
 
 

Libraries and Learning Services 
 

University of Auckland Research 
Repository, ResearchSpace 
 

Copyright Statement 

The digital copy of this thesis is protected by the Copyright Act 1994 (New Zealand). 

This thesis may be consulted by you, provided you comply with the provisions of 
the Act and the following conditions of use: 

 

• Any use you make of these documents or images must be for research or 
private study purposes only, and you may not make them available to any 
other person. 

• Authors control the copyright of their thesis. You will recognize the 
author's right to be identified as the author of this thesis, and due 
acknowledgement will be made to the author where appropriate. 

• You will obtain the author's permission before publishing any material 
from their thesis. 

 

General copyright and disclaimer 
 

In addition to the above conditions, authors give their consent for the digital 
copy of their work to be used subject to the conditions specified on the Library 
Thesis Consent Form and Deposit Licence. 

 

 

http://www.library.auckland.ac.nz/sites/public/files/documents/thesisconsent.pdf
http://www.library.auckland.ac.nz/sites/public/files/documents/thesisconsent.pdf
http://www.library.auckland.ac.nz/services/research-support/depositing-theses/licence-summary


 
 
 
 

Volumetric Characterisation of 

Contracting Cardiac Trabeculae 

 

 

 

 

 

 

 

 

Ming Lee Cheuk 

 

 

 

 

 

 

  

A thesis submitted in fulfilment of the requirements for the degree of  

PhD in Bioengineering, The University of Auckland, 2017. 



 ii 

Abstract 

Experimental studies performed on isolated cardiac muscle are crucial for understanding the 

mechanisms of heart contraction. Not only do they reveal the sub-cellular processes that occur 

during a normal contraction, but also the changes that occur with disease. An understanding of 

these processes is crucial for the prevention and treatment of heart diseases.  

Experimental studies are usually performed on samples of different shapes and sizes, requiring 

that volume dependent measurements such as force and heat-rate be normalised to cross-

sectional area or volume in order to compare data between samples. However, many research 

groups are limited to estimating the shape and size of trabeculae by assuming an elliptic 

cylindrical geometry of the muscle. This simplification falls short when the cross sections of 

the muscle cannot be appropriately modelled by an ellipse. The accuracy also varies 

considerably depending on how the muscle is mounted. This thesis addresses the problem of 

normalisation by using optical coherence tomography (OCT) to image the 3D volume of the 

trabecula during an experiment, and by quantifying the cross-sectional areas and volume of the 

tissue using an image processing pipeline. 

An additional challenge arises from the non-uniform strain commonly developed during 

contraction, which is accompanied by irregular deformation of the volume. To measure this 

deformation, the OCT was extended to image a contracting trabecula, by synchronising the 

capture of cross-sectional images with the stimulation of the muscle. This approach allowed 

the collection of the first volumetric quantification of trabecular surface geometry during 

contraction. To further analyse the strain field developed during contraction, transmission 

images of the muscle were captured, and muscle deformation quantified using digital image 

correlation (DIC). 

Measurements of volume and strain during contraction were combined with measurements of 

force, length, heat-rate, and sarcomere length in a single experiment in order to demonstrate 

the ability to collect and synchronise measurements across all modalities.  

The instrumentation and analysis methods developed in this thesis promise to provide greater 

insight into the mechanical and energetic properties and function of living samples of cardiac 

muscle tissue, in both health and disease. 
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Chapter 1. Introduction 

The heart is a complex, coordinated, biological machine that circulates the oxygen and nutrients 

required to keep the organs in the body alive. With each beat, the movement of ions across cell 

membranes generate waves of electrical activity which spread across the muscular wall of the 

heart. The individual muscle cells respond to this electrical activity and contract, squeezing the 

blood out of the chambers of the heart.  

However, there are many ways by which this process can occur sub optimally, or even fail. 

Under some conditions, the walls of the heart can thicken (for example, during hypertrophic 

cardiomyopathy), the cardiac rhythm can become irregular (arrhythmias), or there can be an 

inadequate supply of oxygen to certain areas of the heart (ischemia). These conditions can 

negatively impact the normal mechanical function of the heart which then could eventually 

lead to death [1], [2]. Both the prevention and intervention of these conditions require an 

understanding of the structure and function of the heart, especially the structural and cellular 

changes that occur in response to diseases or pharmacological treatments. 

Heart muscle is the tissue responsible for raising the pressure inside the ventricles in order to 

pump blood around the body. Unfortunately, many cardiovascular diseases lead to changes in 

the muscle tissue that can affect its overall ability to contract. For instance, prolonged high 

blood pressure (hypertension) can cause the left ventricular wall to enlarge or stiffen as it has 

to work harder to overcome the resistance of the arteries [3]. This reduces the ability of the 

ventricles to fill completely during diastole (diastolic heart failure) which can lead to a decrease 

in cardiac output and insufficient oxygen and nutrients being pumped around the body. For this 

reason, heart muscle has been the subject of many studies across numerous research groups 

worldwide.  

1.1. Cardiac Muscle 

Each contraction is the result of individual muscle cells collectively shortening and producing 

force. These muscle cells, also known as cardiomyocytes, make up the largest volume of tissue 

in the heart [4].  Within the cardiomyocytes are many strands of myofibrils.  Each myofibril is 

composed mainly of the long proteins actin, myosin, and titin, organised into repeating units 

called sarcomeres. Under a microscope, actin-rich regions appears as thin filaments and 
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myosin-rich regions appears as thick filaments. A diagram breaking down the main 

components of heart muscle is shown in Figure 1. 

 

The mechanism of muscle contraction is commonly explained by the sliding filament theory – 

which describes it as the sliding of actin over myosin [5], [6]. This process occurs through a 

molecular mechanism known as cross-bridge cycling. At each beat, an electrical impulse 

generated from the pacemaker cells of the heart triggers the release of calcium ions inside the 

cell, increasing the intracellular calcium concentration [Ca2+]i. The increased [Ca2+]i causes a 

part of the myosin to bind to actin (creating a cross-bridge), pulling the actin filament, then 

releasing it. This bind-pull-release cycle repeats as long as there is sufficient [Ca2+]i, and 

sufficient energy available (in the form of adenosine triphosphate (ATP)) to fund the release of 

the myosin head from the actin filament.    

Although the force developed by each myocyte is very small, the walls of the heart contain 

approximately a billion myocytes which combine to produce a much greater force. This overall 

force output is necessary to overcome the resistance of the systemic circuit and other compliant 

elements in the heart. Studies of the maximum force development, calcium concentration, 

 

Figure 1: An illustration of the main components of heart muscle. Adapted from [130]–[132] 
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sarcomere contractility, and energy output under different disease models can provide greater 

insight into the changes that occur in these processes and thus allow us to develop interventions 

that reverse the action of these changes.   

1.2. Studying Muscle Contraction 

Many studies of cardiac function and cardiomyopathies use animals (often the rat) as 

experimental models. The short gestation periods of rats mean that a large sample size can be 

studied in a short time [7]. Advances in genetic modification of laboratory animals have 

allowed the development of rat models that exhibit the characteristics of cardiomyopathies of 

interest [8]–[10]. The main differences in myocardial function of the rat heart compared to that 

of humans are the reduced involvement of sodium-calcium exchangers in the removal of 

[Ca2+]i, five-times-faster resting heart rate, and an inverse force-frequency relation [11]. 

Despite these differences, the rat heart and its tissue has still been an effective model for the 

study of hypertension, diabetes, and congestive heart failure [12]–[14].  

Studies have been performed on cardiac tissues extracted at varying scales, as depicted in 

Figure 2 [15]. Whole heart experiments are performed while the heart is either inside the animal 

(in vivo) or isolated from the animal (in Langendorff or working-heart modes). In in vivo 

experiments, measurements are made while the heart is still functioning inside the animal. This 

allows the heart to be studied in its natural biological environment. It does, however, limit 

measurements to non-invasive imaging techniques because of the difficulty in adding sensors 

without disrupting surrounding tissue and organs. Consequently, the heart is frequently isolated 

from the animal to make more precise measurements of functional parameters such as pressure, 

flow and volume. The heart can be isolated using the Langendorff technique, which specifies 

an extraction and perfusion protocol that allows the heart to survive for many hours outside of 

the animal [16]. This allows for measurements such as intraventricular pressure, coronary flow, 

temperature, electrocardiogram (ECG) and contractility to be made. Experimentation on the 

whole heart has enabled the study of normal heart physiology as well as the pathophysiology 

of different disease states such as diabetes, ischemia and hypertension [17]–[19].  



Introduction 

 4 

However, there are limitations to whole heart studies. Although cardiomyocytes make up most 

of the volume of the heart, they only make up 30 % of the total types of cells in the heart [4], 

[20]. This limits the ability to connect functional changes to specific sub-cellular processes that 

occur in cardiomyocytes, or target interventions to heart muscle. Isolating the muscle from the 

whole heart removes many of these complexities. It allows for direct measurement of muscle 

contractility without being confounded by activity from other parts of the heart.  It also allows 

changes in cellular processes specific to cardiac muscle to be studied. These studies have 

yielded information regarding relationships such as force-frequency, the velocity of shortening, 

internal calcium transients, and sarcomere length [21]–[24].  

Various forms of myocardial tissue have been used in isolated muscle experiments, from blocks 

of myocardium, down to single myocytes (muscle cells) [25], [26].  In particular, cardiac 

trabeculae have been used extensively in isolated muscle experiments. They are thin columnar 

strands of muscle found in ventricles of the heart, as shown in Figure 3. They serve as an 

excellent specimen with which to study cardiac muscle function due to their sufficiently small 

radial dimensions, and length-wise arrangement of myocytes. The small radius mitigates the 

effect of anoxia (lack of oxygen supply to the tissues) which could affect enthalpy 

measurements [21], [27], and the relatively linear arrangements of myocytes mean that force 

is constrained to a single direction. Another form of cardiac muscle used is papillary muscle, 

 

Figure 2: Various scales of cardiac muscle experiments. Whole heart models are the largest of 

isolated experiments (left). Studying isolated intact muscle samples, such as cardiac trabeculae 

(centre) removes some of the complexities in interpreting whole-heart measurements. Removing the 

extracellular matrix from the muscle results in isolated myocytes (right). Reproduced from [133]. 
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which can be found attached to the mitral atrioventricular valves. Like trabeculae, these 

produce force in a relatively uniform direction. However, they are on average much thicker 

than trabeculae (500 μm – 800 μm compared to 40 μm – 360 μm in the adult rat) which can 

lead to compromised oxygen supply and waste removal, both of which can limit the 

contractility of the muscle [28]–[30].     

 

During isolated muscle experiments, a preparation of intact muscle or isolated cardiomyocytes 

is perfused with oxygenated Tyrode’s solution to provide the nutrients and oxygen necessary 

for the muscle to function [29]. An electric field is used to stimulate the muscle and cause it to 

contract, while several parameters are measured to characterise muscle activity. The most 

commonly measured parameter is the force development, which reflects the overall 

performance of the muscle and viability of sarcomeres [26]. This can be readily measured by 

attaching the muscle to a highly sensitive force transducer [28], [31], [32]. The measurement 

of sarcomere length is used to determine the mechanical state of the sarcomeres, and can be 

determined using direct imaging or laser diffraction methods [24], [33]–[35]. Measurements of  

[Ca2+]i can be used to provide insight into the sub-cellular processes that occur within the tissue 

 

Figure 3: High resolution photo of the inner chamber of a rat ventricle. Trabeculae are labelled in 

this diagram. Adapted from [134]. 
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and can be achieved using fluorescence techniques [36], [37]. Finally, muscle heat production 

rate can be measured to indicate the total energy expenditure of the muscle [27], [38], [39].  

Three problems in isolated muscle studies were identified and addressed in this thesis. These 

were: normalisation of data across measurements; quantification of strain during contraction; 

and integration and synchronisation of the proposed imaging methods with other measurement 

systems. The following sections will go into detail about each.  

1.3. First Problem: Comparing Results 

In order to make useful comparisons between samples, the parameters of interest must be 

normalised in some way. The thicker the sample, the more contractile elements there will be, 

and thus a corresponding increase in the overall force. To compare the contractility between 

different samples, force is usually normalised to an estimate of the cross-sectional area, thus 

producing an estimate of stress [24], [28]. As well as increased force, a greater number of 

contractile elements will generate more heat. The rate of heat production must be normalised 

to muscle mass or volume, in order to make meaningful comparisons between muscles of 

different sizes [25], [30], [40]. 

To date, the standard procedure for calculating the cross-sectional area of a trabecula has been 

to estimate its diameter under a microscope, and then estimate the volume with the assumption 

that it is cylindrical [27], [32]. Some researchers [28], [31] have improved on this by instead 

assuming an elliptical cross section to the trabecula, and measuring the major and minor axes 

of the cross section by either rotating the sample or using a simple mirror arrangement [41], 

[42].  

These approaches, however, can lead to errors when the muscle cross section cannot be 

adequately modelled by either a circle or an ellipse, and/or is not uniform along muscle length. 

Imaging studies have shown that in many cases, assuming a constant cylindrical or elliptical 

cross section is a gross oversimplification. Figure 4 shows that the muscle cross sections can 

be even more irregular than an ellipse, and may not be consistent throughout the length of the 

muscle [43]. Even if the cross section is elliptical and constant along the length, the accuracy 

of the measurement will still depend on how well the major and minor axes are aligned with 

the imaging axis as depicted on the right of Figure 4.  
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1.3.1 Imaging Trabeculae Volume  

The uncertainty in volume can be addressed by imaging the whole 3D geometry. There have 

been several imaging modalities used in the past to obtain volumetric images of biological 

tissues. These include computerised tomography (CT), ultrasound, magnetic resonance 

imaging (MRI), and confocal microscopy. Many of these modalities, however, are not suitable 

for imaging trabeculae due to their poor resolution, as summarised in Figure 5. Confocal 

microscopy provides the resolution required, but the maximum imaging depth is on the order 

of 100 μm, which is less than the diameter of a typical trabecula specimen. It is possible to 

increase this working distance by milling the specimen at each layer, but this requires the 

sample be destroyed [44].   

         

Figure 4: (Left) Histological cross sections from trabeculae showing the irregularity of the perimeter. 

A cylindrical outline has been overlaid on the cross sections to show the elliptical assumption applied. 

In some cases, it fits well. In others, such as the large muscle in the centre, it is a gross overestimation 

of the area. (Right) Even when the cross sectional area is perfectly elliptical, errors can arise from 

incorrect alignment of the major and minor axis with the microscope. Adapted from [134]. 
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An acceptable compromise between these conflicting requirements is offered by Optical 

Coherence Tomography (OCT), a non-destructive, volumetric imaging technique. OCT is 

based on low coherence interferometry, and provides three-dimensional images of tissue 

reflectance [11]. It is ideal for imaging translucent media such as biological tissue and has 

frequently been used to image the retina, gastrointestinal tissue, arteries, and embryonic heart 

[45]–[47]. No tissue preparation is required, the resolution and depth are of the required scale, 

and the muscle can be imaged in vitro as long as the chamber in which it is contained is optically 

transparent. Both the total volume and individual cross-sectional areas along the length of the 

muscle can be imaged using OCT, providing an accurate method of normalising force and heat.  

Chapter 3 further describes the use of OCT in imaging cardiac trabecula and presents the results 

obtained from imaging a live sample.  

1.4. Second Problem: Non-Uniformity of Contraction 

To date, measurements of the volume of trabeculae have been made while the muscle was 

quiescent, and assumed to be uniform in both cross-sectional area and material properties. If 

these were true, there would be no strain developed during isometric contraction and uniform 

 

Figure 5: Comparison of the depth and penetration depth across popular volumetric imaging 

techniques. OCT bridges the gap between ultrasound and confocal microscopy.  Reproduced from 

[135]. 
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strain during passive stretching and isotonic contraction. However, Pinto and Win had shown 

in 1977 that strain varies across isolated papillary muscle during isometric contraction [48], 

and this has been widely thought to be due to series elasticity from non-contracting ends [49], 

[50]. This has implications for the motion of the cross-sectional areas along the muscle during 

contraction, as any strain in one axis is likely to produce negative strain in the other (Poisson 

effect). A better method is to track each cross-sectional area over the course of an entire twitch 

in order to estimate the true stress across the muscle during the contraction, rather than naively 

normalise the force to the resting cross-sectional area.  

1.4.1 Imaging Contracting Trabecula    

OCT has the ability to measure more than just the static geometry of the muscle. The rate at 

which cross-sectional images could be acquired using OCT allows individual cross sections of 

the trabecula to be imaged throughout contraction. By imaging many cross-sections down the 

length of the muscle, the change in muscle geometry during a twitch can be reconstructed. A 

method for capturing and reconstructing the dynamic volume of a trabecula will be 

demonstrated in Chapter 4. 

1.4.2 Tracking Strain 

The main motivation for imaging the volume during contraction was to examine its relationship 

to non-uniform strain. Finding the distribution of strain itself can be very beneficial for muscle 

experiments. It may be possible to calculate the strain of passively stretched trabecula using an 

OCT image of the starting geometry. However, this is not as simple for contracting trabeculae 

since there is no information to indicate the regions of highly compliant, non-contracting tissue.  

Measuring the strain in contracting muscle can inform the experimentalist about regions that 

contain more active tissue than passive tissue, which could then indicate damaged regions of 

the tissue. It can also enable studies of the change in non-uniformity with temperature, ion 

concentrations, or pharmacological interventions.  

Pinto and Win used Indian ink to mark uniformly spaced sections along a trabecula and tracked 

the movement of these markers under a microscope, which provided a measure of strain in each 

section. Other research groups have used steel pins or microspheres [49], [51], [52]. All of 

these methods require the muscle be modified prior to experimentation, which is undesirable 

if other optical measurements are to be made on the same specimen. In this thesis, 2D digital 
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image correlation (DIC) was found to be an effective alternative to tracking strain in trabeculae 

without the need for markers.  

DIC is a technique wherein a displacement field can be computed from two images translated 

in position with respect to each other. The technique involves dividing each image into regions, 

and correlating visible features between the two images to determine the relative displacement 

of each region. These features can be either naturally occurring intrinsic features of the 

specimen, or an extrinsic artificially applied speckle pattern. Fortunately, cardiac trabeculae 

have natural features that arise from the sarcomeres and the connective tissue surrounding 

them, making then suitable candidates for DIC analysis. Chapter 5 demonstrates the use of DIC 

to track the movement of tissue regions and compute the strain in a trabecula, using only images 

gathered with a transmission microscope. 

1.5. Third Problem: Synchronising and Integrating Measurements 

The volume captured by the OCT would not be very useful if it were not combined with other 

measurements. As mentioned earlier, measuring the full 3D volume of the muscle provides the 

ability to normalise force measurements through the calculation of stress. Volume estimates 

can also be used to normalise heat measurements, which is important for comparing the energy 

expenditure across muscles of different sizes. Additionally, being able to track the movement 

of tissue regions using DIC allows the correction of measurements that might vary across the 

muscle, such as cross-sectional area, sarcomere length, and [Ca2+]i. For these reasons, it is 

highly desirable that the OCT and DIC measurement systems are integrated with other 

measurements such as force, heat, calcium, and sarcomere length. 

1.5.1 The Cardiac Myometer 

The Auckland Bioengineering Institute has developed an instrument, the “Cardiac Myometer”, 

that aims to measure all of these parameters from a single muscle (Figure 6). This is an 

extension of a mechanocalorimeter, and a “work-loop” calorimeter, previously developed to 

measure heat while the muscle is performing work loops [27], [53]. If separate devices were 

required for measuring the various experimental parameters of interest, the muscle would need 

to be transferred between them. This creates many opportunities for muscle damage to occur, 

as specimens are generally very sensitive to physical handling. Separate devices would also 

raise the risk of variations in experimental conditions. Enabling these measurements in a single 

device, such as in the Cardiac Myometer, permits simultaneous measurements of these 
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parameters, avoiding both of these problems. Chapter 2 will review the existing capabilities of 

the Cardiac Myometer in detail.  

The Cardiac Myometer incorporates a transmission microscope which is suitable for obtaining 

images that can be used for DIC. Additionally, it includes an optical port perpendicular to that 

of the microscope that provides an opportunity for integrating an OCT imager into the system. 

For these reasons, the Cardiac Myometer provides an excellent platform for which the OCT 

and DIC can be integrated. The addition of these systems will also enhance its goal of being an 

all-in-one device for muscle experimentation.   

 

1.5.2 Integration Challenges 

There will be challenges in integrating OCT and DIC measurement in the system, while still 

being able to perform other measurements. The first limitation is physical space – the OCT 

requires additional hardware components, but the other components in the system take up the 

 

Figure 6: The Cardiac Myometer, an integrated device for performing experiments on cardiac 

trabeculae. The components are labelled and described in the next chapter. 
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majority of the available space on the optical table as shown in Figure 6. Chapter 3 discusses 

these constraints and presents a solution to this.  

The second challenge is the potential for optical and thermal interference between the 

measurement modalities. Many of the existing measurement systems require an active optical 

source and rely on capturing an optical response. The OCT, microscope, laser diffraction, and 

[Ca2+]i measurement systems are all optical measurements, increasing the probability of 

interference or cross-talk. Additionally, the Cardiac Myometer has the capability of measuring 

heat output from muscles, which requires the measurement of temperature changes in the order 

of 1 µK. This makes it very sensitive to any thermal fluctuations that might arise from the 

muscle absorbing light from the OCT or microscope. These interferences will be explored and 

minimised in Chapter 6. 

1.5.3 An All-In-One Experiment 

After overcoming the integration challenges, it is possible to collect OCT, displacement field, 

strain, sarcomere length, force, length, and heat data from a single muscle. These 

measurements, when synchronised, permit several new analyses to be performed, such as: 

 enabling accurate estimates of stress and heat per unit volume to be calculated; 

 determining whether the volume increase measured by the OCT during isometric 

contraction was due to the tissue being pulled into the field of view; 

 determining the effect the muscle thickness has on the contrast of the microscope images; 

 determining the relationship between local strain and sarcomere length; 

 measuring the change in cross-sectional area and sarcomere length, with the motion of the 

tissue taken into account.  

This experiment was performed on a healthy muscle and the results of this experiment, as well 

as the analyses of the data, will be presented in Chapter 6.  

1.6. Impact of Research 

This thesis introduces a new suite of tools for characterising the volume and contraction 

mechanics of cardiac trabeculae. The OCT provides the ability to capture the full 3D volume 

of contracting trabecula, and the means to normalise stress and heat measurements no matter 

the non-uniformity of the specimen. This will improve the accuracy when comparing data 

between different specimens, improve overall yield of usable muscles, and reduce the number 
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of animals sacrificed. The DIC methods presented in this thesis will enable experimentalists to 

perform contact-free, marker-less measurements of local displacement and strain in a 

contracting muscle. Not only can this information be used to study the local deformations of 

tissue over time, but it can also provide the displacement information required to correct other 

measurements that vary across the tissue, such as sarcomere length, cross-sectional area, and 

calcium concentration.  

Additionally, both the OCT and DIC measurements have been integrated into the Cardiac 

Myometer, an integrated muscle testing device. To date, Chapter 6 presents the richest set of 

geometric measurements ever obtained from a single cardiac trabecula. These data can in future 

be used to inform finite element models which will help improve our understanding of 

contraction mechanics throughout the entire heart.  

1.7. Thesis Overview 

The next chapter (Chapter 2) will describe the history and capabilities of the Cardiac 

Myometer, into which the OCT hardware and strain tracking methods will be integrated.  

Chapter 3 will discuss the construction and integration of the OCT, as well as the image 

processing pipeline used to extract cross-sectional area and volume measurements from the 

raw data. This meets the first objective, which is the volume normalisation data.  

This then leads to Chapter 4, where the OCT is extended with some hardware and software 

modifications to capture the non-uniform shape during repeated trabecula contraction.  

To further capture the non-uniformity of contraction, Chapter 5 will present the application of 

a marker-less technique for tracking the strain across the muscle during a contraction. Both 

Chapters 4 and 5 meet the second objective, which is to track the non-uniformity of contracting 

muscle.  

All of these measurements will be combined together with the existing Cardiac Myometer 

measurement modalities in Chapter 6 and will be used in an experiment that characterises the 

full contracting geometry of a contracting trabecula. This meets the final objective, of 

integrating all the measurements in one device.  

  



Cardiac Myometer 

 14 

Chapter 2. Cardiac Myometer 

2.1. Introduction 

The Auckland Bioengineering Institute has developed a range of instruments for measuring the 

mechanical and thermal properties of isolated cardiac tissue. The first of these was a micro-

mechano-calorimeter [27] – a device for simultaneous measurement of the mechanical (force 

production, stiffness) and heat output properties of cardiac trabeculae. This instrument was 

used to study the heat-stress relationships and dynamic modulus of cardiac trabeculae [30], 

[54], [55]. 

This work was followed by the development of a second, more advanced instrument - a “work-

loop calorimeter” [53]. This device was constructed in order to determine the energetic 

efficiency of cardiac trabecula under a variety of force-length loading scenarios which 

mimicked the typical pressure-volume loop that muscle in the heart would undergo during a 

normal cardiac contraction cycle. This device was the first device in the world to subject 

trabeculae to pseudo-realistic “work-loops” while measuring their heat output. In this 

instrument, muscle length was controlled via a linear motor, muscle force by a high precision 

force transducer based on laser interferometry, and heat production was measured by infrared 

(and later, solid-state bismuth telluride) thermopiles. This device resolved heat rate 

measurement with a signal-to-noise ratio of between 50:1 [53] and 1000:1 [41]. Since its 

construction, this instrument has been used in several studies that have examined the effects of 

various dietary supplements and diseases on the efficiency of heart muscle [43], [56]–[59].   

In 2011, a new instrument was proposed to improve on the work-loop calorimeter. This 

instrument, coined the “Cardiac Myometer”, would also be able to perform heat measurements 

on working cardiac trabeculae, but would incorporate other measurements, including: 

sarcomere length; intracellular calcium concentration; muscle geometry; and oxygen 

consumption. Significant progress had been made over the last 5 years on the instrument by 

former PhD candidates A.J. Anderson and C.M. Johnston. Anderson developed, built and 

integrated the motor assembly, transmission microscope, calcium imaging system, and the 

software that controlled the overall instrument [60]. Johnston developed and built the muscle 

bath and thermopile assembly for muscle heat-rate sensing. The design of the heat sensor was 

optimised for heat measurement by finite element modelling and simulations [42], [61]. The 
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author of this thesis also contributed to this instrument during its early stages of development 

by installing a high speed, hardware based laser diffraction system. 

2.2. Existing Configuration  

Prior to the work conducted in this thesis, the instrument comprised the following components: 

 Muscle bath for housing the muscle during an experiment; 

 Mounting mechanism for attaching and mechanically manipulating the trabecula; 

 Fluid reservoir for storing and delivering experimental solution to the muscle; 

 Transmission microscope for imaging the muscle and mapping 2D sarcomere length; 

 Calcium imaging system for measuring the intracellular calcium concentration of the 

muscle; 

 Laser diffraction system for high-speed measurement of sarcomere length.   

A schematic of the system is shown in Figure 7. The following sections describe each of the 

components of this system in greater detail.  
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2.2.1 Muscle Bath 

A photograph of the bath is shown at the top of Figure 8. The bath was machined from a single 

tellurium copper block. This alloy was chosen for its machinability and large heat capacity, 

which helps reduce the magnitude of the thermal gradients across the bath. At the centre, an 

open-ended square cross-section glass capillary with an inner width of 1 mm was fixed to the 

copper block using UV-cured adhesive. This capillary surrounded the muscle with flowing 

solution during each experiment. Above the capillary was a glass coverslip which provided 

optical access for the microscope illumination, while reducing the effect of convective air 

currents on the heat measurement system. Beneath the glass capillary was an optical access 

port for the objective lens of the transmission microscope. The rear of the capillary contained 

 

Figure 7: A photograph of the Cardiac Myometer prior to the additions from this thesis. Each major 

component is highlighted and labelled. The CMOS camera for the transmission microscope is located 

behind the condenser and the photomultiplier is obscured from view by the downstream motor.     
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a 1 mm diameter bore for the laser of the laser diffraction system to enter the bath. At the front 

was an optical port to capture the laser diffraction signal.  

 

 

 

 

Figure 8: (top) A photograph the muscle bath installed in the Cardiac Myometer. (bottom) A 2D plan 

view schematic of the same bath with the internal features labelled.   
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During each experiment, the solution was gravity-fed into the bath via the inlet and removed 

from an outlet, as shown in blue in Figure 8. The solution travels through the copper block, 

capillary, then out through the fluid outlet, which was machined out of poly-methyl-

methacrylate (PMMA) plastic. A piece of balsa wood was placed at the outlet to smooth the 

flow rate and ensure a consistent flow of solution across the muscle. Platinum electrodes placed 

in contact with the solution at each end of the bath provided the electrical field that stimulated 

the muscle. There were also two ports that housed oxygen probes to measure the oxygen 

saturation of the solution at the upstream and downstream ends of the muscle, although these 

were not installed in the instrument at the time the OCT was integrated.  

2.2.2 Mounting Mechanism  

During each experiment, a trabecula was mounted between two pairs of platinum hooks. The 

positions of both pairs of hooks were accurately controlled by interferometer-informed 

feedback controllers in order to control the length and position of the specimen. Figure 9 shows 

the overall assembly of the hook and force transducer, mounted on a translational stage driven 

by a linear motor.  

 

 

Figure 9: A schematic of the hook and force transducer assembly. The path of the interferometer 

laser is shown in red.  
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Hooks 

The hooks were machined from 500 m platinum wire using wire electronic discharge 

machining. Platinum was selected due to its chemical inertness and biocompatibility. Each pair 

of hooks was fixed to a glass capillary (500 m outer diameter) using UV-cured glue.  

Force transducer 

The force produced by the muscle was measured by the deflection of a thin stainless steel beam, 

mounted to the round capillary using UV-cured glue. The steel beam had an apparent stiffness 

of 1400 N m-1
, which deflected by a distance of the order of 1 m during a twitch. The 

displacement was measured using a HeNe heterodyne laser interferometer system with a 

position resolution of ~0.3 nm (N1231B & 5517D, Agilent Technologies). The noise-

equivalent force was found to be 2.23 μN, as quantified by the standard deviation of noise over 

the measurement bandwidth of 1 kHz [62]. 

Motors 

The hook and cantilever assembly at the downstream end was carried by a linear stepper motor 

(MX80L, Parker-Daedal), while the hook at the upstream end was carried by a voice coil motor 

(LVCM-013-019-02, Moticont) mounted to a linear stage with crossed roller bearings (40 mm 

crossed roller translation stage, Edmund Optics). Both motors were feedback-controlled using 

additional measurement axes of the same heterodyne laser interferometer that was used to 

measure the deflection of the steel cantilever. The peak velocity at which the motors could be 

individually controlled to in free air was 0.25 m s-1, and the peak velocity in which both motors 

can be controlled synchronously (i.e. translation without significantly changing separation 

distance) was 2 mm s-1.  

2.2.3 Fluid Reservoir   

During each experiment, Tyrode’s solution was bubbled with oxygen in a heated jacketed glass 

reservoir. This solution was then gravity-fed into the bath’s inlet port through a combination 

of Tygon and glass tubing in order to provide the muscle with oxygen and nutrients. Both tubes 

are relatively impermeable to oxygen thus mitigating the oxygen loss from the solution during 

delivery. A three-way valve with Luer fittings allowed a syringe to be connected in between 

the fluid reservoir and bath, which was used to pump out the air bubbles and create the initial 

fluid connection. Also connected in-line was a flow meter (SLI-0430, Sensirion) for monitoring 

the flow rate to ensure it is within the desired range. The flow rate was adjusted by changing 

the fluid head height of the reservoir.  
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Water was heated to 43 °C in a temperature controlled bath (18052A-1CE, AquaBath) and 

pumped through the jacket using a motorised pump (EK-DCP 2.2, EKWB). This slightly 

reduced the oxygen solubility of the Tyrode’s solution and helped to prevent the formation of 

oxygen bubbles in the glass capillary. If allowed to form, these can block the flow of solution 

and potentially damage the muscle.   

2.2.4 Thermopiles  

The heat rate of the muscle was measured using flow-through calorimetry, as depicted in Figure 

10. When the muscle contracts, it releases heat which in turn increases the temperature of the 

solution. This creates a temperature gradient, which is quantified by two temperature sensors 

on either side of the muscle. The difference in temperature is proportional to the heat rate of 

the muscle. 

 

A pair of solid-state thermopiles (inbM1-8-1.3-0.4, Watronix) were used to quantify the 

temperature difference arising along the length of the muscle. Their basis of operation arises 

from the Seebeck effect – a phenomenon where a temperature difference between two ends of 

a pair of dissimilar conducting or semi-conducting materials  creates a measurable voltage [63]. 

Thermopiles are simply an array of thermocouples connected electrically in series and 

thermally in parallel, to increase the overall sensitivity to a temperature difference. The 

 

Figure 10: An illustration of the expected temperature profile of the fluid inside the chamber when the 

muscle is producing heat. There is an increase in fluid temperature as fluid flows across the muscle 

from the upstream end to the downstream end.  
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selection and placement of these sensors were optimised in prior work by Johnston through 

finite element modelling [42].  

The voltages produced by thermopiles are very small; the change in voltage expected for a 

typical muscle is approximately 32 μV. The signals are first amplified by a low-noise amplifier 

with a gain of 10,000 (A10, EM Electronics), then digitised with a 24-bit analogue-digital 

converter (NI 6259, National Instruments).  

2.2.5 Transmission Microscope 

Transmission microscopy was used to capture high-resolution images of the muscle tissue, 

allowing visualisation of the motion of internal structures in the muscle. This microscope will 

be taken advantage of in Chapter 5 to quantify the tissue motion using digital image correlation.  

The sample was Köhler illuminated with a halogen light source (V2-A LL 12V100W) and 

Nikon condenser optics (LWD 0.52).  The light transmitted through the specimen was collected 

with a 40 × objective lens (Nikon ELWD Ph2-ADL, NA = 0.6) and focused through a light 

tube onto a CMOS camera (Photonfocus HD1-D1312-160-CL, 108 fps, 1312 × 1082). The 

optical system is depicted in Figure 11. 

Images from the camera were transmitted over a CameraLink interface to a field programmable 

gate array FPGA (PXIe-7965R, National Instruments) and streamed to two 256 GB SSD drives 

in RAID 0 configuration (Crucial M550, 1 GB/s maximum sequential write speed). The camera 

was calibrated by imaging an object with a known size and was found to provide a spatial 

resolution of 272 nm/pixel.  

2.2.6 Calcium Imaging System 

Measurement of the concentration of intracellular calcium [Ca2+]i in the trabecula was provided 

by fluorescence imaging. In this system, the calcium indicator Fura-2 was used. This indicator 

changes its fluorescent properties when bound to free [Ca2+]i. In the case of Fura-2, the dye is 

excited by 340 nm and 380 nm light, and the ratio of the relative emission (at 510 nm) elicited 

at each excitation wavelength determines the amount of [Ca2+]i. The advantage of such a 

ratiometric measurement is that the intensity ratio is independent of variability due to dye 

concentration and cell thickness. 
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The sample was illuminated with a xenon light source, filtered to 340 nm, 360 nm and 380 nm 

using bandpass filters, which were alternated between using a high-speed internal 

galvanometer (DG-4, Sutter-Lambda). The fluorescent emissions at each wavelength were 

collected with a photomultiplier tube (H7422-20, Hamamatsu). The calcium imaging system 

was designed to share the same optical path and objective lens as the microscope in order to 

reduce its footprint. Dichroic filters, which pass a certain range of wavelengths and reflect 

others were used to separate the light used for calcium measurement and transmission imaging. 

The combined arrangement is shown in Figure 11.  
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2.2.7 Laser Diffraction 

Laser diffraction was one of the earliest methods developed for determining sarcomere length 

of a muscle fibre [64]. When a collimated beam of monochromatic light is passed through 

striated muscle, the periodic arrangement of sarcomeres act as a diffraction grating, creating a 

diffraction pattern similar to that in Figure 12 [65], [66]. The spacing between the sarcomeres 

 

Figure 11: The optical train for the transmission microscope and calcium imaging systems. 

Reproduced from [60].   
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determines the distance between the central maximum and first order peaks. Therefore, 

measuring the spacing between the peaks allows one to calculate the sarcomere length.  

 

A schematic of the optical arrangement is shown in Figure 13. First, the laser was focused in 

the transverse axis (across the width) of the muscle with a cylindrical lens. This focuses the 

laser into an elliptical shape with the major axis aligned with the long axis (along the length) 

of the muscle, thereby maximising the amount of tissue illuminated (shown through prior 

modelling to improve the reliability of estimates [67]) without striking the top or bottom 

surfaces of the capillary. The width of the beam in the long axis was adjusted using a vertical 

slit, with the nominal width being 0.5 mm. On the other side of the muscle, an intermediary 

cylindrical lens was used to collimate the first-order peak. Finally, a cylindrical lens at the 

camera focused the collimated beam onto the line camera (spL4096-39km, Basler).  

The line camera was connected to an FPGA (PXI-7951R, National Instruments) over a 

CameraLink interface. On the FPGA, the location of the first order peak on the line camera 

was computed by fitting a Gaussian model to the peak, after correcting for the zeroth order roll-

off using a fitted exponential function [65]. The Gaussian fit was implemented using a 

computationally efficient algorithm which was able to achieve a rate of 3.6 kHz, allowing 

sarcomere length to be computed in real-time [68].   

 

Figure 12: The diffraction pattern created by striations in the muscle, imaged on a sheet of 

paper.  
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2.2.8 Control System 

The measurement and control system for the Cardiac Myometer was based on the National 

Instruments hardware and software platform. Figure 14 illustrates the relationship between 

various measurement-and-control-hardware, including the PC which runs the main control 

software.  

The software to run all the components was implemented using LabVIEW 2014 (14.0) [69]. 

Each measurement system was implemented as an independent plugin. In addition, there was 

a file I/O plugin responsible for streaming data to disk. This architecture makes it very easy to 

add new plugins to support new measurement modalities. All modules were connected to the 

main program which managed the application lifecycle of each plugin.  

Each plugin followed a template consisting of two files: the process and user interface. The 

process communicates directly with the FPGAs or data acquisition cards and controls the 

acquisition and/or control. It is also responsible for streaming the data to the file-I/O plugin 

which stores the data on disk. The user interface provides the controls for the user to view these 

measurements in real time and control the acquisition process.  

 

Figure 13: The optical arrangement for measuring the location of the first order peak.  
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Figure 14: A schematic of all hardware and devices used to acquire measurements or control 

actuators in the cardiac myometer.   



Cardiac Myometer 

27 

2.3. Integration Challenges 

By now, the level of sophistication and complexity of the Cardiac Myometer should be 

apparent. This complexity of this system and its multiple measurement systems presented 

challenges to integrating the hardware and software required to perform the additional 

measurements proposed in this thesis. 

The first challenge for integration was the physical space constraint. As seen in Figure 15, the 

existing components in the system occupied a majority of the physical space around the muscle 

sample. Some of these components were already optimised to minimise the physical footprint, 

such as the combination of the microscope and calcium imaging systems in a single optical 

path. Section 3.4 will describe how this space constraint problem was solved through the design 

of an adjustable mounting mechanism.  

Another concern was the interference between the various measurement systems. Firstly, the 

maximum heat output of the muscle is 1 mW. Therefore even a milliwatt of heat injected near 

the bath would overshadow the heat produced by the muscle. This presented a challenge for 

integrating any optical measurement system that required an active source, such as a laser or 

xenon bulb. For example, OCT imagers can use up 5 mW of light power from a 

superluminescent diode, which may cause a detectable heat artefact when illuminating the 

muscle. These interferences are characterised later in section 6.3. 

2.4. Conclusions 

The Cardiac Myometer is a unified muscle testing rig capable of performing force, heat, 

calcium, and sarcomere length measurements. It is an excellent platform for integrating the 

imaging modalities proposed in this thesis to, as it already contains the basic components to 

house a muscle, keep it alive, stimulate it, and manipulate the force/length. The modular 

hardware and software platforms provide the opportunity to integrate the hardware and image 

processing necessary for OCT, and the existing transmission microscope provides the data 

required to perform strain analysis. Therefore, all other work in this thesis will build upon the 

Cardiac Myometer and use it as a platform for muscle experiments.  
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Chapter 3. Volume Imaging Using OCT 

3.1. Introduction 

Optical Coherence Tomography (OCT) is a light-based imaging technique that provides depth-

resolved, cross-sectional images of translucent materials. Images can be gathered at a relatively 

high spatial resolution (~10 µm) non-invasively and without any sample preparation. This 

makes OCT well-suited for imaging biological tissues, which both transmit and scatter light, 

without any modification to, or destruction of, the tissue.  

This imaging technique was first introduced by Huang et.al. in 1991 where it was applied to 

imaging the subsurface layers of the retina [70]. Since then, OCT has become an essential tool 

for clinical ophthalmologists to diagnose the structure and integrity of the retina non-

invasively. Over the past few years, there have been significant advances in the technology, 

improving the speed, resolution and sensitivity of OCT [71], [72]. New applications for the 

technique have also been demonstrated, such as volumetric imaging gastrointestinal tissue, 

arteries, and embryonic hearts [45]–[47].  

This chapter reports the first application of OCT to image the static volume of cardiac 

trabeculae. First, the general principles behind OCT are discussed, along with the challenges 

and limitations in using this method to image cardiac trabeculae. Then, the chapter reports on 

the implementation and integration of OCT hardware and software into the Cardiac Myometer, 

and the development of an image processing pipeline for extracting cross-sectional area and 

volume from the images. Finally, results are presented from image data gathered from a 

trabecula undergoing passive stretch. 

3.2. Background 

3.2.1 Basic Principles 

During OCT imaging, a low coherence light source is focused on a volume just beneath the 

surface of a translucent sample, and the photons scattered by the internal microstructures of the 

sample are collected (Figure 16). The reflected signal is combined with a reference signal that 

has an optical path length equivalent to the focal position within the volume, creating an 

interference pattern. This interference pattern encodes the depth from which the photons were 



Volume Imaging Using OCT 

29 

reflected, which can be extracted to reconstruct a profile of depth intensity (A-Scan). Steering 

the focal volume transversely along the surface forms a cross-sectional image (B-Scan). 

Repeating this along a second axis produces a series of B-Scans, which can then be combined 

to reconstruct a complete 3D volume of the sample. The terminology for OCT images is 

summarised in Figure 17. 

 

 

 

Figure 16: Illustration of the operating principles of OCT.  

 

Figure 17: The terminology used for OCT scans. Adapted from [136] 

 



Volume Imaging Using OCT 

 30 

3.2.2 OCT Types 

Time domain OCT 

The simplest type of OCT imaging method is time domain OCT (TD-OCT), shown in Figure 

18. This method uses a light source with a very low coherence length, allowing interference 

only to occur when the optical path lengths of two signals from the same source are similar to 

each other (low coherence tomography). The light is split into two paths, one which travels 

towards the sample (sample path) and one which travels towards a reference mirror (reference 

path). Light reflected from both the sample and the mirror are recombined in a Michelson 

interferometer, and the resulting signal is captured with a photodiode. The power of the signal 

is correlated to the intensity of the reflection from a certain depth, since only two signals which 

have travelled similar optical distances will interfere. The reference mirror is translated so that 

signals reflected from a different layer interfere with the reference, resulting in the intensity of 

tissue at a different depth. Repeating this across a range of reference-path lengths allows a 

depth intensity profile along the beam, or A-Scan, to be created.  

Spectral domain OCT 

More recently, the spectral-domain OCT (SD-OCT) has become popular in commercially 

available OCT systems due to its high resolution, speed and mechanical stability [73], [74]. 

The setup, shown in Figure 18, is very similar to TD-OCT. However, instead of a moving 

reference mirror, a stationary mirror is used. The photodetector is replaced with a spectrometer, 

to measure the spectral variation of the interference signal. The period of the spectral oscillation 

is proportional to the path difference: 𝑥𝑟 − 𝑥𝑠 , where 𝑥𝑟  is the optical path length of the 

reference signal and 𝑥𝑠 is that of the sample signal. Therefore taking the Fourier transform of 

this spectral variation will produce a line scan profile similar to that constructed by the TD-

OCT [75]. An obvious advantage offered by this technique is that the reference mirror does not 

have to move to produce the line scan, allowing for much higher scanning speeds.  
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Swept-source OCT 

Related to the spectral-domain OCT is swept-source OCT (SS-OCT). In this technique, 

Instead of illuminating the sample with a broadband light source, a tunable narrowband laser 

is used. A range of optical frequencies are rapidly swept, and the power of the signal at each 

frequency is captured by a photodetector (instead of a spectrometer). Once the intensity at each 

frequency is captured, a Fourier transform is performed, as in the case of SD-OCT. Both the 

SD-OCT and SS-OCT fall under the class of Fourier domain OCTs [75]. The main advantage 

of SS-OCT over the SD-OCT approach is that a photodiode is used as the optical detector, 

which has a much higher dynamic range than a spectrometer, and is therefore less prone to 

saturation. It is also generally faster as it avoids the serial read-out time of a photodetector 

array. Its main disadvantage, however, is that it typically offers a lower axial resolution, as 

discussed in the next section. 

3.2.3 Accuracy and Performance 

Axial resolution 

The axial resolution is defined by the smallest resolvable change in intensity in the optical axis 

and is a function of the wavelengths emitted by the light source. The axial resolution (𝑙𝑒) can 

be calculated using the centre wavelength (𝜆0) and full width at half maximum of the light 

source (FWHM, ∆𝜆) using Equation (1) [76]. 

 
𝑙𝑒 =

2 ln 2

𝜋

𝜆0
2

∆𝜆
 (1) 

Thus, the shorter the centre wavelength, and the wider the spectral bandwidth, the better the 

resolution.  

 

Figure 18: Representations of the time domain and spectral domain optical coherence tomography 

systems. M, mirror; ODL, optical delay line; PD, photodetector; BS, beam splitter. The arrows 

represent the direction of the beam and the double arrow represents the combined sources. Adapted 

from [75]  
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Each OCT technology has a typical range of resolutions, due to the type of light sources they 

use. SS-OCT use tunable lasers which are typically centered at 1000 nm and 1300 nm. A centre 

wavelength of 800 nm, which would provide higher resolution, is uncommon due to the lack 

of robust swept sources with a wide spectral bandwidth around this wavelength [77], [78]. SD-

OCT, on the other hand, has a centre wavelength of ~800 nm due to the relatively broad 

availability of superluminescent light diodes (SLD) with that centre wavelength and a wide 

bandwidth [74], [75], [79]. Additionally, most spectrometers use CCD and CMOS sensors, 

which are sensitive to wavelengths from approximately 350 nm to 1050 nm [80]. The typically 

achievable resolutions are summarised in Table 1. 

Lateral resolution 

The lateral resolution is limited by the size of the focal spot. The size of the spot is a function 

of the wavelength of the light source and the numerical aperture of the focusing lens. For the 

lens and light source combinations used in most OCT systems, the beam width is typically 

between 10 µm and 20 µm.  

Penetration depth 

The maximum theoretical working depth is determined by the depth of focus, which can be 

parameterised as the Rayleigh length [81]. The Rayleigh length defines the distance from the 

focal point where the cross-sectional area is double that of the waist. The Rayleigh length is 

proportional to the square of the beam waist and inversely proportional to wavelength. 

Therefore longer wavelengths will have a higher penetration limit, at the expense of the axial 

resolution (which is directly proportional to the resolution size).  

The penetration depth also depends on the optical transmission properties of the tissue. Taking 

into account the main components in tissue which absorb and scatter light, the optimal 

wavelength range is 700 nm to 1300 nm [77], [82]. Light penetration is greater at the upper end 

of the spectrum (1300 nm), at the expense of axial resolution. For applications requiring 

maximum axial resolution, 800 nm is typically used.  

Speed 

The issue of imaging speed is currently limited by the acquisition and processing steps required 

to generate one or more depth scans. TD-OCT is typically the slowest because the position of 

the mirror must be modulated to construct a single depth scan. SD-OCT is typically much faster 

as an entire depth scan can be captured with one acquisition, although processing (linearization 

and Fourier transform) is more computationally expensive. Nevertheless, modern advances in 
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computing have enabled speeds that are typically much faster than TD-OCT. The CCD and 

CMOS cameras used in these systems can currently achieve A-scan rates of 50 kHz, to 300 kHz 

in reduced resolution mode. SS-OCT requires the source to be swept, but this can be achieved 

at a very high rate – currently up to 400 kHz [83].  

Table 1 summarises the reported typical performances to date of the three main technologies 

[76], [77]. 

Table 1: Reported performance of standard OCT systems. 

OCT Technology Line Scan Rate (A-Scans/s) Axial Resolution (μm) 

Time Domain 400 8 to 10 

Spectral Domain 25,000 to 50,000 5 to 7 

Spectral Domain (Next Gen) 70,000 to 100,000 3 to 5 

Spectral Domain (Next Gen High Speed) 100,000 to 250,000 5 to 10 

Swept Source above 200,000 5 to 7, at 1050nm 

 

3.2.4 Requirements for Scanning Trabecula 

The typical diameters of trabeculae used in experiments are between 150 μm and 300 μm. To 

image these specimens with OCT requires a working penetration of at least 300 μm, which all 

types of OCT can achieve [45], [84]. Since penetration is not an issue, SD-OCT can be 

employed, which has the highest resolution of all types as discussed earlier. The imaging speed 

is sufficient to scan trabecula both during quiescence, and a single cross section during 

contraction. Assuming a 10 μm lateral spacing, and a cross-sectional (B-Scan) scan width of 

500 μm, and a capture rate of 100 Hz, the A-Scan rate would need to be at least 5000 A-Scans/s, 

which is easily achievable by a standard SD-OCT.  

3.2.5 Assumptions and Limitations 

Although there are several speed and resolution advantages of Fourier domain OCTs compared 

to those in the time domain, there are some disadvantages which can affect trabecula imaging. 

The two main disadvantages are the presence of a mirror image and a decrease in SNR with 

increasing depth [85], [86]. The following subsections will explain these problems, and provide 

solutions for their mitigation, in the context of imaging trabeculae.  

Mirror image 

Performing a Fourier transform on a purely real spectrum produces a Hermitian function, where 

the complex conjugate and original function are identical. As a result, the A-Scan will contain 
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two symmetrical images, as depicted in the example of Figure 19. This is usually not an issue 

until the point of zero path difference is below the surface of the tissue. When this occurs, the 

image of the object will overlap its complex conjugate (mirror terms) (Figure 20). This creates 

depth ambiguity and makes the image appear as if the image has been folded upon itself [75], 

[77]. 

The small diameter of trabeculae (150 μm to 300 μm) means that the entire cross section can 

lie in half of the total imaging range (~1 mm). By ensuring this condition is maintained, the 

overlap of conjugates will not affect the ability to image the entire trabecula at once. However, 

the glass capillary that contains the trabecula is larger (1 mm inner dimension), therefore its 

mirror term will be present in the image. This can be mitigated by adjusting the focal position 

of the OCT to ensure that the mirror terms do not overlap the trabecula, and therefore can 

simply be cropped out of the reconstructed image.  

 

 

Figure 19: Axial scan of an object (the eye) using a Fourier domain OCT. It illustrates the conjugate 

image in red and the sensitivity decay over distance (SNR drop-off). Adapted from [77]. 
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SNR drop-off 

In SD-OCT, there is a decrease in signal-to-noise ratio (SNR) with increasing depth due to the 

finite resolution of the line scan camera that captures the spectrum [75], [77]. The explanation 

for this is as follows. The finite pixel width on the sensor can be approximated by a rectangular 

function. Convolving the spectrum with a rectangular function is equivalent to multiplying the 

image by a sinc function; thus, the greater the path difference, the higher the attenuation of the 

signal (Figure 19). Another way to understand this is that the greater the path difference, the 

higher the frequency of oscillation in the spectrum and therefore the closer it approaches the 

resolution limit of the spectrometer. It is estimated that the SNR decreases by about 20 dB over 

the scan range. This is usually not an issue with SS-OCT systems because the line width 

corresponding to each wave number is so small that this factor can be neglected [75].  

The SNR decrease will certainly affect the ability to image thicker trabeculae. This, combined 

with increased signal attenuation due to scattering and absorption of light with depth, results in 

a reduction of contrast for tissue in the deeper regions. An effective yet simple method of 

mitigating its effects is to reverse the image. Instead of having the zero path at or above the 

 

Figure 20: (Left) Porcine eye cross section captured by standard SD-OCT. (Right) The same image 

without wrapping or mirror image due to complex signal acquisition. [86] 
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tissue surface, the specimen can be placed in a way such that the zero path difference is below 

the surface, as depicted in Figure 21. This means that deeper tissue with a weaker signal due to 

high scatter will be imaged in the region of high sensitivity. Conversely, tissue at the surface 

with low optical scattering will be imaged in the lower sensitivity region. Overall, this 

technique has the effect of balancing the attenuation from SNR drop-off and tissue scatter 

throughout the axial scan. It works particularly well for imaging trabeculae as the cross-

sections are small enough that overlapping of the mirror terms is not an issue (as discussed in 

the previous section).  

 

3.3. Image Acquisition 

An SD-OCT was purpose-built to perform volumetric scans of cardiac trabeculae and extract 

cross-sectional area and volume of the specimen [79], [87]. The custom hardware and software 

facilitated the integration with the Cardiac Myometer. This section describes the optical 

configuration, electronics, software used to control the device, and integration with the rest of 

the myometer.  

3.3.1 Optical Configuration 

A superluminescent diode with a centre wavelength of 840 nm and a spectral width of 90 nm 

(Broadlighter D-840, Superlum) was used as the light source. A 2D galvanometer steered the 

laser through the specimen (GVSM002/M, Thorlabs). The reflected light was collected and 

 

Figure 21: Placing the zero path difference below the surface of the image produces a reversed image 

with higher overall SNR. Adapted from [77]. 
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combined with the reference signal using a 2 × 2 fibre coupler (FC850-40-50-APC, Thorlabs). 

A transmission volume phase holographic grating was used to convert the signal into the 

frequency domain, and the resulting interference spectrum was imaged on a 2048-pixel line 

scan camera (spL2048-70km, Basler). The entire optical path was mounted on an optical 

breadboard, located on a vibration-isolated optical table (Newport RS-2000). A schematic of 

the optical configuration is shown in Figure 22. 

 

3.3.2 Measurement and Control  

Two main tasks were required in order to acquire volume data from a trabecula – steering the 

beam of light across the sample and acquiring the signal measured by the line scan camera. The 

relationship between the electronic components used in both tasks is shown in Figure 23. 

 

Figure 22: Schematic of constructed OCT system. (A) Broadband light source. (B) 2 × 2 

Fibre coupler. (C) Converging lens. (D) Reference mirror. (E) Scanning mirror 

galvanometer. (F) Specimen. (G) Holographic grating. (H) Line scan camera. 
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Controlling beam position 

A 2-axis galvanometer was used to steer the beam about the sample. The galvanometer 

controlled the angle of the beam using a mirror connected to a compound pair of rotary 

actuators.  

During a full volumetric scan, a triangle waveform with a frequency of up to 200 Hz was 

generated on the PC using LabVIEW and sent to one of the galvanometer axes from a National 

Instruments data acquisition card (NI 6259, National Instruments). Simultaneously, another 

waveform was generated for the second axis which would increment its position at each period 

of the triangle waveform. The coordinated waveforms would thus generate a stack of B-Scans 

along the length of the trabecula.  

Capturing the interference signal 

The line-scan camera used to acquire the spectrum was connected to a field programmable gate 

array (FPGA) (NI 1483R, National Instruments) through a CameraLink interface. FPGAs are 

devices which contain thousands of re-programmable logic gates. Programs implemented in an 

 

Figure 23: System diagram of the control and acquisition hardware.     
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FPGA are deterministic, and each computation is timed to the internal clock (50 MHz for the 

NI 1483R). 

A B-Scan with a width of 490 µm requires 50 A-Scans (assuming a step-size of 10 µm per A-

Scan). At a B-Scan rate of 200 Hz, this requires a camera acquisition rate of 10 kHz. The real-

time, deterministic nature of an FPGA makes it ideal for controlling the high-speed acquisition. 

To ensure the acquisition was precisely timed to the movement of the galvanometer, the FPGA 

was connected to the data acquisition card directly over digital I/O line. At the rising edge of 

the sampling clock of the data acquisition card, a 10 µs pulse was sent to the camera trigger 

line over the camera link interface, triggering an acquisition.  

Another advantage of using an FPGA is that they can be programmed to perform very high-

speed computations, due to the ability to program low-level logic gates. This property is 

beneficial for implementing the signal processing tasks used to convert each raw spectrum into 

an A-Scan, which will be explained in the next section. 

3.3.3 Signal Processing 

The following steps describe the process used to convert each spectrum captured by the line-

scan camera into an A-Scan.  

1. The background spectrum (captured when there is no sample in the field of view) was 

subtracted from the raw signal; 

2. The resulting signal was linearized using the measured nonlinearity of the diffraction 

grating; 

3. The Fourier transform of the linearized signal was computed; 

4. The magnitude of the complex result was computed - the result of which was the A-

Scan. 

All these processing steps are outlined in Figure 24. 

Background removal 

Throughout the optical path of the OCT system, there were reflections from either foreign 

particles or defects in the fibre. Some of these reflections matched the optical path length of 

the reference arm, which caused them to appear in the interference signal captured by the 

camera. This effect is known as coherence noise and is usually removed by subtracting from 
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any A scan spectrum the spectrum captured without the specimen in the view of OCT, i.e. the 

background spectrum. This background spectrum was captured at the beginning of each 

experiment. 

Spectrum linearization 

Linearization of the spectrum was necessary because the physical spacing between the 

wavelengths in the spectrum captured by the camera was nonlinear, due to the nonlinearity in 

the optics. The non-linearity was measured by measuring the spectral density function using 

an independently calibrated spectrometer and mapping it to the spectrum captured by the line-

scan camera. This function was then used to linearize all the spectra captured by the camera 

through linear interpolation.  

Fourier transform 

In Fourier domain OCT systems, taking the Fourier transform of the spectral signal produces 

the amplitude modulated scan (A-Scan). This was implemented in the FPGA to improve the 

computational speed and reduce the computational load on the PC.  

The Xilinx® LogiCORE™ IP Fast Fourier Transform logic blocks were used for high speed, 

deterministic fixed-point Fourier transform operations. Once the Fourier transform was taken, 

the magnitude of the complex result was computed. The operations required to compute the 

magnitude are expensive on an FPGA and require several clock cycles. As a solution, the 

Xilinx® LogiCORE™ CORDIC (Coordinate Rotation Digital Computer) logic block was used 

to compute the magnitude. This block improves the computational efficiency as the CORDIC 

algorithm only uses simple operations such as addition, subtraction and bit-shifts, all of which 

can be performed at a very high rate on the FPGA. 

Implementation Result  

The linearization, Fourier transform, and magnitude calculation were all implemented in-line, 

point by point, in the FPGA. The processing loop ran at a rate of 50 MHz, with a delay of 

~2100 clock cycles. Given that each A-Scan consists of 1024 points, this translates to a 

maximum A-Scan processing rate of 48 kHz. 
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3.3.4 Calibration  

A reference glass slide (0.1 mm thickness) was used to calibrate the system. The two surfaces 

of the slide were imaged, and the calibration factor was found to be 1 pixel per 2.7 μm length 

equivalent in air (after correcting for the refractive index of glass). The refractive index of the 

optical medium influences the optical distance through which the beam travels, and thus will 

 

Figure 24: Transformation of the raw spectrum acquired by the line scan camera into an A-Scan.    
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influence thickness measurements. This effect can be accounted for if the refractive index of 

the sample is known. The refractive index for human muscle tissue used in the experiments 

was measured in another study to be 1.37, for wavelength lying between 456 nm and 1,064 nm 

[88].   

The lateral spacing between individual A-scans was calibrated using a negative 1951 USAF 

resolution test target. During calibration, 4 mV increments in voltage were applied to the 

galvanometer to steer the beam along the target. The displacement at each increment was found 

to be 6.73 μm. 

3.4. Integration in the Cardiac Myometer 

The main challenge with integrating the OCT hardware was the physical space constraint. The 

best location for the OCT scanning head was the front of the bath (shown at the top of Figure 

25), as it provided optical access to the entire muscle. However, the optical components of the 

laser diffraction system also resided at this location, which meant the hardware for the two 

systems could not be installed at the same time. However, the ability to perform sarcomere 

length measurements using the transmission microscope obviated the need for the laser 

diffraction system and meant that it was unnecessary to operate it simultaneously with the OCT. 

Therefore, the OCT was designed to swivel in and out of the system at any time during an 

experiment, avoiding the need to re-align the optics.  

The swivel mount was constructed with 16 mm steel rods and 90 ° connectors which provided 

3 rotation degrees of freedom (DOF) and three translational DOF, as shown at the bottom of 

Figure 25. Stoppers were installed that allowed the OCT to be swivelled into a pre-defined 

position. The OCT was coupled to the swivel mount with a precision stage, and adjusted by a 

micromanipulator during alignment of the focal point of the OCT to the sample. Figure 26 

shows the various interfaces the beam travels through mounted in this location. 
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Figure 25: (top) The OCT mounted in front of the bath. (bottom) The swivel connector 

that mounts the OCT from the optical table. The location of the micro-manipulator is 

also shown.  
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3.5. Experimental Procedure 

Once the OCT hardware was installed in the Cardiac Myometer and calibrated, an experiment 

was performed, using it to capture volumetric images of a trabecula while stretching it to 

various lengths. The experiment was conducted in accordance with protocols approved by the 

Animal Ethics Committee of the University of Auckland.   

Firstly, an unbranched trabecula, with small blocks of ventricular wall at each end, was 

dissected from the right ventricle of an adult Wistar rat and mounted in the capillary and 

superfused with oxygenated Tyrode’s solution (130 mmol/L NaCl, 6 mmol/L KCl, 1 mmol/L 

MgCl2, 0.5 mmol/L NaH2PO4, 1.0 mmol/L CaCl2, 10 mmol/L HEPES, 10 mmol/L glucose; 

pH adjusted to 7.4 using Tris) at room temperature. The muscle was field-stimulated at a rate 

of 2 Hz for a period of 20 minutes (8 V amplitude, 10 ms duration) to allow the muscle to 

equilibrate with its new environment. After the sample had equilibrated (as assessed by its 

steady force production), it was stretched in 50 μm steps to find the optimal length (Lo) – the 

length that gave the highest active force without significantly increasing the passive tension. 

The muscle was allowed to settle for 20 s between length steps.  

 

Figure 26: Illustration of the different optical interfaces the OCT light source passes 

through.  (air  glass  air  glass  water)  
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The stimulator was then stopped, and the muscle ceased contracting. The OCT was swept 

across the entire length of the muscle, including the hooks, and a total of 50 repeated volumes 

were acquired. The muscle was shortened in 50 μm decrements until approximately 80 % 

optimal length while acquiring 50 repeat volumes at each step. The passive force of the muscle 

was recorded throughout the whole process. 

Finally, the volumetric images acquired during the experiment were post-processed to quantify 

the cross-sectional areas and volume.  

3.6. Image Processing 

In order to quantify the area and volume of the muscle, the images were segmented to 

distinguish the muscle from the background, artefacts, or noise. The following sub-sections 

detail each image processing step to arrive at the results. The noise removal and image 

segmentation steps were performed using the image processing software Fiji (a derivative of 

ImageJ) [89], while the cross-sectional area and volume calculations were handled in 

MATLAB. 

3.6.1 Noise Removal 

The noise was first removed from the image to aid the segmentation operation. The main noise 

components were: speckle noise; reflections from small particles on the surface of the capillary; 

and the surface of the glass capillary itself. These are labelled in the raw B-Scan shown in 

Figure 27 (a).  The following steps were taken to remove these noise components. 

Speckle noise arises from coherent components the light scattered by the tissue that interfere 

with the reference signal [81]. This noise is assumed to be stochastically varying over time and 

therefore can be reduced by repeated averaging of images. A total of 50 images captured at 

each cross-section were averaged to reduce this noise in this study, resulting in an image similar 

to that in Figure 27 (b) [90]. 

Foreign particles such as specks of dust may enter the imaging field. If they are within the 

imaging range of the OCT and positioned at an appropriate angle, they can cause high-intensity 

reflections which appear in the image as vertical stripes. A stripe remover, based on a moving 

average, was used to reduce these stripes so that they do not show up in during segmentation 

(Figure 27 (c)) [91].  
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The images were cropped in three dimensions. In the cross section of the muscle, the images 

were cropped to reduce the area of background, while maintaining the trabeculae in the field 

of view (Figure 27 (d)). This removed the presence of the glass capillary surfaces in the images. 

Along the length of the muscle, the images were cropped to the ends of the hooks, since the 

hooks obscure the image of the tissue at these regions. In addition, the large block of tissue at 

the downstream end was excluded (~120 μm from the end of the hook) as these blocks are 

typically excluded from the volume calculation in muscle experiments.  

The B-scans were then resampled to the correct aspect ratio (1:4.93, from the dimensions of a 

pixel in the OCT images) using bicubic interpolation. This was to ensure that the filtering 

process that follows this was spatially symmetrical in both axes. Finally, a 3D Gaussian filter 

with a standard deviation of 2 pixels was applied to reduce any remaining speckle noise in the 

image (Figure 27 (e)). This operation reduces the resolution and detail of the internal structures 

but is acceptable as this process is only to segment the bulk volume.  

3.6.2 Segmentation  

The high contrast between the foreground and background of the trabecula meant that relatively 

simple thresholding methods could be applied to separate the background from the foreground. 

The filtering operation in step (e) removed the high-frequency noise, an operation which was 

essential for preventing this noise from appearing in the thresholded image. The threshold value 

was automatically selected using the isodata algorithm, resulting in the segmented image 

shown in Figure 27 (f) [92].  

This approach was validated by inspecting the segmentation result along the length of the 

muscle. The segmented results for several cross sections in Figure 28 show that this 

segmentation approach was robust to variable background noise surrounding the muscle and 

that the segmented region traced the border of the trabecula well.  
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Figure 27: The segmentation process applied to each slice in the image stack. (a) The raw image. (b) 

Reduction of speckle noise by repeated averaging. (c)  Applied a horizontal stripe filter (moving average). 

(d) Cropped to area of interest. (e) Applied 3D Gaussian blur. (f) Binarization using an automatic 

threshold. Although not shown in the figure, the image was resampled to the correct aspect ratio between 

steps (d) and (e). Prior to (e), processing was performed on the image at the original aspect ratio (2.2:10). 
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3.6.3 Area and Volume Calculations 

A MATLAB script was developed to count the number of bright pixels in each cross section 

and find the total cross-sectional area, using knowledge of the dimensions of each pixel 

(10 μm × 2.7 μm). This produced a plot of the cross-sectional area over the length of the 

muscle, which was then integrated to find the volume.  This analysis was repeated at each 

muscle length. 

3.6.4 Comparison with an Elliptical Model 

The areas and volume estimated by the OCT were compared to those found using an elliptical 

model of the cross-section. The elliptical model was derived from a projection of the OCT 

volume in two orthogonal axes - to simulate the estimation of major and minor axes from a 

microscope with a 45° mirror. To achieve this, a MATLAB script was developed to find the 

maximum dimensions in each axis, as depicted in Figure 29. In each image, the rows and 

columns were iterated from left to right or top to bottom. The first index in which the row 

contained at least one trabecula pixel was designated as the edge, yielding two edges in each 

axis (Figure 29). The positions of the edges were averaged along the length and were used as 

the major and minor axis of an ellipse.  The thick sections at the ends of the muscle were 

excluded from the analysis since they would not typically be taken into account when 

estimating trabecula dimensions through a microscope during a regular experiment.   

 

Figure 28: The raw images at several cross sections with the removed background marked by a red 

overlay to indicate the accuracy and robustness of the segmentation process.    
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3.6.5 Generating a Point Cloud 

A point cloud of the surface was obtained for use in finite element studies that resulted from 

the data collected in the experiment (by another research group at the Auckland Bioengineering 

Institute). This was generated in MATLAB with the help of a surface fitting package 

(iso2mesh) [93]. A mesh was fitted to each volume using the function “vol2mesh”.  The 

number of vertices in the mesh were then reduced using the function “meshresample” set to 

keep 40% of the vertices. The vertices were imported into MeshLab and fitted with a smoothed 

surface using Poisson reconstruction [94] for visualisation purposes.     

3.7. Results 

3.7.1 OCT Volume Images 

Figure 30 shows rendered OCT volumes of the trabeculae at three different lengths. Each voxel 

is shaded to the raw intensity captured by the OCT. The volumes were masked by the result of 

the segmentation, to remove all the noise and other particles that surrounded the trabeculae. 

Parts of the hooks were visible on either side of the trabeculae; no tissue is visible behind the 

hooks due to their opaque nature. Cross-sectional area and volume processing were performed 

in the regions marked in the figure. 

When the tissue was stretched, there was very little deformation of the large block of tissue at 

the right hook (the feature visible in Figure 30 at the rapid transition from thick to thin tissue). 

However, the movement of tissue at the left end of the muscle was more difficult to determine 

as there were no obvious surface features visible. It is hypothesised that there would be more 

 

Figure 29: The vertical and horizontal boundaries of the 

trabecula, for estimating the maximum span in each axis .  
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strain in this tissue, compared to that on the right, due to a thinner cross-section. Measurements 

of strain later in Chapters 5 and 6 will enable this hypothesis to be tested.  

 

3.7.2 Force, Area, Volume 

Figure 31 shows the passive tension-length relation measured by the force transducer, which 

followed a non-linear form. This observation is consistent with previous studies on the passive 

mechanical properties of isolated muscles [95]. 

The cross-sectional area along the length of this muscle is shown in Figure 32. There was an 

overall decrease in cross-sectional area when the muscle was lengthened. Without quantifying 

the displacement of the tissue during stretching, it is not possible to quantify the change in 

 

Figure 30: Selected rendered volumes of the trabecula during stretch. The region between the 

red lines indicate the volume cropped for analysis at each length.  
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cross-sectional area of specific regions of the tissue. This problem will be solved later in 

Chapter 5 when tissue tracking methods are developed.  

The observed volume of the muscle at each length is plotted in Figure 33. The observed volume 

increased linearly as the muscle was lengthened – a 21 % increase in volume for a 23 % 

increase in length. The increase in volume was likely to be due to outlying muscle being pulled 

into the region of interest during stretch since the region of interest extended to a fixed distance 

from the location of the hooks.  

 

 

 

Figure 31: Tension measured by the force transducer as the muscle was stretched in 50 μm 

increments.   
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Figure 32: The cross sectional area as a function of position along the muscle, stretched to different 

lengths.  

 

Figure 33: The observed volume of the muscle in the region of interest as a function of the length of 

muscle.  
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3.7.3 Comparison with the Elliptical Model  

Figure 34 compares the cross-sectional area as a function of position measured by the OCT 

with that calculated by a cylindrical model with a uniform elliptical cross section. The data 

from the OCT shows that despite removing the large block of tissue from the analysis and 

focusing on a relatively “uniform” part of the muscle, there were still large variations in cross-

sectional area along the muscle; the areas at the ends were almost twice that at the centre. In 

contrast, an elliptical model of cross-section does not capture any of these variations.   

 

3.7.4 Surface Data 

The smoothed surface mesh fitted to the point cloud is displayed in Figure 35, which is capable 

of being used in a finite element modelling package. The mesh follows the profile of the 

trabecula very well, with no visible artefacts.  

 

Figure 34: The cross-sectional area as a function of position measured by the OCT (blue) and 

modelled with a cylindrical model (red). In this scenario, the muscle was stretched to 1850 μm. 
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3.8. Discussion  

3.8.1 Hooks 

A limitation of using OCT to image trabeculae in this apparatus was that the tissue occluded 

by the opaque hooks could not be imaged. In previous studies, however, only the tissue 

protruding between the left and right hooks was included in estimates of muscle volume, and 

the muscle length was usually measured from the ends of the hooks. This was because the ends 

are likely to be damaged in the mounting process and do not contribute to the overall 

contraction.  

Perhaps of greater concern was that during passive lengthening, there was likely to be a small 

part of the sample that moved out from behind the hooks into the region of interest. Figure 33 

showed a 21% volume increase in the imaged region, which was very similar to the 23% 

increase in muscle length. Assuming the muscle tissue was isovolumetric [52], the increase in 

volume was hypothesised to be caused by new tissue being pulled into the region of interest. 

Similarly, volumetric images in Figure 36 from a different experiment that imaged fixed 

trabecula clearly shows muscle being pulled in from behind the hooks when stretched. It will 

soon be possible to quantify this displacement with the work in Chapter 5. 

 

Figure 35: The trabeculae mesh generated from the OCT volume data.  
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If the tissue behind the hooks is of interest, the use of glass hooks can be investigated [96]. 

However, these have their own limitations in that they’re much more fragile, more difficult to 

manufacture, and may distort the images. 

 

3.8.2 Trabeculae Dimensions 

The thicker the sample, the more difficult it is for the OCT laser to penetrate into deeper layers 

of the tissue. This difficulty is due to increased scattering and absorption of the beam as it 

passes through more layers of translucent tissue. As a result, the SNR decreases with 

penetration depth, and the tissue boundary can become less defined. Figure 37 shows this 

phenomenon in a cross-sectional image captured from a different trabecula that was 285 μm 

thick. Thus, to ensure adequate contrast and delineation of the muscle boundary, it is 

recommended that the maximum thickness of the muscle in the axial (depth-wise) direction of 

the OCT be less than 250 μm. 

 

Figure 36: The trabeculae imaged while it was slack and taut. It 

shows the hooks clearly and how the tissue can slide out.  
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Conversely, thinner muscles may have a higher relative error in the area estimation, since the 

resolution of the OCT is fixed and therefore the muscle will be represented by fewer pixels. 

This is more of a problem in the lateral (transverse) direction which has a much lower resolution 

than in the axial direction. Therefore for OCT imaging, it is desirable for the sample to be 

thicker in the lateral direction.  

Due to the two factors above, the orientation in which the muscle is mounted will affect the 

imaging performance. Many muscles are thicker along one axis, and thinner along the other, 

resembling an elliptical cross-section. These muscles are best suited for imaging when mounted 

such that the imaging (axial) axis of the OCT is aligned with the minor axis of the muscle - 

where the resolution is high, but penetration depth is limited. The major axis of the muscle 

should be aligned with the transverse direction of the OCT where the resolution is lower, but 

tissue thickness is not an issue.  

3.8.3 Comparison with the Elliptical Model 

In this particular muscle, the volume estimated by the microscope method was within 4 % of 

that measured by the OCT. However, the accuracy of the assumption of an elliptical cross 

section can vary depending on the shape of the muscle. The comparison of cross-sectional areas 

estimated by both methods (Figure 34) shows that the area was overestimated in some regions, 

and underestimated in others. If the cross-sectional area was consistently overestimated due to 

a non-elliptical cross section such as in Figure 38, then there could be an overestimation of the 

overall volume by a larger percentage.  

 

Figure 37: A thicker trabecula where the intensity of the tissue 

imaged by the OCT drops off in deeper regions of the tissue.   
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Furthermore, when estimating the major and minor axes with a microscope, there are other 

factors that can become sources of error. These include: 

 The resolution of the graticule used; 

 The number of measurements that are averaged; 

 The location of measurements made along the length of the muscle. 

With these disadvantages in mind, the use of OCT to image the volume of the muscle is superior 

to using a microscope. 

3.9. Conclusions 

This chapter demonstrated, for the first time the ability to image the volume of excised cardiac 

trabeculae using optical coherence tomography. The OCT hardware and software were 

integrated into the Cardiac Myometer and could image a trabecula stretched to different 

lengths. An image processing pipeline was developed to obtain volume and cross-sectional 

area estimates to interpret the volumetric images obtained by the OCT. The ability to image 

and quantify the non-uniform cross sections across in trabecula makes it a superior method for 

estimating the volume using a microscope and an elliptical model.  

This chapter focused on imaging quiescent trabecula. Imaging trabecula that is contracting 

presents many more challenges, as the muscle is in motion during the imaging process. The 

next chapter will extend the capabilities of the OCT to image contracting trabeculae.  

 

Figure 38: The overestimation of a particular cross section. If all the cross 

sections had this shape, then the volume would be severely overestimated.    
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3.9.1 Publications 

Preliminary results from using the OCT described in this chapter to image chemically fixed 

trabeculae were published as a peer-reviewed conference proceeding and presented at the 2014 

36th Annual International Conference of the IEEE Engineering in Medicine and Biology 

Society (EMBC) [87]. However, the image processing method was updated in this chapter, and 

the results were from a new experiment.  

3.9.2 Further Impact 

The construction and integration of the OCT, as well as the data collected from it, has benefited 

many other studies. The point cloud data from the trabecula shown in the results section were 

used by Martyn Nash and Vicky Wang at the Auckland Bioengineering Institute in the 

construction of a finite element model of the trabecula, from which the mechanical constitutive 

properties of the muscle tissue were estimated [97].  

In a separate study by Alex Anderson, this OCT imaging and processing pipeline was used to 

investigate a novel collagen scaffold for corneal tissue [98]. The OCT was used to image the 

cross section of rectangular samples of the collagen while it was being stretched by the 

mechanical tester. The setup was exactly the same as that used for imaging trabecula, except 

the Tyrode’s solution was replaced with water. 

Another study that has used this OCT system was a tissue-digestion experiment (results not yet 

published) conducted by Sarbjot Kaur as part of her PhD project. In that experiment, OCT was 

used to image the state of the muscle before and after digestion. This revealed the structural 

changes in the tissue during the digestion process. 
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Chapter 4. Imaging Actively Contracting Trabeculae 

4.1. Introduction 

In the previous chapter, the ability to image quiescent cardiac trabeculae using OCT was 

demonstrated. The next step was to extend the capability of the instrument to capture the 3D 

deformation of contracting trabeculae. However, imaging an actively contracting trabecula, 

presented an additional challenge over imaging a stationary muscle because the OCT captured 

volumetric data in a raster scan. The time required to acquire geometric data from a volume of 

2000 μm × 500 μm × 500 μm was approximately one second, which was far too long to resolve 

the changes in volume that occur during a single contraction (~300 ms). To overcome this 

problem, the imaging process was spread over several contractions and gated to the stimulus. 

The data could then be reconstructed to represent the volume over a single contraction.   

This chapter will first describe the gated imaging method used to image contracting trabeculae, 

followed by an experiment which applied this method to trabeculae undergoing isometric 

contraction. Finally, the resulting cross-sectional area and volume of the trabecula over time 

will be discussed. 

4.2. Gated Imaging Procedure  

Due to the limitations in the imaging speed of the OCT, only a single cross-section of the 

muscle could be imaged at a time during a twitch. However, by synchronising the images in 

time, it was possible to combine together images of muscle cross sections gathered during 

successive “steady-state” twitches to create a representation of the geometric changes that 

occur during a twitch. Synchronisation was achieved by gating the acquisition of each cross-

section to the stimulator signal. This is an approach previously taken by Jenkins et al., who 

performed gated OCT imaging on rat and avian embryonic hearts by either gating to the field 

stimulator, or to the blood flow measured by a Doppler shift [47], [99]. By gating the signal to 

the field stimulator, the acquisition cycle was always in phase with the contraction cycle. 

The following sub-sections will describe this method of acquisition.  
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4.2.1 Hardware Changes 

Previously, the OCT described in Chapter 3 ran independently of the rest of the system. In 

order for the gated imaging protocol to work, the OCT must be synchronised with the 

stimulator. The on/off state of the stimulator was encoded on a digital line on the FPGA that 

controlled the muscle stimulator. This line was physically connected to the FPGA controlling 

the OCT over the real-time synchronisation interface (RTSI) line. This ensured the onset of 

acquisition of OCT images was triggered with an uncertainty of the order of nanoseconds.   

The OCT signal acquisition and processing software implemented in the FPGA was modified 

to include the gated imaging routine. This routine is described in the next section.  

4.2.2 Gated Imaging 

The start of each acquisition sequence was triggered by the rising edge of the stimulus signal, 

as depicted in Figure 39. During the course of contraction, a single cross section was imaged 

at a rate of 100 Hz. At the end of the contraction, the galvanometer moved the beam to the next 

cross section, and the process repeated at the onset of another rising edge of the stimulator 

signal. This process was repeated until all cross sections of the muscle were acquired.  

 

The time it took to image a complete muscle using this method depended on the length of the 

specimen and stimulation rate. For instance, when a 2.0 mm muscle was stimulated at a rate of 

1 Hz and the spacing between each cross section was 10 μm, a complete gated scan of its entire 

volume took 200 s to complete. 

The recorded data included a time stamp and the position along the muscle for every frame. 

This enabled the reconstruction of 3D data independent of the order in which the images were 

 

Figure 39: Illustration of the scanning routine. At each rising edge of 

the stimulus, the laser is moved to a new plane. Each plane is imaged 

at a B-Scan rate of 100 Hz during the course of the contraction.   
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acquired. The cross sections along the length of the muscle were imaged in random order. By 

randomising the scan, any sequential motion along the muscle in the reconstructed model was 

unlikely to appear as an artefact of the scanning pattern.  

4.3. Validation of Gated Imaging 

For accurate reconstruction of the geometry during a single twitch, it was important that the 

muscle contractions had reached “steady-state” and were repeatable along the length of the 

muscle during the entire imaging period. The similarity between twitches at a single cross 

section of the muscle was measured by the sum of absolute differences (SAD) of pixel 

intensities, defined as: 

𝑆𝐴𝐷 = ∑ |𝐴1(𝑖, 𝑗) − 𝐴2(𝑖, 𝑗)|(𝑖,𝑗)∈𝑊  

where  𝐴1 and 𝐴2 represent the cross-sectional images at a particular phase of contraction at 

two different time points, each with a set of pixel intensity values between 0 to 255, and 𝑖 and 

𝑗 are indices of these pixels. 

4.3.1 Experimental Method 

The first step was to establish a measure of baseline repeatability between images gathered 

under identical conditions. A trabecula was mounted in the instrument according to the 

procedure described in section 3.5. The centre cross section of a quiescent trabecula was 

imaged 100 times. The first 50 images were averaged to reduce the effects of inherent time-

varying OCT noise. Similarly, the last 50 images were averaged together. The SAD was 

computed between the two averaged images to provide a baseline score. 

Next, the trabecula was stimulated at a rate of 2 Hz and imaged during a total of 500 

contractions (more than the 200 scans required to image an entire muscle). A total of 50 images 

during systole (peak force development) at the beginning of the imaging period were selected 

and averaged, and compared to the average of another 50 images of the same systolic cross-

section gathered at the end of the sequence. The SAD between the two averaged sets quantified 

the similarity between contractions at the beginning and end of the imaging cycle.  

Finally, 50 images averaged in diastole were compared to 50 images averaged in systole, to 

quantify the SAD between two completely different points in contraction to demonstrate 

out-of-phase imaging.   

(1) 
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Throughout the entire experiment, the force output was recorded to determine the stability of 

the force output.  

4.3.2 Results 

During the 500 contractions (a duration of > 240 s), shown in Figure 40, the active force 

development was consistent to within 0.10 %. 

The average sum of absolute differences (SAD) between two images of the centre of the 

quiescent muscle was 51,992 (baseline score). The SAD between two images at peak 

contraction (in-phase) was 58,073 - 10% more than the baseline. The SAD between images 

during rest and at peak force (out-of-phase) was 105,090 - 102% more than the baseline. This 

indicated that the difference in SAD during in-phase imaging was mostly due to frame-to-frame 

noise, rather than inconsistent muscle contraction or the image capture being out of phase 

(which would have otherwise increased the difference much more).  

 

4.4. Characterisation of Volume in Contracting Muscle 

Having established the validity of the method, an experiment using the gated imaging 

procedure described in 4.2.2 was performed on a trabecula from a healthy rat to characterise 

the geometry of the muscle during contraction.  

 

Figure 40: Force trace of the signal over 500 contractions. It shows that 

the force amplitude is reasonably constant over the period of imaging. 
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4.4.1 Isolation of Trabecula 

A single unbranched trabecula was isolated from the heart of an adult Wister rat and mounted 

in the Cardiac Myometer according to the protocol described in section 3.5. The muscle was 

stretched to optimal length then stimulated at 2 Hz.  

4.4.2 Microscope Imaging 

The sample was imaged using the transmission microscope described in section 2.2.5 to image 

the hook region where the muscle was attached, to reveal any in-plane motion in that region 

during activation and stretching. This region of muscle was obscured from the view of the OCT 

by the opaque hooks.  

4.4.3 Imaging Procedure 

A complete scan of the muscle volume was performed while the muscle was contracting using 

the method described in section 4.2.2. This was repeated while the muscle was held at different 

lengths to determine changes in the distribution of cross-sectional area with length. From 

optimal length (Lo), the muscle was shortened to 95 %, 90 %, 85 %, 80 %, and 75 % of Lo 

sequentially. At each length, the entire muscle was imaged with the OCT system once the force 

trace had stabilised, while it was stimulated at 2 Hz. 

4.4.4 Analysis 

The cross-sectional area and volume of all images were extracted using the image processing 

pipeline described in Chapter 3. Force was assumed to be uniaxial along the length of the 

muscle due to its long, slender shape. The average stress at each cross section was found by 

dividing the measured force by the cross-sectional area.  

To measure the non-uniformity of the cross-sectional areas during contraction, the variability 

of the cross-sectional area along the muscle was calculated. The median absolute deviation 

(MAD) was chosen as a measure of variability, due to its appropriateness for distributions that 

are not normal, since the distribution of cross-sectional areas may not be symmetric, and its 

resilience to outliers [100]. This estimate was normalised to the average cross-sectional area 

and expressed as a percentage. 
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4.5. Results 

4.5.1 Volumetric Data 

A rendered image of the trabecula is shown in Figure 41. The sample used in this experiment 

was long, slender and appeared relatively uniform. A large block of connective tissue was 

present at the right hook in the image. A video of contracting OCT data is presented later in 

section 6.6.1. 

 

4.5.2 Microscope Observations 

When the muscle was lengthened by moving the hooks apart, some of the muscle tissue initially 

obscured by the hooks was pulled into the field of view of the OCT system (Figure 42). The 

displacement of tissue was estimated to be approximately 102 μm based on manually tracking 

the feature shown in the figure.  This suggested that the total volume of the muscle visible to 

the OCT would increase with muscle length. During isometric contraction, this motion was 

still present although much less significant: ~7 μm at 75 % Lo and ~17 μm at optimal length 

(100 % Lo). This motion was observed to be repeatable across multiple contraction cycles.  

 

Figure 41: Volumetric image of the trabecula used in the experiment. 
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4.5.3 Force, Cross-Sectional Area, and Stress 

Figure 43 plots the (i) force, (ii) cross-sectional area and (iii) stress over time during a twitch 

at (a) optimal length (Lo) and (b) 95 % Lo. At both muscle lengths, the peak force occurred 0.2 s 

after the onset of stimulation.  

Despite the muscle appearing uniform to the naked eye in Figure 41, the cross-sectional area 

data at Lo showed a ~20 % range in cross-sectional areas at 𝑡 = 0.0 𝑠  (excluding the block of 

tissue at the end). During contraction, there was a change in cross-sectional area throughout 

the muscle, before settling back to the initial distribution at the end of contraction. There were 

also two regions of muscle that had low cross-sectional areas (2.0 mm to 2.5 mm and 0.5 mm 

to 1.4 mm), which resulted in two regions of high stress. 

When the muscle was shortened to 95 % Lo, there was an increase in cross-sectional area 

throughout the entire muscle, which was expected if the muscle was isovolumetric. 

 

Figure 42: The microscope images of the mounting points at two different states of stretch. The 

movement of the circled feature highlights the displacement of tissue with respect to the hook when 

shortened from 100 % Lo to 75 % Lo. As a result, the OCT is expected to image a larger volume at 

100 % Lo. 
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4.5.4 Non-uniformity 

The MAD as a function of time was plotted for each muscle length in Figure 44 (a). Bearing in 

mind that a higher MAD implies greater non-uniformity, it appeared that the muscle was the 

least uniform during diastole at all lengths. However, the increase in non-uniformity was 

greatest when the muscle was stretched to its optimal length.  

Figure 44 (b) displays the observed volume of the muscle at different muscle lengths. The 

volume increased as the muscle was stretched, as predicted by the microscope images at the 

ends of the muscle. It appeared that the greatest change in volume during a contraction (~3 %) 

occurred when the muscle was stretched to its optimal length. 

 

Figure 43: Simultaneous measurements of active force and cross-sectional area at (a) optimal length 

(Lo) and (b) 95 % Lo . (i) plots the average force measured by the transducer. (ii) shows the cross-

sectional area (color axis) along the length of the muscle (y-axis) throughout the contraction cycle 

(x-axis). Similarly, (iii) shows the average stress (color axis) over the length of the muscle (y-axis) 

plotted over time (x-axis). 
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4.6. Discussion 

4.6.1 Decreasing Imaging Time 

The time required for a single scan is set by the stimulation frequency, as the OCT scans one 

cross section per twitch until the entire contraction is complete. The OCT scan rate could be 

increased by scanning lengthwise across the muscle instead of transversely. This would reduce 

the imaging time 5-fold to 30-fold, depending on the aspect ratio of the muscle, reducing the 

chance of muscle properties changing during the imaging process. However, the disadvantage 

is that muscles can be longer than 2.5 mm, requiring at least 250 A-scan steps. The time interval 

between each data point in each frame would be between 5-fold and 30-fold greater, reducing 

the ability to capture rapid motion across the muscle without blurring. 

There is further potential to increase the scanning rate by using a Fourier domain mode-locked 

laser (FDML). The fastest FDML currently has an A-Scan rate of about 5 MHz at 1300 nm 

[25]. In theory, this source could enable the entire volume of the muscle to be imaged at a rate 

of 84 Hz. The disadvantage, however, is the reduced resolution of the OCT at the centre 

wavelength of 1300 nm as discussed in section 3.2.3 of Chapter 3. The setup would also require 

a resonant scanner capable of at least 16 kHz to support that scanning speed.  

4.6.2 Non-uniformity  

The variation in the cross-sectional area across the length resulted in an inversely proportional 

variation in axial stress. This shows the significant effect that the geometry has on analysing 

 

Figure 44: (a) The median absolute deviation (variation) in cross-sectional area along the length of the 

muscle as a function of time, plotted for each muscle length. (b) The volume of the muscle during the 

course of contraction at different muscle lengths.  
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the mechanics of the sample, and the advantage of an accurate geometric model has over a 

simple cylindrical model. Additionally, an interesting phenomenon is revealed in Figure 43, 

where two regions (0.5 mm to 1 mm and 2 mm to 2.5 mm) that started with approximately the 

same cross-sectional areas behaved differently at the peak of contraction; one increased and 

the other decreased in area. This phenomenon could reflect a different proportion of active 

sarcomeres in the two regions or a difference in tissue compliance, which could cause one 

region to contract more than the other. The non-uniformity of contraction is further investigated 

in Chapter 5 and 6 with the aid of the microscope data.   

4.6.3 Modelling Stress 

The stresses calculated in this study are the average uniaxial stress at a cross-section. A more 

detailed stress analysis could be performed by creating a geometric model with passive 

mechanical properties obtained from experimental data. Boundary conditions that match the 

attachment mechanism could be applied to the ends of the simulated muscle, and the stress 

distribution could be obtained using finite element methods. This would produce a true 3D 

passive stress distribution and make use of the detailed geometric data. The modelling work is 

out of the scope of this thesis and can be investigated by future users of the instrument.  

4.6.4 Volume Changes 

The apparent changes in muscle volume were qualitatively explained by the movement of 

tissue in and out of the field of view of the OCT, from the results of microscopic imaging in 

section 4.4.2. This effect was most significant when the muscle was lengthened or shortened. 

Tissue movement at the hook ends was also present during isometric contractions, although to 

a lesser degree, and was evident in the volume plots (Figure 44 (b)). This suggests that studies 

that seek to image the volume of the entire muscle (including the non-contracting ends) will 

require modifications to the setup, either by using transparent hooks or other attachment 

mechanisms that do not obscure the OCT image.  

4.6.5 In-Plane Motion 

Following on from the previous point, the tissue movement that was seen during contraction in 

the microscope images suggested similar movement in the cross sections. Without accounting 

for this displacement, it would not be valid to study the change in cross-sectional area as a 

function of location in the tissue – since that location changes during contraction.  
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One way to measure this is to track internal features in the OCT using 3D image correlation. 

However, this is difficult to achieve with OCT alone as the speckle noise is too high to track 

the internal structures using image correlation. The repeated imaging and averaging process 

used in the previous chapter to reduce the speckle noise cannot be used in this case as the 

acquisition time for a single volume is much longer. It is possible to visually inspect in-plane 

motion for some preparations with large features on the surface of the muscle, but this is not 

consistent across experiments.  

Conversely, the tissue movement was clearly visible in the microscope images at all sections 

of the muscle. If this could be quantified, then this data could be used to correct for the motion 

of the cross-sections. The next chapter investigates the use of digital image correlation to 

quantify the tissue movement from the microscope images for this purpose.  

4.7. Conclusions 

The volume of actively contracting muscle was successfully quantified for the very first time 

using OCT by gating the acquisition with the stimulus. The image data over multiple 

contractions were reconstructed into a single contracting volume, and the validity of this 

reconstruction was confirmed through analysing the repeatability against a repeated scan. From 

imaging a contracting trabecula, it was possible to find the cross-sectional area and average 

stress as a function of the position along the muscle throughout a contraction. This revealed 

that the observed volume was not constant during an isometric twitch, and indicated that muscle 

was being pulled into the field of view. 

The microscope data further revealed the in-plane motion of tissue regions during contraction, 

which could not be quantified with the OCT alone due to the speckle noise in the volumetric 

images. This limited the ability to quantify the change in cross-sectional area as a function of 

tissue location. In the next chapter, the use of transmission microscopy will be explored as a 

way to overcome this limitation and enhance the analysis of the volumetric data captured by 

the OCT.  

4.7.1 Publications 

The method and results discussed in this chapter were published in 2016 as a peer-reviewed 

journal article in the IEEE Transactions on Biomedical Engineering [62]. Prior to this, 
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preliminary data were presented at the 2015 Cardiac Physiome Workshop and the 59th Annual 

Meeting of the Biophysical Society 2015 (peer-reviewed). 

4.7.2 Further Impact 

The cross-sectional areas captured by the OCT during a contraction was correlated with 

calcium transients along the length of the muscle in another PhD study, by Alexander 

Anderson. In this study, the OCT, calcium imaging system, and microscope were all running 

together. This yielded an interesting relationship between cross-sectional area, sarcomere 

length and the amplitude of the calcium transient. 
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Chapter 5. Tracking Tissue Movement 

5.1. Introduction 

Chapters 3 and 4 demonstrated that with the use of OCT imaging, it is possible to determine 

the muscle cross-sectional area along the length of the muscle. However, it was not possible to 

calculate the change in any particular cross-sectional area without quantifying the tissue 

movement observed in the experiment. Information about the tissue motion is also necessary 

for quantifying the volume of tissue being pulled into the field of view of the microscope during 

isometric contraction. 

Typically, an ideal trabecula for experimentation is one with a uniform cross-section and 

material properties. Stretching a muscle with these properties will create uniform strain along 

the length of the muscle, simplifying the calculation of displacements of tissue regions. 

Additionally, this trabecula would undergo no change in strain during an isometric contraction. 

In reality, trabeculae are rarely uniform in cross section along their length, as was discussed in 

Chapter 1 and demonstrated in the OCT images in Chapter 3. Unfortunately, the movement of 

these tissue regions cannot be quantified accurately by OCT alone as the speckle noise is too 

high and resolution is too low in the images for correlation algorithms to reliably track the 

structural information. Therefore, a different imaging method is required in order to track the 

movement of tissue regions.  

Previous attempts at measuring local strain in papillary muscles and trabeculae have required 

embedding the specimen with microspheres [51], [52], inserting steel pins [49], or marking the 

preparation with India ink [48]. These methods are time-consuming, potentially fatal to the 

muscle, and provide limited localisation of strains. Additionally, it would not be desirable to 

apply these techniques to muscles for use in the Cardiac Myometer as these interventions would 

affect other measurements such as sarcomere length, which requires full visibility of 

sarcomeres, and calcium imaging, which requires maximum visibility of the fluorophores.  

This chapter presents a marker-less alternative that uses image registration techniques to track 

the natural features of the trabecula captured using transmission microscopy. This approach, 

also known as digital image correlation (DIC), has been used successfully in characterising the 

mechanical properties of various materials [101]. Although a high-resolution microscope has 

a small field of view, gated imaging techniques, similar to those applied in the previous chapter, 



Tracking Tissue Movement 

 72 

allow the full displacement field of the entire trabeculae to be constructed from microscope 

images gathered down the length of the muscle. This chapter details a processing pipeline that 

implements these techniques, and applies them to transmission microscope images collected 

from a trabecula mounted in the Cardiac Myometer.  

5.2. Background 

5.2.1 Non-Uniform Contraction 

Previous studies have investigated the non-uniformity in strain of passively stretched and 

contracting trabeculae. At various lengths of passive stretching, the coefficient of variation of 

strains at different sections was found to be up to 14% [48]. In a muscle of uniform cross 

section and homogenous material properties, this variation may not be present. Another study 

measured the sarcomere lengths at various sections of muscle during isometric contraction. 

Sarcomeres at the centre of the preparation were observed to shorten by 10 % while those at 

the ends lengthened during isometric contraction [102]. This phenomenon was widely reported 

to be due to the series elasticity from the non-contracting elements, and most likely attributable 

to damage at the ends of the specimen [49], [50]. 

Ideally, the strain field throughout the muscle would be measured directly, as lack of 

information about the distribution of non-contracting elements makes the prediction of 

variation in strain highly uncertain. The techniques used in the previous studies required the 

application of markers to the muscle, which is undesirable for use in the Cardiac Myometer as 

it affects other measurements such as intracellular calcium concentration. Additionally, this 

method has poor spatial resolution since the displacement and strain can only be extracted from 

discretely marked sections. Thus, a new method is needed for the Cardiac Myometer – one that 

can allow both of these parameters to be determined, without requiring any modification to the 

sample.  

5.2.2 Digital Image Correlation 

Digital Image Correlation (DIC) is a technique used to find the displacement field of a 

deformed body from images alone. This technique has found its way into many applications, 

such as in the determination of mechanical parameters of metals, composites, polymers, wood 

and biological tissue [103]–[106]. Its popularity arises from its simplicity in measurement 



Tracking Tissue Movement 

73 

hardware, and applicability across all spatial scales – from microscopic to macroscopic [101]. 

Its main limitation is its reduced accuracy compared to interferometric techniques.  

In DIC, images of the moving or deforming body are acquired using a charged coupled device 

(CCD) or complementary metal-oxide-semiconductor (CMOS) image sensor, either through a 

microscope or a standard imaging lens [107]. Images are acquired for both a reference state 

and deformed states. It is important that the area of the specimen being imaged contains features 

that cause sufficiently high-contrast variations in intensity, arising either from its natural 

surface texture or an artificially applied speckle pattern, in order to uniquely register sub-areas 

of the image between states [108].  Cardiac trabeculae, when imaged at 40× magnification 

using transmission microscopy, exhibit many naturally occurring features that potentially can 

be tracked using this method (as shown in the previous chapter), making DIC an ideal candidate 

for tracking the strain and motion of trabeculae undergoing both passive deformation and active 

contraction.  

After the images are acquired, they are processed to find the resulting displacement field 

between frames. The reference image is first divided into a grid of sub-images as illustrated in 

Figure 45. The reference and deformed images are then correlated to find the displacements of 

each sub-image, resulting in one displacement vector per sub-image. There is an important 

trade-off to consider when selecting the size of this window since a larger window provides 

more intensity variations which increase the likelihood of finding a match in the deformed 

image. This makes the resulting displacement field less noisy. However, this effectively 

averages out the displacement field over a larger area and results in more smoothing, reducing 

the ability to extract localised displacement field patterns.  
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Some DIC methods provide the capability of calculating sub-pixel displacements, and thus 

beyond the resolution of the imaging system. These algorithms are typically computed in two 

stages:  

Firstly, the displacement of each sub-image between images is estimated to the nearest integer 

number of pixels. This is usually achieved by an algorithm that optimises a correlation 

criterion, providing a measure of similarity between two sub-images. The most commonly used  

methods are normalised cross-correlation, sum of absolute differences, phase correlation and 

gradient correlation [109]–[112]. In addition, normalised versions of these algorithms are used 

to reduce effects of fluctuations in lighting.  

Secondly, the displacement is found to sub-pixel resolution through either interpolation, 

iterative cross-correlation in the spatial and frequency domain, or fitting a curve to the peak 

[113]–[116]. These methods typically allow for displacements to be resolved to 0.02 pixel.  

 

 

Figure 45: (top left) The image divided into sub-images. (top right) Displacement vector for each of 

the sub-images. (bottom) An illustration of the displacement and deformation of a sub-image during 

deformation. Reproduced from [101]. 
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Recently, HajiRassouliha et al. [117] have demonstrated a new two-step DIC method that has 

a high noise tolerance, which is desirable as we are relying on the natural surface features of 

trabeculae that can be of variable quality compared to an artificially applied speckle pattern. 

This algorithm can also significantly outperform state-of-the-art subpixel image registration 

algorithms by achieving 0.0002-pixel accuracy in determining translational shifts. For these 

reasons, this method was selected for this study.  

5.3. Image Acquisition 

To demonstrate the application of DIC to extracting the displacement and strain fields from 

cardiac trabecula, an experiment was performed to collect images of the trabecula during 

contraction using the transmission microscope described in section 2.2.5.  

5.3.1 Sample Preparation 

A 2 mm long muscle was dissected and prepared in the same way as described in Chapters 3 

and 4. The muscle was mounted in the Cardiac Myometer and stimulated at 2 Hz until the force 

trace was stable. After the muscle was stable, it was stretched to optimal length – that which 

produced the highest active force without a significant increase in passive force.    

5.3.2 Gated Scanning Procedure 

The muscle was imaged as overlapping sections as the field of view of the microscope was not 

large enough to capture the entire muscle at once. Similar to the OCT, it was possible to 

reconstruct the contraction across the entire muscle by stitching together separate sections – 

provided that the acquisition was triggered by the stimulus and the muscle was contracting in 

a stable manner throughout the imaging duration (validated in Chapter 4).  Each section was 

imaged at a rate of 100 Hz for the duration of a contraction, triggered by the rising edge of the 

stimulus pulse. The sections were imaged in random order to reduce the chance of misleading 

artefacts caused by sequential acquisition from appearing in the reconstructed image. After 

each section had been imaged, the muscle was translated lengthwise by half the width of the 

field of view (i.e., 135 µm) to provide sufficient overlap for image stitching, while being held 

at fixed length (depicted in Figure 46).  This was repeated until all sections of the muscle, 

including part of the hooks, were imaged. 
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5.4. Image Processing 

The overall image processing pipeline is outlined in Figure 47. Several software programs were 

used in the pipeline as they each had their own strengths at handling different file formats.  

The images were acquired and saved in a proprietary National Instruments data format 

(TDMS). These were imported by a custom LabVIEW program and converted into PNG 

images. These PNGs were loaded into ImageJ for the purposes of correcting the contrast and 

subtracting the background. A MATLAB implementation of the sub-pixel registration 

algorithm was then used to find the frame-frame displacement field from the contrast-corrected, 

background-removed PNG images; these were then stitched, and multiplied by the frame-rate 

to form a velocity field of the entire muscle throughout contraction; finally, they were 

integrated to estimate the total displacement field.  The vectors were exported in VTK format 

in order to be imported into the software ParaView for visualisation. These sub-processes will 

be described in detail in the following subsections.   

 

Figure 46: Scanning sequence of sections, with overlapping fields of view for image stitching 
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5.4.1 Grid Alignment 

The DIC algorithm used in this study divided the image into sub-images, resulting in 

displacement estimates distributed on an equally spaced grid (20 pixel spacing in this case). It 

was necessary to ensure that the grids between each section imaged by the microscope were 

aligned so that estimates could be combined without the need for interpolation.  

The grid offset between each image was found using the image registration plugin built into 

the image processing package Fiji [89]. The grid origin at each section was adjusted to lie on 

an integer interval from the first reference image, as depicted in Figure 48.  

 

Figure 47: Overview of the image processing pipeline 
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5.4.2 Digital Image Correlation 

In this analysis, the displacement fields were found between consecutive frames, providing a 

Eulerian description of the velocity field. This approach was chosen over computing the 

displacement fields between the first frame and every other frame (the Lagrangian description) 

because the displacements after 10 frames were too large for the algorithm to track; the 

algorithm, as implemented, was limited to a maximum of about 30-pixel displacement, 

(equivalent to 8 µm). Additionally, the features would change or scale too significantly for the 

algorithm to track as it is designed for finding rigid displacements of sub-images.  

First, each frame in each section was divided into sub-images. The choice of sub-image size 

was a trade-off between the locality and the information content available for correlation. The 

sub-image size was selected by testing the algorithm against a subset of images from the 

trabecula, increasing the size of the sub-image by a power of two at each iteration (optimal for 

the Fourier transform), until the majority of the displacement estimates were valid. Invalid 

estimates were defined as those that showed zero displacement despite there being visual 

 

 

Figure 48: (top) The alignment of displacement grid before the offset was applied. (bottom) The 

alignment of the displacement grid after the offset was applied to the origin.   
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movement in the images. In this study, the sub-image size was selected as 128 pixel × 128 pixel 

(i.e. 35 µm × 35 µm) with a 20 pixel (5.44 µm) distance between the centre points of 

neighbouring sub-images (i.e. 108 pixels or 29.53 µm overlap).  

The sub-pixel image registration algorithm was then applied to each sub-image to measure its 

rigid translational displacement between each frame. This provides ~2600 displacement 

estimates in each section; the entire muscle comprises of 12 sections. The development and 

performance of this algorithm was the work of HajiRassouliha et al., to which the reader is 

referred for details [117]. 

At each sub-image, a confidence value was also assigned to the displacement estimate. This 

allowed the results which had a low confidence to be removed from the total displacement 

field. However, there were some instances where the confidence in the estimate was high, but 

the result could not be trusted due to poor contrast. For instance, a blurred region of moving 

tissue would be computed to have zero displacement with a high confidence value. To prevent 

those results from affecting the total displacement field, the standard deviation of the sub-image 

gradient was computed as a measure of local contrast. These two metrics were combined to 

form the basis for removing erroneous estimates, as described later in 5.4.4 .  

The entire process was repeated for each of the 12 sections acquired from the trabecula. 

5.4.3 Image Stitching 

The reason for stitching the images only after performing DIC is that the boundaries between 

images can cause artefacts in the frame-frame displacement measurement. Even if the material 

points are perfectly registered and aligned, differences in contrast can affect the algorithm.  

The frame-frame estimates from all sections at every time point were spatially aligned using 

the previously calculated offsets (5.4.1). Due to the overlap in the acquired images, there were 

points with two estimates from two regions. The point with the highest confidence was selected 

as opposed to using a weighted approach, because the confidence metric correlates with the 

magnitude of error; therefore, weighting the estimates would sum the error rather than reduce 

it.   

This resulted in a frame-frame displacement map of the entire trabeculae, which is essentially 

the velocity field at each frame. The confidence and contrast metrics are contained in each 

estimate.  
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5.4.4 Removing Erroneous Estimates  

In this step, the grayscale images of the trabecula in its resting state were stitched using the 

same stitching parameters found in section 5.4.1. The regions containing trabecula in the image 

were segmented manually to provide a binary mask. This allowed immediate removal of 

displacement estimates that did not correspond to tissue regions.    

The main indicator for erroneous measurements was the measure of contrast, which correlates 

to the strength of features used by the algorithm to track the displacement of sub-images. Low 

contrast images would not contain enough information and therefore would cause an erroneous 

measurement that was less than 1 pixel even if the actual displacement was more. Two 

thresholds were applied to the contrast in order to maximise the number of successful estimates: 

The first of which had the primary purpose of removing out of focus features. This was found 

by selecting regions that were out of focus, finding the average contrast, and setting the 

threshold to be 20% above this value. However, there were some features which were above 

this threshold value that would provide invalid estimates (defined by a near-zero displacement 

result despite movement in the region). Therefore, a second, more strict threshold, was used to 

remove the remaining invalid estimates. This estimate was found by increasing the threshold 

until all invalid estimates were removed. Consequently, many valid estimates were also 

removed by the second threshold. Therefore, this threshold was only applied to values that had 

displacements less than 1 pixel, which is one of the signs of a failed estimate. This ensures that 

displacements near zero were only trusted when the region was of high contrast. This contrast 

threshold will be further discussed in Chapter 6 when the OCT imaging is used to extract the 

thickness of the tissue at various regions, which from observation has a large effect on contrast.  

5.4.5 Tracking Material Points 

In order to find the displacements of material points during contraction relative to their initial 

position, the Eulerian velocity field was converted into a Lagrangian time series (which 

describes the movement of material points over time) through direct numerical integration 

[118].  

Equally spaced points were seeded within the binary mask created in the previous section. 

These defined the initial positions of the material points that were tracked over time. The 

equation of motion of the particle can be given as (1), where 𝒙+(𝑿, 𝑡) and 𝒖+(𝑿, 𝑡) denote the 

Langrangian position and velocity of the material point originating at position 𝑿 at time 𝑡 = 0. 
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 𝜕𝒙+(𝑿, 𝑡)

𝜕𝑡
= 𝒖+(𝑿, 𝑡) 

(1) 

At any given time, the material points experienced an instantaneous velocity in the Eulerian 

velocity field, given by 𝒖(𝒙, 𝑡), where 𝒙 is the position in the imaging space. The relationship 

between the Lagrangian velocity 𝒖+(𝑿, 𝑡) and Eulerian velocity 𝒖(𝒙, 𝑡) is given by (2): 

 𝒖+(𝑿, 𝑡) = 𝒖(𝒙+(𝑿, 𝑡), 𝑡) (2) 

At each time step, the material point was displaced by the instantaneous velocity as defined by 

(3). Note that the initial position 𝑿 in the Langrangian function has been omitted for clarity.  

 𝒙+(𝑡𝑛+1) = 𝒙+(𝑡𝑛) + ∆𝑡𝒖+(𝑡𝑛) (3) 

This process is effectively numerical integration, where errors accumulate at each time step. 

Therefore, the total position error in each material point increased with time.  

To reduce this error, the integration was performed twice. Firstly, the integration was 

performed from the beginning to end of contraction. This provided low-error estimates of 

position near the beginning of contraction and higher error estimates at the end. Secondly, the 

integration was run in reverse starting from the end of contraction, providing low-error 

estimates near the end of contraction and higher error estimates near the beginning. By 

combining the two sets of estimates, a more accurate set of position estimates can be found.  

The results of each integration were combined through a weighting factor that favoured the 

position estimate with the least integration error - that which had the least cumulative 

displacement. The weight 𝒘𝒏 at each time step 𝑡𝑖 was correlated to the size of the error based 

on the sum of all Langrangian velocities, given by (4).  

 
𝒘𝒏 = ∑|𝒖+(𝑡𝑖)|

𝒏

𝒊=𝟎

 
(4) 

The weighted estimate of the position 𝒙+(𝑡𝑛)  can then be defined by (5), where the superscript 

𝑓 denotes the position or weight for the forward estimate and 𝑟 denotes those for the reverse.   

 
𝒙+(𝑡𝑛) =

𝒘𝒏
𝒇

∗ 𝒙+𝒇 + 𝒘𝒏
𝒓 ∗ 𝒙+𝒓

𝒘𝒏
𝒇

+ 𝒘𝒏
𝒓

 
(5) 

For this method to be valid, the positions of the particles at the end of contraction must be 

known. For a healthy trabecula, the material points at the end of contraction were assumed to 

have returned to their initial positions. This assumption was tested by performing DIC between 
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the first and last frames in a single contraction. In doing so, the average displacement-

magnitude of all material points was found to be negligible (7.4 nm). 

5.4.6 Strain 

The strain field can be approximated from the deformation field gradient  𝑭 , which is the 

derivative of each component of the deformed vector 𝒙+ with respect to the initial state 𝑿. 

Therefore, the strain field over time was computed from (6).  

 
𝑭(𝑿, 𝑡) =

𝜕𝒙+(𝑡)

𝜕𝑿
 

(6) 

This estimate of strain was inherently noisy due to the differentiation operation, which 

amplifies any noise in the position estimate. The noise was reduced by smoothing the strain 

estimates in both space and time using an unsupervised, discretized spline smoother [119], 

[120].  

5.4.7 Planar Movement 

In Chapters 3 and 4, the cross-sectional areas were estimated using the OCT in slices. One of 

the problems stated previously was that the change in area could not correctly be calculated 

due to movement of tissue. With the displacement field obtained in using DIC, it is now 

possible to estimate the movement of each slice. 

The displacements of the material points were collapsed into a single dimension by averaging 

the displacement of columns of the material points. This provided an averaged estimate of the 

x-displacements along the length of the muscle  as a function of time. These estimates will be 

used to track the displacement of cross sections imaged by the OCT in Chapter 6.  

5.5. Results 

5.5.1 Force of Contraction 

The force generated by the muscle is shown in Figure 49. The muscle developed a maximum 

force of 210 µN at 0.09 s from the start of the stimulus pulse.  
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5.5.2 Visualisation of Displacement 

The uppermost panel in Figure 50 shows the muscle in diastole (t = 0.00 s), with all the tracked 

material points marked on the muscle. The missing points in the region of tissue at the left of 

the muscle correspond to those removed using the contrast threshold defined in section 5.4.4. 

In this case, the region of missing points is out of focus. At the lowermost panel of Figure 50 

are two images of the muscle at peak force (t = 0.09 s). The material points are rendered in 

colour to correspond to the displacement in the x and y directions separately. A video of the 

entire sequence can be accessed online through the link in [121]. 

From the map of x-displacement, there is clear evidence of the tissue at either end of the muscle 

moving towards the centre. This validates the hypothesis in Chapter 5 when the volume was 

observed to increase during an isotonic contraction. There is a region near the centre that had 

a negligible translation in the x-direction.  

The map of y-displacement shows that all parts of the muscle translated upwards by a maximum 

of 45 pixels (12.3 µm). This could be due to the way the tissue was mounted in the hooks. 

Another reason could be that the muscle was slightly buckled prior to contraction, and 

straightened upon contraction. 

 

Figure 49: The force measured by the transducer during an isometric twitch at optimal length.   
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5.5.3 Trajectories 

Figure 51 displays the trajectory of a single material point, located in the image at the top. It 

appears that at the start of the contraction, this point translates vertically by 8 µm, before 

translating horizontally by 40 µm. At the end of the contraction, the material point returns to 

its initial location. The positive (upwards) displacement in the y-direction occurs purely during 

 

Figure 50: A visualisation of the displacement of the material points at two instants in time. The 

uppermost panel shows the material points at rest (t = 0.00 s), and the lowermost panel shows them at 

peak force (t = 0.09 s). The material points in the lowermost panel are coloured with the x and y 

components of displacement separately. White corresponds to zero displacement in all panels. A video 

of the entire sequence can be accessed online through the link in [121] .  
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contraction (0.0 s ≤ t < 0.09 s), which suggests that it is due to the reduction in slack as the 

muscle tightens.  

Another interesting phenomenon is that up until the peak of a contraction, this material point 

translates very little in the x-direction. This period corresponds to the region of low 

displacement in the x-direction in Figure 50. The majority of the x-displacement occurs after 

peak force, and during relaxation. This suggests that the entire muscle did not relax at the same 

time – the left side relaxed first, allowing a positive x-displacement (0.1 s ≤ t < 0.2 s), then, the 

right side relaxed shortly after (0.2 s ≤ t < 0.35 s).   

Calculating the average displacement across all displacement estimates from the muscle yields 

the plot in Figure 52. It appears that the average is not zero, implying an average shift of the 

entire region of material points towards the right by 27 µm and towards to top by 8 µm. This 

suggests that more tissue translated towards the centre from the left hook than the right, 

suggesting higher compliance or slippage at the left end. This was likely due to the mass of 

ventricular tissue which contained few or no contracting elements.   
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Figure 51: The displacement of a single point on the muscle over time, at the position on the muscle 

shown at the top. The arrow shows the direction of travel in the loop, from the initial location (0,0) 

Consecutive points on the plot are spaced 0.01 s apart. The time point at which peak force occurs 

(t = 0.09 s) is circled in red. 
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5.5.4 Planar Movement Over Length 

Averaging the x-displacements across each cross section, and plotting these along the length of 

the muscle yields the plot in Figure 53. It shows the trajectory of evenly spaced slices across 

the length of the muscle over time. It appears that the ends of the muscle do not reach peak 

 

 

Figure 52: The average displacement of all material points on the muscle over time. Consecutive 

points on the plot are spaced 0.01 s apart. The time point at which peak force occurs is circled in red. 
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displacement at the same point in time, further suggesting a difference relaxation times of 

sarcomeres across the muscle.  

 

5.5.5 Strain in x and y 

The visualisation in Figure 54 shows the local x and y components of strain as a function of 

each material point, during peak force (t = 0.09 s) and near the end of relaxation (t = 0.20 s). A 

video of the entire sequence can be accessed online through the link in [121]. 

 

Figure 53: Average x-displacement along the length of the muscle over time.   
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Figure 54: A visualisation of the x and y components of strain at two different time points. The 

uppermost panel shows the strain at peak contraction (t = 0.09 s) and the lowermost panel shows the 

strain near the end of relaxation (t = 0.20 s). A video of the entire sequence can be accessed online 

through the link in [121] . 
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At peak force (t = 0.09 s), the region of uniform tissue near the centre of the muscle was in 

compression, with an average compression of 12 %. The uniformity of strain indicates that it 

contained a uniform distribution of active sarcomeres. At the very far left, next to the hook, 

there were signs of extension. This suggests that this region of muscle contained few or no 

contracting sarcomeres, either due to the natural composition of the tissue or damage during 

mounting.   

Near the end of relaxation (t = 0.20 s), the left half of the muscle was in extension and the right 

half was in compression. This behaviour supports the hypothesis posed in the previous section, 

where the left end of the muscle was proposed to have relaxed prior to the right.  

5.5.6 Time Traces 

Figure 55 displays the local strain of a single material point. This is the same material point as 

the one analysed earlier for displacement. It appears that strain does not peak when the force 

of contraction peaks, again indicating non-uniformity in contraction. If sarcomere length was 

indeed correlated with strain, it would be expected that the sarcomere length plot would look 

very similar. This will be verified in Chapter 6.  

Figure 56 shows a similar trace except that all the strains in the x-direction were averaged 

together. In contrast to the strain at a single point, the average strain across the muscle matched 

the shape of the force curve much more closely. The time of peak strain (t = 0.11 s) was closer 

to that of the peak force (t = 0.09 s). However, the average strain was not zero, and of a negative 

value, which means more tissue was in compression than extension. This further suggests that 

tissue was pulled into the field of view.   
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Figure 55: The strain in x at a single point on the muscle over time, at the position on the muscle 

shown above the plot.  

 

Figure 56: The average displacement of all material points in the region over time, defined in the 

image shown above the plot. Consecutive points on the plot are spaced 0.01 s apart.  



Tracking Tissue Movement 

 92 

5.6. Discussion 

5.6.1 Non-Uniformity in Contraction  

The strain data in Figure 54 shows that during the peak of contraction (t = 0.09 s), there was a 

region of tissue near the left hook that did not contract, and instead elongated. This suggests 

that the region did not have actively contracting sarcomeres, either due to a lack of sarcomeres 

or damage during the mounting region which is more likely the case. This can be tested by 

fixing the muscle and performing histology to determine the tissue composition in that region. 

If contractile elements exist, then it is likely that these were damaged during mounting.  

The main non-uniformity in the muscle over the course of a contraction was observed during 

the relaxation stage (t > 0.09 s). At t = 0.20 s in Figure 54, the right half of the muscle was in 

compression while the left was in extension. This gradient change in strain along the muscle 

appears to propagate from left to right during contraction, which indicates that the tissue does 

not return to its initial state simultaneously.  There could be a number of reasons for this, one 

of which could be the passive mechanical properties of the tissue. Surrounding the sarcomeres 

are connective tissue, which will influence the contraction mechanics of the whole sample. 

Alternatively, it could be due to the difference in the reuptake of calcium ions during a 

contraction cycle. This could be studied using a calcium imaging system, to measure the 

internal calcium concentration as a function of the location of the muscle. A study could be 

performed to investigate this phenomenon specifically on a range of tissue with varying 

geometries.  

5.6.2 Specimen Criteria 

The ability to track material points depends on the feature contrast of the image and the window 

size chosen during the image-correlation step. Images that are out of focus, or lack features, 

reduced the contrast and subsequently are harder to track. In the experiment, thicker parts of 

the tissue were observed to have reduced contrast as out-of-focus-planes blurred the signal 

from the in-focus plane. The relation between thickness and image contrast will be investigated 

in Chapter 6 with the help of OCT volume images.  

5.6.3 Relation to Sarcomere Length  

Muscle contraction is the result of the sarcomeres shortening. Thus, it is expected that any 

localised compressive strain would correspond to a local decrease in sarcomere length. For this 
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reason, the strain map is also expected to correlate both spatially and temporally to the 

sarcomere length map, which the transmission microscope system in the Cardiac Myometer 

can measure.  The correlation between the two will be explored in the next chapter.  

The collection of displacement data demonstrated in this chapter can further benefit the study 

of sarcomere length distribution. Anderson had previously reported the ability to map 

sarcomere lengths across the muscle [122]. However, it was not possible to at that stage to 

determine the change in sarcomere length, as sarcomeres can translate during the course of 

contraction. By combining the displacement data with the estimation of sarcomere length over 

the muscle, the change in sarcomere length tracked to material points can be calculated. This 

again will be explored in the next chapter.  

5.6.4 Other Applications for the Data  

Across many research groups, measurements have been conducted on trabeculae that require 

the region of tissue imaged to be stationary.  Some of these research groups use strict criteria 

for muscle selection, and any significant amount of lateral or longitudinal translation during 

contraction, or general non-uniformity, would be discarded [123]. Others [36] required a large 

field of illumination during calcium imaging to minimise the calcium-independent changes in 

fluorescent signal associated with the movement of the preparation, which would limit the 

localisation of the measurement. Generally, the assumption is made that the central region of 

the muscle contracts uniformly [21], [124], and thus most measurements are limited to the 

central region of the muscle.  

Having the displacement field available increases the overall yield of muscles as it reduces the 

number of muscles that have to be discarded due to large tissue motion. It also removes the 

limitation of having to image the central region, as muscle translation can be compensated.  

Therefore, the methods described in this chapter have the potential to be applied to many more 

applications beyond correcting estimates of change in cross-sectional area and sarcomere 

length.  

5.7. Conclusions 

This is the first time that high-resolution spatial and temporal measurements of strain and 

displacement have been made on trabecula using direct imaging, using only the intrinsic 

features of the muscle. To achieve this, a unique processing pipeline had been developed which 
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solves some of the many challenges of performing direct image correlation on contracting 

trabecula, namely: 

 The limited field of view of the microscope  

 Variation in contrast of natural features along the muscle and subsequently selecting 

estimates of high confidence 

 Integration error when deriving the displacement field from the velocity field 

Furthermore, this study confirmed that “isometric” contractions do not necessarily imply 

uniform strain across the muscle, with the data showing a clear variation in strain during 

contraction and relaxation.  

The estimated displacement fields allow the OCT images to be interpreted better, as it is now 

possible to track the average in-plane movement of cross-sections along the muscle at any point 

in the contraction. This ability will be used in the next chapter which describes an all-inclusive 

experiment that combines all the measurements described from Chapters 3 to 5 on a single 

muscle.  

Knowledge of the movement of tissue will also improve the yield of other position dependent 

measurements such as calcium or sarcomere length. With the displacement data, these 

measurements will no longer be constrained to muscles that exhibit minimal lateral 

displacement, or to the central region of the muscle, which was previously thought to be the 

only reliable part of the muscle from which to make these measurements. 

  



Combining Measurement Modalities 

95 

Chapter 6. Combining Measurement Modalities 

6.1. Introduction 

The previous chapters demonstrated the use of OCT and transmission microscopy to 

characterise the volume and tissue motion of contracting trabeculae. These measurements alone 

expanded the range of mechanical studies that could be performed on trabeculae. The 

volumetric data enabled the creation of finite element models that were fitted to experimental 

data (by another research group), and the displacement fields allowed the study of localised 

mechanical properties along the tissue. However, these measurements could become even more 

powerful when performed on the same specimen and combined with each other. Additionally, 

they could be used to normalise other measurements such as heat rate. To achieve this, all data 

must be collected from the same specimen, without disturbing the sample between 

measurements, and while avoiding “cross-talk” between the various measurement modalities. 

It was previously shown that trabeculae could survive for many hours in the experimental 

chamber [125]. This allows enough time to perform OCT, transmission microscopy, and heat 

measurements on a muscle, as each modality only takes at most several minutes to complete. 

Additionally, each measurement device has already been integrated into the system in a way 

that allows them to be operated among other measurement systems without the need to 

reconfigure the system. The remaining challenge is to synchronise the measurements while 

avoiding potential signal interference, which is discussed in this chapter. 

To demonstrate the ability to collect these data from a single muscle and synchronise them, an 

experiment on a trabecula from a healthy rat was performed. Measurements were conducted of 

tension, volume, sarcomere length, strain and heat. This was the first time heat measurements 

were made on a muscle mounted in a device incorporating an OCT and microscope, so the heat 

rate measurement system was re-characterised and re-calibrated prior to the experiment. 

The collected data provided the means for calculating active force, geometry, displacement 

field, strain, sarcomere length and heat rate. The geometric data were used to normalise both 

the heat rate and active force into twitch heat and stress along the length of the muscle, 

respectively. Furthermore, the displacement field was used to track the movement of tissue 

regions and find the change in cross-sectional area and sarcomere length along the length of 

the muscle. The relationship between all the measurements is summarised in Figure 57.  
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The collected data also provided the means to investigate several hypotheses formulated in 

previous chapters. Firstly, the change in volume during an isometric contraction observed in 

Chapter 4 was attributed to the movement of tissue into the field of view of the OCT. This 

could be now investigated by comparing the change in volume to the displacement at the ends 

of the trabecula where they insert into the hooks. Secondly, there was an observed degradation 

in image contrast as the thickness of the tissue increased, which affected the ability to extract 

sarcomere length and displacement fields in those regions. The thickness data captured by the 

OCT could be correlated to the image contrast, allowing for a relationship between muscle 

thickness and image contrast to be found. 

 

6.2. Hardware Integration   

The optical path of the OCT was orthogonal to that of the transmission microscope. As shown 

in Figure 58 and Figure 59, the OCT beam entered the bath from the front. The microscope 

condenser optics were located above the bath, and the red-coloured illuminating light entered 

the muscle bath from the top window. The microscope objective was located underneath the 

bath and collected the light transmitted through the muscle. The structure around the objective 

was insulated with 2 mm thick foil foam (foam covered in a layer of foil) to reduce convection 

currents because they affect heat measurement.  

 

Figure 57: An illustration of the relationships between each measurement made on the trabecula. 



Combining Measurement Modalities 

97 

 

 

The main challenge in combining these measurements was integrating the microscope and 

OCT imaging systems with the flow-through calorimetry system. The heat measurements 

imposed an additional requirement of needing to maintain very high thermal stability within 

the measurement chamber during the measurement of heat. Accordingly, during heat 

measurements, a copper block lined with foil foam was placed atop the muscle bath (Figure 

 

Figure 58: The positioning of the OCT and microscope condenser in relation to the muscle bath.  

 

Figure 59: Rendered image of the thermopiles in relation to the OCT beam path and microscope 

illumination. 

Microscope Illumination 
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60). This increased the total thermal mass and reduced the thermal gradients across the block, 

ensuring the reference temperatures of the two thermopiles were almost the same.  The block 

also reduced air currents which could otherwise inject temperature fluctuations and thus 

significantly decrease the signal to noise ratio. The block incorporated inlets and outlets to 

accommodate the optical paths of the microscope and OCT imaging systems. In addition, a 

glass coverslip was placed over the microscope inlet to further reduce the effect of air currents.  

 

6.3. Interference Among Measurement Modalities 

6.3.1 OCT and Microscope 

Both the OCT and microscope used active optical sources to illuminate the specimen. The OCT 

used a 5 mW superluminescent diode (SLD) (Broadlighter D-840, Superlum) with a centre 

wavelength of 840 nm and a spectral width of 90 nm. The maximum power that could reach 

the sample is 2.5 mW, due to the 50/50 fibre coupler used in the optical path. The microscope 

condenser used a halogen light source (V2-A LL 12V100W), low-pass filtered at 600 nm. The 

filter train after the objective lens allowed wavelengths in the range of 640 nm to 800 nm to 

pass through to the CMOS sensor.  

 

Figure 60: The insulated copper block that covers the top of the muscle bath when heat measurements 

are performed. 
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The OCT can be affected only by light that is coherent with the reference signal, which would 

create an interference pattern. Thus, the light from the condenser did not affect the OCT 

imaging process. However, the SLD of the OCT does contain wavelengths that can pass 

through to the CMOS sensor, which would appear in the microscope camera image. This 

provides both an advantage and a disadvantage. The advantage is that the position of the OCT 

laser can be aligned with the microscope through the camera image. The main disadvantage is 

that the two imaging systems cannot image the same cross section simultaneously unless the 

two imaging modalities were operated alternately. An optical notch filter could be installed in 

the optical path to remove the OCT source wavelengths from the image that forms on the 

CMOS camera. However, this would significantly reduce the overall sensitivity of the CMOS 

camera as power from the condenser would also be reduced. If there is a need for future 

protocols, the time coordinated imaging technique could be implemented with minor 

adjustments to the software.  

6.3.2 Heat Rate 

The heat-rate measurement system was most sensitive to noise because there were many ways 

that the thermal fluctuations in the environment and variations in the power output of active 

optical devices, could couple into the signal. Firstly, the additional inlets required for the 

operation of the OCT and microscope could increase the thermal coupling between the 

environment and measurement chamber, which would decrease the signal to noise ratio. This 

effect was reduced by the use of glass coverslips at the entrance of these inlets, which helped 

to still the air inside.  

A more significant issue was the potential effect of the OCT laser and condenser illumination 

on the heat signal. Neither the microscope illumination nor the OCT beam strikes the 

thermopiles directly, so there is little possibility of direct interference. However, since the 

microscope condenser and the OCT laser beams are partially absorbed by the muscle, there 

remains the possibility of heating occurring within the muscle tissue during illumination.  

Quantifying noise  

The noise of the heat measurement system was quantified by conducting a series of 

experiments. Firstly, the baseline electrical noise was found by shorting the amplifier terminals, 

providing a benchmark measurement of the thermal noise injected into the system. The system 

was then set up in the arrangement required during a standard trabecula experiment, but with a 

resistor in place of the muscle. Oxygenated Tyrode’s solution was gravity-fed through the 
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system at a rate of 0.5 μL/s. The curtain around the instrument was closed and left to settle for 

half an hour. The machine was remotely accessed, and the voltage signals from the two 

thermopiles were sampled at a rate of 50 kHz over a period of 30 minutes. A 2nd order low-

pass Butterworth filter with a cut-off frequency of 10 Hz was used to filter the difference 

between the two signals before calculating the spectral density function, as this was the same 

filter used during measurements. The integral of the power spectral density was computed 

between 0.1 Hz and 4.95 Hz, providing an estimate of the noise power, and hence the RMS 

noise voltage.  

The baseline noise (with the amplifier short-circuited) was 1.2 nV. The RMS noise during the 

standard experiment arrangement was 25.3 nV. In comparison, a muscle would typically 

produce a change in the order of ~1 µW, equating to a thermopile voltage difference of 

~320 nV (assuming a sensitivity of 320 mV/W).  

Quantifying interferences among measurements 

To quantify the effect that the OCT laser and microscope light sources had on the heat 

measurement, the heat signal was measured while each of these sources was active. A muscle 

was mounted in the measurement chamber, and the superluminescent diode of the OCT was 

switched on, illuminating a single area of the muscle. This resulted in a 32 μW increase in the 

measured heat rate, as shown in Figure 61 (a). Next, a triangular wave was sent to the 

galvanometer which scanned the beam in a single axis, creating a repeating B-Scan. This 

resulted in a 169 μW steady state increase in heat-rate. Finally, the galvanometer was swept in 

the second axis, in addition to the first, to measure the full 3D volume. Unlike previous 

situations where the heat-rate signal increased to a steady state, the slower scan rate in the 

second axis resulted in a periodic change in heat-rate with an amplitude of 250 μW (Figure 61 

(b)).  

This procedure was also carried out for the microscope. Switching on the microscope light 

source resulted in a 60 μW increase in heat rate. The heat injected was constant so muscle 

measurement could still be made while the illumination was on, as shown in Figure 61 (c).  
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Figure 61: (a) The heat-rate responses when the OCT light strikes a single point on the muscle and 

when a B-scan is continuously acquired. (b) The response when the OCT performs a full scan of the 

volume. (c) The response when the microscope illumination is on. 
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Implications 

Neither the OCT nor the microscope injected enough heat to saturate the heat measurement 

system, so heat could be measured while the microscope or OCT was imaging a single area or 

cross section. However, there are challenges in measuring heat while imaging the entire 

muscle. Imaging the entire trabecula under the microscope requires translating the muscle 

along the bath, which changes not only the volume of muscle illuminated by the condenser but 

also the sensitivity of the heat measurement system, which is dependent on muscle position. 

Imaging the entire muscle with the OCT requires the light from the SLD to be swept across the 

length of the muscle, which was shown in the previous section to cause large fluctuations in 

heat-rate measurement.  

Yet these limitations did not hinder the collection of volume and microscope images together 

with heat-rate, from the same muscle, as these measurements could be made sequentially. 

Previous results have shown that the muscle can survive for several hours while mounted in 

the device, which is much more time than needed to make all the measurements. Furthermore, 

the measurement of heat-rate is inherently limited to low-frequency thermal events, where the 

measured heat rate may represent the liberation of heat over many twitches. 

6.4. Heat Sensor Calibration 

Before using the heat measurement system to perform measurements on muscle, it must be 

calibrated to find its overall sensitivity. 

6.4.1 Method 

The heat measurement system was calibrated using a precision resistor as a heat source (0403, 

1 kΩ) soldered to two flexible polyimide circuit board strips (0.1 mm track width, 9 μm thick), 

threaded through a round glass capillary (0.7 mm outer diameter). The resistor was coated with 

‘marine’ grade varnish to insulate the electrical traces. The resistor assembly, shown in Figure 

62, was inserted into the measurement chamber from the downstream end. Distilled water was 

gravity fed into the system and monitored by a flow sensor (Sensirion SLI-0430). A negligible 

difference was found in the thermal sensitivity calibration between using distilled water or 

experimental Tyrode’s solution [62]. 

The first calibration experiment measured the sensitivity as a function of the position of the 

heat source. The flow rate was kept constant to 0.5 μL/s, and 1 V was applied to the resistor, 

liberating 1 mW of power. Prior to applying power to the resistor, the baseline voltage was 
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recorded. The resistor was then translated from -0.5 mm to 2.5 mm away from the centre of the 

bath at a rate of 0.01 mm/s while measuring the voltages from each thermopile. This slow rate 

of translation ensured there was sufficient time for the heat to settle (thermal time constant of 

~6 s). The experiment was repeated while translating the resistor in the reverse direction to 

ensure there were no hysteresis effects. 

The second calibration experiment measured the sensitivity as a function of the flow rate. The 

resistor was kept at the centre of the bath while the flow rate was adjusted from 0.00 µL/s to 

0.83 µL/s in 0.083 µL/s increments. At each flow rate, 1 V was applied to the resistor then 

removed after the voltages settled, and the change in voltage at each thermopile was measured.  

 

6.4.2 Results 

The sensitivity of the calorimeter as a function of position and flow rate is shown Figure 63. It 

appears that placing the calibration resistor 1 mm from the centre and using a flow rate of 

0.4 μL/s provided optimal sensitivity.  

 

Figure 62: The calibration resistor, soldered to two strips of flexible polyimide PCBs and mounted 

within a round glass capillary.  
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6.5. Muscle Experiment  

The main goal of this experiment is to demonstrate the ability to perform force, length, volume, 

heat rate, sarcomere length, and displacement field measurements on a single trabecula using 

the Cardiac Myometer described in Chapter 2 in conjunction with the imaging techniques 

developed in Chapters 3 to 6. These measurements provide the necessary data for the 

calculation of derived parameters including twitch heat, stress, change in cross-sectional area, 

and stress. It will also enable the study of several hypotheses formulated in the previous 

chapters, such as: 

 the need for displacement of tissue regions to be tracked in order to correctly quantify the 

change in cross-sectional area (Chapters 3 and 4); 

 the change in volume during an isometric contraction being due to tissue from the mounting 

hooks being pulled towards the centre of the muscle (Chapter 4); 

 

Figure 63: The (a) flow rate and (b) position dependent sensitivities of the heat measurement system 

with the heater position at 0 mm or a flow rate of 0.5 µL/s, respectively.    
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 there is a correlation between muscle thickness and image contrast (Chapter 5); 

 there is a correlation between sarcomere length and strain (Chapter 5). 

The following sub-sections describes the experiment in more detail. 

6.5.1 Muscle Preparation 

The muscle was dissected and mounted using the same procedures as described in Chapters 3 

to 5. An image of this specimen mounted in the device is shown in Figure 64. The muscle was 

field-stimulated at a rate of 2 Hz using rectangular pulses with an amplitude of 10 V and pulse 

duration of 8 ms until the active force stabilised (approximately half an hour). Stimulus 

amplitude and duration were then decreased until just above the point of which there was only 

a marginal decrease in active force (typically 5 V, 5 ms), to minimise the amount of heat 

generated by the stimulator. The muscle was then stretched in 50 μm steps to optimal length – 

that which produced the highest active force with little increase in passive force.  Once at this 

length, the muscle was left to settle for half an hour while being stimulated at a rate of 1 Hz.  
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6.5.2 Optical Coherence Tomography 

The muscle was centred in the bath, and its entire volume was imaged at a rate of 200 B-Scans 

per second during a 1 Hz contraction, in accordance with the gated OCT imaging protocols 

described in Chapter 4.  

6.5.3 Transmission Microscopy  

Images of the muscle were recorded at a rate of 100 Hz using the transmission microscope 

while the muscle was contracting at 1 Hz in accordance with the gated microscope imaging 

protocols described in Chapter 5. While imaging, the muscle was translated across the 

microscope field of view in 150 μm increments, providing 46 % overlap between adjacent 

images.  

 

Figure 64: A microscope image of  the muscle mounted inside the solution chamber, with the hooks and 

thermopiles visible at both ends of the muscle.  



Combining Measurement Modalities 

107 

6.5.4 Heat Rate Measurement 

During the measurements of heat-rate, the insulated copper block was placed on top of the 

measurement chamber, and the system was left to settle for 45 minutes, while the muscle was 

contracting at 1 Hz. This allowed the temperature of the entire system to reach steady state. 

The centre of the muscle was also translated to a position 0.5 mm downstream from the centre 

of the bath to maximise the sensitivity in heat-rate measurement.  

The heat-rate was measured for stimulation frequencies 0.5 Hz, 1 Hz and 2 Hz. At each 

frequency, the field stimulator was switched on for 60 s and then switched off again, with 120 s 

intervals between each measurement. During this time, the thermopile voltages were recorded 

at a rate of 100 Hz.   

At the completion of the experiment, the muscle was removed, and the heat generated by the 

muscle stimulator (stimulus heat) was measured. This was done while mimicking the 

experimental conditions, and hook position during the heat measurements, but without the 

muscle present. 

6.5.5 Data Processing  

Volume 

The OCT images were segmented using the same image processing pipeline as section 3.6. 

This provided the muscle volume and cross-sectional areas along the length of the muscle. 

Active stress 

The active stress was found by normalising the force measured by the transducer to the average 

cross-sectional area calculated from the segmented images.  

Normalised heat  

The active heat rate (μW) was first normalised to the volume to find the volumetric heat rate 

(kW/m3). This was then further normalised to the stimulus rate to obtain the heat produced per 

twitch (kJ/m3). 

Displacement and strain fields 

The displacement field was calculated using the digital image correlation method described in 

Chapter 5. From the displacement field, the deformation gradient/strain was found, and its x-

component was extracted.  
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Sarcomere length 

In Chapter 5, the localised strain was hypothesised to be proportional to the local change in 

sarcomere length. To test this hypothesis, the sarcomere lengths over the area of the muscle 

were calculated from the transmission images shown in Figure 65. During the digital image 

correlation step, the image was divided into sub-images of 256 pixel × 256 pixel. The average 

sarcomere length for each sub-image was computed using a technique based on the 2D Fourier 

transform as follows.  

 

Firstly, a Hamming window was applied to the sub-image to reduce the high-frequency noise 

caused by the abrupt discontinuity at the edge of the image. A 2D Discrete Fourier Transform 

was applied to the windowed image to produce a complex frequency spectrum. The spectrum 

was transformed such that the DC term was centred, and the log of the magnitude was 

computed (Figure 66 (a)). A sum of the vertical bins +/- 20% from the DC term was computed, 

producing a plot that resembles Figure 66 (b). This increases the SNR by combining frequency 

information from other axes. The two peaks straddling the central maximum (DC term) arise 

from the periodic signal of the sarcomere pattern. Thus, finding the location of these peaks will 

provide the frequency of sarcomeres and hence sarcomere length.  

 

Figure 65: Zoomed-in image showing the visible sarcomeres in the transmission microscope images. 
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This technique to find the peaks was inspired by the calculation of the first order maximum in 

the laser diffraction system, as discussed in 2.3.7. A diffraction grating, like the muscle itself, 

has the effect of Fourier transforming the laser signal [126]. Summing the vertical bins is 

equivalent to the function of the cylindrical lens in the front of the line scan camera which 

focuses the diffraction pattern into a line. Thus the peak finding technique employed for 

computing the location of the first order peak in laser diffraction should also work for in this 

application.  

First, an exponential function was fitted to the data from the DC term to the end of the spectrum 

(Figure 66 (c)). An exponential function was chosen to approximate this drop-off as it models 

this portion of the curve well and the fitting process is computationally efficient. During this 

fitting process, the bins that corresponded to a sarcomere length outside the physiological range 

of 1.6 μm and 3.0 μm were excluded. The fitted exponential was then subtracted from the 

spectrum, resulting in a distribution similar to that shown in Figure 66 (d). Finally, a Gaussian 

function was fitted to this subset of data where the mean parameter corresponded to the 

estimated location of the peak. The width and height of this peak were used as confidence 

metrics to indicate the likelihood of an accurate sarcomere length estimate.  
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These resulted in a map of sarcomere length estimates throughout the muscle at every time 

point during contraction, along with the corresponding width and amplitude of each Gaussian 

function fitted. Some of the estimates would fail due to a lack of sarcomeres in the region, 

resulting in a low amplitude and large width. In some of these cases, an estimate would be 

returned that lies well outside the physiological range of cardiac tissue. These features were 

thus used to delimit valid and invalid results.  

The width and amplitude thresholds were found by running the algorithm on manually selected 

regions with and without visible sarcomeres. Regions containing sarcomeres would lie well 

within the defined range, whereas erroneous estimates would be well outside (for example, a 

negative amplitude or an amplitude 10 orders of magnitude higher). The sarcomere length 

range was selected based on the physiological range. This resulted in the following thresholds 

for this particular muscle. 

 Width: 2 – 10 bins 

 

Figure 66: (a) Colour plot showing the log magnitude of the 2D Fourier transform of the sub-image. 

The dotted lines indicate the subset summed. (b) The line profile after vertical summation of bins. (c) 

Exponential fit to the tail of the central maximum. (d) Gaussian fit to the first order peak.   
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 Amplitude: 30 - 300 

 Sarcomere Length Range: 1.5 μm to 3 μm 

The filtered estimates were then stitched together using the algorithm described in 5.4.3. Where 

there was overlap, the estimate with the largest amplitude was chosen, as this denoted higher 

certainty. Finally, an unsupervised, discretized spline smoother was used to smooth the 

estimates both in space and time. This was chosen over a conventional low-pass filter as it is 

more robust against noise and handles missing data points well, which occurs in these estimates 

at regions of low sarcomere visibility[119], [120]. 

Registration of OCT and microscope  

In order to compare the data between the OCT and microscope, the measurements must be 

transformed to lie in the same coordinate system. This was achieved by registering the two sets 

of data to find a transformation matrix which mapped one coordinate system to the other. 

Firstly, the OCT volume was projected onto the microscope imaging plane by summing the 

intensities of the raw voxels in the optical axis of the microscope. This created an image that 

resembled the microscope image since the transmission microscope images are essentially an 

inverse sum of tissue intensities; thick tissue regions scatter more light and appear brighter in 

the OCT, but block more light and appear darker in the transmission microscope. The edges of 

the hooks that were visible in both the microscope and OCT images were chosen as reference 

landmarks and the “fitgeotrans” function in MATLAB was implemented to calculate the affine 

transformation matrix. 

Change in cross-sectional area 

With the ability to calculate the movement of cross sections using the displacement fields and 

the alignment of the two coordinate systems, it is now possible to calculate the change in cross-

sectional area as a function of the cross-section’s initial position (Lagrangian description). 

Firstly, the position of evenly spaced planes distributed along the muscle was tracked during 

the course of a contraction, using the displacement field calculated previously. At each time 

point, a profile of the cross-sectional area as a function of length was obtained. At every plane, 

the cross-sectional area was found by interpolating the instantaneous profile of cross-sectional 

area over length. This generated the cross-sectional area, as a function of initial position and 

time. Finally, the change in cross-sectional area was computed from this function.  
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Contrast as a function of thickness 

It was previously observed in Chapter 5 that the thickness of the tissue in the imaging direction 

affected the local contrast in the microscope image. It is now possible to use the thickness 

calculated from the volume images acquired by the OCT to study the effect that thickness has 

on contrast. The thickness of the muscle in the plane of the microscope was calculated by 

summing the voxels in the segmented volume in the direction of the microscope imaging axis. 

Each thickness was then plotted against the standard deviation of the sub-image gradient at that 

point, a measure of local contrast.  

6.6. Results 

6.6.1 Geometry  

The volume data acquired by the OCT are shown in Figure 67. It appeared that there was a 

gradual increase in muscle thickness from left to right in the images. The orthogonal view 

showed the same trend happening in the opposite direction, suggesting the possibility of the 

muscle being twisted. This was confirmed upon inspecting the orientation of the cross sections; 

an ellipse was fit to each cross section along the muscle, and it appeared that the angle of the 

major axis gradually changed along the length of the muscle (Figure 68). The twist was also 

observed when the 3D volume of the muscle was inspected by rotating the view. A video 

showing the full contraction and a rotating view of the trabecula can be accessed online through 

the link in [127]. 

The volume of the muscle in the field of view over the course of a twitch is plotted in Figure 

69, which showed a 6.7 % increase during peak stress. As discussed in Chapter 4, this is likely 

to be due to muscle tissue sliding into the imaging region from behind the hooks.  
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Figure 67: Rendered volume of the intensities capture by the OCT. A video showing the full 

contraction and a rotating view of the trabecula can be accessed online through the link in [127] 

 

Figure 68: Angle of the major axis of the cross section as approximated by a series of ellipses fitted 

along the length of the muscle.   
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6.6.2 Stress 

The force, cross-sectional area, and stress are summarised in Figure 70. The muscle produced 

a peak force of 1.5 mN at 0.2 s, resulting in a maximum stress of 85 kPa. The stress was greatest 

near the centre of the muscle due to the low cross-sectional areas in the region. It appears that 

there was an increase in the average cross-sectional area along the entire muscle during the 

peak of the contraction, which corresponded to the increase in observed volume shown earlier. 

 

Figure 69: Volume of muscle in the field of view over time, showing a 6.7 % increase at peak force.  
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6.6.3 Heat 

The muscle heat rate was also measured from the muscle in this new device containing the 

OCT and microscope. The total heat rate measured by the thermopiles is shown in Figure 71 

(b), where it is plotted against the same time reference as the active force shown in Figure 71 

(a). The steady state value of the stimulus heat shown in Figure 71 (c) was subtracted from the 

steady state heat rate of the corresponding stimulus frequency to find the muscle heat rate. This 

was then normalised to the resting muscle volume of 4.20 × 10-11 m3 and stimulation 

frequency, producing the twitch heat summarised in Table 2. This was compared to the peak 

stress, normalised to the average cross-sectional area during peak force (2.71 × 10-8 m2), also 

 

Figure 70: The force, cross-sectional area and stress across the muscle during a single 

contraction.     
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shown in the same table. The resulting heat stress relation is consistent with that previously 

reported in [30].  

 

 

Figure 71: (a)-(b) Simultaneous heat rate and force plots of the muscle, stimulated at 1 Hz, 2 Hz, and 

3 Hz (left  right). (c) Corresponding stimulus heat measured at each frequency. Note that the time 

axes for (c) are not synchronised with (a) or (b).  
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6.6.4 Displacement and Strain 

A snapshot of the material points at time t = 0.2 s, where stress was maximum, is shown in 

Figure 72. The images are shaded with the x and y displacements from the corresponding 

resting positions. The missing estimates were due to that particular region having low contrast 

or confidence and were not tracked as a result of failing the threshold defined earlier. The 

results showed that the displacement was primarily in the x-axis, as the range of displacements 

in the x axis was an order of magnitude higher than that in y-axis. The centre of the muscle had 

close to zero displacement in the x-direction, while the ends had the largest, directed towards 

the centre of the muscle. This suggested a symmetrical distribution of cross-sectional areas and 

sarcomeres about the centre of the muscle.  

Table 2: The peak stress, stimulus and muscle heat rates, and twitch heat summarised for each of 

the stimulation frequencies.  

Frequency (Hz) 
Peak Active 

Stress (kPa) 

Stimulus Heat  

Rate (μW) 

Muscle Heat 

Rate (μW) 

Twitch Heat  

(kJ m-3 twitch-1) 

1 55.8 0.1530 0.4998 16.3 

2 63.2 0.4344 1.1924 19.5 

3 52.9 0.4303 1.6859 18.3 
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The average movement of cross sections over time is plotted in Figure 73. The locations of the 

hooks are also indicated in the plot. It is clear from this plot that tissue is being pulled from 

behind the hooks into the field of view of the OCT during contraction, thereby confirming the 

previous speculative explanation. The tissue at the left hook moves 78 μm while that at the 

right hook moves 33 μm towards the centre of the muscle.  

 

Figure 72: The x and y displacements of each material point at t = 0.20 s, when peak force occurs.  

Note that the range has been rescaled for clarity. The actual data range for X is -149.1 to 265.7 and Y 

is -13.3 to 6.5. A video of the entire sequence can be accessed online through the link in [127]. 
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The strain derived from the displacement field is shown in Figure 74. Again, this is shown for 

the instant in time when the stress was maximum. The material points are coloured with the 

strain in the x and y directions separately, as a percentage of the original separation to the 

neighbouring point. During systole, it appears that the majority of tissue at the centre of the 

muscle is in compression, indicating a possible decrease in sarcomere length. This observation 

corresponds to the displacement plot in Figure 72 which showed the tissue at both ends of the 

muscle moving towards the centre at systole. This muscle is also much more non-uniform in 

strain during systole compared to the muscle seen in Chapter 5.  

 

Figure 73: The average x-position of cross sections during a contraction.    
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6.6.5 Sarcomere Length  

The sarcomere length distribution at two instants in time is shown in Figure 75. The first is at 

the start of contraction (t = 0.00 s) and the second is at peak force/systole (t = 0.20 s). Both the 

smoothed and raw estimates are shown for comparison. The missing values in the raw estimates 

are regions that were outside of the threshold defined earlier to remove erroneous estimates. 

There was an increased number of missing estimates within the thicker regions, particularly 

during the peak of contraction. The loss of sarcomere visibility was likely due to thickening of 

the muscle during systole, which was seen in the cross-sectional area estimates from the OCT. 

The average sarcomere length across the entire muscle during rest was 2.34 µm while that 

during peak force was 2.21 µm, showing a decrease during systole. The sarcomere length was 

not uniform during rest (end of diastole). This could be due to the thinner regions of the tissue 

(near the middle) having higher compliance, thus having higher passive strain when stretched 

to optimal length. As a result, the sarcomeres would be stretched more. The sarcomere lengths 

across the entire muscle had a standard deviation of 0.059 µm, calculated from the raw data. 

This variation was even larger at systole, where the standard deviation was 0.082 µm.  

The change in sarcomere length at a single material point during contraction is plotted together 

with the strain in x in Figure 76. There is a clear decrease in both strain and sarcomere length 

during the peak of contraction. Not only do they follow a similar profile, but the percentage 

 

Figure 74: The x and y components of strain at t = 0.20 s, when peak force occurs. A video of the 

entire sequence can be accessed online through the link in [127] 
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change is also very similar. This gives an indication that the change in strain is indeed 

correlated with the change in sarcomere length. This is further supported in Figure 77 which 

shows the change in sarcomere length and change in strain across the entire muscle during 

systole. The regions of high and low change in sarcomere length/strain are present in both, and 

the magnitude of change is also very similar.  

 

 

Figure 75: The local sarcomere lengths along the muscle at t = 0.00 s (before stimulation) and t = 0.20 s 

(peak force). Both the raw and smoothed estimates are shown at each time instance. There is a slight 

decrease in number of estimates within the threshold at t = 0.20 s. 
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Figure 76: The strain in x plotted together with the change in sarcomere length for a single material 

point over the course of a contraction. The starting sarcomere length was 2.36 µm.  

 

Figure 77: The (top) change in strain in the x-direction compared to the (bottom) change in sarcomere 

length at peak force (t = 0.20 s). Both are expressed as a percentage change from the value at rest. 

They both follow very similar profiles, indicating the relationship between strain and sarcomere 

length.  
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6.6.6 Registration of OCT and Microscope Data 

The lowermost panel of Figure 78 shows the projection of the OCT volume in the direction of 

the microscope imaging axis. The image intensity has been inverted in the creation of this 

image because the microscope displays tissue transmission while the OCT displays tissue 

reflectance. Thicker regions of the tissue appear darker, as less light is transmitted, which can 

be seen in both the microscope image and the inverted projection of the OCT volume. The 

transformation matrix that resulted from the “fitgeotrans” function was used to map the 

coordinate system of the OCT data to the microscope data in the remaining analyses.  

 

6.6.7 Change in Cross-Sectional Area  

The change in cross-sectional area as a function of initial position and time across the muscle 

is shown in Figure 79 (b). The maximum change in cross-sectional area was found to be 12%, 

which occurred 0.13 s after peak force. This can be compared to the naïve approach of finding 

cross-sectional area shown in Figure 79 (a), which did not track the movement of the 

cross-sections, thereby implicitly assuming the tissue to be static. The naive approach caused 

an over-estimation of the change in cross-sectional area at the ends of the muscle, where 

maximum movement occurred (previously shown in Figure 73).  

Figure 79 (a) can be thought of as the Eulerian description of cross-sectional area whereas 

Figure 79 (b) can be thought of as the Lagrangian description.  

 

Figure 78: The transmission microscope image (top) and the projection of the OCT volume on the 

microscope imaging plane (below). These were used to calculate the transformation matrix needed to 

align the OCT and microscope data.     
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6.6.8 Contrast vs. Thickness 

Figure 80 plots the tissue thickness in the microscope imaging direction against the standard 

deviation of the sub-image gradient (a measure of contrast). It appears that the thickness limited 

the maximum contrast. However, the thickness was not the only determinant of contrast 

because some regions with low thickness also exhibited low contrast. This could be due to 

other factors such as the focus of the microscope.  

There appears to be a bimodal distribution, separated at a standard deviation of around ~1.6. 

The first cluster appears to contain low contrast estimates at all thicknesses. This suggests that 

 

Figure 79: (a) the change in cross-sectional area calculated using a naïve approach – where the areas 

were divided by the initial area at the same position in the instant in time. (b) the change in cross-

sectional area calculated using the average x-displacement along the length of the muscle to correct 

for the movement of cross sections in – thus showing the change with respect to the initial positions of 

the cross sections. 
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the cause of low-contrast in estimates with a standard deviation below ~1.6 was not limited to 

tissue thickness, but also poor imaging quality (e.g. focus) or simply a lack of optical features. 

The first threshold of 1.5 which was applied to all estimates would have removed this cluster 

(refer to 5.4.4 for how these thresholds were selected prior to having the thickness data).  

At a standard deviation of 1.8, which corresponds to the second threshold of 1.8, there was a 

sharp decline in the thickness of muscle. This suggests that beneath this threshold, there is a 

range of thicknesses which could result in an equal measure of standard deviation, which would 

then result in a mixture of valid and invalid measures of displacement; A displacement would 

be classified as invalid when there was a visible displacement in the region of tissue, but the 

displacement estimate indicated a near zero displacement. If a single threshold was used, many 

of the valid displacements would be removed in addition to the invalid estimates, reducing the 

yield of estimates overall. The reason why the second threshold worked well was that it 

delimited the valid and invalid estimates in this region with a second constraint – that the 

displacement has to be 1-pixel or above. This constraint provides a second indicator to the 

validity of the estimate as failed estimates would result in an estimated displacement of less 

than 1 pixel.  

In future experiments, this graph could be generated and be used to find the thresholds for any 

muscle.  

 

 

Figure 80: The thickness of the muscle in the direction of the microscope imaging axis plotted against 

the standard deviation of the image gradient (contrast), at a window size of 128 pixels. The two 

thresholds used to remove estimates are labelled.  
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6.7. Discussion 

6.7.1 Relationship between Sarcomere Length and Strain 

The results in section 6.6.5 show a correlation between sarcomere length and strain. This 

supports the hypothesis that the observed local strain is primarily due to the contraction or 

relaxation of sarcomeres, allowing us to estimate local strain from the sarcomere length map. 

Likewise, it is also possible to use the strain data to estimate the change in sarcomere length. 

The window size used to estimate the displacement field and, consequently the strain, is half 

of that used to estimate sarcomere length, providing higher spatial resolution in the estimate. 

Additionally, the estimates were observed to be less noisy compared to the sarcomere length 

map. However, it is still important to measure the initial sarcomere length as a reference, 

especially since there is a clear non-uniform distribution of sarcomere lengths at t = 0.0 s.  

However, the data are not without some disparities. The trace of sarcomere length over time in 

Figure 76 exhibited more variation than the strain map. One reason could be a noisier 

estimation process of sarcomere length. An integer increment in bin location, given the FFT 

window size (256) and approximate sarcomere length at optimal length (2.2 μm), results in a 

step change of 0.071 μm in sarcomere length. For comparison, the total change in sarcomere 

length during an isometric contraction is only 0.16 μm, which is little over twice this resolution. 

In practice, the sarcomere length detection algorithm interpolates between bins, relying on a 

curve fitting process to interpolate between bin locations – a method that varies in effectiveness 

with the quality of the data.  

Another potential reason for the disparity could be that fundamentally, the two algorithms may 

be tracking different features of the same image. Calculation of the strain uses the displacement 

field, calculated by tracking the movement of sub-images in the overall image. Any optical 

feature can be tracked, including connective tissue, with a bias towards features of higher 

contrast. By comparison, the sarcomere length algorithm is limited to periodic elements with a 

periodicity that lies within the range of physiological sarcomere lengths. There is a possibility 

that the features tracked by the displacement field algorithm lie in different planes, and could 

be exhibiting different behaviour as a consequence.  
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6.7.2 Cross-Calibration of Microscope and OCT  

The resolution of the OCT in the axial direction is dependent on the refractive index of the 

sample. So far, the refractive index of the sample has been estimated from previous studies 

found in the literature. However, the use of the microscope in conjunction to the OCT to find 

the refractive index of the sample could be investigated in the future. This approach could be 

effective because the axial direction of the OCT (which is affected by the refractive index of 

the media through which the laser light travels) lies on the imaging plane of the microscope. 

Therefore the microscope can be used to provide a second measure of the thickness of tissue 

the OCT travels through. The position of the focal volume in the transverse direction, which 

determines the lateral resolution, is controlled by the angle of the galvanometer and therefore 

is not affected by the refractive index changes. 

6.7.3 Movement of Tissue at Hooks 

It was previously speculated in Chapter 4 that the change in volume measured by the OCT 

during an isometric twitch was attributed to the extra tissue being ‘pulled’ into the field of view 

of the OCT from behind the hooks. With combined imaging, it was confirmed that the increase 

in volume was indeed due to this phenomenon and was quantified; the tissue at the left hook 

moved 4.7 % (of the distance between the hooks) towards the centre, and that at the right moved 

2.0 %, giving a total of 6.7 % more tissue being pulled into the field of view of the OCT. This 

corresponds very well with the 6.7 % increase in the volume measured by the OCT.  

6.7.4 Importance of Tracking Tissue Movement in Localised Parameters 

Localised parameters such as cross-sectional area and sarcomere length, rather than the 

imaging field, should be mapped to tissue location. Otherwise, it would be unclear whether 

changes in parameters are due to a local change in the tissue or a change of location due to 

tissue movement. The results in this chapter have demonstrated the ability to correlate 

cross-sectional area and sarcomere length with tissue location using DIC on the microscope 

images.  In the future, this approach could be applied to other localised measurements such as 

calcium concentration. By this means, one could have added confidence that changes in 

calcium concentration are not due to different regions of muscle moving in/out the imaging 

field of view.   
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6.7.5 Optimal Muscle dimensions for OCT, Microscope and Heat 

The plot in Figure 80 showed that thickness limited the maximum contrast, as measured by the 

standard deviation of the sub-image gradient. Therefore, thinner trabeculae have a larger 

percentage of high contrast areas and are thus more reliable for performing DIC measurements. 

The second threshold selected for this muscle, which removed most if not all visibly erroneous 

displacements in this experiment, corresponded to a muscle thickness of less than ~0.15 mm. 

Therefore, a muscle under 0.15 mm in thickness would contain a large proportion of estimates 

that would produce valid estimates.  

The heat and volume measurements have the opposite requirement. The larger the volume of 

the muscle, the higher the signal to noise ratio in the heat measurement since the noise is mainly 

due to thermal fluctuations in the measurement environment, and independent of the size of 

the muscle. It is also desirable for the ratio of muscle heat to stimulus heat to be as large as 

possible. The only upper-bound is the ability to mount the muscle in the hooks and fit the 

muscle in the measurement chamber, while allowing sufficient fluid flow to maintain a supply 

of oxygen that can diffuse to the centre of the muscle [128]. In the case of OCT, a large cross 

section is desirable as this reduces the relative error caused by the resolution of the OCT. 

However, the OCT has a muscle thickness limit of approximately 0.3 mm due to the decreasing 

SNR with imaging depth, as discovered in Chapter 3. 

Therefore, the ideal sample would be one that has an elliptical cross section, located in the 

hooks such that the thickness in the imaging direction is approximately 0.15 mm, and the width 

in the axial direction of the OCT is approximately 0.3 mm. Furthermore, a longer muscle would 

benefit heat measurements as there would be a larger volume of heat-producing tissue, without 

compromising microscope or OCT imaging.   

6.7.6 Effects on Other Measurements 

The Cardiac Myometer also includes an intracellular calcium measurement system, laser 

diffraction system for sarcomere length measurement, and probes for measuring oxygen 

saturation. In future studies, these may be used in conjunction with the OCT and microscope 

to collect these data from a single muscle sample.  

The oxygen probes will be affected by neither the OCT nor the microscope since the probes 

are at the upstream and downstream ends of the bath and are not exposed to active optical 
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sources from either imaging system. Little stray light would reach the probes, and an even 

smaller percentage would be within the wavelength range of the probes.  

The OCT will have little effect on the calcium imaging system even if they are performed 

simultaneously, as the filters in front of the photomultiplier block a large percentage of the total 

power in the wavelength range of the OCT. This is also true for the microscope, as the 

condenser light is high pass filtered to 630 nm, and therefore would not make it through to the 

photomultiplier.  

However, there are potential issues with performing laser diffraction measurements 

simultaneously with the microscope or OCT. The laser beam from the laser diffraction system 

would be seen in the microscope image as its wavelength falls within the range of the filters 

leading up to the CMOS camera. This could be remedied with an additional filter, at the 

expense of reduced sensitivity of the CMOS. Alternatively, a lower wavelength laser could be 

used. The microscope illumination would also affect the laser diffraction system unless an 

additional filter was installed in front of the line-scan camera used to detect the location of the 

diffraction peaks. The laser diffraction system would not affect the OCT as only focused 

sources coherent with the superluminescent diode would interfere and appear in the signal. 

However, it shares the same optical path of the OCT and cannot be used simultaneously without 

further modification to the device. Despite this limitation, laser diffraction can still be 

performed on the same muscle by “hot swapping” in the system using the rapid alignment 

system described in section 3.4. 

The laser diffraction system also presents a competing requirement for muscle dimensions, 

which affects the ability to measure multiple parameters of the same muscle whether or not 

simultaneously. Similar to imaging sarcomeres with a microscope, the laser passing through 

thicker tissue causes more scattering, and thus lowers the signal to noise ratio of the first order 

diffraction peak. In order to estimate sarcomere length from both the microscope and laser 

diffraction systems, the muscle must be thin in both dimensions. This then reduces the total 

heat rate of the muscle and cross-sectional area of the muscle, impacting both the heat 

measurement and volume measurement respectively. For now, it is preferred that the 

microscope imaging is used for sarcomere length measurement in conjunction with the OCT 

as it also provides the ability to extract the displacement field of the muscle during contraction 

and combined with the volume data, as this thesis advocates.   
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6.8. Conclusions 

The findings in this chapter have demonstrated the ability to combine volumetric imaging, 

digital image correlation, sarcomere length imaging, and heat rate measurement in the Cardiac 

Myometer. Most importantly, it was possible to perform all of these measurements from the 

same muscle without the need to relocate the sample between different devices. As a result, 

many new and interesting findings were discovered. Namely: 

 It was possible to measure heat rate alongside volume, providing the ability to normalise 

the heat output accurately; 

 the increase in volume during isometric contraction, first observed in the results of 

Chapter 4, was shown through digital image correlation to be attributed to the contracting 

elements pulling new tissue into the field of view of the OCT; 

 increasing muscle thickness in the optical axis of the microscope limited the local contrast 

of tissue. However, it was not the sole determiner of local contrast; 

 there was a clear difference in estimating the change in cross-sectional area with and 

without using the displacement field to estimate the movement of the cross sections. The 

change in cross-sectional area was overestimated when the movement, particularly at the 

ends of the muscle, was not taken into account; 

 the recommended criteria for microscope and OCT imaging on a single muscle are: 

 300 μm thick in the axis of the OCT to maximise volume accuracy; 

 150 μm thick in the axis of the microscope to maximise feature contrast. 

 there was a clear correlation between change in sarcomere length and change in strain, in 

both spatial distribution and over time; 

 the OCT revealed that the muscle was contorted by ~ 55° along its length - a condition that 

would confound the usual approach of estimating muscle volume from estimates of its 

major and minor axes of a constant elliptical cross-section.   

Interferences among the OCT, microscope, and heat measurement systems were characterised. 

It was found that the light sources used in the OCT and microscope condenser both increased 

by a constant amount the total heat rate liberated in the calorimeter, due to absorption of light, 

yet they did not saturate the signal. Furthermore, the data confirmed the possibility of 

measuring the muscle heat rate while the microscope condenser was active.  
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To date, this has been the most detailed characterisation of muscle geometry during contraction. 

The positions of a series of material points on the muscle were tracked, each containing 

localised estimates of displacement, strain, sarcomere length and thickness in a 2D plane, as 

well as the overall volume of the muscle. All of these data could be integrated into a finite 

element model of the trabeculae to improve predictions of the underlying mechanics of cardiac 

muscle. 

6.8.1 Publications 

The initial results from the use of OCT imaging to normalise heat rate measurements of muscle 

were published as a peer-reviewed conference proceeding and presented in lecture format at 

the 2016 38th Annual International Conference of the IEEE Engineering in Medicine and 

Biology Society (EMBC) [129]. However, this chapter reports results from a different 

experiment performed after the conference.  
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Chapter 7. Conclusions  

7.1. Thesis Summary 

The work in the previous chapters was conducted in the pursuit of a single goal: the ability to 

characterise the geometry of contracting trabecula, together with measurements of force, 

length, heat-output and sarcomere length.  Developing this capability would alleviate the 

problem related to the volumetric normalisation of heat and stress in isolated muscle 

measurements (Chapter 1). Additionally, it would allow physiologists to study the external and 

internal contraction mechanics of the muscle in greater detail than ever before.  

To achieve this goal, several new capabilities were added to the latest generation in-vitro 

muscle tester (the Cardiac Myometer), which was described in Chapter 2. The first was the 

ability to image the full volume of a resting muscle using OCT. This was achieved by 

integrating a spectral domain OCT into the Cardiac Myometer, as documented in Chapter 3. 

The ability to resolve the entire surface geometry of a quiescent trabecula without mechanically 

or chemically disturbing the specimen made it an ideal candidate for volumetric imaging in the 

Cardiac Myometer, shown in a preliminary study published in [87]. In addition, an image 

processing pipeline was developed to segment the muscle geometry from the acquired images 

and extract the total muscle volume, and the cross-sectional area along its length. This 

capability was tested on a quiescent trabecula passively stretched to different lengths, which 

returned the change in volume and cross-sectional area along the length of the muscle. The 

experimental results from this study were used by another cardiac modelling group at the 

Auckland Bioengineering Institute to refine the parameters of a finite element model of 

trabeculae.  

This volume imaging capability was extended in Chapter 4 to measure the dynamic shape of 

trabecula during contraction. The main challenge was that the OCT could not image the entire 

trabecula at a sufficiently high frame rate to capture the deformation of the entire volume during 

a single contraction. The challenge was solved by synchronising the movement of the OCT 

scanner with the stimulus signal over many twitches, a process known as gated imaging. This 

made it possible to acquire cross sections continuously during each contraction and reconstruct 

the volume of a single contraction. The technique was validated by confirming the repeatability 

of the imaged cross sections over 500 contractions. 
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A trabecula undergoing isometric contraction was imaged using the gated imaging technique 

and the 3D volume over time was successfully obtained. The study revealed a non-uniform 

distribution of active stress during a contraction, due to a non-uniform distribution of cross-

sectional area which changed over time. Additionally, there was an unexpected change in total 

volume, which was hypothesised to be due to tissue moving into the field of view from behind 

the hooks. The methods and results of this entire study were published as a peer-reviewed 

journal article in [62]. 

The apparent change in volume even during “isometric” contraction indicated the development 

of strain along the muscle during contraction, and thus tissue motion. In order to calculate the 

change in area of a material cross section of the muscle, it was necessary to quantify the 

movement of tissue. Unfortunately, the resolution of the OCT and noise in its images limited 

the ability to track features using standard correlation methods. This challenge was met by 

combining the volume data acquired from the OCT with microscope data which did have the 

resolution required to distinguish features. Chapter 5 described the use of digital image 

correlation (DIC) to extract, from the images obtained by a transmission microscope, the 

displacement of individual regions of muscle. The advantage of this technique was that no 

extrinsic markers were required to be added to the muscle. Due to the limited field of view of 

the microscope, a gated imaging principle similar to that used in Chapter 4 was applied to 

capture the muscle contracting in sections. An image processing pipeline, incorporating image 

stitching and a sub-pixel image registration, was developed to find the velocity field, 

displacement field and strain field throughout the trabecula.  

This method was successfully applied to images obtained from a trabecula undergoing 

isometric contraction, and yielded the displacement and strain of each material point. Non-

uniform strain was observed during systole; in particular, the tissue at the centre was observed 

to be in compression while the tissue at the end was elongated. There was also evidence of non-

uniformity in the relaxation of the sarcomeres, where a travelling wave-like relaxation pattern 

was seen. Finally, the muscle tissue at the ends being pulled in towards the centre of the muscle 

was quantified, providing the means to test the hypothesis in Chapter 4.  

To exploit the full potential of the OCT and strain field imaging techniques, these 

measurements were combined in Chapter 6 with other capabilities of the Cardiac Myometer: 

force, length, sarcomere length, and heat. The interferences among the imaging modalities were 

first identified. There was a steady state increase in the measured heat rate when the microscope 
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condenser or OCT light source were powered on. However, this was not an insurmountable 

problem, as these measurements could readily be performed sequentially. As a result, heat was 

normalised to a well-resolved estimate of muscle volume, which was one of the initial goals 

this work.  

The microscope data enabled the simultaneous measurement of sarcomere length and strain. A 

2D sarcomere length field was calculated over the entire muscle using a technique based on 

the 2D Fourier transform. Similar to calculating cross-sectional area, the change in local 

sarcomere length could now be calculated with knowledge of the displacement field. 

Subsequently, it was found that the strain map did indeed follow the shape and magnitude of 

the sarcomere-length-change map. This observation confirmed the hypothesis that change in 

local strain was correlated with local change in sarcomere length. This makes it possible to use 

the sarcomere length map as an estimation of strain, and conversely, the change in local strain 

to estimate the change in sarcomere length.  

The combination of OCT and microscope data yielded many more interesting results in the 

experiment. The hypothesis that the apparent increase in volume during isometric contraction 

was due to muscle being pulled from between the hooks was supported from the displacement 

and volume data. It transpired that the total percentage increase in volume matched the 

percentage shortening of the muscle at the ends. It was also possible to calculate the change in 

cross-sectional area since the movement of cross sections could explicitly be tracked. It was 

shown that calculating the change in cross-sectional area without accounting for the movement 

resulted in an overestimation of change in cross-sectional area at the ends, where there was 

greatest tissue movement. These results demonstrate the importance of having both 

measurement systems in place for a complete view of the muscle geometry during contraction. 

OCT data were also used to develop a criterion for muscle dimensions suitable for microscope 

imaging. It was observed earlier in Chapter 5 that there was a loss in contrast as the tissue 

thickness in the imaging direction increased, which limited the ability to track the motion of 

material points. A map of muscle thickness was determined using OCT, and plotted against the 

standard deviation of sub-image gradient, a measure of contrast. This resulted in a 

recommendation of the ideal specimen size being one with an elliptical cross-section where the 

thickness in the microscope imaging axis is ~0.15 mm and that in the OCT imaging axis is 

~0.30 mm. This criterion optimises contrast in the microscope images and retains a high degree 

of resolution in the volume measurement.   
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7.2. Summary of Novel Contributions 

In attaining the objective and aims of this thesis, the following novel contributions and 

methods have been developed: 

 acquisition and image processing techniques for imaging trabeculae using OCT; 

 a method for reconstructing the 4D volume of contracting trabecula using gated imaging; 

 application of digital image correlation to measure velocity, displacement and strain fields 

of contracting trabeculae; 

 a technique for combining volume and displacement data to obtain changes in muscle 

cross-sectional area over time; 

 a technique for combining distributed estimates of sarcomere length and displacement data 

to obtain change in sarcomere length over time; 

 correlation of sarcomere length to strain in the axial direction of the muscle;  

 demonstration of normalising muscle heat to volume acquired by the OCT; 

 determination of a criterion for optimum microscope and OCT imaging of trabecula. 

7.3. Final Thoughts 

For many years, groups that have studied trabeculae or other intact tissue have relied on bulk 

measurements such as average stress, cylindrical approximations of volume and average 

sarcomere length. Additionally, only a few measurements could be made at one time from a 

single sample. The Cardiac Myometer aims to create a new “state of the art” by bringing 

together measurement of many of the important parameters of interest in a single device, with 

the imaging systems required to capture localised images of the muscle tissue.  

To date, this work has provided the Cardiac Myometer with the capability to capture the most 

detailed measurement of isolated muscle volume during contraction. These new methods allow 

the muscle volume be characterised at any time during a contraction, together with the 

displacement and strains of tracked material points.  This improves the ability to characterise 

intact tissue such as trabeculae which contain many myocytes as well as connective tissue, all 

of which can influence the overall contraction of the muscle. For instance, regions of inactive 

sarcomeres can be found, or regions with more compliance than others can be identified. These 

capabilities will be important in future muscle experiments where the local changes in strain 

can be studied in greater detail than ever before.  
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Work has already commenced on developing a mathematical and computational framework 

for integrating and interpreting the passive volume and force data obtained in this work. The 

next step would be to integrate the dynamic volume, sarcomere length, displacement, and strain 

data into a finite element model comprising actively-contracting elements based upon data 

gathered from isolated myocytes. By this approach, data gathered at the intact muscle fibre 

level could be linked to the cellular processes and functions that occur within individual 

myocytes, and to the overall contractile and energetic behaviour of the intact heart. Such 

advances lead us towards a more detailed computational model of cardiac muscle, that can link 

disease with functional changes. These models allow the researcher to conduct experiments not 

only on live tissue but also on high-fidelity multi-scale simulations of the heart and its tissues.  

It is hoped that the new data enabled by these measurement and analysis methods will provide 

new insights into the behaviour of cardiac tissues, in health, disease, and pharmacological 

interventions. The better we understand the basic physiology of the heart, the more equipped 

we are to treat and diagnose heart disease, and potentially save significantly more lives.  
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