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Abstract

The link between haemodynamics and cardiac tissue mechanics is an active area of research
in developmental biology. Nevertheless, previous study of fluid-structure interaction in
the developing heart was mostly confined to single projection blood flow measurements
or computational fluid dynamics simulations using only the information of the heart wall
structure. Hence, techniques capable of direct 3D + time resolved blood flow and heart wall
motion are necessary to deepen the understanding of the cardiac function in the developing
heart.

This work presents an imaging system which combines selective plane illumination
microscopy (SPIM), with optical gating techniques, and micro particle image velocimetry
(uPIV). This combination (referred here as SPIM-uPIV) allowed non-invasively measuring
blood flow in the developing zebrafish heart in a depth and time-resolved manner. Our
system surpasses conventional uPIV measurement systems based on wide-field illumination
which suffer from measurement errors due to volume illumination of the sample.

The proposed SPIM-uPIV system was validated in a control microfluidics experiment
where flow of fluorescent microspheres was measured in a 50 pm diameter tube. Both
qualitative and quantitative analysis was performed to compare our SPIM-uPIV against
conventional brightfield-uPIV measurements. Furthermore, this work implements a different
metric for “cross-correlation” which was empirically found to perform better than the
traditional algorithm used in PIV analysis, when motion of large particles is measured.

By implementing optical gating techniques to our analysis, 3D + time blood flow
measurements in the beating hearts of 3, 4, and 5 day old zebrafish hearts were obtained.
The recovered 3D + time velocity information enabled further investigation of the heart
function such as the pumping efficiency which was obtained by calculating the flow rate
through a section of a heart chamber.

In summary, it is proposed that SPIM-pPIV system can be a useful tool for direct blood
flow measurements in transparent small-animal models. Such measurements would benefit
the current knowledge of fluid-structure interaction phenomena in the developing heart, and

could be used to validate previous work by other groups.



Declaration

I hereby declare that except where specific reference is made to the work of others, the
contents of this dissertation are original and have not been submitted in whole or in part
for consideration for any other degree or qualification in this, or any other university. This
dissertation is my own work and contains nothing which is the outcome of work done in
collaboration with others, except as specified in the text and Attributions.

Some of the work presented in this thesis has been published, and the relevant publica-

tions are listed below.

Publications

Vytautas Zi¢kus
October 2018



Attributions

Some of the work carried out in this thesis heavily employed methods, tools, and techniques

developed by other people and their contribution is summarized here

Selective Plane Illumination Microscopy (SPIM) microscope The SPIM microscope
used in this work (in particular, configuration A, shown in Figure 2.16) was built by Dr
Jonathan M. Taylor, and later rebuilt by the author. Synchronization of camera and laser
pulse timing in order to implement “PIV mode” described in section 2.3, was also carried
out by Dr Jonathan M. Taylor. Configuration B of the SPIM system was proposed to Dr
Jonathan M. Taylor by Dr Thai Truong, and implemented by the author. The “shadow
reduction” mirror was implemented by the author and the source for this set-up is referenced

in the caption of the diagram of our SPIM system.

Analysis and visualization The computer code for SPIM acquisition, and most impor-
tantly, the heart phase recovery for both real-time and offline analysis (method described in
Chapter 2 and used in Chapter 4) was developed by Dr Jonathan M. Taylor.

The Particle Image Velocimetry (PIV) analysis carried throughout this thesis was per-
formed with a modified open-source OpenPIV Python code [1]. The code was modified
to allow the use of different sized interrogation windows with the help of Dr Jonathan
M. Taylor. The fast (C-based) implementation of the Sum of Absolute Differences (SAD)
algorithm was written by Dr Jonathan M. Taylor. The synthetic data generation in the
analysis in Chapter 2 was performed using PIVlab, a MATLAB package [2]. The qualitative
analysis of depth-of-correlation in Chapter 3 was heavily based on the work by Hein et al.
[3].

The type of visualization shown in Figure 3.11 was proposed by Richard Hoppe. 3D
visualizations in Chapter 4 were rendered using an open-source Mayavi package [4]. 1I-
lustrations created with open-source vector drawing software Inkscape [5]. 2D plots and
graphs were created with Matplotlib [6], and the information presented there was analysed

using the functionality of Numpy [7] and Scipy [8] libraries, unless otherwise stated.

Raw data The raw data used in the analysis of the results shown in Figure 4.4 (and other
figures based on the same sample in Chapter 4) were obtained by Dr Jonathan M. Taylor.
The raw data of the 3 day old zebrafish atrium heart was also obtained by Dr Jonathan M.



Taylor. All the analysis and visualization was carried-out by the author. All other raw data

was obtained by the author.

Figures Figures which were reproduced/adapted in this thesis clearly state “taken/adapted
from” in their respective captions followed by the literature source. Some of these figures
(Figure 1.1, Figure 1.2, Figure 1.4b, Figure 1.9) were under Creative Commons licence.
Figure 1.8, Figure 4.3, and Figure 2.4 were reproduced/adapted with permission. Figures
which were created by the author based on work by others is clearly indicated in the
corresponding captions. Figure 1.7 was provided by Dr Jonathan M. Taylor. Figures created

by the author which were published are clearly referenced in the corresponding captions.

Zebrafish samples Zebrafish samples were maintained by Dr Carl Tucker, Dr Sebastien
Rider, and Dr Charlotte Buckley at the University of Edinburgh zebrafish facility. Animals
used in this work were maintained according to the Animals (Scientific Procedures) Act
1986, United Kingdom.
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Fig. 4.22 Comparison of correlation averaged (red line with squares) and single-pair (green
dots) u-component measurements (raw data) for (a) 64 and (b) 32 phase bins for interrogation
window at similar locations (roughly estimated based on flow features). The phases are
not registered and are arbitrary. Note that the peak can be clearly seen, and the lack of
significant spread in time suggests that phase matching performed reasonably well.
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There does not appear to be any significant spread in velocity values in phase in the
measurements of a 3 dpf zebrafish atrium. However, the results from 4 dpf and more so
in 5 dpf zebrafish ventricle, are more noisy (in particular the velocity magnitude variation
1s greater compared to the 3dpf results) and require a closer inspection. In both of these
results, the highest peak seems to drop off less sharply than in the 3 dpf zebrafish. Of course,
this could be simply due to a different temporal flow profile in the ventricle (compared to
flow in the atrium of a 3 dpf fish). However, there appears to be a second peak visible in
Figure 4.23b at around phase 3.590, might suggest an issue with the phase recovery or flow
reproducibility.

If phase recovery was the cause of the second peak, this could be due to the differences
in the way the BF channel data was acquired. Namely the 4 and 5 dpf datasets were obtained
using configuration B, whereas the 3 dpf obtained using configuration A (recall Figure 2.16).
In principle, this BF data acquisition should not affect the reliability of phase recovery, but
further investigation would be necessary to validate this assumption. Moreover, all of the
phase values should shift, but since there is a clear location of the peak flow, it is unlikely
that the cause for this second peak is due to failure of phase-stamping.

The other potential cause for the more noisy results when imaging the 4 and 5 dpf fish,
could be the use of a much faster camera. It was briefly mentioned in the previous section,
that this much higher acquisition rate can yield 2 or more frame pairs in one phase bin,
and this was shown in Figure 4.20. It is possible that the velocity changes significantly
between sequential frame pairs, which leads to the velocity broadening (in magnitude) seen
in Figure 4.22 and Figure 4.23. This could be investigated by splitting the phase bins in half
and observing if the broadening reduces, but was not done here due to limited time. This

would also imply that a clear change within a phase bin should be visible.
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Fig. 4.23 Comparison of correlation averaged (red line with squares) and single-pair (green
dots) u-component measurements (raw data) for 64 phases at a single IW in the ventricle.
Figure (a) has a significant amount of spread in the pixel shift compared to (b). This
requires further analysis to inspect if the spread is a genuine feature of the flow or if the
phase matching is failing. However, the fact that the region from phase 2.194 to 4.588 is
reasonably well contained suggests that there should not be any critical failures in phase
assignment. The results shown here and also in Figure 4.22 have a larger spread on the
velocity measurements than the results shown in Figure 4.21. Therefore it is not surprising
that the 4 and 5 dpf plots look more disordered than the 3 dpf, even assuming perfect
phase-stamping.
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4.3.7 Future improvements

The preliminary results of this study appear promising, considering the relatively simple
UPIV analysis algorithms used. Here, the experimental and analysis aspects not explicitly
stated elsewhere in this thesis, will be reviewed. Potential routes to approach these issues

are also briefly suggested.

e The ~ 2.5um Full Width at Half Maximum (FWHM) thickness of the light sheet
used here, meant that the Rayleigh length does not cover the full length of a single
chamber. This means that the velocity at the edges of the heart chamber will be
slightly more averaged in depth (i.e. larger DOC). This could be alleviated by using a
thicker light-sheet, at the loss of some axial resolution. Increasing the sheet thickness
would also be necessary if both chambers of the heart were to be imaged with the

same depth sectioning throughout the Field of View (FOV).

* The single-side light-sheet illumination used here meant that the image quality reduced
in depth, due to light absorption and scattering. While it was not a significant issue
for scanning single chambers, using dual-side light-sheet illumination (using two

objectives facing each other) should in principle avoid this problem.

* The measurements here were done on fish from 3 dpf age because younger fish
develop their heart very rapidly. Because an extended imaging time is required to
build up sufficient data for correlation averaging (around 30 min per z-stack), by the
end of the acquisition, the heart would have changed significantly, and the pPIV
results would no longer be representative (i.e. the flow would genuinely change
over the course of imaging). In principle, this would be alleviated with Light Sheet
Fluorescence Microscopy (LSFM) systems capable of rapidly acquiring volumetric

data (such as SCAPE light-sheet system for example).

* Unlike for flow measurements in the blood vessels, the use of microinjected beads
for imaging flow in the heart is significantly more challenging. The main issue is
bead deposition in the heart walls, particularly the trabeculae. It is unclear whether
smaller particles, such as quantum dots would aggregate more or less in the heart
walls, however, it is worth investigating at least in the atrium, where there is no

trabeculation.

The issues summarised here, and elsewhere in the text were presented with suggested
solutions, which should be practically achievable and would present useful extensions
to this work. Perhaps the three most challenging additions to this work would be a) the
implementation of advanced PIV algorithms (such as IW deformation technique), b) multi-
view 3D volume registration (which would allow calculating the third velocity component),
and c) extending the SPIM system for dual-side illumination (to improve the imaging depth

with good image quality).
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4.4 Conclusion

This chapter presented 3D + time blood flow measurements in the zebrafish heart, which
were the chief results of this thesis. The practical aspects of in vivo imaging using Selective
Plane Illumination Microscopy (SPIM) for micro Particle Image Velocimetry (uPIV) anal-
ysis were considered, and subtle yet important experimental steps were explained. The
less challenging measurements in the main blood vessels of the fish were presented. The
UPIV results obtained there were considered by investigation the motion of individual tracer
particles. It was found that using artificial tracers can yield higher spatial resolution, nev-
ertheless, the advantages of using endogenous fluorescent Red Blood Cell (fRBC)s were
clearly stated.

Finally, the depth resolved measurements in the hearts of zebrafish of 3, 4, and 5
days old were performed using blood cells as flow tracers. The recovered velocity fields
showed qualitatively expected features in the chamber of the heart. These measurements
allowed quantifying the blood flow through a cross-section of the heart. This showed
that SPIM-pPIV can be useful for quantifying the efficiency of the heart valves as the
heart develops. Furthermore, these flow rate measurements also helped illustrating the
reasonable match between flow measurements acquired with z-stacks of the heart at different
orientations. Next, a detailed examination of the possible sources of errors due to Out-of-
Plane Motion (OOPM), and the quality of phase recovery, was presented with additional
experimental measurements, and focused analysis of velocity measurements. The findings
suggested that in the cross-sections considered, the OOPM should not have any significant
effect. On the other hand, the analysis of phase-dependent velocity measurements was not
conclusive and further work to investigate this more thoroughly was suggested.

All in all, given the challenging nature of imaging thick biological samples, combined
with the extra layer of in vivo experiments, it seems that SPIM-pPIV is capable of quanti-
fying blood flow in the beating zebrafish heart well. Further, considering that the results
presented in this chapter were not pre-processed (in terms of use of any “noise reducing” fil-
ters), and used simple (yet robust) pPIV analysis algorithms, these results could in principle
be greatly improved.

As a final note, it is worth revisiting one of the applications of flow quantifiaction - the
measurements of Wall Shear Stress (WSS) introduced in Chapter 1. While the finite time
of this project prevented direct quantification of WSS, the measurement accuracy shown
provides a great improvement over conventional volume illumination flow measurement
techniques. In particular, it was shown in Chapter 3 that a SPIM-uPIV system can accurately
recover flow at the walls in 3D. Furthermore, using artificial flow tracers (fluorescent beads),
potential for 1 micron spatial resolution Particle Image Velocimetry (PIV) measurements at
the vessel walls exists. However, it is at the moment unclear if such resolution is required,
as it could be argued that imaging at the blood cell resolution should suffice. On the other

hand, it was shown that there are slight differences in the flow of blood cells and fluorescent



4.4 Conclusion 151

beads. This suggests that blood plasma might flow differently to blood cells, and hence can
have implications on the accuracy of WSS measurements. However, the key improvement
of this work is extension of flow measurements to higher dimension (Three Dimension-
Two Component (3D2C)). Since blood vessels, and especially the heart, are not ideal
geometrical shapes, approximating them as tubes or spheres and using single-projection
flow measurements (Two Dimension-Two Component (2D2C)) cannot provide adequate
information on fluid-structure interaction. Therefore there is a need for full 3D+time

information, which SPIM-uPIV can achieve.



Chapter 5
Conclusion and future work

In conclusion, SPIM-uPIV technique is proposed as novel approach for flow measurements
in 3D at the microscopic scales. This was firstly motivated by the limitations in conventional
UPIV systems which typically do not have optical sectioning ability, and in particular, suffer
from erroneous velocity estimation due to Depth-of-Correlation. Secondly, while Light
Sheet Fluorescence Microscopy (LSFM) has been utilised to investigate the morphology
of the heart wall in the past, quantitative blood flow measurements in 3D+time have not
been previously reported. This can be attributed to the highly dynamic nature of the blood
flow, presenting a significant challenge for both microscopy and computational analysis. By
making use of optical gating techniques to recover heart phase, we showed the potential
of SPIM-uPIV system for depth and time-resolved in vivo blood flow measurements in the
developing zebrafish heart.

The recurring theme in this thesis was rigorous investigation of velocity measurement

validity and accuracy. The key aspects investigated in this thesis can be summarised as:

» Comparison of the conventional cross-correlation algorithm, Fast Fourier Transform
Cross Correlation (FFTCC), against the Sum of Absolute Differences (SAD). Anal-
ysis of synthetic data strongly suggested that SAD exhibits a predictable behaviour
in terms of the bias and random error of velocity measurements. On the contrary,
FFTCC showed inferior accuracy and precision when particle image diameters used

in the analysis reached the sizes of a typical fRBC of a zebrafish.

* Experimental investigation of Depth of Correlation (DOC) in a SPIM-pPIV system.
By contrasting velocimetry results of Brightfield (BF) and SPIM for a flow of beads in
a 50um diameter tube, it was clearly shown that SPIM does not suffer from velocity
averaging due to a large DOC like conventional pPIV systems do. It was proposed
and experimentally proven that DOC for a SPIM system is confined by the thickness
of the light-sheet used, thereby presenting a clear advantage over conventional uPIV

systems.
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* Empirical measurements of maximum tolerable OOPM. Through the use of real
experimental data, it was shown that reliable 2D2C velocity measurements can be
recovered even when the OOPM velocity component exceeds 4 um, as long as correla-
tion averaging is used. This was a crucial validation step for blood flow measurements

in the zebrafish cardiovascular system.

These investigations formed the “foundation of validity” for applying SPIM-uPIV for in

vivo blood flow measurements in the zebrafish, which were the main “proof-of-concepts

results in this thesis, and are reviewed here:

» 3D2C blood flow velocity recovery in the main vessels of the zebrafish embryo. By
using endogenous fluorescent blood cells as flow tracers, depth-resolved flow mea-
surements in the Dorsal Aorta and the Cardinal Vein of the zebrafish were presented
in section 4.2. The flow rate through these vessels, as well as the flow profiles in time
were shown to illustrate the potential analysis that can be carried out with the data

recovered with SPIM-uPIV system.

* Comparison of fRBC and fluorescent bead flow. Single plane velocimetry data using
microinjected beads revealed an apparently higher spatial resolution than the fRBCs.
This prompted an investigation of the flow properties at the single particle level. It was
concluded, that flow measurements with either type of tracer is valid, albeit mapping

different components of the fluid.

* 3D2C blood flow measurements in the zebrafish heart. The most important and
challenging results of this thesis, the depth-resolved measurements of blood flow
throughout the full heartbeat of 3, 4 and 5days post fertilization (dpf) fish were
presented in section 4.3. This was achieved by combining the optical sectioning
ability of SPIM, optical gating techniques, and correlation averaging. The results
allowed, for the first time, to directly measure depth-resolved blood flow in the
zebrafish heart.

* Flow rate measurements throughout the cardiac cycle in the heart chambers. The
pumping performance of the developing zebrafish heart was evaluated by considering
the flow rate through a cross-section in the heart chamber. These measurements
should provide a more accurate estimate compared to measurements relying on single
2D projection measurements obtained with conventional microscopy. Furthermore,
by considering the flow rate data obtained by imaging the hearts from different

orientations, qualitative evidence for measurement reproducibility was shown.

* Validity and reliability of uPIV analysis in the zebrafish heart. The main theme of
investigating the validity of results was revisited once again by considering two aspects

which can decrease measurement accuracy. Firstly, occurrence of unacceptable
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OOPM was investigated both qualitatively and numerically and was found not to
be of concern for this study. Secondly, reliability of phase matching necessary for
meaningful correlation averaging of SPIM-uPIV data was examined. While the
more noisy data from the measurements of the 4 and 5 dpf zebrafish requires further
investigation, the general trend of correlation-averaged data suggests that the phase-

stamping is working well and the pPIV analysis is valid.

5.1 Future work

Despite the encouraging preliminary results achieved with our Selective Plane Illumination
Microscopy (SPIM)-micro Particle Image Velocimetry (uUPIV) system, the results should be
further improved by addressing some experimental and computational analysis aspects of

the technique, these could be summarised as follows:

 Refined sample mount with a motorised rotation stage. In order to simplify 3D volume
registration (from samples which were imaged at different orientations), the sample
rotation should be precisely known. The current set-up used a manual Thorlabs CRM 1
rotation mount, which was installed on a custom built 3D printed mount. However,
manual handling was not ideal, as the sample could be disturbed as soon as the
rotation stage was touched by hand. Replacing the manual rotation stage with a
motorised one, even controlled with an inexpensive stepper motor, should improve

the data acquisition step for multi-view 3D registration.

* Recovery of Three Dimension-Three Component (3D3C) velocity flow field: phase-
matching. The above bullet point is necessary for the next logical step of this work -
estimation of the third velocity component in the flow of the zebrafish heart. As briefly
discussed in chapter 4, this requires robust 3D registration, and the ability to recover
phase of the same heart but imaged from different orientation in Brightfield (BF).
While the current phase recovery algorithms cannot yet register between two different
views. However, there is no fundamental limitation to extracting this information,
as clearly if the same heartbeat is imaged from different orientations, and hence the
same underlying period information should be preserved. An alternative venue to
explore would be investigating if BF images from multiple orientations can be reliably
analysed using uPIV analysis to estimate the period (as performed by Jamison et al.
[90].

* Recovery of 3D3C velocity flow field: multi-view velocity reconstruction. Provided
heartbeat period information is extracted from multi-view BF data, the next step
would be to fuse the velocity information recovered with SPIM-uPIV of the heart at
different orientations. To this end, the mathematical framework described by Chan

and Liebling [94], could be a potentially powerful tool for this problem.
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* Beat-to-beat flow reproducibility. The analysis of the flow measurements in the 4 and
5 day zebrafish hearts require a further investigation. The data could potentially be
revisited and re-analysed using an array of different uPIV parameters and perhaps
even incorporating some image processing routines (i.e. to improve image quality).
However, a more informative study could be to analyse a larger number of zebrafish
samples, and acquire a long time sequence of single depth-plane flow data from pPIV

analysis to investigate whether or not the flow is as periodic as the motion of the heart.

The proposed improvements of the set up and acquisition were suggested for the
current system used. However, alternative Light Sheet Fluorescence Microscopy (LSFM)
systems could be explored, such as the previously mentioned SCAPE microscopy [161],
which should in principle be able to recover the full volume of the zebrafish heart nearly
instantaneously. This means that multi-view configuration might not be necessary (and
hence only one BF channel would be needed). Regardless of the actual LSFM system used,
the depth-resolved in vivo pPIV measurements in the zebrafish could be utilised in the

following ways:

» Refinement of Wall Shear Stress (WSS) measurements. At the beginning of this thesis,
WSS was presented as a parameter of interest in cardiovascular research. SPIM-uPIV
can in principle allow full 3D WSS estimation in the hearts and vessels of living,
transparent embryos. 3D WSS information could be useful for refining and validating

Computational Fluid Dynamics (CFD) simulations, discussed next.

* A very recent work by Vedula et al. [77] used 4D information of the zebrafish heart
wall (obtained with SPIM) to quantify mechanical forces acting on the heart, such
as the WSS and Oscillatory Shear Index (OSI). While this work is a significant
advancement in the understanding of the zebrafish heart function, these measure-
ment have not been validated using blood flow information. However, while our
proposed SPIM-uPIV is capable of such measurement, it is likely that tracers other
than fluorescent Red Blood Cell (fRBC)s would be required to achieve very high
spatial resolution at the heart wall. Such particles could for instance be fluorescent

thrombocytes, however, to our knowledge such a zebrafish strain is not yet available.
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