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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 crosssectional 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.

ii

Acknowledgements
First and foremost, I would like to thank my main supervisor Associate Professor
Andrew Taberner for his guidance and support over the last four years of my PhD. It was his
unmatched vision and expertise in instrumentation that steered this project in the right
direction, and his constant encouragement that pushed it to the very end. Andrew’s leadership
at the bio-instrumentation lab has made it a wonderful place to do high quality research, and
the emphasis he places on providing students and researchers with the means to manufacture
their own parts for their projects has been essential to the upskilling of many students including
myself. Secondly, I would like to thank my co-supervisor Professor Poul Nielsen. His rigorous
but constructive advice and feedback have vastly improved the quality of my publications and
this thesis. Poul has taught me the importance of precision, rigour, and most importantly, asking
the right questions in research and science.
Next, I would like to thank the academics whose expertise in their fields have helped me along
various parts of my research: Associate Professor Denis Loiselle for his immense knowledge
of physiology, who has helped me, a person with a background in mechatronics engineering,
demystify the workings of the heart and the components within; Dr Bryan Ruddy, whose
phenomenal knowledge in instrumentation design and construction has saved me from making
several potential mistakes which could have costed valuable time; Dr Norman Lippok for his
wizardry in optics that helped build such a powerful and reliable OCT system, and the
continued advice and support after leaving the university; Dr Frederique Vanholsbeeck for
clarifying the physics behind OCT and suggestions for the design of the instrument; and Dr
June-Chiew Han whose experience in muscle dissection and experiments have brought to life
many trabeculae in the Cardiac Myometer.
I would like to acknowledge the former and current students in the Cardiac Myometer group
whose joint efforts have led to such a magnificent instrument. In particular, Dr Alex Anderson
for his excellent job in the design and construction of the Cardiac Myometer and Dr Callum
Johnston, whose research efforts have made heat rate, one of the most challenging
measurements in muscle experiments, possible in the Cardiac Myometer. Also, both Alex and
Callum have provided me valuable guidance and advice throughout the project. Last but not
least, Toan Pham who had given up time from his research to help me dissect and create the

iii

chemical solutions for the final experiment of this thesis, which became the most significant of
all.
I am grateful to the staff and colleagues at the Auckland Bioengineering Institute who have
made my time here memorable: First of all, Distinguished Professor Peter Hunter whose
support for innovation and entrepreneurship has spun out many great companies from the
institute, and has inspired me to do the same; The administrative team Carmen, Suman, Cristie,
Tamara, Kelly and Kate who have helped simplify the complexities of all the things in a PhD
outside of research, including the never-ending forms I had to fill out, ordering equipment, and
travel; and finally, current and former students of the institute including Sam, Nikini, Rhys,
Matt, Alex, Tom, Mark, Adam, Kieran, James, and Rama for the conversations, good times,
and laughs in the lab and out at conferences.
I would also like to thank the Microsoft Student Partners I have worked with for the last 3 years
to bring software development skills to high school and tertiary students throughout the
country. In particular, Vishesh, Khoda, Zenon, Sammi, Riya, Hayden, Jason, Jay, and Alyssa
for the great discussions at Nandos and great fun on our road trips. Finally, Ryan Tarak, Partner
Business Evangelist at Microsoft, who brought me into the team in 2013, for trusting a
bioengineer to teach software engineering to students. This experience has vastly improved my
programming abilities which has had a huge benefit to this research project.
Thank you to my colleagues and co-founders at Spark 64 Ltd, who have taught me many
valuable lessons about running a business. In particular: Richard McLean whose extensive
business experience he bestowed upon us has helped get us to where we are now; and Daniel
Xu whose energy, vision, and passion has kept the entire team motivated. I would like to thank
Daniel further for his regular guidance and advice throughout my PhD research, including the
extensive feedback on this thesis.
My upmost gratitude goes out to my close friends Evan, Kejia, Shani, Ly and Herng Jeng for
their enduring friendship and support throughout various stages of my life. Their constant
reminders that I had a PhD to finish has helped me come this far, and now I can finally tell
them I have finished my PhD. Last but not least, I am most grateful to my partner Jan, whose
love, support, and belief in me has helped push me through the most difficult final few months
of writing this thesis.

iv

My final set of acknowledgements goes out to my family, particularly my brother Johnson,
who has and will always be a monumental part of my life. Furthermore, I am forever grateful
to my parents, who decided to come to New Zealand 27 years ago and raise me up in this
beautiful country I can call home. Their journey and experiences have taught me the importance
of hard work, persistence, and dedication, which I attribute to as the main driving force behind
the completion of this PhD.

v

Table of Contents
Chapter 1. Introduction .......................................................................................................................... 1
1.1. Cardiac Muscle ............................................................................................................................. 1
1.2. Studying Muscle Contraction ....................................................................................................... 3
1.3. First Problem: Comparing Results ................................................................................................ 6
1.3.1 Imaging Trabeculae Volume .................................................................................................. 7
1.4. Second Problem: Non-Uniformity of Contraction ....................................................................... 8
1.4.1 Imaging Contracting Trabecula .............................................................................................. 9
1.4.2 Tracking Strain........................................................................................................................ 9
1.5. Third Problem: Synchronising and Integrating Measurements ................................................. 10
1.5.1 The Cardiac Myometer ........................................................................................................ 10
1.5.2 Integration Challenges ......................................................................................................... 11
1.5.3 An All-In-One Experiment .................................................................................................... 12
1.6. Impact of Research .................................................................................................................... 12
1.7. Thesis Overview ......................................................................................................................... 13
Chapter 2. Cardiac Myometer............................................................................................................... 14
2.1. Introduction ............................................................................................................................... 14
2.2. Existing Configuration ................................................................................................................ 15
2.2.1 Muscle Bath ......................................................................................................................... 16
2.2.2 Mounting Mechanism .......................................................................................................... 18
2.2.3 Fluid Reservoir ..................................................................................................................... 19
2.2.4 Thermopiles ......................................................................................................................... 20
2.2.5 Transmission Microscope .................................................................................................... 21
2.2.6 Calcium Imaging System ...................................................................................................... 21
2.2.7 Laser Diffraction ................................................................................................................... 23
2.2.8 Control System ..................................................................................................................... 25
2.3. Integration Challenges ............................................................................................................... 27
2.4. Conclusions ................................................................................................................................ 27
Chapter 3. Volume Imaging Using OCT ................................................................................................. 28
3.1. Introduction ............................................................................................................................... 28
3.2. Background ................................................................................................................................ 28
3.2.1 Basic Principles ..................................................................................................................... 28

vi

3.2.2 OCT Types............................................................................................................................. 30
3.2.3 Accuracy and Performance .................................................................................................. 31
3.2.4 Requirements for Scanning Trabecula ................................................................................. 33
3.2.5 Assumptions and Limitations ............................................................................................... 33
3.3. Image Acquisition....................................................................................................................... 36
3.3.1 Optical Configuration ........................................................................................................... 36
3.3.2 Measurement and Control................................................................................................... 37
3.3.3 Signal Processing .................................................................................................................. 39
3.3.4 Calibration ............................................................................................................................ 41
3.4. Integration in the Cardiac Myometer ........................................................................................ 42
3.5. Experimental Procedure ............................................................................................................ 44
3.6. Image Processing ....................................................................................................................... 45
3.6.1 Noise Removal ..................................................................................................................... 45
3.6.2 Segmentation ....................................................................................................................... 46
3.6.3 Area and Volume Calculations ............................................................................................. 48
3.6.4 Comparison with an Elliptical Model ................................................................................... 48
3.6.5 Generating a Point Cloud ..................................................................................................... 49
3.7. Results ........................................................................................................................................ 49
3.7.1 OCT Volume Images ............................................................................................................. 49
3.7.2 Force, Area, Volume............................................................................................................. 50
3.7.3 Comparison with the Elliptical Model .................................................................................. 53
3.7.4 Surface Data ......................................................................................................................... 53
3.8. Discussion................................................................................................................................... 54
3.8.1 Hooks ................................................................................................................................... 54
3.8.2 Trabeculae Dimensions ........................................................................................................ 55
3.8.3 Comparison with the Elliptical Model .................................................................................. 56
3.9. Conclusions ................................................................................................................................ 57
3.9.1 Publications .......................................................................................................................... 58
3.9.2 Further Impact ..................................................................................................................... 58
Chapter 4. Imaging Actively Contracting Trabeculae............................................................................ 59
4.1. Introduction ............................................................................................................................... 59
4.2. Gated Imaging Procedure .......................................................................................................... 59
4.2.1 Hardware Changes ............................................................................................................... 60
4.2.2 Gated Imaging ...................................................................................................................... 60

vii

4.3. Validation of Gated Imaging ...................................................................................................... 61
4.3.1 Experimental Method .......................................................................................................... 61
4.3.2 Results .................................................................................................................................. 62
4.4. Characterisation of Volume in Contracting Muscle ................................................................... 62
4.4.1 Isolation of Trabecula........................................................................................................... 63
4.4.2 Microscope Imaging ............................................................................................................. 63
4.4.3 Imaging Procedure ............................................................................................................... 63
4.4.4 Analysis ................................................................................................................................ 63
4.5. Results ........................................................................................................................................ 64
4.5.1 Volumetric Data ................................................................................................................... 64
4.5.2 Microscope Observations .................................................................................................... 64
4.5.3 Force, Cross-Sectional Area, and Stress ............................................................................... 65
4.5.4 Non-uniformity .................................................................................................................... 66
4.6. Discussion................................................................................................................................... 67
4.6.1 Decreasing Imaging Time ..................................................................................................... 67
4.6.2 Non-uniformity .................................................................................................................... 67
4.6.3 Modelling Stress................................................................................................................... 68
4.6.4 Volume Changes .................................................................................................................. 68
4.6.5 In-Plane Motion ................................................................................................................... 68
4.7. Conclusions ................................................................................................................................ 69
4.7.1 Publications .......................................................................................................................... 69
4.7.2 Further Impact ..................................................................................................................... 70
Chapter 5. Tracking Tissue Movement ................................................................................................. 71
5.1. Introduction ............................................................................................................................... 71
5.2. Background ................................................................................................................................ 72
5.2.1 Non-Uniform Contraction .................................................................................................... 72
5.2.2 Digital Image Correlation ..................................................................................................... 72
5.3. Image Acquisition....................................................................................................................... 75
5.3.1 Sample Preparation.............................................................................................................. 75
5.3.2 Gated Scanning Procedure................................................................................................... 75
5.4. Image Processing ....................................................................................................................... 76
5.4.1 Grid Alignment ..................................................................................................................... 77
5.4.2 Digital Image Correlation ..................................................................................................... 78
5.4.3 Image Stitching..................................................................................................................... 79

viii

5.4.4 Removing Erroneous Estimates ........................................................................................... 80
5.4.5 Tracking Material Points ...................................................................................................... 80
5.4.6 Strain .................................................................................................................................... 82
5.4.7 Planar Movement ................................................................................................................ 82
5.5. Results ........................................................................................................................................ 82
5.5.1 Force of Contraction ............................................................................................................ 82
5.5.2 Visualisation of Displacement .............................................................................................. 83
5.5.3 Trajectories .......................................................................................................................... 84
5.5.4 Planar Movement Over Length ............................................................................................ 87
5.5.5 Strain in x and y .................................................................................................................... 88
5.5.6 Time Traces .......................................................................................................................... 90
5.6. Discussion................................................................................................................................... 92
5.6.1 Non-Uniformity in Contraction ............................................................................................ 92
5.6.2 Specimen Criteria ................................................................................................................. 92
5.6.3 Relation to Sarcomere Length ............................................................................................. 92
5.6.4 Other Applications for the Data ........................................................................................... 93
5.7. Conclusions ................................................................................................................................ 93
Chapter 6. Combining Measurement Modalities ................................................................................. 95
6.1. Introduction ............................................................................................................................... 95
6.2. Hardware Integration................................................................................................................. 96
6.3. Interference Among Measurement Modalities ......................................................................... 98
6.3.1 OCT and Microscope ............................................................................................................ 98
6.3.2 Heat Rate.............................................................................................................................. 99
6.4. Heat Sensor Calibration ........................................................................................................... 102
6.4.1 Method .............................................................................................................................. 102
6.4.2 Results ................................................................................................................................ 103
6.5. Muscle Experiment .................................................................................................................. 104
6.5.1 Muscle Preparation ............................................................................................................ 105
6.5.2 Optical Coherence Tomography ........................................................................................ 106
6.5.3 Transmission Microscopy ................................................................................................... 106
6.5.4 Heat Rate Measurement .................................................................................................... 107
6.5.5 Data Processing .................................................................................................................. 107
6.6. Results ...................................................................................................................................... 112
6.6.1 Geometry ........................................................................................................................... 112

ix

6.6.2 Stress .................................................................................................................................. 114
6.6.3 Heat .................................................................................................................................... 115
6.6.4 Displacement and Strain .................................................................................................... 117
6.6.5 Sarcomere Length .............................................................................................................. 120
6.6.6 Registration of OCT and Microscope Data ......................................................................... 123
6.6.7 Change in Cross-Sectional Area ......................................................................................... 123
6.6.8 Contrast vs. Thickness ........................................................................................................ 124
6.7. Discussion................................................................................................................................. 126
6.7.1 Relationship between Sarcomere Length and Strain......................................................... 126
6.7.2 Cross-Calibration of Microscope and OCT ......................................................................... 127
6.7.3 Movement of Tissue at Hooks ........................................................................................... 127
6.7.4 Importance of Tracking Tissue Movement in Localised Parameters ................................. 127
6.7.5 Optimal Muscle dimensions for OCT, Microscope and Heat ............................................. 128
6.7.6 Effects on Other Measurements ........................................................................................ 128
6.8. Conclusions .............................................................................................................................. 130
6.8.1 Publications ........................................................................................................................ 131
Chapter 7. Conclusions ....................................................................................................................... 132
7.1. Thesis Summary ....................................................................................................................... 132
7.2. Summary of Novel Contributions............................................................................................. 135
7.3. Final Thoughts .......................................................................................................................... 135

x

List of Figures
Figure 1: An illustration of the main components of heart muscle. Adapted from [130]–[132] ........... 2
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].
................................................................................................................................................................ 4
Figure 3: High resolution photo of the inner chamber of a rat ventricle. Trabeculae are labelled in this
diagram. Adapted from [134]. ................................................................................................................ 5
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]. ....................................................................................................................................................... 7
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]. ....................................................................................................................................................... 8
Figure 6: The Cardiac Myometer, an integrated device for performing experiments on cardiac
trabeculae. The components are labelled and described in the next chapter. .................................... 11
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. .. 16
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. ................................................ 17
Figure 9: A schematic of the hook and force transducer assembly. The path of the interferometer
laser is shown in red. ............................................................................................................................ 18
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. .................................................................... 20
Figure 11: The optical train for the transmission microscope and calcium imaging systems.
Reproduced from [60]........................................................................................................................... 23
Figure 12: The diffraction pattern created by striations in the muscle, imaged on a sheet of paper. . 24
Figure 13: The optical arrangement for measuring the location of the first order peak. .................... 25
Figure 14: A schematic of all hardware and devices used to acquire measurements or control
actuators in the cardiac myometer....................................................................................................... 26
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. .......................................................................................................................... 27

xi

Figure 16: Illustration of the operating principles of OCT. ................................................................... 29
Figure 17: The terminology used for OCT scans. Adapted from [136] ................................................. 29
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] ................................................................................................................................ 31
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]. .................. 34
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] ........................................ 35
Figure 21: Placing the zero path difference below the surface of the image produces a reversed
image with higher overall SNR. Adapted from [77]. ............................................................................. 36
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. .......................................................................................... 37
Figure 23: System diagram of the control and acquisition hardware. ................................................. 38
Figure 24: Transformation of the raw spectrum acquired by the line scan camera into an A-Scan. ... 41
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. ...................... 43
Figure 26: Illustration of the different optical interfaces the OCT light source passes through. (air 
glass  air  glass  water) ............................................................................................................... 44
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). ................................................................................................................ 47
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. ................................. 48
Figure 29: The vertical and horizontal boundaries of the trabecula, for estimating the maximum span
in each axis . .......................................................................................................................................... 49
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. ........................................................... 50
Figure 31: Tension measured by the force transducer as the muscle was stretched in 50 μm
increments. ........................................................................................................................................... 51
Figure 32: The cross sectional area as a function of position along the muscle, stretched to different
lengths................................................................................................................................................... 52
Figure 33: The observed volume of the muscle in the region of interest as a function of the length of
muscle. .................................................................................................................................................. 52
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. ..... 53
Figure 35: The trabeculae mesh generated from the OCT volume data. ............................................. 54
Figure 36: The trabeculae imaged while it was slack and taut. It shows the hooks clearly and how the
tissue can slide out................................................................................................................................ 55

xii

Figure 37: A thicker trabecula where the intensity of the tissue imaged by the OCT drops off in
deeper regions of the tissue. ................................................................................................................ 56
Figure 38: The overestimation of a particular cross section. If all the cross sections had this shape,
then the volume would be severely overestimated. ............................................................................ 57
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.
.............................................................................................................................................................. 60
Figure 40: Force trace of the signal over 500 contractions. It shows that the force amplitude is
reasonably constant over the period of imaging. ................................................................................. 62
Figure 41: Volumetric image of the trabecula used in the experiment................................................ 64
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. ................................................................................................................................................ 65
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 crosssectional 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). ..................................................................................................................... 66
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. ............................................................. 67
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]. ................................................................................................. 74
Figure 46: Scanning sequence of sections, with overlapping fields of view for image stitching .......... 76
Figure 47: Overview of the image processing pipeline ......................................................................... 77
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. .................................. 78
Figure 49: The force measured by the transducer during an isometric twitch at optimal length. ...... 83
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] . ................................ 84
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. ................................................................................................................... 86
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.
.............................................................................................................................................................. 87
Figure 53: Average x-displacement along the length of the muscle over time. ................................... 88
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

xiii

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] . .......................................................................................................... 89
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. .......................................................................................................................... 91
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. ...................... 91
Figure 57: An illustration of the relationships between each measurement made on the trabecula. 96
Figure 58: The positioning of the OCT and microscope condenser in relation to the muscle bath. .... 97
Figure 59: Rendered image of the thermopiles in relation to the OCT beam path and microscope
illumination. .......................................................................................................................................... 97
Figure 60: The insulated copper block that covers the top of the muscle bath when heat
measurements are performed.............................................................................................................. 98
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. .................................................. 101
Figure 62: The calibration resistor, soldered to two strips of flexible polyimide PCBs and mounted
within a round glass capillary.............................................................................................................. 103
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. ........................................ 104
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........................................................................... 106
Figure 65: Zoomed-in image showing the visible sarcomeres in the transmission microscope images.
............................................................................................................................................................ 108
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. ............. 110
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] . 113
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. .......................................................................................................... 113
Figure 69: Volume of muscle in the field of view over time, showing a 6.7 % increase at peak force.
............................................................................................................................................................ 114
Figure 70: The force, cross-sectional area and stress across the muscle during a single contraction.
............................................................................................................................................................ 115
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)................................................................................. 116
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]. .... 118
Figure 73: The average x-position of cross sections during a contraction. ........................................ 119
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] .................................................... 120

xiv

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. ....................... 121
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. ...................... 122
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. ............................................................................................................................... 122
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. ............................................................................................... 123
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 crosssectional 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. .......................................................................................................................... 124
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. ........................................................................... 125

xv

List of Tables
Table 1: Reported performance of standard OCT systems. .................................................................. 33
Table 2: The peak stress, stimulus and muscle heat rates, and twitch heat summarised for each of
the stimulation frequencies. ............................................................................................................... 117

xvi

Introduction

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.

Figure 1: An illustration of the main components of heart muscle. Adapted from [130]–[132]

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,
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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].
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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].

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,
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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].

Figure 3: High resolution photo of the inner chamber of a rat ventricle. Trabeculae are labelled in
this diagram. Adapted from [134].

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
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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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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].

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].
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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].

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
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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.

Figure 6: The Cardiac Myometer, an integrated device for performing experiments on cardiac
trabeculae. The components are labelled and described in the next chapter.

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
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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.
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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 micromechano-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 “workloop 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.

15

Cardiac Myometer

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.

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
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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-methylmethacrylate (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 noiseequivalent 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.

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.

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
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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.

21

Cardiac Myometer

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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Figure 11: The optical train for the transmission microscope and calcium imaging systems.
Reproduced from [60].

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
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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.

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

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 rolloff 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].
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Figure 13: The optical arrangement for measuring the location of the first order peak.

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.
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Figure 14: A schematic of all hardware and devices used to acquire measurements or control
actuators in the cardiac myometer.
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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.

27

Volume Imaging Using OCT

Chapter 3. Volume Imaging Using OCT
3.1. Introduction
Optical Coherence Tomography (OCT) is a light-based imaging technique that provides depthresolved, 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 noninvasively. 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
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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]
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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 TDOCT [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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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]

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].
2 ln 2 𝜆20
𝑙𝑒 =
𝜋 ∆𝜆

(1)

Thus, the shorter the centre wavelength, and the wider the spectral bandwidth, the better the
resolution.
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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]. SDOCT, 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
Time Domain
Spectral Domain
Spectral Domain (Next Gen)
Spectral Domain (Next Gen High Speed)
Swept Source

Line Scan Rate (A-Scans/s)
400
25,000 to 50,000
70,000 to 100,000
100,000 to 250,000
above 200,000

Axial Resolution (μm)
8 to 10
5 to 7
3 to 5
5 to 10
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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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]

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
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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 crosssections are small enough that overlapping of the mirror terms is not an issue (as discussed in
the previous section).

Figure 21: Placing the zero path difference below the surface of the image produces a reversed image
with higher overall SNR. Adapted from [77].

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
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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.

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.

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.

37

Volume Imaging Using OCT

Figure 23: System diagram of the control and acquisition hardware.

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
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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 AScan). At a B-Scan rate of 200 Hz, this requires a camera acquisition rate of 10 kHz. The realtime, 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 highspeed 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 linescan 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 AScan.
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 linescan 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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Figure 24: Transformation of the raw spectrum acquired by the line scan camera into an A-Scan.

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
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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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Figure 26: Illustration of the different optical interfaces the OCT light source passes
through. (air  glass  air  glass  water)

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.
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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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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.

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.

48

Volume Imaging Using OCT

Figure 29: The vertical and horizontal boundaries of the
trabecula, for estimating the maximum span in each axis .

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
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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.

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.

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
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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 crosssectional 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.

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.

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.
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Figure 35: The trabeculae mesh generated from the OCT volume data.

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.
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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.

Figure 36: The trabeculae imaged while it was slack and taut. It
shows the hooks clearly and how the tissue can slide out.

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.
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Figure 37: A thicker trabecula where the intensity of the tissue
imaged by the OCT drops off in deeper regions of the tissue.

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.
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Figure 38: The overestimation of a particular cross section. If all the cross
sections had this shape, then the volume would be severely overestimated.

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.
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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 crosssection 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.

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.

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
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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 = ∑(𝑖,𝑗)∈𝑊|𝐴1 (𝑖, 𝑗) − 𝐴2 (𝑖, 𝑗)|

(1)

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 timevarying 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 crosssection 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.
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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).

Figure 40: Force trace of the signal over 500 contractions. It shows that
the force amplitude is reasonably constant over the period of imaging.

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.
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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.

Figure 41: Volumetric image of the trabecula used in the experiment.

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.
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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.

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.
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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 crosssectional 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).

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.
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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.

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
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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,
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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
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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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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].

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.
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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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Figure 46: Scanning sequence of sections, with overlapping fields of view for image stitching

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.
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Figure 47: Overview of the image processing pipeline

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.
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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.

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
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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)
= 𝒖+ (𝑿, 𝑡)
𝜕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).
𝒏

𝒘𝒏 = ∑|𝒖

+ (𝑡

𝑖 )|

(4)

𝒊=𝟎
+

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.
𝒇

𝒙+ (𝑡𝑛 )

=

𝒘𝒏 ∗ 𝒙+𝒇 + 𝒘𝒓𝒏 ∗ 𝒙+𝒓

(5)

𝒇

𝒘𝒏 + 𝒘𝒓𝒏

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 displacementmagnitude 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).
𝜕𝒙+ (𝑡)
𝑭(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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Figure 49: The force measured by the transducer during an isometric twitch at optimal length.

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.
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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] .

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
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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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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.

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
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displacement at the same point in time, further suggesting a difference relaxation times of
sarcomeres across the muscle.

Figure 53: Average x-displacement along the length of the muscle over time.

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].
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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.
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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.
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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.

Figure 57: An illustration of the relationships between each measurement made on the trabecula.

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.
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Figure 58: The positioning of the OCT and microscope condenser in relation to the muscle bath.

Microscope Illumination

Figure 59: Rendered image of the thermopiles in relation to the OCT beam path and microscope
illumination.

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
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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.

Figure 60: The insulated copper block that covers the top of the muscle bath when heat measurements
are performed.

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.
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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 lowpass 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.

Figure 62: The calibration resistor, soldered to two strips of flexible polyimide PCBs and mounted
within a round glass capillary.

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.
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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.

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);
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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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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.

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.
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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 xcomponent 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.

Figure 65: Zoomed-in image showing the visible sarcomeres in the transmission microscope images.

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.
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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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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.

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
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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 crosssectional 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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Figure 69: Volume of muscle in the field of view over time, showing a 6.7 % increase at peak force.

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.
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Figure 70: The force, cross-sectional area and stress across the muscle during a single
contraction.

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
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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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Table 2: The peak stress, stimulus and muscle heat rates, and twitch heat summarised for each of
the stimulation frequencies.

Frequency (Hz)

Peak Active

Stimulus Heat

Muscle Heat

Twitch Heat

Stress (kPa)

Rate (μW)

Rate (μW)

(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

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.
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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].

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.
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Figure 73: The average x-position of cross sections during a contraction.

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.
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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]

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
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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.

121

Combining Measurement Modalities

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.

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.

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.
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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 crosssectional 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.

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
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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 crosssectional 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. Nonuniform 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 nonuniformity 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.

136

References

References
[1]

D. Mehta, J. Curwin, J. A. Gomes, and V. Fuster, “Sudden Death in Coronary Artery
Disease : Acute Ischemia Versus Myocardial Substrate,” Circulation, vol. 96, no. 9,
pp. 3215–3223, Nov. 1997.

[2]

E. D. Wigle, Z. Sasson, M. A. Henderson, T. D. Ruddy, J. Fulop, H. Rakowski, and
W. G. Williams, “Hypertrophic cardiomyopathy. The importance of the site and the
extent of hypertrophy. A review,” Prog. Cardiovasc. Dis., vol. 28, no. 1, pp. 1–83, Jul.
1985.

[3]

M. Hartford, J. C. Wikstrand, I. Wallentin, S. M. Ljungman, and G. L. Berglund, “Left
ventricular wall stress and systolic function in untreated primary hypertension,”
Hypertension, vol. 7, no. 1, pp. 97–104, 1985.

[4]

B. I. Jugdutt, “Remodeling of the myocardium and potential targets in the collagen
degradation and synthesis pathways,” Curr Drug Targets Cardiovasc Haematol
Disord, vol. 3, no. 1, pp. 1–30, 2003.

[5]

H. E. Huxley, “Electron microscope studies of the organisation of the filaments in
striated muscle,” Biochim. Biophys. Acta, vol. 12, no. 1–2, pp. 387–394, Oct. 1953.

[6]

H. E. Huxley, “The Mechanism of Muscular Contraction,” Science, vol. 164, no. 3886,
pp. 1356–1366, Jun. 1969.

[7]

G. Hasenfuss, “Animal models of human cardiovascular disease, heart failure and
hypertrophy,” Cardiovasc. Res., vol. 39, no. 1, pp. 60–76, 1998.

[8]

A. A. Geisterfer-Lowrance, M. Christe, D. A. Conner, J. S. Ingwall, F. J. Schoen, C. E.
Seidman, and J. G. Seidman, “A Mouse Model of Familial Hypertrophic
Cardiomyopathy,” Science, vol. 272, no. 5262, pp. 731–734, 1996.

[9]

H. C. Chiu, A. Kovacs, D. A. Ford, F. F. Hsu, R. Garcia, P. Herrero, J. E. Saffitz, and
J. E. Schaffer, “A novel mouse model of lipotoxic cardiomyopathy,” J. Clin. Invest.,
vol. 107, no. 7, pp. 813–822, 2001.

137

References

[10] S. Arber, J. J. Hunter, J. Ross, M. Hongo, G. Sansig, J. Borg, J. C. Perriard, K. R.
Chien, and P. Caroni, “MLP-deficient mice exhibit a disruption of cardiac
cytoarchitectural organization, dilated cardiomyopathy, and heart failure,” Cell, vol.
88, no. 3, pp. 393–403, 1997.
[11] D. M. Bers, “Control of Cardiac Contraction by SR Ca Release and Sarcolemmal Ca
Fluxes,” in Excitation–Contraction Coupling and Cardiac Contractile Force, 1st ed.,
Springer Netherlands, 1993, pp. 149–170.
[12] M. Inoko, Y. Kihara, I. Morii, H. Fujiwara, and S. Sasayama, “Transition from
compensatory hypertrophy to dilated, failing left ventricles in Dahl salt-sensitive rats,”
Am. J. Physiol., vol. 267, no. 6 Pt 2, pp. H2471-82, 1994.
[13] Y. Liu, X. Yang, O. Nass, and H. a N. N. Sabbah, “Chronic heart failure induced
ligation in Lewis inbred rats by coronary artery,” Am J Physiol, vol. 272, no. 2Pt 2, pp.
H722-7, 1997.
[14] F. S. Fein and E. H. Sonnenblick, “Diabetic cardiomyopathy,” Cardiovasc. Drugs
Ther., vol. 8, no. 1, pp. 65–73, 1994.
[15] S. Goo, T. Pham, J. C. Han, P. Nielsen, A. Taberner, A. Hickey, and D. Loiselle,
“Multiscale measurement of cardiac energetics,” Clin. Exp. Pharmacol. Physiol., vol.
40, no. 9, pp. 671–681, Sep. 2013.
[16] R. M. Bell, M. M. Mocanu, and D. M. Yellon, “Retrograde heart perfusion: The
Langendorff technique of isolated heart perfusion,” J. Mol. Cell. Cardiol., vol. 50, no.
6, pp. 940–950, 2011.
[17] C. Steenbergen, E. Murphy, L. Levy, and R. E. London, “Elevation in cytosolic free
calcium concentration early in myocardial ischemia in perfused rat heart,” Circ. Res.,
vol. 60, no. 5, pp. 700–707, 1987.
[18] D. D. Belke, T. S. Larsen, E. M. Gibbs, and D. L. Severson, “Altered metabolism
causes cardiac dysfunction in perfused hearts from diabetic (db/db) mice,” Am. J.
Physiol. Endocrinol. Metab., vol. 279, no. 5, pp. E1104–E1113, 2000.
[19] Y. Takeda, T. Yoneda, M. Demura, I. Miyamori, and H. Mabuchi, “Cardiac
aldosterone production in genetically hypertensive rats,” Hypertension, vol. 36, no. 4,

138

References

pp. 495–500, 2000.
[20] I. Banerjee, J. W. Fuseler, R. L. Price, T. K. Borg, and T. A. Baudino, “Determination
of cell types and numbers during cardiac development in the neonatal and adult rat and
mouse,” Am. J. Physiol., vol. 293, no. 3, pp. 1883–1891, 2007.
[21] H. E. ter Keurs and W. H. Rijnsburger, “Tension development and sarcomere length in
rat cardiac trabeculae: evidence of length-dependent activation,” Card. Dyn., vol. 46,
no. 5, pp. 703–714, May 1980.
[22] P. P. de Tombe and H. E. ter Keurs, “Force and velocity of sarcomere shortening in
trabeculae from rat heart. Effects of temperature,” Circ. Res., vol. 66, no. 5, pp. 1239–
1254, May 1990.
[23] P. H. Backx, W. D. Gao, M. D. Azan-Backx, and E. Marban, “The relationship
between contractile force and intracellular [Ca2+] in intact rat cardiac trabeculae,” J.
Gen. Physiol., vol. 105, no. 1, pp. 1–19, Jan. 1995.
[24] M. Daniels, M. I. Noble, H. E. ter Keurs, and B. Wohlfart, “Velocity of sarcomere
shortening in rat cardiac muscle: relationship to force, sarcomere length, calcium and
time,” J. Physiol., vol. 355, pp. 367–381, 1984.
[25] C. L. Gibbs, “Cardiac Energetics,” Physiol. Rev., vol. 58, no. 1, pp. 174–254, 1978.
[26] B. B. Farmer, M. Mancina, E. S. Williams, and A. M. Watanabe, “Isolation of calcium
tolerant myocytes from adult rat hearts: Review of the literature and description of a
method,” Life Sci., vol. 33, no. 1, pp. 1–18, 1983.
[27] J.-C. Han, A. J. Taberner, R. S. Kirton, P. M. Nielsen, N. P. Smith, and D. S. Loiselle,
“A unique micromechanocalorimeter for simultaneous measurement of heat rate and
force production of cardiac trabeculae carneae,” J. Appl. Physiol., vol. 107, no. 3, pp.
946–51, Sep. 2009.
[28] S. Raman, M. A. Kelley, and P. M. L. Janssen, “Effect of muscle dimensions on
trabecular contractile performance under physiological conditions,” Pflugers Arch.
Eur. J. Physiol., vol. 451, no. 5, pp. 625–630, 2006.

139

References

[29] V. J. Schouten and H. E. ter Keurs, “The force-frequency relationship in rat
myocardium. The influence of muscle dimensions,” Pflugers Arch., vol. 407, no. 1, pp.
14–7, 1986.
[30] J.-C. Han, A. J. Taberner, P. M. F. Nielsen, R. S. Kirton, M.-L. Ward, and D. S.
Loiselle, “Energetics of stress production in isolated cardiac trabeculae from the rat,”
Am. J. Physiol. Heart Circ. Physiol., vol. 299, no. 5, pp. H1382–H1394, 2010.
[31] C. Mansfield, T. G. West, N. A. Curtin, and M. A. Ferenczi, “Stretch of contracting
cardiac muscle abruptly decreases the rate of phosphate release at high and low
calcium,” J. Biol. Chem., vol. 287, no. 31, pp. 25696–25705, 2012.
[32] N. Milani-Nejad, Y. Xu, J. P. Davis, K. S. Campbell, and P. M. L. Janssen, “Effect of
muscle length on cross-bridge kinetics in intact cardiac trabeculae at body
temperature,” J. Gen. Physiol., vol. 141, no. 1, pp. 133–9, 2013.
[33] K. P. Roos and A. J. Brady, “Individual sarcomere length determination from isolated
cardiac cells using high-resolution optical microscopy and digital image processing,”
Biophys. J., vol. 40, no. 3, pp. 233–244, Dec. 1982.
[34] T. C. Irving, J. Konhilas, D. Perry, R. Fischetti, and P. P. de Tombe, “Myofilament
lattice spacing as a function of sarcomere length in isolated rat myocardium,” Am. J.
Physiol. Heart Circ. Physiol., vol. 279, no. 5, pp. H2568-73, 2000.
[35] J. W. Krueger, D. Forletti, and B. A. Wittenberg, “Uniform sarcomere shortening
behavior in isolated cardiac muscle cells,” J. Gen. Physiol., vol. 76, no. 5, pp. 587–
607, Nov. 1980.
[36] P. H. Backx and H. E. Ter Keurs, “Fluorescent properties of rat cardiac trabeculae
microinjected with fura-2 salt,” Am. J. Physiol., vol. 264, no. 4 Pt 2, pp. H1098-110,
May 1993.
[37] P. M. L. Janssen and P. P. de Tombe, “Uncontrolled sarcomere shortening increases
intracellular Ca2+ transient in rat cardiac trabeculae,” Am. J. Physiol., vol. 272, no. 4
Pt 2, pp. H1892-7, Apr. 1997.
[38] A. Chinet, R. Ventura-Clapier, and G. Vassort, “Energetics of ionic contracture in ratheart papillary muscles,” J. Mol. Cell. Cardiol., vol. 25, no. 2, pp. 145–157, 1993.

140

References

[39] J. Daut and G. Elzinga, “Heat production of quiescent ventricular trabeculae isolated
from guinea-pig heart,” J. Physiol., no. 1988, pp. 259–275, 1988.
[40] J. B. Chapman and C. L. Gibbs, “The effect of metabolic substrate on mechanical
activity and heat production in papillary muscle,” Cardiovasc. Res., vol. 8, no. 5, pp.
656–667, 1974.
[41] A. J. Taberner, C. M. Johnston, T. Pham, J.-C. Han, B. P. Ruddy, D. S. Loiselle, and P.
M. F. Nielsen, “Measuring the mechanical efficiency of a working cardiac muscle
sample at body temperature using a flow-through calorimeter,” in Proceedings of the
Annual International Conference of the IEEE Engineering in Medicine and Biology
Society, EMBS, 2015, pp. 7966–7969.
[42] C. M. Johnston, J.-C. Han, B. P. Ruddy, P. M. F. Nielsen, and A. J. Taberner, “A highresolution thermoelectric module-based calorimeter for measuring the energetics of
isolated ventricular trabeculae at body temperature,” Am. J. Physiol. Heart Circ.
Physiol., vol. 309, no. 2, pp. H318-24, 2015.
[43] S. Goo, J.-C. Han, L. A. Nisbet, I. J. Legrice, A. J. Taberner, and D. S. Loiselle,
“Dietary pre-exposure of rats to fish oil does not enhance myocardial efficiency of
isolated working hearts or their left ventricular trabeculae,” J. Physiol., vol. 592.8, pp.
1795–808, 2014.
[44] G. B. Sands, D. A. Gerneke, D. A. Hooks, C. R. Green, B. H. Smaill, and I. J. Legrice,
“Automated imaging of extended tissue volumes using confocal microscopy,”
Microsc. Res. Tech., vol. 67, no. 5, pp. 227–239, 2005.
[45] J. G. Fujimoto, “Optical coherence tomography for ultrahigh resolution in vivo
imaging,” Nat. Biotechnol., vol. 21, no. 11, pp. 1361–7, Nov. 2003.
[46] T. M. Yelbuz, M. a. Choma, L. Thrane, M. L. Kirby, and J. a. Izatt, “Optical coherence
tomography: A new high-resolution imaging technology to study cardiac development
in chick embryos,” Circulation, vol. 106, no. 22, pp. 2771–2774, 2002.
[47] M. Jenkins, F. Rothenberg, and D. Roy, “4D embryonic cardiography using gated
optical coherence tomography,” Opt. Express, vol. 14, no. 2, pp. 736–748, 2006.

141

References

[48] J. G. Pinto and R. Win, “Non-uniform strain distribution in papillary muscles,” Am. J.
Physiol., vol. 233, no. 3, pp. H410–H416, 1977.
[49] T. C. Donald, D. N. Reeves, R. C. Reeves, a a Walker, and L. L. Hefner, “Effect of
damaged ends in papillary muscle preparations,” Am. J. Physiol., vol. 238, no. 1, pp.
H14–H23, 1980.
[50] R. Nassar, A. Manring, and E. A. Johnson, “Light Diffraction of Cardiac Muscle:
Sarcomere Motion During Contraction,” in Ciba Foundation Symposium 24 Physiological Basis of Starling’s Law of the Heart, 2008, pp. 56--91.
[51] L. L. Huntsman, S. R. Day, and D. K. Stewart, “Nonuniform contraction in the isolated
cat papillary muscle,” Am. J. Physiol., vol. 233, no. 5, pp. H613–H616, 1977.
[52] L. L. Huntsman, D. S. Joseph, M. Y. Oiye, and G. L. Nichols, “Auxotonic contractions
in cardiac muscle segments,” Am. J. Physiol., vol. 237, no. 2, pp. H131–H138, 1979.
[53] A. J. Taberner, J.-C. Han, D. S. Loiselle, and P. M. F. Nielsen, “An innovative workloop calorimeter for in vitro measurement of the mechanics and energetics of working
cardiac trabeculae,” J. Appl. Physiol., vol. 111, no. 6, pp. 1798–1803, 2011.
[54] A. J. Taberner, J.-C. Han, R. S. Kirton, D. S. Loiselle, and P. M. F. Nielsen, “Stress
development, heat production and dynamic modulus of rat isolated cardiac trabeculae
revealed in a flow-through micro-mechano-calorimeter,” in 2010 Annual International
Conference of the IEEE Engineering in Medicine and Biology Society, EMBC’10,
2010, pp. 1860–1863.
[55] J.-C. Han, A. J. Taberner, P. M. F. Nielsen, R. S. Kirton, and D. S. Loiselle, “Heatstress relationships of rat cardiac trabeculae determined using a
micromechanocalorimeter,” IFMBE Proc., vol. 27, pp. 90–93, 2010.
[56] J.-C. Han, K. Tran, C. M. Johnston, P. M. F. Nielsen, C. J. Barrett, A. J. Taberner, and
D. S. Loiselle, “Reduced mechanical efficiency in left-ventricular trabeculae of the
spontaneously hypertensive rat,” Physiol. Rep., vol. 2, no. 11, pp. 1–13, 2014.
[57] J.-C. Han, K. Tran, P. M. Nielsen, A. J. Taberner, and D. S. Loiselle, “Streptozotocininduced diabetes prolongs twitch duration without affecting the energetics of isolated
ventricular trabeculae,” Cardiovasc Diabetol, vol. 13, p. 79, 2014.

142

References

[58] J.-C. Han, A. J. Taberner, P. M. F. Nielsen, and D. S. Loiselle, “Interventricular
comparison of the energetics of contraction of trabeculae carneae isolated from the rat
heart,” J. Physiol., vol. 591, no. Pt 3, pp. 701–17, 2013.
[59] J.-C. Han, Han and D. S. Loiselle, “Assessing the Efficiency of the Diabetic Heart at
Subcellular, Tissue and Organ Level,” J. Gen. Pract., vol. 2, no. 4, 2014.
[60] A. J. Anderson, “The Cardiac Myometer: Measuring Matters of the Heart,” University
of Auckland, 2016.
[61] C. Johnston, “Heat Sensing in Muscle Calorimetry,” University of Auckland, 2014.
[62] M. L. Cheuk, A. J. Anderson, J.-C. Han, N. Lippok, F. Vanholsbeeck, B. P. Ruddy, D.
S. Loiselle, P. M. F. Nielsen, and A. J. Taberner, “Four-Dimensional Imaging of
Cardiac Trabeculae Contracting In Vitro Using Gated OCT,” IEEE Trans. Biomed.
Eng., vol. 64, no. 1, pp. 218–224, 2017.
[63] D. D. Pollock, Thermocouples: Theory and Properties. CRC Press, 1991.
[64] A. Sandow, “Diffraction patterns of the frog sartorius and sarcomere behavior during
contraction,” J. Cell. Comp. Physiol., pp. 55–75, 1936.
[65] T. Iwazumi and G. H. Pollack, “On-line measurement of sarcomere length from
diffraction patterns in muscle,” IEEE Trans. Biomed. Eng., vol. 26, no. 2, pp. 86–93,
Feb. 1979.
[66] R. L. Lieber, K. P. Roos, B. A. Lubell, J. W. Cline, and R. J. Baskin, “High-speed
digital data acquisition of sarcomere length from isolated skeletal and cardiac muscle
cells,” IEEE Trans. Biomed. Eng., vol. 30, no. 1, pp. 50–7, Jan. 1983.
[67] R. Lieber, Y. Yeh, and R. Baskin, “Sarcomere length determination using laser
diffraction. Effect of beam and fiber diameter,” Biophys. J., vol. 45, no. 5, pp. 1007–
16, May 1984.
[68] H. Guo, “A simple algorithm for fitting a gaussian function,” IEEE Signal Process.
Mag., vol. 28, no. 5, pp. 134–137, 2011.

143

References

[69] C. Elliott, V. Vijayakumar, W. Zink, and R. Hansen, “National Instruments LabVIEW:
A Programming Environment for Laboratory Automation and Measurement,” J. Lab.
Autom., vol. 12, no. 1, pp. 17–24, 2007.
[70] D. Huang, E. A. Swanson, C. P. Lin, J. S. Schuman, W. G. Stinson, W. Chang, M. R.
Hee, T. Flotte, K. Gregory, C. A. Puliafito, and J. G. Fujimoto, “Optical Coherence
Tomography,” Science, vol. 22, no. 2545035, pp. 1178–1181, 1991.
[71] J. F. de Boer, T. E. Milner, M. J. van Gemert, and J. S. Nelson, “Two-dimensional
birefringence imaging in biological tissue by polarization-sensitive optical coherence
tomography,” Opt. Lett., vol. 22, no. 12, pp. 934–936, 1997.
[72] W. Wieser, B. R. Biedermann, T. Klein, C. M. Eigenwillig, and R. Huber, “Multimegahertz OCT: High quality 3D imaging at 20 million A-scans and 4.5 GVoxels per
second,” Opt. Express, vol. 18, no. 14, pp. 14685–14704, 2010.
[73] D. F. Kiernan, W. F. Mieler, and S. M. Hariprasad, “Spectral-domain optical
coherence tomography: a comparison of modern high-resolution retinal imaging
systems,” Am. J. Ophthalmol., vol. 149, no. 1, pp. 18–31, Jan. 2010.
[74] R. Leitgeb, C. Hitzenberger, and A. Fercher, “Performance of fourier domain vs. time
domain optical coherence tomography,” Opt. Express, vol. 11, no. 8, pp. 889–94, Apr.
2003.
[75] Z. Yaqoob, J. Wu, and C. Yang, “Spectral domain optical coherence tomography: a
better OCT imaging strategy,” Biotechniques, vol. 39, no. 6 Suppl, pp. S6-13, Dec.
2005.
[76] J. S. Schuman, “Introduction to Optical Coherence Tomography (OCT) Technology:
Time-Domain and Spectral-Domain Including Similarities and Differences between
these Technologies,” in FDA AGS Workshop, 2012.
[77] M. Wojtkowski, “High-speed optical coherence tomography: basics and applications,”
Appl. Opt., vol. 49, no. 16, pp. D30-61, Jun. 2010.
[78] W. Drexler, M. Liu, A. Kumar, T. Kamali, A. Unterhuber, and R. a Leitgeb, “Optical
coherence tomography today: speed, contrast, and multimodality,” J. Biomed. Opt.,
vol. 19, no. 7, p. 71412, 2014.

144

References

[79] N. Lippok, S. Coen, P. Nielsen, and F. Vanholsbeeck, “Dispersion compensation in
Fourier domain optical coherence tomography using the fractional Fourier transform,”
Opt. Express, vol. 20, no. 21, pp. 1704–1706, 2012.
[80] Edmund Optics, “Imaging Electronics 101: Understanding Camera Sensors for
Machine Vision Applications,” 2016. [Online]. Available:
http://www.edmundoptics.com/resources/application-notes/imaging/understandingcamera-sensors-for-machine-vision-applications/. [Accessed: 20-Oct-2016].
[81] J. Schmitt, “Optical Coherence Tomography (OCT): A Review,” IEEE J. Sel. Top.
Quantum Electron., vol. 5, no. 4, pp. 1205–1215, 1999.
[82] M. H. Niemz, Laser-Tissue Interactions, 2nd ed. Berlin, Heidelberg: Springer Berlin
Heidelberg, 2002.
[83] R. Huber, D. C. Adler, and J. G. Fujimoto, “Buffered Fourier domain mode locking
(FDML): Unidirectional swept laser sources for OCT imaging at 370,000 lines per
second,” Opt. Lett., vol. 31, pp. 2975–2977, 2006.
[84] M. Wojtkowski, V. Srinivasan, and T. Ko, “Ultrahigh-resolution, high-speed, Fourier
domain optical coherence tomography and methods for dispersion compensation,”
Opt. Express, vol. 12, no. 11, pp. 707–709, 2004.
[85] A. Bradu and A. G. Podoleanu, “Attenuation of mirror image and enhancement of the
signal-to-noise ratio in a Talbot bands optical coherence tomography system,” J.
Biomed. Opt., vol. 16, no. 7, p. 76010, Jul. 2011.
[86] M. Wojtkowski, A. Kowalczyk, R. Leitgeb, and a F. Fercher, “Full range complex
spectral optical coherence tomography technique in eye imaging,” Opt. Lett., vol. 27,
no. 16, pp. 1415–7, Aug. 2002.
[87] M. L. Cheuk, N. Lippok, A. W. Dixon, B. P. Ruddy, F. Vanholsbeeck, P. M. F.
Nielsen, and A. J. Taberner, “Optical coherence tomography imaging of cardiac
trabeculae,” in Engineering in Medicine and Biology Society (EMBC), 2014 36th
Annual International Conference of the IEEE, 2014, pp. 182–185.

145

References

[88] A. N. Bashkatov, E. A. Genina, and V. V. Tuchin, “Optical Properties of Skin,
Subcutaneous, and Muscle Tissues: a Review,” J. Innov. Opt. Health Sci., vol. 4, no. 1,
pp. 9–38, Jan. 2011.
[89] J. Schindelin, I. Arganda-Carreras, E. Frise, V. Kaynig, M. Longair, T. Pietzsch, S.
Preibisch, C. Rueden, S. Saalfeld, B. Schmid, J.-Y. Tinevez, D. J. White, V.
Hartenstein, K. Eliceiri, P. Tomancak, and A. Cardona, “Fiji: an open-source platform
for biological-image analysis,” Nat. Methods, vol. 9, no. 7, pp. 676–682, 2012.
[90] B. Sander, M. Larsen, L. Thrane, J. L. Hougaard, and T. M. Jørgensen, “Enhanced
optical coherence tomography imaging by multiple scan averaging,” Br. J.
Ophthalmol., vol. 89, no. 2, pp. 207–212, 2005.
[91] M. Boin and A. Haibel, “Compensation of ring artefacts in synchrotron tomographic
images,” Opt. Express, vol. 14, no. 25, p. 12071, 2006.
[92] T. W. Ridler and S. Calvard, “Picture Thresholding Using an Iterative Selection
Method,” IEEE Trans. Syst. Man Cybern., vol. 8, no. 8, pp. 630–632, 1978.
[93] Q. Fang and D. Boas, “Tetrahedral mesh generation from volumetric binary and
grayscale images,” Biomed. Imaging From Nano to Macro, 2009. ISBI ’09. IEEE Int.
Symp., pp. 1142–1145, 2009.
[94] H. Hoppe, “Poisson surface reconstruction and its applications,” in Proceedings of the
2008 ACM symposium on Solid and physical modeling - SPM ’08, 2008, p. 10.
[95] I. Mirsky and W. W. Parmley, “Assessment of passive elastic stiffness for isolated
heart muscle and the intact heart,” Circ. Res., vol. 33, no. 2, pp. 233–243, 1973.
[96] R. Kirton, “Mechanical properties of passive rat cardiac trabeculae,” University of
Auckland, 2005.
[97] M. Guidry, “Modelling Cardiac Mechano-Energetics,” University of Auckland, 2016.
[98] J. Zhang, A. M. G. Sisley, A. J. Anderson, A. J. Taberner, C. N. J. McGhee, and D. V
Patel, “Characterization of a Novel Collagen Scaffold for Corneal Tissue
Engineering,” Tissue Eng. Part C. Methods, vol. 22, no. 2, pp. 165–172, 2015.

146

References

[99] M. W. Jenkins, O. Q. Chughtai, A. N. Basavanhally, M. Watanabe, and A. M. Rollins,
“In vivo gated 4D imaging of the embryonic heart using optical coherence
tomography,” J. Biomed. Opt., vol. 12, no. 3, p. 30505, 2007.
[100] D. C. Howell, “Median Absolute Deviation,” in Wiley StatsRef: Statistics Reference
Online, Chichester, UK: John Wiley & Sons, Ltd, 2014.
[101] B. Pan, K. Qian, H. Xie, and A. Asundi, “Two-dimensional digital image correlation
for in-plane displacement and strain measurement: a review,” Meas. Sci. Technol., vol.
20, no. 6, p. 62001, 2009.
[102] J. W. Krueger and G. H. Pollack, “Myocardial sarcomere dynamics during isometric
contraction,” J. Physiol., vol. 251, no. 3, pp. 627–643, 1975.
[103] L. Chevalier, S. Calloch, F. Hild, and Y. Marco, “Digital image correlation used to
analyze the multiaxial behavior of rubber-like materials,” Eur. J. Mech. A/Solids, vol.
20, no. 2, pp. 169–187, 2001.
[104] D. Zhang and D. D. Arola, “Applications of digital image correlation to biological
tissues,” J. Biomed. Opt., vol. 9, no. 4, pp. 691–9, 2004.
[105] Perie J.-P., S. Calloch, C. Cluzel, and F. Hild, “Analysis of a Multiaxial Test on a C/C
Composite by Using Digital Image Correlation and a Damage Model,” Exp. Mech.,
vol. 42, no. 3, pp. 318–328, 2002.
[106] B. Wattrisse, A. Chrysochoos, J.-M. Muracciole, and M. Némoz-Gaillard, “Analysis of
strain localization during tensile tests by digital image correlation,” Exp. Mech., vol.
41, no. 1, pp. 29–39, 2001.
[107] D. Zhang, M. Luo, and D. D. Arola, “Displacement/strain measurements using an
optical microscope and digital image correlation,” Opt. Eng., vol. 45, no. 3, p. 33605,
2006.
[108] D. Lecompte, A. Smits, S. Bossuyt, H. Sol, J. Vantomme, D. Van Hemelrijck, and A.
M. Habraken, “Quality assessment of speckle patterns for digital image correlation,”
Opt. Lasers Eng., vol. 44, no. 11, pp. 1132–1145, 2006.
[109] W. Tong, “An Evaluation of Digital Image Correlation Criteria for Strain Mapping
Applications,” Strain, vol. 4, no. 41, pp. 167–175, 2005.

147

References

[110] B. Pan, H. Xie, and Z. Wang, “Equivalence of digital image correlation criteria for
pattern matching,” Appl. Opt., vol. 49, no. 28, pp. 5501–5509, 2010.
[111] H. Foroosh, J. B. Zerubia, and M. Berthod, “Extension of phase correlation to subpixel
registration,” IEEE Trans. Image Process., vol. 11, no. 3, pp. 188–199, 2002.
[112] G. Tzimiropoulos, V. Argyriou, and T. Stathaki, “Subpixel registration with gradient
correlation,” IEEE Trans. Image Process., vol. 20, no. 6, pp. 1761–1767, 2011.
[113] P. Bing, X. Hui-min, X. Bo-qin, and D. Fu-long, “Performance of sub-pixel
registration algorithms in digital image correlation,” Meas. Sci. Technol., vol. 17, no.
6, pp. 1615–1621, 2006.
[114] P. Hung and A. S. Voloshin, “In-plane Strain Measurement by Digital Image
Correlation,” J. Brazilian Soc. Mech. Sci Eng, vol. XXV, no. 3, pp. 215–221, 2003.
[115] H. S. Stone, M. T. Orchard, E. C. Chang, and S. A. Martucci, “A fast direct Fourierbased algorithm for subpixel registration of images,” IEEE Trans. Geosci. Remote
Sens., vol. 39, no. 10, pp. 2235–2243, 2001.
[116] M. Guizar-Sicairos, S. T. Thurman, and J. R. Fienup, “Efficient subpixel image
registration algorithms,” Opt. Lett., vol. 33, no. 2, pp. 156–158, 2008.
[117] A. Hajirassouliha, A. J. Taberner, M. P. Nash, and P. M. F. Nielsen, “Subpixel Phase based Image Registration Using Savitzky-Golay Differentiators in GradientCorrelation,” IEEE Trans. Image Process. (In Rev.
[118] P. K. Yeung and S. B. Pope, “An algorithm for tracking fluid particles in numerical
simulations of homogeneous turbulence,” J. Comput. Phys., vol. 79, no. 2, pp. 373–
416, 1988.
[119] D. Garcia, “A fast all-in-one method for automated post-processing of PIV data,” Exp.
Fluids, vol. 50, no. 5, pp. 1247–1259, 2011.
[120] D. Garcia, “Robust smoothing of gridded data in one and higher dimensions with
missing values,” Comput. Stat. Data Anal., vol. 54, no. 4, pp. 1167–1178, 2010.

148

References

[121] M. L. Cheuk, “Volumetric Characterisation of Contracting Cardiac Trabeculae:
Tracking Tissue Movement,” Figshare, 2016. [Online]. Available:
https://doi.org/10.17608/k6.auckland.4168083.v1. [Accessed: 02-Nov-2016].
[122] A. J. Anderson, P. M. F. Nielsen, and A. J. Taberner, “An investigation into the
viability of image processing for the measurement of sarcomere length in isolated
cardiac trabeculae,” in Engineering in Medicine and Biology Society (EMBC), 2012
Annual International Conference of the IEEE, 2012, pp. 1566–1569.
[123] a M. Gordon and G. H. Pollack, “Effects of calcium on the sarcomere length-tension
relation in rat cardiac muscle. Implications for the Frank-Starling mechanism,” Circ.
Res., vol. 47, no. 4, pp. 610–619, 1980.
[124] R. Van Heuningen, “Sarcomere length control in striated muscle,” Am. J. Physiol. Hear. Circ. Physiol., pp. 411–420, 1982.
[125] C. S. Chung, C. Mechas, and K. S. Campbell, “Storage using BDM or Blebbistatin
Preserves Functional Measures of Unloaded Cardiomyocytes,” Biophys. J., vol. 108,
no. 2, p. 295a, 2015.
[126] S. G. L. Ariel Lipson Henry Lipson, Optical Physics, 4th ed. Cambridge University
Press, 2010.
[127] M. L. Cheuk, “Volumetric Characterisation of Contracting Cardiac Trabeculae:
Combining Measurement Modalities,” Figshare, 2016. [Online]. Available:
https://doi.org/10.17608/k6.auckland.4168152.v3. [Accessed: 02-Nov-2016].
[128] J.-C. Han, A. J. Taberner, R. S. Kirton, P. M. F. Nielsen, R. Archer, N. Kim, and D. S.
Loiselle, “Radius-dependent decline of performance in isolated cardiac muscle does
not reflect inadequacy of diffusive oxygen supply,” Am. J. Physiol. Heart Circ.
Physiol., vol. 300, no. 4, pp. H1222-36, 2011.
[129] M. L. Cheuk, C. M. Johnston, J.-C. Han, D. S. Loiselle, P. M. F. Nielsen, and A. J.
Taberner, “Cardiac muscle energetics: Improved normalisation of heat using optical
coherence tomography,” in 2016 38th Annual International Conference of the IEEE
Engineering in Medicine and Biology Society (EMBC), 2016, pp. 2905–2908.

149

References

[130] Modesto Junior College, “Skeletal Muscle Physiology,” 2016. [Online]. Available:
http://droualb.faculty.mjc.edu/Course Materials/Elementary Anatomy and Physiology
50/Lecture outlines/skeletal_muscle_physiology.htm. [Accessed: 17-Oct-2016].
[131] OpenStax-CNX, “Muscle Contraction and Locomotion,” 2013. [Online]. Available:
https://cnx.org/exports/b7c9b702-b46c-435e-bea3-eee85ed940b4@5.pdf/musclecontraction-and-locomotion-5.pdf.
[132] Blausen.com staff, “Blausen gallery 2014,” Wikiversity J. Med., vol. 1, no. 2, 2014.
[133] A. Taberner, B. Ruddy, A. Anderson, C. Johnston, M. Cheuk, M. Ward, D. Loiselle,
and P. Nielsen, “The Cardiac Myometer: Simultaneous measurements of cardiac
muscle function,” in New Zealand Medical Sciences Congress, 2013.
[134] S. Goo, P. Joshi, G. Sands, D. Gerneke, A. Taberner, Q. Dollie, I. LeGrice, and D.
Loiselle, “Trabeculae carneae as models of the ventricular walls: implications for the
delivery of oxygen,” J. Gen. Physiol., vol. 134, no. 4, pp. 339–50, Oct. 2009.
[135] U. of W. A. Optical + Biomedical Engineering Laboratory, “INTRODUCTION TO
OCT,” 2016. [Online]. Available:
http://obel.ee.uwa.edu.au/research/fundamentals/introduction-oct/. [Accessed: 17-Oct2016].
[136] W. Drexler and J. G. Fujimoto, Optical Coherence Tomography: Technology and
Applications. Springer International Publishing, 2008.

150

