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7 METHOD DEVELOPMENT FOR VISUALISING 

MUSCLE BIOMECHANICS 
Part I of this thesis showed that dysferlin deficiency has subtle myofibre-type specific 

effects on muscle function for BLAJ muscles without overt histopathology, and that these 

functional effects of are likely due, in part, to a disruption of EC coupling proteins. 

However, skeletal muscle function is also influenced by muscle mechanical properties 

and structure (discussed in Chapter 1), thus Part II of this thesis aimed to examine the 

mechanical properties of dysf-/- BLAJ skeletal muscle. To achieve this, a novel imaging 

platform utilising quantitative micro-elastography (QME) was first required to ensure the 

success of these studies. Chapter 7 outlines the QME method development process, which 

occurred over ~2.5 years: plus the final method is presented. Further discussion of the 

advantages and application of this new QME method are presented in Chapters 8 and 9. 

7.1 INTRODUCTION 

The evaluation of mechanical properties at a scale between cellular and organ levels, at 

the level of more organised cellular structures and tissues - a scale of vital importance in 

the onset and progression of many diseases - could provide new insight to further the 

understanding of muscle pathologies, such as dysferlinopathy. One such imaging method 

that could enable this is QME. 

QME, a variant of optical coherence elastography, uses optical coherence tomography 

(OCT) to measure tissue deformation under static or dynamic loading, to produce micro-

scale images (micro-elastograms) of the elastic modulus (or stiffness) of tissues (Kennedy 

et al., 2014a, Larin and Sampson, 2017). QME builds upon optical coherence 

elastography to quantify these mechanical properties by utilising a compliant layer with 

known stress-strain behaviour for sample surface stress measurements (for more detail 

see Chapter 1). QME’s potential utility has been demonstrated for both milli- and 

microscale applications in areas including breast tumour margin evaluation (Allen et al., 

2018, Kennedy et al., 2020) and cell mechanobiology (Hepburn et al., 2020). Previously, 

qualitative optical coherence elastography was implemented with muscles from 

dystrophin-deficient mdx mice, a model of the human muscle disorder Duchenne’s 

muscular dystrophy, demonstrating the ability of this imaging modality to identify areas 
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of necrosis with altered mechanical properties (see example in Figure 7.1) (Klyen et al., 

2011, Chin et al., 2014, Klyen et al., 2014). As such, it was expected that QME would be 

an effective and insightful method for quantifying altered mechanical properties in 

dystrophic skeletal muscles. 

 

Figure 7.1: Optical coherence micro-elastography (OCME) of gastrocnemius muscle from an 

unexercised dystrophic mdx mouse aged three months. En face (A) haematoxylin and eosin-stained 

histology section, (B) OCT image, and (C) micro-elastogram. (D, F, H) Magnified insets (2 × 2 mm2) of 

corresponding regions of intact myofibres (blue square). (E, G, I) Magnified insets of corresponding regions 

of a necrotic lesion (red square). OCT images and micro-elastograms were taken 100 μm from the surface. 

OCT images show signal-to-noise ratio (dB), presented in grayscale, and micro-elastograms show strain 

(mε), also presented in grayscale. Adapted with permission from Chin et al. (2014), © The Optical Society. 

 

The primary aim of the QME studies in this thesis was to examine the mechanical 

properties of dystrophic skeletal muscle from the dysferlin-deficient mouse ex vivo, with 

a focus on the severely affected mixed myofibre-type quadriceps, in addition to the much 

smaller predominantly slow-twitch soleus and fast-twitch EDL. While Chin et al. (2014) 

successfully characterised the qualitative mechanical properties of the dystrophic mdx 

gastrocnemius and gluteal muscles, which are relatively large muscles like the 

quadriceps, for the success of QME in this application, there were several requirements 

and challenges that needed addressing due to the nature of skeletal muscle tissue and 

compression (discussed below). 

This chapter outlines the development of a novel method to achieve reliable quantification 

and mapping of the local elasticity of skeletal muscles from mice. This method combines 

QME and tissue encapsulation in a 3D hydrogel to improve the reliability of QME 

measurements. 
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7.1.1 Considerations and method requirements 

The success of QME relies on uniform compression throughout a sample, and specifically 

for the application to skeletal muscle, maintaining physiological conditions to produce 

relevant and interpretable results. To achieve this, the initial method was established 

around the concept of encapsulating the muscle samples within a medium, such as a 

hydrogel, which provided many benefits to enable consistent experimental conditions. 

Additional requirements were that the sample was able to fit on the QME imaging 

window (i.e., no larger than a 15 × 15 mm2 coverslip) without the need for a rigid 

surrounding structure. 

Skeletal muscles are heterogenous tissues with uneven surface topologies that cause 

uneven contact during compression, resulting in artificial biomechanical heterogeneity, 

and ultimately making interpretation of micro-elastograms difficult. Encapsulation of 

muscle tissue improves the uniformity of contact during compression, by ensuring a 

relatively flat en face (xy-plane) surface, and improved contact with the whole tissue, 

rather than just the highest (i.e., thickest) points of the muscle. 

Additionally, compression from QME would likely disproportionately impact the small 

soleus and EDL muscles’ structural integrity, whereby compression would cause a 

relatively large degree of flattening and subsequent expansion in the x-axis (across the 

width of the muscle), which does not reflect physiological conditions. Encapsulating 

muscles would reduce non-physiological expansion and hold muscle samples in place on 

the imaging window, ultimately improving the accuracy and reproducibility of imaging 

tests, to enable comparisons between samples. 

Hydrogels, which consist of 3D networks that are crosslinked physically and/or 

chemically (Lee and Mooney, 2001, Hoffman, 2002), are an ideal medium for 

encapsulating muscles as they can hold large amounts of water and be made to be similar 

in stiffness to natural tissues (Peppas et al., 2006, Varghese and Elisseeff, 2006, Lee and 

Yuk, 2007). Additionally, hydrogels have strong advantages for maintaining the viability 

of the muscles throughout the imaging process because of their 3D microporous structure, 

biocompatibility, organic solvent-free environment, and permeability for oxygen and 

other nutrients (Lee and Mooney, 2001, Hoffman, 2002, Peppas et al., 2006, Varghese 

and Elisseeff, 2006, Lee and Yuk, 2007, Wu et al., 2013). 

Gelatin methacryloyl (GelMA), a gelatin-based hydrogel material (Loessner et al., 2016, 

Yoon et al., 2016), was chosen as a suitable hydrogel for the current project. GelMA has 
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highly tuneable stiffness properties that depends on the concentration of GelMA and 

photoinitiator in solution, and the level of exposure to ultraviolet (UV) light. Therefore, 

enabling the surrounding hydrogel to be of similar stiffness to muscle tissue (i.e., 

~10 kPa) to better reflect physiological conditions and improve image quality. Finally, 

GelMA is the ideal medium for encapsulating muscles because, prior to polymerisation, 

it is liquid at 37°C, making it highly customisable without damaging the muscle tissue 

due to high temperature or cytotoxicity (like polyacrylamide) (Caliari and Burdick, 2016, 

Fan et al., 2019), and following polymerisation, would enable the muscle sample to be 

stored in Krebs solution to maintain muscle viability for the period between initial 

excision and scanning. 

7.2 MUSCLE ENCAPSULATION METHOD DEVELOPMENT 

The final encapsulation method was developed over several iterations, addressing key 

aspects including, (i) field of view, (ii) surface artefacts, and (iii) image quality. All 

methods in this chapter were conducted as described in Chapter 3 unless specified. 

7.2.1 Field of view 

The first step was to identify the most suitable of two QME system configurations, where 

there was a trade-off between resolution and field of view: the high-resolution 

configuration restricted field of view to 3 × 3 mm2 (Figure 7.2A), while the lower 

resolution configuration provided a larger field of view (10 × 10 mm2; Figure 7.2B). As 

whole muscle tissue (from mice) is relatively large (~1.3 mm in length), having a 

restricted field of view would limit the ability of QME to visualise regional elasticity in 

the target samples. Thus, the encapsulation method was designed to suit the lower 

resolution configuration to ensure most of the sample could be captured in a single scan; 

this required that samples be removed from any glass slide or coverslip prior to scanning. 
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Figure 7.2: Field of view of (A) high and (B) lower resolution QME configurations. (A) High-resolution 

QME, with the sample remaining on a glass coverslip, provided a field of view of 3 × 3 mm2. Whereas (B) 

lower resolution QME, where the sample was removed from the coverslip, gave a field of view of 

10 × 10 mm2. Field of view indicated by red square. 

7.2.2 Surface artefacts 

Initial silicone trial 

Initial trials were conducted to assess the need for samples to be fully encapsulated, i.e., 

whether it was sufficient for samples to be at the surface of the surrounding hydrogel, or 

whether they needed to be fully submerged. Two 2 mm thick silicon analogue samples 

were compared, each with a silicone inclusion of uniform elasticity ~10-times stiffer than 

the surrounding silicone. The sample where the inclusion was at the surface with one end 

breaching the surface (Figure 7.3A), produced micro-elastograms showing variable 

elasticity in the inclusion (Figure 7.3B, C), indicating variations in stress applied to the 

samples. Whereas, when the inclusion was below the surface (Figure 7.3D), this variable 

elasticity was not evident due to more uniform surface stress (Figure 7.3E, F). Therefore, 

it was essential that inclusions (i.e., muscles) were placed below the surface of the 

hydrogel. In addition, given QME’s limited depth of view, inclusions could only be 

submerged 100-300 µm below the surface of the sample. 
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Figure 7.3: The impact of inclusion placement at or below the surface of the sample bulk. Cross-

sectional (xz) and en face (xy) micro-elastograms (and corresponding xz OCT images) of samples consisting 

of a silicone inclusion of uniform elasticity, ~10-times that of the surrounding silicone bulk, placed (A, B, 

C) at or (D, E, F) below the sample surface (indicated by dashed lines). The inclusion at the surface of the 

sample showed variable elasticity, while submerging the inclusion in the sample removed this variation in 

elasticity. En face (xy) micro-elastograms were taken ~500 μm from the surface. OCT images show signal-

to-noise ratio (dB), presented in grayscale, and micro-elastograms show elastic modulus (kPa) presented in 

false colour overlaid on OCT. 

 

Pilot dual-layer hydrogel muscle encapsulation 

Consequently, a dual-layer hydrogel encapsulation method was designed, to ensure 

tissues were placed ~200 µm below the surface of the hydrogel (Figure 7.4). Whereby, 

the maximum thickness of the tissue sample was measured using OCT and this value was 

used to calculate the required base layer thickness (Figure 7.4B) to ensure the muscle sat 

below the surface.  

Moulds for encapsulation comprised of acrylic walls with no base or top, with internal 

dimensions of 15 × 15 × 2 mm3 (xyz). Prior to hydrogel fabrication, glass coverslips 

(15 × 15 mm2 (xy); BBAD01500150#A*, Menzel-Gläser, Germany) and glass slides 

were coated with dimethyldichlorosilane (DCDMS). GelMA was polymerised using a 

UV transilluminator (MLB-16, MaestroGen, Taiwan) with a centre wavelength of 

365 nm; the full protocol is outlined below in Figure 7.4. 
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Figure 7.4: Schematic of pilot dual-layer muscle encapsulation method. (A) Internal dimensions of 

mould. (B) The maximum thickness of an isolated muscle was measured using OCT and used to calculate 

the volume of gelatin methacryloyl (GelMA) solution required for the base layer. (C) The first layer volume 

of GelMA was pipetted into a mould placed on a glass slide (coated in dimethyldichlorosilane (DCDMS)). 

A DCDMS-coated coverslip was placed on top before being polymerised with ultraviolet (UV) light 

(~365 nm). (D) The coverslip was removed from the base layer of GelMA, and the muscle placed in the 

centre of the mould. The mould was filled with GelMA, covered with a DCDMS-coated glass slide, and 

polymerised. The interface between the base layer and top GelMA layer and muscle is indicated by the 

dashed line. (E) The encapsulated muscle was removed from the mould and glass slides for quantitative 

micro-elastography (QME). 

 

A trial with normal mouse EDL muscle (Figure 7.5A) showed that the QME platform 

could visualise striations in muscle elasticity (Figure 7.5B) and elasticity contrast 

between features (Figure 7.5C), which follow the structural information provided in the 

OCT images. However, elasticity (‘snake’) artefacts in the micro-elastogram were 

evident (Figure 7.5B, Figure 7.6A, B), likely due to the lack of scattering in GelMA (see 

Section 7.2.3: Image quality). Furthermore, the dual-layer polymerisation method was 

difficult to achieve consistently, thus the encapsulation method was improved (see 

Section 7.2.4: Final multi-layer encapsulation method). 
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Figure 7.5: Trial of pilot dual-layer hydrogel muscle encapsulation with EDL muscle from normal 

C57BL/6J male mouse aged three months. (A) Corresponding en face (xy) OCT image and micro-

elastogram showing whole EDL muscle. Orange box in (A) indicates region of magnified en face micro-

elastogram in (B) showing striations in muscle and corresponding striations in stiffness, and elasticity 

(‘snake’) artefacts. Blue dashed line in (A) indicates position of cross-sectional (xz) OCT image and micro-

elastogram in (C) showing elevated stiffness in tendon compared to muscle. OCT images show signal-to-

noise ratio (dB), presented in grayscale, and micro-elastograms show elastic modulus (kPa) presented in 

false colour overlaid on OCT. 

7.2.3 Image quality 

The lower resolution QME configuration requires a higher level of scattering within a 

sample to sufficiently detect the speckle signal, without which, elasticity artefacts are 

present. To increase the scattering in the GelMA, polystyrene bead (0.2 µm) stock 

solution (2.6% w/v; #07304-15, Polysciences, Pennsylvania, USA) was used. 

QME was conducted on GelMA hydrogels with several concentrations (v/v) of 

polystyrene bead solution to identify a suitable level of optical scattering. Hydrogels were 

fabricated in a 15 × 15 × 3 mm3 mould with two layers that were each 1.5 mm thick. It 

was noted that increasing the optical scattering concentration in the GelMA prepolymer 

substantially increased the UV exposure time required to polymerise the hydrogel. 

GelMA with 0% optical scattering required approximately 1 min 20 seconds (s) of UV 
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exposure to polymerise the base layer, and 2 mins to sufficiently polymerise the top layer. 

Whereas the UV exposure time to polymerise the base and top layers of the GelMA with 

3% optical scattering was 1 min 50 s, and 3 mins 10 s respectively. 

The OCT image of the hydrogel with no polystyrene beads had little observable speckle 

pattern (Figure 7.6A), while speckle was noticeable in the sample with 3% scattering 

media (Figure 7.6C). Three percent optical scattering within the GelMA improved the 

image quality of micro-elastograms (Figure 7.6D) by removing elasticity artefacts that 

were observed in scans of GelMA with 0% scattering (Figure 7.6B). Therefore, a GelMA 

solution containing 7.5% (w/v) GelMA, with 3% (v/v) polystyrene bead solution, and 

0.1% irgacure was used for muscle encapsulation studies. 
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Figure 7.6: Gelatin methacryloyl (GelMA) hydrogels with (A, B) no or (C, D) 3% (v/v) optical 

scattering from polystyrene beads. Corresponding en face (xy) OCT images and micro-elastograms 

showing (A, C) dual layer hydrogels (each layer 1.5 mm) and (B, D) encapsulated EDL muscles from three-

month-old male normal C57BL/6J mice. GelMA with 0% scattering media produced ‘snake’ elasticity 

artefacts (white arrows) in the micro-elastogram, while 3% scattering media, removed the elasticity artefact. 

OCT images show signal-to-noise ratio (dB), presented in grayscale, and micro-elastograms show elastic 

modulus (kPa) presented in false colour overlaid on OCT. Note the expanded elasticity scale in panel D. 

7.2.4 Final multi-layer encapsulation method 

To ensure a repeatable clearance of the tissue from the surface, we developed a multi-

layer hydrogel fabrication method (Figure 7.7). Moulds were designed for both small (i.e., 

soleus and EDL; Figure 7.7A) and large muscles (i.e., quadriceps; Figure 7.7B), with 

internal dimensions of 15 × 15 × 2 mm3 and 15 × 15 × 7 mm3 respectively. 

Briefly, a flat 15 × 15 × 0.29 mm3 top layer of GelMA was polymerised (Figure 7.7C, D). 

A muscle was then placed at a neutral length in the centre of the gel, with a mould placed 
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around the gel (Figure 7.7E). A small amount of GelMA was polymerised to hold the 

muscle in place then the mould was filled with GelMA, covered with a glass slide, and 

polymerised (Figure 7.7F): see muscle-specific polymerisation times in Table 1.1. The 

GelMA-encapsulated muscle was then removed from the mould, glass slides, and 

coverslip for QME (Figure 7.7G, H). 

 

Figure 7.7: Schematic of final multi-layer muscle encapsulation method. Internal dimensions for (A) 

small (i.e., soleus and EDL) and (B) large muscle (i.e., quadriceps) moulds. (C) GelMA solution (65 µL) 

was pipetted on a dimethyldichlorosilane (DCDMS)-coated glass slide. A 15 × 15 mm2 DCDMS-coated 

coverslip was placed on top and (D) polymerised with ultraviolet (UV) light to form a flat 

15 × 15 × 0.29  mm3 layer of GelMA. (E) The resulting hydrogel, attached to the coverslip, was inverted, 

and a mould and muscle were placed on top. (F) A small amount of GelMA was added and polymerised to 

hold the muscle in place. The mould was then filled with GelMA, covered with a DCDMS-coated glass 

slide, and polymerised. The interface between the top and bottom GelMA layers and muscle is indicated 

by the dashed line. (G, H) The encapsulated muscle was removed from the mould, glass slides, and 

coverslip for quantitative micro-elastography (QME). 
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Table 7.1: Muscle-specific gelatin methacryloyl (GelMA) polymerisation protocols. Small (soleus and 

EDL) and large (quadriceps) muscles were encapsulated in hydrogels, using 7.5% (w/v) GelMA, with 3% 

(v/v) polystyrene bead (0.2 µm) solution (2.6% w/v) and 0.1% irgacure. Hydrogels were polymerised using 

an ultraviolet transilluminator (MLB-16, MaestroGen, Taiwan) with centre wavelength of 365 nm. 

GelMA polymerisation step Small muscle Large muscle 

1. 290 µm top layer (Figure 7.7D) 1 min 1 min 

2. Small amount to hold muscle in place 45 s 45 s 

3. Filled mould (Figure 7.7F) 3 mins (i) 4 mins, (ii) invert, (iii) 2 mins 

7.3 MICRO-ARCHITECTURE ASSESSMENT TECHNIQUES FOR CO-

REGISTRATION 

The interpretation of elasticity patterns in a micro-elastogram generated with QME can 

be aided through comparisons with the tissue’s micro-architecture. Thus, micro-

architecture assessment techniques were trialled to achieve co-registration with the 

micro-elastograms. 

7.3.1 Frozen sections 

Initially snap-frozen histology was attempted. Briefly, after undergoing scanning, tissues 

were placed in small aluminium foil moulds, embedded in optimal cutting temperature 

freezing medium, and then snap-frozen in isopentane cooled in liquid nitrogen. 

Longitudinal sections, 8 µm thick, were cut using a cryostat and stained with 

haematoxylin and eosin or Masson’s Trichrome. 

Unfortunately, tissue sections from multiple trials had large amounts of freeze artefact 

and were unusable (Figure 7.8). Following discussions with Dr Connie Jackaman (Curtin 

University, Australia), it was concluded that freeze artefacts were likely a result of excess 

fluid uptake of the muscles during storage in Krebs solution between sampling, imaging, 

and snap freezing: an issue Dr Jackaman had experienced in her lab. Frozen histology 

was also limited by the fact it was not possible to keep the muscle encapsulated in GelMA 

for the histology preparation as the hydrogel is comprised of large amounts of water and 

hence would further damage the tissue during freezing. 
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Figure 7.8: Images of standard snap-frozen histology of skeletal muscle following encapsulation and 

quantitative micro-elastography, with magnified insets (1 × 1 mm2) of corresponding regions of 

freeze artefact. (A) Haematoxylin and eosin-stained section of gastrocnemius from male C57BL/6J mouse 

aged 13 months. (B) Masson’s Trichrome stained longitudinal section of soleus muscle from old male 

normal C57BL/6J mouse aged 23 months. 

7.3.2 Clearing-enhanced 3D microscopy (CE3D) 

Consequently, clearing-enhanced 3D microscopy (CE3D), a tissue clearing technique 

established by Li et al. (2017b), and optimised by Dr Jackaman, was utilised. CE3D 

enables quantitative analysis of 3D tissue structure and composition, by generating 

transparent tissues while preserving morphology and protein fluorescence, compatible 

with immunolabelling and 3D confocal microscopy (Li et al., 2017b). Tissue samples can 

remain encapsulated in the hydrogel throughout CE3D processing and confocal 

microscopy, with minimal shrinkage of the sample, thus maintaining the correct 

orientation for effective co-registration with micro-elastograms. Furthermore, this 

method is advantageous as tissues remain intact, in contrast to traditional histological 

techniques (i.e. snap-frozen and paraffin) where tissues require sectioning prior to 

microscopy, enabling enhanced flexibility for co-registration with the 3D QME 
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technique, such that comparisons can be made using both 2D images (Figure 7.9) and 3D 

volume projections (Figure 7.10). 

 

Figure 7.9: Corresponding (A) en face (xy) OCT image, (B) micro-elastogram, and (C) clearing-

enhanced 3D microscopy (CE3D) 2D scan of EDL muscle from male C57BL/6J mouse aged three 

months. Encapsulated muscle underwent QME, then fixed, stained with the indicated antibodies, processed 

for CE3D, and imaged by confocal microscopy. There is good co-registration between the images obtained 

via QME and confocal microscopy, with the same feature observable in both images (arrows pointing to 

blood vessel in B and C). Images were taken ~132 μm from the surface of muscle (i.e., ~422 μm below 

surface of 290 μm GelMA layer). OCT images show signal-to-noise ratio (dB), presented in grayscale, and 

micro-elastograms show elastic modulus (kPa) presented in false colour overlaid on OCT. Muscle was 

stained for DNA (Hoechst) and CD31 that indicates vascular endothelial cells and also provides background 

fluorescence for myofibres. 
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Figure 7.10: Corresponding (A) en face (xy) OCT image, (B) micro-elastogram, and (C) clearing-

enhanced 3D microscopy (CE3D) 3D volume projection of soleus muscle from male C57BL/6J mouse 

aged 10 months. Encapsulated muscle underwent QME, then fixed, stained with the indicated antibodies, 

processed for CE3D, and imaged by confocal microscopy. There is good co-registration between the images 

obtained via QME and confocal microscopy, with increased elasticity in the same region as relatively 

increased collagen staining (shown by arrows in B and C). OCT image and micro-elastogram were taken 

~132 μm from the surface of muscle (i.e., ~422 μm below surface of 290 μm GelMA layer), and volume 

projection was to ~390 μm depth from the surface of muscle. OCT images show signal-to-noise ratio (dB), 

presented in grayscale, and micro-elastograms show elastic modulus (kPa) presented in false colour 

overlaid on OCT. Muscle was stained for DNA (Hoechst), CD31 that indicates vascular endothelial cells 

and also provides background fluorescence for myofibres, and collagen IV. 

7.4 CHAPTER SUMMARY 

This chapter outlined the development process of a novel experimental method to 

investigate skeletal muscle micro-elastography and micro-architecture, using QME. 

Tissue encapsulation in a GelMA hydrogel with optical scattering media improves the 

viability of tissues during the experimental process, provides a flat surface for even 

contact during QME compression, enhanced scattering for improved image quality, and 

fixed muscle orientation to effectively co-register micro-elastography and microscopy. 

These benefits ultimately provide a reproducible and robust method for assessing 3D 

mechanical properties of muscle. 
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8 VISUALISING MUSCLE BIOMECHANICS: METHOD 

& DEMONSTRATION 
This chapter used the novel QME method developed in Chapter 7, discusses some of its 

advantages, and demonstrates its efficacy to assess the impact of dysferlin deficiency and 

age on the mechanical properties of quadriceps muscle. Note this chapter is in the form 

of a submitted manuscript. 
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ABSTRACT 

Skeletal muscle function is governed by both the mechanical and structural properties of 

its constituent tissues, which are both modified by disease. Characterizing the mechanical 

properties of skeletal muscle tissue at an intermediate scale, i.e., between that of cells and 

organs, can provide insight into diseases such as muscular dystrophies. In this study, we 

use quantitative micro-elastography (QME) to characterize the micro-scale elasticity of 

ex vivo murine skeletal muscle in three-dimensions in whole muscles. To address the 

challenge of achieving high QME image quality with samples featuring uneven surfaces 

and geometry, we encapsulate the muscles in transparent hydrogels with flat surfaces. 

Using this method, we study aging and disease in quadriceps tissue by comparing normal 

wild-type (C57BL/6J) mice with dysferlin-deficient BLAJ mice, a model for the muscular 

dystrophy dysferlinopathy, at 3, 10, and 24 months of age (sample size of three per 

group). We observe a 77% decrease in elasticity at 24 months in dysferlin-deficient 

quadriceps compared to wild-type quadriceps. 

8.1 INTRODUCTION 

The mechanical properties of skeletal muscle, from cellular to organ scales, govern 

function and are determined by both the tissue constituents, e.g., muscle fibers 

(myofibers), adipose tissue, and extracellular matrix (ECM), and their complex structural 

arrangements (Zatsiorsky and Prilutsky, 2012). Diseases such as muscular dystrophies 

modify both the constituents and structure of muscle tissue, resulting in scale-dependent 

variations in mechanical properties (Jaalouk and Lammerding, 2009, DuFort et al., 2011). 

Characterizing mechanical properties on the cellular scale using techniques such as 

atomic force microscopy (AFM)(Collinsworth et al., 2002, Puttini et al., 2009, Canato et 

al., 2010, Schillers et al., 2017), optical tweezers (Miyata et al., 1996, Brenner et al., 

2012), and micropipette aspiration (Garcia-Pelagio et al., 2011, Earle et al., 2020), has 

provided insights into the development of skeletal muscle disorders. On the macro-scale, 

the advent of ultrasound elastography (Sigrist et al., 2017) and magnetic resonance 

elastography (Mariappan et al., 2010) has enabled the characterization of variations in 

mechanical properties over entire organs. Importantly, skeletal muscle diseases often 

manifest on the intermediate scale, i.e., that between cells and organs. For example, in 

Duchenne muscular dystrophy, mutations in the dystrophin gene alter force transmission 

between the ECM and cytoskeleton, resulting in progressive muscle degeneration 
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(Heydemann and McNally, 2007), with localized regions of muscle necrosis and 

increased fibrofatty tissue (Grounds, 2008b, Falzarano et al., 2015, Birnkrant et al., 2018). 

In another example, the muscular dystrophy dysferlinopathy, caused by mutations in the 

dysferlin gene, results in a unique muscle pathology characterized by loss of function and 

muscle wasting, inflammation, altered lipid metabolism, accumulation of lipid droplets 

in slow twitch myofibers and, in later stages, pronounced replacement of skeletal muscle 

with adipose tissue (Amato and Brown, 2011, Grounds et al., 2014, Diaz-Manera et al., 

2018, Haynes et al., 2019, Lloyd et al., 2019).  

However, it remains challenging to accurately measure the mechanical properties of 

skeletal muscle on the intermediate scale in three-dimensions (3-D). For example, AFM 

is limited to surface measurements, and micropipette aspiration and optical trapping are 

limited to characterization of isolated cells. This makes it challenging to characterize 

micro-scale mechanical properties in 3-D environments that are more representative of 

the conditions found in vivo (Yamada and Cukierman, 2007, Schwartz and Chen, 2013, 

Caliari et al., 2016). On the macro-scale, whilst ultrasound elastography and magnetic 

resonance elastography can provide 3-D characterization, they are typically limited to 

spatial resolution greater than several hundred micrometers (Qian et al., 2017), restricting 

quantification of the mechanical properties of muscle constituents (Kennedy et al., 2017). 

Optical coherence elastography (OCE) can potentially bridge the gap in mechanical 

characterization of skeletal muscles by quantifying the 3-D micro-scale mechanical 

properties of skeletal muscles to a depth of 1–2 mm. OCE refers to a range of techniques 

that use optical coherence tomography (OCT) to map the mechanical properties of tissue 

into an image, known as a micro-elastogram (Kennedy and Bamber, 2021). OCE 

comprises three key steps: (1) deforming the tissue by applying a mechanical load, (2) 

measuring the resulting deformation using OCT, and (3) relating deformation to a 

mechanical property using a mechanical model (Kennedy et al., 2014a, Mulligan et al., 

2016, Larin and Sampson, 2017). OCE imaging of skeletal muscle has been demonstrated 

using both transverse wave OCE (Zvietcovich et al., 2017) and compression OCE (Chin 

et al., 2014). An advantage of compression OCE is that applying compressive loading 

over the entire sample surface provides a practical means to rapidly image over relatively 

large, typically 10–45 mm, fields of view in the en face plane (Li et al., 2021). A previous 

study demonstrated that compression OCE can provide mechanical contrast in skeletal 

muscle tissue between control mice and the mdx mouse strain (Chin et al., 2014), a widely 

used pre-clinical animal model for Duchenne muscular dystrophy (van Putten et al., 
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2020). However, the results in that study were not quantitative, as only the local strain in 

the tissue was imaged. Quantifying an intrinsic mechanical property, such as elasticity, 

which describes how an object deforms due to an applied force (i.e., a measure of tissue 

stiffness), is critical to enabling comparisons between different muscles. 

Quantitative micro-elastography (QME) is a variant of compression OCE that uses a pre-

characterized compliant layer, placed between the sample and the imaging window, to 

map tangent modulus (equivalent to Young’s modulus in a linear elastic material) 

throughout a sample volume (Kennedy et al., 2015b). Importantly, many tissues exhibit 

a linear elastic response when they are subjected to strains up to 0.1, implying that careful 

control of the mechanical load allows elasticity to be determined using QME (Ophir et 

al., 1999). QME has been demonstrated in a range of applications, notably breast tumor 

margin assessment (Kennedy et al., 2015b, Allen et al., 2018, Kennedy et al., 2020) and 

cell mechanobiology (Hadden et al., 2017, Major et al., 2019, Hepburn et al., 2020). 

However, small tissues, including murine skeletal muscles, are difficult to manipulate and 

their uneven geometries make it challenging to achieve even contact between the muscle 

and imaging window. This leads to both uneven preload strains at different locations in 

the same sample and inconsistent preload strains between different samples. Large 

variations in preload strain can result in artificial mechanical heterogeneity, making 

quantification and subsequent longitudinal comparison difficult (Zaitsev et al., 2017). 

In this study, we use QME to characterize the 3-D micro-scale elasticity of freshly excised 

murine skeletal muscle. We address the challenges of muscle size and uneven surface by 

encapsulating the muscles in 3-D gelatin methacryloyl (GelMA) hydrogels to generate 

samples with improved compatibility with the QME imaging system. This represents an 

extension of previous work that encapsulated silk fibroin tissue scaffolds in silicone 

(Valente et al., 2022). Using this approach, we demonstrate the capability of QME to 

quantify the elasticity of excised quadriceps. In addition, we present a comparison of 

aging and disease in quadriceps between normal wild-type (WT) C57BL/6J mice and the 

dysferlin-deficient BLAJ mouse model for dysferlinopathy (van Putten et al., 2020), at 3, 

10, and 24 months of age (n = 3 per group). In OCT images of the 24-month-old dysferlin-

deficient BLAJ quadriceps relative to the WT quadriceps at all ages, we observe a marked 

increase in disordered striations in the muscle, with substantial replacement of skeletal 

muscle with adipose tissue, as expected (Grounds et al., 2014, Diaz-Manera et al., 2018). 

In the corresponding quantitative micro-elastograms of the 24-month-old BLAJ 

quadriceps relative to the WT quadriceps at all ages, we observe a decrease in elasticity 
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of the individual myofibers, and a decrease in elasticity of the muscle over the field of 

view. We provide a quantitative comparison of each group and observe that BLAJ 

quadriceps become 77% softer (mean elasticity), with a 60% reduction in mechanical 

heterogeneity (standard deviation) compared to normal 24-month-old WT muscle. These 

results indicate that QME can quantify the micro-scale mechanical properties of skeletal 

muscle and evaluate variations in elasticity between normal and dysferlin-deficient 

quadriceps. 

8.2 METHODS 

8.2.1 Animals 

This study used male C57BL/6J (the WT parental control strain) and dysferlin-deficient 

BLAJ mice, aged 3, 10, and 24 months (sample size, N = 18; n = 3 in each group). Mice 

were maintained at the Preclinical Animal Facility at The University of Western 

Australia, housed individually in cages with food and water ad libitum, maintained in a 

12-hour light/dark regime at 20–22°C. All experiments were approved by the Animal 

Ethics and Experimentation Committee of The University of Western Australia 

(RA/3/100/1436), in accordance with guidelines of the National Health and Medical 

Research Council of Australia. Mice were euthanized via cervical dislocation under 

anesthetic (2% volume-to-volume (v/v) Attane isoflurane). Quadriceps muscles were 

excised and placed into oxygenated Krebs on ice for transport and subsequent 

encapsulation and imaging, which occurred within four hours of excision. 

8.2.2 Encapsulating skeletal muscles in hydrogels 

Accurate QME measurements require uniform compression throughout the sample, 

which is challenging to achieve in small skeletal muscles with uneven surfaces. QME 

uses a preload compressive strain to ensure uniform contact between the imaging 

window, compliant layer, sample, and motorized translation stage, described further in 

Section 8.2.3. This is a problem as the muscle is subjected to spatially varying 

compression that, when coupled with the non-linear stress-strain behavior of the muscle, 

can introduce artificial mechanical heterogeneity, making quantification and longitudinal 

comparison difficult. To address this, we encapsulated the muscles in GelMA hydrogels 

to create samples with flat surfaces and controlled thicknesses. Encapsulation enables 

uniform contact to be achieved at low preload strains and allows a consistent preload 

strain to be applied to each sample, described further in Section 8.2.4 Encapsulating 
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muscles in a hydrogel also ensures that the muscles remain hydrated throughout the scan 

acquisition. 

GelMA, a gelatin-based hydrogel material (Kang et al., 2014, Loessner et al., 2016, Yoon 

et al., 2016), was used to encapsulate the muscles. GelMA, like other hydrogels, is 

advantageous due to its 3-D microporous structure, and permeability to oxygen and 

nutrients, which help to maintain tissue viability (Lee and Mooney, 2001, Hoffman, 2002, 

Peppas et al., 2006, Varghese and Elisseeff, 2006, Lee and Yuk, 2007, Wu et al., 2013). 

GelMA has highly tunable elasticity, controlled by exposure to ultraviolet (UV) light and 

the concentration of GelMA and photoinitiator solution, and thus can be fabricated to 

have similar elasticity to soft biological tissues (~1–200 kPa) (Loessner et al., 2016). 

Furthermore, GelMA is well-suited to muscle encapsulation as it does not damage the 

muscle tissue, due to cytotoxicity or high temperatures, which is the case for other 

hydrogels (Caliari and Burdick, 2016, Fan et al., 2019). 

GelMA was synthesized by methacrylation of gelatin as described previously (Kang et 

al., 2014). Briefly, 10 g of gelatin powder was added to 100 mL of phosphate buffered 

saline (PBS; Gibco, USA) in a 500 mL round bottom flask and heated to 60°C in an oil 

bath until fully dissolved. Methacrylic anhydride (8 mL) was then added dropwise to the 

solution under vigorous stirring, and the reaction mixture was maintained at 60°C for two 

hours. PBS, 100 mL warmed to 60°C, was added to the solution and kept at 60°C for a 

further 30 minutes. The resulting solution was dialyzed using a dialysis tube (#132676, 

Spectrum Laboratories, New Zealand) in deionized water at 40°C for seven days, after 

which, the solution was lyophilized and stored at -20°C until further use. Freeze-dried 

GelMA was processed through a desiccator vacuum and then dissolved in PBS (Gibco, 

USA) at 37°C to achieve a 7.5% weight-to-volume (w/v) GelMA solution. Light-sensitive 

photoinitiator Irgacure-2959 (Sigma Aldrich, USA), dissolved in ethanol, was added at a 

concentration of 0.1% (w/v). Polystyrene bead (0.2 µm) stock solution (2.6% w/v; 

#07304-15, Polysciences, USA) was added to the GelMA solution at a concentration of 

3% (v/v) to provide optical scattering within the hydrogel. The resulting prepolymer 

solution was then enclosed in aluminum foil to reduce exposure to light and stored at 4°C 

overnight. On the day of use, GelMA was heated to and maintained at 37°C. The multi-

layer muscle encapsulation method is illustrated in Figure 8.1. Molds for encapsulation, 

illustrated in Figure 8.1(f) and 8.1(g), comprised acrylic walls with no base or top, with 

internal dimensions of 15 × 15 × 7 mm (xyz). Molds were 3-D printed (Form 2, 

FormLabs, USA) using clear resin (FLGPCL04; FormLabs, USA). After printing, 
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uncured resin was removed using a Form Wash (FormLabs, USA) containing isopropyl 

alcohol (Sigma-Aldrich, USA), and exposed to 405 nm UV light for 30 minutes at 60°C 

using a Form Cure (FormLabs, USA). The mold was then removed from the support struts 

and sanded to create a smooth surface. 

 

Figure 8.1: Multi-layer hydrogel fabrication method. (a) GelMA solution (65 µL) was pipetted on a 

DCDMS-coated glass slide, (b) a 15 × 15 mm (xy) coverslip (DCDMS-coated on surface in contact with 

GelMA) was placed on top and (c) the solution was polymerized with ultraviolet (UV) light to form a flat 

15 × 15 × 0.29 mm (xyz) layer of hydrogel. (d) The resulting GelMA layer, attached to the coverslip, was 

inverted, and (e) the muscle was placed on top. (f) A mold was placed around the muscle and GelMA layer, 

and a small amount of GelMA was added and polymerized to hold the muscle in place. The mold was filled 

with GelMA, covered with a DCDMS-coated glass slide, and (g) polymerized. (h) The encapsulated muscle 

was removed from the mold, glass slides, and coverslip for QME imaging.  

 

Prior to muscle encapsulation, glass coverslips (15 × 15 × 0.15 mm (xyz); 

BBAD01500150#A*, Menzel-Gläser, Germany) and glass slides were coated with 

dimethyldichlorosilane (DCDMS; Sigma Aldrich, USA) to stop GelMA from sticking to 

them after polymerization. GelMA solution (65 µL) was pipetted on a glass slide and a 

coverslip was placed on top (Figure 8.1(a) and Figure 8.1(b)). GelMA was polymerized 

by exposure to 365 nm UV light for 60 seconds using a transilluminator (MLB-16, 

Maestrogen, Taiwan), forming a 15 × 15 × 0.29 mm (xyz) layer of hydrogel (Figure 

8.1(c)). The coverslip, with GelMA attached, was inverted and a muscle was placed on 
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the GelMA layer at a neutral length, with a mold placed around the gel (Figure 8.1(d)-

8.1(f)). A small amount of GelMA was added and polymerized for 45 seconds to hold the 

muscle in place. The mold was then filled with GelMA, covered with a glass slide, and 

polymerized for six minutes (Figure 8.1(g)). Finally, the hydrogel containing the muscle 

was removed from the mold, glass slides, and coverslip for QME imaging (Figure 8.1(h)). 

8.2.3 Quantitative micro-elastography 

QME measurements were performed using a fiber-based spectral-domain OCT system 

(TEL220, Thorlabs Inc., USA). A schematic of the experiment setup is shown in Figure 

8.2. The light source is a superluminescent diode with a mean wavelength of 1300 nm 

and a spectral bandwidth of 170 nm (full-width at half maximum (FWHM)). The 

measured OCT axial resolution in air is 4.8 μm (FWHM). In this study, QME was 

performed in a common-path configuration where the interface between the imaging 

window and the compliant silicone layer acts as the OCT reference reflection. The 

compliant layer is used to measure the stress applied at the sample surface, as described 

in the next paragraph. The scan lens (LSM03, Thorlabs) has a numerical aperture of 

0.063, a measured lateral resolution of 7.2 μm (FWHM) and a working distance of 

25.1 mm. A 0.1 preload strain was applied to each sample using a motorized translation 

stage (MLJ050, Thorlabs Inc., USA) to ensure uniform contact between the sample, 

compliant layer, and the imaging window (Edmund Optics, USA). Micro-scale 

compression was applied to the sample using an annular piezoelectric actuator 

(Piezomechanik GmbH, Germany) fixed to the imaging window through which the 

optical beam illuminates the sample. The annular piezoelectric actuator has an aperture 

of 65 mm and a maximum stroke of 10 μm. The 75 mm diameter imaging window, fixed 

to the actuator, transfers the compressive load to the sample. QME volumes comprised 

1,000 A-scans per B-scan, and 1,000 B-scans over a 10 × 10 mm (xy) lateral region, 

resulting in a lateral sampling density of 10 μm per voxel. In all cases, the actuator was 

driven in a quasi-static regime by a 10 Hz square wave, collinearly with the imaging beam 

and synchronized with the acquisition of OCT B-scans. Two B-scans were acquired for 

each y-location such that alternate B-scans are acquired at different compression levels, 

referred to as loaded and unloaded levels. Local axial displacement, uz, is calculated from 

the phase difference between B-scans acquired at the same y-location (Wang et al., 

2006a). Local axial strain, εzz, is calculated from the gradient of axial displacement using 

weighted least squares linear regression over a sliding window on the axial displacement 
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of length, Δz of 100 μm equivalent to 29 pixels in air (Kennedy et al., 2012). In this 

approach, the weights are determined by the OCT signal-to-noise ratio (SNR) 

corresponding to each displacement measurement (Goodman, 2015). The resulting 

elasticity system resolution is 7.2 × 7.2 × 72 µm (xyz) (Hepburn et al., 2019). 

To estimate local stress at the sample surface, we use a compliant silicone layer with a 

total thickness of ~500 μm (P7676 2:1:0.3 (crosslinker:catalyst:silicone oil ratio)), 

(Wacker, Germany) placed between the sample surface and imaging window (Kennedy 

et al., 2015b). AK50 silicone oil (Wacker, Germany) is applied to lubricate the stress 

layer-imaging window interface to reduce friction. The compliant layer comprises two 

layers: a non-scattering layer bonded to a scattering layer, each with a thickness of 

~250 µm. Measuring layer strain by detecting the interface between the two layers 

reduces artefacts in the preload strain from poor contact between the silicone layer and 

GelMA hydrogel, improving QME accuracy and repeatability (Fang et al., 2019). The 

initial thickness of the non-scattering layer, LI, is measured using OCT prior to 

performing QME. After the muscle and compliant layer are subjected to a preload strain, 

the final thickness of the non-scattering layer, LF, is measured by identifying the interface 

between the non-scattering and scattering layers in each B-scan using an automatic 

algorithm based on the Canny edge detector in post-processing (Kennedy et al., 2014c). 

The preload strain, ε, at each location is computed as the change in layer thickness of the 

non-scattering layer divided by the initial thickness of the non-scattering layer, 

" = !!"!"
!"

. (1) 

The preload strain is calculated at each lateral (xy) location across the sample surface. 

The local strain imparted to the layer by the actuator is used to calculate the local stress 

at the interface between the two layers in the compliant layer. The stress-strain 

relationship of the layer is characterized using a uniaxial compression testing apparatus 

prior to the QME experiment, as described previously (Kennedy et al., 2015b, Sanderson 

et al., 2019). Under the assumption that stress is uniform with depth, and by knowing the 

applied local stress and strain, the sample’s elasticity is calculated as the tangent modulus 

at the point of preload strain (Kennedy et al., 2015b). In the linear regime at low preload 

strains, tangent modulus is assumed to be equal to Young’s modulus. Quantitative micro-

elastograms are presented in false color, overlaid on grayscale OCT images. 
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Figure 8.2: QME experiment setup using a phase-sensitive OCT system and compression applied 

from an annular actuator. GelMA: gelatin methacryloyl; SLD: superluminescent diode. 

 

8.2.4 Effect of encapsulating quadriceps in GelMA hydrogels 

Encapsulating quadriceps in GelMA enables uniform contact to be achieved at low 

preload strains, as illustrated in Figure 8.3 that presents QME images of three-month-old 

WT C57BL/6J quadriceps without (Figure 8.3(a), 8.3(c), 8.3(e), and 8.3(g)) and with 

encapsulation (Figure 8.3(b), 8.3(d), 8.3(f), and 8.3(h)). In both cases, the OCT B-scans 

in Figure 8.3(a) and 8.3(b) show the compliant layer placed on top of the sample after the 

preload strain is imparted. In a volume, the variation in preload strain calculated at each 

lateral (xy) location across the sample surface is shown for the unencapsulated and 

encapsulated muscles in Figure 8.3(c) and 8.3(d), respectively. In Figure 8.3(c), in the 

center of the muscle, corresponding to the thickest region of the unencapsulated sample, 

the muscle is subject to preload strains greater than -0.65. In addition, despite the center 

being under very high preload strain, regions toward the edge of the muscle are not in 

contact and the preload strain at these locations is undefined, where the preload is only 

defined for ~19.1 mm2 in the OCT field of view. In contrast, in Figure 8.3(d), the flatter 

surface of the encapsulated quadriceps enables uniform contact to be achieved at much 

lower preload strains, where most regions are at approximately -0.2 strain or lower, and 

the preload strain is defined over almost the entire 100 mm2 OCT field of view. Figure 

8.3(e) and 8.3(g) show en face (xy) and B-scan (xz) quantitative micro-elastograms of the 

unencapsulated muscle, respectively, and Figure 8.3(f) and 8.3(h) show en face (xy) and 

B-scan (xz) quantitative micro-elastograms of the encapsulated muscle, respectively. The 

elasticity in the surrounding GelMA is removed using manual segmentation to help 

improve interpretations of the quantitative micro-elastograms. The elasticity measured in 
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the unencapsulated muscle, particularly in the center, is higher than the encapsulated 

muscle. Importantly, the preload strain imparts an offset along the non-linear stress-strain 

curve of the tissue, which, at higher strains, will typically result in QME overestimating 

elasticity, reducing accuracy. Encapsulation helps to extend the QME field of view and 

improves QME accuracy by reducing the variation and magnitude of the preload strain. 

 

Figure 8.3: The effect of encapsulating quadriceps in GelMA hydrogels on preload strain and 

measured elasticity. OCT B-scans (xz) showing the compliant layer and quadriceps (a) without and (b) 

with encapsulation in GelMA. The cyan and red lines indicate the initial and final thickness of the non-

scattering region of the compliant layer, respectively, following the preload strain. En face (xy) images of 

the preload strain applied to the quadriceps (c) without and (d) with the quadriceps encapsulated in GelMA. 

Corresponding quantitative micro-elastograms in the xy plane (e) without and (f) with encapsulation, and 

in the xz plane (g) without and (h) with encapsulation. Red arrows indicate the locations of the respective 

cross-sections in the xy and xz planes. The green arrows in (f) indicate regions corresponding to positive 

local strain in the compliant layer. Yellow arrow denotes an air bubble. Scale bars represent 500 µm. 
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In addition, as the compression is applied to the entire sample surface, due to mechanical 

heterogeneity in the muscle and surface unevenness, when the micro-scale actuation is 

applied, there can be regions of positive strain both in the tissue and the compliant layer 

(Wijesinghe et al., 2019). By convention, compression is represented by negative values 

of strain. The mechanical model used in QME assumes that there is only compressive 

uniaxial stress and strain, and regions of positive strain violate this mechanical model and 

cannot be easily interpreted in the subsequent analysis. Therefore, elasticity 

measurements corresponding to regions of positive strain are filtered out, described 

further in Section 8.2.5. Importantly, improving the surface flatness by encapsulating the 

muscle reduces the prevalence of positive strain in the tissue, where the elasticity appears 

to be more continuously defined in the encapsulated muscle relative to the unencapsulated 

muscle. Note that in Figure 8.3(c), there is a region towards the center of the muscle, 

denoted by the green arrows, where there are no elasticity values. This region corresponds 

to a region of positive local strain in the compliant layer from the micro-scale actuation 

and is also filtered out, described further in Section 8.2.5. Approaches to mitigate this 

effect are discussed further in Section 8.4. 

8.2.5 Filtering out elasticity corresponding to positive strain 

The process of removing elasticity values corresponding to regions of positive strain for 

a 3-month-old WT C57BL/6J quadriceps encapsulated in GelMA is illustrated in Figure 

8.4, which shows an OCT en face (xy) image (Figure 8.4(a)), with corresponding strain 

elastogram (Figure 8.4(b)) and quantitative micro-elastogram with the elasticity 

corresponding to positive strain filtered out (Figure 8.4(c)). Example regions of positive 

local strain in the quadriceps (indicated by blue arrows in Figure 8.4(b)) and the 

surrounding GelMA are removed using a combination of thresholding and manual 

segmentation. Elasticity values corresponding to regions of positive strain in the 

compliant layer, indicated by the dashed red lines in Figure 8.4(c), are removed using 

thresholding. The remaining elasticity values presented in the quantitative micro-

elastogram (Figure 8.4(c)) correspond to regions of compressive local stress and local 

strain and are used in the results described in Sections 8.3.2, 8.3.3, and 8.3.4. 
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Figure 8.4: Filtering out regions corresponding to positive strain. (a) OCT en face (xy) image, with 

corresponding (b) strain micro-elastogram and (c) quantitative micro-elastogram overlaid on the OCT 

image in (a), for a 3-month-old WT C57BL/6J mouse quadriceps muscle. Blue arrows in (b) indicate 

example regions of positive local strain in the muscle. The dashed red lines in (c) indicate regions 

corresponding to positive local strain in the compliant layer. The regions of elasticity corresponding to 

positive local strain and positive strain in the complaint layer are filtered out. Yellow arrows denote an air 

bubble. Scale bars represent 1 mm. 

 

8.2.6 Statistical analysis 

Normality and variance equality were tested using Shapiro-Wilk tests and Levene's Test 

for Equality of Variances, respectively. Data were examined using separate two-way 

Analyses of Variance. Post-hoc comparisons with Tukey HSD corrections were 

conducted for each statistical test where appropriate, with statistical significance taken as 

p < 0.05. Statistical analyses were performed using Jamovi (Version 1.6). Data are 

presented as individual values with median and interquartile range for each tissue sample, 

unless otherwise specified. 

8.3 RESULTS 

In this section, we demonstrate the impact of age and dysferlin deficiency on the elasticity 

of excised quadriceps muscles, from normal WT and dysferlin-deficient BLAJ mice aged 

3, 10, and 24 months (n = 3 for each group). In Section 8.3.1, we compare the body and 

muscle mass between the experimental groups of age and disease. In Sections 8.3.2 and 

8.3.3, we present quantitative micro-elastograms with comparison to co-located OCT 

images of tissue structure. The quantitative micro-elastograms (presented on a kPa scale) 

are representative en face (xy) and B-scan (xz) slices taken from the 3-D data sets. In the 

en face images, the en face OCT images are taken from the beginning of the fitting range 

of the corresponding quantitative micro-elastograms. In the xy plane, the elasticity system 

resolution is isotropic and matched to the OCT lateral resolution (7.2 × 7.2 µm (xy)). In 
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the B-scans, the OCT B-scans are taken at the same y-location as the corresponding 

quantitative micro-elastograms. In the xz plane, the elasticity system resolution is 

7.2 × 72 µm (xz) (Hepburn et al., 2019). For each muscle, red arrows denote the location 

of the corresponding en face and B-scan slices. Finally, in Section 8.3.4, we present a 

detailed analysis of the contrast provided by QME in skeletal muscle and compare the 

elasticity of quadriceps between the experimental groups. 

8.3.1 Body and muscle mass of age and disease groups 

Body and muscle mass were measured at the time of sampling to provide further insight 

into the impact of age and disease on the mice used in this study. Shown in (Figure 8.5), 

body mass was significantly higher at 10 and 24 months of age, compared with 3 months, 

(+24% and +17%, respectively, p < 0.01; Figure 8.5(a)), and did not differ between 

normal WT and dysferlin-deficient BLAJ mice. The mass of the BLAJ quadriceps 

muscles, normalized to body mass, at 24 months was significantly lower than WT at 24 

months (-56%), and also lower compared to BLAJ quadriceps at 3 and 10 months (-58% 

and -54% respectively, p < 0.001; Figure 8.5(b)), while the WT quadriceps mass was 

unchanged with age. 

 

Figure 8.5: Body and muscle masses of normal wild-type (WT) and dysferlin-deficient BLAJ mice 

aged 3, 10, and 24 months (n = 3). (a) Body mass measured at sampling. (b) Quadriceps muscle mass 

normalized to body mass. BLAJ significantly different to WT (*** p < 0.001). Significant differences 

between age groups (# p < 0.05, ## p < 0.01, ### p < 0.001). Data are presented as individual values with 

median and interquartile range. 
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8.3.2 Normal WT C57BL/6J mice 

In this section, we compare representative, co-located OCT images and quantitative 

micro-elastograms of quadriceps from normal WT mice at 3, 10, and 24 months of age. 

We show OCT en face images (Figure 8.6(a)-8.6(c)) and B-scans (Figure 8.6(d)-8.6(f)) 

along with their corresponding quantitative micro-elastograms (Figure 8.6(g)-8.6(l)), 

with additional corresponding magnified views of the regions denoted by red squares for 

both OCT en face images (Figure 8.6(m), 8.6(o), and 8.6(q)) and quantitative micro-

elastograms (Figure 8.6(n), 8.6(p), and 8.6(r)). 

In the OCT en face images across all three age groups, the quadriceps feature ordered 

striation patterns (highlighted by the red squares), as was also observed in a previous 

study that characterized excised quadriceps using compression OCE and are indicative of 

the direction of the myofibers (Chin et al., 2014). In that study, the striation patterns in 

the corresponding quantitative micro-elastogram of local strain followed the direction of 

the myofibers closely. Similarly, in the corresponding en face quantitative micro-

elastograms in this study, the variations in elasticity follow the structure of the muscle in 

the OCT en face images. At 24 months, the OCT en face image (Figure 8.6(c)) shows 

slightly disordered striations in comparison to the 3- and 10-month-old quadriceps, 

suggesting a deterioration of both myofiber composition and structure with age (Larsson 

et al., 2019). In the quantitative micro-elastograms, there appears to be a gradual 

stiffening of the quadriceps with age where the 24-month-old quadriceps (Figure 8.6(i) 

and 8.6(l)) appear stiffer compared to the 3- and 10-month-old quadriceps. Also, there is 

a distinct lack of adipose tissue in the WT quadriceps; adipose tissue is typically denoted 

by a characteristic honeycomb structure in OCT images (Chin et al., 2014, Kennedy et 

al., 2015a). 
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Figure 8.6: Normal WT C57BL/6J quadriceps at different ages. (a)-(c) OCT en face (xy) images and 

(d)-(f) OCT B-scans (xz) with corresponding quantitative micro-elastograms in the (g)-(i) xy and (j)-(l) xz 

planes. Red squares highlight the ordered striation patterns shown in these images. Magnification of these 

red squares is shown for both the en face (m), (o), (q) OCT images and (n), (p), (r) quantitative micro-

elastograms. Red arrows indicate the locations of the respective cross-sections in the xy and xz planes. 

Yellow arrow in (a) denotes an air bubble. Scale bars represent 500 µm in (a)-(l) and 250 µm in (m)-(r). 

 

8.3.3 Dysferlin-deficient BLAJ mice 

Here, we compare representative, co-located OCT images and quantitative micro-

elastograms of quadriceps from dysferlin-deficient BLAJ mice at 3, 10, and 24 months 

of age. We show OCT en face images (Figure 8.7(a)-8.7(c)) and B-scans (Figure 8.7(d)-

8.7(f)) along with their corresponding quantitative micro-elastograms (Figure 8.7(g)-

8.7(l)). In addition, red squares highlight regions of interest including ordered striation 

patterns in 3- and 10-month-old muscle and cyan squares indicate regions of adipose 

tissue in the 24-month-old muscle. Magnification of these regions of interest is shown for 

both OCT en face images (Figure 8.7(m), 8.7(o), and 8.7(q)) and en face quantitative 

micro-elastograms (Figure 8.7(n), 8.7(p), and 8.7(r)). 
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Overall, in comparison to the normal WT quadriceps, the 3- and 10-month quadriceps do 

not appear to be considerably different. However, at 24 months, the BLAJ quadriceps is 

markedly changed. This is in contrast with the WT quadriceps that show only subtle 

changes with age. Both the 3- and 10-month-old BLAJ quadriceps appear similar to the 

WT (Figure 8.6), with ordered striations in the OCT en face images (highlighted by the 

red squares), indicating a typical structural arrangement of myofibers and corresponding 

variations in elasticity in the respective quantitative micro-elastograms. Furthermore, in 

the 3- and 10-month WT and BLAJ quadriceps, there are no identifiable regions of 

adipose tissue. The marked histopathological effects of dysferlin deficiency typically only 

begin to manifest from around eight months of age, becoming more pronounced over time 

(Hornsey et al., 2013, Terrill et al., 2013, van Putten et al., 2020). As anticipated, for the 

24-month BLAJ quadriceps, both the structure and elasticity appear altered by substantial 

muscle replacement with adipose tissue (Grounds et al., 2014): this appearance is 

markedly different to that of the 3- and 10-month WT and BLAJ quadriceps. In the OCT 

en face images of the 24-month BLAJ quadriceps, there are disordered striations, 

indicating disrupted myofiber arrangement, as well as much of the muscle being replaced 

by adipose tissue, denoted by the characteristic honeycomb structure in the OCT en face 

image (Figure 8.7(c) and 8.7(q)). In the corresponding quantitative micro-elastogram in 

Figure 8.7(f), there is both a decrease in elasticity of the individual myofibers, and a 

decrease in elasticity of the entire muscle over the field of view; in marked contrast to 

both the 3- and 10-month BLAJ mice, and WT mice at all ages. The replacement of 

myofibers with adipose tissue at 24 months is highlighted in the magnified views 

indicated by the cyan squares, highlighting the difference between the ordered myofiber 

arrangement and elasticity patterns at 3 and 10 months (Figure 8.7(n) and 8.7(p)) and 

presence of adipose tissue and reduced elasticity at 24 months (Figure 8.7(r)). 
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Figure 8.7: Dysferlin-deficient BLAJ quadriceps at different ages. (a)-(c) OCT en face (xy) images and 

(d)-(f) OCT B-scans (xz) with corresponding quantitative micro-elastograms in the (g)-(i) xy and (j)-(l) xz 

planes. Red squares highlight regions of interest including ordered striation patterns in 3- and 10-month-

old muscle. Cyan squares indicate regions of adipose tissue in the 24-month-old muscle. Magnification of 

these regions of interest is shown for both the en face (m), (o), (q) OCT images and (n), (p), (r) quantitative 

micro-elastograms. Red arrows indicate the locations of the respective cross-sections in the xy and xz 

planes. Yellow arrow in (a) denotes an air bubble. Scale bars represent 500 µm in (a)-(l) and 250 µm in 

(m)-(r). 

 

8.3.4 Micro-scale elasticity contrast in skeletal muscle 

To further examine the contrast provided by QME, we analyzed all elasticity values 

acquired 25 µm above and below the en face planes shown, for each of the 6 quadriceps 

presented in Sections 8.3.2 and 8.3.3, and similar regions for all remaining 12 quadriceps. 

To demonstrate the effects of aging and dysferlin deficiency, we firstly present 

histograms of these elasticity data, pooled for each age sub-group for WT (Figure 8.8(a)) 

and BLAJ muscles (Figure 8.8(b)). The overall mean elasticity and variability of 

elasticity, expressed as mean ± standard deviation, for the 3-, 10-, and 24-month-old WT 

quadriceps are 24.1 ± 32.5 kPa, 33.2 ± 42.1 kPa, and 45.6 ± 49.7 kPa, respectively, and 
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for 3-, 10-, and 24-month-old BLAJ quadriceps are 25.8 ± 31.1 kPa, 35 ± 41.1 kPa, and 

10.9 ± 20.3 kPa, respectively. These results indicate both a higher elasticity and increase 

in the variation of micro-scale elasticity of normal WT muscle tissue at 24 months of age, 

which is consistent with previous literature that suggest a deterioration of both myofiber 

composition and structure with age (Kostek and Delmonico, 2011, Larsson et al., 2019). 

Furthermore, these results indicate both a lower elasticity and reduction in mechanical 

heterogeneity of the 24-month dysferlin-deficient BLAJ quadriceps as the myofibers are 

replaced by adipose tissue. The 24-month BLAJ quadriceps are significantly softer (-

77%, p < 0.01; Figure 8.8(c)) with less mechanical heterogeneity (-60%, p < 0.01; Figure 

8.8(d)), compared to WT, when individual muscles’ mean, and standard deviation of 

elasticity are calculated, and groups are compared. However, there is no statistically 

significant increase in elasticity in the WT at 24 months as the quantitative micro-

elastograms and histograms suggest (p > 0.05). 
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Figure 8.8: Quantitative comparison of age and disease in the quadriceps presented in Figure 8.6 and 

Figure 8.7. Histograms of the elasticity values pooled for 3-, 10-, and 24-month-old (a) normal WT and 

(b) dysferlin-deficient BLAJ quadriceps. (c) Mean elasticity and (d) variability of the elasticity, expressed 

as standard deviation, of WT and BLAJ muscles at 3, 10, and 24 months. Summary data in (c) and (d) are 

presented as individual muscle values, with median and interquartile range. 

8.4 DISCUSSION 

The results presented in this study demonstrate the ability of QME to provide quantitative 

micro-scale elasticity of skeletal muscle. Skeletal muscle is a complex hierarchical tissue 

composed of myofibers, which are long, cylindrical, multinucleated cells organized into 

bundles surrounded by layers of ECM (connective tissue) and attached to the skeleton by 

tendons (Korthuis, 2011). Individual myofibers are covered in the specialised ECM 

basement membrane and endomysium, bundles of which are encased by the perimysium 

to form fascicles. Finally, the whole muscle, comprised of many fascicles, is enveloped 

by the epimysium, and is connected to the skeleton by tendons (Gillies and Lieber, 2011). 

Collagen fibers, which comprise the majority of ECM and run in the plane parallel to the 

surface of myofibers (Purslow, 2020), are typically stiff under tension but relatively soft 

when compressed (Wenger et al., 2007, Zatsiorsky and Prilutsky, 2012). Therefore, the 

striation patterns in elasticity observed in the quantitative micro-elastograms likely 

represent the relatively soft ECM surrounding individual myofibers. The results 

demonstrate that QME can image the micro-scale variation in elasticity for skeletal 

muscle and can observe both differences in local elasticity within a muscle and between 

normal muscles and those impacted by a muscle disease. 

Dysferlinopathy results in the replacement of skeletal muscle by adipose tissue at later 

stages (Grounds et al., 2014, Diaz-Manera et al., 2018). The main result is that the 24-

month dysferlin-deficient BLAJ quadriceps appeared markedly different to that of the 3- 

and 10-month-old BLAJ muscles, which closely resembled the muscle structure and 

elasticity of WT muscles. In contrast, the 24-month BLAJ quadriceps showed disordered 

striations in the OCT en face images, as well as much of the muscle replaced by adipose 

tissue. Adipocytes, of which adipose tissue is comprised, are relatively large lipid-filled 

cells, with previous studies showing that adipose tissue, at low strain levels (< 0.3), has 

low elasticity under compression (~1 kPa) as reviewed in (Comley and Fleck, 2010). In 

the case of the 24-month BLAJ quadriceps, where there is a large, relatively 

homogeneous region of adipose tissue replacing skeletal myofibers, it is therefore 



VISUALISING MUSCLE BIOMECHANICS: METHOD & DEMONSTRATION 

 235 

unsurprising that we observed a significant reduction in elasticity and mechanical 

heterogeneity. While the substantial replacement of dysferlin-deficient muscle tissues 

with adipocytes is well established (Grounds et al., 2014, Diaz-Manera et al., 2018), this 

is the first time the effects of dysferlinopathy on the micro-scale variation of tissue 

elasticity have been characterized in 3-D with QME. 

In the normal WT quadriceps at 24 months of age, the myofiber organization appeared to 

be disordered, which is consistent with literature that suggests a deterioration of both 

myofiber composition and structure with age (Kostek and Delmonico, 2011, Larsson et 

al., 2019). Specifically, aging muscle is characterized by myofiber branching (Pichavant 

and Pavlath, 2014) and increased ECM with fibrosis (Kragstrup et al., 2011, 

Gumpenberger et al., 2020), typically resulting in stiffer muscles. However, this 

disordered structure observed in the OCT en face images, likely indicative of myofiber 

branching, did not translate to a statistically significant increase in elasticity or 

mechanical heterogeneity in this study. 

The quantitative micro-elastograms of all quadriceps, except for those from the 24-

month-old BLAJ mice, show a region of elevated elasticity that corresponds to the distal 

region of the quadriceps where the muscle connects to the patellar tendon (i.e., 

myotendinous junction). The patellar tendon is considered a relatively stiff tendon that 

provides efficient transfer of mechanical power and precise control over the extension of 

the knee joint (Biewener and Daley, 2007, Charles et al., 2016a). The myotendinous 

junction is a specialized and complex structure that enables the transmission of force from 

the myofibers to the collagen fibers in the tendon (Tidball, 1991, Knudsen et al., 2015). 

Typically, this region is characterized by invaginations within the muscle containing 

collagen fibers that are parallel to the longitudinal axis of the myofibers (Welser et al., 

2009, Ciena et al., 2010, Ciena et al., 2012), and this junction region contains a higher 

proportion of collagen, particularly collagen type I (Koob and Summers, 2002, Eisner et 

al., 2022). Additional non-collagenous ECM within tendon, including elastin, 

proteoglycans, and glycosaminoglycans, are reported to play a large role in tendon 

elasticity under compression (Eisner et al., 2022). Elastin, for example, which, while 

comprising only ~4% on tendon dry weight, plays a disproportionately large role in 

transverse stiffness of tendon (Henninger et al., 2015, Fang and Lake, 2016, Godinho et 

al., 2021). Therefore, the increased elasticity in the region corresponding to the 

myotendinous junction shown in the current study is unsurprising given the complex 
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structure and increased proportion of tendon in this region and is consistent with previous 

studies (Minafra et al., 2017). 

Encapsulating tissue in a hydrogel has several important advantages in QME. This 

approach has previously been used in OCE to keep the tissue hydrated during scan 

acquisition (Guan et al., 2013, Zvietcovich et al., 2019). The main motivation of 

encapsulation in this study was to improve image quality by addressing issues related to 

mechanical deformation including the size and uneven surface of the muscle. For 

example, in QME, it is necessary to apply a preload strain to the sample to ensure uniform 

contact between the flat imaging window, compliant layer, and tissue. Importantly, many 

tissues exhibit non-linear elastic behavior (Greenleaf et al., 2003). Applying a preload 

strain will impart an offset along the non-linear stress-strain curve of the tissue which, at 

higher strains (i.e., typically >0.1), will typically result in QME overestimating elasticity. 

A primary advantage of encapsulation is that it enables good contact to be achieved at 

lower preload strains and ensures that the entire muscle remains in the linear-elastic 

region, improving QME accuracy and enabling longitudinal comparisons. In addition, 

making specimens with a known height provides a practical means to achieve an accurate 

preload strain using the axial translation stage. Furthermore, strong reflections at the 

interface between the bottom of the muscle and rigid plate can generate an additional 

common-path OCT signal that reduces QME image quality. In this study, optical 

scattering was added to the GelMA to attenuate the light below the muscle, further 

improving QME image quality.  

Despite providing several key improvements in QME image quality, encapsulation has 

several disadvantages. For example, encapsulation mechanically couples the muscle to 

the surrounding material. As tissue is typically incompressible (Fung, 2013), it needs to 

expand laterally to deform axially. If the surrounding material restricts the lateral 

expansion of the muscle, it will cause the muscle to exhibit an artificially high elasticity 

and reduce QME accuracy. The elasticity of the surrounding material needs to be 

carefully considered to minimize this effect. Three other important considerations of 

encapsulation are that the material above the tissue will attenuate the OCT signal and 

reduce OCT SNR, and that encapsulation also increases sample preparation time, cost, 

and complexity. In this study, the elasticity of the surrounding GelMA was closely 

matched to the muscle elasticity. In addition, the OCT SNR in the muscle was sufficiently 

high, such that the attenuation of the OCT signal from the top GelMA layer above the 

muscle was minimal. Importantly, each muscle was encapsulated and scanned using the 
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same protocol where the effects of the GelMA elasticity on QME accuracy are likely to 

be minimal and are consistent between muscles, enabling an accurate longitudinal 

comparison. Whilst it was outside the scope of this study to characterize the effects of 

GelMA elasticity on QME accuracy in encapsulation, this represents an important avenue 

of future research to further optimize QME in imaging skeletal muscle. 

QME relies on several assumptions that can, in some instances, limit image quality. For 

example, the unloaded thickness of the compliant layer is assumed to be a constant value 

when placed between the sample and the imaging window. However, due to the uneven 

surface of the quadriceps, even when encapsulated, the incompressible compliant layer 

can become confined and forced to expand, resulting in a positive measured preload strain 

in some areas. Positive preload strain violates the assumption of uniaxial compression in 

the compliant layer and sample, and it is necessary to filter out these regions in post-

processing to not confound the comparison of muscle elasticity. However, this reduces 

the ability to characterize the entire muscle. For example, in Figure 8.6 and Figure 8.7, 

there are regions, particularly towards the center of the muscle, where there are no 

elasticity values. One approach to address this in future studies is to instead bring the 

compliant layer/sample ensemble just into contact with the imaging window and acquire 

an OCT scan of the stress layer in this unloaded state. An edge detection algorithm, 

similar to that used to determine the preloaded layer thickness, could then be used to 

create a two-dimensional map of the unloaded layer thickness. This will help to improve 

the accuracy of estimating the true preload strain in the compliant layer and achieve 

elasticity measurements over the entire muscle. Additionally, the compression is applied 

over the entire sample surface and the inherent mechanical heterogeneity of the muscle 

can result in regions of positive local strain. The elasticity in these regions also needs to 

be filtered out to avoid confounding the comparison of muscle elasticity. Furthermore, 

the incompressibility of the compliant layer likely results in non-axial forces acting on 

the tissue, particularly in the valleys of the tissue surface. The impact of these effects can 

likely be reduced in future work through a combination of measuring all three spatial 

components of deformation and solving more complex mechanical models that make 

fewer assumptions of the sample deformation (Dong et al., 2016, Dong et al., 2019, 

Wijesinghe et al., 2019).  
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8.5 CONCLUSION 

We have demonstrated QME to characterize the micro-scale elasticity of excised mouse 

quadriceps on the intermediate scale in 3-D. In addition, we compared the effects of aging 

and disease on quadriceps elasticity, using normal WT and dysferlin-deficient BLAJ mice 

at 3, 10 and 24 months of age. This was achieved using a sample preparation method that 

encapsulates the muscles in GelMA hydrogels to create specimens with flat surfaces that 

are more suitable for QME imaging. Our results showed a significant decrease in 

elasticity at 24 months in dysferlin-deficient quadriceps compared to normal quadriceps. 

This represents the first time the effects of dysferlinopathy on the micro-scale variation 

of tissue elasticity have been characterized in 3-D with QME. We believe characterizing 

muscle elasticity on the intermediate length scale in 3-D with QME will help to improve 

the understanding of the development and progression of many skeletal muscle 

pathologies. 
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8.6 CHAPTER SUMMARY 

This chapter demonstrated the efficacy and potential of our novel QME method to 

measure micro-scale elasticity of skeletal muscle ex vivo, by assessing the impact of 

dysferlin deficiency and ageing on quadriceps muscle biomechanical properties. Notably, 

we showed that 24-months-old dysf-/- BLAJ quadriceps muscles were significantly softer 

with lower mechanical heterogeneity than control WT muscles.  
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There is a complex interplay between tissue structure, function, and mechanical 

properties, where each of these factors influence one another directly impacting tissue 

biomechanics (e.g., skeletal muscle force generation and transmission) and 

mechanobiology (Lloyd, 2021). Mechanobiology refers to the interactions between 

structure, function, and mechanical properties that can influence cell function and 

behaviour and tissue adaptation and remodelling, a primary determinant of tissue health 

and disease over time. For example, while ECM is now well recognised as influential in 

cell biology in a biochemical context, the mechanical signals (stiffness/softness) from 

ECM are also very important in contributing to disease and normal function of cells and 

tissues (discussed in Chapter 1). Thus, having the ability to measure a tissue’s mechanical 

properties at the micro-scale, as demonstrated in this Chapter, can provide enhanced 

insight into its mechanobiology. This new encapsulated QME technique is a promising 

method for observing the mechanical properties of skeletal muscle: complementing 

current biological experimental techniques with physics-based measurements to provide 

additional insight into muscle characteristics and pathologies. More generally, the QME 

technique presented in this Chapter is a versatile and scalable technique for many other 

applications where mechanobiology is of interest. 

The following chapter (Chapter 9) uses this novel encapsulated QME technique to further 

examine the mechanical properties of skeletal muscles, by comparing two forms of 

muscular dystrophies along with the impact of myofibre type and ageing. The 

mechanobiological insight from these results are then discussed in detail in Chapters 9 

and 10. 
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9 MECHANICAL PROPERTIES OF SKELETAL 

MUSCLE: IMPACT OF MYOFIBRE-TYPE & AGE IN 

TWO FORMS OF MUSCULAR DYSTROPHY 
This chapter used the QME method developed in Chapter 7 to assess the mechanical 

properties of skeletal muscles in the context of two different muscular dystrophies, 

dysferlinopathy and Duchenne muscular dystrophy (DMD) using the BLAJ and mdx 

mouse models respectively; including a comparison of various muscles composed of 

mixed proportions of slow- and fast-twitch myofibres, as well as the impact of ageing. 

9.1 INTRODUCTION 

Skeletal muscle function is governed by both the mechanical properties and structure of 

its constituent tissues, including myofibres, extracellular matrix (ECM), and adipose 

tissue, which can be modified by the onset and progression of many disorders, and also 

in ageing. Neuromuscular disorders, such as muscle spasticity and DMD, have impaired 

muscle function that is associated with alterations in the mechanical properties of skeletal 

muscle cells and the ECM. Specifically, both disorders exhibit muscles with higher axial 

(longitudinal) stiffness and increased ECM, compared to healthy controls (Friden and 

Lieber, 2003, Foran et al., 2005, Hakim et al., 2011, Lacourpaille et al., 2015). Similarly, 

ageing is associated with increased stiffness of skeletal muscles, partially due to increased 

ECM content (Kragstrup et al., 2011, Wood et al., 2014, Gumpenberger et al., 2020, 

Pavan et al., 2020, Zullo et al., 2020). In contrast, the skeletal muscle weakness associated 

with dysferlinopathy, a form of limb girdle muscular dystrophy (LGMD), is attributed, in 

part, to the replacement of muscle with soft adipose tissue (Grounds et al., 2014); 

however, how this corresponds to muscle mechanical properties has not been explored. 

Identifying alterations in the mechanical properties of tissues such as muscle, at relevant 

scales, can provide new opportunity for the assessment and understanding of many 

neuromuscular disorders and ageing; therefore, this study examines the mechanical 

properties of two contrasting muscular dystrophies, dysferlinopathy and DMD, in 

addition to normal ageing. 

As described extensively in earlier Chapters (1, 2, 4, 5, and 6), dysferlinopathies are a 

clinically heterogeneous group of muscular dystrophies arising from mutations in the 
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dysferlin gene (DYSF), causing a deficiency of the membrane-associated protein dysferlin 

(Amato and Brown, 2011). Symptoms typically manifest post-growth (in young adults) 

with initial weakness in the proximal limb girdle (LGMDR2) or distal muscles (Miyoshi 

myopathy) (Liu et al., 1998), although gradations across phenotypes are now more widely 

recognised (Harris et al., 2016). Dysferlinopathies are characterised by progressive 

skeletal muscle weakness and wasting, inflammation and disturbed immune response, 

altered lipid metabolism, accumulation of lipid droplets in slow-twitch myofibres and, in 

later stages of the disease, replacement of muscles by adipose tissue (Amato and Brown, 

2011, Terrill et al., 2013, Demonbreun et al., 2014, Grounds et al., 2014, Fanin and 

Angelini, 2016, Tidball et al., 2018, Haynes et al., 2019). However, there is limited 

understanding of how this pathology, in particular adipose tissue accumulation, impacts 

the mechanical properties of muscle. 

In contrast, DMD is a lethal, X chromosome-linked progressive disorder caused by 

mutations in the DMD gene resulting in the lack of, or defective, forms of the structural 

muscle protein dystrophin. DMD typically manifests in young children (normally males) 

at a rate of about 1 in 3500-6000 births, worldwide (Grounds et al., 2020). Patients suffer 

from severe loss of muscle mass and function and are wheelchair bound by early 

adolescence, with death often occurring because of respiratory or cardiac failure 

(Falzarano et al., 2015, Birnkrant et al., 2018). Briefly, dystrophin-deficiency results in 

increased membrane permeability via direct tears and/or increased expression of stretch-

sensitive ion channels, causing local damage to the muscles, ultimately leading to necrosis 

and increased ECM deposition (Heydemann and McNally, 2007, Grounds, 2008b, Allen 

and Whitehead, 2011, Falzarano et al., 2015, Birnkrant et al., 2018). As mentioned, 

impaired muscle function is associated with alterations in muscle mechanical properties, 

where passive (axial) stiffness in EDL muscles is higher in mdx than control, and 

increases with age (Hakim et al., 2011). Similar findings were observed in non-invasive 

measures (shear elastography) of muscle stiffness in muscles of DMD patients 

(Lacourpaille et al., 2015). Therefore, evaluation of the mechanical properties of skeletal 

muscle, at relevant scales, could provide new insight to further the understanding of 

muscle pathologies, such as dysferlinopathy and DMD, as well as ageing. 

Tissue mechanical properties can be probed on the cellular scale, in two-dimensions (2D), 

using techniques such as atomic force microscopy (Li et al., 2017a), while mechanical 

characterisation of whole organs, in 3D, is achieved using medical elastography 
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techniques based on ultrasound (Sigrist et al., 2017) or magnetic resonance imaging 

(Mariappan et al., 2010). However, atomic force microscopy provides only 2D surface 

measurements that do not reflect cell and tissue interactions in 3D, whereas medical 

elastography techniques are restricted by their limited spatial resolution and ability to 

resolve micro-scale features in tissue. QME, a variant of optical coherence elastography, 

is a technique that maps elasticity (tangent modulus) in 3D at the intermediate scale 

between cells and whole tissues (Kennedy et al., 2015b); see detailed descriptions of the 

QME technique in Chapters 1 and 8. QME provides characterisation and quantification 

of mechanical properties at the level of more organised cellular structures within tissues 

- a scale at which many important changes occur in the onset and progression of many 

diseases. QME has previously been employed in clinical and biological applications in 

the areas of breast tumour margin evaluation (Allen et al., 2018, Kennedy et al., 2020) 

and cell mechanobiology (Hepburn et al., 2020), and recently, we demonstrated the use 

of QME to visualise the mechanical properties of normal and dysf-/- quadriceps muscles 

from mice aged 3, 10, and 24 months (Lloyd et al., 2022, Biomed Opt Express, under 

review; Chapter 8). 

This chapter builds upon the results in Chapter 8, using QME to examine the impact of 

two different muscular dystrophies on the mechanical properties of skeletal muscle. 

Furthermore, as shown in Part I of this thesis and discussed in depth in Chapter 6, 

consideration of myofibre-type differences may provide further insight into the 

manifestation of neuromuscular disorders; therefore, this chapter examines the 

mechanical properties of three muscles: the predominantly slow-twitch soleus, 

predominantly fast-twitch extensor digitorum longus (EDL), and mixed-type quadriceps. 

Firstly the impact of dysferlin deficiency and age was examined using the common dysf-

/- BLAJ mouse model of dysferlinopathy, aged from 3 to 24 months and, secondly, the 

impact of dystrophin-deficiency was assessed using the widely studied and well-

characterised mdx mouse model of DMD, aged 10 months (van Putten et al., 2020). 

Alterations in muscle mechanical properties were further examined by visualising their 

3D micro-architecture. This study showed differences in the mechanical properties 

between predominantly slow- and fast-twitch muscles and a marked effect of dysferlin 

deficiency in predominantly slow and mixed muscles at old age. 
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9.2 METHODS 

9.2.1 Animals 

This study consisted of two sub-studies assessing the impact of (1) dysferlin deficiency 

and ageing, and (2) dystrophin-deficiency on skeletal muscle mechanical properties for 

different muscle types (i.e., predominantly slow- and fast-twitch, and mixed). The first 

study used 3-, 10- and 24-month-old male dysf-/- BLAJ and C57BL/6J mice (wild-type 

parental control strain; WTBLAJ) (n = 3), and the second study used 10-month-old male 

dystrophin-deficient mdx and C57BL/10Scn mice (wild-type parental control strain; 

WTmdx) (n = 4). Mice were maintained as described in Chapter 3. 

For tissue sampling, mice were euthanised via cervical dislocation under anaesthetic (2% 

v/v Attane isoflurane). Soleus, EDL, and quadriceps muscles were excised, and placed 

into oxygenated Krebs on ice for transport and subsequent encapsulation and imaging, 

which occurred within four hours of excision. Additional tissues were snap frozen for 

later analyses. 

9.2.2 GelMA preparation 

GelMA was prepared as described in Chapter 3 (Section 3.3.1). 

9.2.3 Mould fabrication 

Moulds for muscle encapsulation were fabricated as described in Chapter 3 (Section 

3.3.1). Moulds were designed for encapsulating small muscles, (i.e., soleus and EDL) and 

large muscles (i.e., quadriceps). 

9.2.4 Muscle encapsulation 

Muscles were encapsulated in GelMA as described in Chapter 7 (Section 7.2.4, Figure 

7.7). Briefly, on the day of use, GelMA was heated to and maintained at 37°C. GelMA 

solution (65 µL) was pipetted on a dimethyldichlorosilane (DCDMS)-coated glass slide, 

and a DCDMS-coated coverslip (15 × 15 mm2) was placed on top to form a 

15 × 15 × 0.29 mm3 GelMA layer. The layer was polymerised by exposure to ~365 nm 

ultraviolet light using a transilluminator (MLB-16, Maestrogen, Taiwan). The coverslip, 

with GelMA attached, was inverted and a mould was placed on top, with the muscle 

placed on the gel at a neutral length. The mould was then filled with GelMA and a 
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DCDMS coated glass slide was placed on top. Following polymerisation, the sample was 

removed from the mould, glass slides, and coverslip for QME. 

9.2.5 QME 

QME was conducted and processed as described in Chapter 3 (Section 3.3.2). Micro-

elastograms (kPa) are presented in false colour and overlaid on grayscale optical 

coherence tomography (OCT) images showing signal-to-noise ratio (dB). 

Measures of 3D mechanical properties: bulk muscle elasticity and mechanical 

heterogeneity, were generated by calculating the mean and standard deviation, 

respectively, of all elasticity data within a rectangular volume of each muscle. 

Rectangular volumes were selected to cover ~90% of each muscle’s cross-sectional area 

(xy) and extend ~50 pixels in depth (z), which corresponded to the optimal elasticity 

(lowest noise) region. 

9.2.6 Clearing-enhanced 3D microscopy 

Following QME scanning, tissues underwent processing and scanning for clearing-

enhanced 3D confocal microscopy as described in Chapter 3 (Section 3.4) to assess 3D 

micro-architecture of the muscles. Muscles were stained for DNA (Hoechst), CD31 that 

indicates vascular endothelial cells and also provides background fluorescence for 

myofibres, and collagen IV (details in Table 3.1). 

9.2.7 Statistical analyses 

Data are presented as individual values with median [interquartile range, IQR]. Data were 

examined using separate two and three-way Analyses of Variance where appropriate. 

Post hoc comparisons with Tukey HSD corrections were conducted for each statistical 

test where appropriate, with statistical significance taken as p < 0.05. Statistical analyses 

were performed using Jamovi (Version 1.6). 

9.3 RESULTS 

Results of two studies are presented examining the mechanical properties of soleus, EDL, 

and quadriceps mouse muscles, under compression, and how they are impacted by (i) 

dysferlin deficiency at 3, 10, and 24 months of age, and (ii) dystrophin-deficiency at 10 

months of age. Note the WTBLAJ and BLAJ quadriceps results are also presented in 
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Chapter 8 (Lloyd et al, 2022, Biomed Opt Express, under review), but for completeness 

are presented again here for comparison of the quadriceps with the soleus and EDL 

muscles at three ages. 

9.3.1 Dysferlinopathy: comparison of WTBLAJ and dysf-/- BLAJ muscles (Study 1) 

Phenotype: Body and muscle mass 

Body mass at the time of sampling was significantly higher at 10 and 24 months of age 

(+24% and +17% respectively), compared to 3 months (p < 0.01; Figure 9.1A). Muscle 

masses were normalised to body mass. BLAJ soleus muscles at 24 months of age were 

heavier than WTBLAJ (+75%, p < 0.05; Figure 9.1B). While EDL mass did not differ 

between strain or age groups (p < 0.05; Figure 9.1C). The BLAJ quadriceps muscles at 

24 months were lighter than WTBLAJ at 24 months (-56%), and also weighed less 

compared with BLAJ quadriceps at 3 and 10 months (-58% and -54% respectively, 

p < 0.001; Figure 9.1D); while the WTBLAJ quadriceps normalised mass was unchanged 

with age. 
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Figure 9.1: Body and muscle masses of WTBLAJ and BLAJ mice aged 3, 10, and 24 months (n = 3). 

(A) Body mass measured at sampling. (B) Soleus, (C) EDL, and (D) quadriceps (quad) mass normalised to 

body mass (BM). BLAJ significantly different to *, *** WTBLAJ (p < 0.05, p < 0.001 respectively). 

#, ##, ### significant differences between age groups (p < 0.05, p < 0.01, p < 0.001 respectively). Data are 

presented as individual values with median [IQR]. 

 

Mechanical properties & structure 

The OCT images of the soleus (Figure 9.2), EDL (Figure 9.3), and quadriceps (Figure 

9.4) show ordered striation patterns in the OCT signal, with some exceptions related to 

age and/or dysferlin deficiency (Figure 9.4, Figure 9.7). These striation patterns 

correspond to the direction of myofibres (Chin et al., 2014), with this pattern is also 

reflected in the corresponding micro-elastograms. Elasticity (or stiffness) and structure 

differ between muscles and are impacted by both dysferlin deficiency and age. Notably, 

skeletal muscle mechanical properties are highly heterogenous at the intermediate scale, 

with large variation in the elasticity values within a muscle (Figure 9.5B). 
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Impact of muscle type 

Overall, compared to the predominantly slow-twitch soleus and mixed-type quadriceps, 

all the fast-twitch EDL muscles appear more uniform, with parallel myofibres and distinct 

striation patterns in both the OCT images and micro-elastograms. Furthermore, the micro-

elastograms indicate that the soleus and quadriceps are stiffer compared to the EDL, 

except for the 24-month BLAJ quadriceps. Indeed, quantification of 3D mechanical 

properties shows that soleus and quadriceps muscles, compared to EDL, are both stiffer 

(+78% and +98% respectively, p < 0.0001) and more mechanically heterogeneous (+53% 

and +83% respectively, p < 0.0001; Figure 9.5). Moreover, soleus muscles have less 

variation in elasticity than the quadriceps (-16%, p < 0.05; Figure 9.5B). 

Impact of dysferlin deficiency & age 

In addition, in the slow-twitch soleus and quadriceps muscles, muscle elasticity and 

structure appear more impacted by dysferlin deficiency and/or age, while the EDL was 

relatively unaffected. 

Soleus. The BLAJ slow-twitch soleus at 3 and 10 months does not appear different to 

WTBLAJ muscles (Figure 9.2). However, at 24 months the typical striations in the OCT 

signal in both WTBLAJ (Figure 9.2E.i) and BLAJ muscles (Figure 9.2F.i) are less distinct, 

particularly for the BLAJ soleus. However, the 3D micro-architecture, shown by confocal 

microscopy, of the 24-month BLAJ muscles does not appear disrupted compared to 24-

month WTBLAJ (Figure 9.6D-I). In addition, there are no apparent differences in micro-

architecture between the WTBLAJ soleus at 10 and 24 months (Figure 9.6D-F compared 

with A-C): note there was no 10-month BLAJ soleus available for comparison. Measures 

of 3D mechanical properties show that BLAJ soleus muscles are both softer (-20%, 

p < 0.05) and less mechanically heterogeneous (-14%, p < 0.05) than WTBLAJ (Figure 

9.5C, D). Similarly, soleus muscles at 24 months of age, compared with 10 months, are 

softer (-29%, p < 0.05) with less variation in elasticity (-22%, p < 0.05). 

EDL. The fast-twitch EDL does not appear markedly impacted by dysferlin deficiency 

nor age (Figure 9.3), nor did bulk muscle elasticity or mechanical heterogeneity differ 

(p > 0.05; Figure 9.5E, F). 

Quadriceps. As discussed in Chapter 8, the WTBLAJ quadriceps muscles appear subtly 

changed with age with slightly disordered striation patterns in the OCT signal at 24 
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months compared with 3 and 10 months, with an apparent increase in overall stiffness 

with age as well (Figure 9.4A, C, E), however this did not translate to statistically 

significant changes in 3D mechanical properties (p > 0.05; Figure 9.5G, H). 

At 24 months, however, the BLAJ quadriceps appears disturbed, compared with the other 

muscles, due to the replacement of skeletal muscle with adipose tissue (Figure 9.4F, 

Figure 9.7), which is denoted by regions with a characteristic honeycomb structure in the 

OCT signal (Chin et al., 2014, Kennedy et al., 2015a), and reduced elasticity values in 

the micro-elastograms. Moreover, the 3D micro-architecture of the 24-month BLAJ 

quadriceps is substantially disrupted with areas within the muscles that did not stain for 

CD31 (that indicates the presence of endothelial cells and myofibres), corresponding to 

regions of adipose tissue replacement (Figure 9.7I, K, L; another example of this is shown 

in Supplementary Figure 9.1). Within these disrupted regions, there are circular features 

that stained for collagen IV (Figure 9.7L), likely showing the basement membrane of the 

adipocytes, of which collagen IV is a major component (Mariman and Wang, 2010, Sillat 

et al., 2012): note the lipid contained in these adipocytes was removed during the tissue 

clearing process (Li et al., 2017b). As expected, quantification of 3D mechanical 

properties indicates that the 24-month BLAJ quadriceps is significantly softer (-72%, 

p < 0.05) and has less than half the mechanical heterogeneity (-59%, p < 0.05; Figure 

9.5G, H), compared with the WTBLAJ quadriceps at the same age. 
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Figure 9.2: Mechanical properties of soleus muscles from WTBLAJ and BLAJ mice aged 3, 10, and 24 

months. Corresponding (i) OCT images and (ii) micro-elastograms. OCT images show signal-to-noise ratio 

(dB), presented in grayscale, and micro-elastograms show elastic modulus (kPa) presented in false colour 

overlaid on OCT. Scale bars represent 2 mm. 
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Figure 9.3: Mechanical properties of EDL muscles from WTBLAJ and BLAJ mice aged 3, 10, and 24 

months. Corresponding (i) OCT images and (ii) micro-elastograms. OCT images show signal-to-noise ratio 

(dB), presented in grayscale, and micro-elastograms show elastic modulus (kPa) presented in false colour 

overlaid on OCT. Scale bars represent 2 mm. 

 



MECHANICAL PROPERTIES OF SKELETAL MUSCLE: IMPACT OF 

MYOFIBRE-TYPE & AGE IN TWO FORMS OF MUSCULAR DYSTROPHY 

 251 

 

Figure 9.4: Mechanical properties of quadriceps muscles from WTBLAJ and BLAJ mice aged 3, 10, 

and 24 months. Corresponding (i) OCT images and (ii) micro-elastograms. OCT images show signal-to-

noise ratio (dB), presented in grayscale, and micro-elastograms show elastic modulus (kPa) presented in 

false colour overlaid on OCT. Scale bars represent 2 mm. 
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Figure 9.5: Quantification of 3D mechanical properties for soleus, EDL, and quadriceps (quad) 

muscles from WTBLAJ and BLAJ mice aged 3, 10, and 24 months (n = 3). (A) Elasticity and (B) 

mechanical heterogeneity comparison between muscle types with pooled age groups for WTBLAJ and BLAJ. 

Elasticity and mechanical heterogeneity comparisons between mouse strain and age for (C, D) soleus, (E, 

F) EDL, and (G, H) quad muscles. ^, ^^^^	significant differences between muscle types (p < 0.05, 

p < 0.0001 respectively). * BLAJ significantly different to WTBLAJ (p < 0.05). # 24 months significantly 

different to 10 months (p < 0.05). Data are presented as individual values with median [IQR]. 
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Figure 9.6: Further comparison of mechanical properties and 3D micro-architecture of soleus 

muscles from 24-month-old (D-F) WTBLAJ and (G-I) BLAJ mice; also compared to (A-C) 10-month-

old WTBLAJ. Corresponding (A, D, G) OCT images, (B, E, H) micro-elastograms, and (C, F, I) 3D volume 

projections of confocal microscopy to ~390 μm (C), ~303 μm (F), and ~360 μm depth (I). OCT images 

show signal-to-noise ratio (dB), presented in grayscale, and micro-elastograms show elastic modulus (kPa) 

presented in false colour overlaid on OCT. Muscle was stained for DNA (Hoechst), CD31 that indicates 

vascular endothelial cells and also provides background fluorescence for myofibres, and collagen IV. Scale 

bars represent 2 mm. 
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Figure 9.7: Adipose tissue in quadriceps muscles from BLAJ mouse aged 24 months. Corresponding 

(A) OCT image, (E) micro-elastogram, and (I) 3D volume projection of confocal microscopy to ~365 μm 

depth, with magnified insets (2 × 2 mm2) of corresponding regions of (B, F, J) relatively intact myofibres 

(blue square) and regions of (C, D, G, H, K, L) adipose tissue replacement (red and orange squares). OCT 

images show signal-to-noise ratio (dB), presented in grayscale, and micro-elastograms show elastic 

modulus (kPa) presented in false colour overlaid on OCT. Muscle was stained for DNA (Hoechst), CD31 

that indicates vascular endothelial cells and also provides background fluorescence for myofibres, and 

collagen IV. Scale bars represent 2 mm. 

 

9.3.2 DMD: comparison of WTmdx and dystrophin-deficient mdx muscles (Study 2) 

Phenotype: Body and muscle mass 

Body mass at the time of sampling did not differ between the male WTmdx and mdx mice 

aged 10 months (p > 0.05; Figure 9.8A). The mdx soleus, EDL, and quadriceps muscles, 

normalised to body mass, were significantly heavier (+32%, +30%, +33% respectively) 

than WTmdx (p < 0.05; Figure 9.8B-D). 
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Figure 9.8: Body and muscle masses of WTmdx and mdx mice aged 10 months (n = 4). (A) Body mass 

measured at sampling. (B) Soleus, (C) EDL, and (D) quadriceps (quad) mass normalised to body mass 

(BM). * mdx significantly different to WTmdx (p < 0.05). Data are presented as individual values with 

median [IQR]. 

 

Mechanical properties & structure 

The 10-month WTmdx and mdx soleus, EDL, and quadriceps show ordered striation 

patterns in the OCT signal (as for the WTBLAJ and BLAJ muscles in Study 1), with a 

similar pattern observed in the corresponding micro-elastograms (Figure 9.9). 

Impact of muscle type 

Likewise, the predominantly fast-twitch EDL has a more uniform appearance compared 

with the predominantly slow-twitch soleus and mixed-type quadriceps, with the micro-

elastograms indicating that the soleus and quadriceps have higher elasticity values (i.e., 

stiffer) compared with the EDL (Figure 9.9). Indeed, 3D mechanical properties showed 

that soleus and quadriceps muscles are significantly stiffer (+73% and +95% respectively, 

p < 0.05; Figure 9.10A) and more variable in elasticity, compared with the EDL (+53% 

and +82% respectively, p < 0.05; Figure 9.10B). 

 

 



MECHANICAL PROPERTIES OF SKELETAL MUSCLE: IMPACT OF 

MYOFIBRE-TYPE & AGE IN TWO FORMS OF MUSCULAR DYSTROPHY 

 256 

Impact of dystrophin-deficiency 

In the micro-elastograms, the mdx quadriceps appear stiffer compared with WTmdx 

(Figure 9.9); however, there were no significant differences between WTmdx and mdx 

muscle in terms of bulk elasticity or mechanical heterogeneity (p > 0.05; Figure 9.10). 

Nonetheless, the regional heterogeneity of the mdx pathology is demonstrated in the OCT 

image, micro-elastogram, and 3D confocal microscopy. In the OCT and confocal 

microscopy images, there are areas of relatively intact myofibres (Figure 9.11B, H) and 

myofibre disruption and damage (Figure 9.11C, I) that also appears to stain more strongly 

for collagen IV (Figure 9.11I). In the corresponding micro-elastograms, the region with 

marked pathology looks to have less distinct striation patterns and lower local elasticity 

(Figure 9.11F) compared with relatively unaffected areas (Figure 9.11E). 

 

Figure 9.9: Mechanical properties of soleus, EDL, and quadriceps (quad) muscles from WTmdx and 

mdx mice aged 10 months. Corresponding (i) OCT images and (ii) micro-elastograms. OCT images show 

signal-to-noise ratio (dB), presented in grayscale, and micro-elastograms show elastic modulus (kPa) 

presented in false colour overlaid on OCT. Scale bars represent 2 mm. 
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Figure 9.10: Quantification of 3D mechanical properties for soleus, EDL, and quadriceps (quad) 

muscles from WTmdx and mdx mice aged 10 months (n = 4). (A) Elasticity and (B) mechanical 

heterogeneity. ^, ^^ ^^^ soleus and quad significantly different to EDL (p < 0.05, p < 0.01, p < 0.001 

respectively). Data are presented as individual values with median [IQR]. 
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Figure 9.11: Regional heterogeneity of pathology in quadriceps muscles from mdx mouse aged 10 

months. Corresponding (A) OCT image, (D) micro-elastogram, and (G) 3D volume projection of confocal 

microscopy to ~264.5 μm depth, with magnified insets (2 × 2 mm2) of corresponding regions of (B, E, H) 

relatively intact myofibres (blue square) and (C, F, I) damage (red square). OCT images show signal-to-

noise ratio (dB), presented in grayscale, and micro-elastograms show elastic modulus (kPa) presented in 

false colour overlaid on OCT. Muscle was stained for DNA (Hoechst), CD31 that indicates vascular 

endothelial cells and also provides background fluorescence for myofibres, and collagen IV. Scale bars 

represent 2 mm. 

9.4 DISCUSSION 

These new data for two distinctly different forms of muscular dystrophies, 

dysferlinopathy and DMD, use QME to visualise and quantify the 3D mechanical 

properties of skeletal muscles in the transverse plane (i.e., perpendicular to the direction 

of force generation) with further visualisation of 3D micro-architecture of muscles using 

confocal microscopy where appropriate. Three different muscles were examined: the 

predominantly slow soleus and fast EDL, and mixed-type quadriceps, from four mouse 

strains. The data show (i) differences in the mechanical properties of predominantly slow 
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(soleus) and fast (EDL) muscles regardless of mouse strain; (ii) that dysferlin deficiency 

and age impact muscle-types differentially; and lastly, (iii) the impact of dystrophin-

deficiency on muscle mechanical properties is only observed qualitatively in this study. 

These results are discussed below and also summarised in Supplementary Table 9.1. 

9.4.1 Effect of muscle type: slow- vs fast-twitch 

The muscle-type associated differences in 3D elasticity and mechanical heterogeneity 

were observed regardless of mouse strain, with the slow-twitch soleus and mixed 

quadriceps being stiffer overall with increased mechanical heterogeneity, compared with 

the fast-twitch EDL. Similarly, a previous study of transverse elasticity, using atomic 

force microscopy, showed that myofibre bundles from the soleus were stiffer compared 

with those from EDL muscle regardless of the mouse genotype (i.e., WT and TIEG1 

knockout) (Kammoun et al., 2019). It is also of note that studies of passive tension (i.e., 

stiffness in the direction of myofibre force generation) have shown slow-twitch myofibres 

and myofibre bundles are approximately two-times stiffer compared to fast-twitch, in 

both mice and rats (Haug et al., 2018, Noonan et al., 2020). 

These muscle-specific differences in elasticity and mechanical heterogeneity (as shown 

in the current study) may be due, in part, to muscle composition. Indeed, studies have 

shown that whole muscle passive stiffness is proportional to collagen content (Prado et 

al., 2005). Previous studies show that collagen concentration in slow-twitch muscle is 

typically higher compared to fast in both rats and rabbits (Kovanen et al., 1980, Kovanen 

et al., 1984b, Ducomps et al., 2003), and that slow-twitch myofibres are associated with 

two-times higher levels of ECM compared with fast-twitch (Kovanen et al., 1984a). In 

addition to supporting muscle structure, collagens, proteoglycans, and other ECM 

molecules, enable the storage and dissipation of excess elastic energy generated by 

myofibre contraction to prevent fatigue and premature mechanical failure (Silver et al., 

2006, Wakeling et al., 2020, Silver et al., 2021). Therefore, the higher stiffness and ECM 

content of slow-twitch muscles makes them suitable for providing continuous postural 

support. Whereas, lower ECM content and longitudinal elasticity (i.e., increased 

compliance) associated with fast-twitch muscles facilitates quick contractions and 

efficient transfer of force to generate movement (Kovanen et al., 1984b). However, ECM 

is relatively stiff under tension but softer under compression (Wenger et al., 2007, 

Zatsiorsky and Prilutsky, 2012), so increased ECM composition of muscles does not 
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explain the increased stiffness of the soleus, compared with the EDL, observed in the 

current studies. 

It is important to note that neither whole muscle stiffness nor collagen content are strictly 

correlated with myofibre-type composition of muscle (Ducomps et al., 2003, Prado et al., 

2005). For example, while Ducomps et al. (2003) found a positive correlation between 

collagen content and total passive stiffness for the fast EDL and rectus femoris muscles 

from rabbits, the slow semimembranosus proprius had no such correlation and was softer 

compared with the fast muscles. Similarly, Prado et al. (2005) found in rabbits, that the 

predominantly slow-twitch diaphragm had lower passive stiffness compared to the fast 

EDL and gastrocnemius. The discrepancy of these findings, from the typically higher 

collagen content and passive tension of slow-twitch muscles compared with fast, may be 

due to the very different architecture, driven by muscle-specific functional requirements 

and subsequent loading patterns, of the slow and fast muscles that were examined in these 

particular studies. For example, the rectus femoris, one of four muscles of the quadriceps 

(i.e., knee extensors), has a bipennate architecture with shorter myofibres that extend from 

a central tendon, while the semimembranosus proprius, one of three muscles of the 

hamstrings (i.e., knee flexors), is a unipennate muscle with longer myofibres (Lieber and 

Friden, 2000, Charles et al., 2016a). Moreover, the dome-shaped diaphragm, which is a 

muscular tendinous sheet with a radial array of myofibres extending from a central tendon 

to the ribs and vertebrae (Merrell and Kardon, 2013), has very different architecture and 

loading patterns compared with the unipennate EDL and bipennate gastrocnemius (Lieber 

and Friden, 2000, Charles et al., 2016a). Therefore, it is likely that the differences in 

micro-architecture of the slow and fast muscles, observed in the OCT images and micro-

elastograms in the current study, contribute to the markedly higher elasticity and 

mechanical heterogeneity in the soleus compared to the EDL. The soleus is a complex 

multipennate muscle, with relatively short myofibres branching from a central tendon, 

itself branching into two or more smaller tendons within the muscle, compared with the 

unipennate EDL with tendons (and aponeuroses) restricted, superficially, to both ends 

(Lieber and Friden, 2000, Charles et al., 2016a). Relatively higher amounts of connective 

tissue, including tendon that is stiffer than muscle under compression (discussed in 

Chapter 8), within the soleus would result in an overall increase in stiffness, with more 

marked variation in elasticity, compared with the EDL. Similarly, the lower mechanical 

heterogeneity of the soleus compared to the quadriceps is also likely a result of the more 
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complex structure of the quadriceps, comprised of four individual muscles held together 

by tendons and other connective tissue, in contrast to the soleus consisting of a single 

muscle (Lieber and Friden, 2000, Charles et al., 2016a). 

9.4.2 Effect of dysferlinopathy (Study 1) 

These muscle type differences extend to the impact of dysferlin deficiency, where 

mechanical properties of the slow-twitch soleus and mixed-type quadriceps were altered, 

but not for the fast-twitch EDL. Bulk muscle elasticity and mechanical heterogeneity of 

the soleus, was lower in BLAJ muscles at all ages, compared with WTBLAJ. Similarly, the 

old 24-month BLAJ quadriceps, was significantly softer and with less variation in 

elasticity than WTBLAJ and BLAJ muscles at 3 and 10 months of age. 

Interestingly, while both the slow-twitch soleus and mixed-type quadriceps both softened 

due to dysferlin deficiency, they did not have consistent responses in terms of muscle 

mass: where at 24 months of age compared with WTBLAJ, the BLAJ soleus was heavier, 

while the BLAJ quadriceps reduced in mass. This is reflective of the muscle-specific 

pathology associated with dysferlin deficiency where, in mouse models at advanced ages, 

the quadriceps has a marked histopathology that is not evident in the soleus (van Putten 

et al., 2020). The increased mass of the 24-month BLAJ soleus, is reflective of that 

reported in BLAJ mice at 10 months, which was hypothesised to be due to oedema (Lloyd 

et al., 2019). However, in the current study there was no increase in BLAJ soleus mass at 

10 months of age. This discrepancy may be due to the relatively small sample size used 

in the current study (n = 3) and the highly variable pathology associated with 

dysferlinopathy between individual mice. 

In contrast, the significant reduction of muscle mass, bulk elasticity, and mechanical 

heterogeneity of the 24-month BLAJ quadriceps, likely reflects the extensive replacement 

of muscle with adipose tissue, a well-established feature of advanced-stage 

dysferlinopathy (Grounds et al., 2014, Diaz-Manera et al., 2018). Indeed, the micro-

architecture shown by both the OCT and 3D confocal microscopy images show relatively 

large regions of adipose tissue in place of skeletal muscle. Adipose tissue is less dense 

(Farvid et al., 2005) and softer than skeletal muscle (Comley and Fleck, 2010) as 

discussed in Chapter 8, it is therefore, unsurprising that there is a significant reduction in 

mass, stiffness, and mechanical heterogeneity in the 24-month BLAJ quadriceps. 



MECHANICAL PROPERTIES OF SKELETAL MUSCLE: IMPACT OF 

MYOFIBRE-TYPE & AGE IN TWO FORMS OF MUSCULAR DYSTROPHY 

 262 

Similarly, the overall softening and lower mechanical heterogeneity of the BLAJ soleus 

may be due to the presence of lipid droplets in slow-twitch myofibres, a well-known 

feature of the dysf-/- pathology (Demonbreun et al., 2014, Grounds et al., 2014), and also 

observed in isolated myofibre studies in Section 4.2 of this thesis. However, the reverse 

may also be the case, where reduced stiffness drives lipid accumulation in dysf-/- muscle. 

Notably, studies have shown that lipid synthesis is influenced by a cell’s mechanical 

environment; reviewed in Romani et al. (2021). Studies in tissue culture show that 

culturing on a soft (~0.5 kPa) fibronectin-coated hydrogel, compared to stiff (>15 kPa), 

induced cholesterol and lipid droplet accumulation, which was demonstrated for many 

cell types of both epithelium and connective tissue origin (Bertolio et al., 2019, Romani 

et al., 2019); whether this is the case in vivo and relevant to skeletal muscle is not clear 

and warrants further investigation. Nonetheless these previous studies indicate that 

altered muscle mechanical properties (i.e., reduced muscle stiffness) in dysferlinopathy 

may contribute to the manifestation and progression of its lipid-associated pathology or 

vice versa and raises the question concerning which factor is the primary driver of the 

other. We showed previously that fatty acid storage as triglycerides was increased in the 

BLAJ soleus at three months of age (Haynes et al., 2019), thus reduced stiffness is likely 

not the primary driver of the initial manifestation of the lipid accumulation; nonetheless, 

the progression and exacerbation of the pathology may be due to a ‘vicious’ cycle of 

decreased stiffness and increasing lipid accumulation. 

Moreover, lipid composition also contributes to cell mechanics (Romani et al., 2021). 

Notably, we previously reported altered lipid metabolism in dysf-/- muscle, and very 

different lipid profiles between control C57BL/6J and dysf-/- BLAJ quadriceps at three 

months of age, with changes in a broad array of lipids, including phospholipids, 

sphingolipids, and cholesterol (Haynes et al., 2019), which are all major components of 

the sarcolemma (Fiehn et al., 1971). Altered lipid composition can impact many 

membrane properties, including membrane fluidity (Spector and Yorek, 1985), which is 

known to effect cell stiffness and mechanotransduction, i.e., the process of transforming 

information about a cell’s mechanical environment into biochemical signals that 

modulate many important processes that maintain cells’ function (Beedle et al., 2015). 

Additionally, the lipid composition of the cell membrane, especially cholesterol content, 

influences the formation of lipid rafts and caveolae (Ray et al., 2016), which are 

membrane microdomains enriched in cholesterol and sphingolipids and the site for many 



MECHANICAL PROPERTIES OF SKELETAL MUSCLE: IMPACT OF 

MYOFIBRE-TYPE & AGE IN TWO FORMS OF MUSCULAR DYSTROPHY 

 263 

cell signalling processes, where caveolae are a subset of invaginated lipid rafts (Rajendran 

and Simons, 2005). Caveolae and their components, including caveolin-3 that is known 

to interact with dysferlin (Ampong et al., 2005, Kerr et al., 2013), are involved in 

protecting the cell membrane from damage due to mechanical stress and modulating 

mechanotransduction between the ECM and fibroblasts (Le Saux et al., 2008, Sinha et 

al., 2011, Hsu et al., 2018, Moreno-Vicente et al., 2018, Dewulf et al., 2019). Moreover, 

the cholesterol content of lipid rafts has been shown to influence mechanosensitive ion 

channels (Poole et al., 2014, Qi et al., 2015, Douguet and Honore, 2019), and may also 

modulate mechanotransduction between ECM and cells via integrins (Hu and Barker, 

2019). While there was no difference in the mechanical properties of dysf-/- quadriceps at 

three months of age in the current study, perhaps exacerbation of these altered lipid 

profiles, reported in Haynes et al. (2019), with age may contribute to the mechanical 

alterations shown in the 24-month BLAJ quadriceps. Fortunately, we have recently 

conducted studies that evaluated the lipidomic profiles of control and BLAJ muscles, 

including the soleus, EDL, and quadriceps, aged 3, 10, and 26 months (some of which 

are contralateral to the muscles used in the current study), with data analysis and 

manuscript preparation underway. Data for quadriceps muscles is still being processed 

and analysed, however, preliminary results for the BLAJ soleus and EDL muscles, 

indicate no changes to their lipid profiles (Watt et al., in preparation). Thus, it is unlikely 

the overall reduced elastic modulus of the BLAJ soleus, compared with WTBLAJ, shown 

in the current study is due to a change in the muscle’s lipid profile. However, further 

investigation of the mechanobiology of dysf-/- muscle is warranted (discussed in Chapter 

10). 

9.4.3 Effect of age 

In addition to the impact of dysferlin deficiency on the soleus muscle there was also a 

separate impact of age, whereby bulk muscle elasticity and mechanical heterogeneity of 

soleus was lower at 24 months, compared with 10 months. A study assessing the shear 

elasticity of human skeletal muscles in vivo, using acoustic radiation force impulse, 

showed that the soleus was significantly softer in old subjects with cancer (≥ 70 years) 

compared to healthy young participants (18-30 years), with a non-significant trend of a 

softer soleus for the old healthy participants (≥ 70 years) as well (Regueme et al., 2021). 

However, passive tension (i.e., longitudinal elasticity) is reported to be higher in isolated 
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myofibre bundles from elderly humans (≥ 65 years), with concomitantly higher ECM 

content, compared with young (≤ 21 years) (Pavan et al., 2020). Another study showed 

that gastrocnemius muscles in vivo have higher longitudinal stiffness in old rats (~16 

months) compared with young (~ 4 months) (Alev et al., 2018). The discordance between 

the shear and londitudinal elasticity reported for ageing muscles may be due to the 

mechanical nature of collagen, which comprises the majority of ECM and is generally 

stiff under tension but relatively soft when compressed (Wenger et al., 2007, Zatsiorsky 

and Prilutsky, 2012). Notably, old soleus mouse muscles (24 months) have increased 

proximal tendon length with no change in muscle length, compared with young (6 

months), whereby the tendon extends into the muscle resulting in shorter myofibres 

(Nielsen et al., 2018); however this elongation of tendons is not observed in other muscles 

(e.g., EDL) (Lal et al., 2021). The longer tendon in old soleus muscles, corresponds to an 

increase in tendon-associated collagen at the muscle perimeter (Nielsen et al., 2018). 

Thus, under compression as in this current study, the 24-month soleus muscles, which 

may have increased collagen content both at the muscle surface and intramuscularly, 

would present as relatively soft compared to when under tension. 

In contrast, as discussed in Chapter 8, the 24-month-old WTBLAJ quadriceps appeared 

somewhat disordered and stiffer compared with the younger muscles in the OCT images 

and micro-elastograms, which is consistent with myofibre branching (Pichavant and 

Pavlath, 2014) and increased ECM presence (Kragstrup et al., 2011, Gumpenberger et 

al., 2020) as features of old muscles. However, this did not translate to significant changes 

in elasticity or mechanical heterogeneity in this study, perhaps due to the high variability 

in elasticity measures within samples and/or the low sample sizes used (n = 3). 

9.4.4 Effect of DMD (Study 2) 

Body mass did not differ between mdx and control WTmdx mice at 10 months of age, 

which is consistent with previous studies (Radley-Crabb et al., 2014). Mdx muscle mass 

was higher than control for all muscles assessed, which is widely reported (Radley-Crabb 

et al., 2014, Kiriaev et al., 2021). The increase in mdx muscle mass is likely due to 

hypertrophy, a well-recognised feature of the pathology (Deconinck et al., 1997c, 

Faulkner et al., 1997, Hayes and Williams, 1998, Hakim et al., 2011, Han et al., 2011, 

Hakim and Duan, 2012, Capogrosso et al., 2017, Kiriaev et al., 2018). Hypertrophy of 

mdx muscle may be largely due to myofibre branching of regenerated dystrophic 
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myofibres, which has been demonstrated in EDL and gastrocnemius muscles from mdx 

mice aged as young as 3 months up to 25 months, becoming more severe with age (Head 

et al., 1992b, Faber et al., 2014, Pichavant and Pavlath, 2014, Kiriaev et al., 2018). 

Bulk elasticity and mechanical heterogeneity did not differ significantly between WTmdx 

and mdx muscles. These results contrast with previous studies showing, compared with 

normal controls, higher shear elasticity in several arm and leg muscles of DMD patients 

aged 5-22 years (Lacourpaille et al., 2015), and higher passive tension in EDL muscles 

from mdx mice, at 2, 6, 14, and 20 months of age (Hakim et al., 2011, Hakim and Duan, 

2012). The discordance between the current results and those of previous studies may be 

due to the methods used to assess elasticity: while previous studies measured shear and 

longitudinal elasticity of muscles at a whole organ level, the QME method employed in 

the current study measures transverse elasticity at an intermediate scale, between cellular 

and organ levels. Thus, as the mdx pathology is highly localised, as demonstrated in this 

study, regions of higher elasticity may be obscured when averaged across the whole 

volume. Indeed, transverse elasticity along isolated myofibre bundles from control WTmdx 

and mdx mice, showed that while mdx muscle was stiffer than WTmdx overall, the variation 

in elasticity along the mdx myofibre was higher, with a large proportion (~ 40%) of 

measurements giving results of > 35 kPa, but also some recordings (5%) of < 5 kPa 

(Engler et al., 2004). Therefore, bulk analyses of muscle elasticity may not be very 

informative in this disease scenario as the heterogeneity of the pathology becomes 

obscured when the mean for each muscle is evaluated. 

While more common approaches to measuring muscle elasticity like medical 

elastography techniques, providing measures of transverse or shear elasticity, and passive 

stretch protocols can provide informative whole muscle stiffness readouts, the QME 

method employed in the current study can provide mechanical contrast imaging and 

quantitative assessment of tissue mechanics, over a whole tissue at an informative 

intermediate scale. This is exemplified in the mdx quadriceps where there were regions 

of disorganisation with speckled appearance and reduced elasticity (i.e., regions of 

muscle damage and fibrosis), and regions where the muscle appeared normal with clear 

myofibre striations; these features emphasise the heterogeneity of the dystrophin-

deficient pathology within a muscle. 
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9.4.5 Comparison of dysferlinopathy & DMD 

While direct comparisons of muscle mechanical properties in the two different muscular 

dystrophies (dysferlinopathy and DMD) are limited due to the small sample sizes and 

different age groups used in the two studies, the results indicate opposite changes are 

occurring in relatively advanced stages of each pathology, particularly for the quadriceps. 

The dysf-/- BLAJ quadriceps decreased in stiffness and mechanical heterogeneity at 24 

months of age, in contrast, the mdx quadriceps appears to be increasing in stiffness and 

variability at 10 months of age. It would be interesting to examine whether the mdx 

quadriceps would show a statistically significant increase in stiffness and/or mechanical 

heterogeneity at 24 months (i.e., a very advanced stage of the mdx pathology). 

Nonetheless, these results point to different mechanical changes occurring in different 

muscular dystrophies and emphasise the potential for this QME technique to identify 

these important differences between myopathies. 

9.4.6 Opportunities for further development 

The primary aim of this study was to evaluate the mechanical properties of skeletal 

muscles in concert with micro-architecture assessment to provide insight into the stiffness 

patterns observed in the micro-elastograms; this was limited to qualitative comparisons 

of the elasticity patterns with the micro-architecture shown by 2D OCT and 3D confocal 

microscopy. It is pertinent to mention that previous techniques to characterise 3D micro-

architecture of an entire muscle classically used serial sections throughout a whole 

muscle, a very time-consuming process: the appearance of each section was analysed by 

light, confocal, or electron microscopy, with images then reconstructed to depict the 3D 

details of whole muscle structure (Duxson et al., 1989, Kuravi et al., 2021). The approach 

used in the current study employs a panel of antibodies to stain and image the morphology 

of intact muscle in 3D (Li et al., 2017b). The antibodies used in this study were chosen 

to provide visualisation of the muscle structure, primarily focusing on myofibre 

arrangement. For example, collagen IV fibres are found in the basement membrane, a 

specialised ECM structure in intimate contact with the myofibre sarcolemma (Grounds et 

al., 2005, Gillies and Lieber, 2011), as such this staining gives a good depiction of 

myofibre organisation. However, with further development and optimisation, there is the 

potential to extend this co-registration and its utility. Future studies could use additional 

antibodies that are more specific for endo- and perimysial ECM (e.g., collagen I or 
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collagen III) (Light and Champion, 1984, Light et al., 1985), to provide further 

information regarding the presence and distribution of fibrotic tissue throughout diseased 

muscle. Furthermore, both the quantification of immunofluorescence in the confocal 

microscopy and superimposing the micro-elastograms onto the 3D micro-architecture 

shown by confocal microscopy may provide further insight about how specific tissues 

contribute to muscle structure, mechanical properties, and how they interact.  

It is important to note that the elastography and confocal microscopy techniques used in 

this study are limited in their depth of penetration, as such 3D micro-elastograms and 

micro-architecture images spanning the depth of whole tissue are not yet possible. 

Furthermore, the penetration of antibodies in whole muscle was variable both within and 

between muscles, as such direct comparison between samples and immunofluorescence 

quantification was not possible in the current study. Nonetheless the OCT images, micro-

elastograms, and confocal microscopy presented in this study demonstrate the potential 

of such techniques with further development. 

9.5 CHAPTER SUMMARY 

This chapter investigated the mechanical properties and micro-architecture of skeletal 

muscles, both normal and diseased, using a novel QME technique developed in this thesis. 

The results showed muscle-type specific differences in mechanical properties regardless 

of mouse genotype, with these muscle-type differences also evident in the impact of 

dysferlin deficiency and ageing. Predominantly slow (soleus) and mixed-type 

(quadriceps) dysf-/- BLAJ muscle softened with age, likely due to the accumulation of 

lipid droplets and adipose tissue respectively. Furthermore, while dystrophin-deficient 

mdx muscle did not differ quantitatively from WT control, mechanical heterogeneity was 

evident in the micro-elastograms, demonstrating the utility of the elastography technique 

to identify pathological features at an informative intermediate scale. 
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SUPPLEMENTARY MATERIAL 

Supplementary Table 9.1: Summary of results for Study 1: C57BL/6J (WTBLAJ) and BLAJ mice aged 

3, 10, and 24 months (n = 3), and Study 2: C57BL/10Scn (WTmdx) and mdx mice aged 10 months 

(n = 4). Table presents the relevant effects of muscle-type, disease, age, and disease and age interaction, on 

measures of phenotype and 3D mechanical properties (bulk elasticity and heterogeneity) for soleus, 

extensor digitorum longus (EDL), and quadriceps (quad) muscles. Effects indicated by affected group 

(compared to). Greyed-out cells indicate comparisons not made. Abbreviation: m: month. 

   Effect (compared to) 

Study Measure Muscle Muscle type Disease Age Disease × Age 

(1) 

WTBLAJ 
vs 

BLAJ 

Phenotype      

Body mass   – ↑ 10m, 24m 
(3m) – 

Muscle mass Soleus  ↑ BLAJ – ↑ 24m BLAJ (24m WTBLAJ) 

EDL  – – – 

Quad  ↓ BLAJ ↓ 24m (3m, 
10m) 

↓ 24m BLAJ (24m WTBLAJ; 
3m, 10m BLAJ) 

3D mechanical properties     

Bulk elasticity Soleus 
↓ EDL 
(soleus, 
quad) 

↓ BLAJ ↓ 24m (10m) – 

EDL – – – 

Quad – – ↓ 24m BLAJ (24m WTBLAJ) 

Mechanical 
heterogeneity 

Soleus ↓ EDL 
(soleus, 
quad) 

↓ soleus 
(quad) 

↓ BLAJ ↓ 24m (10m) – 

EDL – – – 

Quad ↓ BLAJ – ↓ 24m BLAJ (24m WTBLAJ) 

(2) 

WTmdx 
vs mdx 

Phenotype      

Body mass   –   

Muscle mass Soleus  ↑ mdx   

EDL  ↑ mdx   

Quad  ↑ mdx   

3D mechanical properties     

Bulk elasticity Soleus 
↓ EDL 
(soleus, 
quad) 

–   

EDL –   

Quad –   

Mechanical 
heterogeneity 

Soleus 
↓ EDL 

(soleus & 
quad) 

–   

EDL –   

Quad –   
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Supplementary Figure 9.1: Adipose tissue in quadriceps muscles from BLAJ mouse aged 24 months. 

Corresponding (A) OCT image, (D) micro-elastogram, and (G) 3D volume projection of confocal 

microscopy to ~455 μm depth, with magnified insets (2 × 2 mm2) of corresponding regions of (B, E, H) 

relatively intact myofibres (blue square) and (C, F, I) adipose tissue replacement (red square). OCT images 

show signal-to-noise ratio (dB), presented in grayscale, and micro-elastograms show elastic modulus (kPa) 

presented in false colour overlaid on OCT. Muscle was stained for DNA (Hoechst), CD31 that indicates 

vascular endothelial cells and also provides background fluorescence for myofibres, and collagen IV. Scale 

bars represent 2 mm. 
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10 GENERAL DISCUSSION 

10.1 OVERVIEW 

Dysferlinopathies are a form of limb girdle muscular dystrophy (LGMDR2 dysferlin-

related) caused by gene mutations resulting in deficiency of the membrane-associated 

protein dysferlin. The disease manifests post-growth, primarily in the limb muscles, and 

is characterised by progressive skeletal muscle wasting and loss of function, 

inflammation, accumulation of lipid droplets in slow-twitch oxidative myofibres, and, in 

later stages of the disease, replacement of muscles by adipose tissue (Amato and Brown, 

2011, Grounds et al., 2014). Currently, the pathomechanism of dysferlinopathy is not well 

understood. Therefore, to gain better insight the molecular mechanisms underlying the 

dystropathology, the research of this thesis investigated the impact of dysferlin deficiency 

on skeletal muscle function and biomechanics, with a focus on different myofibre types. 

The major findings of this research are summarised below, then key themes arising from 

this work are discussed with respect to their implications for dysferlinopathy and for 

future research directions. 

Part I of this thesis, using dysf-/- BLAJ mice, investigated the impact of dysferlin 

deficiency on aspects of muscle function, with the major finding that dysferlin deficiency 

has myofibre-type specific effects. These novel findings of subtle myofibre-type specific 

differences in dysf-/- muscle function, which could not be fully explained by altered 

myofibre-type composition of muscles, are described in Chapter 4. In Section 4.1, the 

paper by Lloyd et al. (2019) shows that dysferlin deficiency significantly alters the 

contractile properties of the predominantly slow-twitch soleus muscle, with opposite 

effects for the predominantly fast-twitch EDL muscle. The possible mechanistic basis for 

these different contractile properties was further investigated by assessing the impact of 

dysferlin deficiency on Ca2+ activation of slow (type 1) and fast (type 2) myofibres 

isolated from soleus and EDL muscles (Section 4.2): the results indicate that the effects 

of dysferlin deficiency on the function of these two types of muscles were not due to 

intrinsic alterations in the Ca2+-activation properties of the dysf-/-contractile myofilaments 

(i.e., actin and myosin). 



GENERAL DISCUSSION 

 272 

Then the possible molecular mechanisms responsible for the reported unexpected adverse 

effects of glucocorticoid (dexamethasone) treatment on dysf-/- muscles were investigated, 

using measures of gene expression related to metabolism and immune cells in the most 

severely affected BLAJ psoas and quadriceps muscles and liver, and the impact of 

dexamethasone on muscle function and myofibre-type composition of soleus and EDL 

muscles was also examined (Chapter 5; Lloyd et al., pending submission). These 

combined data strongly suggest that short term glucocorticoid treatment can rapidly 

increase adipocyte expansion and immune response in BLAJ mice: such combined events 

may account for exacerbation of dysferlinopathy by glucocorticoids. These novel 

observations pave the way for additional in-depth investigations to substantiate the 

mechanistic basis for such metabolic and immune disturbances by glucocorticoids in 

BLAJ mice, but such further studies were beyond the scope of this thesis.  

In this context, for untreated BLAJ mice, one study with collaborators has already 

described metabolic and lipidomic differences for dysf-/- muscles of mice aged three 

months (Haynes et al., 2019), with two further studies in WT and BLAJ male and female 

mice completed for time course analyses across the lifespan (3, 10, and 26 months), for 

many dysf-/- tissues, related to lipidomics (Watt et al., in preparation) and immune 

changes (Jackaman et al., in preparation). 

Finally, due to the findings of differential effects of dysferlinopathy on predominantly 

slow- and fast-twitch muscles, a review was conducted outlining a wide range of 

differences in myofibre-type characteristics and how these are impacted by, and 

contribute to, the manifestation of various neuromuscular disorders (Chapter 6). This 

invited review also includes new data showing that the abundance of selected Ca2+-

handling and metabolic proteins is differentially impacted in predominantly slow- and 

fast-twitch BLAJ muscles (compared with WT), further emphasising the potential 

importance of such analyses of myofibre-type specific differences in dysferlinopathy. 

Taken together, as mentioned in Chapter 6 summary (Section 6.7), the results of Part I 

implicate dysferlin deficiency in the disruption of EC coupling, likely contributing to the 

myofibre-type specific differences in the impact of dysferlin deficiency on contractile 

function of predominantly slow soleus and fast EDL muscles (that do not exhibit overt 

histopathology in mice). Indeed, the results in this thesis show that for dysf-/- 

myofilaments, while the intrinsic response to Ca2+ is unaffected, the abundance of Ca2+-

handling proteins is differentially impacted between the predominantly slow dysf-/- soleus 
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and fast dysf-/- EDL muscles. Therefore, further investigation of Ca2+ handling in dysf-/- 

muscle is warranted to gain further understanding of the loss of muscle function in 

dysferlinopathy and the potential broader impacts of Ca2+ dysregulation including muscle 

damage and inflammation (discussed in Chapter 4). 

Part II of this thesis investigated the impact of dysferlin deficiency on the mechanical 

properties and composition of skeletal muscle. In order to undertake these studies, it was 

necessary to first develop a novel elastography method, using QME and muscle 

encapsulation in gelatin methacrylyol hydrogels, to quantify skeletal muscle 3D micro-

scale elasticity (Chapter 7). The efficacy of this novel elastography method was 

demonstrated by assessing the impact of ageing on mechanical properties of dysf-/- WT 

and BLAJ quadriceps muscle [Chapter 8; Lloyd et al. (2022, Biomed Opt Express, under 

review)]. Notably, we showed that 24-month-old dysf-/- quadriceps muscles were 

significantly softer (i.e., lower elastic modulus) with reduced mechanical heterogeneity 

than normal WT age-matched muscles. A second study assessed the impact of two 

different muscular dystrophies, using BLAJ and mdx mice, myofibre-type, and ageing on 

the biomechanical properties of predominantly slow-twitch soleus and fast-twitch EDL, 

and mixed-type quadriceps muscles (Chapter 9). The results showed that the soleus was 

stiffer and more mechanically heterogeneous compared with the EDL, regardless of 

mouse strain. Furthermore, the soleus muscle elasticity and mechanical heterogeneity was 

reduced by both dysferlin deficiency and age (at 24 months). As for Chapter 8, the results 

showed that the elastic and mechanical heterogeneity of 24-month BLAJ quadriceps was 

reduced, reflecting the extensive adipocyte replacement of muscle tissue shown by 2D 

optical coherence tomography and 3D confocal microscopy. 

10.2 MYOFIBRE-TYPES & DYSFERLIN DEFICIENCY: 

IMPLICATIONS FOR TRANSLATION 

An overall key finding of this thesis is that that dysferlinopathy impacts slow and fast 

myofibre-types differently in terms of both muscle function (Section 4.1), levels of 

proteins related to regulation of Ca2+ and metabolism (Chapter 6), and mechanical 

properties (Chapter 9). These results emphasise the importance of carefully considering 

myofibre-type specific differences to better understand the molecular basis for 

dysferlinopathies and other neuromuscular disorders, as discussed extensively in Chapter 

6. While the multitude of differences between normal myofibre-types are widely 
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recognised (Schiaffino and Reggiani, 2011), the implications of these differences in the 

manifestation and progression of dysferlinopathy (and neuromuscular disorders more 

broadly) has not been a focus of previous research. 

Pre-clinical studies have the capacity to carefully investigate disease-specific myofibre-

type differences; however, it is important to note there are differences between pre-

clinical animal models and humans, including myofibre-type composition and the 

structure and biomechanics of muscles. For example, the mouse soleus differs to both rat 

and human muscles where almost all myofibres are slow oxidative type 1; specifically, 

rat soleus is ~97% type 1 and only ~3% 2A (fast oxidative glycolytic) (Bloemberg and 

Quadrilatero, 2012), and human soleus is reported as ~92% type 1 and ~5% 2A, with 

~3% myofibres co-expressing both type 1 and 2A myosin heavy chain isoforms (Ohira et 

al., 1999). In contrast, mouse soleus is composed mainly of type 1 (37%) and 2A (39%) 

myofibres, with the addition of fast glycolytic 2X (6%) and intermediate fast 2A/2X 

(19%) myofibres (Augusto et al., 2004). The similarity of rat and human soleus myofibre-

type composition (primarily type 1), along with greater size of rats and various 

physiological and metabolic features of rats that more closely resemble humans 

(Żakowski, 2020), suggests that generation of a rat model of dysferlin deficiency might 

provide a more representative model for human dysferlinopathy. Indeed, dystrophic rat 

models for DMD appear to have a more pronounced dystropathology, compared with mdx 

mice (Larcher et al., 2014, Krishnan et al., 2020b, Lim et al., 2020). 

Moreover, there are clear biomechanical differences in the musculoskeletal systems of 

pre-clinical mouse models and humans, arising from differences in body size, 

evolutionary history, and locomotion, i.e. the upright bipedal gait of humans compared to 

the crouched quadrupedal gait of mice (Biewener, 1990). Indeed, musculoskeletal models 

of the lower limbs of mice [see Charles et al. (2016b)] and humans [see Rajagopal et al. 

(2016)] were employed to simulate walking, showing that, overall, mice had reduced (~-

52%) myofibre lengthening compared with humans, due to differences in gait, joint range 

motion, and muscle moment arms (Hu et al., 2017). Furthermore, these simulations 

demonstrated that these biomechanical differences between mice and humans may 

contribute to the differential muscle involvement and disease severity in pre-clinical 

mouse models and humans. 

Such species differences, in myofibre-type composition and muscle biomechanics, need 

to be considered when extrapolating whole muscle data from pre-clinical animal to human 
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studies. Nonetheless, this new paradigm to study neuromuscular disorders emphasised in 

this thesis: taking into consideration the intrinsic and extrinsic differences between 

myofibre-types, as well as the influence of myofibre-type composition of affected 

muscles, can provide deeper insight into the mechanisms underlying the manifestation 

and progression of some neuromuscular disorders, to enhance translation of findings for 

clinical management and therapies. 

10.2.1 Further consideration for translation: sex differences 

This thesis studied dysferlin deficiency in male mice only and is therefore somewhat 

limited in its translational potential. Sex-related differences that impact muscles are found 

in many conditions throughout life, including loss of skeletal muscle mass (atrophy) and 

function during normal ageing (sarcopenia), and in cancers (cachexia) (Carson et al., 

2016, Kim et al., 2016): [reviewed in Anderson et al. (2017)]. Since many pre-clinical 

and human studies use only males, this is increasingly recognised as a problem for clinical 

translation when evaluating models of diseases that affect both females and males. As sex 

differences (that affect myofibre-types, metabolism, and inflammation) occur in many 

tissues and change with age, the impact of sex must be more carefully evaluated in 

neuromuscular disease pathology (discussed in Chapter 6). 

Brief comment is made here on the impact of sex on dysferlinopathy. Dysferlinopathy 

affects both men and women, yet evaluation of possible sex differences in disease 

manifestation are limited. While no apparent sexual dimorphism was observed in three 

strains of dysf-/- mice aged up to 12 months (Grounds et al., 2014), we have observed sex-

related differences in pathology severity and immune response in older dysf-/- BLAJ mice 

aged 26 months (Jackaman et al., in preparation), and human MRI shows that female 

patients with dysferlinopathy have a more severe degree of fatty involvement in the 

muscle than males (Diaz-Manera et al., 2018). It is therefore important in future studies 

of dysferlinopathy to also critically compare muscles from both males and females. 

10.3 RELATIONSHIP BETWEEN MUSCLE FUNCTION & 

MECHANICAL PROPERTIES 

The characteristics of muscle function, and muscle biomechanical properties are 

intricately linked. Contractile forces generated by myofibres are coordinated and 

transmitted across the muscle tissue via intimate contact with the ECM and tendons to 
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move the bones (Wakeling et al., 2020). The energy from the myofibre-generated force 

is used to produce movement, with excess elastic energy stored and dissipated to prevent 

fatigue and premature mechanical failure of tissue (Silver et al., 2006, Wakeling et al., 

2020, Silver et al., 2021). The transmission and storage of the elastic energy to facilitate 

movement is as much dependent upon the contractile function of the myofibres as the 

structure and mechanical properties of muscles and its constituent tissues (Lieber et al., 

2017). As such, understanding how disease impacts tissue mechanical properties and 

structure can provide insight into the impairment of muscle function (Wakeling et al., 

2020). 

Dysferlinopathy, in advanced stages, results in the replacement of skeletal muscle by 

adipose tissue, with concomitant loss of muscle function (Grounds et al., 2014, Diaz-

Manera et al., 2018). Many studies have demonstrated that fatty infiltration (i.e., the 

presence of many adipocytes than can be sparse or in large clumps) is associated with 

reduced force production, likely due to reduced contractile tissue within the muscle 

volume (Hilton et al., 2008, Rastelli et al., 2015, Erskine et al., 2017, Long et al., 2021). 

Indeed, finite element modelling of the human gastrocnemius demonstrated that such 

intramuscular adipose tissue (i.e., between the myofibres) reduces the force that can be 

produced by contracting muscles, partly due to a reduction in the number of contractile 

components (i.e., myofibres) (Rahemi et al., 2015). However, when compared to lean 

muscle with the same number of myofibres, muscle with increased intramuscular adipose 

tissue had a lower specific force (Rahemi et al., 2015). This reduction in specific force in 

‘fatty’ muscle was attributed to the reduced capacity of adipose tissue to elongate when 

stretched (i.e., higher longitudinal stiffness), compared with lean muscle (i.e., myofibres 

and ECM), which would act to resist myofibre shortening and contribute to reduced force 

production. This phenomenon has also been shown in humans in vivo, where obese 

individuals, who are known to have lower specific force production, had higher 

longitudinal stiffness of muscles (i.e., biceps brachii and biceps femoris) compared to 

normal weight individuals (Usgu et al., 2021). Whether increased longitudinal stiffness 

of the whole muscle due to increased intramuscular adipocytes is a contributing factor to 

the loss of muscle function in dysferlinopathy is not yet known: assessing passive tension 

of dysf-/- muscle tissue may provide further insight into the dysferlinopathy muscle 

function. 

Likewise, at the individual myofibre level, intramyocellular lipid droplets (steatosis) also 

result in impaired function of individual myofibres, likely due to the relatively reduced 
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proportion of contractile filaments in affected myofibres (Choi et al., 2016). Therefore, 

in dysferlinopathy, the lipid droplet accumulation within slow-twitch myofibres may also 

contribute to loss of muscle function (Demonbreun et al., 2014, Grounds et al., 2014). 

Studies of dysf-/- myofibre function have been typically limited to myofibres from the 

young-adult mouse flexor digitorum longus, comprised predominantly of type 2A (~44%) 

and 2X (~52%) myofibres in C57BL/6J mice (Tarpey et al., 2018), with no reports of a 

reduction in specific force (Kerr et al., 2013, Hofhuis et al., 2017, Lukyanenko et al., 

2017, Fernández et al., 2020, Barefield et al., 2021). Similarly, no reduction in maximum 

specific force was shown for dysf-/- slow-twitch myofibres (isolated from the soleus) in 

this thesis (Section 4.2), potentially because these myofibres came from young (3-month-

old) BLAJ mice. Experiments using isolated myofibres from older BLAJ mice aged 10 

months, where pathology is more advanced, were not possible due to the fragility of 

myofibres from the soleus muscles: during isolation these regularly broke and appeared 

to release lipid droplets into the surrounding media. Therefore, these comparisons of 

myofibres were not possible for older mice. It remains of interest to determine if there is 

a reduction in force associated with such lipid droplet accumulation (steatosis) and 

disease progression in individual myofibres, to provide further insight into the causes of 

muscle function loss in dysferlinopathy, and at what levels these occur (i.e., whole muscle 

vs individual myofibres). 

It is also interesting to note that the BLAJ soleus (from mice aged 3, 10, and 24 months) 

had reduced transverse stiffness compared to WT, yet with no marked accumulation of 

adipose tissue or histopathology (Chapter 9). The consequences, or causes, of this 

reduction in elasticity under compression are not clear. However, the BLAJ (slow-twitch) 

soleus could be considered to be presenting more similarly to the fast-twitch EDL, in 

terms of observations for both function and mechanical properties, with quicker 

contraction and relaxation at 10 months (Section 4.1), and lower transverse stiffness 

compared to WT control (Chapter 9). Perhaps the reduced stiffness of the BLAJ soleus is 

an adaptation, and/or conversely a contributor, to the reported faster contraction and 

relaxation, and reduced sub-maximal relative force production (Section 4.1). As 

mentioned, investigating the passive tension and compliance of the BLAJ soleus and EDL 

would be informative to enhance the understanding of the interplay between contractile 

function and biomechanics in these muscles. 

Computational and mathematical modelling can provide insight into the dynamic 

relationship between muscle function and mechanical properties in healthy and diseased 
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muscles. Many biomechanical models have been developed to describe and predict 

muscle force generation at a range of biological scales, from myofilament dynamics to 

whole body kinematics; these include cross-bridge cycling (Huxley, 1969, Eisenberg et 

al., 1980), sarcomere and half-sarcomere contraction, (Razumova et al., 1999, Campbell, 

2009), myofibre recruitment (Wakeling et al., 2012), micro-scale myofibre dynamics 

(Sharafi and Blemker, 2010, Virgilio et al., 2015), the mechanics of myofibres and whole 

muscles (Blemker et al., 2005, Rehorn and Blemker, 2010, Fiorentino et al., 2014, Hu et 

al., 2017, Charles et al., 2018, Kuravi et al., 2021), and whole limb and body locomotion 

(Delp et al., 2007). Importantly, these models have demonstrated the vital relationships 

between skeletal muscle structure, micro-architecture, mechanical properties, and force 

production at all scales. 

The elastography and micro-architecture techniques presented in this thesis, which focus 

on the intermediate scale between whole muscle and cells, may be additional tools to 

enhance biomechanical models. These techniques have the potential to complement 

existing methods such as MRI, ultrasound, or histology that are used to generate 

representations of muscle architecture on which to base computational models, as well as 

add information regarding muscle mechanical properties. Future research could work 

towards superimposing the mechanical properties found via QME onto 3D micro-

architecture, for example, models generated from confocal microscopy reconstructions of 

whole tissues (see example images in Chapter 9), and then employing computational and 

mathematical modelling to better predict intramuscular forces at rest and during 

contraction, to enhance the understanding of muscle function and damage. 

As discussed above, muscle function and mechanics are influenced by the interactions 

between muscle contractile properties, architecture, and the mechanical properties of 

whole muscle including myofibres and ECM. However, the reverse is also true, where 

skeletal muscle mechanical properties and movement, and biochemical and cellular 

signalling, result in adaptations in contractile function, mechanical properties, ECM and 

cellular composition, and micro-architecture. Understanding the relationship between 

muscle adaptation and biomechanics is vital to understand muscle function, health, and 

disease. 

At a cellular level, it has been shown that a cell’s mechanical environment, the ECM 

and/or surrounding cells, impacts several important processes, including cell 

differentiation (Engler et al., 2006), migration (Hartman et al., 2017), proliferation 
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(Hadjipanayi et al., 2009), and apoptosis (Wang et al., 2000). Mechanical signals from 

the ECM are biochemically coupled to intracellular processes (e.g., gene expression) by 

mechanotransduction: the process of transforming information about a cell’s mechanical 

environment into biochemical signals. Mechanosensitivity is known as the cell’s capacity 

to detect and respond to mechanical signals. How these factors are influenced by dysferlin 

deficiency warrants investigation due to the clear functional and biomechanical 

alterations in these muscles. Some potential consequences and influences of altered 

mechanics in dysferlinopathy were discussed in Chapter 9, including the relationship 

between cell mechanics and lipid composition, accumulation, and metabolism. Future 

studies could assess the intrinsic mechanobiology of dysf-/- muscle cells in vitro by 

culturing myotubes or myofibres on hydrogels of varying stiffness and using 

immunostaining techniques (Hadden et al., 2017) to visualise intracellular 

mechanosensitive biomarkers and binding proteins at the ECM-myofibre interface [e.g., 

dystroglycan, laminins, integrins (Grounds et al., 2005)]. Such studies can give specific 

insight into whether a cell’s mechanotransduction and subsequent cellular signalling are 

operating ‘normally’ or if there are alterations in response to pathology, which for 

dysferlinopathy may reflect the cellular-level manifestation and progression of the lipid-

associated issues. Additionally, tissue culture studies may provide insight into the extent 

and strength of myofibre-ECM binding (Burkholder, 2007), which would impact 

mechanotransduction, but may also influence broader skeletal muscle contraction and 

mechanical properties. However, tissue culture studies cannot provide information on the 

broader  interactions between the mechanical environment, myofibres, and other cells and 

tissues existing in whole muscle. 

Muscle function, health, and disease are the result of the behaviour of the wide range of 

tissues and cells that constitute whole muscle, and these interactions are influenced by 

alterations in mechanical properties and stimulation (Sartorelli and Fulco, 2004, Lieber 

et al., 2017). For example, in muscle disuse-induced atrophy, myofibre protein production 

is reduced in the absence of mechanical stimulation, with protein breakdown initially 

increasing and then decreasing during disuse (Phillips et al., 2009): importantly both the 

protein production and breakdown are dependent on myofibre-type (Wang and Pessin, 

2013). Additionally, many non-muscle cells are sensitive to their mechanical 

environment (Tatsumi et al., 2001, Fu et al., 2010, Souza et al., 2014). Changes in 

mechanical stimulation affect the behaviour of fibroblasts, including their proliferation 

(Yang et al., 2005, Sawaguchi et al., 2010), apoptosis (Skutek et al., 2003), ECM 
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production (Tomasek et al., 2002), and secretion of growth factors (Skutek et al., 2001). 

In turn, these growth factors influence the activity of myofibres and fibroblasts 

(Postlethwaite et al., 1987, Vandenburgh et al., 1991, Battegay et al., 1995, Ladner et al., 

2003), with interactions between these cell types likely contributing to volume changes 

of ECM evident in disuse atrophy (Józsa et al., 1990, Jarvinen et al., 2002). These 

phenomena exemplify the critical relationship between muscle function and mechanical 

properties, even in the absence of specific disease-driven processes, like inflammation. 

10.4 INTERPLAY OF MULTISCALE SYSTEMS & AGEING 

Muscle function and biomechanics are intricately linked, but they occur within a 

multifaceted and dynamic biological system where changes in one system effect change 

in other systems, and changes at one scale (e.g., at the molecular level) may effect change 

on other scales (e.g., whole cell or organism) (Lieber et al., 2017, Lloyd, 2021). This 

thesis also presents results implicating the metabolic and immune systems in the 

pathophysiology of dysferlinopathies (Chapter 5). Given the expression of dysferlin 

protein across many tissues and cell types (Anderson et al., 1999, Ho et al., 2002, Sharma 

et al., 2010, Prior et al., 2011, Cox et al., 2019), and its interactions with a variety of 

proteins (Lek et al., 2012), it is unsurprising that many systems are involved in the 

dysferlinopathy pathology. Therefore, it is important to consider how these systems 

interact and contribute to the overall pathology. 

For example, intramuscular adipose tissue accumulation, while directly reducing the 

contractile component of total muscle volume, also results in increased inflammation that 

further contributes to impaired muscle function (Jensen, 2008, Erskine et al., 2017, 

Collins et al., 2018). Adipocytes secrete inflammatory cytokines that can result in 

increased oxidative stress, altered metabolic processes, reduced production of 

myofilament proteins, and architectural changes (Addison et al., 2014a, Addison et al., 

2014b, Schering et al., 2015, Collins et al., 2018). It is highly likely that similar processes 

occur in dysferlinopathy. Indeed, beyond the loss of muscle mass and function, with 

alterations in muscle biomechanics and accumulation of intramuscular lipid and adipose 

tissue, dysferlinopathy has a strong inflammatory phenotype (Tidball et al., 2018), with 

changes in the metabolism of fatty acids (Haynes et al., 2019) and glucose (Schoewel et 

al., 2015). Clearly, dysferlinopathy is more than a just a disorder of skeletal muscle. 

Therefore, there is a need to contextualise the skeletal muscle-centric dystropathology 
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within a broader, multi-scale, biological system, to provide deeper insight and a more 

informed and targeted approach for clinical translation and disease management. 

Moreover, the post-pubertal onset of dysferlinopathy and exacerbation by age further 

emphasise the dynamic nature of the disease pathogenesis and progression. Health, 

disease, growth, and ageing are the result of multifaceted processes stemming from 

progressive changes in many interlinked systems, including musculoskeletal, ECM, 

neuronal, metabolic, immune, and vascular systems (discussed in Chapter 6). To date, 

much research is limited by largely investigating these processes in isolation, in a disease-

specific context at one age. Normal ageing is known to exacerbate a wide range of 

disorders (Kennedy et al., 2014b) and to alter normal skeletal muscle regeneration and 

extent of cachexia (Duong et al., 2021), thus for dysferlinopathy, it may be beneficial to 

gain a deeper understanding of the ageing process to improve progressive disease 

management (Sierra, 2019). 

One ultimate goal is a multiscale model of health, disease, and ageing, incorporating 

structure, function, biomechanics, and the biochemical environment (Walpole et al., 

2013, Sierra, 2019, Ford Versypt, 2021, Lloyd, 2021). Such a model would aim to 

understand how these different systems, ranging from biochemistry to the whole body, 

change and interact to predict disease outcomes and better individualise treatments. This 

is the challenge of systems biology: to model complex biological systems using the 

wealth of experimental and clinical data, to gain deeper understanding of health and 

disease.  

While the realisation of a universal model spanning biochemistry to the whole body is 

not yet possible, there are many methods being utilised to begin integrating systems and 

scales, including multi-omics and bioinformatics, and mathematical and computational 

modelling (Tavassoly et al., 2018). Agent based modelling is one such an approach for 

investigating and predicting how cell behaviours and interactions give rise to dynamic 

tissue-level responses, such as growth and adaptation (An, 2015). For example, in the 

context of muscle disease, agent-based models have been employed to investigate the 

mechanisms of regeneration of healthy and dystrophin-deficient mdx muscles, taking into 

account not just the response of myofibres, but also the muscle micro-environment, 

including satellite cells, fibrosis and fibroblasts, and inflammatory cells (Virgilio et al., 

2018, Virgilio et al., 2021). It is of great interest to employ models such as these in the 
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context of dysferlinopathy to gain unprecedented insight into the mechanisms underlying 

the pathology, to predict disease outcomes, and develop more targeted therapies. 

10.5 FINAL REMARKS 

In conclusion, the research presented in this thesis provides new insight into the impact 

of dysferlin deficiency on skeletal muscle function and biomechanics, presents a novel 

technique to study skeletal muscle mechanical properties, and highlights several avenues 

for further study. This research emphasises the complexities of dysf-/- pathology, stressing 

the need to carefully consider the influence of myofibre-type and age, and the 

involvement of many interconnected systems when seeking to identify the molecular 

mechanisms underlying dysferlinopathies as well as other neuromuscular disorders. 
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APPENDICES 
Appendix A: CONFERENCE PRESENTATIONS 

12 selected/invited presentations: 7 international, 3 national, and 2 local in WA. Four 

conference presentations were published as peer-reviewed abstracts; indicated by *, with 

details provided. Presenter(s) indicated by underlined text. 

A.1 International conferences 

1. * Li J, Lloyd EM, Hepburn MS, Mowla A, Choi YS, Grounds MD, Kennedy BF. 

2021. Characterizing the elasticity of skeletal muscle using quantitative micro-

elastography. Selected paper presented to the ‘New Technology for Medical 

Instrumentation’ session of the European Conferences on Biomedical Optics, virtual, 

20-24 Jun 2021. 

In: Vakoc, BJ, Wojtkowski, M & Yasuno, Y, eds. Optical Coherence Imaging 

Techniques and Imaging in Scattering Media IV, 2021. SPIE, 119240Q.  

Also in: European Conferences on Biomedical Optics 2021 (ECBO), 2021. Optica 

Publishing Group, EW3C.5. 

2. Grounds MD, Lloyd EM, Murphy RM. 2021. Myofibre-type specific differences in 

functional & molecular parameters related to Ca2+ handling: in slow & fast muscles 

of BLAJ mice aged 10 months. Invited talk presented with Grounds and Murphy, to 

the Jain Foundation webinar series: Dysferlin’s role in Calcium Handling in Muscle 

Fibers, virtual, 21-22 Apr 2021. 

3. * Lloyd EM, Pinniger GJ, Murphy RM, Watt MJ, Grounds MD. 2020. Importance 

of myofibre type specific differences in disease manifestation for muscular 

dystrophies: focus on dysferlinopathy. Selected poster presented to the 25th 

International Annual Congress of the World Muscle Society, virtual, 30 Sep - 2 Oct 

2020.  

In: Neuromuscular Disorders (2020), 30, S68. (See poster in Section A.5) 

4. * Grounds MD, White R, Lloyd EM, Pinniger GJ (2017), New insights into lipid 

accumulation in dysferlin deficient muscular dystrophies. Selected poster presented 

by Grounds to the 22nd International Annual Congress of the World Muscle Society, 

St Malo, France. 3-7 Oct 2017. 

In: Neuromuscular Disorders (2017), 27, S146-S147. 
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Co-author (funded by the Jain Foundation to attend) on three abstracts for invited 

talks to be presented at the Jain Foundation 8th Dysferlin Conference, Orlando, 

Florida, USA, 11-14 Mar 2020. Meeting cancelled due to COVID-19. 

5. Lloyd EM, Pinniger GJ, Murphy R, Watt MJ, Grounds MD. 2020. The importance 

of considering myofibre type when assessing the mechanistic basis for 

dysferlinopathy. Invited talk. 

6. Jackaman C, Lloyd EM, Grounds MD. 2020. Systematic investigation of immune 

cell disturbances in dysferlin-deficient mice. Invited talk. 

7. Grounds MD, Lloyd EM, Crew R, Murphy R, Haynes V, Watt MJ. 2020. 

Investigating why glucocorticoids have adverse effects on dysferlinopathy: 

Molecular analyses after Dexamethasone treatment in BLAJ mice at 2 ages. Invited 

talk. 

A.2 National conferences 

1. Lloyd EM, Pinniger GJ, Murphy RM, Watt MJ, Grounds MD. 2020. Myofibre-type 

specific differences in disease manifestation of dysferlinopathy. Selected talk 

presented to the Australian Physiological Society Student and Early Career 

Researcher Forum, virtual, 26 Nov 2020. 

2. Lloyd EM, Grounds MD, Murphy R, Pinniger GJ. 2019. Dysferlin-deficiency has a 

greater impact on the function of slow muscles, compared with fast, in aged BLAJ 

mice. Selected talk presented to the ‘Future of Medical Research’ session of the 

Australian Society for Medical Research National Scientific Conference, Fremantle, 

Western Australia, Australia, 20-21 Nov 2019. 

3. * Lloyd EM, Grounds MD, Pinniger GJ. 2017. The contractile properties of slow 

and fast twitch skeletal muscle from dysferlin deficient mice. Selected talk presented 

to the Australian Physiological Society Conference, Monash University, Victoria, 

Australia, 19-22 Nov 2017. 

In: Australian Physiological Society 2017 Scientific Meeting 19-22 Nov 2017. 

Proceedings of the Australian Physiological and Pharmacological Society, 2P. 

A.3 Local conferences 

1. Oyemade MO, Grounds MD, Jackaman C, Lloyd EM. 2019. Immune Disturbances 

in Dysferlin Deficient Spleens of BlA/J Mice. Selected poster, presented to the 

Combined Biological Sciences meeting, Perth, Western Australia, 23 Aug 2019. 
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2. Lloyd EM. 2018. The functional properties of dysferlin deficient skeletal muscle. 

Talk presented to the Postgraduate Student Expo, School of Human Sciences, 

University of Western Australia, 13 Jun 2018. 

A.4 Other 

In 2021, I also attended two international training courses run by the European Molecular 

Biology Laboratory - European Bioinformatics Institute (See Section B.1 for details). At 

one course I presented my PhD research as a flash talk entitled ‘The impact of dysferlin-

deficiency on skeletal muscle function & biomechanics’ and at the other I presented a 

poster (See poster in Section A.5). 
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A.5 Posters  

25th International Annual Congress of the World Muscle Society,  

virtual, 30 Sep - 2 Oct 2020. 
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2021 Summer School in Bioinformatics, virtual, 28 Jun - 2 Jul 2021. 

 

 

Muscle biomechanics: Developed imaging platform with quantitative micro-elastography (QME) to measure stiffness of muscle 

Erin Lloyd
PhD Candidate, School of Human Sciences, the University of Western Australia, Australia

About Me 
Perth, Western Australia
BSc (Hons) (Physiology, Mathematics & Statistics)

Married to David, psychologist & researcher
Cat called Jasmine

My Research
Skeletal muscle | Muscular dystrophies (MD) | Muscle function | Muscle biomechanics | Muscle fibre (myofibre) types

References
1. Grounds MD, Terrill JR, Radley-Crabb HG, Robertson T, Papadimitriou J, Spuler S, et al. (2014). Lipid accumulation in dysferlin-deficient muscles. Am J Pathol;184(6):1668-76.

2. Haynes VR, Keenan SN, Bayliss J, Lloyd EM, Meikle PJ, Grounds MD, et al. (2019). Dysferlin deficiency alters lipid metabolism and remodels the skeletal muscle lipidome in mice. J Lipid Res;60(8):1350-64.

3. Lloyd EM, Xu HY, Murphy RM, Grounds MD, Pinniger GJ. (2019). Dysferlin-deficiency has greater impact on function of slow muscles, compared with fast, in aged BLAJ mice. PLoS One;14(4):e0214908.

Dysferlinopathies
§ DYSF gene mutations ➜ dysferlin-deficiency (membrane-

associated protein)
§ Onset in limb-girdle (LGMDR2 dysferlin-related) or distal limb 

(Miyoshi Myopathy)

Pathomechanism is not well understood

Myofibre-types: Slow vs Fast twitch
§ Differ in molecular, metabolic + mechanical phenotypes
§ Myofibre-type composition of muscle varies depending on 

functional + metabolic requirements

Major outcomes 
Adult mouse models: control, dysferlin-deficient (dysf-/-) BLAJ, dystrophin-deficient (Duchenne’s MD) mdx

Force 
transducer

§ Dysf-/- slow soleus more affected than fast extensor digitorum longus (EDL), e.g. A) muscle mass, B) twitch contraction
§ Functional changes not explained by altered myofibre-type composition ➜ alterations in calcium handling

Muscle function (ex vivo): Dysferlin-deficient muscles have myofibre-type specific differences (at 10 months)3

Dysf-/- soleus 20% quicker twitch 
contraction + relaxation

Dysf-/- EDL 10% slower twitch 
relaxation

Investigating the impact of muscle type, ageing (3 - 24 months), and muscular dystrophy (Dysferlinopathy & Duchenne’s)
A. Slow-twitch soleus stiffer than fast-twitch EDL, e.g. control at 10 months
B. Can visualise structural & stiffness changes in disease (e.g. quad from control & dysf-/- BLAJ at 24 months) 

Where to next?
§ Ageing & its contribution to disease (using bioinformatics & 

computational biology)

§ Myofibre-type influence on pathology of muscle disorders

Other findings
§ Altered lipidomics & metabolism of dysf-/- muscle2

§ Myofibre-type specific differences in the impact of dysferlin-
deficiency on metabolic & calcium handling proteins

1 cm

A

0

30

kPa
Compression Laser

to QME system

Encapsulated 
muscle

B

1 cm

Disorganised myofibre 
structure in dysf-/- quad

Reflects fat replacement 
of muscle

➜

Dysf-/- soleus 25% heavier
Dysf-/- EDL unaffected

A Maximum twitch force 
production unaffected

B
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Appendix B: OTHER NOTABLE ACADEMIC ACTIVITIES & ACHIEVEMENTS 

B.1 Additional training & certifications 

1. Professional Certificate in Data Science (2020-2021, online). 

18-month course covering R programming, data management, visualisation, statistics 

and analytics, and machine learning. Overall mark 98.8%. 

My capstone project, Metagenomics, the microbiome, and age prediction, involved 

data analysis and machine learning to predict subjects’ age from their microbiome. 

This final project, assessed by Harvard University staff, achieved a mark of 90%. 

Institution: HarvardX (Harvard University online). Instructor: Prof Rafael Irizarry. 

2. Mathematics of life: Modelling molecular mechanisms course (27 Sep - 1 Oct 

2021, virtual). 

Selected, through a competitive process, as 1 of 28 international attendees. 

Introduction and training in modelling approaches, tools and resources used in 

systems biology. As part of this course, I encoded a mathematical model based on A 

mathematical model of mechanotransduction reveals how mechanical memory 

regulates mesenchymal stem cell fate decisions (Peng et al., 2017, BMC Syst Biol, 

PMID: 28511648). 

Institution: European Molecular Biology Laboratory - European Bioinformatics 

Institute (EMBL-EBI). 

3. Summer School in Bioinformatics (28 Jun - 2 Jul 2021, virtual). 

Selected, through a competitive process, as 1 of 30 international attendees and 

awarded a bursary for attendance fees. 

Introduction and training in bioinformatics. As part of this course, I curated (i.e., 

encoded and validated) a mathematical model based on A mathematical model of 

skeletal muscle disease and immune response in the mdx mouse (Jarrah et al., 2014, 

Biomed Res Int, PMID: 25013809). The curated model is published online:  

https://www.ebi.ac.uk/biomodels/BIOMD0000001015#Overview. 

Institutions: Wellcome Genome Campus and EMBL-EBI. 

4. Introduction to University Teaching course (Feb - Jul 2018). 

Training in tertiary education including educational psychology and teaching 

techniques. 

Instructor: Dr Lee Partridge for the School of Human Sciences, University of 

Western Australia (UWA). 
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B.2 Awards, scholarships & recognition 

1. School of Human Sciences nominee for 2022 CSL Florey Next Generation 

Award. Nominated by the School of Human Sciences to represent UWA for this 

national award. This nomination recognised me as the current PhD candidate in the 

School who has best demonstrated outstanding capability, creativity, and potential in 

the biomedical sciences and/or health and medical research. 

2. Wellcome Genome Campus Scientific Conference Bursary (2021). Awarded by 

the Wellcome foundation to attend the Summer School in Bioinformatics. £200. 

3. Jain Foundation (2020). Invitation and funding (including travel, accommodation, 

and conference registration) to attend to the Jain Foundation 8th Dysferlin 

Conference, Orlando, Florida, 2020. 

4. Graduate Research Student Travel Award (2019). UWA travel award for travel 

to the Jain Foundation 8th Dysferlin Conference, Orlando, Florida, 2020. $900. 

5. Best presentation 3rd place (2018). Postgraduate Student Expo, School of Human 

Sciences, UWA, 13 June 2018. $300. 

6. Government Research Training Program scholarship (2017-2020). Australian 

Government scholarship to conduct PhD. Stipend: $112,202.67 over four years; 

Tuition: $18,000/year. 

7. UWA Safety Net Top-Up Scholarship (2017-2018). $3,738.87 over two years. 

 

B.3 Grants 

Mapping subjective, physiological, and neural profiles of relaxation and stress. 

Quintis Pty Limited. $48,371 (2021-2022). 

Project Title: Emotion regulation, relaxation, and calming interventions: A randomised 

control trial comparing the effect of mindfulness and α-santalol products on subjective, 

psychophysiological, and neural correlates of stress. 

Chief investigators: Erin M Lloyd (School of Humans Sciences, UWA), Rodrigo 

Becerra (School of Psychological Science, UWA), David A Preece (enAble Institute, 

Curtin University). 
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B.4 Service & leadership 

1. 2020 - 2022: Member of the Australian Society for Medical Research (ASMR) 

Western Australia Committee. Leadership positions: Convener (2022), Treasurer 

(2020-2021).  

Convener (2022): Leading and overseeing all activities of the Committee as the key 

State representative for the Society. 

Treasurer (2020-2021): Oversaw financial matters of the Committee. 

Other notable activities include: 

- Co-chaired the national ASMR professional development webinar on ‘Building 

your CV’ (30 Jun 2022). 

- Supporting the organisation and running of the yearly state symposium, 

including chairing sessions and coordinating meeting logistics. 

- Professional Development subcommittee member for the 2020 ASMR WA 

Symposium, where I coordinated ‘Research Skills - Data Analysis in R’ session. 

2. 2019 - Present: Women in Science Technology Engineering and Mathematics 

(STEM) Mentor. 

Mentored and advised high school students about careers in STEM at sessions run 

by The Innovators’ Tea Party during National Science Week. 

3. 2021: Perth Hub Leader for the Australian Physiological Society 60th Diamond 

Jubilee Conference (22-24 Nov 2021).  

Coordinated the local hub for conference attendees, including organising venue, 

catering, and live streaming of the conference, and liaising with attendees, interstate 

Hub Leaders, and Conference Organisers. 

4. 2018: School of Human Sciences Ambassador at UWA Open Day (12 Aug 2018). 

B.5 Research student supervision 

1. 2021: Undergraduate research project supervisor, School of Human Sciences, 

UWA. Designed and supervised two undergraduate research projects for 14 students 

in the 3rd-year anatomy and human biology research unit and assessed the resulting 

manuscripts. 

2. 2020: Tonia Curby. Honours (1st class). Co-supervisor in School of Human 

Sciences, UWA. 

3. 2019: Mojiroluwa Oyemade. Honours (2nd class (A)). Co-supervisor in School of 

Human Sciences, UWA. 
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