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ABSTRACT 

INVESTIGATING SKELETAL MUSCLE PASSIVE MECHANICAL PROPERTIES: 
THE EFFECTS OF FIBRE TYPE, MUSCLE, AGE AND SPECIES 

 Alex Noonan  
University of Guelph, 2018 

Advisor(s): 

Dr. Stephen Brown
 

Currently, there is a gap in the literature regarding information on the passive mechanical 

properties of the various fibre and muscle types, as well as how passive muscle mechanical 

properties change with age and differ across species. As such, passive muscle stiffness (elastic 

modulus) of single muscle fibres were investigated in the current thesis. Single muscle fibres 

were placed in a relaxing solution and repeatedly stretched to calculate the elastic modulus. Fibre 

types were determined via gel electrophoresis (SDS-PAGE). Type 1 fibres were stiffer then type 

2 fibres; however, when accounting for fibre diameter, this difference no longer existed. There 

was no difference in stiffness amongst the hindlimb muscles of the rat. “Young” single fibres 

were stiffer then “old” single fibres. Single fibres from humans were stiffer than single fibres 

from the rat hindlimb. These data improve our understanding of passive muscle properties and 

how they change under various conditions.  
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Chapter 1: Introduction 
 Skeletal muscles behave in two primary ways: 1) Actively, which can be further broken 

down into actively being held at the same length (isometric), being lengthened (eccentric), and 

shortening (concentric) the muscle and 2) Passively, which occurs when muscles are passively 

lengthened in the absence of calcium and the actin-myosin interaction. Although much work has 

been done in the former area, passive muscle properties at the single fibre (cell) level is an area 

lacking mechanistic research in the muscle physiology world. What is particularly lacking is 

normative passive elastic moduli data on single muscle fibres, as well as understanding how 

passive muscle properties are related to active contractile parameters, such as fibre and muscle 

type, how they change with age, and if and how they are different across species. These elastic 

moduli values are imperative for both the clinician, who may be trying to rehabilitate a 

musculoskeletal or neurological injury or disease, the biomechanist who is trying to predict 

muscle function via computational modelling, or the bioengineer who needs this important 

information for tissue engineering purposes. 

 At the micro scale, understanding the mechanisms of muscle function (active and 

passive) provides further insight, as to how muscles behave under normal conditions, and also, 

how these mechanisms change under pathological or altered loading conditions. Looking at 

muscle on a macro scale, the muscular system represents approximately three quarters of the 

human body mass, and as such, a healthy muscular system sets the standard for a healthy body. 

Muscles, along with tendons and joints act to produce movement of the human body, and when 
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the muscle system is not performing properly at the cellular level, the effects are seen on a global 

scale.  

 Muscle physiology has been studied since the early 1900s (Hill, 1938; Hill, 1964; Katz, 

1939; Ramsey and Street, 1940). However, it wasn’t until the first seminal studies on the cross-

bridge theory (Huxley and Hanson, 1954; Huxley and Niedergerke, 1954; Huxley, 1957) when it 

became apparent that muscle represents one of the greatest structure-function relationships in all 

of biology (Lieber, 2002). Since then, the mechanism of muscle contraction has been refined, 

and different theories have been proposed; however, the original theories (Huxley and 

Niedergerkk, 1954; Huxley and Hanson, 1954; Huxley, 1957) have, for the most part, been 

maintained.  

 The seminal studies on muscle were centered around active muscle contraction. It wasn’t 

until the discovery of titin (Wang et al., 1979), first described as connectin (Maruyama et al., 

1976), when passive muscle properties began to receive greater attention. A seminal study by 

Magid and Law (1985) showed that most of the passive tension in single muscle fibres originated 

from within the myofibril itself and was not a result of the extracellular matrix (ECM). However, 

several studies since then have questioned titin’s importance to total muscle stiffness (Prado et 

al., 2005; Tirrell et al., 2015) and its role in altered stiffness during pathology and different 

mechanical loading conditions (Brown et al, 2011). Although there have been many strides taken 

in the last several decades to study and research muscle passive properties, much is still 

unknown. In order to fully understand muscle contraction at both the cellular and whole muscle 
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level, we must fully understand the action of all the muscle structures and their relationship with 

muscle function at both the cellular and whole muscle level. However, currently a gap exists in 

regard to understanding passive muscle properties, particularly, how do the various structures 

contribute to passive stiffness at both the cellular and whole muscle level and how do passive 

muscle properties vary across different muscle types, ages, and species. 

 Justification for this thesis project is twofold: First, the data and information obtained via 

the work of this thesis can be used for computational modelling purposes. This is a growing area 

in the field of biomechanics and muscle biophysics; however, most muscle models, at both the 

cellular and whole muscle level do not account for, or accurately predict, a muscle's passive 

contribution to force production or its role in locomotion or dynamic movement. The data from 

this thesis will aid in providing input values from normative data for both healthy models and for 

comparing to pathological conditions. Second, there is growing evidence that passive muscle 

properties become altered under pathological conditions (Brown et al., 2011; Gsell et al., 2016; 

Friden & Lieber, 2003). The data from this thesis will provide normative values for; young 

healthy humans, old healthy humans, on the influence of fibre type on passive muscle properties, 

and if there are species differences in the passive elastic moduli of various muscles. 

 The overarching research question of this thesis was: what do normative passive elastic 

moduli values look like across different species, ages, muscles and fibre types. 

 As such, the purpose of this thesis was: 
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1. To investigate what effect fibre type (type 1 versus type 2) had on these passive elastic 

moduli. 

2. To investigate the passive elastic moduli of single muscle fibres in the rat hindlimb 

Tibialis Anterior (TA), Soleus (SOL), and Gastrocnemius (GAST). 

3. To determine the passive elastic moduli of single muscle fibres in humans (both young 

and old). 

 It was hypothesized that: 

1. There would be no effect of fibre type on the passive elastic moduli of human single 

muscle fibres. 

2. The TA, (a fast muscle) would have similar elastic modulus to both the SOL and GAST 

in the rat hindlimb. 

3. Older adults would have stiffer muscle fibres than young adults. 

4. Humans would have higher passive elastic moduli than rats. 

 

 The hypothesis that there would be no difference between muscle or fibre type on passive 

elastic moduli at the single fibre level was based on the work of Prado et al (2005), who 

concluded that, although slower muscles usually express longer titin isoforms, giving rise to low 

“titin based” stiffness, fast muscles may express long or short titin isoforms, giving rise to either 

low or high “titin based” stiffness. Prado et al (2005) also demonstrated that most muscles only 
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express a single titin isoform, therefore, when testing from the same muscle the type 1 and type 2 

fibres should produce similar titin contributions to the elastic modulus.  

 The hypothesis that older healthy adults would have stiffer single muscle fibres was 

based on the research done previously on whole muscle (Blanpied & Smidt, 1993; Brown, 

Fisher, & Salsich, 1999; Valour & Pousson, 2003) demonstrating that the muscle-tendon unit in 

was stiffer in older rather than younger adult males. 

 The hypothesis that humans would have higher elastic moduli than rats is based on two 

studies (Ward et al., 2009; Zwambag et al., 2017); one examined the passive elastic moduli of 

the erector spinae muscle in humans (Ward et al., 2009), while the other examined the passive 

elastic properties of the erector spinae muscles in rat (Zwambag et al., 2017). The results from 

these respective studies show that the human muscle fibres had a higher average elastic modulus 

that the rat fibres. However, these two separate experiments were done by different researchers 

in different labs, making direct comparisons challenge. 

Chapter 2: Review of the Literature 

 In order to understand the significance of the proposed thesis study, a review of the 

literature is necessary. As previously mentioned, the purpose of this thesis was to investigate 

passive muscle properties in more detail at the level of the single muscle fibre. Particularly, what 

if any relationship and or differences exist between fibre and muscle types, ages, and species. 

Therefore, the aims of this literature review are as follows:  
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1) provide background information on passive mechanical properties and their role in 

muscle function/disease/disorder, as well as the proposed structures responsible for 

muscle passive stiffness. 

2) introduce the relevant muscles involved in this thesis, including their architecture, 

function, and fibre type distribution.  

3) provide a detailed background on the various muscle fibre types in both humans and 

rodents. 

4) provide a look at the various studies comparing passive muscle mechanics across 

different species.  

5) provide a review of past studies looking at differences in single fibre mechanics in 

young versus old individuals and where passive mechanics should fit in. 

2.1. Muscle Passive Mechanical Properties 

2.1.1. Muscle Passive Stiffness  

 Active force production in skeletal muscle results from the interaction of the thick 

(myosin) and thin (actin) filaments along with the addition of calcium which results in active 

force production. Study on this type of muscle contraction has been common place since the 

1950s (Huxley and Niedergerke, 1954; Huxley and Hanson, 1954), and although it has been 

known for some time that the lengthening of a shortened muscle fibre back to its original length 
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is a passive process, due to the lack of heat produced during this process (Hill, 1950), passive 

muscle forces have only recently garnered the attention of muscle physiologists (e.g. Magid and 

Law, 1985). These muscle cells produce passive forces by resisting to the stretch of the cell, 

independent of adenosine triphosphate (ATP) hydrolysis and acto-myosin interactions. It is the 

passive tension generated at lengths above slack length (length at which fibres begin to resist 

stretch) that will be the focus of this review. This passive tension is dependent partly on the 

intracellular structures, as well as the extracellular matrix properties (see below).  

 Muscle passive mechanical properties have been used to describe structural function 

(Prado et al., 2005; Shah et al., 2004; Ward et al., 2009), differentiate between healthy and 

diseased muscle (Friden & Lieber, 2003; Lieber et al., 2003), and characterize muscle adaptation 

to joint-related injury (Brown et al., 2011; Gsell et al., 2016). Passive mechanical properties of 

muscles and the interaction among the muscles dictate the passive stress and strain that muscle 

fibres and connective tissues will experience during lengthening.   

 There are two types of stiffness within a muscle 1) active stiffness, which occurs from the 

activation of cross-bridges (actin and myosin filaments) which produce tension as the myosin 

head changes its conformation on the actin filament during the power stroke. This type of 

stiffness increases with increasing number of force producing cross-bridges. Active stiffness can 

also occur while crossbridges are in a weakly bound state (no or little force production) (Miller at 

al., 2015; Forcinito et al., 1998; Forcinito et al., 1997). In addition, muscle also generates passive 

muscle stiffness, which relates the change in passive force to the change in muscle length and is 

an important property of muscle as it determines the amount of elastic energy that can be stored 
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within the muscle and its resistance to stretch at longer muscle lengths. Therefore, it is important 

to account for both the active and passive components of muscle tension and stiffness when 

studying muscle physiology or trying to model skeletal muscle contributions in the human 

system. While there is more detailed information in the literature about active muscle mechanics 

(Hill 1938; Hill, 1940; Edman et al., 1978; Herzog & Leonard 1997), and muscle architecture 

(Wickiewicz et al., 1983; Lieber at al., 1990; Lieber et al., 1992; Lieber., 2002), passive elastic 

moduli data have only recently begun to receive attention. It is now known that passive elastic 

moduli of individual fibres and bundles of fibres are different between muscles (Prado 2005; 

Ward et al., 2009; Regev et al., 2011), as well as in response to joint related injury (Brown et al., 

2011; Safran, 2005; Sato et al., 2014), and disease (Friden & Lieber 2003; Gsell 2016). Brown et 

al., (2011) compared the passive elastic modulus of both single fibres and bundles of fibres in a 

rabbit intervertebral disc injury model and found that both the single fibres and bundles of fibres 

were stiffer compared to control. A 2016 study by Gsell et al., looking at the ENT -1 mouse 

model (calcification of the spine ligaments) found that the passive elastic modulus of the spinal 

muscle single fibres decreased in direct response to an increase in spine stiffness. Friden et al., 

2003 looked at the passive stiffness of muscle fibres from cerebral palsy (CP) patients with 

severe spasticity. They found that the CP patients developed tension at shorter sarcomere 

lengths, and that the elastic modulus of these fibres was near double that of healthy patients, once 

again supporting the notion that muscle experiences a remodeling in direct response to 

pathology/injury. Interestingly, in many of these studies, injury and/or pathology caused the 

passive elastic modulus to increase in some muscles and decrease in others; the reasons for these 
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dichotomous changes are currently unknown. More detailed testing of passive elastic moduli 

using different models and determining the relationship between muscle remodeling, and if and 

how this dictates passive elastic moduli will hopefully begin to elucidate whether an injury or 

disease will cause the modulus to increase or decrease; this will help researchers to begin to 

identify patterns and hypothesize why these changes occur.  With a thorough understanding of a 

muscle's passive mechanical properties, researchers can begin to further understand the 

underlying structure, and how this underlying structure changes with pathology. One of the 

challenges researchers face is trying to elucidate what intra and extracellular structures are 

responsible for the change in muscle passive properties in response to injury/pathology and how 

each of these structure's contributions can be measured. The following section will focus on 

some possible candidates that are thought to be responsible for the passive stiffness observed in 

muscle fibres.  

2.1.2. Structures Responsible for Passive Stiffness 

2.1.2.1. Titin Molecule 

 First described as connectin (Maruyama et al., 1976), titin (Wang et al., 1979) is the 

largest protein expressed in skeletal muscle fibres with a molecular mass between 3-3.7 Mda. 

Titin exists in different isoforms generated by alternative splicing from a single titin gene (Labeit 

& Kolmerer, 1995; Freiburg et al., 2000). In skeletal muscle, titin filaments run longitudinally 

through one half of each sarcomere, extending from the Z-disc, where the NH2-terminal region 

interacts with actinin and telethonin, to the M-band, where the COOH-terminal region binds to 
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the M line (Fig. 2.1). Titin isoforms differ in molecular mass and length and are thought to 

contribute to resting tension. The titin segment in the A band is embedded in the thick filaments 

and is stiff, acting as a scaffold to maintain structural regularity (Trinick, 1996); the segment 

present in the I band behaves as a molecular spring, with several variants of different sizes, that 

have been thought to be responsible for the variability in elastic properties seen in skeletal 

muscle (Granzier et al., 1996; Granzier et al., 2002; Horowits et al., 1986; Kontrogianni-

Konstantopoulos, 2009; Linke et al., 1996; Trombitas et al., 1995). In skeletal muscles, so-called 

“N2A-titin” contains two segments that vary in length in the different isoforms: a tandem Ig 

region, proximal to the Z-disk, and the PEVK domain. The variation in these segments are at 

least partly responsible for differences in passive tension seen among muscles during sarcomere 

stretch. Studies of immunoelectron microscopy on human soleus fibres has shown that when the 

sarcomere is in a slack state (no external tension) the tandem Ig and PEVK segments are in a 

contracted state; as the sarcomere becomes stretched, there is an initial extension in the Ig 

segment, followed by extension in the PEVK segment, and it is this extension throughout the Ig 

and PEVK regions that are responsible for titin’s role in passive stiffness.  

 It has been shown that in skeletal muscle there is great variability in titin isoform 

expression in different adult muscle types of the same species, as well as throughout 

development (Prado et al., 2005; Ottenheijm et al., 2009). Titin’s role as a determinant of passive 

tension has been elucidated in studies showing a reduction in resting tension upon removal of 

titin via tripsinization (Prado et al., 2005), and by the similarity between the stress-strain 

properties of a single titin molecule and those of muscle fibres where titin is expressed 
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(Kellermayer, 2002). There seems to be an inverse relationship between titin size and titin-born 

tension, implying a lower level of passive tension or a higher muscle fiber extensibility with 

increased titin length (Prado et al., 2005). Alternatively, there is still a lack of evidence as to 

titin’s role in total passive stiffness (Prado et al., 2005). Prado et al., (2005) presented evidence 

that titin borne stiffness was not correlated with total muscle passive stiffness; for example, some 

muscles had high titin-based stiffness but low total muscle passive stiffness. This discrepancy is 

likely due to the role the extracellular matrix plays in total muscle passive stiffness. The 

following section will aim to elucidate the extracellular matrix (ECM) role in muscle passive 

stiffness, with a particular focus on the protein collagen. 

 

Figure 1. Schematic of a three-filament model of muscle contraction, as you can see the 
titin molecule runs from Z disc to M line. The I band section has the ability to coil and 
uncoil and has an inherent elasticity (persistent length), which has been thought to give rise 
to much of the passive tension present in single muscle fibres. Figure from Prado LG, 
Makarenko I, Andresen C, Kruger M, Opitz CA, and Linke WA “Isoform diversity of 
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giant proteins in relation to passive and active contractile properties of rabbit skeletal 
muscles” Journal of General Physiology (2005) vol 126: 461–480. 

 

2.1.2.2. Collagen (Basement Membrane) 

 As previously mentioned, the goal of this thesis is to elucidate differences in passive 

tension in single muscle fibres, therefore the role of the ECM was sought to be minimized as we 

wanted to only measure the intrinsic properties of the muscle fibres. However, collagen, without 

doubt, would still be playing a role in regulating passive tension through its function in the 

composition of the basement membrane in permeabilized muscle fibres. The method used in this 

thesis for fibre permeabilization was adopted from Wood et al (1979). Here we placed muscle 

biopsies into storage/skinning solution and incubated them in the fridge at 4˚C for 24 hours, and 

subsequently placed them in fresh storage/skinning solution and incubated at -20˚C for 1 week 

prior to testing. This method of permeabilization has been shown to keep the basement 

membrane intact (Wood et al, 1979). As such, for the purpose of this review collagen's role in 

muscle passive tension will be limited to the basement membrane and its component structures.   

 Perhaps, because the functional importance of the basement membrane is not always 

apparent in the older descriptions of biomechanics of muscle and modeling of movement, its role 

and/or possible functional effects are almost completely ignored (Huijing, 1997). The basement 

membrane's importance in muscle function was first noted by Bowman in 1840, when he noted a 

“highly delicate, transparent, and probably elastic” sheath encircling individual muscle fibres. 

Advancements in electron microscopy have since revealed that the basement membrane was the 
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main component of such descriptions. The basement membrane is composed of two layers: an 

internal, felt-like basal lamina directly linked to the plasma membrane, and an external, fibrillar 

reticular lamina, that contains protein and carbohydrate but no lipid or nucleic acid (Sanes, 

2003). The fibrils of the reticular lamina are collagenous, and they are embedded in an 

amorphous proteoglycan-rich ground substance. The basal lamina contains non-fibrillar collagen, 

non-collagenous glycoproteins, and proteoglycans (Timpl & Rohrbach, 1993). The basal lamina 

should be considered a specialized component within the extracellular matrix composed mainly 

of a type IV collagen, heparan sulfate proteoglycans, as well as the glycoproteins enactin and 

laminin. The basal lamina is synthesized by the cells that rest on it (i.e. the myofibre) and 

performs diverse and complex functions. Some models of the molecular structure are available 

(e.g. Yurchenco and Schittny, 1990). Although direct biophysical analysis of the basement 

membrane is lacking, its role in muscle function is now appreciated (Bowman, 1840). Models of 

muscle function incorporate both the active contractile properties (the sarcomere) as well as the 

elastic properties (ECM, titin etc); however, a notable amount of elasticity has been shown to be 

stored in the basement membrane (Tidball, 1986). Previous work (Tidball, 1986) postulated that 

the basement membrane may be a site of energy storage during locomotion. This was tested by 

comparing the energy storage capabilities of control muscle fibres, to those in which the 

basement membrane had been removed. They found that cells with an intact cell membrane had 

a significantly higher dynamic (activated single fibre) complex modulus than those without a 

basement membrane (3.3 vs 1.8 MN/m2), and that cells with basement membranes stored 

significantly more elastic energy. Many studies have tried to evaluate the mechanical properties 
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of the basement membrane in skeletal muscle with regards to passive stiffness, with mixed 

results. Ramsey and Street (1940) concluded that most of the passive stiffness of the muscle cell 

was due to the sarcolemma (in this case the sarcolemma is the basement membrane and plasma 

membrane) and subsequent work (Rapoport, 1973) found that the sarcolemma had a modulus of 

~6 MN/m2; however they concluded that it was only important to passive stiffness at lengths 

~50% greater than slack length. However, the methodology of these studies is questionable as 

they used a retraction clot preparation which involves unknown damage to both the sarcolemma 

and myofibril elements, prohibiting accurate stress-strain measurements. Magid and Law (1985) 

concluded that the basement membrane and surrounding connective tissue are unimportant in 

determining passive stiffness throughout physiological lengths, until the cell is stretched past 

acto-myosin overlap. However, this study used highly non-physiological strain rates, and made 

conclusions to comparison data that were unpublished.  

 Clearly, studies trying to segregate all the components of passive stiffness within a 

muscle fibre can seem befuddling. There appears to be no close consensus as to what degree the 

basement membrane contributes to passive stiffness within a muscle cell; future work should be 

focused on detailed experimental studies that try to elucidate this. 

2.1.2.3. Intermediate Filaments 

 To date, most data have suggested that the intermediate filament's contribution to passive 

stiffness in skeletal muscle is small within physiological sarcomere lengths less than 3.8 µm 

(Wang et al., 1993), and contributions to passive tension only become significant at lengths 
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greater than 4.5 µm (for rabbit muscle; Wang et al., 1993). A study by Anderson et al (2002) 

showed an increase in the passive stiffness of the soleus muscle that were null of desmin; 

interestingly they concluded that the changes in passive stiffness were not due to any changes in 

titin size (analyzed via gel electrophoresis) and no changes in passive stiffness were seen at the 

single fibre level, leading one to conclude that changes in passive stiffness were due to an 

extracellular source.  Interestingly, the intermediate filament desmin is expressed in lower levels 

in fast muscle compared to slow (Chopard et al, 2001).  Due to the fact that the intermediate 

filaments seem to only contribute to passive tension at long sarcomere lengths, for the purpose of 

this thesis the focus will be on the large protein titin, as well as the basement membrane.  

2.2. Relevant Muscles Involved in this Thesis 

2.2.1. Muscle Anatomy 

 A muscle is composed of a number of specialized cell types encased within a complex 

network of extracellular tissues. The purpose of this structure is to generate tensile forces in 

order to move the skeleton. Muscle fibres, or myocytes, are the most obvious cell type within 

skeletal muscle. They are long multinucleated cells, which connect to the skeleton via tendons 

and aponeuroses. Within the muscle fibre are thousands of myofibrils composed of sarcomeres 

arranged in series. The sarcomere is the smallest force-producing unit within a muscle. Muscle 

fibres are arranged into bundles called fascicles. Fibroblasts are smaller and scattered throughout 

muscles. They are responsible for creating the fibrous extracellular network, which enables force 
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transmission between muscle fibres and from muscle fibres to tendons/aponeuroses and provides 

structural support to the muscles. The extracellular matrix is often subdivided into epimysium, 

perimysium, and endomysium. Epimysium is the connective tissue layer covering the surface of 

the entire muscle. Perimysium and endomysium are the secondary and tertiary structures 

surrounding muscle fascicles and muscle fibres respectively (Lieber, 2002).  

 There were four muscles chosen for the purpose of this thesis, they include: The Vastus 

Lateralis (VL), the Tibialis Anterior (TA), Soleus (SOL), and the Gastrocnemius (GAST). The 

VL was chosen as it was used as part of the human biopsy portion of this thesis. The VL is a 

commonly used muscle for human biopsies. The TA, SOL, and GAST were all chosen as part of 

the animal portion of the thesis. The reasons for choosing these muscles were: 1) they are easy to 

identify and dissect from the rat hindlimb, which is very important, as many rodent muscles are 

difficult to distinguish due to their small size; and 2) it was important to analyze muscles that had 

(at the micro-scale) various fibre type distributions, and globally, had different functions from 

one another. For instance, the TA is a muscle that dorsiflexes the lower limb and is known as a 

fast muscle with mostly a type 2 (fast) fibre distribution. The SOL is a muscle that plantarflexes 

the lower limb and is known to be one of the only slow muscles in the rat musculature, with 

primarily a slow type 1 fibre distribution. Finally, it was important to have a muscle that was 

both a fast and slow muscle, while still being relatively easy to locate and dissect, therefore the 

GAST was chosen. The GAST is known to have two heads (a medial and lateral) as well as 

distinct regions of slow, fast, and mixed fibre type distributions (Delp and Duan, 1996). For the 
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purposes of this thesis we chose the mixed region of the GAST, as we wanted to compare a 

mixed-fibre muscle with both a fast and slow muscle. Muscle architectural design in the rat 

hindlimb has previously been studied (Eng et al., 2008) to look at associations between various 

functionally distinct muscle groups. Subsequently, there has been ample research done on the 

active force properties of the various rat hindlimb muscles. Passively, Prado et al (2005) 

measured the passive elastic modulus of strips dissected from various rabbit muscles with the 

aim of determining if there was a relationship between “titin based” passive stiffness and active 

contractile parameters (fibre/muscle type). What they found was that there was a low correlation 

with slow type muscles and long titin molecules, leading to low “titin based” stiffness. An earlier 

study reported that muscles with a larger proportion of slow twitch fibres were thought to have a 

greater passive stiffness as a result of increased collagen in the connective tissue surrounding the 

muscle fibre and fascicles of the rat hindlimb (Kovanen, Suominen, & Heikkinen, 1984). 

However, the former study did not directly measure stiffness and fibre type from individual 

fibres (only muscle strips), and the latter tested only whole muscles from the rat hindlimb.  

The following is a brief description of the anatomy, architecture and fibre type distribution of the 

four specific muscles considered in this thesis. 

2.2.2. Vastus Lateralis 

 The human VL is a muscle that originates on the lateral lip of the linea aspera and inserts 

on the lateral patellar border; it crosses only one joint and acts to extend the knee (Lieber, 2002). 

Studies looking at the architecture of the human vastus lateralis suggests it has average values of 
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approximately 375 grams in mass, a muscle length of approximately 27 cm, fibre length of 10 

cm, a pennation angle of 18˚, and a physiological cross-sectional area (PCSA) of 35 cm2 (Ward 

& Eng, 2009). In males, the VL is a primarily mixed muscle containing approximately 34% 

MHC 1 muscle fibres, 46% type 2a muscle fibres and 20% MHC 2b (probably more accurately 

2x) fibres (Staron et al., 2000). 

2.2.3. Tibialis Anterior 

 The rat TA was studied in the current thesis. As previously mentioned it was chosen due 

to its distinct fibre type, architectural, and functional properties in the rat hindlimb.  The TA 

from the adult male Sprague-Dawley rat is a predominately fast muscle as 70% of its fibres are 

type 2b, and less than 1% are type 1 (Eng et al, 2008). It weighs approximately 660 mg, has a 

muscle and fibre length of ~ 2.9 and 1.6 cm respectively, as well as a pennation angle of 12.8˚ 

and a physiological cross-sectional area (PCSA) of 0.38 cm2 in the adult male Sprague-Dawley 

rat (Eng et al, 2008). 

2.2.4. Soleus 

 The rat SOL muscle was studied in this thesis as it contrasts the TA in many ways. The 

SOL muscle from the adult male Sprague-Dawley rat is predominately a slow muscle with a 

fibre type distribution of ~ 80% type 1, and 20% 2a, with little to no type 2x or 2b fibres (Eng et 

al, 2008). The SOL has an average mass of approximately 130 mg, has a muscle and fibre length 
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of 2.8 and 2.0 cm respectively, a pennation angle of 4˚, and a PCSA of 0.07 cm2 in the adult 

male Sprague-Dawley rat (Eng et al, 2008). 

2.2.5. Gastrocnemius 

 The Gastrocnemius muscle was chosen as it is a muscle with a mixed fibre type 

distribution. For the purpose of this thesis, the portion of the GAST that was chosen was done so 

by subjectively selecting the region that appeared to have a mixed distribution of red and white 

muscle fibres. According to Eng et al (2008) the fibre type distribution of the lateral and medial 

heads of the gastrocnemius are: 6-7% type 1, 7-10% type 2a, 19-24% type 2x, and 57-63% type 

2b; however, they did not report any values specifically for a “mixed” portion of the GAST. Delp 

et al (1996), using histochemical analysis reported average population percentages for the 

“mixed portion of the gastrocnemius of 25, 6, 34, and 57 percent for types 1, 2a, 2x, and 2b 

respectively.  Eng et al (2008) also reported an average muscle mass of ~ 850-1030 mg, and 

muscle and fibre length of 3.4-3.6 and 1.5-1.6 cm respectively, with a pennation angle of 14˚, 

and a PCSA of 0.4-0.6 cm2. 

2.3. Fibre Type Diversity in Mammalian Muscle  

 This section of the review will focus on mammalian skeletal muscle fibre heterogeneity, 

with a portion of the end goal of this thesis aimed at relating what, if any, differences in fibre 

type heterogeneity are responsible for differences in passive mechanical properties of muscle 

fibres.  
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 Skeletal muscles are heterogeneous in nature. The functional unit of the motor system, 

the motor unit, is composed of a motor neuron and a group of muscle fibres with similar, if not 

identical, structural and functional properties. To form a muscle, many (from tens to hundreds) 

motor units are assembled together, and each brings its own specific and distinct contribution. 

Muscle function is diverse, as seen by the various tasks vertebrates perform (i.e. standing, 

walking, jumping). The selective recruitment of motor units enables a muscle to respond in the 

best manner to the functional demands. The heterogeneity of the muscle fibres is the base of the 

flexibility which allows the same muscle to be used for various tasks from continuous low-

intensity activity (e.g., posture), to repeated submaximal contractions (for example, locomotion), 

and to fast and strong maximal contractions (jumping, kicking). At a cellular level, the 

heterogeneity of muscle fibres can be classified into three categories, with overlap between each 

level of classification: type 1, or slow twitch oxidative muscle fibres, type 2a and 2x, or fast 

twitch oxidative glycolytic muscle fibres, and type 2b, or fast twitch glycolytic muscle fibres. In 

addition to this spectrum of pure fibre types, there is also a hybrid continuum according to the 

pattern: 1 ↔ 1/2A ↔ 2A ↔ 2A/2X ↔ 2X ↔ 2X/2B ↔ 2B. The fibre type phenotype can 

change in response to environmental cues, as well as to hormonal and neural influences (Lieber, 

2002). 

 It is widely accepted that muscle fibre types are specialized across all species, and that 

significant variation exists among species due to the evolutionary process that has occurred in 

order to meet the functional demands of each particular species. Body size has a large influence 

on the functional demands transferred to the muscle system, and as a result, small mammals have 
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thinner muscle fibres, a larger proportion of type 2x and 2b muscle fibres, and have a greater 

volume of oxidative enzymes, while large mammals such as humans contain a lower volume of 

oxidative enzymes and have more type 1 and 2a muscle fibres (Schiaffino & Reggiani, 2011). 

This is likely a result of Kleibers Law, which states that energy metabolism per unit of body 

mass is inversely related to body size, therefore metabolic activity of skeletal muscle is higher in 

smaller species (Schiaffino & Reggiani, 2011). Continuing with this theme, we know that, 

according to AV Hill (1970), muscles from small mammals must be able to shorten relatively 

faster than those from large mammals. This is met by 1) having more type 2x and 2b fibres in 

each muscle and in the whole body, and 2) the maximum velocity of shortening in each specific 

fibre type decreases from small to large mammals. Aside from species variation, there is also 

significant variation amongst individuals when it comes to studies looking at fibre types. In one 

study the VL was shown to range in its type 1 distribution from 15-85% (Simoneau & Bouchard, 

1989), and it is thought that much of this variability is genetic in origin (Simoneau & Bouchard, 

1995). 

 Obviously, much research has gone into the understanding of the hierarchal organization 

of the skeletal muscle system as well as how this muscle system changes across species. 

However, much of this research has focused on relationships between muscle structure and 

function from an active contractile perspective; that is, how our muscles behave during active 

contraction (addition of calcium and acto-myosin interaction), and how this relates to our muscle 

fibre organization. What is lacking is a thorough understanding of how our muscle fibre 
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properties relate in regard to passive muscle properties, which are also important in determining 

contractile performance (Tirrell, 2012). 

2.3.1 Human Muscle Fibres 

 Most human skeletal muscle contains a mixture of three fiber types (type 1, 2a, and 2x): 

in general, postural and endurance muscles contain more type 1 fibers, while muscles responsible 

for fast, high-power, short-duration movements consist of more 2a and 2x fibres. Notably, fibre 

type composition can be altered via activity level (D’Antona et al., 2003; Thorstensson et al., 

1977) and disease (Garner & Widrick, 2003; Levine et al., 1997). Thus, the fibre type 

composition of the whole muscle serves as a means of setting and adapting contractile 

performance (Harridge et al., 1996; Thorstensson et al., 1977). In addition to the effects of fibre 

type admixture in determining the contractile characteristics of skeletal muscle, there is 

substantial variability in function within individual muscle fibre types (Gilliver et al., 2009; 

Harridge et al., 1996). Further understanding of the molecular-level interactions (actively and 

passively) will aid in developing our understanding of whole muscle properties. 

2.3.2. Rat Muscle Fibres 

 Rats, like humans, contain type 1, 2a, and 2x fibres. However, unlike humans rat muscle 

also contains a fourth common fibre type – 2b. The 2b fibre type is common among many rat 

muscles, including the ones studies here (TA and GAST); however, they are not found in the 

SOL muscle. As previously mentioned, we know much of these differences are evolutionary in 
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nature, to meet functional demands. However, it is currently unknown whether passive muscle 

properties are inherently different for these same evolutionary reasons.  

2.4. Comparing Passive Muscle Properties Across Species 

 As is a common theme in this thesis, most of the work to date comparing muscle 

properties across species has focused on the active mechanical properties, with much work 

focused on fibre type differences across species (Schiaffino & Reggiani, 2011). Although many 

different studies have used different species to study muscle fibre passive mechanics, none of 

them have systematically compared elastic moduli across different species. The issue that arises 

when trying to piece together information from different laboratories that have measured passive 

muscle properties in different species is that every laboratory uses slightly different 

instrumentation, solutions, set up, data curve-fitting techniques, etc. Also, it is usually not the 

same investigator carrying out all of the testing, increasing the experimental variability 

associated with comparisons. This thesis will have an advantage for this purpose, as the same 

investigator performed all tests across all species on the same instrument with the same setup. 

This will allow for an accurate comparison of single muscle fibre passive muscle properties 

across species. 

 No studies to date have investigated whether or not passive muscle properties are 

different among different mammals. Prado et al, 2005 looked at the passive muscle properties in 

single muscle fibres from five different rabbit muscles. Although they reported that there were 

muscle specific differences, they did not report single fibre data from each muscle. Similarly, 
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Horowits (1992) found single fibres from the psoas muscle of the rabbit to be stiffer than those 

from the soleus muscle of the same animal.  There have been several studies performed on the rat 

muscle which have looked at several muscles including the abdominal wall muscles, the TA, and 

the spine musculature (Brown et al, 2011; Gsell et al, 2016; Zwambag et al, 2017), as well as in 

humans (Lieber et al, 2002; Ward et al, 2009). However, none of these studies directly compared 

different species as their primary outcome.  

 This obvious lack of normative data in the literature comparing across various species 

once again reinforces the notion that there is a gap in the skeletal muscle literature regarding 

passive muscle properties and their role in muscle function. 

2.5. Comparing Muscle Mechanical Properties with Aging 

 The World Health Organization has determined that aging is one of the most important 

bio-psycho-social challenges of the 21st century (World Health Organization 2015). Adult aging 

is associated with an increased prevalence of impairment, reduced physical activity, higher 

mortality, and increased use of health services, which impacts all health care systems. Therefore, 

there is good motive for research in this area. It has been suggested that one of the most obvious 

features of the aging human phenotype is that of decreased muscle mass, strength, and power 

(Frontera et al., 2017). Most studies to date (both longitudinal and cross sectional) have shown a 

loss of muscle mass, strength, and power in both men and women as we age (Frontera et al., 

2000; Frontera et al., 2000). However, the common theme behind all of these studies is that only 

active contractile properties of the muscle are considered. To date there have been no studies that 
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have looked at passive muscle properties in single muscle fibres across the lifespan. This 

highlights the need for further exploration in the area of muscle physiology and ageing, so that 

researchers, clinicians, and engineers can get a more complete picture of how muscle function 

and quality change as we age. For the purpose of this literature review, we will only focus on 

those studies that examined the above outcome measures from the level of the single muscle 

fibre. 

 A study by Frontera et al (2000) investigated the contractile properties of chemically 

skinned single muscle fibres from the VL of 7 young men, 12 older men, and 12 older women. 

The results showed that young men had both a higher absolute and specific force than the older 

men, suggesting that there is an intrinsic issue with older muscle fibres that limit them from 

producing the same amount of force as younger muscle, even when accounting for size 

differences. Similarly, Trappe et al (2003) looked at the isometric and isotonic properties of 

permeablized single muscle fibres from the VL of six young men, six young women, six old 

men, and six old women. However, here there was no difference in peak force between groups 

when accounting for fibre size; although there were differences in absolute peak power. 

Alternatively, the only study that has elucidated the stiffness properties of muscle cells with 

aging was performed by Ochala et al (2007). Here they only considered the active stiffness 

properties of chemically skinned single muscle cells. Once again biopsies were taken from the 

VL of six young and six old men. The results demonstrated that aging reduced the specific force 

of single muscle fibres, and increased the instantaneous stiffness of single muscle fibres, which 

was calculated by imposing a quick release of 0.15% of fibre length once they fibre reached 
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steady state force. The group also reported that there was no significant correlation between the 

elastic parameters (instantaneous stiffness (K) and the ratio between instantaneous stiffness and 

specific force (K/SF)) and the active parameters (unloaded shortening velocity (V0) and time to 

half tension rise (t1/2)) of muscle contraction. This method of calculating stiffness is much 

different than that used in the present thesis; here they were measuring the stiffness of a calcium 

activated muscle fibre, which results in contributions of the actin/myosin cross-bridge formation 

to stiffness. In the present thesis the muscle fibres were completely relaxed (no cross-bridge 

formation) and the passive stiffness was calculated from the slope of the stress-sarcomere length 

curve. The authors in the above study (Ochala et al. 2007) concluded that the increased 

instantaneous stiffness may be responsible for the increased muscle-tendon stiffness reported in 

older men at the whole-muscle level (Blanpied & Smidt, 1993; Brown, Fisher, & Salsich, 1999; 

Valour & Pousson, 2003). 

 There is clearly an abundance of research that has been performed on active contractile 

properties of single muscle fibres across the lifespan; however many questions exist around the 

passive elastic properties of aging muscle fibres, specifically, whether 1) there is any difference 

in the passive stiffness of young and old muscle fibres and 2) whether possible differences in 

passive stiffness seen with aging are related to active contractile properties (i.e fibre type). The 

present thesis will be addressing the question of whether or not older muscle fibres have altered 

passive mechanical properties. 
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Chapter 3: Methods 

3.1. Rat Muscle Samples 

 Seven Sprague Dawley rats were examined. The TA, SOL, and GAST were excised 

immediately following euthanization and placed in physiological storage solution at 4°C for 24 

hours, and subsequently placed in fresh storage solution (Eastwood et al, 1979) and incubated at 

-20°C for at least one week prior to testing. This was done to permeabilize the sarcolemma and 

prevent breakdown of the sample (Shah & Lieber, 2003).  

3.2. Human Biopsies 

 Human skeletal muscle was obtained via needle biopsy from the VL of 10 healthy young 

males, mean age (25.4 ± 2.6 years) and 10 healthy old males, mean age (69 ± 7.9 years) and 

immediately placed in physiological storage solution at 4°C for 24 hours and subsequently 

placed in fresh storage solution (Eastwood et al, 1979) and incubated at -20°C for at least one 

week prior to testing. 

3.3. Muscle Passive Mechanical Testing 

 All muscle samples were tested within one month of harvest. Testing was performed in a 

relaxing solution consisting of (in mM) 59.4 imidazole, 86 KMSA, 0.13 Ca(MSA)2 10.8 

Mg(MSA)2 5.5 K3 EGTA 1 KH2PO4 0.05 leupeptin and 5.1 Na2ATP (Shah & Lieber, 2003). 

EGTA has a high affinity for calcium, therefore it was used to ensure no force was generated via 
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cross-bridges, and only passive tension was generated. ATP was used to break apart any existing 

crossbridges, and leupeptin (a protease inhibiter) was used to maintain the cell structure. For 

human samples, 8-12 single muscle fibres from each muscle biopsy were tested. For animal 

testing, 6 single fibres were tested per muscle, for a total of 18 fibres per animal. For dissection, 

muscle samples were placed in a relaxing solution (Shah & Lieber, 2003), muscle bundles were 

separated, and fibres dissected from those bundles and transferred to the mechanical testing 

apparatus. Here fibres were placed in the testing bath filled with relaxing solution and tied at 

either end to two separate pins: one attached to a micro-level force transducer (Model-405A, 

Aurora Scientific Inc., Aurora, Ontario, Canada), the other to a high-speed motor (Model-322C, 

Aurora Scientific Inc., Aurora, Ontario, Canada (Figure 3.3.1.)). Samples were set to their slack 

length (length at which passive resistance to stretch is first detected), and measurements of fibre 

diameter were taken at 3 locations along the sample length using a digital micromanipulator 

(precision 1µm). Fibres were trans illuminated by a 5mW diode laser (Coherent, Wilsonview, 

Oregon, USA) and the resultant diffraction pattern was used to calculate sarcomere length. 

(Lieber, Yeh, & Baskin, 1984). Force and sarcomere length were recorded as samples were 

rapidly stretched by increments of ~0.25 µm and allowed to relax for 2 minutes. The force at the 

end of every 2-minute period was normalized to the CSA calculated from the average of the 

diameter measures (assuming a cylindrical shape) to give a measure of stress (Ward, Tomiya, & 

Regev, 2009). For each test, a minimum of 7 stretches needed to be reached for the test to be 

considered successful; this corresponded to a minimum sarcomere length at the end of the test of 

approximately 3.5 µm. From the resulting passive stress sarcomere length curves, the passive 
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elastic modulus (stiffness) was calculated as the slope of the tangent to the linear portion of the 

stress sarcomere-length curve (Figure 3.3.2). 

 

Figure 2. Experimental set-up used to test muscle samples. A) Micro-level force transducer 
and high-speed motor. B) Pins secured to each of the former, submerged in a testing 
chamber filled with relaxing solution. C) Muscle fibres secured to pins shown through a 
dissecting microscope. 
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Figure 3.3.1 - Experimental set-up used to test muscle samples. A) Micro-level force transducer and 
high speed motor. B) Pins secured to each of the former, submerged in a testing chamber filled with 
relaxing solution. C) Bundle of muscle fibres secured to pins shown through a dissecting 
microscope. 

 

3.4 uCT Imaging 

The spines of an additional 2 pairs of 8 month old mice (KO and WT littermates, 1 male pair 

and 1 female pair) were imaged to determine if the facet joints of the lumbar spine were affected 

by the calcification. This was not considered necessary for the 2 month old mice as the lumbar 

spines were not yet affected. After euthanization, mice were fixed in formalin and imaged using 

a laboratory µCT scanner (eXplore speCZT, GE Healthcare Biosciences, London, ON, Canada) 
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Figure 3. Representative curves of passive-stress sarcomere-length raw data. Figure shows 
three raw collections from a single subject. 

 

3.4. Gel Electrophoresis 

 Following mechanical testing, fibres were placed in 15µl of solubilization buffer 

containing 61 mM tris (pH 6.8), 11% (v/v) glycerol, 2.78 % (w/v) SDS, 5% 2-β 

mercaptoethanol, and 0.02% (w/v) bromophenol blue, and then stored at -80°C for a minimum of 

48 hours or until fibre type analysis was performed. Prior to loading, samples were heated at 

95°C for five minutes, and then vortexed and spun on a minifuge for 15 seconds. The entire 

sample was then loaded into the well. Myosin heavy chain (MHC) proteins were separated using 

a 7% separating gel consisting of 2M tris HCL (pH 8.6), 50% glycerol, 10% sodium dodecyl 

sulfate (SDS), and 40% (w/v) acrylamide and N,N’ -methylenebis-acrylamide with a monomer 
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to crosslinker ratio of 37.5:1.  Polymerization was initiated with 10% ammonium persulfate 

(APS), and N,N,N,N’ -tetramethylethylene-diamine (Temed). The stacking gel consisted of 500 

mM tris HCL (pH 6.7), 10% SDS, and 40% (w/v) acrylamide and N,N’ -methylenebis-

acrylamide with a monomer to crosslinker ratio of 37.5:1. Polymerization was initiated with 10% 

APS, and Temed. The 1X running buffer consisted of 9-part deionized water and 1-part 10X 

running buffer which consisted of 142.7 grams glycine, 30.27 grams trizma base, and 10 grams 

SDS to a final volume of 1 litre. Gels were incubated at 4°C and run at a constant voltage of 50V 

for approximately 40 hours. After the electrophoresis run, gels were washed with 200 ml of 

deionized water (ddH2O) three times for five minutes each, and then stained using 50 ml/gel of 

premixed Bio-safe coomassie brilliant blue G-250 stain. Gels were then rinsed for 30 minutes in 

200 ml ddH2O. The final step was to image the gels, this was done using an Epson Perfection 

V500 photo scanner.  After the gels were imaged, the separation of the MHC proteins was 

visually analysed. Fibre types were matched by comparing to a homogenate of known molecular 

weights. 
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Figure 4. Representative image of gel electrophoresis results. Lane 1: molecular weight 
standards (250 (top) and 150 (bottom) kilodaltons); Lane 2: type 2 muscle fibre from 
human VL (arrowhead); Lane 3: type 1 muscle fibre from human VL (arrowhead); Lane 5 
& 8: type 1 & 2 muscle fibre standards from a mixed soleus and EDL homogenate from the 
Sprague-Dawley rat. 

 

3.5. Statistical Analysis 

 Differences between passive elastic modulus were tested using mixed model ANOVA 

analyses (SAS Institute, Cary NC, USA). Fixed effects were fibre type (young muscle only: 

MHC 1 vs MHC 2), muscle (SOL, TA, and GAST), age (Young vs Old), and species (Human vs 

Rat), while the random effect was human participant or animal. The fibre type analysis was 

1         2         3        4         5        6         7        8        9        10
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further explored by conducting a Pearson product-moment correlation between fibre diameter 

and elastic modulus. Based on the result of this correlation, the fibre type data (MHC 1 vs MHC 

2) were then compared using a one-way ANCOVA with diameter as a covariate, as well as a 

multiple stepwise regression with diameter and fibre type as predictor variables, and elastic 

modulus as the dependant variable (SAS Institute, Cary NC, USA). 

Chapter 4: Results 

4.1. Highlights 

1. In the human VL of young healthy participants, type 1 muscle fibres were significantly 

stiffer than type 2 muscle fibres. However, when accounting for diameter using the 

ANCOVA, the effect of fibre type was no longer significant. 

2. Young healthy male adults have significantly stiffer single muscle fibres than older male 

healthy adults. 

3. In the rat hindlimb there was no effect of muscle “type” (fast, slow, or mixed) on the 

passive elastic moduli of single muscle fibres. 

4. A moderate negative correlation was found between the diameter of the muscle fibres and 

their elastic moduli (r = -0.58). 

5. The human VL was much stiffer than any of the three rat hindlimb muscles. 
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4.2. The Effect of Fibre Type 

 The effect of fibre type (fast or slow) on passive stiffness of single muscle fibres was 

determined by comparing type 1 (n = 44) and type 2 (n = 48) fibres from the young healthy adult 

group. Type 1 muscle fibres had an average passive elastic modulus of 43.6 (± 3.4) kPa, while 

type 2 muscle fibres had an average passive elastic modulus of 33.5 (± 3.3) kPa (Figure 4.8.1). 

These were found to be significantly different (p=0.0019). 

 

Figure 5. Mean (± SEM) passive elastic modulus (stiffness) of Type 1 (slow) and Type 2 
(fast) muscle fibres from young human participants. * indicates statistical significance 
p=0.0019. n=44 for Type 1 fibres and n=48 for Type 2 fibres. 

 

 A correlation analysis was performed to determine if any relationship existed between the 

diameter of the muscle fibres and their elastic modulus. All young healthy adult muscle fibres 
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were used for this analysis. A correlation coefficient of r = – 0.64 (r2 = 0.4) (p < 0.001) was 

found, indicating a moderate negative correlation (Figure 4.8.2). 

 

 

Figure 6. Scatter plot of the relationship between diameter and the passive elastic modulus 
of single muscle fibres. Red cirlces represent type 1 fibres, black squares represent type 2 
fibres. Correlation analysis was performed product moment with a correlation coefficient 
of -0.64 and p < 0.001. 

 

Due to the significant correlation found between diameter and the elastic modulus, a one-way 

ANCOVA was performed with diameter added as a covariate. The results of this analysis are 

displayed in figure 4.8.3 and show that the adjusted means (adjusted for diameter as a covariate; 

Type 1 = 39.7 ± 3.1 kPa and Type 2 = 35.8 ± 2.9 kPa) are no longer statistically different from 
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one another (p = 0.1935). In addition, a multiple regression was performed, and diameter was 

determined to be the most important predictor variable of modulus (r2 = 0.34; p < 0.0001) while 

fibre type was the second most important predictor (r2  = 0.04; p = 0.016). 

 

 

Figure 7. Mean (± SEM), adjusted for the covariate fibre diameter (from the one-way 
ANCOVA) passive elastic modulus (stiffness) of Type 1 (slow) and Type 2 (fast) muscle 
fibres from young human participants. P= 0.1935. n=44 for Type 1 fibres and n=48 for 
Type 2 fibres. 

 

4.3. The Effect of Muscle Type 

 
 The effect of muscle type on the passive elastic modulus was determined by comparing 

three different muscles in the rat hindlimb. Single muscle fibres from seven animals and three 

muscles, one considered fast TA (n = 42), one considered slow SOL (n = 42), and one 
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considered mixed GAST (n =41) were tested. It was determined that no difference in passive 

elastic modulus existed amongst muscles (p = 0.75) (Figure 4.8.4). 

 

Figure 8. Mean (± SEM) passive elastic modulus (stiffness) of tibialis anterior (TA), soleus 
(SOL), and gastrocnemius (GAST) fibres from the rat. * indicates statistical significance 
<0.05. n=42 for TA, n=42 for SOL, and n=41 for GAST. 

 

4.4. The Effect of Age 

 An effect of age on the passive elastic modulus of human single muscle fibres was tested 

by comparing all young muscle fibres (type 1 and 2; n = 90), with all old muscle fibres (type 1 

and 2; n = 92). Young fibres had an average passive elastic modulus of 39.1 (± 2.7) kPa, while 

old fibres had an average elastic modulus of 31.2 (± 2.7) kPa (Figure 4.8.5). This was determined 

to be statistically significant (p<0.05). 
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Figure 9. Mean (± SEM) passive elastic modulus (stiffness) of vastus lateralis (VL) muscles 
from young and old human participants. * indicates statistical significance <0.05. n=90 for 
young human and n=92 for old human.  

 

4.5. The Effect of Species 

 The effect of species on the passive elastic modulus of single muscle fibres was 

determined by comparing all human single muscle fibres (young and old combined: n = 186) 

with all rat single muscle fibres (TA, SOL, and GAST combined n = 125). The average passive 

elastic modulus for human single muscle fibres was 35.5 (±1.2) kPa while the average elastic 

modulus for rat single muscle fibres was 10.8 (±0.7) kPa. (Figure 4.8.6) This was determined to 

be statistically significant (p<0.0001). 
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Figure 10. Mean (± SEM) passive elastic modulus (stiffness) of vastus lateralis (VL) muscles 
from combined young and old human participants and combined tibialis anterior (TA), 
soleus (SOL), and gastrocnemius (GAST) fibres from the rat. * indicates statistical 
significance <0.05. n=186 for human and n=125 for rat.  

 

4.6. Exclusions 

 It should be noted that 1 fibre from the GAST muscle was not included in any analysis 

due to missing raw data points that made it insufficient to characterize the linear region of the 

curve. In addition, no fibre type comparison was performed on the old healthy adult muscle 

fibres or the rat muscle fibres as there was a lack of type 2 muscle fibres (n=5) in the old human 

group, as well as in the SOL rat muscle group (no type 2 fibres), and a lack of type 1 muscle 

fibres in the TA and GAST rat muscle groups, leaving an insufficient “n” for analysis. Finally, 
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two “young” muscle fibres that were included in the “type 1 vs type 2” analyses were not 

included in the “young vs old” analysis. 

 

Table 1 – Mean (± SEM) average elastic modulus of Human (Young and Old) 
and Rat (TA, SOL, GAST) muscle fibres. 

 

Species Age Muscle 

Passive Elastic modulus 
(kPa) 

Type 1         Type 2 

 

 

Combined 
Type 1 & 2 

Human Young                

Old 

Combined 

VL 

VL 

VL 

43.6 (±3.4) 

 

33.5 (±3.3) 

 

39.1 (±2.7) 

31.2 (±2.7) 

35.5 (±1.1) 

Rat  TA 

SOL 

GAST 

Combined 

  10.7 (±1.4) 

10.2 (±1.4) 

11.3 (±1.4) 

10.8 (±1.8) 
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Chapter 5: Discussion 

 The overarching purpose of this thesis was to generate normative passive elastic moduli 

data from single muscle fibres in both humans and rats, to assess the effect of fibre type, muscle, 

age, and species. It was hypothesized that there would be no difference in the passive elastic 

moduli of type 1 (slow) and type 2 (fast) muscle fibres, predominantly “fast” muscles such as the 

TA would display similar single muscle fibre elastic moduli when compared to “slower” and 

“mixed” muscles (SOL and GAST respectively), older healthy adults would have higher passive 

elastic moduli than young healthy adults, and humans would have higher passive elastic moduli 

than rats.  

 This thesis has presented novel findings in the area of muscle physiology and 

biomechanics. The contributions of this work include:  

1. The first work to show that an apparent difference between type 1 (slow) and type 2 (fast) 

passive muscle properties at the cellular level may be better explained by differences in 

fibre size (diameter or cross-sectional area) than by inherent differences within the fibres 

themselves. 

2. The first work to compare and demonstrate no significant effect of muscle type on the 

passive muscle properties of single muscle fibres in the rat hindlimb. 
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3. To the authors knowledge, these are the first data to compare the passive muscle 

properties (at the cellular level) between young and old healthy adults, demonstrating 

stiffer muscle fibres in young compared to old adults. 

4. The first direct analysis comparing passive muscle properties across species, 

demonstrating that humans have stiffer lower limb muscle fibres than rats. 

5.1. Interpretation of Results 

5.1.1. Comparing Fibre Type 

 The preliminary findings from the fibre type analysis showed that type 1 (slow) muscle 

fibres had a higher passive elastic modulus (were stiffer) than type 2 (fast) muscle fibres from the 

VL muscle of healthy young adults. However, we subsequently performed a correlation analysis 

as a result of anecdotal suspicion that the stiffness values being measured may be related to the 

size (diameter) of the fibre. Specifically, we noticed that fibres with smaller diameters had, in 

general, higher elastic moduli; this had also been noticed in previous studies done in the lab. This 

is despite the modulus values inherently accounting for the size (diameter) of the fibre through 

the normalization of force to cross-sectional area (to obtain stress). Although we calculate cross 

sectional area (assuming a circular fibre shape) for this normalization purpose, we felt that 

diameter would be the better variable to use for the correlation analysis, as it is the measured as 

opposed to calculated variable. The findings from this analysis suggest that the variables 

“diameter” of the fibre, and the “elastic modulus” of the fibre, do in fact co-vary together. 
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Specifically, as diameter gets smaller, the elastic modulus gets bigger, suggesting that smaller 

muscle fibres have, in general, higher elastic moduli. Examining the data in Figure 4.8.5 closely, 

it becomes apparent that the fibres with the highest elastic moduli were also some of the smallest 

fibres. It should also be noted from figure 4.8.5, that the type 1 muscle fibres tend to skew 

toward the smaller side of the diameter axis, which is consistent with previous single muscle 

fibre work suggesting type 1 fibres are smaller than type 2 fibres in young male adults (Ochala et 

al., 2007). From the correlation analysis it became apparent that there was a significant influence 

of diameter on the passive elastic moduli, so we performed a one-way ANCOVA. The 

ANCOVA demonstrates that there is likely no effect of fibre type on the elastic modulus when 

accounting for the variance in diameter. As a result of this, a multiple regression analysis was 

also performed, which showed that diameter is a more important predictor of the elastic modulus 

(r2 0.34) compared to fibre type (r2 0.04).  These results suggest that our initial interpretation that 

fibre type had a statistically significant effect on the elastic modulus may be false, as it appears 

diameter is a better predictor of the elastic modulus, rather than fibre type. The significant 

influence of diameter on the elastic modulus suggests that the very stiff (~6000 kPa; Rapoport, 

1973) basement membrane plays an important role in dictating single fibre stiffness. This is 

because (assuming a constant basement membrane thickness) the proportion of the fibre diameter 

(or cross-sectional area) belonging to the basement membrane would increase as fibre diameter 

decreases, thereby resulting in higher elastic moduli. However, there is currently no direct 

experimental evidence to support this. 
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5.1.2. Comparing Muscle Type 

 The analysis on the effect of muscle type (fast, slow or mixed) in the rat hindlimb showed 

that no differences exist in the passive elastic moduli of single fibres from the muscles examined. 

These results suggest that, independent of the overall functional makeup of the muscle (fast, 

slow, mixed), individual fibres have similar passive elastic properties. The different muscles 

tested in this study also perform distinctly different functions (i.e. TA is an ankle dorsiflexor, 

SOL is an ankle plantarflexor, GAST is an ankle plantarflexor and knee flexor; TA is non-anti-

gravity, SOL is anti-gravity, GAST has both non-anti-gravity (knee) and anti-gravity (ankle) 

roles). Therefore, these findings also suggest that, regardless of the specific function of the 

muscle in the hindlimb of the rat, passive elastic properties of single muscle fibres do not differ.  

5.1.3. Comparing Age 

 The finding that younger single muscle fibres were stiffer than single muscle fibres from 

older adults is novel. To the authors knowledge this question has never been tested. This finding 

was contrary to the hypothesis that older fibres would be stiffer than younger fibres. The results 

suggest that, at the single muscle fibre level, at least one of the structures primarily responsible 

for developing passive tension (i.e basement membrane, titin, intermediate filaments, etc.) is 

stiffer in younger rather than older individuals. Although, this may be due to lifestyle factors, for 

instance altered loading conditions between the two groups of individuals, there was no apparent 

difference in any of the physical activity measures used in the current study (i.e. total physical 
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activity time per week (hr/wk), or total energy expenditure (kcal/wk). However, the specific 

types of physical activity that was performed by the respective groups was not disclosed. The 

difference in stiffness is likely not due to differences in fibre type, as the fibres tested in the older 

group were mostly type 1, which based on our previous analysis tend to skew smaller resulting in 

larger moduli. It is also likely not due to differences in fibre size, as the mean diameter of both 

groups was approximately 0.1 mm. It is possible that the lower stiffness seen in older single 

fibres is related to the age-related loss in muscle power and strength (e.g. sarcopenia) often 

reported in older individuals (Frontera, 2017). On this note, it may be that there is a reduction in 

the muscle quality of older adults whereby there is a change in regulatory myoproteins (e.g. titin, 

nebulin, desmin, dystrophin, and other z-disk proteins) that potentially contribute to passive 

tension by altering how force is transmitted along serially arranged sarcomeres (Hughes et al., 

2015; Hughes et al., 2017; Hughes et al., 2018; Seto et al., 2011). How any of these potential 

passive tension regulators might be changed is currently unknown, however it is possible that a 

protein such as titin is somehow degraded with aging. However, while there is some evidence to 

suggest changes to contractile or regulatory proteins contribute to the loss in active muscle 

contraction performance (Brocca et al., 2017)., there is no evidence that this is also a mechanism 

of passive tension loss in the elderly.  

 While the findings were a bit surprising, it may suggest that the increased stiffness 

reported at the whole muscle level in other studies (Blanpied & Smidt, 1993; Brown, Fisher, & 

Salsich, 1999; Valour & Pousson, 2003; Hasson et al., 2011) may be due to other sources of 
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passive tension such as the tendons and connective tissue, which are not present in studies of 

single muscle fibres. The one exception to this is the previously discussed basement membrane, 

which is located at the surface of the muscle fibre and has been shown to lose its ultra-

substructure, as well as increase in both thickness (from <100 nm (neonatal) to ~1000 nm at age 

20 and over ~2 um (at 80 years)) and stiffness with age in some human cells (Candiello et al., 

2010; Halfter et al., 2015). This has been shown in the human epidural, glomerular, descemets 

membrane, lens capsule, and vascular basement membranes (Halfter et al., 2015). It has also 

been shown that there is an age-related increase in collagen IV and decrease in laminin in the 

human basement membrane with age (Candiello et al., 2010); however, collagen may not play 

the most prominent role in basement membrane stiffness, as the protein laminin has recently 

been suggested to play the largest role in basement membrane stability (Zhang et al., 2013). In 

summary, basement membranes of cells from older people are generally thicker, stiffer, and have 

a different protein makeup, from those of young infants (Halfter et al., 2015). An increased 

basement membrane stiffness or thickness with aging would result in an expected increase, rather 

than a decrease as found in the current thesis, in passive fibre stiffness. However, these changes 

in the basement membrane with age have not been specifically demonstrated in human muscle 

cells. Therefore, it is currently unclear whether the basement membrane, or other intracellular 

changes, are responsible for the lower passive elastic modulus in older adults.  
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5.1.4. Comparing Species  

 The finding that humans have a higher passive elastic modulus (stiffer muscle fibres) 

than rats is novel in as far as these results are all a part of a single study comparing two different 

species, all done by the same researcher. The average age of the humans was 47 years, and the 

average age of the rats was ~12 months, which can be equated to approximately 36 human years 

(Sengupta, 2013). Therefore, the species were age matched as well as possible. Initially, this 

finding made sense based on data reported earlier within this thesis that demonstrated that type 1 

muscle fibres are stiffer than type 2 muscle fibres. As we know, smaller mammals contain a 

larger percentage of type 2 fibres in their muscles (Schiaffino & Reggiani, 2011); thus, we 

thought this might account for at least some of the difference in passive stiffness between 

species. However, the muscle type analysis also presented within this thesis showed that there is 

no difference in passive muscle stiffness between fast, slow, and mixed rat muscles (TA, SOL, 

GAST). Additionally, fibres from both slow and fast muscles in the rat hindlimb had much lower 

moduli than both human type 1 and type 2 fibres. Of course, this fibre type hypothesis becomes 

moot because as described in depth earlier, once the human fibre type analysis was expanded to 

account for the variance in fibre diameter, the difference in fibre type no longer existed. Along 

with this, mean fibre diameters were larger in human (~ 0.1 mm) compared to rat (~ 0.86 mm), 

so this would not explain the greater modulus found in human compared to rat single fibres. 

 An aside observation from this analysis is that the human muscle fibres appeared to have 

much higher variation in their elastic moduli (SD = 1.2), while the rat elastic moduli had very 
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low variation (SD = 0.7). This is possibly due to the more controlled environment that laboratory 

rodents experience, while humans experience large variations in day to day activities, both 

within individuals and between individuals. This may lead to much different loading patterns in 

humans, leading to greater variation in the elastic moduli, while rats may experience similar 

loading patterns (within and between), leading to more similar elastic moduli both within and 

between animals. 

5.2. Comparison of Results to the Literature 

5.2.1. Comparing Fibre Type 

 The results of this thesis demonstrate that there is no clear relationship between the active 

and passive components of single muscle fibres. Specifically, there was a higher passive elastic 

modulus observed in type 1 (slow) fibres compared to type 2 (fast) fibres, but this difference was 

abolished once variance in fibre diameter was accounted for. The inspiration behind this part of 

the thesis came from two studies (Prado et al., 2005; Miller et al., 2015). Prado et al (2005) 

suggested that there may be a correlation between titin based passive stiffness and the relative 

type 1 fibre content; specifically, that slow muscles had lower titin-based stiffness. However, 

extramyofibrilar and total passive stiffness were not correlated with the fibre type. The main 

difference between the Prado et al (2005) study and the current thesis work is that we measured 

the passive stiffness of individual fibres, and then fibre typed each fibre to directly relate 

stiffness to fibre type. Prado et al (2005) measured muscle strips several times under different 
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conditions to distinguish the sources of passive stiffness (i.e. total, titin, and extra-myofibrillar) 

and then correlated the mechanics of the strips with the relative fibre type proportion of that 

particular muscle strip. Later, Tirrell et al (2015) found the opposite relationship to Prado et al 

(2005), whereby they reported a decrease in titin molecular mass, suggesting a stiffer fibre, with 

an increasing proportion of type 1 fibre percentage. Further in contrast to Prado et al (2005), 

Miller et al (2015) found that type 1 (slow) fibres had a higher passive elastic modulus than type 

2 (fast) muscle fibres, leading the researchers to conclude that type 1 fibres must have stiffer 

proteins within and between the myofibrils, possibly leading to better force transmission. 

However, the measurements in Miller et al (2015) were performed during active isometric testing 

at a pCa of 8.0 using BDM (placing crossbridges in a “weak” state) and sinusoidal analysis. This 

is in stark contrast to the methods used in the present study where we employed a relaxing 

solution to ensure only the passive properties of the fibre were measured (no bound crossbridges) 

and stretched the fibre by performing length step changes of 0.25 µm/sarcomere length. 

Therefore, although the results of the present study are in agreement with those of Miller et al 

(2015) it should be noted that the two methodologies used were very different, so caution should 

be used in comparing the results. Clearly, the findings from this analysis, grouped with the 

findings discussed in the section on “muscle types” demonstrate the need for further research in 

this area. Specifically, more work needs to be done on human skeletal muscle so that a clear 

pattern of passive muscle properties (and any potential relationship to active properties) can be 

determined. 
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5.2.2. Comparing Muscle Type 

 The finding that there were no differences in passive stiffness amongst muscle types in 

the rat hindlimb is novel. Prado et al (2005) measured the stiffness of single myofibrils, fibres, 

and muscle strips of 37 muscles in the rabbit and concluded that a low correlation existed 

between the active and passive muscle properties; specifically, that slow muscles expressed 

longer titin isoforms and low titin based passive stiffness, whereas fast muscles were variable in 

their titin expression and passive stiffness. The researchers also suggested that titin’s 

contribution to total muscle stiffness varies from muscle to muscle. The present thesis work 

suggests that the muscle type (fast, slow, or mixed) does not influence the passive properties of 

single muscle fibres in the rat hindlimb. This suggests that either titin, other potential passive-

tension regulating intracellular proteins, the basement membrane or all have similar contributions 

in the various hindlimb muscles studied here.  Further work should focus on determining if this 

is true for muscles from different regions of the body in both rats and humans, and whether or 

not the potential sources of passive stiffness contribute equally to the passive tension seen in this 

work, or, is it possible that in some cases, one (e.g. basement membrane) is contributing a lot to 

passive tension, while another (e.g. titin) in contributing a little. Then in other cases the opposite 

might be true, all to maintain an overall “homeostasis” of stiffness. 

5.2.3. Comparing Age 

 There is currently a substantial research focus on the effects of aging on muscle quality 

and function (both at the whole muscle and cellular level); however, as previously mentioned, 
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most of this focus at the cellular level is on active muscle properties and muscle proteins (Broca 

et al, 2017; Frontera et al., 2017). Thus, currently there is a gap in this research. This thesis was 

successful in narrowing that gap by providing normative passive muscle data from young and old 

human muscle fibres from the VL. The closest study to report data similar to that in the present 

thesis was from Ochala et al (2007) who looked at the active stiffness properties of single muscle 

fibres from young and old males. In that study they reported that the single muscle fibres from 

older male adults were stiffer than those from young healthy adults, in contrast to the passive 

stiffness findings of the current thesis. It is very likely that the differences in stiffness that Ochala 

et al (2007) reported between young and old fibres was due to differences in crossbridge stiffness 

(either number of crossbridges formed or differences in inherent crossbridge stiffness) and/or the 

type of crossbridges formed (strong or weak), and not the other passive structures within the cell 

(i.e. titin, basement membrane, intermediate filaments). As a result, although the aging process 

may change the compliance and/or number of crossbridges during active contraction, which may 

result in an increased active stiffness in older muscle fibres, the current thesis demonstrates that 

passive fibre stiffness decreases in older muscle.  

 Studies on whole muscle (Blanpied & Smidt, 1993; Brown, Fisher, & Salsich, 1999; 

Valour & Pousson, 2003; Hasson et al., 2011) also suggest that older individuals have increased 

stiffness in the whole muscle-tendon unit. Subsequently, a review on the mechanobiology of 

structural and cellular components of tendons suggest that aging degrades the tendon, leading to 

weaker and less stiff tendons (Thampatty & Wang, 2018). Work by Alnaqeeb et al (1984) 

demonstrated that in the EDL and soleus muscles of Sprague-Dawley rats, the muscle became 
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stiffer with increasing age, and there was also an increase in both connective tissue and collagen 

content with age in the soleus muscle, as measured via selective staining.  All of these results 

taken together are slightly confusing, and suggest that, at some levels, the muscle cell may be 

changing in one direction (i.e. less stiff with age), while at other levels (i.e. the connective tissue) 

it may be getting stiffer with age. Regardless, the conclusions that Ochala et al (2007) made 

regarding the results of their study accounting for these differences in whole muscle properties 

may not be accurate. It is more likely that the increased stiffness reported at the whole muscle 

level is due to various sources and structures, such as the connective tissue within the muscle 

(Sildorf et al., 2014) or passive structures within the fibre itself (Mathewson et al., 2014), and not 

a result of increased crossbridge stiffness. It is probable that the lower passive fibre stiffness in 

older adults reported in this thesis is related to an overall reduction in muscle quality (i.e. 

degradation of titin, other sarcomeric proteins, detrimental changes to the basement membrane, 

or possibly changes in binding proteins or z-disk binding sites: Hughes et al., 2015; Hughes et 

al., 2017; Hughes et al., 2018; Seto et al., 2011); however, currently the passive mechanical 

properties of muscle fibres and bundles of fibres and how they scale to the whole muscle level is 

poorly understood. It will be important to work to elucidate the mechanism behind this 

difference. Therefore, future studies should focus on 1) performing accurate measurements of 

basement membrane thickness and/or collagen content/orientation in single muscle fibres 

between young and old participants and 2) measuring the relative titin size differences between 

young and old single muscle fibres.  
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5.2.4. Comparing Species 

 As previously mentioned there is very little published literature that has systematically 

compared passive muscle properties across species. However, this thesis has presented (to the 

author's knowledge) the first dataset where differences in passive elastic properties were 

compared among different species as part of an experimental question. The moduli magnitudes 

from the present work are in agreement with previous studies that have looked at either human or 

animal passive single fibre properties. Ward et al, 2009 measured the passive elastic properties of 

the human erector spinae muscles and reported mean elastic moduli between 32 and 37 kPa. 

Zwambag et al (2017) measured the passive elastic properties of the erector spinae muscles from 

the rat and reported much lower mean values of approximately 15-25 kPa. One can assume that 

this means the spine muscles from the human are stiffer than those of the rat; however, it is 

difficult to compare such values across different laboratories as the methods, set-up, 

instrumentation, and researcher can all have an effect on the outcome. To this point, a study by 

Brown et al (2011) also looked at the passive mechanical properties of single muscle fibres from 

the spine musculature in rabbits and reported mean passive elastic moduli of ~55-75 kPa for 

control multifidus fibres, which is much higher than both those reported by Ward et al (2009) 

and Zwambag et al (2017). Although this could be due to actual species differences between 

fibres (i.e. rabbit fibres are stiffer than rat and or human) it also demonstrates the possible need 

to have information across various species come from the same laboratory and ideally, all 

measurements should be taken by the same researcher. At this point we are not exactly sure why 

human muscle fibres are stiffer than those of the rat, and whether or not the rat stiffness values 
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can be extrapolated to other small rodents: Gsell et al (2017) reported passive elastic moduli 

between ~30-45 for control muscles (tibialis anterior, erector spinae, and multifidus) from the 

mouse, which is above the values obtained by Zwambag et al (2017) from the rat spine 

musculature. It may be that humans have adapted throughout evolution to create greater passive 

stiffness in single muscle fibres as an energy cost saving mechanism. For instance, it may be that 

the stiffer fibres in humans allows greater storage of energy during the lengthening phase of 

many daily activities; when this storage of energy is then released during the shortening phase, it 

could act as an energy saving mechanism to minimize the metabolic (ATP) energy cost, 

necessary for crossbridge re-formation. Although this is completely speculative, from an 

evolutionary viewpoint, it is possible. 

5.3. Contributions of Findings to Research Question 

 This thesis was successful in answering the proposed research question stated in section 

one, that is: how do different muscle and fibre types affect the passive elastic moduli, how do 

they change across different ages, and what do normative passive elastic moduli in different 

species look like. Specifically, this thesis answered those questions in the following way: 

1. This thesis demonstrated that type 1 (slow) fibres are stiffer than type 2 (fast) fibres; 

however, it appears that is was a result of variances in fibre diameter, and not a result of 

intrinsic fibre type differences. 

2. This thesis showed that the muscle type (slow or fast) does not appear to affect the 

passive mechanical properties of single muscle fibres in the rat hindlimb. 
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3. This thesis demonstrated for the first time that the passive elastic modulus (stiffness) of 

single muscle fibres in young healthy male adults was greater than those of old healthy 

male adults. This novel finding will be important to clinicians, biomechanists, and 

bioengineers in out attempt to better treat musculoskeletal injury and disease. 

4. This thesis demonstrated that passive muscle properties are significantly different 

between small (rat) and large (human) species. In particular, humans had a significantly 

higher passive elastic modulus. This thesis also showed that there was much more 

variation in human muscle fibres, while rat muscle fibre passive properties did not 

demonstrate high variability. This was shown by the large standard deviations calculated 

for the respective species. 

 

 This information can now be used by clinicians, muscle physiologists, and biomechanists 

to further the understanding of muscle function in both a healthy and diseased state. Specifically, 

the mechanical data presented here has the potential to help the clinician to better assess patients 

during active diagnostic testing, provide input data for the biomechanist who is trying to better 

predict the progress of muscle function, as well as the bioengineer who is trying to tissue 

engineer, or re-grow tissue that is no longer viable (due to disease or aging). 

5.4. Limitations  

 A limitation in the current study is the way in which force, measured during the passive 

single fibre lengthening tests, is normalized to CSA to obtain a value of stress. This 
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normalization is necessary for comparison of fibres of different sizes (ie different diameters or 

CSAs). However, this can result in a magnitude of error based on the assumption of a cylindrical 

shaped fibre. By using the measured diameter of the muscle sample to calculate CSA, the actual 

area of the sample can be misrepresented by a mean deviation of 21% (Blinks, 1965). However, 

we attempted to partially mitigate this by taking the average of three diameter measurements 

along the length of the fibre. Ideally, an elliptical fibre shape would be assumed (which results in 

a mean deviation of only 4% (Blinks, 1965; de Bruin et al., 2014)); however, this requires 

diameter measurements in two planes, which we were not able to take in the current study due to 

equipment limitations. However, many other published studies have used the same methodology 

as was used in the present thesis.  

 Another limitation of this study is the muscle biopsy technique. When taking muscle 

biopsies, it is accepted that the sample might not be completely representative of the entire tissue 

in question. Specifically, here we had a lack of type 2 (fast) fibres from the older subjects; 

therefore, this did not allow us to make comparisons between type 1 and type 2 fibres within the 

older adult group or specifically compare within fibre types between the young and older groups. 

However, it is possible that this low proportion of type 2 fibres tested in our study is 

representative of the actual fibre distribution in the elderly (Frontera et al., 2000).  

 A third limitation of this study is that when comparing across species (species 

comparison) we did not measure the elastic modulus from the same muscle (i.e. VL in humans, 

lower limb in rat). So, although our conclusion that the human fibres are stiffer seems 
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reasonable, we cannot say for sure that this might not be in part due to inherent differences 

between the VL and lower limb muscles. 

5.5. Future Areas of Investigation 

 Future areas of investigation should focus on the following main areas/questions: 

1. What structures are responsible for the changes/differences in the passive elastic moduli 

identified from aging/pathology/altered loading etc. processes (i.e. titin, collagen). With 

new technological advancements (i.e. atomic force microscopy, digestion techniques etc.) 

it may become easier to measure muscle properties such as the contribution of the 

basement membrane to passive stiffness, which would allow researchers to make better 

conclusions regarding structure function relationships in regard to passive tension in the 

muscle fibre. 

2. Determine the relationship between the elastic modulus of single muscle fibres and fibre 

CSA. It was described in the limitations section that we were unable to measure fibre 

diameter in two planes to most accurately calculate CSA by assuming an elliptical shape 

of the muscle fibre; however, our lab has recently obtained new equipment that will allow 

us to do this. We believe this will allow us to make further advancements in 

understanding the relationship between stiffness and fibre CSA in single muscle fibres. 

3. Continue to gain normative passive elastic moduli for the various human muscles, as well 

as across various species. 
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Chapter 6: Conclusion 
 The passive elastic modulus of single muscle fibres is; higher in type 1 (slow) muscle 

fibres compared to type 2 (fast) muscle fibres in young healthy adults from the VL (however see 

point below), not affected by muscle type in the hindlimb of the rat model, higher in young 

healthy adults compared to older healthy adults, and higher in humans than rats. There appears to 

be a negative-moderately strong relationship between the size of the fibre (diameter) and the 

fibre's elastic modulus in single muscle fibres from the human VL, whereby the elastic modulus 

increases with decreasing fibre size. When diameter is thus used as a covariate in the fibre type 

analysis from young humans, fibre type no longer influences the elastic modulus as it first 

appeared. Future work in this area should focus on determining the cellular and extracellular 

mechanisms and structures responsible for the differences in the passive elastic moduli identified 

in the current work. 
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