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ABSTRACT 
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A muscle’s orientation and reference length of sarcomeres (referred to as the muscle architecture) 

can be used to predict the functional capability of a muscle.  Measurements for muscle architecture 

include fascicle length, sarcomere length, and the muscle mass. Sarcomere length is then compared 

to the force-length relationship for human muscle.  

The current study examined the deep external rotator muscles of the hip (DERMH), photographing 

their pathway in situ, and excising the muscles from 12 cadavers [n = 12, 6 male:6 female aged 

56-88 years (Mean = 79.25 years)] to measure sarcomere length, fascicle length and mass. These 

values were used to calculate physiological cross-sectional area (PCSA) and normalized fascicle 

length (LFn) to predict the functional capability of the six DERMH. The data are valuable to predict 

changes in the muscles’ behavior during movement of the hip joint, or after being displaced from 

their anatomical attachments such as during total hip arthroplasty surgery. 
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Chapter 1: Introduction 

External rotation of the femur and stabilization of the hip joint are performed in part by 

the group of six muscles defined anatomically as the deep external rotator muscles of the hip 

(Dostal, 1987; Agur and Dalley, 2016). These muscles are: piriformis (PI), quadratus femoris 

(QF), obturator internus (OI), obturator externus (OE), superior gemellus (SG), and inferior 

gemellus (IG). These six muscles extend between their attachments at various points on the 

ischium and pubis and the greater trochanter, trochanteric fossa and quadrate tubercle of the 

femur (see Chapter 3 for an anatomical description of these muscles). Each muscle in this group 

can cause external rotation of the femur at various angles throughout the hip joint’s range of 

motion. These muscles also work to stabilize the head of the femur within the acetabulum. This 

important group of muscles is almost totally displaced during total hip arthroplasty surgery 

(THA) (Meneghini et al., 2006; Mardones et al., 2005; Bottner and Pellici, 2006), and as a result, 

long-term weakness and instability is often observed in THA patients post-surgery (Winther et 

al., 2016; Kawasaki et al., 2017). In Canada alone, approximately 55,000 THA surgeries are 

done per year, and 4,500 revision surgeries performed per year due to failure in stability of the 

hip joint (Canadian Institute for Health Information, 2017).  Prior to the current study, the muscle 

architecture of the deep hip external rotator muscle group has not been well documented. Muscle 

architecture data on the deep hip external rotator muscle group, especially sarcomere length data, 

could prove extremely valuable during reconstructive hip surgeries to optimize muscle function 

post-surgery (Lieber et al., 1994; Lieber and Friden, 2001). 

 Muscle architecture describes muscles’ internal organization of contractile elements 

called sarcomeres. The orientation of the sarcomeres within a muscle can help to predict a 
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muscle's functional capacity regarding: excursion potential of the myofibres, velocity of the 

myofibres during contraction, and the ability of the muscles to produce force.  Sarcomeres are 

made from protein filaments, among which are actin and myosin that bind to one another upon 

stimulation and slide over one another, shortening the sarcomere. This effort to shorten the 

sarcomere produces a force called the ‘power stroke’ of the sarcomere. This force can be 

produced during concentric contraction, isometric contraction, or eccentric contraction of the 

muscle. The availability of the binding sites on each filament within a sarcomere will dictate the 

amount of force that sarcomere is able to produce.  

 Sarcomeres within a muscle fascicle are oriented both in-series and in-parallel. 

Sarcomeres placed in-series create a myofibre, and the more sarcomeres placed in-series, the 

longer that myofibre becomes. When stimulated, sarcomeres all contract at nearly the same time, 

with only a small delay as the action potential travels down the fibre membrane. Therefore, 

having more sarcomeres placed in-series will increase both the total possible distance travelled 

by a myofibre during contraction (called excursion potential) and the possible speed at which the 

myofibril covers that distance (called contraction velocity). Sarcomeres are also placed in-

parallel as myofibrils and arranged in groups called fibres. Fibres are then bound by 

intramuscular fascia in groups called fascicles (McIntosh, 2006). The best predictor for a 

muscle’s excursion potential and velocity during contraction is normalized fascicle length (LFn) 

which represents the number of sarcomeres placed in-series. The sarcomeres placed in-parallel in 

groups of myofibrils and groups of fascicles increase a muscle’s physiological cross-sectional 

area (PCSA). As more sarcomeres are placed in parallel with one another and the cross-sectional 

area increases, the muscle can produce more force. Thus, PCSA is the best predictor for a 
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muscle's ability to produce force. Some muscles act at an angle to their tendon of insertion. This 

angle is called the angle of pennation. It can be important to consider the angle of pennation 

when studying muscle architecture to accurately describe the muscles’ cross-sectional area. 

However, the deep external rotator muscles of the hip have negligible angles of pennation, and 

thus pennation angles will not be considered for these muscles in the current thesis. 

 It is the aim of the current study to measure muscle mass, mean sarcomere length and 

fascicle length and use those measurements to calculate normalized fascicle length and 

physiological cross-sectional area. These calculations will then be used to predict the functional 

capabilities of the deep hip external rotator muscle group. Architectural data gathered in this 

study could lead to more optimal muscle reinsertion during THA surgery, and less long-term 

muscle weakness in patients post THA surgery. 
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Chapter 2: Review of the Literature  

 

2.1 Architectural Properties of Muscle 

 

To accurately understand the architecture of the deep external rotator muscles of the hip, 

prior work in both muscle architecture and the anatomy of the external hip rotator muscle group 

must be reviewed. Muscle architecture is currently the best predictor for a muscle’s force 

producing capability and excursion potential when acting throughout the range of motion of that 

muscle (Lieber and Friden, 2001). Information gained through quantifying muscle architecture 

can be used to make biomechanical decisions related to: surgery, rehabilitation, and ergonomics 

(Ward and Lieber, 2009). The anatomy and contractile properties of skeletal muscle are 

important considerations for understanding an individual muscle’s architecture. Skeletal muscle 

is made of myofibres (grouped in fascicles) that run parallel with one another between two or 

more tendons which originate and insert into bones or aponeuroses, and contract to produce 

movement across related joints (McIntosh, 2006; Agur and Dalley 2016). Each myofibre is made 

up of thousands of sarcomeres in-series. Muscles contract by elements within the sarcomere, 

namely the actin and myosin protein filaments which overlap one another, bind, and undergo a 

conformational change (McIntosh, 2006; Agur and Dalley, 2016). 

Actin and myosin filaments bind to one another upon stimulation and undergo a 

conformational change, shortening the sarcomere. This effort to shorten the sarcomere produces 

force, called the power stroke of the sarcomere. This force can be produced during concentric, 
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isometric, or eccentric muscle contractions. The availability of the binding sites on each filament 

within a sarcomere dictate the amount of force a sarcomere is able to produce. This was 

documented originally by Gordon, Julian and A.F. Huxley in 1966 in amphibian muscle and was 

theorized by Huxley and others as early as 1953. Gordon et al. (1966) published the length-

tension curve wherein the mean sarcomere length for a given muscle is plotted against a 

percentage of the muscle's maximal ability to produce force. Since that time, other researchers 

have observed and measured muscle in both mammalian and human models to find that the 

theory proposed by both A.F. Huxley (1953) and H.E. Huxley (1957) was applicable for the 

sarcomeres within mammalian and human muscle as well as in amphibians (A.F. Huxley 1953; 

H.E. Huxley 1957; Rassier et al, 1999; Walker and Shrodt, 1974). While the action of the 

sarcomere (called ‘sliding filament’ theory) and the length-tension curve are equally valid across 

mammalian and human muscles, the range of sarcomere lengths at which maximal force can be 

produced differs between species. The length of a sarcomere is determined by the length of the 

actin and myosin filaments. Mammalian myosin fibres are approximately 1.6µm long whereas 

actin filament lengths vary amongst species (Burkholder and Lieber, 2001). The optimal 

sarcomere length for force production during contraction in human muscle is approximately 

2.7µm to 2.8µm (Walker and Shrodt, 1974).  The optimal range of actin and myosin overlap 

within the sarcomere is the point at which the sarcomere can produce the most force by binding 

the highest possible number of sites on the actin filament. If the filaments do not sufficiently 

overlap, not enough binding sites will be available to produce optimal force. Furthermore, if the 

filaments are too close to the midline of the sarcomere, they will be folded in such a way that 

binding sites are not available. 
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Muscle fibres are stimulated to contract in situ by a bioelectrical impulse called an action 

potential which is released from a motor neuron, triggering the release of calcium in the cytosol. 

The release of calcium activates binding sites on the actin protein by binding troponin and 

causing a conformational change. Myosin is then able to bind actin with adenosine tri-phosphate 

(ATP) as a catalyst. The movement of actin closer to the centerline of the sarcomere is called the 

power stroke, wherein force is produced. Myosin then releases actin via ATP hydrolysis and 

becomes free to bind actin again with another ATP molecule. The amount of force produced by a 

muscle contraction is dependent on the number of muscle fibres aligned in parallel that are 

recruited for an action, the frequency of firing of the motor neuron, and the length and velocity 

of the sarcomeres along the muscle fibres (McIntosh, 2006).   

The proximal attachment of a skeletal muscle is typically considered to be its origin, 

while the distal attachment is classified as its insertion. After the muscle fibres are activated by 

receiving an action potential from the motor neuron, the sarcomeres contract, thereby producing 

an effort to shorten the muscle fibres.  These muscle contractions result in movement by 

generating an angular acceleration at the joint(s) that the muscle crosses. Each muscle in the 

body has specific actions that it is able to perform which is dictated by its origin, insertion, 

muscle fibre direction, and the joints that the muscle crosses. Currently the best indicator in the 

literature for a muscle’s ability to produce force is its physiological cross-sectional area (PCSA). 

PCSA generally represents the number of sarcomeres arranged in parallel throughout a muscle. 

Increasing the number of sarcomeres in parallel increases the amount of force a muscle is able to 

produce. PCSA is different from an anatomical cross-sectional area because it can account for 

the angle at which the muscle fibres are acting at the insertion of the tendon (the angle of 
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pennation) as opposed to a strictly transverse cross-section of the muscle (McIntosh, 2006). In a 

study by Friedrich and Brand (1990) on the architectural properties of the muscles of the lower 

limb, the force production capabilities of several muscles were compared based on their PCSA.  

The authors described how PCSA could not be used to predict the exact amount of force that a 

single muscle can produce in a living individual due to the difficulties of measuring PCSA in a 

living individual and measuring force output by a single muscle in vivo (Friedrich and Brand, 

1990). These difficulties were the result of an inability to measure muscles’ average sarcomere 

lengths in vivo at the time, and therefore an inability to normalize the muscle fascicle lengths to 

the optimal sarcomere length for human muscle during contraction. This introduces a problem 

when measuring PCSA with imaging, because a muscle that is shortened or lengthened will be 

inaccurately portrayed as having a much greater or lesser PCSA, respectively, than it would in a 

neutral position.  

Sarcomeres arranged in-series will increase the excursion potential of a muscle.  

Excursion potential represents the length change the muscle undergoes throughout the range of 

motion at a given joint. For example, in a study by Gerling and colleagues in 2013, the authors 

predicted the excursion potential of the latissimus dorsi muscle throughout the range of motion at 

the shoulder joint and about the lumbar spine using architectural data and software modelling. 

Excursion potential is predicted by measuring the average fascicle length and the average 

sarcomere length within a muscle. Using these measurements, the number of sarcomeres 

arranged in-series can be estimated and excursion potential can therefore be predicted. This 

estimation of sarcomeres placed in series can also help to predict the velocity of a muscle fibre 

during contraction. For example, a longer myofibril with more sarcomeres in-series can cover 
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more distance in a similar amount of time as a shorter myofibril with fewer sarcomeres, thus 

having a greater velocity during contraction. The fascicle lengths are normalized against the 

theoretical optimal sarcomere length, as extrapolated from work by Gordon and colleagues in 

1966. Gordon et al. (1966) proposed that when actin and myosin filaments overlap and bind to 

one another there is an optimal amount of binding that can be attained to produce the most force 

during a power stroke. If the actin filament does not overlap enough of the myosin filament, it 

will not produce maximal force. Furthermore, if the actin filament is moved past the optimal 

binding length toward the centerline of the sarcomere, it will impede binding and will not 

produce maximal force. In the Gordon et al. (1996) study on frog muscle, the authors proposed 

the length-tension relationship (otherwise known as the force-length relationship) where they 

noted that sarcomeres produced force with both a steep-rise phase and a shallow-rise phase 

before finally reaching a plateau in force production (Gordon et al., 1966). After this short 

plateau region for force production, the authors noticed a sharp fall in force production as the 

sarcomere lengthened (illustrated in Figure 1). Although the study by Gordon and colleagues 

(1966) was performed on frog muscle, their sliding filament theory and length-tension 

relationship is accepted and applied for measurement of actin and myosin filament lengths in 

human muscle to estimate the optimal sarcomere length. 
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Figure 1: Force-Length Relationship. Graphic depiction of force produced as the total length of 
the sarcomere changes, indicating different amounts of binding between action and myosin in 
human muscle. Originally described by Gordon et al. in 1966 for frog muscle. 
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2.2 Measuring Architectural Parameters in Muscle 

Much of the data on muscle architecture in the literature has been gained through use of 

formalin-fixed cadaveric specimens. Commonly used methods for dissection and measurement 

of muscle tissue come from a study performed by Sacks and Roy in 1982 on feline hind-limb 

muscles. The authors sought to predict functional behaviour of the feline hindlimb muscles using 

muscle architecture data. An undisclosed number of cats were euthanized with an overdose of 

sodium pentobarbitol, and the lower limbs of the cats were skinned and removed. The lower 

limbs were mounted on a board in neutral standing position and immersed in 10% formalin for 2 

to 3 days for fixation. Individual muscles (24) were removed from each feline lower limb by 

hand dissection, and muscle length (fascicle length) was measured for contractile tissue between 

tendons using calipers. Muscles were then immersed in 15-20% sulfuric acid solution to loosen 

connective tissues in the muscles. Removing fat and connective tissue around the muscle has two 

purposes; first to ensure that the mass being measured is contractile tissue, and second to make it 

easier to tease out muscle fibres. Mass for each muscle was estimated by weighing fresh muscle 

from unfixed cats. Groups of fibres were teased out of each muscle at the proximal, intermediate, 

and distal portions of the muscle. Each group of fibres was placed on a microscope slide under a 

light microscope. Using a calibrated eyepiece micrometer the authors measured average 

sarcomere length along individual muscle fibres. Using these measured muscle fibre length and 

sarcomere length, plus the calculated physiological cross-sectional area, the authors posited 

functional capabilities of each of the feline hindlimb muscles. Sacks and Roy state that the 

muscles with the greatest PCSA will produce the greatest amount of force, and that the muscles 

with the greatest fibre length will have the greatest velocity during contraction. These methods 
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and predictions for functional significance have become a starting point for many architectural 

muscle studies, including the current thesis. Advancements in the methods, such as the use of 

laser diffraction for measuring sarcomere length (Baskin and Lieber, 1983) have allowed for 

faster and more accurate sarcomere measurements and are utilized in the current thesis.  

After Baskin and Lieber described the use of the helium-neon laser for measuring 

sarcomere length in cadaveric tissue in 1983, Lieber went on to look at in vivo sarcomere 

measurement with Swedish hand surgeon, Dr. Jan Friden (Lieber and Friden, 1994). This study 

was performed with five subjects (3 male:2 female, aged 35 – 50 years) undergoing surgical 

release of the extensor carpi radialis brevis (ECRB) muscle due to chronic lateral epicondylitis. 

Sarcomere lengths were measured during surgery by placing a reflective prism underneath a 

distal muscle fibre of the ECRB muscle, 10 cm proximal to the radiocarpal joint. The light 

travelling through the muscle fibre as a result then cast a diffraction pattern that was measured 

using dial calipers to the nearest 0.1 mm. Measurements were taken 12 times on 3 separate 

muscle fibres by several observers. Variation by each observer was a mean 0.10 ± 0.21 (SEM) 

μm, and between observers was 0.16 ± 0.29 (SEM) μm. The authors measured sarcomere length 

with the wrist in three positions: neutral hand position, 50 degrees of flexion, and 50 degrees of 

extension. In 50 degrees of flexion, the mean sarcomere length or ECRB was found to be 3.4 μm, 

which was significantly longer than mean sarcomere length in ECRB with wrist in neutral 

posture (mean SL= 3.0 μm, p<0.05) and with the wrist in 50 degrees extension at 2.6 μm 

(p<0.005). In accordance with the force-length relationship of the sarcomere (Gordon et al., 

1966) the authors state that this indicates that the ECRB muscle is capable of producing optimal 

force while the wrist is in extension. The technique described by the authors in this study paved 
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the way for in vivo sarcomere length consideration during muscle displacement surgeries. The 

authors followed up this study in 1996 (Lieber et al., 1996) looking at sarcomere length in vivo 

during tendon transfer of the flexor carpi ulnaris (FCU) muscle to the extensor digitorum 

communis (EDC). Sarcomere length in the flexor carpi ulnaris muscle was measured before 

tendon detachment in five subjects (aged 16-49 years) who were undergoing surgery due to 

radial nerve palsy. The flexor carpi ulnaris tendon was surgically removed and reinserted in the 

extensor digitorum communis tendon to assist in extension of the wrist and digits. After the 

tendon transfer, sarcomere length for FCU was measured again. The authors found that prior to 

tendon detachment, FCU mean sarcomere length (SEM) went from 4.22 ± 0.24μm with the wrist 

in full passive extension to 3.19 ± 0.05μm with the wrist in full flexion; this represents a 

sarcomere length range of 1.03μm for the FCU sarcomeres to undergo throughout the range of 

motion at the wrist joint. After the tendon of FCU was relocated onto the EDC tendon, the mean 

sarcomere length of FCU increased to 4.96 ± 0.43μm with wrist and digits in full flexion, and 

3.50 ± 0.06μm with the wrist in full extension (effectively increasing the operating range of FCU 

sarcomeres to 1.46μm, a 40% increase in excursion over their previous range). Operating outside 

of the normal excursion potential for a given muscle (FCU) will lead to a decrease in the 

muscle’s ability to produce force as the sarcomeres within the muscle get longer, as represented 

in the force-length relationship. In this study, the authors estimate that the FCU will produce 

30% less force over its range of motion about the wrist due to its tendon relocation causing the 

sarcomeres in FCU to act more often outside of the force production plateau. This new 

information, in addition to previously published data indicating that the FCU had the shortest 

fascicle length of muscles acting to flex the wrist (Lieber,1990), led the authors to suggest that 
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FCU may not be ideal for this tendon transfer to EDC. The authors suggested that a muscle with 

a longer fascicle length (such as flexor carpi radialis) would be a better candidate for this tendon 

transfer to EDC, and would have less drastic increase in excursion and sarcomere length, and 

therefore a less drastic change in force production. More than anything, this study has 

highlighted the importance of considering both sarcomere length and muscle excursion during 

tendon reinsertion surgery to maintain the force production of the muscle being relocated (Lieber 

et al, 1990, 1994, and 1996).  

In a study by Sanchez et al. (2015), the authors measured sarcomeres in vivo in post-

stroke human subjects. Using a minimally invasive procedure, the authors measured sarcomere 

length in the biceps brachii, tibialis anterior, brachioradialis, vastus lateralis, medial 

gastrocnemius, and soleus muscles of alert post-stroke human subjects. The authors used a 

wearable microscope that is equipped with a laser emitter and photo-diode receptor as well as a 

microendoscope injected into the muscle using a hypodermic needle to stimulate muscle 

contraction. The tool contains components that exploit the reflective properties intrinsic to the 

sarcomere using a photonic crystal optical fibre, a microfabricated laser-scanning mirror, and 

fiber-optic probe. The authors found that the mean (± SEM) sarcomere lengths of each muscle in 

relaxed position were: 3.10 ± 0.04 μm (biceps brachii), 3.25 ± 0.05 μm (brachioradialis), 3.13 ± 

0.02 μm (vastus lateralis), 2.88 ± 0.01 μm (tibialis anterior), 3.16 ± 0.02 μm (medial 

gastrocnemius), and 3.01 ± 0.02 μm (soleus). In each subject, one clear image of each muscle 

was taken with the microscope, and chains of sarcomeres were analyzed from each muscle to 

calculate their mean sarcomere lengths. The authors asserted that the sarcomeres of these 

muscles were longer than the peak sarcomere length for human muscle because of neurological 
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damage caused by the strokes sustained by the subjects (Sanchez et al., 2015). Using the 

techniques described in the Sanchez et al. (2015) publication, sarcomere length can be measured 

in a minimally invasive way in healthy subjects and can be characterized to obtain a more 

comprehensive understanding of human muscle dynamics. 

In another recent study by Young et al., (2017), a different method of in vivo sarcomere 

measurement was examined. The authors observed changes in sarcomere length in rabbit muscle 

in vivo by surgically exposing muscles and inserting a fiber-optic probe which both emits and 

collects light. The authors described a new technique called “Resonant Reflection Spectroscopy” 

(RRS) wherein they exploit the highly reflective nature of muscle tissue by exposing sarcomeres 

to light using a laser, and measure the reflected pattern. The authors surgically exposed the 

tibialis anterior muscle and peroneal nerve of 8 New Zealand White rabbits (mass = 3.59 ± 0.04 

kg, mean ± SE) and inserted their 250um-wide fiber-optic probe into the muscle belly. The 

authors then subjected sarcomere chains (approximately 4200 sarcomeres long) and measured 

mean length of sarcomeres from the collected reflection in both passively stretched muscle, and 

during stimulated twitch contraction. The authors introduced passive stretch on the muscle by 

elongating the muscle, holding at that length, and then linearly relieving the tension on the 

muscle. During the initial stretch, sarcomeres were observed to increase in length non-linearly, 

faster than the muscle was being stretched. Upon reaching the maximum stretch however, 

sarcomere length began to decrease as the tension was held. Once tension was linearly decreased 

on the muscle, the sarcomeres were seen to further shorten at a rate greater than the tension being 

released. During twitch contraction, the authors reported that sarcomere length change was 

remarkably linear. Upon stimulation, the muscle produced force up to approximately 0.3N 
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measured by a force-transducer on the muscle tendon. As the muscle produced more force, 

sarcomere length was observed to shorten linearly from resting length and plateau during 

maximal force production. Post-stimulus, the sarcomeres were observed to return to resting 

length non-linearly.  

The authors proposed this as a valuable method for in vivo sarcomere length 

measurement. The use of RRS is undoubtedly useful for observation of dynamic length changes 

in muscle, with some limitations due to the invasive nature of surgically exposing muscle. 

During surgery however (ie: THA surgery) this new method could be invaluable to evaluate 

sarcomere behavior before and after tendon displacement and reinsertion.  

Thus far, complete human muscle architecture studies have generally utilized limited 

numbers of formalin-fixed cadaveric muscle specimens or have merely estimated architectural 

properties using imaging. Using solely traditional imaging to estimate architectural properties is 

not ideal because it does not allow for measurements of muscle sarcomere lengths. Without 

sarcomere length data for muscles, fascicle length can not be normalized to optimal sarcomere 

length, and PCSA could potentially be over- or underestimated. Prior to their study on the 

muscles of the lower limb, Ward and Lieber stated (2009) that there had only been two studies 

on those same muscles, each with limited cadaveric specimens of unknown age and size 

(Friedrich and Brand 1990; Wickiewicz, 1983).  Over the past ten years, researchers have been 

striving to conduct studies that include more specimens in order to understand muscle 

architecture in a more comprehensive and significant way. By increasing the number of 

specimens from which muscle architecture parameters are measured and applying those data to a 

well-established model, the knowledge-base of muscle and muscle group characteristics can be 



 

 

16 

 

improved (Tuttle et al., 2010). In the Ward and Lieber study (2009) that focused on the muscles 

of the lower extremity, 27 lower limb muscles from 21 cadavers were examined for muscle fibre 

length and PCSA using both MR imaging and physical measurements using the methodology 

published by Sacks and Roy (1982). In this way they created a high-resolution muscle 

architecture data-set for characterizing most lower limb muscles, but notably omitted the deep 

external rotator muscles of the hip joint. 

By having high fidelity data sets to input architectural data into modelling systems, it is 

possible to gain more accurate information about a muscle’s characteristics as it acts about a 

joint. Biomechanical models use mathematical formulae to predict how a muscle of given PCSA 

and normalized fascicle length will act at a joint based on the muscle’s anatomical conformation 

and moment-arm to the joint. Part of the value of a model is that it can be applied to more than 

one case study. Currently the most commonly used biomechanical models for skeletal muscle 

come from SIMM (Software for Interactive Muscle Modelling), published by Musculographics, 

Inc. (Delp and Loan, 1995). Delp and Loan began publishing three-dimensional software models 

of the knee and ankle joint as early as 1990 (Delp and Loan, 1990). In the software model they 

developed for the knee and ankle joint, 43 lines of action were determined for muscles of the 

lower limb based on the anatomical relationships of the muscles to the surfaces of the lower limb 

bones. SIMM is now open source software (OpenSim) available for authors to use for modelling 

their muscle architecture data about a desired joint.  
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2.3 Relevant Musculature 

 In a publication by William Dostal, Gary Soderberg and James Andrews (1986), the 

actions of the muscles that act at the hip based on the moment arm vector (MAV) concept were 

studied using a straight-line muscle model of behaviour (Dostal et al., 1986). The MAV concept 

is used to determine a muscle’s line of action at a given joint position. The straight-line muscle 

model (described by Dostal et. al., 1981) presumes that each muscle acts in a straight line 

between its origin and insertion. For muscles that curve around the joint to act at the femur, the 

authors created a fictitious attachment point to allow for a straight line between the fictitious 

origin and where the tendon first comes into contact with the femur (as is the case with both OE 

and OI).  In the Dostal study (1986), 27 muscles that act at the hip were modeled at 0°, 40° and 

90° of hip flexion using measurements on dry bone at the anatomical origin and insertion points 

of each muscle. At each position, each muscle’s line of action and the resultant moment arm 

were determined. Among the 27 muscles quantified were those included in the deep hip external 

rotator group (Dostal et al., 1987). It was found that the primary action of PI, OI, OE, SG, IG, 

and QF was external rotation at the hip joint due to their insertions on the femur (Dostal et al., 

1987). The PI muscle was found to have a secondary action of abduction at the hip in all 

positions, and even a tertiary function of internal rotation at the hip when the hip was flexed at 

90°(Dostal et al., 1987).  OI was found to externally rotate the hip at 0° and 40° of hip flexion 

and abduct the hip when the hip was flexed to 90°. OE was found to externally rotate the femur 

at 40° and 90° of hip flexion, as well as contributing to abduction at 0° and 40°. QF was found to 

contribute to external rotation of the hip in all positions and contributed to hip extension when 

the hip was flexed at 40° and 90°. The SG and IG were both found to contribute to external 
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rotation of the hip at 0° and 40° of hip flexion, and SG also acted to abduct the hip when the hip 

was flexed at 40° and 90° positions (Dostal et al., 1987). While this group of muscles is 

anatomically termed the ‘external rotator’ group, it is clear from these findings that each muscle 

can also contribute to different actions at the hip based on the position of the hip joint.  A 

companion to the Dostal et al. (1987) study would be to use three-dimensional software 

modeling for each muscle, such as the program developed by Delp and Loan (1990) and 

incorporating architectural muscle data. By having a three-dimensional model capable of 

predicting how a muscle behaves via the input of high quality muscle architecture data, the issues 

related to creating fictitious bony landmarks and using the straight-line muscle model to predict 

the muscle behavior may be avoided.  

In a study by Vaarbakken et al. (2015), it was suggested that QF and OE may be 

inappropriate to include in the hip external rotator muscle group due to the moment arms of those 

muscles in different hip positions. In that study, three embalmed cadaveric pelvises were studied 

to examine how the moment arm for QF and OE would change throughout flexion/extension, 

adduction/abduction, and internal/external rotation of the hip (Vaarbakken et al., 2015). QF was 

found to have the greatest moment arm at the femur while the hip was flexed at 90°, indicating 

it’s ability to contribute mostly to extension at the hip and contributing minimally to external 

rotation at the hip in the neutral cadaveric posture (Vaarbakken et al., 2015). OE was found to 

have the greatest moment arm during extension and abduction at the hip and provided the most 

strength in flexion and adduction at the hip (Vaarbakken et al., 2015). OE was also reported to 

contribute minimally to external hip rotation from the neutral cadaveric posture based on its 

moment arm (Vaarbakken et al., 2015).  
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In a study by Tuttle et al. in 2014, architectural parameters of female pelvic floor muscles 

were measured. In this study, the coccygeus, iliococcygeus and pubovisceral muscles were 

removed en bloc from the pelvic floors of 10 formaldehyde-fixed human cadavers, aged 55-102 

years (mean of 85 years) (Tuttle et al., 2014). The method used for quantifying the architectural 

properties of the muscles was first described by Sacks and Roy in 1982 with feline muscle, and 

later applied to human muscle.   After removal, the muscles were separated from one another, 

and divided into three sections; cephalad, middle, and caudal (Tuttle et al., 2014). The muscles 

had as much fat and connective tissue as possible removed by hand before being weighed (Tuttle 

et al., 2014). The specimens need to be weighed because the mass of the muscle is used to 

calculate the muscle volume (by dividing mass by the known density for fixed muscle, 

1.112g/cm3) for determination of PCSA (equation below) (Ward and Lieber, 2005). 

Alternatively, the muscles could be measured for volume using water displacement as was done 

in a study by Friedrich and Brand in 1990. The fascicle length of each muscle was determined at 

three separate points on the muscles with use of an electronic digital caliper (Tuttle et al., 2014). 

The muscles were then immersed in a solution of 15% sulfuric acid for 30 minutes to partially 

remove some of the remaining connective tissue within the fascicles (Tuttle et al., 2014). Small 

muscle fibre bundles were teased out from the fascicles using surgical forceps and placed on a 

glass slide for measuring sarcomere length (Tuttle et al., 2014). Sarcomere length was measured 

using laser diffraction as described by Baskin and Lieber in 1983 (Baskin and Lieber, 1983). The 

average sarcomere length from a fibre was recorded, and due to the difficulty of measuring 

sarcomere length accurately, fibres were only used if sarcomere lengths could be measured at 

three different locations with that fibre bundle to ensure accuracy (Tuttle et al., 2014). In this 
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study it was found that the mean (SEM) PCSA for the pelvic floor muscles were as follows: 

coccygeus = 0.71 ± 0.06 cm2, iliococcygeus = 0.63 ± 0.04 cm2, pubovisceral = 0.59 ± 0.05 cm2.  

These PCSA values are very small when compared with many other skeletal muscles (e.g. Ward 

and Lieber, 2010; Gerling and Brown, 2013) and not significantly different from one another (p 

< 0.05). A small PCSA indicates that the muscles of the pelvic floor are not able to produce 

much force. Excursion potential varied more significantly between the muscles of the pelvic 

floor. Normalized fascicle length (Mean ± SEM) for the pelvic floor muscles were as follows: 

coccygeus = 5.29 ± 0.32 cm, iliococcygeus = 7.55 ± 0.46 cm, and pubovisceral = 10.45 ± 0.67 

cm. These normalized fascicle length data indicate that the excursion potential for the 

pubovisceral muscle greatly exceeds that of the coccygeus and iliococcygeus muscles. Average 

sarcomere length for the muscles studied was between 2.00µm and 2.08µm in the neutral 

cadaveric position and therefore not significantly different from one another, but significantly 

shorter than the optimal sarcomere length for force production in human muscle (approximately 

2.7 μm). This, as well as the small PCSA for the pelvic muscles, indicates that the muscles of the 

pelvic floor are not designed to produce much force in neutral position. However, if a force is 

exerted onto the pubovisceral muscles and the sarcomeres are lengthened to a more optimal 

length, then the pubovisceral muscles could be able to provide a more optimal resistive force. 

This study is important to consider when quantifying the architectural properties of the external 

rotators of the hip because the pelvic floor muscles interact with the OI muscle via the tendinous 

arch of levator ani. OI also originates within the pelvic cavity, so it is reasonable to suggest that 

it may share some characteristics with other pelvic muscles.  
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A study published by Cook et al. in 2016 examined age-related changes in the OI 

muscles in females.  The study used methods originally described by Sacks and Roy in 1982 to 

examine the architectural properties of OI muscles from 15 embalmed cadavers, separated into 

three subgroups:  younger (31.2 ± 2.3 years), middle-aged (47.6 ± 1.2 years), and older (74.6 ± 

4.2 years). The authors found that the PCSA of OI in the older subset of cadavers (4.1 ± 0.3 cm2) 

was significantly smaller than both the middle-aged and younger groups (p = 0.02 and p = 0.01, 

respectively). In this study neither the normalized fascicle lengths nor sarcomere lengths were 

significantly different between the different age groups, but the PCSA was significantly lower in 

the OI muscles from the oldest group (Cook et al., 2016). The authors suggested that due to the 

decrease in PCSA over time in females, it is possible that the pelvic floor becomes weakened 

from a lack of support beneath the levator ani group of muscles from OI (Cook et al., 2016). The 

current thesis will be able to compare PCSA of OI with the Cook et al. (2016) study, as it 

included female cadaveric specimens of a similar age.  

In a study by Lieber et al. in 2006, the authors measured architectural parameters for the 

rotator cuff group of shoulder muscles. This group of muscles consists of the supraspinatus, 

infraspinatus, teres minor and subscapularis muscles. These muscles may be of particular interest 

in the current thesis due to their roles as stabilizing muscles about a ball and socket joint, similar 

to the deep external rotator muscles of the hip. The authors used techniques originally described 

by Sacks and Roy in 1982 to measure and calculate normalized fibre lengths, sarcomere lengths, 

and PCSAs of the rotator cuff muscles from 10 cadaveric specimens (age 89 ± 12 years, 50% 

female). The authors found that each of the muscles were significantly different in PCSA (p < 

0.05) and subscapularis had the greatest PCSA (mean ± SEM) (15.53 ± 1.41 cm2) followed by 
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infraspinatus (10.71 ± 0.95 cm2), supraspinatus (6.65 ± 0.56 cm2), and teres minor (3.18 ± 0.30 

cm2). The authors reported that the sarcomere lengths for supraspinatus (3.23 ± 0.05 μm) and 

infraspinatus (3.18 ± 0.06 μm) were much longer than the optimal sarcomere length for human 

muscle, and significantly greater than sarcomere length for teres minor (2.80 ± 0.07 μm) and 

subscapularis (2.52 ± 0.09 μm, p < 0.05). Since the current study is looking at muscles that 

stabilize the hip joint (a ball and socket joint), the rotator cuff muscles that stabilize the shoulder 

joint (another ball and socket joint) provide a good set of muscles with which to compare 

architectural parameters.  

The external rotator group of hip muscles has gone somewhat overlooked in the 

biomechanics literature with respect to quantifying the muscles’ architectural properties. This 

may be because the external rotator group of muscles are smaller in comparison to other lower 

limb muscles and contribute less to force about the hip joint. At the same time, numerous muscle 

architecture studies have been conducted on other pelvic and lower limb muscles. It is therefore 

the intention of the current thesis to provide high quality architectural data representing the 

external rotator group of hip muscles to help better determine their function in the neutral 

cadaveric position. These data include mean PCSA, mean normalized fascicle length, and mean 

sarcomere length. Using these data, myofibre excursion potentials and capabilities of the muscles 

to produce force will be estimated. It is the hypothesis of the current study that the average 

sarcomere length of each of the muscles in the external rotator muscle group will be optimal for 

production of force in neutral cadaveric posture. It is also predicted that the muscles from male 

cadavers will have greater normalized fascicle length and PCSA than female muscles, and 

therefore have a greater ability to produce force.  
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Chapter 3: Anatomical Review 

Figures 2 – 7 contain labelled anatomical photographs highlighting the relevant osteological 

landmarks of the pelvis and femur and anatomical pathways of the deep hip external rotator 

muscles. Please find osteological landmarks labelled on Figures 2 and 3, and muscle pathways and 

insertions labelled on Figures 4 – 7.  

Piriformis (PI) originates on the anterior aspect of the sacrum and is seen travelling laterally 

through the greater sciatic foramen (formed by the greater sciatic notch, anterior sacrum and 

sacrospinous ligament) (Figure 6) to insert into the medial aspect of the greater trochanter of the 

femur in the trochanteric fossa (Figure 4). OI originates on the obturator membrane and the pubic 

rami, travels through the lesser sciatic foramen (formed by lesser sciatic notch, sacrospinous 

ligament, and sacrotuberous ligament) (Figure 6) and angles laterally to insert into the medial 

aspect of the greater trochanter in the trochanteric fossa (Figure 4). Superior gemellus (SG) 

originates on the ischial spine and inserts onto the tendon of obturator internus (OI) and into the 

trochanteric fossa on the medial aspect of the greater trochanter of the femur (Figure 4). IG 

originates on the ischial tuberosity and inserts into the tendon of OI and into the medial aspect of 

the greater trochanter of the femur in the trochanteric fossa (Figure 4). QF originates on the lateral 

aspect of the ischial tuberosity and inserts along the intertrochanteric crest and quadrate tubercle 

(Figure 4). OE originates on the anterior aspect of the obturator membrane (Figure 5) as well as 

the pubic rami, travels posteriorly inferior to the neck of the femur whereupon the tendon twists to 

insert into the trochanteric fossa deep to QF (Figure 7).  
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Figure 2: Posterior view of bisected pelvic osteology (right) from lumbar spine to mid-femur. 
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Pubic rami 

Anterior sacrum 
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Figure 3: Anterior view of bisected pelvic osteology (right) from lumbar spine to mid-femur 
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Figure 4: Posterior view of bisected pelvis, right side, with gluteus maximus reflected laterally. 
Labelled here are piriformis (PI), superior gemellus (SG), obturator internus (OI), inferior gemellus 
(IG), and quadratus femoris (QF). 
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Figure 5: Anterior view of bisected pelvis, right side, with adductor group of muscles removed 
to show obturator externus (labelled OE). Origin of piriformis (PI) also shown on anterior 
sacrum. 
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Figure 6: Mid-sagittal view of bisected pelvis (right) showing origins of piriformis (PI) and 
obturator internus (OI) and their pathways through the greater and lesser sciatic foramina. The 
greater and lesser sciatic foramina are formed by the greater and lesser sciatic notches and 
the sacrospinous and sacrotuberous ligaments respectively. 
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Tendon of OE 

Figure 7: Posterior view of the pelvis, right side, with all musculature removed except obturator 
externus (OE). Seen here is the tendon of OE twisting and inserting into the medial aspect of the 
greater trochanter of the femur. 
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Chapter 4: Methods 

The current study followed the protocol for muscle dissection and removal described by 

Sacks and Roy (1982) in their study on feline hind-limb muscles and previously used for human 

muscles by multiple authors. Since that time, this method has been accepted as a valid approach 

in the biomechanics community (e.g. Ward and Lieber, 2008; Ward, 2010; Gerling and Brown, 

2013; Tuttle et al., 2014). The muscles were harvested from 12 formaldehyde-fixed human 

cadavers [6 male:6 female, aged 56 – 88 years (mean = 79.25 years)] by carefully dissecting the 

muscles away from their origins and insertions using hand tools.  After the muscles were 

removed from their bony attachments, they were dissected to remove as much fat and connective 

tissue as possible. In the study by Tuttle and colleagues in 2014, connective tissue was 

chemically removed from the muscle using 15% sulfuric acid. It was found in some other studies 

(Gerling and Brown, 2013; Ward and Lieber, 2008; Ward, 2010) that removal of the adipose 

tissue and extraneous fascia by hand was sufficient preparation for accurate measurements; 

accordingly, this is how the muscles were processed in the current study.  Each muscle was 

weighed to an accuracy of ±0.01g using a digital scale. Each muscle’s PCSA was determined 

using the following equation: 

 

 

Where M is the muscle mass in grams (g), θ is the angle of pennation of the muscle fibres, and 

LFn is the average normalized fascicle length of the muscle (Gerling and Brown, 2013) where 

𝑃𝐶𝑆𝐴 =
𝑀(𝑔) × 𝐶𝑜𝑠(𝜃)

𝜌 × 𝐿𝐹𝑛
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mean measured fascicle length is normalized to optimal sarcomere length for human muscle (2.7 

um) (Walker and Shrodt, 1974). The cadavers in this study were embalmed by arterial perfusion 

using a 2.5% formalin solution (60% ethanol, 30% propylene glycol, 5% phenol, 2.5% 

formaldehyde, 2.5% Dettol disinfectant) which results in approximate muscle density of 1.112 

gm/cm3, represented in the above equation by ρ (Ward and Lieber, 2005). In living tissue, 

pennation angle of muscle fibres can be measured using ultrasonography or magnetic resonance 

imaging. The angle of pennation is essentially zero for the deep external rotator muscles of the 

hip and therefore does not need to be used to calculate PCSA for these muscles. Using digital 

calipers, each muscle was measured in three different places for fascicle length to a resolution of 

0.01mm (marked with dotted lines on muscles in Figure 8). The mean fascicle length was 

normalized to the optimal sarcomere length for human muscle (2.7µm) using the equation below.  

𝐿𝐹𝑛 =
𝐿𝐹𝑚(𝑐𝑚) × 𝐿𝑆𝑂(𝜇𝑚)

𝐿𝑆𝑚(𝜇𝑚)
 

Where LFn represents normalized fascicle length, LFm represents measured fascicle length, Lso 

represents optimal sarcomere length for human muscle (2.7 μm) (Walker and Shrodt, 1974) and 

Lsm represents measured sarcomere length.  
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Figure 8: Excised obturator externus muscle with fat, connective tissue and tendon removed. Yellow dotted lines 
indicate measurement locations for fascicle length, and asterisks indicate locations biopsied for sarcomere 
length measurement. Similar proximal, middle and distal fascicle locations and biopsy locations were chosen for 
measurement from each muscle in the current study. 
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To measure sarcomere length, three small biopsies were taken from three fascicles per muscle 

(example of proximal, middle and distal locations along the fascicle marked with asterisks on the 

obturator externus muscle shown in Figure 8) and subjected to laser diffraction (Baskin and 

Lieber, 1983). The laser passes through the sarcomeres, which have isotropic bands (I-bands) 

and anisotropic bands (A-bands) made up by the actin and myosin filaments, respectively. These 

bands act as a gradient that light passes through, causing diffraction. Photo-sensors read the 

diffraction pattern made by the light passing through the muscle and trigonometry is used to 

measure the distances between I-band to I-band, effectively measuring the mean sarcomere 

length of a chain of sarcomeres. The diffraction pattern is analyzed by software and visually 

displayed as seen in Figure 9.  

 This is possible by using the equation: 

 

 

 

Where SL represents mean sarcomere length, D represents distance between I-bands, n 

represents the diffraction order number, λ is the known wavelength of the diode laser, Xn 

represents a distance calculated from the 0th order diffraction to the nth order diffraction, and h is 

a known height from the microscope slide to the photo-diode receiver. Using the values in the 

above equation the software is able to determine the mean sarcomere length over many 

sarcomeres.  In the current study, three sarcomere measurements were performed for each of the 

𝑆𝐿 = 𝐷 = 𝑛𝜆/(sin (𝑡𝑎𝑛−1 (
𝑋𝑛

ℎ
))) 
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biopsies, and the average sarcomere lengths were recorded. Sarcomere length for each muscle 

was determined as the mean of the multiple measured sarcomere lengths for each biopsy taken 

from that muscle. 

  Using a two-way mixed-model analysis of variance (ANOVA) test, independent 

variables (muscle, sex) were compared within each dependent variable (architectural parameters: 

SL, PCSA, LFn) for all cadavers (n=12) with muscle as a repeated factor for each cadaver.  If 

significant differences were found (p < 0.05), Tukey post-hoc tests were conducted where 

appropriate. 

 All dissection and photography was performed in the University of Guelph Human 

Anatomy Laboratory using a Canon Rebel T5 camera, various digital single-lens reflex (DSLR) 

lenses, and focal-stacking in Adobe Photoshop for high resolution images (McWatt and Jadeski, 

2017).  Permission is given by the Chief Coroner of Ontario to use cadaveric specimens donated 

to the University of Guelph for research purposes. Permission is also given by whole body 

donors and their families via the Anatomy Act (Province of Ontario) to utilize tissue for 

scientific research at the University of Guelph.  
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Figure 9: Software visual representation for diffraction pattern caused by a diode laser passing 
through sarcomeres. The peaks on either side of the center of the graph represent the 1st order of 
diffraction, and the smaller peaks nearest the outside of the graph represent 2nd order of 
diffraction. The yellow lines are placed by the researcher to measure peak to peak distances, and 
in this example are measuring a 1st-order to 1st-order diffraction distance. The software will then 
calculate a mean sarcomere length represented by that diffraction pattern in μm, representative of 
hundreds to thousands of individual sarcomeres.  
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Chapter 5: Results 

Mean architectural values for 12 sampled sets of the six deep hip external rotator muscles fixed 

in neutral cadaveric posture are found in Table 1. Mean architectural values separated into 

female and male muscle sets are found on Tables 2 and 3 respectively.  

Muscle Mass (g) SL (μm) LFn (cm) PCSA (cm2) 

Piriformis (PI) 15.61 (0.50) 2.54 (0.023) 6.58 (0.06) 2.29 (0.09) 

Quadratus 

Femoris (QF) 
14.57 (0.44) 2.40 (0.011) 5.25(0.11) 2.64 (0.10) 

Obturator 

Externus (OE) 
21.06 (0.44) 2.57 (0.01) 6.28 (0.08) 3.21 (0.07) 

Obturator Internus 

(OI)  
23.70 (0.91) 2.50 (0.02) 5.97 (0.15) 3.64 (0.16) 

Superior Gemellus 

(SG) 
3.56 (0.21) 2.51 (0.03) 4.79 (0.12) 0.70 (0.05) 

Inferior Gemellus 

(IG) 
3.97 (0.17) 2.42 (0.02) 5.02 (0.11) 0.72 (0.03) 

Table 1: Mean (SEM) measured mass, sarcomere length (SL), normalized fascicle length (LFn) 

and calculated PCSA of the six deep external rotator muscles from all sampled cadavers. 
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Muscle Mass (g) SL (μm) LFn (cm) PCSA (cm2) 

Piriformis (PI) 12.31 (0.57) 2.49 (0.03) 6.86 (0.13) 1.69 (0.09) 

Quadratus 

Femoris (QF) 
11.49 (0.42) 2.38 (0.03) 5.25 (0.17) 2.01 (0.09) 

Obturator 

Externus (OE) 
18.98 (1.0) 2.60 (0.03) 6.33 (0.20) 2.92 (0.17) 

Obturator Internus 

(OI)  
15.09 (1.27) 2.49 (0.04) 5.45 (0.21) 2.78 (0.26) 

Superior Gemellus 

(SG) 
2.23 (0.08) 2.45 (0.04) 4.59 (0.16) 0.45 (0.02) 

Inferior Gemellus 

(IG) 
2.87 (0.24) 2.40 (0.05) 4.50 (0.14) 0.58 (0.04) 

Table 2: Mean (SEM) measured mass, sarcomere length (SL), normalized fascicle length (LFn) 

and calculated physiological cross-sectional area (PCSA) for six deep external rotator muscles 

from sampled female cadavers. 
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Muscle Mass (g) SL (μm) LFn (cm) PCSA (cm2) 

Piriformis (PI) 18.91 (1.06) 2.60 (0.06) 6.24 (0.10) 2.93 (0.18) 

Quadratus 

Femoris (QF) 
17.93 (0.86) 2.40 (0.02) 5.34 (0.22) 3.26 (0.22) 

Obturator 

Externus (OE) 
23.14 (0.62) 2.58 (0.03) 6.24 (0.09) 3.50 (0.12) 

Obturator Internus 

(OI)  
29.52 (1.28) 2.50 (0.05) 6.54 (0.21) 4.49 (0.34) 

Superior Gemellus 

(SG) 
4.89 (0.53) 2.56 (0.06) 4.96 (0.25) 0.96 (0.12) 

Inferior Gemellus 

(IG) 
5.0 (0.37) 2.45 (0.03) 5.42 (0.17) 0.86 (0.06) 

Table 3: Mean (SEM) measured mass, sarcomere length (SL), normalized fascicle length (LFn) 

and calculated physiological cross-sectional area (PCSA) for six deep external rotator muscles 

from sampled male cadavers. 
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A significant effect of sex on PCSA was found, with muscles from male donors demonstrating 

greater mean PCSA than muscles from female donors (p < 0.0001), indicating a greater capacity 

for force production in male muscles. There were also significant differences in PCSA amongst 

muscles of all donors (p < 0.0001) (OI > PI, SG, and IG; OE, PI, and QF > SG, IG). There was 

no statistically significant interaction effect for PCSA (p = 0.23). 

There was no significant difference in LFn between male and female muscles (p = 0.14), 

indicating that neither male nor female muscles had significantly greater excursion potential than 

the other. There was a significant main effect of muscle (p = 0.0002) for LFn amongst muscles 

(PI > QF, SG, and IG; OE > SG and IG). There was no statistically significant interaction effect 

for LFn (p = 0.27). 

There were no significant differences in SL amongst muscles (p = 0.26), nor between 

sexes (p = 0.29), nor a significant interaction (p = 0.98) between muscle and sex. Mean 

sarcomere lengths for each muscle were between 2.40µm and 2.57µm, indicating that they acted 

between 90.7% and 96.1% of their maximal ability to produce force, according to the well-

established force-length curve.  

Mean PCSA and LFn for each muscle from all donors are plotted in Figure 10. Mean 

PCSA and LFn for male and female muscle sets are plotted in Figure 11. Comparisons of PCSA 

between male and female muscles are shown in Figure 12, and comparisons of LFn between male 

and female muscles are shown in Figure 13. Mean sarcomere lengths of each muscle from all 

donors are shown with their relative positions on the force-length curve in Figure 14.  
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Figure 10: Mean PCSA and mean LFn for each muscle (n = 12). Significant differences (p<0.05) in PCSA 

between muscles are shown with ( > ,  >  ). Significant differences (p<0.05) in LFn between muscles 
are shown with (  >  ). Error bars represent SEM (n=12). 
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Figure 11: Mean PCSA and LFn for both male and female muscles. Error bars represent SEM (n = 6) 
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Figure 12: Mean PCSA values for male and female muscles. Error bars represent SEM (n = 6). 

Significant differences (p<0.05) in PCSA between male and female muscles are shown with . 
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Figure 13: Mean normalized fascicle length values for male and female muscles. Error bars 
represent SEM (n = 6). No significant differences (p > 0.05) were observed for normalized fascicle 
length between male and female muscles.  
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Figure 14: Mean sarcomere length for each muscle represented on the force-length curve as a 
percentage of maximal force production capable by the sarcomere in neutral cadaveric posture. 
Values within brackets represent (sarcomere length (μm), force production (% of maximum 
capable)). 
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Chapter 6: Discussion 

Mean sarcomere length, normalized fascicle length, and physiological cross-sectional 

area have been measured, calculated, and documented for the deep hip external rotator group of 

muscles in this study. This is the first study to examine and provide a high-resolution data set for 

the muscle architecture of the deep external rotator muscles of the hip. Based on the mean 

sarcomere lengths, normalized fascicle lengths, and physiological cross-sectional area of each 

muscle, the functional capability of each muscle can be interpreted. The mean sarcomere length 

of a muscle in neutral cadaveric posture can be used to infer the muscles’ ability to produce force 

upon activation. Each of the muscles within the deep hip external rotator muscle group had mean 

sarcomere lengths between 2.40-2.57µm. This range indicated that each of the muscles in the 

deep hip external muscles group was capable of between 90.7% and 96.1% of their maximal 

ability to produce isometric force. Additionally, each of the muscles fell between 90.7% and 

96.1% on the ascending limb of the force-length curve. This is an important detail because this 

suggests that if the muscles were to be lengthened during movement or hip joint instability, the 

sarcomeres would become more effective at producing force until they surpassed approximately 

2.8µm, at which point force production capability would drop off. This may be an important 

detail for muscles primarily responsible for joint stabilization, in that their ability to produce 

force increases when they are lengthened (i.e., during a potential dislocation of the hip joint). 

The muscle with the greatest mean sarcomere length was OE (2.57µm) and therefore it was 

predicted to have the most optimal ability to produce force based on SL in neutral cadaveric 

position. The muscle predicted to have the least ability to produce force in the neutral position 
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was QF, with a mean sarcomere length of 2.39µm, which was only able to provide 90.7% of its 

maximal force production based on SL.  

The sarcomere length data collected in this study is potentially valuable for use in total 

hip arthroplasty (THA) and hip reconstructive surgeries. In Canada alone there are 

approximately 55,000 THA surgeries and 4,500 revision surgeries done each year (Canadian 

Institute for Health Information, 2016-2017). The most common approach during THA is called 

the posterior approach, in which PI, OI, SG, and IG are removed from their insertion in the 

trochanteric fossa (Mardones, 2005; Bottner and Pellicci, 2006; Kawasaki, 2017). These THA 

surgeries result in long term weakness of the deep hip external rotator muscles and instability of 

the hip joint (Winther 2016, Kawasaki 2017). When the muscles are reinserted into the greater 

trochanter of the femur, they are tied together with their tendinous insertions and drawn through 

a hole drilled transversely through the greater trochanter (Bottner and Pellici, 2006). This method 

potentially changes the length of all of the muscles involved, altering the excursion potential and 

sarcomere lengths of each muscle. By changing the insertion position of piriformis from the 

superior aspect of greater trochanter into the trochanteric fossa also changes the line of action 

that piriformis produces at the hip joint, and may impact the piriformis’ ability to cause 

abduction at the hip joint. As documented by Lieber and Friden in 1996, ignoring architectural 

properties of muscle when transferring tendon insertions can radically change the performance of 

the muscle. Previously to the current study, there has not been a high-quality muscle architecture 

data set for the deep external rotator muscles of the hip. Using the sarcomere length and fascicle 

length data gathered in this study, and techniques for in vivo sarcomere length measurement 

during surgery, reinsertion of the external rotator muscles of the hip after THA surgery could be 
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improved. By placing the appropriate tension on the muscles being reinserted after THA 

surgeries to ensure the optimal sarcomere length for force production in neutral posture, force 

production of the deep hip external rotator muscles could be optimized, and result in increased 

stability in the hip joint after THA surgery. In the absence of in vivo sarcomere length 

measurement, retaining the muscles original anatomical pathway and insertions as much as 

possible could still improve stability. Perhaps by creating an insertion point for PI, OI, SG and 

IG forged as part of the hip replacement prosthesis, the distinct muscle pathways, fascicle length 

and actions of these muscles could be better retained and thereby improve hip stability. 

 Interesting differences were observed between male and female muscle sets regarding 

PCSA. PCSA was determined to be significantly greater for male muscles (p < 0.0001), 

indicating that male deep external hip rotator muscles are able to produce more force than female 

muscles upon activation from a neutral cadaveric posture. This result was expected, because 

PCSA is largely dictated by the mass of the muscle, and all of the male muscle sets had greater 

mass than female muscle sets. There were also significant differences in PCSA amongst muscles 

of all donors (p < 0.0001) (OI > PI, SG, and IG; OE, PI, and QF > SG, IG). OI demonstrates the 

greatest PCSA of all the examined muscles, and is predicted to be capable of the greatest force 

production of the deep external rotator muscles. Observed during dissection, OI has an 

interesting anatomical pathway not seen in many muscles, in that the muscle takes an 

approximately 90 degree turn around the lesser sciatic notch prior to its insertion into the 

trochanteric fossa. This bending pathway that OI takes increases the excursion potential of the 

muscle by increasing LFn, and alters the angle at which the muscle acts upon the femur. This 
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increase in LFn gives OI greater contraction potential velocity and range of motion compared 

with shorter, more directly acting muscles such as SG and IG.   

Significant differences (p = 0.0002) were observed between the LFn of the deep hip 

external rotator muscles (PI > QF, SG, and IG; OE > SG and IG), indicating that these muscles 

have greater excursion potentials and greater potential contraction velocities than the other deep 

external rotator muscles of the hip. Although there were no significant differences found for 

normalized fascicle length between male and female muscles, interesting differences were noted 

during measurement. Notably, mean normalized fascicle length for female PI (6.86 cm) was 

greater than mean LFn for male PI (6.24 cm). To a lesser extent, female OE had greater mean 

LFn (6.33 cm) than male OE (6.20 cm). This was not necessarily expected, due to the expectation 

of greater muscle mass and average height in males, and therefore longer bones requiring longer 

muscles (Statistics Canada, 2008). A potential explanation for this lack of sex-based difference 

in normalized fascicle length is the differences in the anatomy of male and female pelvises. The 

difference in male and female pelvic bone shape observed during dissection for this study is well 

documented (DeSilva and Rosenberg, 2017). Namely, the male pelvis is generally taller and 

narrower than the female pelvis, with anterior angling of the sacrum. Conversely, the female 

pelvis is generally shorter and wider than the male pelvis, and has a more posterior angle of the 

sacrum to accommodate childbirth. The increased width of the female pelvis results in a broader 

and more lateral position of the hip joints, which results in a greater “Q-angle” (the angle from 

the greater trochanter of the femur to the center of the patella). These differences result in a 

greater distance between the origin of PI on the anterior surface of the sacrum and its insertion 

into the greater trochanter of the femur, and therefore a greater normalized fascicle length for 
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female PI muscles. Although there were no significant differences in LFn between male and 

female muscles, it is possible that differences could be observed in studies with a greater number 

of samples and a wider age demographic from which to measure.  

 There were some limitations to this study, one of which was the limited age-range of the 

individuals from which the specimens were collected. All of the muscle sets (n = 12) obtained 

for this study were taken from cadavers donated to the University of Guelph Human Anatomy 

Program, and had a mean age of 79.3 years. Therefore, the data gathered in this study is only 

representative of an older demographic. Collecting muscle data from younger individuals would 

help to develop a better understanding of the muscle architecture of the deep hip external rotator 

muscles and would allow for comparisons with these data to detect changes to muscle 

architecture over time, as in the Cook et al. study (2016). Furthermore, the observations of 

potential sex differences unveiled by this study suggest that LFn may be a significant 

consideration for male and female PI muscles. Accordingly, obtaining additional measurements 

of muscle sets from both male and female specimens may allow for further calculations of 

relevant architectural parameters that reveal significant differences in LFn between male and 

female PI muscles. Finally, the new methods devised by Young et al. (2017) and Sanchez et al. 

(2015) may allow researchers to obtain muscle data for the deep hip external rotator muscles 

from younger subjects, in vivo. However, the muscles are so deep in the hip that it may be too 

difficult to insert the measurement apparatus into these muscles.  

In summation, this study has yielded a high-quality muscle architecture data-set for the 

deep hip external rotator muscle group. This study has discovered that the mean SL for these 

deep external rotator muscles are between 2.40µm and 2.57µm, indicating that they act between 
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90.7% and 96.1% of their maximal ability to produce isometric force. Although it was predicted 

that each muscle would have a mean sarcomere length capable of producing maximal force upon 

activation in the neutral cadaveric posture, this was not the case. However, each muscle had 

sarcomere lengths that fell on the ascending limb of the force-length curve, nearing the plateau 

for force production. This means that if the sarcomeres were to be lengthened during hip 

movement or destabilization, the muscles would become even more capable of producing force. 

As reported in Lieber et al. (2006), muscles that stabilize ball and socket-type joints do not 

necessitate having sarcomere lengths that optimize when lengthened, since supraspinatus and 

infraspinatus have sarcomere lengths well above the optimal length for human muscle. While not 

necessary, having sarcomere lengths that optimize when lengthened could be beneficial to 

muscles that primarily act to stabilize a joint.  

The architectural data-set compiled for the current study can be used to predict the 

behaviour of the deep hip external rotator muscle group during various hip actions. With further 

study, important differences between male and female muscles may be elucidated based on the 

observations made in this study. These data have the potential for applications to improve the 

outcomes of hip replacement surgeries and perhaps contribute to improved patient recovery after 

surgery. Ultimately, the architectural data collected in this study provides important information 

on a previously under-documented but important muscle group. 
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Chapter 7: Future Directions 

With the newly documented architectural data set for the deep external rotator muscles of the 

hip, new avenues of research might be explored. The first step to take is to apply the architectural 

parameters measured in this study to a software model of the hip joint such as the one developed 

by Delp and Loan (1995). Using these measurements, the functions (e.g. force and moment 

generation) of the deep external rotator muscles of the hip could be predicted throughout the 

range of motion of the hip joint using the software model. Information gained by predicting the 

muscle behavior is important for anatomical descriptions of muscle, as well as for surgical 

applications. Perhaps by modelling the muscular changes that occur during THA surgery and 

considering the architectural data gathered in the current study, reinsertion of the muscle tendons 

might be optimized (e.g. optimal sarcomere length and maximal moment arm) to limit muscle 

weakness post-surgery. 

Further to the idea of optimizing muscle strength post-surgery, in vivo sarcomere length 

measurement of the deep hip external rotator muscles could be used to improve function of the 

muscles after reinsertion. As in the previous work by Lieber and Friden (2001), in vivo 

sarcomere length during surgery can be used to ensure that upon reinsertion of the muscle 

tendon, the mean sarcomere length of the muscle is optimal for force production. Modelling 

different approaches to reinserting the tendons after THA surgery and predicting their behavior 

thereafter could also improve muscle function post-surgery. By ensuring the anatomical accuracy 

of muscle reinsertion, and measuring for optimal sarcomere length for force production, it is 
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possible that the muscle weakness and instability seen in patients after THA surgery might be 

improved.  

Lastly, more research into the differences in muscle architecture between males and 

females is warranted. Increasing sample size for male and female muscles will provide more 

power to the data and clarify if the differences seen in normalized fascicle length between the 

sexes are significant. Ideally, a further study would include at least 12 muscle sets from each 

male and female cadavers. Furthermore, having muscle sets from different age groups for each 

sex would help identify not only differences in muscle architecture between sexes, but also 

differences in muscle architecture over time. 
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