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Abstract

Blood oxygen saturation (SO3) is an important functional metric in the diagnosis and
monitoring of blinding eye diseases and cancer. Additionally, SO, imaging has high value
in illustrating changes in blood oxygenation within a vascular network, particularity when
changes are demonstrated within the context of surrounding biological structures. This
has promising potential to provide valuable information to researchers and clinicians on
the mechanisms of disease progression and the efficacy of treatment.

Various techniques have been explored for SO, imaging, however limitations of in-
accuracy in measurement, a requirement of contact with the tissue and the reliance on
exogenous labels have prevented the clinical adoption of these approaches. Photon absorp-
tion remote sensing (PARS) is a novel imaging technique that is label-free, non-contact
and absorption-based. When a photon is absorbed by a biomolecule, energy can be re-
leased through radiative or non-radiative relaxation. Most imaging modalities are limited
to capturing one form of relaxation contrast, however PARS is capable of capturing both
simultaneously. The unique PARS approach has promising potential as an SO, imaging
modality. This thesis explores work which furthers efforts towards accurate, non-contact,
label-free SO, imaging using PARS.

First, system developments are implemented to demonstrate the first multi-wavelength
in vivo PARS system. The use of independent excitation paths, power compensation, and
the improvement of the secondary excitation generation enables the reliable and consistent
in vivo multi-wavelength PARS imaging of chicken embryo vasculature. Additionally, the
power compensation of incident excitation pulses is critical for quantitative SOy measure-
ments to ensure that measured SO is not impacted by power variations in the excitation
source.

This is followed by the development of techniques for in vitro phantom studies. A blood
oxygenation and deoxygenation protocol is developed and tested, enabling the time-efficient
and low-cost preparation of blood samples at various oxygenation levels. Additionally, a
flow phantom is developed with a 50 pym channel which successfully enables PARS signal to
be captured from blood in an in vitro flow phantom. This experimental setup was unable to
demonstrate a change in PARS signal across various blood samples at differing oxygenation
levels. Simulation is used to demonstrate that the blood preparation and samples are not
the cause of the unsuccessful result. This result is determined to be a consequence of the
flow phantom design. The knowledge gained through the iterative design process provides
valuable insight to guide future flow phantom developments.

Finally, in vivo experimentation of the multi-wavelength PARS system successfully
demonstrated the variation in blood oxygenation during the hypoxia and recovery of a
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chicken embryo. The hypoxia holder was designed to modulate the ambient oxygen inside
the holder and induce states of hypoxia and recovery. This highlights the success of the
PARS multi-wavelength system in demonstrating a relative change in SO5 in vivo.

The presented work furthers efforts towards accurate, non-contact, label-free PARS
SO, imaging through the development of the first multi-wavelength in vivo PARS system,
in vitro blood and flow phantom developments and the in vivo demonstration of relative
change in SOy measured using PARS.
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Chapter 1

Introduction

1.1 Motivation

Understanding vascular function provides critical information on tissue health and disease
pathology. Blood oxygen saturation (SO;) is an important functional metric that can be
used to characterize hypoxia and non-perfusion in tissue. This metric has the potential to
provide high value information to clinicians and researchers in the diagnosis and monitoring
of treatment efficacy in cancer [1][2][3][!] and blinding eye diseases [][0].

In 2020, GLOBOCAN reported 19.3 million new cancer cases and 10 million cancer
related deaths worldwide. Estimates suggest that in 2040 there will be 28.4 million new
cancer cases [7]. Tissue hypoxia is a physical factor which contributes to the progression
of cancer. Angiogenesis occurs in response to hypoxia, wherein tumors generate their own
vasculature to meet metabolic requirements [8]. As a result, SO, has become an impor-
tant metric for tissue characterization and prediction of treatment response for various
pathologies such as breast cancer [1][2], esophageal cancer [3], and prostate cancer [1].

Additionally, over 8 million Canadians live with major eye diseases such as diabetic
retinopathy (DR) and glaucoma, and vision loss in Canada costs a total of $33 billion
per year [9]. Early detection of eye disease is critical for minimizing the severity of vision
loss [9]. Recent studies have correlated retinal non-perfusion with the worsening of DR [7]
and linked a higher retinal SO, with increased damage of the visual field in glaucoma [6].
Due to the functional changes associated with blinding eye diseases and cancer, accurate
and clinically applicable SO, imaging has immense potential to revolutionize diagnosis and
treatment.



Blood has high optical absorption, and absorption differs between oxy- and deoxy-
hemoglobin across wavelengths. Current gold standard technology such as OCT and multi-
wavelength fundus photography indirectly measures absorption changes through optical
scattering. However, the accuracy of scattering-based systems is limited by confounding
factors such as local geometry (e.g. vessel diameter) and surrounding biomolecules (e.g.
melanin) [10][11]. Absorption-based methods, such as photoacoustics (PA), have an ad-
vantage over scattering-based methods by directly measuring absorption. Precise in vivo
SO, has been achieved with PA, and through simulation PA has been demonstrated as
accurate regardless of melanin concentration or vessel diameter [10][11]. However, PA is
limited by the requirement of physical contact; this presents challenges in fragile tissues
such as open wounds and the eye.

Photon Absorption Remote Sensing (PARS) is an advantageous, absorption-based,
technology that does not require contact with tissue. Following an absorption event,
energy is released through radiative or non-radiative relaxation based on the quantum
yield of the biomolecule. Molecular specificity is achieved by selecting excitation wave-
lengths, which target chromophore-specific absorption, and capturing both radiative and
non-radiative relaxations. Green excitation targets hemoglobin absorption, which has a
low quantum yield, thus providing non-radiative contrast. Radiative relaxation from sur-
rounding biomolecules is captured simultaneously without additional excitation, providing
valuable structural context and facilitating the un-mixing of confounding biomolecules.
PARS has recently demonstrated in vivo vasculature imaging in chicken embryo and mouse
ear, with video-rate imaging speeds capable of capturing flow of individual red blood cells
in chicken embryo capillaries [12]. Photoacoustic Remote Sensing demonstrated initial SO,
results in chicken embryo [13] and rodent eye [11], however these results do not meet ISO
standards for oximeter accuracy of a Root Mean Square (RMS) of < 4% [15].

This work includes the initial developments of the first in vivo multi-wavelength PARS
imaging system. System developments improve the consistency and reliability of multi-
wavelength imaging. Additionally, in vitro and in vivo studies explore the application of
PARS for SO, imaging. This work promises to extend the capabilities of previous systems,
laying the groundwork for SOy metrics and working towards a PARS oximeter system that
achieves ISO accuracy standards [15].

1.2 Thesis Objectives

The high level goal of this work is to further efforts towards accurate PARS SO, imaging.
These efforts are sub-divided into the following three main objectives:



1. Develop a multi-wavelength in vivo PARS system capable of consistent and reliable
in vivo vascular imaging with two green excitation wavelengths.

2. Implement in vitro studies of PARS SO, measurement through the establishment of
in vitro blood deoxygenation and oxygenation methods, as well as the development
of a PARS-specific flow phantom.

3. Illustrate the capability of PARS to demonstrate relative change in SO, through the
design and implementation of an in vivo hypoxia study.

1.3 Thesis Organization
The chapters within this thesis are organized as follows:
e Chapter 2 provides relevant technical background and an overview of current tech-

nology used for SO, imaging.

e Chapter 3 discusses the development of the multi-wavelength in vivo PARS system,
and demonstrates reliable and consistent in vivo multi-wavelength images.

e Chapter 4 explores the development of a PARS-specific protocol for blood oxygena-
tion and deoxygenation for use in in vitro phantom studies.

e Chapter 5 discusses the development of a custom flow phantom and results from in
vitro studies of PARS SO, imaging.

e Chapter 6 presents the design of a custom hypoxia holder and the experimental
results of in vivo hypoxia studies to demonstrate relative PARS SOs.

e Chapter 7 provides conclusions and an overview of key results.



Chapter 2

Background & Literature Review

2.1 Optical Imaging Principles

The medical imaging devices typically found in a clinical setting include magnetic resonance
imaging (MRI), X-rays radiography and computed tomography (CT) as well as ultrasound
imaging. X-ray was first discovered in 1895, and in the 1940s ultrasound was introduced
into medicine. Both CT and MRI were invented in the 1970s [10]. These techniques have
become standard practice in the medical field and provide high value medical imaging.

Optical imaging is emerging as a valuable tool to further the capabilities of medical
imaging. An advantage of optical imaging in medical applications is the use of non-ionizing,
safe radiation. Additionally, light matter interactions within biological material can be
leveraged to derive valuable, and clinically relevant information [16].

The primary modes of light matter interaction are scattering and absorption. Optical
scattering is dominant in most biological tissue, and occurs when the path of a photon is
re-directed by a biological structure. This occurs predominantly when the structure has
a refractive index mismatch with respect to the surrounding medium, or when the optical
wavelength matches the size of the structure. The probability of light being scattered in a
particular medium is defined by the scattering coefficient (us) [16].

Optical absorption occurs when the energy of a molecule is increased from a ground
state to an excited state through the absorption of a photon. This energy is released
through non-radiative, or radiative relaxation. Figure 2.1 summarizes the various mech-
anisms through which relaxation occurs. Briefly, non-radiative relaxation occurs through
the generation of heat. For radiative relaxation, energy is released through the emission of
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another photon, this can occur through fluorescence, phosphorescence or Raman scatter-
ing. Optical absorption is molecule and wavelength specific, as such, valuable biochemical
information can be derived from the absorption of light. The probability that a photon
will be absorbed in a particular medium is defined by the absorption coefficient (y,), and
the primary absorbers in biological tissues are hemoglobin, melanin and water [10].

Exctted state

:| Vibrational energy levels

T4 Internal conversion
I R
| \ Intersystem crossing
: Nonradiative \\ . Excited
[ielation \  tripletstate
[ Lo
hv, | hvy hv, Virtual
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Absorption | Fluorescence | Phosphorescence
| B
| hv, hvg
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Figure 2.1: Jablonski energy diagram demonstrating absorption and the various mecha-
nisms for relaxation, including non-radiative and radiative relaxations (fluorescence, phos-
phorescence and Raman). This figure is courtesy of Wang et al. [16] and is used with
permission.



2.2 Accuracy, Consistency and Repeatability

2.2.1 Terminology

This work discusses the repeatability, consistency, accuracy etc. of SOy imaging and
measurement systems. The terminology used throughout this work is defined below, and
definitions are based on work by Hacker et al. [17].

Repeatability The ability for the outcomes of an experiment, repeated
on different days with the same procedure, to provide the
same result when performed multiple times in the same
lab, using the same equipment, by the same operator.

Consistency (Image) The similarity between features of two or more images
captured of the same imaging target using different exci-
tation wavelengths for PARS imaging.

Accuracy The closeness of an experimental measurement to the
true value.
Bias A systematic deviation of experimental measurements
from the true value.
Validation The process during which a method or system is assessed

for accuracy and reliability.

Table 2.1: Terminology.

2.2.2 PARS-S0, Accuracy

The measurement of SOs using PARS can be broadly categorized into relative SOy and ab-
solute SO,. Relative SO is demonstrated when oxy- and deoxy-hemoglobin concentration
is shown to change proportionally with respect to itself and is measured in arbitrary units.
Absolute SO; provides a measurement of the percentage of oxy- and deoxy-hemoglobin
in the blood. An absolute PARS-SO, measurement is derived from a relative PARS-SO,
measurement through the development of an empirical model. This model is derived by as-
sociating relative PARS-S0, measurements with known gold standard SO, measurements.
Gold standard approaches are also used to assess accuracy of the absolute SO, measure-
ment. Living tissue presents challenges for accurate, absolute SO, measurement due to
factors such as blood vessel geometry (e.g. depth, diameter) and confounding bio-molecules
(e.g. melanin) [LO][11][18].



In this work, PARS-SO, accuracy is defined by the closeness of an absolute SOy mea-
surement to the true oxy- and deoxy-hemoglobin concentration. This requires the use of
gold standard approaches, such as blood gas analysis, to establish a true measurement
against which PARS-SO; is compared. PARS-SO, accuracy metrics are determined with
respect to gold standard blood gas analysis, using the assumption that these gold standard
approaches provide ground truth measurements. Delving into the nuances of blood gas
analysis accuracy is beyond scope of this work.

Current ISO and CSA standards for pulse oximeters outline an accuracy requirement
of 4% root-mean-square error (RMSE) over a range of 70% to 100% oxygen saturation
[15][19], however recent technology has outperformed this standard. Adaptive spectroscopic
vis-OCT has demonstrated a 2.1% RMSE of major retinal arteries compared to a pulse
oximeter [20]. Photoacoustic imaging has shown an RMSE of 2.16% in canine femoral
arteries, and 3.97% in human radial arteries [21]. Near-infrared photoacoustic spectroscopy
has demonstrated a measurement accuracy within 2.5% with a resolution of & 1% in an
in vitro validation study [22]. Finally, SO accuracy of a commercial smartwatch has up
to a RMSE of 2.9% when compared with clinical-grade pulse oximeters [23].

Current pulse oximeter technology is limited in accuracy across diverse populations,
which was exposed in a landmark 2020 report that presented findings indicating a racial
bias in pulse oximetry [24]. Additionally, a recent systematic review of 44 studies com-
paring pulse oximetry measured SO, against blood gas co-oximetry highlighted that pulse
oximetry can overestimate the true SO, level in people with darker skin tones [25]. This
is a critical area of research, not only in pulse oximetry, but throughout all types of SO,
measurement techniques. Active research is addressing this in photoacoutsics [18], however
many validation studies of SO, measurement devices lack adequate reporting on racial de-
mographics. As PARS-SO, work continues, incorporating variable melanin concentration
and skin tone will be crucial in validation studies and accuracy determination.

The ultimate goal for PARS-S0O; is the ability to measure absolute SO, with an accu-
racy which meets, or is better than, the ISO and CSA standard. The PARS-S0O, measure-
ments should remain accurate despite factors such as melanin concentration and varying
vessel geometry. Additionally, accuracy metrics must be validated across target tissue
types, such as cancerous tissue or the retina, to account for differences in structure and
bio-molecules in these tissues.
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Figure 2.2: Absorption spectra of oxy-hemoglobin (HbOj) and deoxy-hemoglobin (Hb).
Original data source complied by Scott Prahl [20].

2.3 S0, Determination

Red blood cells (RBCs) make up 99% of the cells in normal human blood [27]. The
primary protein found in RBCs is hemoglobin, which is responsible for oxygen transport
in the body. This occurs when oxygen molecules (Os) bind to one of four heme groups
in a hemoglobin molecule. Oxy-hemoglobin (HbOy) refers to the state of hemoglobin in
which all heme groups are bound to oxygen, and deoxy-hemoglobin (Hb) refers to the
unbound state of hemoglobin [28]. The absorption of oxy- and deoxy-hemoglobin varies
greatly across the visible spectra as is shown in Figure 2.2. This absorption variation is
the cornerstone of SO, measurement and imaging. The absorption of light is specific to
the wavelength of incident light and the absorber species. This relationship is described
using the Beer-Lambert Law for a single absorber species:



A(N) = logio(Lp/I) =€(N) - c-1 (2.1)

Wherein A(X) represents the wavelength (A) specific absorption, I is the intensity of
transmitted light, and Iy the intensity of incident light. The extinction coefficient e(\) is
an absorption property specific to an absorber species at a particular wavelength, and ¢
represents the concentration of the absorber species. Finally, [ represents the path length
of light propagating through the absorber [29][30].

For a mixture of multiple species of absorbers, the total absorption at a single wave-
length is the sum of the absorption of each individual absorber species [29].

AN = AL + As(A) + oo+ Ap(N) (2.2)

Combining this definition with Equation 2.1, leads to the following equation [29]:

AN =1 (c1-e1(N) + - 6a(N) + ... + ¢ - €,(N)) (2.3)

To determine the fractional concentration of two absorber species, such as oxy- and
deoxy-hemoglobin, the total absorption of blood is measured at two wavelengths with
known extinction coefficients. To simplify the determination of the fractional concentra-
tion, a widely used approach is to select one wavelength at an isosbestic point, such that
the extinction coefficient of both species is the same. The second wavelength is selected at
a non-isosbestic point where the extinction coefficients vary greatly. In this configuration,
fractional concentration (F') is determined as shown in Equation 2.4 [29].

Co A()\l)
F= =aq- b 2.4
C1 + (&) ¢ A()\Q) + ( )

Here a and b are constants which represent the ratio of absorption for a solution con-
taining exclusively species 1 or 2 [29]. Equation 2.4 demonstrates the use of absorption
measurements in determining the fractional concentration of two absorber species. This
can be applied to the determination of fractional oxygen saturation (F.SO,), which is de-
fined as the ratio of oxy-hemoglobin (OHb) to deoxy-hemoglobin (Hb). This is referred
to as simply SO, in this work.

H
FSOy = — LT (2.5)
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The Beer-Lambert law provides the basis for determining the fractional concentration
of oxy- and deoxy-hemoglobin to measure SO,. Implicit assumptions of the Beer-Lambert
law include the assumption that absorption is the only interaction between the absorber
species and radiation [29]. In complex in vivo structures, this assumption is not guaranteed.
Many other scattering and absorbing bio-molecules are present in vivo beyond oxy- and
deoxy-hemoglobin. As a result, it is important to establish an empirical model specific
to an imaging modality and tissue type in order to account for such confounding factors.
However, the Beer-Lambert law provides the foundational approach for SO, determination.

2.4 Current Modalities for SO, Imaging

Various approaches exist for the measurement and imaging of SO;. The most widely
implemented technology is the pulse oximeter. This is an SOy measurement device used in
hospitals to estimate SO of arterial blood, typically on the finger. Absorbance is typically
measured via the transmittance of 660 nm and 940 nm [30]. Pulse oximeters are simple

tools for monitoring blood oxygen, however these devices only provide a bulk metric for
overall SO,.

The imaging of SO, is the process of providing functional metrics of SO within the
context of vascular structure. This has high value for the determination of tissue health and
disease pathology by enabling irregularities to be identified in specific locations or vascular
structures. This review of current literature focuses on SO, vascular imaging modalities,
which can be broadly separated into scattering-based and absorption-based approaches.
Absorption-based techniques can be further separated into radiative and non-radiative
approaches.

2.4.1 Scattering-based SO, Imaging Modalities
First, we examine approaches that rely on the scattering of light to determine contrast.

Fundus photography is a technique limited to ophthalmology, whereas hyperspectral imag-
ing and visible optical coherence tomography (vis-OCT) have a variety of applications.

Fundus Photography

The first report of human retinal SO, was demonstrated in 1959 by Hickman et al., who
implemented the simultaneous exposure of two wavelengths of light for fundus photography
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[31]. This approach determines SO, through the optical density ratio of images at two
wavelengths. The optical density is calculated by measuring the brightness of an image
inside a vessel, and just outside a vessel, using the assumption that the difference in
brightness is due to absorption.

The use of fundus photography for retinal oximetry has been implemented into two
commercial products, the Imedos Vesselmap (Imedos Systems GmbH, Jena Germany) and
the Oxymap T1 (Oxymap ehf, Reykjavik, Iceland) [11]. Figure 2.3 illustrates an example of
retinal SO, imaging using the Oxymap T1. These approaches have been used in a number
of clinical research studies such as studies on glaucoma [32] and diabetic retinopathy [33],
however widespread adoption has been limited. Factors which have been shown to impact
the accuracy of these SO, measurements, such as retinal and choroidal pigmentation, linear
blood flow velocity and vessel size [11]. Fundus photography is a non-contact, label-free,
image-based approach, however it is limited in clinical adoption due to the accuracy of
SO, measurement.

Figure 2.3: Oxymap T1 fundus photography for retinal oximetry. (A) illustrates the
mapping of SO, onto vessels, (B) is the isosbestic fundus image captured at 570 nm and
(C) is the non-isosbestic 600 nm fundus image. This figure is courtesty of Garg et al. [11]
and made available through a Creative Commons Attribution 4.0 International license.

Hyperspectral Imaging
Building upon the dual wavelength approach used in pulse oximeters and fundus pho-

tography, hyperspectral imaging (HSI) approaches rely on the same principles for SO,
determination. However, HSI uses a continuous spectrum of light rather than only two
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wavelengths. Consequently, this approach is limited by many of the same artifacts of
fundus photography [I1]. HSI approaches rely on large volumes of data which are time-
intensive to process and limit clinical translation since bio-markers cannot be displayed in
real-time [28]. Vascular mapping of SO, has been demonstrated with HSI in the retina
[34][35] and to assess vasculature surrounding tumors [36][37]. While this approach has
been used in smaller studies, it continues to be limited in clinical adoption [28].
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Figure 2.4: Functional HSI of tumor vasculature in a mouse. Fluorescence determines the
hypoxia of the tumor. This figure is courtesy of Sorg et al. [30] and is used with permission.

A benefit of hyperspectral imaging is the capability of capturing fluorescence in addition
to reflectance, depending on the configuration of the imaging system. Blood has a low
quantum yield, such that it tends towards non-radiative relaxation. Work by Sorg et al.
shown in Figure 2.4 leveraged hyperspectral imaging to capture both SO, vascular maps
with reflectance, and fluorescent tumor structure labelled with exogenous dyes [36]. The
simultaneous capture of SO, and surrounding bio-molecules, or a tumor, has high value in
providing context for SO, irregularities when applied for disease monitoring and diagnosis.

12



Visible OCT

Optical Coherence Tomography (OCT) is a widely-adopted imaging technique that has
become standard in the field of ophthalmology [I1]. Through the use of low-coherence
interferometry, OCT can capture three-dimensional structural images of tissue with fine
lateral and axial resolution using a broadband light source. Commercial OCT systems
predominately use superluminescent diodes (SLD) in the near-infrared (NIR) spectral range
due to the deep penetration depth and availability of these light sources [35].

While NIR illumination is widespread, the use of visible light for OCT (vis-OCT) illumi-
nation using a supercontinuum (SC) light source is an emerging area of research. Biological
tissues generally have higher scattering in the visible spectra compared to NIR. Vis-OCT
can achieve higher imaging contrast, but is limited in penetration depth [38]. The primary
area of research for vis-OCT is retinal oximetry due to the absorption of hemoglobin in
the visible spectra [20][39][10][11]. An example of vis-OCT for retinal oximetry is shown in
Figure 2.5. This technique has also demonstrated metabolic rate of oxygenation (M ROs)
by combining blood flow metrics with SOy in in vivo mouse retina [12].
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Figure 2.5: Vis-OCT oximetry map of the optic disk in a human retina. (A) illustrates
a pseudo-coloured oximetry map, (B) the SO, measurement of arteries (red) and veins
(blue) and (C) a B-scan located at the yellow dashed line in (A). This figure is courtesy
of Rubinoff et al. [20] and made available through a Creative Commons Attribution 4.0
International license.
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Earlier iterations of this technique were limited to major arteries and veins as smaller
capillaries lack the blood volume required for the sufficient attenuation of scattering con-
trast [38], which is used to quantify absorption. However, recent works have demonstrated
micro-vascular oximetry in capillaries using vis-OCT angiography (vis-OCT-A) in mouse
ear [13], as well as rat [11] and human retina [15]. OCT angiography relies on the movement
of red blood cells in successive images to localize and map capillaries [10]. As a result,
vis-OCT-A is unable to detect small vessels and capillaries with no blood flow. Ocular
vascular occlusive disorders are a common cause of visual disability [17]. Many of these
disorders lead to ischemia and capillary non-perfusion, such that areas within the capillary
system lose blood flow [18]. This has potential to limit vis-OCT-A for SOy measurement
in areas of retinal non-perfusion where RBCs maybe be present, but not flowing.

2.4.2 Radiative SO, Imaging Modalities

Radiative contrast is absorption-based and occurs when absorbed optical energy is released
in the form of a photon. This process is broadly referred to as radiative relaxation. These
modalities can either rely on fluorescence or non-linear multi-photon interactions. Another
form of absorption-based contrast is derived from non-radiative relaxation, which occurs
through the dissipation of heat. This will be discussed in the subsequent section.

Photoluminescence Imaging

Recent work by Fang et al. [19] has demonstrated dynamic vascular mapping of SO; in
tumors using photoluminescence imaging in the second near-infrared (NIR-IIb) window,
ranging from 1,500 nm - 1,700 nm. In this range, autofluorescence (the fluorescence of
biological tissue) is eliminated and light scattering is reduced, making this approach well-
suited for deep-tissue imaging.

Briefly, this approach uses a nanoprobe that has varying emission properties based on
the SO, of blood. This nanoprobe is injected intravenously and excited using 650 nm and
980 nm lasers. Radiative relaxation generates luminescence at 1,550 nm, which is detected
for both excitation wavelengths to determine SO,. This approach is capable of video rate
imaging of dynamic SO, which is demonstrated in Figure 2.6. While this approach is
non-invasive, it is limited by the requirement of intravenous injections to label oxy- and
deoxy-hemoglobin [19].
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Figure 2.6: In vivo SOy photoluminescence imaging of various tumor models. (a) shows
time-course dynamic SO, imaging of tumor vasculature, and (b) - (e) shows SO, imaging
of vasculature surrounding various tumor types. This figure is courtesy of Fang et al. [19].
Reproduced with permission from Springer Nature.

Multi-Photon Imaging

Multi-photon imaging requires the non-linear interactions of more than one photon with
a bio-molecule for sensing and imaging. Two-photon phosphorescence lifetime microscopy
(2PLM) requires the injection of oxygen-sensitive exogenous dyes to measure local oxygen
levels and offers sub-micron resolution [50]. This approach is largely applied to image mi-
crovasculature in the brain [51][52]. Limitations include the long phosphorescence lifetimes,
which cause slow imaging speeds as well as the requirement for exogenous dyes [50].

Label-free multi-photon SO, imaging was recently demonstrated in zebrafish (see Fig-
ure 2.7) by Ferrer Ortas et al. [73] using third-harmonic generation (THG) and third-order
sum frequency generation (TSFG) simultaneously at several emission wavelengths. Spec-
troscopic images are generated through the electronic resonance of the excited hemoglobin
molecule in order to un-mix concentrations of oxy- and deoxy-hemoglobin [53]. This is a
novel approach with interesting potential for future investigation. A limiting factor in the
clinical feasibility of this approach, as well as other multi-photon methods, is the use of
femtosecond lasers which are highly cost-prohibitive and limited in availability [51].
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2.4.3 Non-Radiative SO, Imaging Modalities

Non-radiative techniques are absorption-based, wherein the relaxation of absorbed optical
energy occurs through the dissipation of heat. This leads to photothermal or photoacoustic
effects which are used to determine contrast.

Photoacoustic Imaging

Photoacoustic imaging (PAI) leverages short laser pulses to excite absorbers in tissue such
as hemoglobin. Through non-radiative relaxation, the absorbed energy is converted to heat,
and thermoelastic expansion produces acoustic waves. PAI captures acoustic waves with
an ultrasonic transducer, which requires contact with the sample [28][11]. Acoustic waves
are less scattered in tissue than light, thus PAI retains a high resolution in both the ballistic
and diffuse optical regimes [55]. The primary architecture for PAI SO, imaging is the im-
plementation of two [56][57] or more [58][59][60] excitation wavelengths chosen with at least
one wavelength at an isosbestic point to determine SOs;. Recent work has demonstrated
the capability of using a single excitation wavelength in an architecture which exploits
linear and non-linear responses of absorbers through the Griineisen-relaxation effect [61].
PAI for SO, vascular mapping has been demonstrated in vivo in various applications such
as imaging the intestine [62], brain [50], and retina [63] as well as imaging the vasculature
surrounding tumors [64][65]. SO, imaging of a mouse brain in states of normoxia and
hypoxia is shown in Figure 2.8. PAI has also been used to demonstrate metabolic rate of
oxygenation (M RO3) which combines metrics of blood flow and SO, [65].
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Figure 2.8: Photoacoustic imaging of a mouse brain in normoxia (a) and hypoxia (b). This
figure is courtesy of Zhong et al. [50] and made available through a OSA Open Access
Publishing Agreement license.

A primary limitation of photoacoustics is the requirement for contact. This causes
significant limitations for clinical adoption in ophthalmoscopy and for delicate tissues such
as open wounds. Another challenge in PAI is ’spectral colouring’, such that wavelength-
dependant distortions in fluence can occur due to the nature of light propagation in tissue
[28]. This is particularly prevalent when imaging at depths beyond the optical diffusion
limit of ~1 mm in soft tissue. Overall, spectral colouring limits imaging depth and can
ultimately confound the ability to un-mix HbOy and Hb [55]. Various research groups
have explored the used of non-linear un-mixing methods and fluence correction to improve
accuracy [59][22][66], however these methods have yet to be clinically validated [28].

Photoacoustic Remote Sensing

Previous work by the Photomedicine Labs explored the use of Photoacoustic Remote Sens-
ing for SOy mapping. This is a non-contact, label-free technique which captures non-
radiative relaxation for vascular imaging. Initial SO, results in chicken embryo (see Figure
2.9) [13] and rodent eye [67][14] have been demonstrated, however these results do not
meet ISO standards for oximeter accuracy of a Root Mean Square (RMS) of < 4% [15].

The imaging system (shown in Figure 2.9) used stimulated Raman scattering (SRS) to
generate excitation wavelengths of 532 nm, 545 nm, and 558 nm on a single excitation path.
SRS is a non-linear process, which will be subsequently described in detail. A challenge of
SRS is the pulse-to-pulse instability and overall power drift which can introduce variation
in excitation pulse power throughout imaging [13].
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Figure 2.9: Photoacoustic remote sensing system (left) and images of chicken embryo
vasculature (right). This figure is courtesy of Hosseinaee et al. [13] and made available
through a OSA Open Access Publishing Agreement license.

2.5 Photon Absorption Remote Sensing

Photon Absorption Remote Sensing (PARS) is an all-optical, label-free and non-contact
imaging modality which captures both radiative and non-radiative contrast simultaneously.
The mechanisms for PARS contrast are summarized in Figure 2.10. An absorption event
is caused by a focused, pulsed excitation source, the wavelength of which is selected to
target a specific absorber. For example, ultra-violet (UV) excitation is used to target DNA
in PARS histology systems [65][69] and green wavelengths are used to target hemoglobin
excitation in PARS vascular imaging systems [70][11]. The absorbed energy (hv,) can be
released through two primary mechanisms; radiative and non-radiative relaxation.

Radiative contrast (hven) is derived from the emission of photons in response to the
absorption of optical energy. Radiative relaxation can be captured from a variety of mech-
anisms such as fluorescence or multi-photon fluorescence. Typically, the energy level of
emitted photons is distinct from the optical energy which was absorbed [69]. To determine
non-radiative contrast, a continuous wave detection source (1) is co-focused with the exci-
tation source. Non-radiative relaxation involves the release of heat in response to absorbed
optical energy. As described in PAI, sufficiently rapid excitation can result in thermoelastic
expansion and the generation of acoustic pressures. Local modulation in temperature and
pressure causes perturbations in detection scattering, denoted as (o + d0) 4, enabling
the non-contact detection of non-radiative relaxation [09]. In addition to absorption-based
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contrast, PARS can also capture scattering from both excitation and detection sources.
These contrasts are particularly valuable for system alignment and localization of the re-
gion of interest [70].
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Figure 2.10: Diagram of the PARS Imaging Mechanism. An excitation photon is absorbed,
and has two pathways for relaxation. Radiative relaxation occurs through the emission of
a photon, typically at a lower energy level through mechanisms such as fluorescence. Non-
radiative relaxation occurs through the local temperature and pressure modulations caused
by heat dissipation. These modulations perturb the back scattering of the detection input.
This figure is courtesy of Ecclestone et al. [09] and made available through a Creative
Commons Attribution 4.0 International license.

Recent work by J. A. Tummon Simmons et al. has demonstrated the ability of PARS
to capture unique in vivo images, as is demonstrated in Figure 2.11, which illustrates a
mosaic image of vasculature in the chorioallantoic membrane (CAM) of a chicken embryo.
System developments have also enabled video rate PARS imaging, which can capture red
blood cells flowing through capillary vessels in a CAM [70].

The capability for simultaneous capture of radiative and non-radiative contrast enables
images of vasculature to be localized within the context of surrounding bio-molecules.
This is highlighted in images of in vivo mouse ear (shown in Figure 2.12) which shows non-
radiative vasculature contrast surrounded by radiative contrast from cartilage matrices and
sebaceous gland [70]. Images demonstrated in Figures 2.11 and 2.12 are captured with a
single green excitation source.
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Figure 2.11: PARS composite images of in vivo CAM vasculature. (A) shows a composite
image of radiative (blue) and non-radiative (red) contrast. (B) shows a zoomed in compos-
ite image of the area highlighted in (A). Detection scattering (C) and excitation scattering
(D) demonstrate surface morphology. (E) shows the non-radiative contrast which high-
lights capillary vessels on the surface of the CAM. Radiative contrast in (F) illustrates
the larger, deeper vessels which block radiative relaxation from sub-surface bio-molecules
such as the yolk. This figure is courtesy of J. A. Tummon Simmons et al. [71] and made
available through a Creative Commons Attribution 4.0 International license.

20


https://creativecommons.org/licenses/by/4.0/

Figure 2.12: PARS images of an in wvivo mouse ear. (A) shows a composite mosaic of
radiative (blue) and non-radiative (red) contrast. (B) and (D) are zoomed in non-radiative
contrast showing vasculature. (C) and (E) show radiative contrast highlighting cartilage
matrices and sebaceous glands. This figure is courtesy of J. A. Tummon Simmons et al.
[71] and made available through a Creative Commons Attribution 4.0 International license.

This work explores the addition of a secondary excitation wavelength to enable the
determination of SO, using PARS, which provides a unique platform for SO, vascular
imaging. First, radiative contrast provides important context of surrounding bio-molecules
and structures. The eventual goal of SO, imaging is to be used in the detection and
localization of irregular SO, for the diagnosis and treatment of disease. Determining SO,
within the context of surrounding bio-molecules, highlighted with radiative contrast, has
potential to provide valuable information to clinicians and researchers regarding disease
mechanisms and pathology. Another advantage of PARS is that non-radiative vascular
contrast is derived directly from the absorption of hemoglobin. Unlike vis-OCT-A, which
requires the motion of RBCs to determine capillary vessels, PARS does not require motion.
This enables absorption contrast to be obtained in occluded vessels. This is valuable as
many disease states cause capillary non-perfusion, ischemia and vascular occlusion. Finally,
PARS does not require contact with a transducer, as is the case with PAI. This is valuable
when imaging delicate tissues such as the eye and open wounds.
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2.6 Stimulated Raman Scattering

Stimulated Raman Scattering (SRS) is a non-linear phenomena used in this work to gen-
erate a secondary excitation wavelength. This approach has also been used in photoa-
coustics [62][59][60] and photoacoustic remote sensing [67][11][13] to generate additional
wavelengths. The reliability of this excitation source is critical for successful in vivo imag-
ing and quantitative measurements, which are required for SO; imaging. As a result, it
is worthwhile to examine the underlying mechanisms of SRS in order to maximize perfor-
mance of the secondary excitation wavelength.

2.6.1 Raman Scattering

The Raman effect is the transfer of power from one optical field to another through the
vibrational modes of a molecular medium. This can occur through spontaneous and stim-
ulated Raman scattering which is illustrated in the Jablonski diagram in Figure 2.13.

(a) Spontaneous Raman Scattering (b) Stimulated Raman Scattering
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Figure 2.13: Jablonski diagram of spontaneous and stimulated Raman scattering.

From a quantum-mechanical perspective, spontanecous Raman scattering occurs when
incident light (referred to as the pump) interacts with a molecular medium and excites
the molecule to a virtual state. During relaxation, the molecule does not return to the
ground state, but instead relaxes to a vibrational state by generating a Stokes photon
that is radiated at a down-shifted frequency. Stimulated Raman scattering (SRS) follows
the same process, with the exception that SRS occurs when both a pump and Stokes
photon interact with a molecule, generating a higher number of output Stokes photons.
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The generated Stokes photon is co-polarized with the pump photon for both spontaneous
and stimulated Raman scattering [72].

The primary difference between spontaneous and stimulated Raman scattering is the
rate of photon generation. If w; represents the pump frequency, n; the number of pump
photons, and ws the Stokes frequency with ny as the number of Stokes photons, the rate
of spontaneous (Wjp,,) and stimulated (Wiy,,) emissions can be represented by the ex-
pressions in 2.6 and 2.7. Spontaneous Raman scattering occurs when there are no photons
in the ws frequency, such that ny = 0 and n; > 1, whereas stimulated Raman scattering
occurs when ny and ny > 1 [73]:

Wepon X 1 (2.6)

Witim o< 11 (ng + 1) (2.7)

This can be summarized by the follow relationship [73]:

Ws im
Ws;m X ng + 1 (2.8)

This demonstrates that the presence, and increased number, of Stokes photons increases
the subsequent generation of more Stokes photons. This causes stimulated Raman scat-
tering to occur at a much higher rate than spontaneous Raman scattering when Stokes
wavelengths are present [73].

2.6.2 Raman Gain

The difference between the frequency of the pump and Stokes depends on the spectrum of
Raman gain. This is defined by the molecule with which the incident light is interacting.
In most molecular media, Raman gain only occurs at specific frequencies. However, the
fused silica in optical fibers is amorphous and non-crystalline. This creates a continuum
wherein the frequencies extend over a broad range as a result of overlapping molecular
vibrational frequencies which spread into overlapping bands. Within the Raman gain
spectra, a maximum of gain occurs for frequencies which are 13.2 THz downshifted from
the pump frequency. Co-polarization of the pump and stokes maximizes Raman gain,
whereas orthogonal polarization significantly reduces gain [72].
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2.6.3 Raman Threshold

In order for SRS to be observed, high power levels are required to achieve sufficient pho-
ton density to initiate the Raman effect. As input power is increased, the output power
is converted from pump to Stokes. This conversion is near-exponential when the Raman
threshold has been met. The Raman threshold is defined as the input pump power which
causes the power of the output pump to equal to the power of the output Stokes. The-
oretically, a complete conversion of power from pump to Stokes would occur, however in
actuality, the Stokes wavelength then becomes the pump for a second-order Stokes wave-
length. With enough power, SRS can cascade to generate multiple Stokes bands [72].

2.6.4 SRS Generation within A Fiber

There are various architectures to generate Stokes wavelengths using SRS, and this can
be accomplished with or without an input Stokes beam. This work does not use an input
Stokes beam, therefore subsequent explanation focuses on the pump-only architecture. The
input pump and SRS generation is considered to be within a quasi-continuous regime for
a pulse width range of 1-100 ns [72], which encapsulates the pulse width used in this work.

When a pump beam is launched into the input of a fiber without a Stokes beam, spon-
taneous Raman scattering must occur to provide the initial seed from which to initiate
SRS. Any frequency within the Raman gain spectrum can be generated by spontaneous
Raman scattering, however the frequency at which Raman gain peaks (13.2 THz down-
shifted from the pump) is maximized. These Stokes photons feed into SRS, and when the
Raman threshold is met or surpassed, the maximized Stokes frequency increases exponen-
tially [72]. In the case of a 532 nm pump, the frequency which is downshifted by 13.2 THz,
and is therefore maximized, is 545 nm. With enough input power, the 545 nm Stokes then
becomes the pump for a second-order Stokes wavelength at 558 nm.

2.6.5 Polarization and SRS

Polarization plays a critical role in the efficiency of SRS and Stokes wavelength generation.
If polarization is not maintained throughout the fiber length, the relative polarization
between the pump and Stokes can become scrambled, reducing Raman gain by a factor
of two. This occurs because Raman gain is maximized when the Stokes and pump are
co-polarized, and substantially reduced when the pump and Stokes are orthogonal [72].
Polarization-maintaining (PM) fibers are used to avoid scrambling throughout the fiber
length and maximize the Raman gain.
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Figure 2.14: Diagram comparing the structure of single mode and PANDA polarization-
maintaining single mode fiber.

Polarization-Maintaining Fibers

A single mode optical fiber has both a core and a cladding as shown in Figure 2.14. In an
ideal case, the polarization state of incoming light would be unchanged as light propagates
through the fiber. However, temperature, mechanical stress and imperfections in the fiber
can impact the polarization state. To combat this, polarization-maintaining (PM) fibers
are used. A common type of PM fiber is created in a PANDAS architecture. This approach
uses two stress rods which run down the length of the fiber and are situated at 180 degrees
from one another (see Figure 2.14), creating strong birefringence. The stress applied in
one axis increases the refractive index, this creates a slow axis. Orthogonal to the slow
axis, the axis without the stress rods has the lowest stress and lowest refractive index, and
thus becomes the fast axis [71][75].

In a PM fiber, the polarization state of linearly polarized light is maintained when
light is coupled exclusively into either the fast or slow axis as shown in Figure 2.15. This
ensures that light only interacts with the refractive index of one axis, and will maintain
polarization despite factors such as mechanical stress from bends and twists in the fiber [74].
Unpredictable and non-linear output polarization occurs if light is not properly coupled
into one of the two axis. With incorrect alignment, the polarization becomes susceptible to
changes in external temperature and mechanical stress, creating an unstable polarization
state. In order for the output polarization of a fiber to be maintained throughout the fiber
length and remain predictable, light must be entirely coupled into either the fast or the
slow axis [74].
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Figure 2.15: Light propagation in a polarization-maintaining fiber. (a) illustrates linearly-
polarized light aligned into the fast axis, which maintains polarization at the output of
the fiber. (b) shows the same maintenance of polarization when aligned to the slow axis.
(c) illustrates that when the input polarization is not aligned to either axis, the output
polarization state becomes unpredictable and unstable.
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Half Wave Plate

Half wave plates (HWP) are used to align the polarization of light into the correct axis
of a PM fiber. These devices are also made of birefringent material and have a fast and
slow axis which results in a phase shift in the optical field [70]. When interacting with
linearly polarized light, a HWP rotates the light such that it remains linear but is rotated
with respect to the input beam. The angle between the input polarization and the optical
axis of the half wave plate is represented by 6, and the angle between input and output
polarization is 26 as shown in Figure 2.16 [77]. Rotating the optical axis of the HWP
enables the angle of the output polarization to be adjusted.

Output

Input

Figure 2.16: Half-wave plate (HWP) diagram and the effect on linearly-polarized light.

2.7 Conclusion

This chapter defines key terminology used within this work, and discusses other approaches
which have been implemented for SO, imaging. PARS is described as an absorption-based,
non-contact, label-free imaging platform that can derive signal from capillaries and larger
vasculature without the requirement of blood flow. Additionally, PARS simultaneously
captures non-radiative and radiative contrast, which provides valuable information on the
bio-molecules and structures within vascular networks. This project focuses on improving
the consistency and reliability of in vivo multi-wavelength PARS imaging. These efforts
work towards the goal of accurate SO, imaging using PARS. SRS mechanisms are described
to provide context for system developments which improve the performance and reliability
of the second excitation wavelength generation.
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Chapter 3

Multi-Wavelength in vivo PARS
System

3.1 Introduction

This chapter presents the developments of the first in vivo multi-wavelength PARS imaging
system, which builds off the existing single excitation system implemented by J.A. Tum-
mons Simmons et al. [70]. New developments include pulse-specific power compensation to
manage the effects of excitation source fluctuations and two independent excitation paths.
Adding a secondary independent excitation path enables co-aligned, near-simultaneous
multi-wavelength PARS contrast. The secondary excitation wavelength is generated using
stimulated Raman scattering (SRS), and polarization alignment is implemented to maxi-
mize Raman gain and improve Stokes wavelength generation. These technical developments
work towards consistent and reliable multi-wavelength in vivo PARS images. Reliability
and consistency is crucial when taking the ratio of non-radiative images to determine SOs.
This requires that the same vessel structures can be captured by both wavelengths and that
multiple PARS images can be acquired at the same location throughout the course of an
experiment. These experiments will be explored in Chapter 5 and 6. The presented imag-
ing system implements polarization alignment, independent excitation paths, and power
compensation which lays the groundwork for SO, imaging and works towards a PARS
oximeter system that achieves ISO accuracy standards [15].

28



3.2 Background

3.2.1 Excitation Wavelength Selection

The absorption of oxy- and deoxy-hemoglobin varies across the visible range, as shown in
Figure 3.1. As discussed previously, the measurement of SO, leverages this phenomenon
by determining the change in absorption across various wavelengths. The most common
SO, determination paradigm leverages the ratio of absorption of two or more wavelengths.
At least one wavelength is typically chosen at an isosbestic point where the absorption
is the same, and another is chosen at a non-isosbestic point where the absorption differs
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Figure 3.1: Absorption spectra for oxy-hemoglobin (HbO,) and deoxy-hemoglobin (Hb),
full range (a) and zoomed in (b). Original data source complied by Scott Prahl [20]

PARS requires the use of a nano-second or smaller pulse width laser source with a high
repetition rate. This limits the commercial availability of lasers at idealized wavelengths
for this work. 532 nm is a near-isosbestic wavelength (see Figure 3.1) which is commercially
available and meets PARS laser requirements. As a result, a 532 nm source is used as the
isosbestic wavelength. Through stimulated Raman scattering (SRS), wavelengths of 545
nm and 558 nm can be generated using a 532 nm excitation (pump) source [72][60]. 558
nm is a strong non-isosbestic point, thus this wavelength is used as the second excitation
source. The combination of 532 nm and 558 nm wavelengths have been implemented in
photoacoustic [56][57][62] and photoacoustic remote sensing SO, systems [14][13][67].
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3.2.2 Generating 558 nm with Stimulated Raman Scattering

SRS is a useful approach to generate a 558 nm excitation source, however, it is not without
challenges. The main challenges addressed in this work include maximizing Raman gain
and managing the instabilities and transients in power.

As discussed in Chapter 2, Raman gain is closely tied to the polarization alignment
into a PM fiber [72]. In order to generate sufficient 558 nm excitation power for in vitro
and in vivo experiments, the Raman gain must be maximized. This is accomplished using
a half-wave plate (HWP) to align into the PM fiber.

The temperature of the fiber impacts the stability of SRS, which was shown in previous
work by our lab [13]. Temperature regulation is implemented using dry ice, however
this does not entirely eliminate instabilities and transients of power. To further address
this, power compensation is implemented by measuring incoming excitation pulses and
compensating for variability in post-processing. Similar power compensation approaches
have been used in PAT [57][79].

3.2.3 Independent Excitation Paths

PARS is a confocal imaging technique that requires lateral and axial alignment of spot sizes
on the order of micrometers. If both excitation wavelengths are generated on the same
excitation path, then chromatic aberrations and changes in alignment due to the changing
of filters (used to select the excitation wavelength) cannot be mitigated. This impacts
the ability for the system to image the same structures at the same depth for both 532
nm and 558 nm excitation. This work presents a multi-wavelength PARS in vivo system
with separate excitation paths for 532 nm and 558 nm excitation. This enables indepen-
dent alignment, improving consistency in images between both wavelengths. Additionally,
no optical changes are required to switch between excitation wavelengths, enabling the
implementation of interlacing 532 nm and 558 nm excitation pulses in order to generate
near-simultaneous images in both wavelengths.

3.3 Methods

3.3.1 558 nm Excitation Generation

The 558 nm excitation source is generated through SRS using a 532 nm 1.5 ns pulsed
ytterbium-doped fiber laser (GLPN-16-1-10-M, IPG Photonics) as the pump source. The
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pump source is coupled through a 5 m polarization-maintain fiber (PM-460-HP, Thorlabs)
and interactions within the silica of the fiber generate Stokes wavelengths [72]. To maximize
SRS gain, a half wave plate (WPMH05M-532, Thorlabs) is used to align the 532 nm laser
polarization to the principle axis of the fiber. A spectrometer (CCS200, Thorlabs) is used
to measure the resulting Stokes wavelengths and validate the polarization alignment. To
cool the fiber, ~4 m of fiber is placed inside an isolation chamber with dry ice which
maintains a temperature of 195 K to improve SRS stability [13]. This process generates
Stokes wavelengths of 532 nm, 545 nm and 558 nm. The output of the fiber is bandpass
filtered (FB570-10, Thorlabs) to isolate for 558 nm.

This filter (FB570-10, Thorlabs) has a center wavelength of 570 £ 2 nm for an angle
of incidence (AOI) of 0°. Varying the AOI lowers the filter’s center wavelength of peak
transmission [30], enabling the passband to be tuned for 558 nm. The SRS of 558 nm is a
high power operation that generates high power byproducts of 532 nm and 545 nm. While
it is possible to purchase filters with a passband of 558 nm at an AOI of 0°, this would
reflect 532 nm and 545 nm directly back into the fiber and will cause damage. As a result,
a higher passband filter was implemented on an angle that was tuned using a spectrometer.

3.3.2 Optical System Architecture

558 nm Excitation System

The optical architecture for the PARS multi-wavelength in vivo system is illustrated in
Figure 3.2. The 558 nm excitation source is generated as described above, and the PM
fiber output is collimated (C20FC-A, Thorlabs), filtered (FB570-10, Thorlabs) to isolate
for 558 nm, and the beam size is adjusted using a Galiean beam expander (GBE02-A,
Thorlabs). This 558 nm excitation then enters the 50:50 power-based beam splitter which
optically combines the 558 nm and 532 nm excitation paths.

532 nm Excitation System

The second excitation wavelength uses an identical 532 nm 1.5 ns pulsed ytterbium-doped
fiber laser (GLPN-16-1-10-M, IPG Photonics) in a free-space configuration. A Galilean
beam expander (GBE02-A, Thorlabs) is used to adjust beam size, and the 532 nm exci-
tation is passed into a 70:30 power-based beam splitter (BS023, Thorlabs). This enables
excitation back-scattering contrast to be captured for both 532 nm and 558 nm. The 532
nm excitation then also passes through the 50:50 beam splitter, combining this path with
the 558 nm path.
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Figure 3.2: Multi-wavelength PARS in vivo system illustrating the 558 nm excitation
(yellow-green), 532 nm excitation (green), detection (red) and radiative (orange) optical
paths. Abbreviations for components are as follows: HWP half wave plate, Obj. objective
lens, Iso. Chamber isolation chamber, Col. collimator, BD beam dump, BPF band-pass
filter, GBE Galilean beam expander, NPBS non-polarizing (power-based) beam splitter,
BSm. beam sampler, Cond. condenser lens, PD photodiode, SPF short-pass filter, LPF

long-pass filter, DM dichroic mirror, GM galvanometer mirrors, AD achromatic doublet,
PC polarization controller, Circ. circulator.
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Power Compensation

The other output of the 50:50 beam splitter is used for power compensation by monitoring
the incoming excitation for both 532 nm and 558 nm. A beam sampler (BSF10-A, Thor-
labs) and photodiode (DET10A2, Thorlabs) are used to measure pulse-specific power for
power compensation in post-processing. Additionally, an optical power meter (PM100D,
Thorlabs) is used to match the power levels of 532 nm and 558 nm. Power meter measure-
ments were calibrated with output pulse energy at the imaging head.

830 nm Detection System

The detection source is a 830 nm near-infrared (NIR) super-luminescent diode (SLD) laser
(SLD830S-A20, Thorlabs). This is passed through a manual paddle polarization controller
(FPC560, Thorlabs), a fiber circulator (VCIR-3-830-S-L-10-FA, Ascentta) and is collimated
(C40APC-B, Thorlabs) before being optically combined with both excitation paths using
a short pass dichroic mirror (DMSP605, Thorlabs).

Scan Head

A galvanometer mirror pair (GVS012/M, Thorlabs) optically scans the combined excitation
and detection paths in a 2-dimensional raster pattern. A telecentric pair (AC254-050-AB-
ML, Thorlabs) images the pivot point of the galvanometer mirror pair onto the pivot point
of the 20x objective lens (Plan Apo NIR 20X, Mitutoyo) after which the excitation and
detection paths interact with the sample.

Light Collection on the Back Path

On the back path, contrast is collected on three different photodiodes. First, detection scat-
tering is captured before, during and after an excitation event on an avalanche photodiode
(APD130A, Thorlabs). The back-scattered 830 nm light is directed onto the photodiode by
reflecting off the dichroic mirror, coupling back into the fiber and is then re-directed by the
circulator. This enables the capture of detection scattering contrast (before the excitation
event) as well as the non-radiative contrast. The excitation event causes perturbations in
detection scattering during and after the excitation event due to local temperature and
pressure modulations.
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Radiative contrast passes through the 805 nm dichroic mirror and is reflected off the
605 nm dichroic mirror (DMSP605, Thorlabs), and is filtered to avoid bleed-through of de-
tection and excitation wavelengths. This radiative contrast is condensed (ACL25416U-A,
Thorlabs) and captured on another avalanche photodiode (APD130A, Thorlabs). Finally,
back-scattered light from both the 558 nm and 532 nm excitation wavelengths are con-
densed (ACL25416U-A, Thorlabs) and collected on a photodiode (PDB425A, Thorlabs) to
capture excitation scattering.

3.3.3 Imaging System Characteristics

When imaging in vivo, a larger depth of focus is advantageous to accommodate for surface
irregularities and motion. When an objective aperture is fully filled, a lower numerical
aperture and lower collection angle are associated with a larger depth of focus. However,
having a high numerical aperture benefits a PARS system by increasing the collection angle
of back-scattered light. To accommodate for these competing requirements, a 20x objective
is under-filled in order to achieve a large depth of focus without sacrificing the collection
angle of the objective. A result of under-filling the objective is that the experimental
resolution of the system is substantially larger than the theoretical resolution.

When under-filling an objective, the beam diameter of the collimated light going into
the objective determines resolution (spot size) measured in meters. A beam profiler
(BladeCam2-XHR, DataRay) was used to measure beam diameter. To experimentally
measure resolution, the Gaussian line spread function of a USAF 1951 resolution target is
used to determine a measurement of the full width half maximum (FWHM). This work
uses the full-width at 1/e-maximum as the definition for spot size (2Wy). Equation 3.1
is used to convert FWHM spot size (2Wpgw i) to full-width at 1/e-maximum spot size
(2Wy) [21]. The spot size (2Wy) is the diameter of the beam at its narrowest point and is
defined as twice the beam waist (Wj).

1
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Depth of focus (DOF) of a system is not easily measured, thus a theoretical approx-
imation is calculated using Equation 3.2 [31]. The depth of focus is defined as twice the
Rayleigh range (zp), where the Rayleigh range is the axial distance between the beam waist
(Wo), which occurs at the narrowest point of the beam, and v/2Wj [$1]. The wavelength
of light (\), beam waist (Wj) and Rayleigh range (zo) are measured in meters.

2Wy =
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DOF = 2zy = (3.2)

The experimental beam diameter and resolution, as well as the theoretical depth of
focus for all wavelengths are shown in Table 3.1. All wavelengths achieve close to 3 pm in
spot size, however there are discrepancies in resolution. This is due to precision limitations
of optomechanics when manually adjusting beam sizes from three separate laser sources.
Depth of focus depends on both resolution and wavelength, thus variation will occur across
wavelengths when resolution is matched. It is useful to have a theoretical approximation
of depth of focus when interpreting results.

Wavelength | Beam Diameter | 2Wgyw gar | Spot Size (2Wy) | Depth of Focus (2z)
830 nm 1.504 mm 2.54 pm 3.05 pm 17.62 pm
532 nm 1.499 mm 2.47 pm 2.97 pm 25.99 pum
558 nm 1.420 mm 2.26 pm 2.71 pm 20.74 pm

Table 3.1: Experimental beam width, resolution, and theoretical depth of focus.

3.3.4 Interlacing and Image Extraction

In vivo studies present the challenge of imaging a target which is subject to bulk motion
and heartbeat motion. In order to capture PARS images from two excitation wavelengths
of the same vascular structure, excitation pulses of 532 nm and 558 nm were interlaced,
such that the system alternated between 532 nm and 558 nm for each point in the raster-
scanned of an image.

The 532 nm and 558 nm PARS images are separated in post-processing and image
reconstruction. Engineering work for the interlacing of excitation pulses, including data
acquisition software and imaging system control as well as the post-processing separation
of 532 nm and 558 nm and image extraction, was implemented by James A. Tummon
Simmons, and is described in this thesis solely to provide context for presented results.
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Figure 3.3: Comparison of the distribution of power compensation measurements of incom-
ing excitation pulses for 532 nm and 558 nm across 3 independent experiments, containing
23 datasets total, each with 2,375,501 data points. The standard deviation (o) shows vari-
ability for 532 nm (o = 0.0355) and 558 nm (o = 0.0505).

3.4 Results & Discussion

3.4.1 Power Compensation

SRS can cause instabilities and transients in power across an imaging session and a single
data acquisition. While measures such as fiber cooling and polarization alignment are
implemented to improve stability, fluctuations are not entirely eliminated. In cases such as
S04, which require quantitative metrics, the impact of these fluctuations must be removed
in order to achieve accurate non-radiative ratios between 532 nm and 558 nm excitation. It
is critical that changes in measured SO, are due to physiological changes in true SO,, not

36



fluctuations in laser source power. As a result, a power compensation photodiode measures
incoming excitation pulses, as shown above in Figure 3.2, and is used to compensate for
power fluctuations by re-scaling individual non-radiative signals in post processing.

The power compensation photodiode captures the intensity of incoming light for both
532 nm and 558 nm excitation. The variability of these two wavelengths is illustrated in
Figure 3.3, wherein the distribution of normalized intensity data is displayed in a violin
plot. This data is captured from three different experiments, all of which occurred on
different days, by the same operator with the same equipment. The fiber coupling was
re-aligned for each experiment.

Across the three experiments, the number of datasets in each are 11, 5, and 7. Each
dataset contains 2,375,501 data points, each representing the intensity of a single excitation
pulse. Standard deviation is represented by o, and variability is present in both 532 nm
(¢ = 0.0355) and 558 nm (0 = 0.0505) excitation. However, the variability 558 nm is
substantially larger as is shown in Figure 3.3. The large tail on the bottom of the 558
nm violin plot illustrates the tendency for 558 nm excitation intensity to decrease when
power drift occurs, however fluctuations can cause an increase or a decrease in intensity.
This variability in power highlights the importance of power compensation in the PARS
multi-wavelength system, particularly for SRS generated excitation sources.

Figure 3.4 illustrates an extreme example of 558 nm fluctuations within a single data
acquisition, which captured 7 sequential frames of static carbon fibers in mineral oil. In
the first frame (a) the 558 nm excitation power was at a maximum, and then dropped sub-
stantially by frame 4 (b), as shown in (g). This results in a large difference in non-radiative
signal from the same sample. The large absolute difference between images is illustrated in
(¢). When power compensation is applied, the impact of this power fluctuation is mitigated
for both frame 1 (d) and 4 (e), reducing the difference between images as shown in (f).

An expected consequence of compensating for lower power signals is an increase in
background noise which can be seen in (e). This effect can be managed with image seg-
mentation which will be discussed further in subsequent chapters. Power compensation
does not perfectly remove the differences between frames as shown in (f). A possible rea-
son for these differences include heating of the stationary target during imaging, resulting
in larger non-radiative signal for the same effective input power.

The plot in (g) showcases the variability of power for 558 nm when this dataset was
captured. Both 532 nm and 558 nm experience overshoot when the laser is first turned on,
however 532 nm settles to a steady state, while 558 nm is far more volatile. The start up
of the laser sources is staggered with 532 nm always initialized first to facilitate separating
the interlaced 532 nm and 558 nm in post processing.
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Figure 3.4: Illustration of power compensation for 558 nm excitation with carbon fibers
in mineral oil. Images have a field of view of 512 x 512 pum and the scale bar represents
100 pm. The original non-radiative images for frames 1 and 4 are shown in (a) and (b)
respectively. (c) shows the absolute difference between (a) and (b). (d) and (e) show the
power compensated non-radiative images for frames 1 and 4 respectively, and (f) shows
the absolute difference of (d) and (e). (g) shows the intensity of incoming excitation pulses
for both 532 nm and 558 nm during the acquisition of this carbon fiber dataset.
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3.4.2 558 nm Excitation Generation
Polarization Alignment

In order to generate sufficient 558 nm through SRS, the polarization of the 532 nm laser
is aligned to the PM fiber using a HWP. This alignment is dependent on the orientation
of the single mode fiber in the fiber launch, which will change and require re-alignment
whenever the fiber is re-cleaved or re-seated.

As discussed in Chapter 2, Raman gain is maximized when the pump and Stokes are
co-polarized, and minimized when the pump and Stokes are orthogonal [72]. When the
polarization of the pump is aligned into either the fast or slow axis, the linear polarization
is maintained across the fiber length. This creates a co-polarized state which maximizes
Raman gain. However, when the pump polarization is not aligned to the fiber, both the
polarization state and Raman gain become unpredictable.

Figure 3.5 illustrates the change in SRS spectra for various HWP angles and polarization
alignments. Using the same 532 nm pump power, the HWP was rotated at increments of
5°. Using a 27% set point provides sufficient power for the generation of the 1st Stokes
wavelength at 545 nm despite an unknown polarization state. However, the 2nd Stokes
wavelength at 558 nm is only generated when the pump is correctly aligned to the PM
fiber, which maximizes Raman gain.

Raman Threshold

As discussed in Chapter 2, Stokes wavelengths are only generated once the Raman threshold
of power has been reached. This effect is shown in Figure 3.6 which illustrates the SRS
spectra across increasing 532 nm pump power, this is controlled by increasing the laser set
point. For a set point between 0-12% the pump power remains below the Raman threshold,
thus no Stokes wavelength is generated. This threshold is surpassed at 15% wherein the
532 nm pump is converted to a 545 nm Stokes, as shown by the rapid decrease in 532
nm and increase in 545 nm. When a set point of 25% is reached, the 545 nm Stokes then
becomes the pump for a secondary Stokes at 558 nm. This cascading of Stokes wavelengths
can continue further with increasing power, however this was not necessary as 558 nm is
the desired wavelength for this application.

Competing non-linear effects cause the broadening of each subsequent Stokes wave-
length in an SRS cascade [72]. This effect can be observed in Figure 3.6 as the 532 nm
pump has the narrowest spectral bandwidth, and spectral broadening is seen for both 545
nm and 558 nm.
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Figure 3.5: Illustration of the change in SRS spectra with variation in half-wave plate
(HWP) angle shown in 3-dimensions (a) and 2-dimensions (b).
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Figure 3.6: Hlustration of the change in SRS spectra with variation in laser set point shown
in 3-dimensions (a) and 2-dimensions (b).
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Figure 3.7: Hlustration of the filtering of SRS spectra to isolate 558 nm.

Filtering

Figure 3.7 illustrates the spectra before and after filtering for 558 nm. A consideration
when angling a bandpass filter is that large angles of incidence can distort the shape and
transmission of the passband [30]. When comparing the shape of the 558 nm peak before
and after filtering, both maintain a Gaussian shape centered at approximately 558 nm.
It is possible that the filter angle is reducing transmission, however this setup is able to
provide pulse energies up to 70 nJ. This is more than sufficient for the in vitro and in vivo
imaging performed in this work (see Chapter’s 5 and 6). Figures 3.5, 3.6, and 3.7 all show
a downshifted frequency which is particularly prominent for 532 nm and 545 nm. While
the exact cause is unclear, the output of this specific 532 nm laser peaks at 530 nm rather
than 532 nm. This leads to a downshifting of SRS peaks, however the impact is limited
at 558 nm due to SRS-induced spectral broadening. The resulting central wavelength is
557.8 nm as shown in Figure 3.7.

3.4.3 Multi-Wavelength in vivo PARS Images

The chorioallantoic membrane (CAM) in chicken embryo models provides a valuable in
vivo imaging target due to the dense vasculature and capillary beds near the surface of the
membrane. Recently, J. A. Tummons Simmons et al. [70] demonstrated single excitation
PARS imaging of the CAM at video rate speeds capable of capturing the flow of red blood
cells. The multi-wavelength system extends upon this work by adding 558 nm excitation.

Figure 3.8 illustrates an interlaced multi-wavelength PARS image for all four contrasts:
detection scattering, excitation scattering, non-radiative and radiative. Detection and exci-
tation scattering illustrate surface morphology and structure, and are important contrasts
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for system alignment. Non-radiative contrast enables label-free vascular imaging due to the
high optical absorption of hemoglobin at green wavelengths. Radiative contrast in a CAM
illustrates the shadows of larger blood vessels underneath the capillary beds. These shad-
ows are likely due to large vessels blocking radiative relaxation of fluorescent bio-molecules
below the CAM [12]. Contrasts from 532 nm (top row) and 558 nm (bottom row) show high
similarity in structure. This highlights the importance of independent excitation paths to
enable both wavelengths to be co-aligned, improving the consistency between 532 nm and
558 nm images. All contrasts shown in Figure 3.8 are captured simultaneously.

This system images at video rates, capturing individual red blood cells moving through
vessels. In order to provide a stronger sense of vessel location and structure, non-radiative
angiography images are generated by averaging sequential non-radiative images to trace the
path of red blood cells. Figure 3.8 illustrates these non-radiative angiography images in (c)
and (g). As discussed previously in this chapter, there is slight variation in the resolution
and depth of focus of 532 nm and 558 nm. The non-radiative contrast for 532 nm shows
slightly wider vessels and lower signal intensity for optimally-focused vasculature. This is
due to the larger spot size, resulting in lower fluence, and the larger depth of focus, which
captures more signal across the volume of a blood vessel. 558 nm has a higher resolution
and smaller depth of focus, leading to increased optical sectioning such that the vessels at
lower depths appear narrower. Additionally, areas of optimal focus provide more signal
intensity due to an increase in fluence. Overall these differences are subtle, and Figure
3.8 shows that the multi-wavelength in vivo PARS system is capable of capturing images
which are consistent in structure between 532 nm and 558 nm. Further illustrations of
images with consistent structure are shown in Chapter 6 Figure 6.5.

As discussed previously, to determine SO, it is crucial that the PARS multi-wavelength
system can reliably capture images which are structurally consistent between 532 nm and
558 nm excitation. The ability to capture a large number of images which are structurally
consistent in both wavelengths is shown in the in vivo hypoxia study which is discussed in
detail in Chapter 6. In the first hypoxia experiment, ~6,700 interlaced multi-wavelength
images are captured from the same vascular location over the span 48 minutes. Addition-
ally, relative change in SO, is shown in two separate experiments, performed by the same
operator on different days, with different chicken embryos and the system was re-aligned
before each experiment. In total, the first hypoxia experiment captured >9,000 interlaced
images over 3 hours (Figure 6.9) and the second experiment captured >3,600 interlaced
images over 1.5 hours (Figure 6.10). The high number of images which can be captured of
the same vascular structure, and the success of the hypoxia study, illustrates the reliability
of the PARS multi-wavelength system in capturing structurally consistent non-radiative
images for both excitation wavelengths.
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Figure 3.8: Multi-wavelength in vivo interlaced PARS images of chicken embryo CAM for
532 nm in the top row (a)-(d) and 558 nm in the bottom row (e)-(h). (a) and (e) shows
detection scattering, (b) and (f) excitation scattering, (c) and (g) non-radiative contrast
as well as (d) and (h) which show radiative contrast. The field of view is 128 pym x 128
pm with a scale bar of 40 pum.
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3.5 Conclusions

The multi-wavelength PARS in vivo system is capable of capturing consistent in vivo PARS
images for both 532 nm and 558 nm excitation. This is made possible by implementing
independent excitation paths and interlacing images. Additionally, 558 nm excitation is
improved by introducing polarization alignment through the addition of a half-wave plate.
Power compensation is also implemented to account for pulse-specific power fluctuations
in post-processing, which is critical for the quantitative measurement of SO,. Future work
on this system will address the slight discrepancies in resolution between 532 nm and 558
nm excitation by implementing higher sensitivity optomechanics. Overall, the capability
to consistently image the same vascular structures between both excitation wavelengths is
a valuable step towards the measurement of oxygen saturation with PARS, which will be
discussed further in subsequent chapters.
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Chapter 4

In vitro Blood Deoxygenation and
Oxygenation

4.1 Introduction

In order to develop an empirical model to determine absolute measurements of SO, using
multi-wavelength PARS, the ground truth SO; must be known and correlated with PARS
SOy measurements. Gold standard CO-Oximetery devices such as the AVOXimeter [32]
can be used to measure ground truth SO,. In order to correlate and then validate absolute
SO0, measurements, a wide range of SO, levels must be used to test the system. This moti-
vates the need to develop methods to oxygenate and deoxygenate blood for in wvitro studies
which can achieve intermediary SO, levels. It is crucial that approaches for modulating
blood SO, do not introduce confounding factors which could limit the accuracy of both
the empirical model and system validation. Ideally, methods should also be low-cost and
time-efficient. This chapter presents a PARS-specific blood oxygenation and deoxygentaion
protocol which achieves intermediary blood SO levels for in wvitro experiments.

4.2 Background

4.2.1 Blood Deoxygenation and Oxygenation

Blood is easily oxygenated when exposed to ambient air. As a result, the first challenge
is to deoxygenate the blood. There are various deoxygenation approaches for this such as
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nitrogen gas, sodium hydrosulfite and yeast.

The bubbling [83] or surface flowing [12] of nitrogen gas washes-out oxygen in blood
through the process of diffusion. This approach is non-linear, costly, time consuming,
requires an airtight deoxygenation set up, and cools the liquid. Additionally, bubbling gas
through blood creates microbubbles which cause optical inhomogeneities [33].

Sodium hydrosulfite is a linear approach for blood deoxygenation [29][34][25], however
this chemical is a fire and explosion risk when in contact with oxidizing agents [36]. Hydro-
gen peroxide (H20,), a weak acid and strong oxidizing agent, is used for blood oxygenation,
thus for safety reasons sodium hydrosulfite was avoided.

Yeast is widely used for blood deoxygenation [37][88][89][90] due to the ease of use, speed
and low cost of this approach [33]. Deoxygenation occurs through the aerobic respiration
of yeast, which consumes oxygen in the same process as human tissue [90]. Adding yeast
introduces scattering particles, however the proportion of yeast to the volume of blood
is small at 1:100 of yeast (g) to blood (mL). Additionally, PARS is an absorption-based
method; as shown in this chapter, yeast does not provide non-radiative contrast at 532 nm
and 558 nm excitation. Therefore it does not interfere with the primary contrast for deter-
mining oxygen saturation. This work uses instant baker’s yeast for blood deoxygenation
due to the ease of use and low cost of this approach.

Once deoxygenated, blood must be re-oxygenated to intermediary SO, levels. Exposing
blood to ambient oxygen or bubbling oxygen gas causes blood re-oxygenation, however, it
is difficult to control the resulting oxygen concentration with these approaches. Hydrogen
peroxide can be used to re-oxygenate blood in a controlled manner [31]. When added to
blood, hydrogen peroxide decomposes rapidly. This causes oxygen gas to bubble thorough
the blood and re-oxygenates it to a controllable concentration [91]. Mircobubble generation
can increase scattering, however this is of limited consequence as PARS is an absorption-
based approach.

4.2.2 Methemoglobin & Carboxyhemoglobin

The primary derivatives of hemoglobin are deoxy- and oxy-hemoglobin, which contribute
oxygen delivery and carbon dioxide removal from tissue. Dyshemoglobins are derivatives of
hemoglobin which impede oxygen delivery and primarily take the form of Methemoglobin
(MetHb) and Carboxyhemoglobin (COHDb).

The ability for MetHb to transport oxygen is impaired by the oxidation of ferrous
iron (Fe*?) to ferric iron (Fe™). Typical physiological values of MetHb range from 0-2%.
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Levels greater than 20% typically cause symptoms and levels above 70% can be fatal. Drugs
containing oxidizing agents, such as topical anesthetics, are the most common cause in the
formulation MetHb [92][93]. COHDb is formed due to the inhalation of carbon monoxide, a
poisonous gas which has a higher affinity to bind to hemoglobin than oxygen. The impaired
oxygen carrying capacity has harmful effects which can be lethal. Typical values of COHb
are 3% in non-smokers and 10% in smokers [94].

The importance of MetHb and COHDb in this work is twofold. First, the in vitro blood
deoxygenation and oxygenation exposes blood samples to processes atypical to those found
in the body. It is important to monitor the effects of these protocols on all derivatives of
hemoglobin. Since hydrogen peroxide is a strong oxidizing agent, the addition of this
chemical into the blood can cause the creation of MetHb [92], thus this dyshemoglobin
is particularly important to monitor. Second, the absorption of COHb and MetHb vary
across 532 nm and 558 nm excitation [95]. This has the potential to interfere with the
accuracy of PARS measurement of SO;. MetHb and COHb are known to cause SO,
measurement inaccuracies in pulse oximetry, which uses the scattering 660 nm and 940 nm
light, due to the variation in absorption which confounds the measurement of deoxy- and
oxy-hemoglobin [30][96].

4.3 Methods

4.3.1 Blood Selection

This work uses whole sheep blood anticoagulated with EDTA (Hemostat, SBE100). Sheep
red blood cells (RBCs) have a diameter of 4 - 5 um [97], which is smaller than human
RBCs (7.5 - 8.7 um) [98]. Despite differences in cell size, the absorption spectra of sheep
and human oxy- and deoxy-hemoglobin have high similarity [29]. Due to the high cost
and low availability of human blood, sheep blood was used in this work. A gold-standard
clinical-grade CO-Oximetery device (Werfen, AVOXimeter 4000) is used for ground truth
measurements of SO,. This device requires the use of whole blood, and is only compatible
with heparin or EDTA anticoagulants [32]. EDTA was selected as it best preserves RBC
morphology and has excellent stability of hematological parameters [99].

4.3.2 Deoxygenation

The blood is stored at 4°C, as a result, the first step in deoxygenation is to raise the blood
to body temperature and ensure it is well-mixed. A hot plate and stirrer (ONilab MS-
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H280-Pro) is used to mix at 500 rpm and heat to 37°C [83][100] for 20 minutes. To improve
dissolvability and prevent clumping, the yeast (Fleischmann’s, Quick Rise Instant Yeast)
is mixed into room temperature phosphate buffer solution (PBS). This deoxygenation uses
1:100 of yeast (g) to blood (mL) and 1:40 ratio of PBS (mL) to blood (mL). The yeast
and PBS are combined separately, and the mixture is then added to the blood. The blood,
yeast and PBS mixture is stirred continuously at 500 rpm and 37°C for an additional 40
minutes. During this time, the blood darkens in colour as deoxygenation occurs (see Figure
4.1). To prevent re-oxygenation from ambient oxygen, the blood is either aspirated into a
syringe or sealed from ambient air with mineral oil. The yeast continues to consume oxygen
after the 40 minute mixing period, and the sealed blood will continue to deoxygenate over
time. As a result, the ground truth SO, is measured with the AVOXimeter immediately
before experimental PARS measurements are taken.

(b)

Figure 4.1: Whole sheep blood before and after yeast deoxygenation. (a) Blood before
deoxygenation. (b) Blood after deoxygenation

4.3.3 Oxygenation

Small volumes of 30 wt.% H20s (Sigma-Aldrich, 216763) are used to re-oxygenate blood in
a controlled manner [31][91]. The amount of H2Os depends on both the initial SO, level,
desired SO, and volume of blood. Typical HyOy values range from 1-5 pl of 30 wt.%
Hy05 (8.82-44.10 pmol of Hy05) per 3 mL of deoxygenated blood.

During blood re-oxygenation, exposure to ambient oxygen must be prevented in order
to control oxygen concentration. This is executed with a syringe-to-syringe tubing adaptor
assembly, shown in Figure 4.2 that consists of two luer lock syringe adaptors connected to
one another with a short section of tubing (Saint-Gobain, Tygon S3™ E-3603).
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To re-oxygenate the blood without exposure to ambient oxygen, the deoxygenated blood
is aspirated into a 3 mL leur lock syringe. The plunger is removed from another 3 mL leur
lock syringe, and a droplet of HyOs is placed onto the plunger using a 0.2 - 2 ul. pipette
(Gilson, F144561). The plunger is reinserted into the syringe barrel, and both syringes are
connected into the syringe adapter assembly. The two syringes and attaching adaptor are
oriented such that the syringe containing deoxygenated blood is elevated above the syringe
containing H20, to avoid air bubbles. The blood is quickly draw into the bottom syringe
containing the HyO,. When exposed to blood, the HOy decomposes rapidly, creating
microbubbles of oxygen gas. To ensure uniform oxygenation, the syringe assembly is held
in place for 30 seconds, than inverted for another 30 seconds. For a total of 5 minutes,
the assembly and syringes are inverted and re-inverted at 30 seconds intervals to ensure
satisfactory mixing [91]. Since the H,O5 oxygenated blood still contains oxygen consuming
yeast, the oxygenation level is transient. As a result, the ground truth SO, values are
measured immediately before experimental data is collected.
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Figure 4.2: Blood chemical oxygenation. (a) Shows an exploded view of the deoxygenated
blood syringe (left), the syringe adaptor assembly (center) and the HsOs syringe and (b)
shows the assembled system. (c) Shows the blood aspirated into the HsO, syringe and
reacting with HyOs. (d) illustrates the re-oxygenated blood after inversion.
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4.4 Results & Discussion

4.4.1 Impact of Yeast on Non-Radiative Contrast

As discussed previously, the addition of yeast introduces scattering particles to the blood.
Since blood oxygenation measurement relies on non-radiative signals, it was important to
ensure that the addition of yeast would not impact this contrast. Two slide smears were
prepared, one with red blood cells and the other with yeast as shown in Figure 4.3.

Multi-wavelength PARS images were collected for both slides at 45 nJ of excitation,
this is the same pulse energy used for blood flow phantom imaging which will be discussed
further in Chapter 5. At this excitation power, strong non-radiative signal is shown for
both 532 nm and 558 nm for the red blood cells, and no signal is seen from the yeast.
Instead, the yeast shows high scattering for both excitation wavelengths. The interference
seen in (h) is a result of parasitic beams from the 70:30 beam splitter cube.

This figure also further illustrates the slight differences between 532 nm and 558 nm
resolution. The higher resolution and smaller depth of focus of 558 nm causes the red
blood cells to be optically sectioned into circles, whereas the 532 nm with its larger depth
of focus portrays the expected doughnut shape of a red blood cell.

Figure 4.3: Red blood cells (top row) and yeast (bottom row) smears on a slide. Detection
scattering (a),(f), 532 nm non-radiative (b),(g), 532 nm excitation scattering (c),(h), 558
nm non-radiative (d),(i) and 558 nm excitation scattering (e)(j). The field of view is 128
pm x 128 pm with a scale bar of 40 pm.



4.4.2 Blood Deoxygenation and Oxygenation

Using the methods described above, blood samples were successfully prepared across vari-
ous blood oxygenation levels as shown in Table 4.1. SOy, MetHb and COHb were measured
using the gold standard AVOXimeter [32]. The presented results were collected on two sep-
arate days (n = 2), by the same operator, using the same equipment.

Experiment | Sample No. | SOy (%) | MetHb (%) | COHb (%)
1 29.50 0.00 2.00
2 44.10 0.00 2.40
3 53.10 0.00 3.50
A 4 65.70 0.00 2.20
) 77.10 1.40 1.50
6 91.50 2.50 1.80
7 99.90 3.80 0.60
1 20.20 0.00 2.20
2 55.70 0.00 3.00
B 3 75.70 0.00 2.90
4 81.00 0.70 3.50
) 91.10 2.90 2.00
6 99.90 2.80 2.00

Table 4.1: In vitro whole sheep blood deoxygenation and oxygenation to achieve incremen-
tal SOy concentrations. COHb and MetHb concentrations are shown for all samples.

In experiment A, sample 1 was prepared using yeast deoxygenation and samples 2-6
where deoxygenated with yeast and re-oxygenated with Hy(Oy. Sample 7 had no yeast
or H,Oy added and was aspirated into a syringe after the 20 minute mixing and heating
period to ensure full oxygenation. Sample 1 in experiment B was yeast deoxygenated,
and samples 2-5 were deoxygenated with yeast and re-oxygenated with H,O;. Sample 6
was only mixed and heated. Examples of H,Oy volumes and resulting SO, are located in
Appendix A.

Table 4.1 also illustrates changes in COHb and MetHb which occur for different samples.
Samples with higher oxygenation have higher concentrations of COHb. However, untreated
blood samples (experiment A sample 7 and experiment B sample 6) have the highest COHb
and were not treated with hydrogen peroxide. This prevents the conclusion that COHb
increase is due to the addition of HyOs. MetHb also varies between samples, however the
direct cause of this is unclear. Typical physiological values of MetHb are 0-2% [93] and 3%
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COHD for non-smokers [94]. In the results presented in Table 4.1 all values of MetHb and
CoHb remain below 4%, which is slightly higher than typical.

Simulation Results

The impact of MetHb and COHb concentrations on the PARS multi-wavelength system is
an important consideration to determine whether these dyshemoglobins will prevent the
system from differentiating between oxygenation levels. As discussed previously, MetHb
and COHDb also have varying absorption spectra in the visible range and can cause con-
founding effects on the outcomes of two-wavelength SO, measurement.

This was addressed through the simulation of absorption for each sample. Non-radiative
PARS contrast is an absorption-based metric, and the ratio of non-radiative contrast be-
tween 532 nm and 558 nm demonstrates a change in absorption. The wavelength-specific
absorption of a mixture of hemoglobin derivatives is demonstrated in Equation 4.1 [30].
A(\) represents the absorption of a mixture at a particular wavelength, C' represents the
concentrations of each hemoglobin derivative and €(\) is the wavelength-specific extinction
coefficient per hemoglobin derivative. This simulation assumes a unity light path length .

AN) = U Cro2 - €mpo2(N) + Crp - €ap(N) + Crsretr - €nretrn(N) + Coomp - €comn(N))  (4.1)

The objective of this simulation was to compare the ratio of absorption of 532 nm
and 558 nm with and without MetHb and COHDb to determine if the presence of these
dyshemoglobins would impair in wvitro blood oxygenation results. For each sample, the
absorption of 532 nm and 558 nm was calculated using the concentrations of hemoglobin
derivatives shown in Table 4.1. When simulating absorption without MetHb and COHDb,
these proportions were assumed as O Hb since these dyshemoglobins limit oxygen carrying
capacity. Tabulated extinction coefficients for all derivatives of adult sheep hemoglobin
used in this simulation are courtesy of Zijlstra et al. [29]. The ratio of absorption of 532
nm and 558 nm is calculated using Equation 4.2, which represents a proportional ratio and
will be discussed further in Chapter 6.

. I5sg
Ratio = ———— 4.2
Is3o + Isss (4.2)

Figure 4.4 shows the difference between simulated absorption with and without MetHb
and COHb. For both experiment A and B, only very subtle differences can be observed
between ratios with and without MetHb and COHb. Despite these small variations, the
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Figure 4.4: Simulated absorption ratio of 532 nm and 558 nm of blood oxygenation and
deoxygenation with and without MetHb and COHb.

overall trend of deoxy- and oxy-hemoglobin remains clear, such that small concentrations
of MetHb and COHb will not obstruct the differentiation between oxygenation levels.
However, it remains important to account for the concentrations of MetHb and COHb
when determining a PARS empirical SO; model and when validating the accuracy of SO,
measurement.

4.5 Conclusion

This chapter presents a unique protocol for blood oxygenation and deoxygenation specifi-
cally designed for PARS. Yeast is leveraged for the deoxygenation of blood, and hydrogen
peroxide is used for the controllable and incremental re-oxygenation. These approaches
are relatively low-cost and time-efficient compared with the use of nitrogen gas. By com-
paring slides of red blood cells and yeast, it is determined that yeast does not contribute
non-radiative signal at 532 nm and 558 nm excitation, thus the addition of yeast will not
negatively impact PARS SO; measurement. Data from two experiments show the capabil-
ity of this deoxygenation and re-oxygenation approach to prepare blood samples at a wide
range of SO, levels from 20% to 99.9%. The MetHb and COHb concentrations are also
presented for these samples. The absorption of each excitation wavelength, for a mixture
of hemoglobin derivatives, is simulated to ensure that the presence of MetHb and COHbD in
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these prepared samples will not prevent expected absorption ratio trends to be observed.
Due to the slight, or non-existent, differences between simulations with and without MetHb
and COHD, it can be determined that this sample preparation is suitable for in vitro blood
oxygenation and deoxygenation studies. This chapter presents a low-cost, time-efficient
method for blood oxygenation modulation which is well-suited for PARS in vitro phantom
studies.

4.6 Future Work

When working towards accurate SO, measurement using PARS, the impacts of MetHb and
COHb are important to consider. Future work could involve the development of a blood
preparation protocol to modulate MetHb and COHb. This would enable further studies to
determine the allowable thresholds of these dyshemoglobins and their impact on measure-
ment accuracy. An additional extension of this work includes applying blood oxygenation
and deoxygenation studies to human blood, to work towards the goal of accurate SO, in
humans.
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Chapter 5

In vitro Flow Phantom

5.1 Introduction

Imaging in vivo has many complications, such as motion artifacts, which can cause chal-
lenges while imaging and interpreting results. Phantom studies provide a valuable platform
to test imaging methods in a controlled environment in order to validate the performance
and accuracy of a system. The blood oxygenation and deoxygenation protocol described
in Chapter 4 is designed to control SO levels within in vitro blood. However, a system
was also needed to contain and flow the blood such that it can be imaged. This motivated
the design of a flow phantom system, which is the focus of this chapter.

5.2 Background

5.2.1 Optical Properties of a Single Red Blood Cell

A normal red blood cell (RBC) has a flat, biconcave form, and the absorbing protein
hemoglobin is concentrated within the cell [27]. Due to this irregular shape, the back-
scattering of an RBC is known to be impacted by the size and orientation of the cell. The
impact of cellular orientation is substantial enough that scattering-based methods for SO,
determination cannot rely on the back-scattering of a single RBC. Instead, back-scattered
signal from multiple RBCs must be averaged to remove the effects of orientation and size
[L01][43]. Work by Liu et al. determined that 147 £ 3 RBCs must be averaged in order
for blood oxygenation contrast to be determined for their vis-OCT system [101].
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The optical absorption properties of RBCs is also impacted by parameters of structure,
osmolarity and flow. Hemolysis of blood occurs when the cell membrane of RBCs is rup-
tured and hemoglobin is distributed throughout the solution. The absorption coefficient of
blood decreases significantly due to hemolysis. This is attributed to the multiple internal
reflections occurring within a whole RBC cell, which increase the path length through the
absorbing material and results in increased absorption. Hemolyzed blood lacks cell bound-
aries, preventing internal reflections and decreasing the absorption coefficient [27][102].

The osmolarity affects the shape of RBCs, wherein RBCs can swell or shrink. This
change in shape impacts the absorption coefficient of the RBC, such that when a cell shrinks
the absorption coefficient increases. Shrinkage increases the concentration of hemoglobin
within the cell, which increases the refractive index of the RBC. This causes an increase
in internal reflections, and results in an increased absorption [27]. The size, shape and
orientation of RBCs also impacts the amount of internal reflections within the cell, which
influences absorption [102].

Finally, shear force due to the flow of RBCs causes deformation in the cell. This shear
force decreases the absorption property of RBCs, such that the optical properties of blood
are impacted by flow velocity and shear [27]. This flow velocity work by Roggan et al. also
demonstrated the importance of flowing blood for reproducible and exact measurements of
optical properties of blood samples [27]. Overall, the optical properties of RBCs are influ-
enced by structure, orientation and flow. This variation in optical properties necessitates
the averaging of signal from individual RBCs to measure aggregate properties of blood.

5.2.2 Phantom Models

Stationary phantoms, such as embedding RBCs in agar, have been used to validate sig-
nal difference between oxy- and deoxy-hemoglobin [53]. However, there are some chal-
lenges with this approach. Embedded RBCs are useful for showing relative SO, but
CO-Oximetery techniques cannot be used to measure ground truth SO, of the sample
when it is embedded in agar. These measurement can be taken before the embedding
process, but oxygen exposure or the time delay for agar to cure could impact the accuracy
of the measurement.

A system that enables direct ground truth SO, measurement of the sample is necessary
to move beyond relative SO, measurement, this requires the use of liquid blood. The work
by Roggan et al. [27] demonstrates that flow conditions are critical for reproducible and
exact measurements of the optical properties of blood samples, and the flow of RBCs
impacts their absorption. This motivates the use of flowing blood in a phantom. A variety
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of flow phantoms have been implemented to accomplish SO, system validation. Approaches
have implemented cuvettes [22], capillary tubes [84][20] and custom flow phantoms which
have been designed to simulate the optical properties of tissue [103].

As a result, the design of a flow phantom is important to enable ground truth SO,
measurement, and facilitate imaging the blood while it is flowing, which is a better repre-
sentation of how the blood will behave in vivo. Additionally, the design of a flow phantom
also provides value for validating future work on measuring blood flow with PARS.

5.3 Design Requirements

The multi-wavelength in vivo PARS system operates in reflection-mode, which is necessary
for in vivo imaging due to sample thickness and the high scattering coefficient of biological
tissue [L0]. In order to measure non-radiative PARS signal, sufficient reflections of detection
scattering are required. In vivo models are highly scattering, however the idealize optical
properties of phantoms can result in reduced back-scattering, preventing the collection of
sufficient non-radiative signal. The development of a successful flow phantom will require
the selection of materials and a channel depth which facilitates back-scattering.

A common approach to measure ground truth blood flow is the use of capillary tubes
[84][20]. The challenge with this approach is the lack of uniformity across the imaging
region due to the curvature of the tube. Capillary tubes were initially tested, however the
non-radiative signal was limited to the edges of the capillary tube where the glass to blood
refractive mismatch caused enough back-scattered light to capture non-radiative signal.
As a result, the first design requirement for the flow phantom was uniformity in depth, to
ensure signal could be achieved across the entire imaging region.

Next, when imaging in a phantom, it can be challenging to determine imaging depth.
Additionally, when imaging with two different excitation wavelengths it is important to
ensure that both are co-focused at the same depth. Thus, a requirement of this design was
to provide a mechanism to check the alignment and depth of imaging in the sample, and
to validate that both excitation wavelengths are co-focused.

Finally, the ultimate goal of the multi-wavelength in vivo PARS system is to use both
non-radiative and radiative contrast for SOy imaging in the context of surrounding bio-
molecules. The absorption of blood is derived from non-radiative contrast due to the low
quantum yield of blood [70]. The simultaneous capture of radiative contrast in the PARS
architecture enables the potential for bio-molecules with a higher quantum yield, such that
they fluorescence, to be un-mixed from blood. A design consideration was the ability to
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add other bio-molecules, such as synthetic melanin [103] into the flow phantom. This would
enable future experiments to test capabilities for un-mixing other bio-molecules.

These design requirements were determined through the iterative process of testing a
variety of flow phantom designs. The unsuccessful flow phantom designs are summarized
in Appendix B.

5.4 Material Selection

Polydimethylsiloxane (PDMS) is a polymer commonly used in phantom development [104][

[105] due to its flexibility and durability. Molds are designed as the negative of the desired
shape, allowing a wide range of form factors to be achieved. Once cured, PDMS is sta-
ble. Additionally, additives can be incorporated to adjust the absorption and scattering
properties [103]. As a result, this material was selected for flow phantom development.

As discussed above, sufficient back-scattering is required to capture non-radiation signal
in reflection-mode PARS. The refractive index of PDMS is <1.43 at 830 nm [106], which
is similar to the refractive index of whole blood which ranges from 1.36 to 1.44 [107]. To
increase the PDMS refractive index, titanium dioxide (7%0,) is added in proportions which
match the optical scattering of human tissue [103]. Initial iterations of this flow phantom
did not contain 77Oy and non-radiative signal could not be captured from blood.

5.5 Methods

5.5.1 Flow Phantom Preparation

The flow phantom consists of PDMS (Sylgard 184, Dow), 50 um tape (IS214, SUNjin Lab)
and a glass coverslip as show in Figure 5.1. A PDMS mold was designed in SolidWorks
and 3D printed as shown in Figure 5.2, and the mold design was inspired by work from
Galyastiv et al. [105]. When cured, the molded PDMS enables external tubing to be
connected into the flow channel through inflow and outflow elbow joint ports which are
formed using removable pins.

The PDMS is prepared using the following procedure. First, a 1:10 ratio of soap
to isopropanol mixture is sprayed onto the mold and allowed to evaporate to improve
delamination of the cured PDMS [103]. PDMS is prepared at a ratio of 1:10 of PDMS
curing agent (g) to PDMS base (g). To increase the refractive index of the PDMS and
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Figure 5.1: Flow phantom diagram of the top view (a), front cross-section (b) and side
cross-section (c), of the flow phantom.

mimic the optical scattering of tissue, the ratio ~8.55 mg of 770, per gram of PDMS base
is used [103]. In order to avoid clumping of the TiOy powder in the PDMS, the TiO; is
mixed into the curing agent using a magnetic stirrer (11-300-49SHP, Fisherbrand Isotemp)
at 500 rpm for 20 minutes. The curing agent and 70, solution is then well-mixed into the
PDMS base and de-gassed for 30 minutes to reduce mircobubbles created during mixing.
The PDMS mixture is poured into the mold and allowed to cure for 48 hours at room
temperature.

Upon curing the PDMS, it is removed from the mold and the soap delamination layer
is removed by cleaning with deionized water and a kim wipe. An exacto knife is used to
cut a channel between the two circular cutouts of the 50 pym tape. This will become the
flow channel. The tape is placed onto the PDMS mold, and a coverslip is placed on top
to create the flow channel. This design creates two channels, one for the flow of samples
and the other for alignment. Before the coverslip is added, carbon fibers are placed into
the alignment channel. A weight is placed on top of the coverslip for ~12 hours to ensure
an effective seal is created.
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Figure 5.2: Flow Phantom PDMS Mold

5.5.2 Flow Phantom Experimental Procedure

Tubing (Saint-Gobain, Tygon S3™ E-3603) is inserted into the inflow and outflow elbow
joints. The inflow is connected to a syringe through a syringe adaptor, and the outflow goes
to a liquid waste beaker. In order to maintain consistent flow throughout the experiment,
a syringe pump (NE-4000, New Era Pump Systems Inc) flows the sample at a constant
speed of 1 pL/min.

Using the blood oxygenation and deoxygenation protocol described in Chapter 4, blood
samples are prepared at intermittent levels of SO,. Ground truth SO, measurements are
collected immediately before flowing the sample through the flow phantom. Datasets of
sequential, interlaced multi-wavelength PARS images are captured at the same imaging
region in the phantom at both 45 nJ and 50 nJ excitation pulse energies. Images are 128
x 128 pm in size and each dataset included ~600 images.

5.6 Results & Discussion

Figure 5.3 shows the individual frames from three different blood oxygenation levels in
detection scattering, and non-radiative contrast for 532 nm and 558 nm. While the pulse
energies of both excitation wavelengths are the same, 558 nm has a higher fluence due to
the smaller resolution, as discussed in Chapter 3. This is evident in Figure 5.3 wherein
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Figure 5.3: Multi-wavelength images of blood at various oxygenation levels in the flow
phantom. The field of view is 128 pym x 128 pm with a scale bar of 40 ym. The non-
radiative overlay shows a binary mask of RBCs, particles which appear only in 532 nm
non-radiative are shown in green. Particles only in 558 nm non-radiative are shown in
yellow, and particles which appear in both images are shown in magenta.



excitation is concentrated in a smaller depth of focus and at a higher fluence, enabling
more signal to be captured in 558 nm. This causes differences in the RBCs which appear
in 558 nm compared to 532 nm.

In order to visualized which RBCs appear in the images from one, or both excitation
wavelengths, thresholding was used to remove the background of the non-radiative images
which were than converted into a binary mask. False colours were applied to highlight
which images the RBCs were found in. Particles which occur in both images are labeled
in magenta, particles only in 532 nm are labeled in green and particles only in 558 nm are
labeled in yellow.

Without knowing the locations of each particle relative to one another, it is difficult to
determine the exact cause of certain RBCs appearing in both images, while others appear
in only one wavelength. The higher fluence in 558 nm explains why more RBCs are seen in
the non-radiative images of 558 nm excitation. However, there are a considerable number
of particles which only appear in 532 nm. It is possible that the larger depth of focus in
532 nm is the cause. It is also possible that chromatic aberrations occur when imaging in
a volume of liquid blood that are not seen during alignment in water. Sheep RBCs are 4 -

5 pm in diameter [97]. While the thickness of a sheep RBC has not been reported, to the
best knowledge of the author, human RBCs have a diameter of 7.5 - 8.7 ym and a thickness
of 1.7 - 2.2 pm [98]. Due to the small size of these cells, both in diameter and thickness,

slight discrepancies in focal conditions between 558 nm and 532 nm excitation could result
in the loss of certain particles in one excitation which appear in another. Determining
the exact source of this discrepancy is particularly challenging in a flow channel where the
depth of an individual RBC is unconstrained within a 50 ym channel and flow cannot be
assumed as laminar.

To avoid the need for smaller channels to constrain depth and prevent the movement
of particles in and out of optimal focus, it may appear advantageous to image a uniform
liquid in the phantom, such as hemolyzed blood. Early work explored this, wherein the
RBC cell membrane is ruptured and filtered out, leaving a uniform solution of hemoglobin.
This would have resolved challenges of individual RBCs moving in and out of optimal
focus, however three main limitations prevented the use of hemolyzed blood. First, the
CO-Oximetry device is only compatible with whole blood, using hemolyzed blood would
necessitate finding a different device for ground truth measurement. The procedure is also
labour intensive and results in small yields of hemoglobin. Finally, the primary limiting
factor is the decreased absorption of hemolyzed blood as discussed above [27][108], making
this approach unsuitable for determining an empirical model which is intended to be applied
to whole blood in vivo.
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Non-Radiative Ratio of in vitro Blood Samples at Known SO2
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Figure 5.4: Image-based average ratio of non-radiative intensities of blood samples at
known SO, levels in the flow phantom using 50 nJ excitation pulse energy. Datasets for
each blood sample contain ~610 data points. Ground truth SO, values are determined
with the AVOXimeter.

To analyze the change in absorption across blood samples with known oxygenation,
the fractional ratio of non-radiative signal was determined using Equation 4.2. Image
thresholding is used to remove the background and isolate signals from the RBCs, and
binary masks are created for both 532 nm and 558 nm. The union of these binary masks
is then used to further isolate RBCs which appeared in both 532 nm and 558 nm images,
as shown in Figure 5.3 with the RBCs highlighted in magenta. The ratio of non-radiative
intensities is taken in the image space (using Equation 4.2). Then, the binary mask is
applied to the ratio image such that only the ratio from RBCs appearing in both images
remain. The average ratio is calculated for each image in a dataset, representing a singular
data point. Each dataset contains ~610 images per blood sample and this data is visualized
using box plots (box and whisker plots) in Figure 5.4. The median is denoted by the central
red line, and the 25th and 75th percentile is represented with the bottom and top of the
blue box. When notches in the box do not overlap, this indicates a 95% confidence that
the true medians differ. Outliers are shown with red '+’ markers [109].
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As discussed in Figure 3.1, 532 nm excitation is a near isosbestic point, such that absorp-
tion is the same for oxy- and deoxy-hemoglobin. For 558 nm excitation, deoxy-hemoglobin
has a higher absorption than oxy-hemoglobin. As a result, the expected behaviour is for
the ratio of non-radiative intensity to decrease as SO, increases. The data in Figure 5.4
shows a slight decrease in the median as ground truth SO, increases, with the exception
of the dataset at 91.1% SO,. A significant challenge with this flow phantom result is the
lack of separability between datasets. It is expected that blood samples from such a wide
range of SO, values should be easily separable. When this experiment was repeated the
same issues arose and no substantial trend could be observed. The influence of hemoglobin
derivatives MetHb and COHb on total absorption were considered as a potential cause of
this unsuccessful result. However, the simulations presented in Chapter 4 disprove this,
as the small quantities of MetHb and COHb in the samples have a small impact on over-
all absorption of the sample. Results presented in the following chapter illustrate that a
change in absorption can be observed by the PARS multi-wavelength system in vivo. As
a result, the flow phantom is suspected to be the cause of these unsuccessful results.

As discussed previously, averaging signal across multiple individual RBCs is important
to remove the variability in absorption introduced by factors such as orientation and size.
When averaging signal within an in vivo blood vessel, the path of the RBCs is constrained
in depth. In the current design of the flow phantom, this degree of depth constraint
does not occur in a 50 um channel. Additionally, this flow phantom does not guarantee
laminar flow. Since not all particles appear in both 558 nm and 532 nm, and the path of
RBC flow is not constrained, this creates challenges in temporal averaging to remove the
effects of absorption variation of a single RBC. Averaging across a frame may reduce some
variation, however, the RBCs within a frame are not guaranteed to be at the same depth
when averaged. When temporally averaging the signal from one blood vessel, the signal
from all RBCs passing through that vessel are guaranteed to be at the same depth. The
lack of separability between datasets, and the inability to reproduce the result presented
in Figure 5.4 in a secondary experiment prevent the use of this flow phantom data to
determine an empirical model of SOs, or assess the accuracy of this system.

5.7 Conclusion

Flow phantom experiments are valuable to test the system in a controlled environment,
however it can be challenging to replicate intricate structures found in nature such as
capillary beds. After various design iterations and testing, a flow phantom design is pre-
sented which achieves a flow phantom channel of 50 ym. Using this flow phantom design,
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the PARS multi-wavelength system is capable of capturing non-radiative signal for blood
flowing through the channel at various oxygenation levels for both 532 nm and 558 nm
excitation. Unfortunately, this flow phantom model did not achieve the ultimate goal of
enabling the determination of a PARS-SOy empirical model or assessing SO, accuracy.
However, important knowledge was gained in the course of this work, such as the im-
portance of back-scattering light and constraining RBC flow in depth. These lessons are
valuable in the future efforts which work towards the design and implementation of a flow
phantom system which can be used to determine SO, accuracy.

5.8 Future Work

Next steps would involve using a smaller channel which would further constrain depth.
Single cell flow channels can be fabricated through collaboration with external microfluidic
manufacturers. This would be valuable for constraining RBC orientation, and would pre-
vent RBCs from moving in and out of focus. Alternately, a flow phantom could be designed
to ensure laminar flow of blood [27]. This would also prevent RBCs from moving in and
out of focus, and if designed correctly, the PARS multi-wavelength system could capture
videos following the flow of an individual RBC. This provides value for blood flow valida-
tion, as well as averaging of RBC signal. Additionally, other species with larger RBCs can
be used, such as bovine or canine whole blood [97] to constrain the depth of RBC flow in
a larger flow channel by increasing cell size, in order to accommodate for manufacturing
limitations of channel depth.
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Chapter 6

In vivo Blood Oxygenation

6.1 Introduction

To further technology towards the ultimate goal of clinical application, in vivo imaging is
crucial in demonstrating capability beyond phantom and n vitro studies. However, in vivo
studies present the challenge of obtaining ground truth bio-metrics with which to compare
results. Ground truth in vivo SO; measurement requires invasive blood gas analysis or
comparison with a gold standard SO, measurement approach [20][21]. Measuring relative
change in blood oxygenation is a valuable tool to demonstrate in vivo feasibility.

6.2 Background

Demonstrating relative change in blood oxygenation involves varying the oxygen available
to the in vivo target. The difference in signal ratio between states of hypoxia (low oxygen)
and normoxia (normal oxygen) is compared. Relative in vivo blood oxygen experiments
have been implemented with zebrafish embryos [53] and mouse models [78].

Recent work by J.A. Tummons Simmons et al. [70] demonstrated the use of PARS
for imaging blood flow in the chorioallantoic membrane (CAM) in chicken embryo models.
Through video rate imaging, the flow of individual red blood cells was captured with one
excitation wavelength. The multi-wavelength PARS system aims to extend the capabilities
of this system to include oxygen saturation measurement. The ultimate goal is to combine
blood flow and oxygen saturation for the first ever demonstration of metabolic rate of
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oxygenation (M RO,y) with PARS. To further these efforts, a relative in vivo blood SO,
experiment was designed using a chicken embryo model.

The respiration of a chicken embryo occurs through gas exchange in the highly vascu-
larized CAM [110]. This experiment was designed to vary the ambient oxygen available to
the CAM for gas exchange to induce a state of hypoxia, and then recovery (normoxia) for
the demonstration of relative blood oxygenation. A similar experiment by Ferrer Ortas et
al. [53] accomplished hypoxia and recovery by mounting zebrafish embryos in agarose gel
and sealing them from oxygen with a coverslip to induce hypoxia. The coverslip was then
removed to allow for recovery [53]. A similar approach was not possible with CAM as the
capillary beds are fragile, and the weight of a coverslip causes vessel occlusion over time.
This motivated the need to design a custom holder to modulate ambient oxygen, referred
to as a 'hypoxia holder’ in this work. Additionally, it was important to design the holder
such that all elements in the optical path remain constant throughout the experiment. As
a result, the holder was designed with static imaging windows. The hypoxia holder enabled
the manipulation of the internal ambient oxygen content in order to induce hypoxia and
recovery in the chicken embryo for relative blood SO, measurement.

6.3 Methods

6.3.1 Hypoxia Holder

The hypoxia holder (shown in Figure 6.1) was built using a waterproof ABS project box
(Zulkit, Waterproof IP65 ABS Project Box). Three circular imaging windows are sealed
with glass coverslips and four ventilation holes are opened to allow for airflow, or sealed with
silicon plugs (T Tulead, 16mm/0.63 Hole Plug). One food grade oxygen absorber packet
(Brensten, 300cc Oxygen Absorbers) is placed inside the hypoxia holder to reduce ambient
oxygen gas through the rusting of iron powder. This oxidization reaction generates heat,
as a result, condensation can form on the glass imaging windows and prevent imaging.
This was resolved by adding moisture absorbing food grade silica beads (Fonday, Silica
Gel Desiccant) into the hypoxia holder. Figure 6.2 illustrates a 17 day old chicken embryo
within the hypoxia holder surrounded by the oxygen absorber, silica gel beads and sensors,
as well the holder in an open and closed configuration.

68



I—Silicon Plug

ﬁ\r | — L _ ‘\7rﬁ CAM

e ) @ = ¢ Oxygen Absorber

Sensors

Figure 6.2: Photos of the hypoxia holder in use. (a) shows a 17 day old chicken embryo
within the holder, with the oxygen absorber packet, silica gel beads, and sensors. (b) shows
the closed holder with open airflow vents, and (c) shows the closed vents. The CAM is
visible in (b) and (c) through the imaging windows.
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6.3.2 Hypoxia Holder Sensors

During an experiment, it was important to monitor the internal environment of the hypoxia
holder. Therefore, an oxygen sensor (DFRobot, SEN0322) as well as a temperature and
humidity sensor (Sparkfun, SEN-18364) were implemented. Data was logged at 30 second
intervals using an Arduino Uno and monitored throughout the experiment. The oxygen
sensor data was used to determine intervals for data collection. In early iterations of this
experiment, the temperature and humidity data was valuable to determine the amount of
oxygen and moisture-absorbing materials to avoid condensation on the imaging windows.

Both sensors used 12C communication protocols with open source Arduino libraries
[111][112] which facilitated ease of implementation when interfacing with the sensors. The
temperature and humidity sensors did not require calibration, and the oxygen sensor was
calibrated using the open source library and protocol specified by the data sheet [113].
The primary purpose of the sensors was to catalog the relative change in the environment
throughout the experiment. Table 6.1 highlights relevant specifications of the sensors. The
most notable specification is the < 15 second response time of the oxygen sensor. This
defines the maximum time the sensor requires for changes in the ambient oxygen to be
reflected in the sensor readings. This has the potential to create slight delays in sensor
readings, particularly when the ambient oxygen changes rapidly when the seals of the
hypoxia holder are opened for recovery. Using a 30 second polling interval of the sensor
was designed to reduce the impacts of a < 15 second response time.

Sensor Resolution Accuracy Range Response Time
Oxygen 0.15% Not Specified | 0 - 25% <15s

Temperature 0.01 °C +0.5 °C -15- 50 °C | Not Specified
Relative Humidity | 0.024% +4% 0 - 80% <8s

Table 6.1: Hypoxia holder sensor specifications [114][113].

6.3.3 Experimental Methods

According to the Canadian Council on Animal Care (CCAC), scientific work using em-
bryos do not require ethics protocols to be approved by an animal care committee [115].
Bird embryos demonstrate sustained EEG activity at >80% incubation time, suggesting
consciousness and pain perception [116]. In this work, the maximum age of imaging is
day 17, which is 80% of mortality, to avoid conscious suffering and enable imaging of
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developed vasculature in the CAM which occurs in older chicken embryos. This is the rec-
ommended approach based on discussion with animal care and research ethics personnel
at the University of Waterloo.

A series of multi-wavelength PARS images are collected of the same capillary bed
structure to ensure variation in the ratio of non-radiative signal is a result of changing
oxygen saturation, and not variation in oxygen diffusion or supply based on the capillary
location. Imaging the same 128 pum x 128 pm area of capillary beds poses challenges due
to the motion of the unanaesthetized CAM and the slowing or stopping of blood flow of
the chosen imaging region as the CAM enters hypoxia. As a result, the same capillary beds
could not be imaged across a >3 hr experiment. The most dramatic change in ambient
oxygen occurs during the recovery from hypoxia when the holder is opened and room
oxygen fills the holder, allowing the blood to re-oxygenate. The results presented below
contain eleven datasets total, with seven datasets from the same capillary bed location
before and during recovery.

6.3.4 Image Processing
Angiography Images

When imaging at video rates, individual red blood cells are captured moving through
vessels. Averaging sequential images of flowing red blood cells enables the generation
of angiography images, which trace the path of the red blood cells through vessels and
provides a stronger sense of vessel structure than individual frames. Angiography images
also mitigate absorption variation of individual red blood cells, as discussed in Chapter 5.

Due to the confocal nature of PARS, the heartbeat of the chicken embryo causes the
CAM vessels to move in and out of focus. To address this, the CAM was aligned such that
optimal focus occurs when the heart beats, and the flow of red blood cells is increased. The
improved focus and increased number of red blood cells in the frame results in the average
non-radiative intensity of the frame to increase cyclically with heartbeat. Angiography
images are generated by detecting the frame with maximum average non-radiative intensity
and averaging this frame with the 5 frames on either side of the maximum. This generates
angiography images which are centered around the maximum of a heartbeat event.

Ratio of Non-Radiative Images

Initially, the ratio of the angiography images was determined using the equation 6.1, which
divides the 558 nm non-radiative intensity by the 532 nm non-radiative intensity, along
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with a relaxation parameter (7). When taking the ratio of images, background and noise
can become magnified if near-zero values occur in the denominator, introducing substantial
outliers. The intention of the relaxation parameter is to reduce the impacts of these infinite
outliers by adding a small scalar value to the denominator. Unfortunately, the relaxation
parameter was insufficient. While the expected trends could be observed, data distributions
were highly overlapping due to the lack of robustness of Equation 6.1 against outliers.

I
Ratio = —2>28 (6.1)
Iz + 7y

Equation 6.2 is a proportional (fractional) ratio, which is bounded between 0 and 1.
This approach is robust against infinite outliers since the denominator contains both 558 nm
and 532 nm non-radiative intensity. This ratio approach was implemented for the results
presented later in this chapter. The robustness of this approach reduced the impacts of
noise and background, and enabled separability between data distributions.

. Issg
Ratio = ———— 6.2
Is30 + Isss (6.2)

Otsu’s Method for Image Segmentation

Another approach for noise reduction is segmenting images to remove the background. This
is implemented using Otsu’s Method [117], which is a well-established approach in image
processing to separate an image into objects and background. Briefly, this method converts
the image into a gray-scale histogram of pixel intensity and determines a scalar threshold
to optimally separate the histogram without a priori knowledge. Then the threshold is
used to separate objects from background in the image space through image binarization
based on pixel intensity. Otsu’s method is non-parametric and unsupervised, enabling ease
of use in a wide variety of applications. For each angiography image, Ostu’s method is
used to determine a threshold. This threshold is used to generate a binary mask from the
angiography image, which is applied to the ratio image to remove the background.

Overall Image Processing Workflow
Non-radiative angiography images are generated for both 558 nm and 532 nm excitation

using the chicken embryo heartbeat. The ratio of these images is then taken using Equation
6.2. In parallel, Otsu’s segmentation is used to generate binary masks for both 558 nm
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and 532 nm angiography images. The union of these masks is taken, and this combined
mask is applied to the ratio image to remove background pixels. The remaining pixels in
the ratio image are averaged to determine an average intensity of non-radiative ratio per
image. This value represents a single data point in a dataset.

6.4 Results & Discussion

6.4.1 Hypoxia Holder Results

Figure 6.3 shows the oxygen, temperature and relative humidity throughout a hypoxia and
recovery experiment. Deoxygenation within the hypoxia holder occurs over ~2.5 hours as
the ambient oxygen within the holder drops from from ~21% (typical room oxygen content)
to ~3%. The rate of deoxygenation can be increased by adding more oxygen absorbing
material, however this introduces more heat to the holder which can cause condensation.
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Figure 6.3: Illustration of the ambient oxygen, temperature and relative humidity inside
the hypoxia holder throughout an in vivo CAM experiment.

Figure 6.3 illustrates the stability of temperature, with a slight increase near the end
of the experiment. This increase corresponds with the increase in relative humidity. It is
hypothesized that when the hypoxia holder seals are removed, the oxygen absorber rapidly
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Figure 6.4: Datasets of multi-wavelength PARS images (A-K) are captured at three ad-
jacent locations in the CAM. The occurrence of datasets are labeled across the ambient
oxygen of the hypoxia holder.

begins to oxidize and generate heat. Since the hypoxia holder is no longer sealed, external
moisture can enter the holder and humidity increases with the additional heat. Fortunately,
this slight increase in humidity did not impact the imaging window.

6.4.2 In vivo Blood Oxygenation Results

Figure 6.4 illustrates the eleven different datasets which were acquired throughout the
hypoxia and recovery of a chicken embryo at three different locations within the same
region of the CAM. Datasets A-E and J-K each contain ~610 interlaced images at various
points in hypoxia and normoxia. Datasets F-I contain ~1220 interlaced images captured
while the seals are removed and during the recovery from hypoxia. All datasets contain
images of 128 pum x 128 pm using 20 nJ of excitation pulse energy for both 532 nm and
5H8 nm.
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Figure 6.5: Detection scattering and non-radiative angiography images of all three captured

CAM locations during the hypoxia experiment. The field of view is 128 um x 128 pym with
a scale bar of 40 pm.
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Imaging Location

As mentioned previously, challenges arise when imaging the identical vascular region of
an unanaesthetized CAM. Throughout this experiment, the CAM was imaged at three
different locations shown in Figure 6.5, illustrates detection scattering and non-radiative
angiography images.

To ensure that changes in non-radiative intensity were not caused by a change in loca-
tion, it was important to show a change in intensity across the same location. In an ideal
case, this would be achieved across the entire experiment, however this was not possible
for reasons discussed previously. Seven datasets (C-I) were captured in the same location,
as illustrated by Figure 6.6. While slight motion is inevitable, the same key structural
features can be seen in all images. This illustrates that these results capture data from the
same vascular structures.

Figure 6.6: Detection scattering across hypoxia datasets C-I illustrating the imaging of the
same region based on structural features. The field of view is 128 pym x 128 pum with a
scale bar of 40 pum.
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Angiography Images and Segmentation

Figure 6.7 shows examples of individual heartbeat angiography images for 558 nm and 532
nm excitation, as well as their image segmentation masks. White illustrates the vessels
and black the background. This matches the vessel structure in the non-radiative images.
All non-radiative images use the same colour scale.

Figure 6.7 illustrates differing connectivity of vessel structures between the individual
heartbeat angiography images from datasets F and G. This is due to the randomness of
red blood cell flow throughout the capillaries. Highly connected vessels have higher red
blood cell flow than sparsely connected vessels.

(7]

Figure 6.7: Segmented mask and non-radiative angiography images for 532 nm and 558
nm for datasets F and G. The field of view is 128 pym x 128 pym with a scale bar of 40 pm.

These angiography images also highlight the ability of both excitation wavelengths to
image the same vascular structures. As discussed in Chapter 3, 558 nm has a slightly
higher resolution and thus higher fluence than 532 nm. This is noticeable in Figure 6.7 as
both 532 nm images have overall lower intensity when using the same colour scale as 558
nm. Since this experiment focuses on demonstrating relative change of absorption across
oxygenation levels, the effect of this variation in fluence is mitigated.
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Non-radiative Ratio During Hypoxia and Recovery

As shown in Figure 2.2, 532 nm is a near-isosbestic point such that the change in absorption
between oxy- and deoxy-hemoglobin is minimal. However, 558 nm has a high absorption
for deoxy-hemoglobin and a decreased absorption for oxy-hemoglobin. As a result, the
expected behaviour for non-radiative signals is that the ratio of miﬁ will increase in a
state of hypoxia and decrease during normoxia (recovery).

Figure 6.8 illustrates the average non-radiative intensity ratio captured across all eleven
datasets. The distributions of non-radiative ratio for each dataset is visualized using box
plots (box and whisker plots). The central red line indicates the median, and the bottom
and top of the blue box indicates the 25th and 75th percentile. When notches in the
box do not overlap, this indicates a 95% confidence that the true medians differ. Outliers
are represented with red '+’ markers [109]. The ambient oxygen within the holder is
illustrated at the time points which these datasets were captured. Overall, the expected
trend is shown, such that higher oxygenation corresponds with a lower non-radiative ratio,
and a higher ratio corresponds with hypoxia.

The importance of power compensation is illustrated in Figure 6.8 particularly when
comparing the non-radiative ratio of datasets A and B. The time difference between A
and B was two minutes, and the ambient oxygen for both was 17%. However, the non-
radiative ratio is substantially higher in B compared to A. The incoming excitation power
is captured on the power compensation photodiode as discussed in Chapter 3. Figure 6.8
compares these excitation powers, and it is evident that dataset B has a higher 558 nm
excitation power than surrounding datasets, and a slightly lower 532 nm excitation power.
This artificially increases the non-radiative ratio.

When power compensation is applied, the excitation power data is normalized with
respect to all eleven datasets. This enables the variation of input power to be compen-
sated for both individual excitation pulses as well as bulk power variation between datasets
which can be caused by SRS power drift or operator error. Figure 6.9 shows the change in
non-radiative ratio across hypoxia and recovery with power compensation applied, which
corrects the artificial increase of ratio in dataset B. With power compensation, the distri-
butions of A and B are highly overlapping which is expected from datasets both captured
at 17% ambient oxygen two minutes apart. This result highlights the importance of power
compensation to properly capture relative blood SOs.
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Figure 6.8: CAM hypoxia and recovery experimental results without power compensation.
For each dataset labeled A-K, the ambient oxygen, non-radiative ratio and input excitation
power for 558 nm and 532 nm are illustrated.
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Figure 6.9: CAM hypoxia and recovery experimental results with power compensation.
For each dataset labeled A-K, the ambient oxygen and power compensated non-radiative
ratio are illustrated.
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This experiment captured data across a range of ambient oxygen levels, starting from
17% which is reduced to ~3%, and is then returned to 21% during recovery. The first two
datasets were captured at 17% ambient oxygen. The current design of the hypoxia holder
requires that the silicon plugs are installed before the lid is put in place to minimize the
force needed to remove the plugs. This ensures the imaging location is not lost during
the critical recovery phase of the experiment. As a result, there is a time delay between
the decrease in ambient oxygen and the capture of the first dataset as time is required to
locate a suitable imaging area.

During regular chicken embryo development, respiration occurs within a shell (in ovo)
that has limited diffuse conductance. Oxygen consumption increases as the embryo grows,
and peaks in the final days of development. In ovo chicken embryos naturally experience
a degree of hypoxia when incubated in 21% ambient oxygen, which prompts pipping and
hatching. Additionally, the oxygen affinity of embryonic hemoglobin varies throughout
development to account for oxygen limitations [115]. However, in this work the chicken
embryo is removed from the shell (ex ovo) and gas exchange in the CAM occurs directly
with ambient air. Work by Reeves [118] suggests that chicken embryos in the second
phase of development (day 8-18) attain 100% SO, at 100 mmHg of partial pressure oxygen
(POs). Assuming dry, atmospheric air at sea level with a pressure of 760 mmHg (1 atm),
100 mmHg of POy occurs at 13.15% oxygen. This suggests that 17% ambient oxygen does
not induce hypoxia ex ovo, and the datasets captured in this range can be used to establish
a baseline of normoxia. Additionally, ambient oxygen below 13.15% is expected to induce
hypoxia.

The ability to capture the relative change in blood oxygenation n vivo with the multi-
wavelength PARS system is shown in Figure 6.9. The ratio distributions of normoxia (A,B
and K) show clear separability from the ratio distributions of hypoxia (C-G). Additionally,
the change in ratio is illustrated as the chicken embryo recovers from the state of hypoxia
as shown in the decrease of ratio between G and K. Datasets with wider distributions, such
as F, H, I and J are due to an increase of bulk motion.

Another success of these result is the ability to compare the non-radiative ratio across
adjacent locations in the CAM. Three different imaging locations within the same region
of the CAM are presented in these results as discussed previously, and results follow the
expected trend irregardless of the location. Relative SOy is determined by taking an
image-based ratio of the intensity of non-radiative signal from two different wavelengths
of excitation. A strength of this approach is that the system does not rely directly on
signal magnitude. When imaging at different locations, variables such as the number
of vessels, as well as their size and depth can impact the magnitude of non-radiative
signal. However, these structural factors introduce the same variation in intensity for
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both excitation wavelengths. Taking an image-based ratio of both wavelengths is expected
to mitigate substantial variation caused by structural factors when imaging at different
locations. Another concern is the variation in SOy between the major vessels which supply
the CAM [119], and rate of oxygen diffusion. Imaging small 128 pm x 128 pm adjacent
locations all in the same small region ensure that the imaged capillaries are supplied by the
same major vessel. Also, this work images capillary beds at the surface of the CAM where
respiration occurs, and the ambient oxygen is uniform across this surface. This does not
entirely mitigate variation which could arise from variability in capillary transit time of
individual RBCs [119], which impacts oxygen diffusion. It is possible for this to be location
dependent, however this random variation will also occur within a single location, which
suggests that trends over a large range of oxygenation levels should still be detectable.
Further experimentation is required to determine the accuracy of measurements compared
between multiple locations, however present results show feasibility.

Finally, a second experiment was conducted where a different chicken embryo of 17 days
old was imaged on a different day with pulse energies of 20 nJ. The imaging system was
re-aligned and the same experimental procedure was followed, with the exception that the
minimum ambient oxygen concentration was 9% and the experiment lasted only 1.5 hours.
As shown in Figure 6.10 the absorption ratio follows the expected trend based on the
ambient oxygen concentration. Unfortunately, data from the beginning of this experiment
could not be reconstructed due to a data acquisition bug, therefore these datasets were
excluded. Although this experiment captured data from a smaller range of oxygenation, the
hypoxia and recovery of the chicken embryo remains evident. This demonstrates feasibility
of these results across different chicken embryos, on different days and with different system
alignments.
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Figure 6.10: Results from a second CAM hypoxia and recovery experiment, conducted on
a different day, with a different chicken embryo and a different system alignment. For each
dataset labeled A-F, the ambient oxygen and power compensated non-radiative ratio are
illustrated.
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6.5 Conclusion

In vivo work in animal models is a critical stepping stone towards the application of
technology in humans. The CAM of a chicken embryo provides a valuable imaging target
due to the dense surface-level vascular networks. Building on the work by J.A. Tummons
Simmons et al. [70], video rate multi-wavelength in vivo PARS images were captured at
various points during the hypoxia and recovery of a chicken embryo.

This chapter highlights the success of the custom hypoxia holder to modulate the
ambient oxygen concentration available to the chicken embryo. Reducing ambient oxygen
through the use of iron powder oxidation (oxygen absorbers) and a confined space induced a
controllable state of hypoxia, and sensors were implemented to log the state of the internal
environment. This was used to determine the expected trends in optical absorption of
deoxy- and oxy-hemoglobin measured by the non-radiative PARS contrast from 532 nm
and 558 nm excitation.

The multi-wavelength PARS in vivo system was successful in showing relative SO in
the CAM of a chicken embryo, as the non-radiative ratio followed the expected trends
of hypoxia and recovery. The ability to separate between deoxy- and oxy-hemoglobin
is illustrated through the lack of overlap between distributions of datasets of hypoxia
and normoxia, however the small number of replicates in this study limits the statistical
definitiveness of these results. Additionally, the importance of power compensation is
highlighted in this data through the adjustment of an artificially inflated ratio as a result
of increased excitation power. These experimental methods lay the groundwork for further
applications of multi-wavelength PARS for functional vascular imaging which work toward
accurate SOy and the demonstration of M RO,.

6.6 Future Work

The presented results examine the overall variation of non-radiative absorption for each
dataset. However, future work can also examine the subtle changes in oxygen saturation
within a single dataset, particularly during recovery from hypoxia. Another metric that
can be extracted from this dataset is the change in heartbeat, which could provide an
additional biomarker of the physiological change occurring during hypoxia.

To reduce bulk motion of the chicken embryo, which causes noise and makes imaging
the same vessels challenging, anaesthetic can be applied through injection or by modifying
the hypoxia holder for an inhalable anesthetic. Additionally, the application of advanced
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image processing algorithms has the possibility to remove heartbeat and bulk motion ar-
tifacts. Both these efforts would remove outliers and improve accuracy. Advanced image
segmentation approaches and denoising also have the potential for improving accuracy.

Red blood cell motion can be seen in the video rate images collected from this experi-
ment. Current efforts in the lab are working towards the application of particle velocimetry
such that red blood cell flow can also be extracted from this data. Combining blood flow
and blood oxygenation lays the groundwork for the first demonstration of metabolic rate
of oxygenation (M RO,) with PARS.

Future work also involves increasing the number of replicates in this experiment to
assess the repeatability of the results on a large number of different chicken embryos.
This would enable a statistical analysis to be performed to determine if the change in
non-radiative ratio is statistically different between normoxia and hypoxia, and assess the
statistical sameness between ratios of the baseline normoxia and the recovered state. The
first trial captures two baseline normoxia datasets, however a baseline could not be captured
in the second trial. Additionally, it would be valuable to capture data at fixed ambient
oxygen levels (eg. 21%, 15%, 10%, 5%) during hypoxia to statistically assess differences in
measurements at smaller ambient oxygen level increments.

To determine the number of replicates needed for these future studies, a power analysis
is implemented based on the mean (u) and standard deviation (o) of the data presented
in figure 6.9 and 6.10 using the free G*Power software [120]. Given the different levels of
hypoxia (3% and 9% ambient oxygen) in each experiment, resulting in differing means, the
power analysis is performed on experiment 1 and 2 separately. To analyze the differentia-
tion between hypoxia and normoxia, these datasets were combined such that in experiment
1 hypoxia of 3% ambient oxygen is shown in datasets C-F (u = 0.526, ¢ = 0.0169) and
normoxia in A, B, and K (@ = 0.4202, 0 = 0.0135). The effect size was determined based
on these statistics, and this analysis assumes a paired t-test which uses a required power
level (1 — ) of 0.95 and a significance level («) of 0.05. Based on experiment 1 statistics, a
replicate size of 3 is necessary to demonstrate a statistical difference between hypoxia (3%)
and normoxia. Experiment 2 only reached a hypoxia level of 9%, combining datasets A-C
for hypoxia (@ = 0.3959, o = 0.0207) and dataset F is normoxia (¢ = 0.377, 0 = 0.0074).
The G*Power analysis using the same assumptions and experiment 2 statistics determined
a replicate size of 15. While the hypoxia experiment to 3% ambient oxygen takes twice
the time of the 9% experiment, it requires only 3 replicates. Overall, a 3 replicate study
to 3% ambient oxygen is the most time efficient approach to be used in future work. How-
ever, subsequent studies will need to assess smaller increments of hypoxia, and the power
analysis of experiment 2 highlights that required sample size is expected to increase when
demonstrating the statistical difference between smaller increments of hypoxia.

85



Chapter 7

Conclusion

The implementation of independent excitation paths enabled improved alignment of 532
nm and 558 nm in order to achieve consistent and reliable multi-wavelength in vivo PARS
imaging in the CAM vasculature of a chicken embryo. Separate excitation paths also
enabled the interlacing of both excitation wavelengths for near-simultaneous imaging of
the same structures. The introduction of polarization alignment improves the 558 nm
generation using SRS, which is important for successful, and quantitative, in vivo imaging.
Power compensation is implemented to account for pulse-to-pulse variation in excitation
power, as well as power drift which is critical for comparing quantitative measurements used
for SO, determination. The multi-wavelength system achieves the objectives of consistency
and reliability in multi-wavelength in vivo PARS vascular imaging.

The goal of the in vitro blood and flow phantom work was to validate results from the
multi-wavelength PARS system with blood at known oxygenation levels. In the absence of
suitable results from the in vitro phantom study, an accuracy metric is currently unavail-
able. However, this thesis work has furthered efforts towards achieving this through the
development of a low-cost, time-efficient blood oxygenation and deoxygenation protocol,
and through the knowledge gained in the iterative design of flow phantoms. Further work
is required to implement a successful flow phantom, however the blood oxygenation and
deoxygenation protocol serves as a valuable contribution to future experiments.

Finally, the ability to measure a relative change in SOy was successfully shown in vivo
through the hypoxia study. A custom hypoxia holder was developed which could modulate
the internal ambient oxygen levels, inducing a state of hypoxia, and then recovery in the
CAM of a chicken embryo. These results successfully illustrate a relative change in the
ratio of non-radiative intensity which followed expected trends of hypoxia and recovery.
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These results were also shown in a second experiment. The successful results showing
relative change in absorption ratio in vivo, but the unsuccessful results in the flow phantom
validate that the issues with the in vitro experiments are a result of challenges with the flow
phantom, not the multi-wavelength PARS system. The successful in vivo results shown in
chicken embryos serve as a valuable stepping stone towards imaging more complex in vivo
targets such as mouse retina.

Limitations of this work include the slight variation in resolution and depth of focus
between the 532 nm and 558 nm excitation wavelengths. This does not limit the ability to
capture relative change in SO,, however, this will be an important system improvement
in future work to capture absolute SO, measurement. The lack of results in the flow
phantom limited the determination of a PARS-SOs empirical model or the ability to assess
S0, measurement accuracy against a gold standard ground truth. Finally, the in vivo
results shown in chicken embryo are limited due to the small number of trials of this
experiment. In order to perform statistical analysis to definitively determine difference
between measurements of non-radiative ratio in normoxia, hypoxia and recovery, a larger
number of trials is required. Increasing the number of replicates is also necessary to assess
repeatability. As well, a chicken embryo is a highly idealized imaging target, the CAM is
flat and has blood vessels that are at, or close to the surface. Future work will need to
explore more complex in vivo imaging targets.

PARS is a unique imaging platform that can capture non-contact, label-free, absorption-
based images. This technology has strong potential to provide an SO, imaging platform
which can simultaneously capture non-radiative and radiative relaxation, with the hopes
of leveraging radiative contrasts to un-mix confounding bio-molecules and provide compli-
mentary structural information. The ultimate goal of this work is to further efforts towards
accurate PARS SO, imaging which achieves ISO accuracy standards [15]. This was ac-
complished by improving reliability and consistency of the multi-wavelength in vivo PARS
imaging system, advancing efforts for n wvitro phantom studies, and showing relative SO,
in vivo.
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Appendix A

In vitro Blood Preparation
Additional Information

A.1 H>0Oy Volumes for Blood Re-oxygenation

The method for re-oxygenation of blood uses small volumes of 30 wt.% H>0, (Sigma-
Aldrich, 216763) mixed into blood deoxygenated with yeast. Table A.1 provides examples
of HyOy volumes used to re-oxygenate blood. HyOs volumes depend on the initial SO,
value, blood volume and the desired SO, value.

Initial SOy | Blood (mL) | H2Os (L) | Resulting SO
20.20% 3 2.0 55.7%
20.20% 3 3.0 75.7%
20.20% 3 4.5 81.0%

Table A.1: Blood re-oxygenation to intermediate SOy values.
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Appendix B

Initial Phantom Designs

This section summarizes the previous iterations of phantom designs which preceded the
design presented in Chapter 5.

B.1 Design A: Liquid Sample Holder

The first design for imaging liquid samples such as blood was designed in SolidWorks and
3D printed. This device contained a liquid chamber, as well as an alignment chamber.
Carbon fibers were glued to the staircase for the determination of depth and alignment in
a sample. Both chambers were sealed with a coverslip and superglue. Inflow and outflow
ports enabled the flow of liquid and additional ports were designed at the corner of each
chamber to allow for a syringe to be inserted for air bubble removal. The biggest takeaway
from this design was the importance of reflective surfaces for back-scattering. Since the
chambers were relatively deep, no non-radiative signal could be measured.

B.2 Design B: Flow Phantom Version 1

The challenges in Design A motivated the first iteration of a flow phantom. The goal was
to create small channels and enable flowing blood to be imaged. The design was inspired
by Galyastov et al. [105] and used a 3D printed mold that created flow channels of 500 pm,
300 pum and 100 pgm. Due to resolution limitations of the 3D printer, the formation of the
100 pm channel was unsuccessful. PDMS was poured into the mold and allowed to cure.
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Figure B.1: Liquid sample holder SolidWorks model.

Figure B.2: Flow Phantom Design B, illustrating the 3D printed mold (left), the cured
PDMS (center) and the flow phantom with a sample of red craft dye (right).

Then UV plasma cleaning, followed by heating in an oven was used to bond the the PDMS
to a coverslip to complete the flow channel [105]. Carbon fibers and water were used in the
alignment channels to assist with the determination of depth and alignment. This model
was successful in creating a 500 and 300 pgm flow channel, however non-radiative signal
could still not be attained using this approach. Chapter 5 discusses the subsequent flow
phantom design with a 50 gm channel, from which non-radiative signal could be captured.
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