fascicle length. The white striations within the aponeuroses of the 

muscle depict hyperechoic connective tissue within the muscle, between the fascicles. 
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The diagonal hypoechoic striations within the aponeuroses are muscle fascicles. Muscle 

architecture measurement techniques are summarized in Table 3.  

A custom Python program was used to extract measures of muscle and fat 

thicknesses, fascicle length, and pennation angle from jpeg images. The semi-automated 

program measured the four muscle architecture outcomes using user identified points on 

the image. Guidelines were temporarily appended to each image to ensure that 

measurements were taken in the same place on each image. Specific guidelines used to 

measure these architectural features are summarized in Table 3. 
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Table 3: Parameter definitions, how they are typically measured, and how they were measured using our program. 

Parameter Definition Measurement Measurement in Analysis Program 

Muscle 

Thickness 

(cm) 

The thickness of 

the whole muscle 

at thickest region 

of the muscle. 

Measured as the distance from the 

superficial to the deep aponeurosis. The 

mean value of single measurements 

acquired at three standardized locations 

was analyzed. 

Three lines were placed by clicking the guide 

lines beneath the dermis layer and above the 

muscle’s superficial aponeurosis border. Only 

the y-coordinates of the image were used to 

ensure a straight line. (Figure 7, red lines) 

Fat 

Thickness 

(cm) 

The thickness of 

the subcutaneous 

tissue. 

The distance between the superficial 

layer of skin to the outer border of the 

superficial aponeurosis. The mean of 

single measurements acquired at three 

standardized locations was analyzed. 

Fat thickness was measured the same way as 

muscle thickness, only within the dermis layer 

and above the border of the muscle’s 

superficial aponeurosis. (Figure 7, green lines) 

Pennation 

Angle (˚) 

The angle 

between the 

fascicle and the 

deep aponeurosis. 

The angle between the fascicle and deep 

aponeurosis. A mean of three angles 

was analyzed. 

The lines produced from the top and bottom 

points of the muscle thickness measures were 

used as the borders for the pennation angle. 

Three visible fascicles were traced. The angle 

between the traces and the deep aponeurosis 

border was recorded as the pennation angle. 

(Figure 7, blue and yellow lines) 

Fascicle 

Length (cm) 

The length of a 

full fascicle. 

The length of the line extrapolated from 

fascicle tracings to the superficial 

aponeurosis border. The mean of three 

was analyzed. 

Fascicle lengths were extrapolated. From the 

fascicle traces used to measure pennation 

angle, an extrapolation line was created that 

continued until an intercept with the 

superficial aponeurosis was met. (Figure 7b, 

orange lines) 
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Figure 7: Muscle architecture measurements made with a custom Python program. (A) 

Red lines represent the muscle thickness measurements. Green lines represent fat 

thickness measurements. Blue lines are traces of fascicles. (B) From muscle thickness 

measurements, a boundary for the superficial and deep aponeurosis were drawn (light 

blue and orange lines respectively). From the traces, the angle between the fascicles and 

the deep aponeurosis (shown in yellow) was recorded as the pennation angles. Finally, to 

define the fascicle length, an extrapolation line was created from the fascicle traces that 

continued until the superficial aponeurosis border (light blue line) was met.  
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2.2.8 Statistical Analyses 

Every image acquired was reviewed to ensure all statistical analyses were completed 

using data measured from quality images. SPSS was used to calculate the statistics (IBM 

Corp. Released 2017. IBM SPSS Statistics for Windows, Version 25.0. Armonk, NY: 

IBM Corp.). Demographics were summarized to describe the sample. A paired t-test was 

used to compare muscle thickness, fat thickness, pennation angles, and fascicle length 

means between men and women.  

For the primary purpose, both relative and absolute agreement was assessed. Two-

way random, intraclass correlation coefficients (ICCs) (2, k) were used to assess the 

relative agreement between transducer angles (estimated perpendicular tilt, 80˚, 85˚, 95˚, 

and 100˚) and a perpendicular transducer position (90˚) for each of the measurements 

(muscle thickness, fat thickness, pennation angle, and fascicle length). Interpretation of 

ICC has been determined by Cicchetti (1994). If the ICC < 0.40 the level of agreement is 

considered poor, if the ICC is 0.4-0.59 the agreement is fair, an ICC of 0.6-0.74 is good 

and an ICC above 0.75 demonstrates excellent agreement (Cicchetti, 1994). For absolute 

agreement, SEM was used to quantify the error associated with alternative transducer tilts 

(other than 90˚ such as 80˚, 85˚, 95˚, and 100˚). Measured transducer angles of 80˚ and 

85˚ were lateral to perpendicular (90˚), and 95˚ and 100˚ were medial to perpendicular.  

SEM was calculated as SEM = Standard Deviation (SD) of Differences /√2.  Graphs are 

displayed with custom standard error (SE) bars calculated using the following equation: 

SE = SD /√n. 



49 

 

For secondary purposes, ICCs, SEMs, and Bland-Altman plots were used to 

determine the intra-rater reliability for muscle architecture measurements. As well, ICCs, 

SEMs and Bland-Altman plots were used to determine the inter-rater reliability for image 

acquisition using raw data. For inter-rater reliability, ICC and SEM analyses were 

separated by transducer angle and muscle, while for intra-rater, the data was only 

separated by muscle.  

2.2.9 Data Quality 

Before conducting analyses to address the primary and secondary objectives, it was 

evident that some images were not of sufficient quality for measurement, due to poor 

visibility of the whole image, aponeuroses, or fascicles. In participants with larger fat 

thicknesses, many images did not show one or more of the structures needed to measure 

the muscles architecture (e.g., the deep aponeurosis or the muscle fascicles). An example 

of an image of the vastus lateralis that is not usable is shown in Figure 8. These images 

were considered to be “unusable images”. 
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Figure 8: Panel A presents an example of a vastus lateralis image that is not usable 

compared to a usable image shown in Panel B. *In Panel A, the deep aponeurosis is not 

visible, and the fascicles are unclear.  

As well, due to the automatic extrapolation used in this study, many fascicle 

lengths exceeded the recorded lengths of the muscle as a result of small pennation angles. 

The fascicle length outcomes for these images were considered to be erroneous. Raw data 

analyses, which include these “erroneous” outcomes, are available in Appendix H. In the 

raw data analysis, the unusable images were included with muscle architecture 

measurements recorded as zero for muscle thickness, fat thickness, pennation angle, and 

fascicle length. The analysis of primary and secondary purposes was repeated with 

unusable images and erroneous fascicle lengths removed from the data set. The results of 

these analyses are presented in the results section of this thesis.  

To determine which variables could indicate if a participant were more likely to 

produce “unusable images”, linearity of the relationship between the independent 

variables (fat thickness, sex, thigh circumference, and BMI) and the dependent variable 

(number of unusable images) was tested. Sex was input as “2” for men and “1” for 
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women. These potential indicators were tested for multicollinearity for each of the rectus 

femoris and the vastus lateralis using a bivariate correlation test. Variables that showed a 

high level of collinearity (r > 0.6) were removed from the subsequent regression analysis. 

Normal distribution of error between observed and predicted values were tested. A 

forward regression analysis (α = 0.05) was used to determine the correlation between fat 

thickness, sex, and thigh circumference (independent variables, in that order) and the 

number of unusable images for the rectus femoris and vastus lateralis (the dependent 

variable). 

2.3 Results 

2.3.1 Participants 

Thirty healthy, right leg dominant participants (25 ± 2.5 years old) participated in this 

study. Participant demographics are summarized across the entire sample and separated 

by sex in Table 4. 
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Table 4: Demographics for 30 participants. The right-hand columns descried the same participants separated by sex. 

 
All Participants (n = 30) Women = (n = 15) Men = (n = 15) 

Mean (SD) Min Max Mean (SD) Min Max Mean (SD) Min Max 

Age (years) 25 (2.5) 20 29 25 (2.6) 22 29 24 (2.2) 20 29 

BMI (kg*m2) 22.6 (3.0) 17.2 29.4 22.2 (2.5) 19.4 27.5 23.0 (13.0) 17.2 29.4 

Rectus Femoris Length (cm) 44.2 (2.9) 36.4 49.3 42.9 (2.4) 36.4 46 45.6 (2.6) 40.4 49.3 

Vastus Lateralis Length (cm) 46.1 (3.0) 40.3 55.5 45.1 (2.6) 40.3 48.7 47.1 (3.1) 40.8 55.5 

Rectus Femoris Thigh Circ. (cm) 53.9 (4.5) 42.3 65.9 53.0 (3.0) 47.7 57.3 54.9(5.6) 42.3 65.9 

Vastus Lateralis Thigh Circ. (cm) 55.6 (4.9) 43 69.8 55.1 (3.3) 48.8 60.4 56.2 (6.1) 43 69.8 

6MWT (m) 679 (91) 453 940 662 (67) 537 762 697 (110) 453 940 

SD = standard deviation; Min = minimum; Max = maximum; Circ. = circumference; 6MWT = six-minute walk test
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Mean muscle architecture measurements for the rectus femoris and vastus lateralis are 

summarized in Table 5 and Table 6, respectively. Figures 9 and 10 display the mean 

muscle architecture values taken by rater 1 and rater 2 at each transducer angle for the 

rectus femoris and the vastus lateralis, respectively. Muscle and fat thickness means were 

similar for both muscles. Mean pennation angles of the vastus lateralis were larger 

compared to the rectus femoris. Mean pennation angle was largest at 95˚ and 100˚ 

transducer angles for the rectus femoris and at an 80˚ transducer angle for the vastus 

lateralis. Meanwhile, mean fascicle lengths of the rectus femoris were larger than the 

vastus lateralis fascicle lengths. Mean fascicle lengths were largest at an 80˚ transducer 

angle for the rectus femoris and at 95˚ and 100˚ transducer angles for the vastus lateralis.  

Table 5: Average rectus femoris muscle architecture values per transducer angle, 

separated by images taken by each rater. The sample size for each muscle architecture 

value is displayed beneath its respective cell. 

 Est. 80˚ 85˚ 90˚ 95˚ 100˚ 

Muscle 

Thickness 

(cm) 

Rater 1 2.3 2.4 2.3 2.2 2.3 2.2 

n 30 27 30 29 30 29 

Rater 2 2.3 2.3 2.3 2.3 2.2 2.2 

n 30 29 29 30 30 30 

Fat Thickness 

(cm) 

Rater 1 0.7 0.7 0.7 0.7 0.7 0.7 

n 30 27 30 29 30 29 

Rater 2 0.8 0.7 0.7 0.7 0.7 0.7 

n 30 29 29 30 30 30 

Pennation 

Angle (˚) 

Rater 1 12.2 7.4 8.1 9.8 12.2 11.5 

n 28 26 29 28 29 28 

Rater 2 11.4 7.7 8.7 9.4 11.2 11.7 

n 29 29 29 30 28 27 

Fascicle 

Length (cm) 

Rater 1 21.5 27.7 25.0 21.5 21.0 18.6 

n 26 10 16 20 27 25 

Rater 2 18.2 27.6 23.4 22.1 18.1 16.7 

n 25 11 19 22 24 23 
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Table 6: Average vastus lateralis muscle architecture values per transducer angle, 

separated by images taken by each rater. The sample size for each muscle architecture 

value is displayed beneath its respective cell. 

 Est. 80˚ 85˚ 90˚ 95˚ 100˚ 

Muscle 

Thickness 

(cm) 

Rater 1 2.8 2.9 2.9 2.8 2.8 2.8 

n 30 30 30 30 29 24 

Rater 2 2.8 3.0 2.9 2.9 2.8 2.7 

n 30 30 30 30 30 26 

Fat Thickness 

(cm) 

Rater 1 0.8 0.8 0.8 0.7 0.7 0.6 

n 30 30 30 30 29 24 

Rater 2 0.8 0.8 0.8 0.8 0.7 0.7 

n 30 30 30 30 30 26 

Pennation 

Angle (˚) 

Rater 1 16.0 18.5 17.2 17.0 15.4 15.2 

n 30 30 30 30 29 24 

Rater 2 16.7 17.3 16.8 16.8 15.9 15.3 

n 30 30 30 30 30 26 

Fascicle 

Length (cm) 

Rater 1 10.9 9.4 9.8 10.5 12.4 14.1 

n 30 30 30 30 29 24 

Rater 2 9.5 9.6 11.1 11.9 13.3 9.5 

n 30 30 30 30 30 26 
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Figure 9: Mean muscle architecture measurements (and standard error bars) for the rectus 

femoris with unusable images removed and fascicle lengths exceeding the muscle lengths 

removed: muscle thickness (A, B), fat thickness (C, D), pennation angle (E, F), and 

fascicle length (G, H). Data from rater 1’s images are displayed in the left column (A, C, 

E, G) and data from rater 2’s images are shown in the right column (B, D, F, H). The lone 

markers represent the average value of the measurement from the images taken with the 

transducer at an estimated (EST) perpendicular angle. 
 



56 

 

 
Figure 10: Mean muscle architecture measurements with unusable images and fascicle 

lengths exceeding the vastus lateralis removed: muscle thickness (A, B), fat thickness (C, 

D), pennation angle (E, F), and fascicle length (G, H). Data from rater 1’s images are 

displayed in the left column (A, C, E, G) and data from rater 2’s images are shown in the 

right column (B, D, F, H). The lone markers represent the average value of the 

measurement from the images taken with the transducer at an estimated (EST) 

perpendicular angle. 
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2.3.2 Sex Differences 

Muscle architecture differences between male and female participants are shown in 

Figure 11. Mean rectus femoris muscle thickness was significantly larger in men than in 

women at all transducer angles (2.5 and 2.1 cm, respectively; p = 0.002). The mean 

subcutaneous fat thickness above the rectus femoris was significantly smaller in men than 

in women at all transducer angles (0.5 cm and 1.0 cm, respectively; p <0.001). However, 

no significant differences were found between men and women for mean pennation 

angles (10.0˚ and 10.5˚, respectively; p = 0.92) or mean fascicle lengths (23.3 cm and 

20.3 cm, respectively; p = 0.67) of the rectus femoris. Although overall means were the 

same, vastus lateralis muscle thickness was larger in men (mean = 2.9 cm) than in women 

(mean = 2.9 cm) at all transducer angles (p = 0.002), this may be explained by larger SD 

for men (SD = 2.3 cm) than women (SD = 0.4 cm). Mean subcutaneous fat tissue above 

the vastus lateralis was smaller in men than in women at all transducer angles (1.1 cm and 

1.5 cm, respectively; p <0.001). No significant differences were seen between males and 

females for mean pennation angles (15.0˚ and 13.6˚, respectively; p = 0.62) or mean 

fascicle lengths (10.3 cm and 9.9 cm, respectively; p = 0.16) of the vastus lateralis.  
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Figure 11: Means (with standard error bars) for muscle thickness, fat thickness, 

pennation angle, and fascicle length separated by sex. Muscle architecture data from men 

participants are displayed with circle markers and solid lines; data from women are 

displayed with triangle markers and dashed lines. Rectus femoris data is shown in panels 

10A, 10C, 10E, and 10G, respectively. Vastus lateralis data is shown in panels 10B, 10D, 

10F, and 10H. 
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2.3.3 Assessment of Image Quality and Unusable Images  

A total of 1,920 ultrasound images were taken. Of the 1,920 images, 1,732 images (90%) 

were able to facilitate all four muscle architecture measurements (i.e., muscle thickness, 

fat thickness, pennation angle, and fascicle length). There were 99 images (5%) out of 

1,920 that could not facilitate any of the muscle architecture measurements because the 

aponeuroses were unclear or not visible (Figure 12). Another 89 could not facilitate 

measures of pennation angle and fascicle length (even though muscle and fat thickness 

could be measured) because the fascicles alone were not clear (Figure 13).  

In some cases, recorded fascicle lengths exceeded the length of the muscle and 

tendon (from origin to insertion). This only occurred for images of the rectus femoris. Of 

960 total images of the rectus femoris, 155 (16% of total images) were removed as a 

result of fascicle length measurements exceeding the muscle length. The number of 

fascicle lengths which were removed because they exceeded the length of the muscle for 

each transducer angle are displayed in Figure 14. Clearly erroneous fascicle lengths were 

observed in greater numbers when the images were taken with the transducer held at 80˚, 

85˚, and 90˚ to the skin. Only 8% of fascicle lengths were removed from images taken at 

angles estimated to be perpendicular to the skin; however, there were fewer 

measurements taken at this transducer angle (2 images taken at an estimated 

perpendicular angle :6 images taken at each other angle) and the percentage of total 

measurements removed was similar to 95˚ and 100˚ transducer angles.  
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Figure 12: The number of unusable images because the aponeurosis was not visible, per 

muscle and transducer angle. “Est” stands for the images taken at an angle that was 

estimated to be perpendicular. Only 60 images were taken in this condition per muscle, 

whereas 180 images were taken per muscle at all other measured transducer angles. These 

unusable images could not be used to calculate muscle thickness, fat thickness, pennation 

angle, and fascicle length. The bars with the black and white lines refer to images of the 

rectus femoris (RF) and bars with the solid black lines refer to images of the vastus 

lateralis (VL). The percentage of total images are displayed above the bars.  

 

 

Figure 13: Number of unusable images because the fascicles were not clear, per muscle 

and transducer angle. “Est” stands for the images taken at an angle that was estimated to 

be perpendicular. Only 60 images were taken in this condition per muscle, whereas 180 

images were taken per muscle at all other measured transducer angles. These unusable 

images could not be used to calculate pennation angle and fascicle length measurements. 

The bars with the black and white lines refer to images of the rectus femoris and the solid 

black bars refers to images of the vastus lateralis. The percentage of total images are 

displayed above the bars. 
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Figure 14: The number of total fascicle length measurements removed, per transducer 

angle, due to lengths exceeding total muscle length. The bars with solid black bars and 

striped bars representing measurements for the vastus lateralis and the rectus femoris 

fascicle lengths, respectively. No black bars appear because no fascicle length 

measurements were removed from analysis. The percentages of total measurements are 

displayed above the respective bar. Estimated images, represented by “Est”, has a lower 

number of total measurements (180 total measurements) compared to other transducer 

angles (540 total measurements per measured transducer angle). 

 

Because a substantial proportion of images acquired were unusable, additional 

analyses were completed to explore potential indicators of poor-quality ultrasound 

images. First, for the rectus femoris, rectus femoris fat thickness, sex, thigh circumference 

at the rectus femoris imaging site, and BMI were explored as potential features that may 

correlate to the acquisition of unusable images. These variables were tested for normality 

and then collinearity. A Pearson’s correlation was conducted between rectus femoris fat 

thickness, sex, thigh circumference at the rectus femoris site and BMI. BMI and thigh 

circumference at the rectus femoris were strongly, positively correlated (R = 0.88, p < 

0.01). Fat thickness was significantly higher in women than in men (R = -0.65, p < 0.01). 
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rectus femoris. A forward regression was conducted with a 95% confidence interval and a 

significance of 0.05 using fat thickness and thigh circumference as independent variables 

and the designation of usable versus unusable images as the dependent variable. There 

was no significant association (R2 = 0.096).  

Fat thickness of the vastus lateralis, sex, thigh circumference at the imaging site of 

the vastus lateralis, and BMI were tested for normality. Vastus lateralis fat thickness data 

were not normally distributed based on the Shapiro-Wilk test, where the p-value (0.044) 

was less than the alpha value (0.05). After log transforming, vastus lateralis fat thickness 

data were normally distributed. The log transformed vastus lateralis fat thickness data, 

sex, and thigh circumference at the site of the vastus lateralis were tested for collinearity 

using a bivariate correlation. Again, fat thickness was larger in women than in men (R =  

-0.722, p < 0.01) and weakly correlated to thigh circumference (R = 0.409, p < 0.01). 

BMI was significantly correlated to thigh circumference (0.898, p < 0.01). BMI and sex 

were removed from the regression. A forward multiple regression was conducted (95% 

confidence interval; threshold α = 0.05) using fat thickness and thigh circumference as 

independent variables and the number of unusable images as the dependent variable. Only 

fat thickness was significantly associated with the designation of unusable images for the 

vastus lateralis (R2 = 0.626, p < 0.01).  

2.3.4 Effect of Transducer Angle on Muscle Architecture 

Figure 15 shows the measured transducer angle for the images that were acquired at an 

angle estimated to be perpendicular. Measured angles from estimated perpendicular 

transducer positions were similar for rater 1 and rater 2. When measured, transducer 
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angles estimated to be a perpendicular position were near 90˚ for the rectus femoris (90.0˚ 

± 4.8˚ by rater 1 and 91.5˚ ± 4.0˚ by rater 2) and the vastus lateralis (86.5˚ ± 3.0˚ by rater 

1 and 85.5˚ ± 3.0˚ by rater 2). The mode transducer angle for an estimated perpendicular 

position for rectus femoris was 93˚ for rater 1 and 94˚ for rater 2. The mode transducer 

angle for vastus lateralis was 87˚ for rater 1 and 86˚ for rater 2. Although the central 

tendencies were around 90˚, there was a range in transducer angle between participants 

(78˚-100˚ for rectus femoris and 77˚-94˚ for vastus lateralis). 

A  

B  

Figure 15: Measured transducer angles of estimated perpendicular transducer orientation 

for rectus femoris (Panel A) and vastus lateralis (Panel B), including data from both raters 

across all participants. Measured transducer angles of estimated perpendicular images 

taken by rater 1 are displayed with black bars, images taken by rater 2 are displayed with 

grey bars. 
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Table 7 displays SEMs from images of the rectus femoris taken by rater 1 and rater 2. For 

the rectus femoris fat thicknesses, 80˚ transducer positions were associated with relatively 

high SEM. Very high SEM for muscle thickness was associated with 80˚ and 85˚ 

transducer angles for rater 1 and rater 2, respectively. Very high fascicle length SEM was 

shown for transducer positions closer to perpendicular (85˚ for rater 1 and 95˚ for rater 2). 

Table 8 displays ICCs assessing the agreement of a measured 90˚ transducer angle 

to an estimated perpendicular position and measured 80˚, 85˚, 95˚, and 100˚ for the rectus 

femoris. Muscle thickness and fat thickness displayed excellent agreement between all 

angles and a 90˚ position. Notably, pennation angles and fascicle lengths, from images 

taken at transducer positions that were estimated to be perpendicular showed poor 

agreement to a measured perpendicular transducer angle. Compared to other transducer 

angles, images of the rectus femoris taken at 85˚ transducer angles displayed the most 

consistent results (fair to excellent agreement) for all outcomes and raters.  

Table 9 shows SEMs from images of the vastus lateralis taken by rater 1 and rater 

2. For the vastus lateralis, transducer angles of 80˚ produced the highest error for muscle 

thickness, while transducer angles of 100˚ produced the highest error for pennation angle 

and fascicle length. Transducer angles that were estimated to be perpendicular showed the 

highest error for fat thickness of the vastus lateralis.  

ICCs assessing agreement of a measured 90˚ transducer angle to an estimated 

perpendicular angle and measured 80˚, 85˚, 95˚, and 100˚ transducer angles of images 

taken of the vastus lateralis by rater 1 and rater 2 are summarized in Table 10. Muscle 
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thickness and fat thickness demonstrated good to excellent agreement at all transducer 

angles except when the transducer was held at 80˚ by rater 2. Transducer angles of 100˚ 

demonstrated poor reliability to a 90˚ position for fascicle length and pennation angle 

outcomes. The best reliability (where most measurements demonstrated at least good to 

excellent reliability) was achieved at 85˚ and 95˚ transducer positions. 
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Table 7: Rectus femoris standard error measurements (SEMs) of corrected data. Sample 

sizes are provided. SEMs compare measurements from images taken with the transducer 

at an estimated perpendicular angle and a measured 80˚, 85˚, 95˚, and 100˚ transducer 

orientation to a measured 90˚ transducer angle. SEMs for images taken by each rater for 

each outcome at each transducer angle is displayed. Bolded cells show the highest error 

for each outcome. 

 Rater 
Est vs. 

90˚ 

80˚ vs. 

90˚ 

85˚ vs. 

90˚ 

95˚ vs. 

90˚ 

100˚ vs. 

90˚ 

Muscle 

Thickness 

(cm) 

1 0.15 0.44 0.07 0.16 0.09 

n 27 28 29 29 28 

2 0.16 0.29 0.38 0.10 0.12 

n 30 29 28 30 20 

Fat 

Thickness 

(cm) 

1 0.06 0.07 0.05 0.06 0.05 

n 29 26 29 29 28 

2 0.09 0.16 0.16 0.07 0.05 

n 29 29 29 30 30 

Pennation 

Angle  

(˚) 

1 3.03 2.56 1.84 2.18 2.85 

n 26 24 28 28 27 

2 3.47 2.82 2.35 2.00 3.49 

n 29 29 29 28 27 

Fascicle 

Length 

(cm) 

1 8.32 8.74 5.98 19.20 9.00 

n 19 9 15 19 19 

2 11.46 11.86 13.38 4.76 4.90 

n 19 11 20 20 18 
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Table 8: Rectus femoris intraclass correlation coefficients (ICCs) for corrected data. 

Sample sizes are provided. ICCs compare measurements from images taken with the 

transducer at an estimated perpendicular angle and a measured 80˚, 85˚, 95˚, and 100˚ 

transducer orientation to a measured 90˚ transducer angle. ICCs for images taken by each 

rater for each outcome at each transducer angle is displayed. Dark green cells represent 

excellent agreements, light green cells represent good agreement, yellow cells represent 

fair agreement and red cells represent poor agreement. 

 

  

 Rater Est vs. 

90˚ 

80˚ vs. 

90˚ 

85˚ vs. 

90˚ 

95˚ vs. 

90˚ 

100˚ vs. 

90˚ 

Muscle 

Thickness 

1 0.90 0.95 0.98 0.90 0.96 

n 27 28 29 29 28 

2 0.91 0.92 0.98 0.96 0.92 

 n 30 29 28 30 30 

Fat 

Thickness 

1 0.99 0.99 0.99 0.99 0.99 

n 29 26 29 29 28 

2 0.97 0.99 0.97 0.98 0.99 

 n 29 29 29 30 30 

Pennation 

Angle 

1 0.39 0.18 0.71 0.60 0.52 

n 26 24 28 28 27 

2 0.26 0.16 0.59 0.67 0.61 

 n 29 29 29 28 27 

Fascicle 

Length 

1 0.34 0.10 0.61 0.07 0.03 

n 19 9 15 19 19 

2 0.25 0.60 0.48 0.63 0.67 

 n 19 11 20 20 18 
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Table 9: Vastus lateralis standard error measurements (SEMs) of corrected data. Sample 

sizes are provided. SEMs compare measurements from images taken with the transducer 

at an estimated perpendicular angle and a measured 80˚, 85˚, 95˚, and 100˚ transducer 

orientation to a measured 90˚ transducer angle. SEMs for images taken by each rater for 

each outcome at each transducer angle is displayed. Bolded cells show the highest error 

for each outcome.  

 Rater 
Est vs. 

90˚ 

80˚ vs. 

90˚ 

85˚ vs. 

90˚ 

95˚ vs. 

90˚ 

100˚ vs. 

90˚ 

Muscle 

Thickness 

(cm) 

1 
0.15 0.21 0.12 0.12 0.16 

n 
30 30 29 29 24 

2 
0.22 0.25 0.20 0.15 0.16 

n 30 30 30 30 26 

Fat 

Thickness 

(cm) 

1 
0.09 0.07 0.06 0.07 0.05 

n 
30 30 29 29 24 

2 
0.09 0.05 0.06 0.08 0.04 

n 30 30 30 30 26 

Pennation 

Angle  

(˚) 

1 
2.78 3.68 2.46 2.99 5.09 

n 
30 30 29 29 24 

2 
3.77 3.51 3.23 3.10 4.03 

n 30 30 30 30 26 

Fascicle 

Length 

(cm) 

1 
2.19 1.16 1.24 1.52 3.08 

n 
30 30 29 29 24 

2 
3.12 3.00 2.58 1.74 3.61 

n 
30 30 30 30 26 
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Table 10: Vastus lateralis intraclass correlation coefficients (ICCs) for corrected data. 

Sample sizes are provided. ICCs compare measurements from images taken with the 

transducer at an estimated perpendicular angle and a measured 80˚, 85˚, 95˚, and 100˚ 

transducer orientation to a measured 90˚ transducer angle. ICCs for images taken by each 

rater for each outcome at each transducer angle is displayed. Dark green cells represent 

excellent agreements, light green cells represent good agreement, yellow cells represent 

fair agreement and red cells represent poor agreement. 

 Rater 
Est vs. 

90˚ 

80˚ vs. 

90˚ 

85˚ vs. 

90˚ 

95˚ vs. 

90˚ 

100˚ vs. 

90˚ 

Muscle 

Thickness 

1 0.93 0.84 0.95 0.96 0.91 

n 30 30 29 29 24 

2 0.83 0.66 0.82 0.91 0.89 

 n 30 30 30 30 26 

Fat 

Thickness 

1 0.98 0.99 0.99 0.99 0.99 

n 30 30 29 29 24 

2 0.99 0.99 0.99 0.99 0.99 

 n 30 30 30 30 26 

Pennation 

Angle 

1 0.72 0.37 0.76 0.62 0.00 

n 30 30 29 29 24 

2 0.18 0.40 0.42 0.53 0.00 

 n 30 30 30 30 26 

Fascicle 

Length 

1 0.00 0.63 0.63 0.78 0.33 

n 30 30 29 29 24 

2 0.49 0.52 0.77 0.76 0.30 

 n 30 30 30 30 26 
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2.3.5 Secondary Purposes 

2.3.5.1 Intra-Rater Reliability 

SEM and ICCs for intra-rater reliability of rectus femoris muscle architecture 

measurements are displayed in Table 11. Excellent agreement and low error are displayed 

for all outcomes. SEM and ICC’s for intra-rater reliability of rectus femoris muscle 

architecture measurements are displayed in Table 12. For the vastus lateralis, excellent 

agreement and low error is shown for intra-rater reliability. 

Bland Altman plots for the agreement between rectus femoris muscle architecture 

measurement 1 and measurement 2 for the assessment of intra-rater reliability are shown 

in Figure 16. The majority of the data lies within two SD for all outcomes. For muscle fat 

thicknesses, data beyond two SD tend to lie above the upper agreement border. When 

poor quality images were excluded, there were 11 disagreements between measurement 1 

and measurement 2 for the rectus femoris. That is, during the first or second round of 

measurements, one time the image was determined to be unusable, and the other time, 

measurements were taken. 

Bland Altman plots for the agreement between vastus lateralis muscle architecture 

measurement 1 and measurement 2 for intra-rater reliability are shown in Figure 17. For 

the vastus lateralis, there is a small bias in the positive direction in the mean differences 

for muscle thickness and pennation angle measurements. When poor quality images were 

excluded, there were only 2 disagreements between measurement 1 and measurement 2 

for the vastus lateralis.  
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Table 11: Intraclass correlation coefficients (ICCs) & standard error measurements 

(SEMs) for intra-rater reliability for muscle architecture measurements of the rectus 

femoris measure 1 and measure 2. For ICCs, dark green cells represent excellent 

agreements, light green cells represent good agreement, yellow cells represent fair 

agreement and red cells represent poor agreement. These analyses contain images taken 

by both raters. 

 Muscle 

Thickness (cm) 

n = 351 

Fat Thickness 

(cm) 

n = 351 

Pennation Angle 

(˚) 

n = 335 

Fascicle Length 

(cm) 

n = 239 

SEM 0.17 0.08 1.25 4.42 

ICC 0.90 0.98 0.95 0.87 

 

Table 12: Vastus lateralis measure 1 vs. measure 2 intraclass correlation coefficients 

(ICCs) & standard error measurements (SEMs) for intra-rater reliability. For ICCs, Dark 

green cells represent excellent agreements, light green cells represent good agreement, 

yellow cells represent fair agreement and red cells represent poor agreement. These 

analyses contain images taken by both raters. 

 Muscle 

Thickness (cm) 

n = 347 

Fat Thickness 

(cm) 

n = 347 

Pennation Angle 

(˚) 

n = 347 

Fascicle Length 

(cm) 

n = 347 

SEM 0.20 0.10 1.36 1.42 

ICC 0.89 0.98 0.95 0.87 

 



72 

 

  

Figure 16: Bland-Altman plots comparing rectus femoris muscle thickness (A), fat 

thickness (B), pennation angle (C), and fascicle length (D) measurements from first and 

second measurements performed by rater 1 to assess intra-rater reliability. Data for all 

good-quality images of all participants taken by both raters at each transducer angle is 

displayed for muscle thickness, fat thickness and pennation angle (351 out of 360 data 

points for muscle and fat thickness, and 335 out of 360 data points for pennation angle). 

Only fascicle length data within the length of the muscle is displayed for all participants 

(239 out of 360 data points) (D). The means are plotted along the X-axis and the 

differences between the measures are plotted on the Y-axis. The mean is displayed with a 

dashed grey line. The upper and lower agreements represent 1.96 standard deviations and 

are displayed as black lines. The data points represent the differences between 1st and 2nd 

measurements.  
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Figure 17: Bland-Altman plots comparing vastus lateralis muscle thickness (A), fat 

thickness (B), pennation angle (C), and fascicle length (D) measurements from first and 

second measurements performed by rater 1 to assess intra-rater reliability. Data for 

images of all participants taken by both raters at each transducer angle is displayed with 

poor quality images removed (347 data points of 360). As no fascicle lengths exceeded 

the length of the muscle, all fascicle lengths from good quality images are included are 

included (347 data points). The means are plotted along the X-axis and the differences 

between the measures are plotted on the Y-axis. The mean is displayed with a grey 

dashed line. The upper and lower agreements represent 1.96 standard deviations and are 

displayed as two black lines. The data points represent the differences between 1st and 2nd 

measurements. 
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2.3.5.2 Inter-Rater Image Acquisition  

Bland-Altman graphs comparing the features of rectus femoris muscle architecture 

(muscle thickness, fat thickness, pennation angle and fascicle length) from images 

acquired by rater 1 and rater 2 are displayed in Figure 18. For all outcomes, most 

differences lie within two SD. The spread of the means for muscle thickness are generally 

between 1.5 cm and 3 cm and within two SD for differences between raters. The majority 

of fat thickness means are spread between 0 cm and 1.6 cm. Wider spreads of data are 

displayed for the pennation angle (3 – 20˚) and fascicle length measurements (6 – 44 cm). 

 ICCs and SEMs assessing inter-rater reliability of rectus femoris images are 

displayed in Table 13. Inter-rater reliability was excellent at all transducer angles for 

rectus femoris muscle and fat thicknesses. Good to excellent reliability was shown for 

rectus femoris pennation angles at all transducer angles. As well, Good to excellent 

agreement was displayed for fascicle length measurements at all transducer angles except 

85˚ which showed poor agreement between raters for the rectus femoris.  
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Figure 18: Bland-Altman plots comparing rectus femoris muscle thickness (A), fat 

thickness (B), pennation angle (C), and fascicle length (D) measurements from images 

taken by rater 1 and rater 2. Data for all images of all participants at each transducer angle 

is displayed with poor-quality images and fascicle lengths which exceeded muscle length 

removed (174 data points for the muscle and fat thicknesses, 165 data points for the 

pennation angles, and 111 data points for the fascicle lengths). The means are plotted 

along the X-axis and the differences between the measures are plotted on the Y-axis. The 

mean is displayed with a grey dashed line. The upper and lower agreements represent 

1.96 standard deviations and are displayed as two black lines. The data points represent 

the differences between measurements from images taken by the first and second 

researcher.  
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Table 13: Standard error measurements (SEMs) and intraclass correlation coefficients 

(ICCs) comparing rectus femoris measurements for images taken by rater 1 vs rater 2. For 

SEM, bold cells represent which transducer angle produced the largest error for each 

outcome. Dark green cells represent excellent agreements, light green cells represent 

good agreement, yellow cells represent fair agreement and red cells represent poor 

agreement. n=30 unless otherwise specified.  

  
Est1 vs. 

Est2 

80˚1 vs. 

80˚2 

85˚1 vs. 

85˚2 

90˚1 vs. 

90˚2 

95˚1 vs. 

95˚2 

100˚1 

vs. 

100˚2 

Muscle 

Thickness 

SEM (cm) 0.17 0.11 0.06 0.10 0.10 0.12 

ICC 0.90 0.95 0.99 0.96 0.96 0.93 

 n 30 27 29 29 30 29 

Fat 

Thickness 

SEM (cm) 0.07 0.06 0.07 0.09 0.05 0.07 

ICC 0.99 0.99 0.98 0.98 0.99 0.98 

 n 30 27 29 29 30 29 

Pennation 

Angle 

SEM (˚) 2.86 1.18 1.62 2.03 1.92 3.15 

ICC 0.65 0.82 0.71 0.75 0.68 0.72 

 n 28 26 28 28 28 28 

Fascicle 

Length 

SEM (cm) 6.51  5.67 7.24 7.07 4.86 5.50 

ICC 0.66 0.82 0.33 0.64 0.82 0.83 

 n 24 6 14 17 24 23 
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Bland-Altman graphs comparing means and differences for the muscle thickness, fat 

thickness, pennation angle, and fascicle length of vastus lateralis ultrasound images taken 

by rater 1 and rater 2 are shown in Figure 19. The majority of data lies between 2 SD for 

all outcomes. There is a small bias in the negative direction in the mean differences of the 

fat thickness measurements. 

 SEM and ICC values comparing vastus lateralis images taken by rater 1 and rater 

2 are shown in Table 14. Good to excellent agreement was demonstrated for muscle 

thickness and fat thickness outcomes at all transducer angles. For images taken at an 

angle estimated to be perpendicular, fair reliability was shown for pennation angle (ICC = 

0.58) and fascicle length (ICC = 0.51). Other than the estimated transducer angle, 

excellent reliability was observed for pennation angle and good to excellent agreement for 

fascicle lengths from images taken at all measured transducer angles. Error measurements 

were largest for images taken at 100˚ transducer angles for muscle thicknesses and 

fascicle lengths of the vastus lateralis. Vastus lateralis pennation angles showed larger 

SEM at estimated perpendicular angles compared to measured angles.  
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Figure 19: Bland-Altman plots comparing vastus lateralis muscle thickness (A), fat 

thickness (B), pennation angle (C), and fascicle length (D) measurements from images 

taken rater 1 and rater 2. Data for all images of all participants at each transducer angle is 

displayed with poor quality images removed (172 data points). The means are plotted 

along the X-axis and the differences between the measures are plotted on the Y-axis. The 

mean is displayed with a grey dashed line. The upper and lower agreements represent 

1.96 standard deviations and are displayed as two black lines. The data points represent 

the differences between measurements from images taken by the first and second 

researcher. 
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Table 14: Vastus lateralis inter-rater reliability standard error measurements (SEMs) and 

intraclass correlation coefficients (ICCs). For SEMs, bold cells represent which 

transducer angle produced the largest error for each outcome. Dark green cells represent 

excellent agreements, light green cells represent good agreement, yellow cells represent 

fair agreement and red cells represent poor agreement. 

  
Est1 vs. 

Est2 

80˚1 vs. 

80˚2 

85˚1 vs. 

85˚2 

90˚1 vs. 

90˚2 

95˚1 vs. 

95˚2 

100˚1 

vs. 

100˚2 

Muscle 

Thickness 

SEM (cm) 0.12 0.14 0.16 0.14 0.15 0.18 

ICC 0.96 0.91 0.90 0.94 0.94 0.88 

 n 30 30 30 30 29 23 

Fat 

Thickness 

SEM (cm) 0.07 0.04 0.05 0.08 0.06 0.07 

ICC 0.99 1.00 1.00 0.99 0.99 0.98 

 n 30 30 30 30 29 23 

Pennation 

Angle 

SEM (˚) 3.20 2.38 1.84 2.41 2.29 2.60 

ICC 0.58 0.79 0.85 0.79 0.80 0.79 

 n 30 30 30 30 29 23 

Fascicle 

Length 

SEM (cm) 2.31 1.25 0.85 2.41 2.16 3.23 

ICC 0.51 0.62 0.76 0.61 0.76 0.66 

 n 30 30 30 30 29 23 

 

2.4 Discussion 

Current literature describing muscle architecture measurements acquired with ultrasound 

can benefit from standardization methods for ultrasound imaging protocols  (Prado et al., 

2014). Specifically, the angle at which the ultrasound transducer is placed relative to the 

tissue of interest (Klimstra et al., 2007). This thesis demonstrated that estimated 

perpendicular angles may not be consistent or accurate. Therefore, confirmation of a true 

90˚ transducer angle is likely necessary. Although transducer angle did not influence 

muscle and fat thickness measurements in this study, differences in agreement and error 

were seen for pennation angles and fascicle lengths of the vastus lateralis and the rectus 
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femoris. This suggests these measurements are sensitive to the ultrasound acquisition 

protocol. If pennation angle and fascicle length are of interest, it is recommended that the 

angle of the transducer be standardized for musculoskeletal imaging. When imaging the 

vastus lateralis, it is recommended to acquire images of the muscle at 85° relative to the 

skin surface. For the rectus femoris, it is recommended that the muscle be imaged at 95° 

to the skin surface. If an ultrasound system which does not support extended fields of 

view is used, extrapolation of fascicle length is not recommended. 

Estimated perpendicular angles showed poor agreement to a measured 90˚ position (ICC 

= 0.25 – 0.39) for pennation angle and fascicle length of the rectus femoris muscle. As 

well, estimated perpendicular transducer angles for ultrasound imaging of the rectus 

femoris and vastus lateralis without the aid resulted in greater variability in measurements 

acquired between participants and between imagers. Using a device to standardize the 

angle of the transducer against the skin improved the reliability and reduced the 

variability of muscle architecture measurements.  

Overall, the data suggests that, compared to traditional techniques of estimating 

the best position of the ultrasound transducer head relative to the skin, a simple device to 

standardize the ultrasound transducer angle produced data with greater reliability and 

smaller error for the pennation angle and fascicle length measurements of both the rectus 

femoris and vastus lateralis in healthy, young adults. As the angle of the transducer 

deviates from perpendicular to the skin, the SEM of the vastus lateralis pennation angle 

and fascicle length measurements increase, and the ICCs for the pennation angle and the 

fascicle length measurements become poorer. For the vastus lateralis, fascicle length 
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appears to decrease as the transducer is tilted laterally (80˚ and 85˚). Agreement between 

pennation angles and fascicle lengths improve when the angle of the transducer is 

standardized with the device and held at 85˚ or 95˚. Our results are similar to a study 

which investigated the effect of transducer tilt on the muscle architectural appearance of 

the medial gastrocnemius (Bénard et al., 2009). This study found that five degree 

deviations from a perpendicular transducer position in the lateral and medial directions 

produced muscle architecture values (muscle thickness, pennation angle, and fascicle 

length) with low error (4%) (Bénard et al., 2009). Transducer tilts which exceeded 5 

degrees produced higher error in muscle architecture measurements (up to 25%) (Bénard 

et al., 2009).    

In spite of 90˚ being consistently cited as the angle of the transducer in previous 

studies (Alegre et al., 2014; Bénard et al., 2009; Blazevich et al., 2006; Kwah et al., 2013; 

Thom et al., 2007; van den Hoorn et al., 2016), this may not be the best angle to image all 

muscles. Based on the results of this study, a 95˚ transducer angle may be recommended 

in order to reliably measure the rectus femoris. Although an 85˚ transducer angle 

demonstrated low error and excellent to fair agreement to a 90˚ position, it was associated 

with more erroneous fascicle lengths and unusable images for the rectus femoris. When 

the rectus femoris was imaged at 95˚ transducer angles, agreement to a perpendicular 

position was good to excellent for all but one condition, mean pennation angles appeared 

largest, and image quality was superior. However, when imaging the vastus lateralis, 

either an 85˚ or 95˚ transducer angle may be optimal. Inter-rater reliability was highest at 

these transducer angles. As well, images taken at these angles demonstrated low error and 
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excellent reliability to a 90˚ transducer angle. However, images taken at an 85˚ transducer 

angle may retrieve higher quality images as no images taken at this angle were 

determined to be unusable. It is not surprising that a transducer position perfectly 

perpendicular to the skin was not ideal. Though, it may be necessary to utilize a 90˚ 

position to limit attenuation of the ultrasound signal caused by reflection at an angle 

(Narouze, 2011), particularly in the presence of large subcutaneous fat thicknesses. This 

layer of fat may cause a wedge of tissue (as opposed to an evenly dispersed layer) that 

may offset the alignment of the transducer to the muscle. Thus, the anthropometry of the 

participants should be considered when designing a protocol. From this perspective, it is 

important to consider that women had significantly larger subcutaneous fat thicknesses 

above the rectus femoris and vastus lateralis than men. 

Careful review and removal of poor-quality images was important to improve the 

inter-rater reliability of mean muscle architecture outcomes. The most important example 

was the impact of the extrapolation methodology on representing fascicle length. In the 

analyses of the raw data, the large number of erroneous fascicle lengths systematically 

altered the muscle architecture outcomes for the rectus femoris, such that fascicle length 

was erroneously longer. For rectus femoris, our average lengths far exceed what has been 

cited in previous literature (Kwah et al., 2013; Ward et al., 2009). For example, Moreau 

and colleagues (2009) reported mean fascicle lengths in the rectus femoris (9.75 ± 2.3 

cm) which are far exceeded by our findings (16.7 – 27.7 cm) (Moreau et al., 2009). This 

error was not as obvious in the vastus lateralis as values remained within plausible ranges 

(9.4 cm – 14.1 cm) similar to those found in the literature (9.9 cm - 15.21 cm) (Ward et 
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al., 2009; Chleboun et al., 2007; Baroni et al., 2013). The extrapolation technique may not 

be useful in muscles with small pennation angles (< 12˚), such as that observed in the 

resting position of the rectus femoris. We believe that our study produced large lengths as 

a result of the small pennation angles observed in the rectus femoris while the muscle is 

in a relaxed position (Strasser et al., 2013). From this perspective, our strategy of 

removing fascicle lengths exceeding muscle lengths will not have completely addressed 

error due to overestimated fascicle lengths. The best strategy to correct this error in future 

ultrasound studies of the muscle groups is to either image the muscle while the knee is in 

full extension or use an ultrasound system which facilitates extended fields of view so 

that full fascicles can be observed. Finally, it is important to note that measurements of 

subcutaneous fat thickness, muscle thickness, and pennation angle of the vastus lateralis 

and rectus femoris match that reported in previous literature (Ward et al., 2009; Kwah et 

al., 2013). 

2.4.1 Intra-rater reliability 

Excellent intra-rater reliability was demonstrated for all measurements of muscle 

architecture measurements of both muscles (rectus femoris: ICC = 0.87 – 0.98; vastus 

lateralis: ICC = 0.87 – 0.98). Excellent agreement between measurements suggests that 

muscle and fat thickness, pennation angle, and fascicle length measurements are 

reproducible in this sample. Our intra-rater ICC values for fat thickness above the rectus 

femoris are the same as a previously reported ICC (ICC = 0.98) (Welsch et al., 1998). 

Previous studies which included intra-rater reliability of measuring the fascicle lengths of 

the vastus lateralis using an extrapolation method found an ICC of 0.9 and an SEM of 
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0.10 cm (Chleboun et al., 2007). This is similar to our vastus lateralis fascicle length ICC 

of 0.89, however our SEM was much higher (1.42 cm). Moreau et al. (2009) reported the 

relative reliability of the muscle thickness, fascicle lengths, and pennation angles of the 

vastus lateralis (ICCs 0.96- 0.99) and the rectus femoris (ICCs 0.95- 0.98) in healthy 

young individuals. These values are higher than that found in the current study for 

fascicle lengths and muscle thicknesses of the rectus femoris (ICCs 0.87-0.90) and 

fascicle lengths of the vastus lateralis (ICCs 0.89) but not pennation angles (ICC = 0.95 

for rectus femoris and vastus lateralis).  The differences in the ICC values most likely 

reflect the use of different ICC equations. Our study investigated two-way random effects 

for agreement, while Moreau et al (2009), and Chleboun et al. (2007) reported two-way 

mixed effects of consistency. For the purpose of our study, the two-way random effects 

measurement was more appropriate to analyze our data and answer our research question 

as we intend for our results to be generalizable to a larger set of researchers with similar 

knowledge, experience, and equipment (Koo & Li, 2016). Furthermore, previous studies 

have imaged the quadriceps with the knee joint in near full extension. Differences in 

results may, in part, be due to differences in the knee joint angle during imaging, as 

pennation angles and fascicle lengths have been shown to change as knee joint angle 

changes (Fukunaga et al., 1997).  

2.4.2 Inter-rater reliability  

Inter-rater reliability was better when imaging the vastus lateralis than when imaging the 

rectus femoris. Agreement of pennation angle and fascicle length measurements from 

images taken by two raters showed higher variability across transducer angles (rectus 
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femoris: ICC range = 0.33 – 0.83; vastus lateralis: ICC range = 0.51 – 0.85) than muscle 

and fat thickness measurements (rectus femoris: ICC range = 0.90 – 0.99; vastus lateralis: 

ICC range = 0.88 – 1.00). This suggests that muscle architecture assessments of pennation 

angle and fascicle length measurements are more sensitive to error caused by transducer 

position than muscle and fat thickness are. This has been previously shown by Strasser et 

al. (2013) who reported high reliability for muscle thickness (ICC = 0.97 and 0.96 for the 

rectus femoris and vastus lateralis, respectively), and lower ICC values for fascicle length 

and pennation angle measurements (ICC = 0.57 and 0.62 for fascicle lengths of the rectus 

femoris and the vastus lateralis, respectively; ICC = 0.53 for the pennation angle 

measurements of the vastus lateralis). Additionally, our study yielded similar inter-rater 

ICC values for fat thickness to a previous study which reported an ICC of 0.98 (Welsch et 

al., 1998). 

2.4.3 Limitations 

This study had limitations. The pressure of the transducer was not quantified, and 

differences in pressure may have hindered reliability between images due to compression 

of underlying tissues. Excessive pressure of the transducer against the skin was 

minimized as much as possible by using a generous amount of gel (Blazevich et al., 2006; 

Lixandrao et al., 2014; Valle et al., 2016). Additionally, given the 2D, in vivo, nature of 

ultrasound, there was no way to confirm that the transducer head was aligned exactly to 

the fascicles. An attempt to overcome this was made by scout-scanning to find an optimal 

alignment before images were collected. Furthermore, the ultrasound system that was 

used did not support extended fields of view, as such, no full fascicles were visible. As 
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well, the participants were imaged while seated on a dynamometer at 60˚ of knee joint 

flexion. As a result, the seat cushion may have added additional compression of the thigh 

tissue, especially in the region of the vastus lateralis. This may have affected the images.  

The measurements of this study were completed semi-automatically on a laptop and were 

subject to human error. To minimize this error, a custom program was created by a 

researcher assistant to automatically overlay ultrasound images with three equally spaced 

guidelines to ensure that measurements were performed in the same relative positions for 

each image. Lastly, participants in this study were recruited locally at McMaster 

University. The sample consisted of recreationally active graduate students of similar age 

whom all had sedentary jobs. Consequently, results from this study may not be 

generalizable to other populations. As well, large SEM and high ICC suggest high 

variability between participant measurements which may have influenced reliability.  

2.4.4 Future directions 

Use of the transducer attachment should be tested on muscles which were not examined 

in this study to determine if the results can be repeated in different muscles. Afterwards, 

these tools can be used to assist in research and clinical examinations of muscle 

architecture. Future studies may also focus on determining the usefulness of a device such 

as the one that we have used in measuring other muscle architecture parameters, such as 

cross sectional areas and echogenicity. This protocol should be performed in individuals 

who are not considered to be young and healthy in order to determine the applicability of 

this device in imaging muscles within broader samples. This device may be useful to 

other researchers investigating muscle architecture, particularly with repeated measure 
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design. Reliable imaging is important in order to monitor muscle changes and to test the 

effectiveness of interventions to prevent muscle loss. Lastly, this apparatus should be 

tested during contractions in order to determine the feasibility of sustaining a consistent 

transducer angle during contraction without the need to affix the transducer probe to the 

thigh using a strap or a cast.  

2.5 Conclusions 

Findings from this study suggest that, compared to traditional techniques of estimating 

the best position of the ultrasound transducer head relative to the skin, a simple device to 

standardize the ultrasound transducer angle produced data with greater reliability and 

smaller error for the pennation angle and fascicle length measurements of both the rectus 

femoris and vastus lateralis in healthy, young adults.  However, muscle and fat thickness 

measurements appeared to be more robust as these measurements were not altered by 

varying transducer angles.  Furthermore, the intra-rater reliability of muscle architecture 

measurements was acceptable, except for fascicle length for rectus femoris.  Inter-rater 

reliability analyses for fascicle length and pennation angle showed variance between 

novice raters. Finally, we conclude that, when imaging the rectus femoris and vastus 

lateralis in healthy young adults, an extended field of view is necessary in order to 

accurately measure fascicle lengths of the muscle.  
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Chapter 3: Discussion 

Ultrasound imaging can be a powerful tool in assessing features of muscle architecture to 

advance studies of muscle capacity; however, measurements derived from ultrasound 

images, such as pennation angle, appear sensitive to protocol deviations (Bénard et al., 

2009; Klimstra et al., 2007). One important example of a protocol deviation is the angle at 

which the ultrasound transducer is placed relative to the tissue of interest (Klimstra et al., 

2007). Traditionally, musculoskeletal imaging to observe muscle architecture is 

performed with the ultrasound transducer perpendicular to the skin (Alegre et al., 2014; 

Bénard et al., 2009; Blazevich et al., 2006; Kwah et al., 2013; Thom et al., 2007; van den 

Hoorn et al., 2016). Though, transducer angles estimated to be perpendicular to the skin, 

without aid or confirmation of the transducer angle, may not be in an exact 90˚ position. 

Consequentially, reporting of muscle architecture variables may not be consistent across 

studies. The purpose of this work was to investigate the effect of the ultrasound 

transducer angle on four muscle architecture measurements of the rectus femoris and the 

vastus lateralis in healthy adults: muscle thickness, pennation angle, fascicle length, and 

subcutaneous fat thickness. This was accomplished using a custom transducer attachment 

that quantified the transducer angle against the skin’s surface. Secondarily, intra- and 

inter-rater reliability of muscle architecture measures were determined. When compared 

to a measured 90˚ angle, 10˚ deviations from perpendicular positions negatively 

influenced pennation angle and fascicle length measurements of the rectus femoris and 

the vastus lateralis in healthy, young participants. Intra-rater reliability was high for all 

measures, except fascicle length of the rectus femoris muscle. However, inter-rater 
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reliability analyses for fascicle length and pennation angle showed variance between 

novice raters.  

3.1 Transducer Tilt 

Transducer angle did not have significant influence on the muscle and fat thicknesses 

within our sample. This is likely indicative of the muscle geometry. The whole muscle 

thickness of the vastus lateralis and the rectus femoris are uniform in the region of the 

tissue that was imaged between 80˚ and 100˚ transducer angles. Our finding that muscle 

thickness is not sensitive to transducer angle is corroborated by the literature. A study by 

Dankel et al. (2018) tested the reliability of muscle thickness measurements of ultrasound 

images taken of the biceps brachi and the tibialis anterior at six transducer angles (2˚ 

increments “up” and “down” from 90˚) in healthy young adults. A coefficient of variation 

was used to assess the reliability at each angle. The authors concluded transducer angle 

dependent changes of muscle thickness to be negligible (<1%) (Dankel et al., 2018). 

Similar results were found by Ishida et al. (2017) who measured the influence of 3˚, 6˚ 

and 9˚ deviations in unidirectional transducer tilt on measurements of rectus femoris 

muscle thickness in healthy young men. It was concluded that differences in muscle 

thickness at these angles were negligible. The average ICC for muscle thickness values 

was 0.99 and the SEM was 0.04 cm (Ishida et al., 2017). Differences between ICC values 

cited by Ishida et al. (2017) and those cited in the current study may be a result of their 

smaller, all male sample (14 young men). In both studies, a small digital level was affixed 

to the transducer to measure the angle of the transducer against the skin. As stated by the 
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authors, this method may not have accounted for deviations of the transducer in other 

planes. 

In the literature, the transducer angle during ultrasound image acquisition is often 

vaguely reported. However, previous studies have concluded that there is a need to 

standardize the transducer angle for the purposes of retrieving muscle architectural 

information from ultrasound scans (Bénard et al., 2009; Correa-de-Araujo et al., 2017; 

Dankel et al., 2018; Ishida et al., 2017; König et al., 2014; Prado & Heymsfield, 2014). 

König et al. (2014) proposed a cast device to standardize a perpendicular placement of the 

transducer against the skin. The cast was affixed to the imaging region at a 90˚ angle to 

the skin using elastic straps. Inter-rater reliability was reported for the muscle thickness, 

fascicle length, and pennation angle of the gastrocnemius muscle using an ICC (2,1) and 

SEM (König et al., 2014). The ICC value for muscle thickness was lower than the one 

yielded in this study when the transducer was held at 90˚ (ICC = 0.82). The ICC value 

reported for pennation angle was similar (ICC = 0.80 – 0.90) and the ICC for fascicle 

length was higher (ICC = 0.77) than the ICC values sited in this study when either muscle 

was imaged at 90˚. SEM values for the pennation angle and fascicle length differed 

between their study and ours. This may be because they used a different SEM equation 

(SEM = SD √(1-ICC)), while the equation used in this thesis provided a more 

conservative estimate of measurement error. Additionally, we suspect that differences 

may be due to the application to different muscles. Nonetheless, there are several 

potential issues with using their device. First, this device may be difficult to implement in 

a clinical setting. Second, the cast holds the transducer against the skin for the duration of 
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the image acquisition. It is common practice to remove the transducer from the skin in 

between images. The added pressure of the transducer head against the tissue due to lack 

of removal between scans may compress tissue and alter muscle architectural appearance 

(Orphanidou et al., 1994). Lastly, the elastic straps used to secure the transducer may 

cause the muscle belly to become distorted. Nevertheless, König et al. (2014) concluded 

that, using the cast, reliability of measurements was improved compared to control 

images taken without the device.  

Results from the current study clearly indicate that, when a perpendicular position 

was estimated, the mean measured angle is dependent on the muscle being imaged and is 

not consistently perpendicular to the skin. The mean angle when estimating a 

perpendicular position was 86˚ for the vastus lateralis and 90˚ for the rectus femoris. 

Although, imagers were sometimes inaccurate by up to 12˚. Rectus femoris fascicle 

lengths demonstrated poor agreement for images taken by rater 1 at all angles except for 

85˚, while images taken by rater 2 demonstrated fair to good agreement. Similarly, 

Bénard et al. (2009) observed the influence of a range of transducer positons on the 

muscle thickness, pennation angle, and fascicle length of the medial gastrocnemius 

muscle architecture. Bénard et al. (2009) concluded that five degree deviations from 

perpendicular transducer orientations were associated with low error (4%), while 

deviations larger than five degrees produced up to 25% error in fascicle length 

measurements. In the current thesis, it is important to highlight the differences in sample 

sizes at each angle after removal of poor-quality images and erroneous fascicle lengths 
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occurred. In some cases, samples sizes were likely too small to yield acceptable reliability 

coefficients or SEMs.  

The extrapolation method used in this study resulted in 16% of the rectus femoris 

fascicle length data to be clearly erroneous (the lengths exceeded the length of the rectus 

femoris muscle length of the respective individual). We stress that, although reliability 

was improved by removing erroneous images, remaining fascicle lengths are still likely 

inaccurate because the mean of the fascicle lengths for the rectus femoris was almost 3 

times larger than fascicle lengths previously reported in literature (9.75 ± 2.3 cm) 

(Moreau et al., 2009). Previous studies that have used the extrapolation method have not 

cited this issue. Notably, in previous literature, the rectus femoris was often observed 

while the muscle was in a shortened position with the knee joint near to full extension 

(10˚- 20˚). This would result in larger pennation angles that may yield more plausible 

fascicle lengths, as fascicle length decreases and pennation angle increases with change in 

joint angle (Fukunaga et al., 1997). Thus, it is possible that the limb position used in the 

current study may be largely responsible for the error in measurements as the muscle was 

in a resting position. This may not have been the case for the vastus lateralis due to the 

muscles larger resting pennation angles. Although, in a study by Strasser et al. (2013) 

pennation angles of the rectus femoris were removed from analysis because they were 

determined to be parallel to the aponeurosis. 

3.2 Transducer Attachment 

The 3D transducer attachment in this study was designed to measure the angle of the 

transducer during imaging. The wedge attaches to the protractor for stabilization against 
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the thigh and ensure that only the transducer is moving. The wedge is curved to fit the 

shape of the thigh and can be adjusted to accommodate different thigh geometries. Images 

acquired at measured angles were more reliable than the images acquired at estimated 

angles. This is likely due to a combination of the variations that occur when a 

perpendicular angle is being estimated and the more consistent pressure applied from the 

transducer to the thigh when the aid is in use.  

3.3 Intra-Rater Reliability 

This study demonstrated excellent intra-rater reliability for measuring muscle architecture 

for all outcomes except rectus femoris fascicle lengths. Several previous studies have 

reported the intra-rater reliability of measuring the muscle architecture of the vastus 

lateralis (Bleakney & Maffulli, 2002; Brancaccio et al., 2008; Chleboun et al., 2007; 

Fukunaga et al., 1997; Ishida et al., 2017; Moreau et al., 2009; Seiberl et al., 2010; 

Welsch et al., 1998), while, few studies have investigated the intra-rater reliability of 

measuring the muscle architecture of the rectus femoris (Moreau et al., 2009). Of these 

studies, few have reported both relative and absolute estimates of reliability; that is, ICC 

and SEM (Riddle & Stratford, 2013). Using a random measures ICC, rather than a 

different type of ICC (such as a mixed measures ICC), provides the literature with a 

conservative reliability coefficient which can be applied to other researchers with similar 

knowledge and experience (Koo & Li, 2016). The SEM value is important in order to 

understand the absolute reliability of a sample (Riddle & Stratford, 2013). The SEM is 

required to assist future research to both interpret the results within this study and 

compare to the results in similar studies. Several studies have reported coefficients of 
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variance (CV) in lieu of SEM or ICC (Bleakney & Maffulli, 2002; Brancaccio et al., 

2008; Fukunaga et al., 1997). Coefficients of variance provide a ratio of variance between 

a standard deviation (SD) and a mean value and therefore represent the relative dispersion 

of data (Brown, 1998). The SEM is superior to the CV in determining the absolute 

reliability when performing muscle architecture measurements as it provides an absolute 

value in the same units as the measurement (Riddle & Stratford, 2013). SEMs can 

therefore be used to produce confidence intervals and determine minimal detectable 

changes.  

Chleboun and colleagues (2007) measured the fascicle lengths of the vastus 

lateralis in healthy young individuals. Mixed measured, consistency ICC (3, k) and SEM 

analyses were used to determine the intra-rater reliability of their measurements. The ICC 

values reported were higher than the values reported for our study (ICC = 0.9). However, 

because they used a mixed measures ICC for consistency, their values are less 

conservative and can be expected to be higher. The SEM equation was not reported but 

the value was stated to be 0.1 cm (Chleboun et al., 2007). Their findings may have 

differed from ours as a result of both their smaller sample size (7 individuals) and their 

fewer of measurements (2 per image) (Chleboun et al., 2007).  

Moreau et al. (2009) analyzed muscle thickness, fascicle length, and pennation 

angle within the rectus femoris and the vastus lateralis in healthy youth. ICC values 

reported by Moreau et al. (2009) were only slightly greater than the ICC values sited in 

the current study for rectus femoris muscle thickness and fascicle length (ICC = 0.98 and 

0.98, respectively), and for vastus lateralis muscle thickness (ICC = 0.89). ICC results 
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were the same for rectus femoris pennation angle (ICC = 0.95) and similar for vastus 

lateralis fascicle length and pennation angle (ICC = 0.88 and 0.96, respectively). The ICC 

used by Moreau et al. (2009) was a mixed effects ICC for consistency (ICC 3, k). This 

ICC provides a less conservative measurement of reliability that is only applicable to the 

rater within the study and is not generalizable to other raters. As such, if the same ICC 

analysis was used, the greater reliability found by Moreau et al. (2009) may have been 

similar, and the findings which were similar, may have been lesser than the reliability 

yielded in our study.  

The extrapolation method estimated the fascicle length based on the traced 

fascicles and the distance to the superficial aponeurosis border. Our reliability for the 

fascicle lengths is lower than previous findings; in that previous work, the fascicle lengths 

produced excellent agreement for the rectus femoris (ICC in this study =  0.87, compared 

to previous study ICC = 0.96 – 0.98) (Moreau et al., 2009). Nevertheless, many of the 

fascicle lengths, especially for the rectus femoris, were implausible and inaccurate. 

Therefore, this method of estimating fascicle length is not an accurate method of 

measuring fascicle length of the rectus femoris and should not be included in future 

studies.  

3.4 Inter-Rater Reliability 

Our results show that the reliability of muscle architecture measurements from ultrasound 

images is dependent on the muscle and on the rater that acquired the ultrasound images. 

The vastus lateralis demonstrated similar muscle architecture values and, thus, good to 

excellent reliability between raters when the transducer angle was standardized (ICC = 
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0.88 – 0.94 for muscle thickness, 0.99 – 1.00 for fat thickness, ICC = 0.79 – 0.85 for 

pennation angle, and ICC = 0.61 – 0.76 for fascicle length). Excellent reliability was 

demonstrated at all transducer angles for the muscle and fat thickness measurements of 

the vastus lateralis (ICC = 0.90 – 1.00). This demonstrates that measures of muscle and 

fat thicknesses acquired from ultrasound are reliable between raters independent of 

transducer angle. The rectus femoris yielded good to excellent agreement between raters 

for all outcomes at all angles except for 85˚ where poor agreement was observed between 

fascicle length measurements. Images taken at the same measured angles by different 

raters may produce comparable values. Differences could be the result of inconsistent 

transducer pressure between raters.  

Strasser et al. (2003) tested the inter-rater reliability of the muscle thickness, and 

pennation angle of the rectus femoris and the vastus lateralis in elderly individuals.  

However, pennation angles were excluded from analysis as they were considered to be 

almost parallel to the aponeurosis (Strasser et al., 2013). Our ICC values were only 

slightly lower for muscle thickness (ICC = 0.97 rectus femoris; ICC = 0.96 vastus 

lateralis), and were much higher for vastus lateralis pennation angle (ICC = 0.53) 

(Strasser et al., 2013). Our fat thickness ICC is greater than the ICC yielded by Welsch et 

al. (1998) which was reported as 0.84. This improvement may reflect the benefits of using 

a transducer attachment.  

3.5 Limitations 

This study had limitations. First, the pressure of the transducer head against the skin was 

not quantified. Without quantifying the pressure of the transducer head against the skin, it 



101 

 

was difficult to ensure that the same amount of pressure was being applied throughout 

imaging and differences in pressure between imagers was likely. Differences in the 

pressure of the transducer against the skin could have interfered with imaging by adding 

compression to the tissues. Second, due to 2D imaging, there was no way to determine the 

exact plane of the fascicles within the muscle. Scout-scanning in a longitudinal plane was 

performed to estimate the best placement prior to saving images. Third, the system used 

in this study did not have an extended field of view. No full fascicles were visible in the 

field of view of our system. As a result, we were limited to utilizing an extrapolation 

method to measure the fascicle length. This produced inaccurate results, at least for the 

rectus femoris. Moreover, the participants were imaged in a seated position with their 

knee joint at 60˚ of flexion. Due to the lateral location of the vastus lateralis muscle and 

the relatively large volume of the muscle, the seat cushion may have distorted or added 

compression to the muscle which may have affected the images. Lastly, the participants 

in this study were recruited locally within McMaster University. All participants were 

recreationally active graduate students around the same age with largely sedentary jobs. 

Results from this study may not be generalizable to other populations.  

3.6 Future directions 

Future directions should investigate the integration of this device in studies with special 

populations, such as participants with knee osteoarthritis. As the results of this study vary 

with measurement outcome (muscle thickness, fat thickness, pennation angle and fascicle 

length) other measures, like cross-sectional area and echogenicity, should be observed 

using this protocol. 
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Future research should compare the use of a device by ultrasound operators with 

novice imaging experience and trained ultrasound technicians to see if images taken using 

the transducer attachment device can produce the same reliability as a trained 

sonographer. Creating a methodology where individuals without professional imaging 

training are able to perform imaging assessments that are comparable to a trained 

individual could make muscle architecture assessments more convenient to clinicians who 

do not have access to professional ultrasound technicians on site.  

Repeating imaging methods described in this study would provide the literature 

with further information of the error that is associated between transducer angles and the 

amount of standard error that can be expected while using the device. This will allow us 

to understand the range of values that singular observations may reside within. Also, this 

will allow studies which intend to observe additional measurements to be able to site the 

additive error that may exist within their data points.  

The application of this device may be helpful in studies which aim to look at 

muscle architecture. The device may provide reliable muscle architecture measurements 

in order to monitor muscle losses and gains over time. It may be difficult to ensure 

identical placements against the skin in a longitudinal study. This work may minimize the 

error of variable placements in these studies. 

3.7 Conclusions 

Without careful standardization, perpendicular positioning of the ultrasound transducer 

may not be exactly 90˚ to the skin’s surface. When compared to a measured 90˚ angle, 
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images taken at estimated perpendicular angles demonstrated large error and poorer 

absolute and relative inter-rater reliability for the pennation angle and fascicle length 

measurements of the vastus lateralis. This was improved using a device. Deviations 

greater than 5˚ may influence measurements of pennation angle and fascicle length of the 

vastus lateralis and the rectus femoris. Intra-rater reliability of the rectus femoris and the 

vastus lateralis was excellent for all measurements (muscle and fat thickness, pennation 

angle and fascicle length). As well, good to excellent inter-rater reliability was achieved 

for all measurements except for the fascicle lengths derived from images taken at 85˚ 

transducer angles. 
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APPENDIX A – 3D-Printed Attachment  

3D Scan of the Ultrasound Transducer  

The transducer was held using a container so that the transducer would be in an upright 

position and the scanning gun could be brought around the perimeter without obstruction. 

The container was wrapped with black construction paper and placed upon a black mat to 

limit reflection. A non-reflective black mat was held between the imager and a light that 

couldn’t be turned off to limit error caused by reflection. The scan was done using an 

Artec Eva portable scanner and Artec Studio 12 software at 15 frames per second. The 

imager held the scanner at a 0.4-0.9 m distance (specified by the software). A visual 

feedback allowed the imager to ensure that they were within the allowed distance, the 

signal would become red if the scanner was out of range. The scan was completed using 

geometric and texture mode. The imager walked around the entire boundary of the probe 

slowly. Several scans were taken to ensure that all angles of the probe were imaged. 

3D Processing of the Ultrasound Transducer Scan  

Images were merged together using Artec Studio 12. Scans with a resolution error above 

0.7 AU were deleted based on system recommendations to improve the quality of the 

model. Other noise from the mat and surrounding objects were removed using the cut-off 

plane selection tool and smaller noise was removed with the lasso eraser tool. The good 

scans were aligned (5 scans). Similar points were manually identified on each scan and 

were used as reference points for alignment. A global registration was performed and 

outlier removal of 2 standard deviations were applied based on system recommendations. 

The model was exported the model as an stl file. 
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3D Modeling of the Ultrasound Transducer Attachment 

The 3D model was imported into MeshMixer Autodesk software to allow adjustment and 

manipulation of the model. When a model was adjusted to accurately fit the transducer, 

the model was split in half width-wise using the Plane Cut tool. A gauge needle was 

downloaded and imported from thingiverse.com. The gauge needle was customized using 

MeshMixer to extend to the length of the protractor and the unneeded portions were 

removed from the model. The needle was aligned to the midpoint of the thin half of the 

transducer attachment corresponding to the circle indicator side of the transducer. The 

needle and the transducer attachment were combined into a single object using a Boolean 

Union tool. A hole was created through the needle and the transducer model to allow for 

attachment of a small screw. The model was made solid and exported as an “*.obj” file. 

The two sides of the probe were printed and fitted to the transducer to check for any need 

for changes, if changes were needed the model was rescaled accordingly. A magnet 

holder was downloaded from thingiverse.com and adjusted using MeshMixer. 8 magnet 

holders were printed. Lastly, a protractor and a wedge were downloaded from 

thingiverse.com and adjusted using MeshMixer.  

3D Printing and Assembly of the Ultrasound Transducer Attachment  

Model components were imported into the MakerBot software and oriented to a position 

that would allow optimal printing. All model components were exported from MakerBot 

print software as a *.x3g file using these specifications. Model components were printed 

using the MakerBot Replicator™ 2 Desktop 3D printer (MakerBot Industries, NY, USA) 

using a biodegradable polylactic acid (PLA) filament from MakerBot. Printing properties 
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are summarized in Table 13. Neodymium magnets were glued into the magnet holders to 

keep the attachment together. Two strip magnets were glued to the straight edged of the 

wedge and a line of small magnets were glued to the bottom of the protractor. A piece of 

black foam was glued to the curved edge of the wedge for participant comfort.  

Table 15: 3D printing extruder properties. 

Extruder type mkii 

Print mode Balanced 

Support  ON 

Extruder temperature 230˚ C 

Extruder travel speed 120 mm/s 

Layer height 0.2 mm 

Shells 2 

Raft ON 

infill 20% density, hexagonal 
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Figure 20: 3D scan of the ultrasound transducer. 
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APPENDIX B – Online Screening Questionnaire 
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APPENDIX C – Consent Form 
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APPENDIX D – Comorbidity Questionnaire 
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APPENDIX E – Basic Collection Sheet 
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APPENDIX F – Six Minute Walk Test 
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APPENDIX G – Raw Data: Analyses Including All Images 

Raw mean muscle architecture outcomes (including all images) for all participants are 

displayed in Figures 21 and 22. For both muscles, there is variation between raters, 

especially for pennation angle, and fascicle length.  

For the rectus femoris, medial transducer angles (95˚ and 100˚) produce the largest 

pennation angle. The scale for fascicle lengths for both raters exceeds the longest muscle 

length for rectus femoris (49.3 cm). When mean values are graphed with SE bars, large 

SE bars suggest larger error associated with fascicle length measurements.  

For images of the vastus lateralis, fat thickness and muscle thickness may not be 

statistically different between transducer angles. As the transducer is tilted medially, SE 

bars are increased for pennation angle, and fascicle length and muscle thickness.  

  



M.Sc Thesis – Brittany D. Bulbrook; McMaster University – Dpt. Of Kinesiology 

128 

 

  Rater 1      Rater 2 

A B  

C D  

E F  

G H  

Figure 21: Mean muscle architecture measurements with standard error bars for images 

of the rectus femoris: muscle thickness (A, B), fat thickness (C, D), pennation angle (E, 

F), and fascicle length (G, H). Data from rater 1s images are displayed in the left column 

(A, C, E, G) and data from rater 2s images are shown in the right column (B, D, F, H). 

The lone markers represent the average value of the measurement from the images taken 

with the transducer at an estimated (EST) perpendicular angle.   
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  Rater 1      Rater 2 

A B C

D E

F G

H  

Figure 22: Mean muscle architecture measurements with standard error bars for images 

of the vastus lateralis: muscle thickness (A, B), fat thickness (C, D), pennation angle (E, 

F), and fascicle length (G, H). Data from rater 1s images are displayed in the left column 

(A, C, E, G) and data from rater 2s images are shown in the right column (B, D, F, H). 

The lone markers represent the average value of the measurement from the images taken 

with the transducer at an estimated (EST) perpendicular angle.  

Table 14 displays SEMs for rectus femoris images taken by rater 1 and rater 2. SEMs for 

fascicle length exceed the length of the longest rectus femoris muscle in this sample. For 
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the rectus femoris, lateral transducer angles show greater error than medial transducer 

angles, except for pennation angle measurements taken at a 100˚ transducer angle by rater 

2. For the vastus lateralis, a 100˚ transducer angle demonstrated the highest standard error 

for all muscle architecture outcomes.  

Table 15 shows ICCs between muscle architecture measurements of the rectus femoris 

taken at an estimated perpendicular transducer and measured 80˚, 85˚, 95˚, and 100˚ 

transducer angles and a measured 90˚ transducer angle. Agreement was rater-specific. 

Medial transducer angles were associated with relatively better ICCs. 

SEMs for images of the vastus lateralis taken by rater 1 and rater 2 are shown in Table 16. 

The 100˚ transducer angles produce the largest standard error measurements for both 

raters and all outcomes.  

Table 17 displays agreement between measured perpendicular images of the vastus 

lateralis taken by rater 1 and rater 2 at estimated transducer angles and measured 80˚, 85˚, 

95˚, and 100˚ transducer angles. The 85˚ transducer angles produce the best agreement 

relative to other transducer angles. Mostly poor agreement was produced by 100˚ 

transducer angles. 
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Table 16: Rectus femoris standard error measurements (SEMs) comparing measurements 

from images taken with the transducer at an estimated perpendicular angle and a 

measured 80˚, 85˚, 95˚, and 100˚ transducer orientation to a measured 90˚ transducer 

angle. SEMs for images taken by each rater for each outcome at each transducer angle is 

displayed. Bolded cells show the highest error for each outcome. 

 Rater 
Est vs. 

90˚ 
80˚ vs. 

90˚ 

85˚ vs. 

90˚ 

95˚ vs. 

90˚ 

100˚ vs. 

90˚ 

Muscle 

Thickness 

(cm) 

1 
0.33 0.61 0.35 0.36 0.39 

2 
0.16 0.29 0.38 0.10 0.12 

Fat 

Thickness 

(cm) 

1 
0.14 0.28 0.13 0.13 0.16 

2 
0.09 0.16 0.16 0.07 0.05 

Pennation 

Angle (˚) 

1 
3.94 3.68 1.92 2.26 2.84 

2 
3.47 2.82 2.35 2.00 3.49 

Fascicle 

Length 

(cm) 

1 
73.43 63.50 75.83 72.81 73.65 

2 
219.27 78.12 1719.57 48.80 71.19 

 

Table 17: Rectus femoris intraclass correlation coefficients (ICCs) comparing 

measurements from images taken with the transducer at an estimated perpendicular angle 

and a measured 80˚, 85˚, 95˚, and 100˚ transducer orientation to a measured 90˚ 

transducer angle. ICCs for images taken by each rater for each outcome at each 

transducer angle is displayed. Dark green cells represent excellent agreements, light green 

cells represent good agreement, yellow cells represent fair agreement and red cells 

represent poor agreement. 

 Rater 
Est vs. 

90˚ 
80˚ vs. 

90˚ 

85˚ vs. 

90˚ 

95˚ vs. 

90˚ 

100˚ vs. 90˚ 

Muscle 

Thickness 

1 0.61 0.35 0.58 0.57 0.62 

2 0.91 0.74 0.48 0.96 0.92 

Fat 

Thickness 

1 0.93 0.70 0.94 0.94 0.91 

2 0.97 0.90 0.90 0.98 0.99 

Pennation 

Angle 

1 0.37 0.02 0.80 0.71 0.74 

2 0.26 0.26 0.53 0.79 0.54 

Fascicle 

Length 

1 0.05 0.74 0.43 0.18 0.04 

2 0.53 0.57 0.00 0.87 0.80 
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Table 18: Vastus lateralis standard error measurements (SEMs) comparing measurements 

from images taken with the transducer at an estimated perpendicular angle and a 

measured 80˚, 85˚, 95˚, and 100˚ transducer orientation to a measured 90˚ transducer 

angle. SEMs for images taken by each rater for each outcome at each transducer angle is 

displayed. Bolded cells show the highest error for each outcome. 

 Rater 
Est vs. 

90˚ 
80˚ vs. 

90˚ 

85˚ vs. 

90˚ 

95˚ vs. 

90˚ 

100˚ vs. 

90˚ 

Muscle 

Thickness 

(cm) 

1 0.15 0.21 0.12 0.45 0.81 

2 0.22 0.25 0.20 0.15 0.75 

Fat 

Thickness 

(cm) 

1 0.09 0.07 0.06 0.27 0.42 

2 0.09 0.05 0.06 0.08 0.40 

Pennation 

Angle (˚) 

1 2.78 3.68 2.46 3.39 5.92 

2 3.77 3.51 3.23 3.10 5.20 

Fascicle 

Length 

(cm) 

1 2.19 1.16 1.24 2.61 5.36 

2 3.12 3.00 2.58 1.74 4.98 

Table 19: Vastus lateralis intraclass correlation coefficients (ICCs) comparing 

measurements from images taken with the transducer at an estimated perpendicular angle 

and a measured 80˚, 85˚, 95˚, and 100˚ transducer orientation to a measured 90˚ 

transducer angle. ICCs for images taken by each rater for each outcome at each 

transducer angle is displayed. Dark green cells represent excellent agreements, light green 

cells represent good agreement, yellow cells represent fair agreement and red cells 

represent poor agreement. 

 Rater 
Est vs. 

90˚ 
80˚ vs. 

90˚ 

85˚ vs. 

90˚ 

95˚ vs. 

90˚ 

100˚ vs. 

90˚ 

Muscle 

Thickness 

1 0.93 0.84 0.95 0.52 0.29 

2 0.83 0.66 0.82 0.91 0.07 

Fat 

Thickness 

1 0.98 0.99 0.99 0.82 0.08 

2 0.99 0.99 0.99 0.99 0.44 

Pennation 

Angle 

1 0.72 0.36 0.76 0.58 0.08 

2 0.18 0.40 0.42 0.53 0.07 

Fascicle 

Length 

1 0.50 0.66 0.66 0.46 0.00 

2 0.23 0.14 0.37 0.88 0.01 
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A  

B  

C  

D  

Figure 23: Bland-Altman plots comparing rectus femoris muscle thickness (A), fat 

thickness (B), pennation angle (C), and fascicle length (D) raw measurements from first 

and second measurements performed by rater 1 to assess intra-rater reliability. Data for all 

images of all participants taken by both raters at each transducer angle is displayed 

measurements. The means are plotted along the X-axis and the differences between the 

measures are plotted on the Y-axis. The mean is displayed with a dashed grey line. The 

upper and lower agreements represent 1.96 standard deviations and are displayed as black 

lines. The data points represent the differences between 1st and 2nd measurements.  
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Table 20: Intraclass correlation coefficients (ICCs) & standard error measurements 

(SEMs) for intra-rater reliability for muscle architecture measurements of the rectus 

femoris measure 1 and measure 2. For ICCs, dark green cells represent excellent 

agreements, light green cells represent good agreement, yellow cells represent fair 

agreement and red cells represent poor agreement. These analyses contain both rater 1 

and rater 2 data. 

 Muscle 

Thickness (cm) 

n = 360 

Fat Thickness 

(cm) 

n = 360 

Pennation Angle 

(˚) 

n = 360 

Fascicle Length 

(cm) 

n = 259 

SEM 0.23 0.12 1.45 8901.72 

ICC 0.89 0.95 0.94 0.005 
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A  

B  

C  

D  

Figure 24: Bland-Altman plots comparing vastus lateralis muscle thickness (A), fat 

thickness (B), pennation angle (C), and fascicle length (D) raw measurements from first 

and second measurements performed by rater 1 to assess intra-rater reliability. Data for all 

images of all participants taken by both raters at each transducer angle is displayed 

measurements. The means are plotted along the X-axis and the differences between the 

measures are plotted on the Y-axis. The mean is displayed with a dashed grey line. The 

upper and lower agreements represent 1.96 standard deviations and are displayed as black 

lines. The data points represent the differences between 1st and 2nd measurements. 

  

-1

0

1

2

3

4

0 0.5 1 1.5 2 2.5 3 3.5 4D
if

fe
re

n
ce

s 
(c

m
)

Means (cm)

-1

0

1

2

3

0 1 2 3D
if

fe
re

n
ce

s 
(c

m
)

Means (cm)

-10

-5

0

5

10

15

20

0 5 10 15 20 25 30D
if

fe
re

n
ce

s 
(°

)

Means (°)

-20

-10

0

10

20

0 5 10 15 20 25 30

D
if

fe
re

n
ce

s 
(c

m
)

Means (cm)



M.Sc Thesis – Brittany D. Bulbrook; McMaster University – Dpt. Of Kinesiology 

136 

 

Table 21: Intraclass correlation coefficients (ICCs) & standard error measurements 

(SEMs) for intra-rater reliability for muscle architecture measurements of the vastus 

lateralis measure 1 and measure 2. For ICCs, dark green cells represent excellent 

agreements, light green cells represent good agreement, yellow cells represent fair 

agreement and red cells represent poor agreement. These analyses contain both rater 1 

and rater 2 data. 

 Muscle 

Thickness (cm) 

n = 360 

Fat Thickness 

(cm) 

n = 360 

Pennation Angle 

(˚) 

n = 360 

Fascicle Length 

(cm) 

n = 360 

SEM 0.26 0.13 1.5 1.46 

ICC 0.92 0.96 0.95 0.91 
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D  

Figure 25: Bland-Altman plots comparing rectus femoris muscle thickness (A), fat 

thickness (B), pennation angle (C), and fascicle length (D) measurements from images 

taken by rater 1 and rater 2. Data for all images of all participants at each transducer angle 

is displayed with poor-quality images and fascicle lengths which exceeded muscle length 

removed (174 data points for the muscle and fat thicknesses, 165 data points for the 

pennation angles, and 111 data points for the fascicle lengths). The means are plotted 

along the X-axis and the differences between the measures are plotted on the Y-axis. The 

mean is displayed with a grey dashed line. The upper and lower agreements represent 

1.96 standard deviations and are displayed as two black lines. The data points represent 

the differences between measurements from images taken by the first and second 

researcher 
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Table 22: Standard error measurements (SEMs) & intraclass correlation coefficients 

(ICCs) comparing rectus femoris measurements for images taken by rater 1 vs rater 2. For 

SEM, bold cells represent which transducer angle produced the largest error for each 

outcome. Dark green cells represent excellent agreements, light green cells represent 

good agreement, yellow cells represent fair agreement and red cells represent poor 

agreement. 

  
Est1 vs. 

Est2 

80˚1 vs. 

80˚2 

85˚1 vs. 

85˚2 

90˚1 vs. 

90˚2 

95˚1 vs. 

95˚2 

100˚1 vs. 

100˚2 

Muscle 

Thickness 

SEM (cm) 0.17 0.46 0.35 0.38 0.10 0.32 

ICC 0.90 0.71 0.57 0.47 0.96 0.63 

Fat 

Thickness 

SEM (cm) 0.07 0.17 0.14 0.15 0.05 0.11 

ICC 0.99 0.90 0.93 0.92 0.99 0.96 

Pennation 

Angle 

SEM (˚) 3.09 2.84 2.31 2.30 2.04 3.04 

ICC 0.72 0.34 0.53 0.76 0.81 0.80 

Fascicle 

Length 

SEM (cm) 258.34 79.32 1699.56 92.57 59.76 90.92 

ICC 0.08 0.56 0.04 0.33 0.58 0.26 
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Figure 26: Bland-Altman plots comparing vastus lateralis muscle thickness (A), fat 

thickness (B), pennation angle (C), and fascicle length (D) measurements from images 

taken by rater 1 and rater 2. Data for all images of all participants at each transducer angle 

is displayed with poor-quality images and fascicle lengths which exceeded muscle length 

removed (174 data points for the muscle and fat thicknesses, 165 data points for the 

pennation angles, and 111 data points for the fascicle lengths). The means are plotted 

along the X-axis and the differences between the measures are plotted on the Y-axis. The 

mean is displayed with a grey dashed line. The upper and lower agreements represent 

1.96 standard deviations and are displayed as two black lines. The data points represent 

the differences between measurements from images taken by the first and second 

researcher 
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Table 23: Standard error measurements (SEMs) & intraclass correlation coefficients 

(ICCs) comparing rectus femoris measurements for images taken by rater 1 vs rater 2. For 

SEM, bold cells represent which transducer angle produced the largest error for each 

outcome. Dark green cells represent excellent agreements, light green cells represent 

good agreement, yellow cells represent fair agreement and red cells represent poor 

agreement. 

  
Est1 vs. 

Est2 

80˚1 vs. 

80˚2 

85˚1 vs. 

85˚2 

90˚1 vs. 

90˚2 

95˚1 vs. 

95˚2 

100˚1 vs. 

100˚2 

Muscle 

Thickness 

SEM (cm) 0.12 0.14 0.16 0.14 0.41 0.65 

ICC 0.96 0.91 0.90 0.94 0.64 0.80 

Fat 

Thickness 

SEM (cm) 0.07 0.04 0.05 0.08 0.20 0.29 

ICC 0.99 1.00 1.00 0.99 0.91 0.66 

Pennation 

Angle 

SEM (˚) 3.20 2.38 1.84 2.41 2.68 3.66 

ICC 0.58 0.79 0.85 0.79 0.76 0.84 

Fascicle 

Length 

SEM (cm) 2.31 1.25 0.85 2.41 2.92 4.12 

ICC 0.51 0.62 0.76 0.61 0.58 0.76 

 

 

 

 


