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Abstract

The rupture of an intracranial aneurysm can cause spontaneous subarachnoid hemorrhage and result
in sudden death. A large portion of intracranial aneurysms occurs near the center of the head, at
the skull base, which poses significant technical challenge to neurosurgeons due to limited accessibility.
The utilization of angiography is prominent during the treatment of intracranial aneurysms. However,
malapposition of stent or incomplete packing of the intracranial aneurysm can be difficult to assess with
angiography, and could lead to severe postoperative complications. As a result, angiography may not
be sufficient in determining the risk of rupture as the compensatory mechanisms are known to occur at
the microstructural level due to the local hemodynamics in the arterial lumen, as well as in evaluating
the intraoperative treatment.

In this work, we describe a method for assessing intracranial aneurysm through the evaluation of
blood flow within the lumen and morphological structures of the arterial wall with optical coherence
tomography (OCT). Sterile intravascular fiber-optic catheters can be introduced in the artery to detect
blood flow. Prior to this work, limited investigations of catheter based Doppler OCT (DOCT) were
reported. A novel signal processing technique was developed to further reduce the effect of Doppler noise
within a catheter based DOCT system. This technique consisted of splitting the interferogram of an OCT
signal prior to estimating the Doppler shift. This split spectrum DOCT (ssDOCT) method was evaluated
through flow models and porcine models, as well as through the correlation between ssDOCT algorithm
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and computational fluid dynamic (CFD) models. It was observed that ssDOCT provided improved
Doppler artefact suppression over the conventional DOCT technique. ssDOCT also provided the ability
to estimate lower velocities within the DOCT image to measure the hemodynamic patterns around stent
struts in both the internal carotid and patient specific flow phantoms. An OCT imaging study was also
conducted consisting of surgically resected human intracranial aneurysms. Further enhancement of the
detection of these key morphological structures was demonstrated by an optical-attenuation imaging
variant of OCT. The presented techniques could provide further insights to the cause of intracranial

aneurysm rupture and vascular healing mechanisms.
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Chapter 1

Introduction

This introductory chapter provides the background and motivations for this thesis, including the preva-
lence of intracranial aneurysms, current treatment options, optical coherence tomography, and Doppler
optical coherence tomography as an imaging modality capable of measuring and monitoring hemody-

namic changes.

1.1 Intracranial aneurysm incidence, mortality and treatment
options

One of the most catastrophic events that could occur in the neurovascular system is the rupture of an
intracranial aneurysm. Following rupture, spontaneous subarachnoid hemorrhage (SAH) occurs, possibly
leading to the onset of severe headaches, unconsciousness and neurological deficits [7]. In North America
and Western Europe, SAH has an incidence rate of approximately 10-11 cases per 100,000 people per
year. In the general population the incidence rate can increase up to 35 cases per 100,000 people per year,
where the Finnish and Japanese populations are known to have one of the highest incidences. Between
the years of 1987 and 1992, the mortality rate decreased by 10% [7]. At the present time, it is believed
that improvements in mortality may be due to the advancements in surgical techniques, advancement
in endovascular devices and aggressive management of complications from SAH [8].

An intracranial aneurysm is a bulging, “berry-like” deformity of the vessel wall that typically origi-
nates at a bifurcation in the circle of Willis, a network of arteries that supply blood to the brain (Figure
1.1). Currently, the mechanism of aneurysm formation is not well understood. It is believed that the
direct hemodynamic stress from the blood flow is the key contributing factor to the thinning or de-
generation of the focal point leading to early stage formation of aneurysms. This demonstrated good
correlation with the reported increase in the number of detected aneurysms at the posterior commu-
nicating artery (30 - 35%), anterior communicating artery (30 - 35%), bifurcation of internal carotid,
and bifurcation of middle cerebral artery (20%). The degeneration of the focal point leading to the

formation of an intracranial aneurysm has also been linked to heritable connective tissue diseases, such
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Figure 1.1: Anatomical representation of the circle of Willis. Courtesy of Jay Edry.

as polycystic kidney/liver disease, Ehlers-Danlos syndrome, Marfan syndrome, hereditary hemorrhagic
telangiectasia (HHT), neurofibromatosis type 1, pseudoxanthoma elasticum, and tuberous sclerosis [9].

In general, no specific symptoms are associated with unruptured aneurysms and they are often ac-
cidentally detected. Patients diagnosed with an unruptured aneurysm are subjected to angiography to
assess the size, shape, and location to determine the risk of rupture and the appropriate course of treat-
ment. More specifically, it is well established that the anterior communicating artery and pericallosal
artery are more likely to rupture than the middle cerebral artery [10]. In terms of the size, aneurysms
measuring between 7 to 12 mm (posterior communicating artery) have a 14.5% risk of rupture (5 - year
risk), whereas aneurysm < 7 mm have a 3.4 % risk (with previous SAH) [11]. Treatment of aneurysms
predominately focuses on the prevention of SAH with physicians considering the aforementioned angio-
graphic factors, as well as patient factors and subjective surgical and interventional experiences during
the decision making process. Common standard of care treatments of intracranial aneurysms include
microsurgical clipping and stenting/coiling. The following paragraphs summarize these treatments, their
benefits, and associated risk.

Microsurgical clipping is an invasive approach to isolate and treat intracranial aneurysms. This

treatment involves the temporary removal of bone from the skull to gain access to the brain. Once
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Figure 1.2: A photograph of a clipped intracranial aneurysm.

the aneurysm is located, a titanium clip is placed across the neck of the aneurysm in order to restrict
the flow of blood from entering. Finally, the resection of the aneurysm is sometimes performed, while
the clip is permanently situated in the brain (Figure 1.2). Within in the first 5 years of microsurgical
clip placemement, the incidence of a SAH has been reported to be between 1% and 2% [12-14]. How-
ever, reformation of aneurysms has been reported to be 10% after nine years post-operative clipping
intervention, which could lead to another SAH [15].

Endovascular coiling is an emerging treatment option for aneurysms that was first introduced in
1990 and is considered to be minimally invasive. During the treatment, a small incision is made into
the femoral artery. Catheters are then guided through the blood vessels to the neck of the aneurysm by
fluoroscopy. Contrast agent is injected into the blood vessels to assist in visualization of the aneurysm
and its peripheral vessels. The tip of a microcatheter is steered to the neck of the aneurysm and platinum
coils are deposited into the sac (Figure 1.3). Coils are compacted into the aneurysm until flow into the
aneurysm is obstructed. If the width of the neck of the aneurysm is wide (> 4 mm) or irregular in shape,
stents are deployed to ensure coil placement. Several complications associated with aneurysm coiling
can occur such as the formation of blood cots (thrombogenesis), vasospasm (narrowing of blood vessel),
or the reformation of the aneurysm. The reoccurrence of aneurysms after this treatment has reported
to be as high as 34% [16]. As a result, it has been recommended that patients should follow-up with
angiographic monitoring.

Flow diverting stents, also referred to as pipeline embolization devices (PED) were first approved
for clinical use in 2011 by the food and drug administration (FDA). These PEDs have been used to

treat complex aneurysm cases, often associated with large sizes and wide necks. The goal of the PED
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Figure 1.3: Angiogram of an endovascular coiling procedure.

is to limit flow into the aneurysm by redirecting the flow away, resulting in thrombosis within the sac.
Preliminary clinical studies have demonstrated a success rate between 74% and 94% [17]. Despite the
success rate of PEDs, there still remains a 3.2% risk of aneurysm rupture.

Overall the goal of these treatment options is to attempt to restore regular blood flow in the main
artery. However, both pre- and post-operative treatment of intracranial aneurysms dramatically changes
the hemodynamics. It is believed that the hemodynamic alternations and their interactions with the

lumen of the arterial wall initiate pathological remodeling that leads to the post-surgical complications.

1.2 Methods for monitoring neurovascular hemodynamic blood

flow

Currently, the gold standard for the evaluation of most neurovascular diseases is angiography. The
most common angiography procedure (X-ray angiography) consists of subjecting the patient to low
dose radiation, while contrast agent is injected into the vascular system. Other angiographic imaging
techniques, such as digital subtraction angiography (DSA), computed tomography angiography (CTA),
and magnetic resonance angiography (MRA) also require the injection of contrast agent and can only
provide imaging resolution at >100 pm. This is sufficient in determining the general geometric features
of the aneurysm. These methods have also been proven useful for the detection of carotid stenosis and
plaque ulceration [18]. In intracranial aneurysms, angiographic imaging can be utilized as a long-term
monitoring tool; however, this imaging modality cannot provide detailed information about aneurysm
wall microstructure or local hemodynamics. For patients presenting with unruptured cerebral aneurysms,
another complication stems from the lack of well-established clinical criteria for determining whether to

treat an unruptured aneurysm (and subject patients to treatment-related risks). This could also be due
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the limited quantitative capabilities to evaluate the hemodynamic changes with cerebral angiography.

Complications associated with angiography have been well documented during carotid or coronary
imaging. The most common complication is acute renal failure, due to the iodine contrast agent, which
occurs within 48 hours of radiographic imaging in ~7% of patients [19]. In cerebral angiography, neu-
rological complications can also occur [20]. Prospective analysis of ~3000 patients with complications
had shown that 0.7% of patients resolved their complications within 24 hours (transient), 0.2% were
within 24 to 7 days (reversible) and 0.5% were permanent [20]. A study which only involved patients
with intracranial aneurysms receiving angiography demonstrated a 0.7% transient complication, 0.3%
reversible complications and no reported permanent complications [21]. Finally, general complications
that are inherent to the minimally invasive procedures are present. This includes infection, allergic reac-
tions to medications, stroke, seizure, vascular injury, dissection, and pseudoaneurysm. During the stent
placement, the main risk of the procedure is stroke, which exhibits a total risk of ~4% (~2% major and
~2% minor stroke) and a 1% risk of myocardial infarction [22].

Transcranial Doppler (TCD) is a standard of care tool and has been utilized as a non-invasive imaging
tool to assess cerebral hemodynamics, as well as the integrity of intracranial vasculature. Clinical
application of TCD include detecting the presence of microemboli [23], assessing ischemia [24], stenosis,
and vasospasm [25]. Monitoring can be performed during cerebrovascular procedures such as carotid
endarterectomy (CEA) [26] or at the bedside. The key features that are used to evaluate these clinical
indicators are flow velocities, change in frequency, and direction of flow. It has been shown that TCD
monitoring reduced the number of non-disabling intraoperative strokes from 4.8 % to 1.5% [27]. However,
quantitative analysis through this imaging method is difficult, as it is largely influenced by the experience
of the operator. In addition, measurements of cerebral blood flow velocities are limited to certain
segments of intracranial vessels as typical TCD transducers are 1 MHz (resolution =~ 1.5 mm and flow
sensitivity of > 1 mm/s [28]).

An invasive Doppler ultrasound technique has also been investigated during aneurysm clipping pro-
cedures. This procedure requires open craniotomies and involves specialized Doppler probes that are ~1
mm in diameter and operating at 16 MHz (resolution ~ 95 pm and flow sensitivity of ~ 1 mm/s [28])
are placed on the sac of the aneurysm [29]. Evaluation of the enveloped waveform, flow spectrum and
acoustic signal were used as a metric to assess level of stenosis in the vessel and the amount of occlusion
of the aneurysm sac. In general, regular cardiac flow patterns measured after placement of clip often
signifies subsided SAH or no preceding bleeding; however, the absence of flow denotes total occlusion
of the parent vessel. These indicators would determine if the clip would require repositioning. Studies
have shown that 90% of vessels could be evaluated through this microvascular Doppler ultrasound tech-
nique [29]. Although the technique has shown clinical success, reports showed technological challenges.
More specifically, flow from a residual aneurysm neck is below the resolution of the imaging modality,
which, left undetected can lead to stroke or rebleeding.

At the current standard of care, the previously mentioned methods for monitoring of neurovascular
hemodynamic blood flow are not optimized for monitoring and/or predicting successful treatment of
neurovascular diseases. As a result, a higher resolution, low cost, lower risk, and real-time imaging

system may be necessary to evaluate the state of the neurovasculature and its local hemodynamics.
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The following section provides an introduction to optical coherence tomography and Doppler optical
coherence tomography imaging technology that aims to fill the gap between microscope and clinical
methods, while providing the capability to measure hemodynamic changes in vivo and microstructural

features.

1.3 Optical Coherence Tomography

Optical Coherence Tomography (OCT) is an emerging high resolution (~10 pm) imaging modality
with initial clinical success in ophthalmology [30] and potential for significant clinical impact in other
specialties such as cardiology [31], gastroenterology [32], and respirology [33]. These specialized fields are
currently at different stages of technology development and clinical trials. OCT imaging systems have
the capability to visualize subsurface tissue microstructural composition which is achieved through low
coherence interferometry. It is common to compare OCT to ultrasound, as there are several similarities
between the two modalities; however, instead of measuring backscattering pressure waves, OCT measures
backscattering light through an interferometer. In the early stage of development, Fercher et al. [34] first
employed this imaging technique on biological systems by evaluating the retinal pigment epithelium [35].
Fujimoto et al. [35] continued this work with their introduction of a fiber-optic based OCT imaging
system. These initial systems were referred to as time-domain OCT (TD-OCT) and commonly consist
of a Michelson interferometer configuration, as shown in Figure 1.4.

Light from a low coherence light source would be equally split, where 50% is directed to a reference
arm mirror and the other 50% is directed to sample arm for tissue interrogation. The light is retroflected
back, which produces constructive or destructive interference based on the optical path differences be-
tween the sample and reference arms. The intensity of the interference signal will be proportional to the
local reflectivity of the tissue. As a result, by translating the reference mirror along the optical beam,
depth information can be encoded with the local reflectivity, producing an axial scan or A-line. This
spatial localization can be achieved by the use of a broadband source to produce interference patterns
within a detectable range defined by its coherence length.

Sequential scanning of the A-line in the lateral direction produces a two-dimensional (2D) structural
image known as a B-scan. For OCT imaging, both the axial and lateral resolution is decoupled. The

axial resolution is inversely proportional to the bandwidth of the source and is defined by

2
Gz 1, — 2In2 (XA,) ’
AN

(1.1)

where A\ is the spectral bandwidth of the source, A, is the center wavelength of the source, and 7 is
the refractive index of the tissue.

As for the lateral resolution, it is defined by the optics at the sample arm.

Ao
NA’

oxr = 0.37

where N A is the numerical aperture.
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Figure 1.4: Simplified schematic of a TD-OCT system. Coupled light from a low coherence source is
directed to a beam-splitter (BS). Half the light is split to a translating reference mirror and the remaining
half is directed to a sample arm, which interrogates the tissue. The retroflected light is measured at the
detector.

Advancements in OCT technology has progressed to a smaller form factor, improved signal to noise
ratio (SNR), reduction in system complexity and higher A-scan scan rates compared to early TD-OCT
systems. This recent generation of OCT systems, known as Fourier domain, is achieved through two
methodologies: Spectral Domain OCT and Swept Source OCT (SS-OCT). In this work, we achieve high
speed OCT imaging through SS-OCT imaging. The basic configuration of SS-OCT is similar to TD-
OCT. However, the distances for the reference and sample arms are held constant while the wavelength

of the source is swept. The measured interference signal (I(k)) can be approximated as:

I(k) = S(k) (1 +2 77‘(2) cos(2knz)dz> ) (1.3)
0

where S(k) is the spectral intensity as a function of k& (the swept source), r(z) the reflective profile of
the sample, and z is the depth coordinate [36].
Assuming that r(z) is symmetrical with respect to z, we can replace r(z) by a symmetric expansion



CHAPTER 1. INTRODUCTION

7(2), which gives

I(k) = S(k) (1 + 7 7(2) cos(2knz)dz). (1.4)

Taking the inverse Fourier transform of I(k) we get

1 o0
FT 7 {I(k)} = FT ' {S(k)}®46(Z) + 3 (FT1 {S(k)} ® / 7(2)8(Z + 2nz)dz> : (1.5)
It can be seen that the symmetric reflective profile, as well as r(z) can be gathered. The first term in
equation 1.5 attributes to a DC (2=0) term, while the second term is a cross correlation term that forms
the A-line. This simplified equation neglects any autocorrelation terms which are associated with side

lobes at z=0. The complex OCT signal can be then expressed as

S =1I+jQ, (1.6)

where I and @ are the in-phase and quadrature of the decomposed inverse Fourier transform of I(k).
To form a 2D (B-mode) structural OCT image, S, the magnitude is taken, S = /I? + Q2. The
averaged B-Mode structural OCT image can be achieved by

1 M N
<S2> = m Z Z[Izn,n + an,n]? (17)
n=1

m=1
where M represents the depth window length, NV represents the lateral window length, m and n are the
indices for the depth and lateral direction.
Figure 1.5 depicts a structural OCT image of resected intracranial aneurysm and its correspond-
ing histology. Similarities between the gold standard histology and the structural OCT image can be

observed. In-depth analysis and correlation of intracranial aneurysm will be presented in Chapter 5.

Figure 1.5: (a) The hematoxylin and eosin (H&E) stained histologic of a human intracranial aneurysm.
Layers (arrows) and calcium deposits (¥*Ca) can be observed. (b) The corresponding structural OCT
image. Scale bar: 1 mm.

1.4 Doppler Optical Coherence Tomography

Similar to ultrasound, OCT has the capability to provide functional information. Although there are

considerable differences between OCT and ultrasound (such as physical interaction, wavelength, and

8
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velocity), there are also similarities from the signal processing prospective. When two successive A-lines
are acquired at a stationary location within a short period of time, the signals become shifted in time
as a result of the scatterers motion. Figure 1.6 depicts this received signal over multiple acquisitions
stacked on top of each other, as the single scatterer is moving within the optical beam. At a depth of
interest (dashed line), samples are equally taken and traced out in Figure 1.6(b), which is known as the
slow time axis signal. This slow time axis signal can be used to estimate the frequency shift between the
successive A-lines, commonly referred to as the Doppler frequency shift (fp). The frequency relationship

between the slow time axis signal and the measured phase shift is given by
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Figure 1.6: (a) A representation of the detected OCT A-scan from a single scatterer moving through
the optical beam. (b) Sampled dataset of the OCT A-scan in slow time axis.

fp =Qfa, (1.8)

where (2 is the phase shift and f, is the axial scanning rate.

It should be noted that this is not the classic Doppler effect of measuring the frequency change from
the receiver relative to the source frequency. Instead, the measurement of the Doppler frequency shift
has been established to be an artefact in a pulsed wave system in ultrasound. One approach to estimate
the Doppler frequency shift is to evaluate the local phase change by comparing adjacent depth scans.
The most common method to measure Doppler frequency shifts is the utilization of an autocorrelation

technique called the Kasai velocity estimator, which is given by:

. M N-1
¥ MN-T) (Imn+1Qmon — Qmon+1lmn) p )
fp= i arctan \ mj\jl ;:_11 = —:r arctan {X)} . (1.9)
M(N-1) Z—:l ~ (Qm,n+1Qm,n + Im)nJ’,lIm’n)

The derivation of this equation in one of the axises can be found in Appendix 1. These frequency
shifts are then used to form a Doppler OCT (DOCT) image. Figure 1.7 shows the structural OCT

9
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image of a patient with HHT. As previously mentioned, HHT has been associated with the formation
of an intracranial aneurysm. HHT is a rare genetically heterogeneous vascular dysplasia characterized
by abnormal vasculature. As a result, Doppler frequency shifts would be localized at the blood vessels

seen in the corresponding DOCT image (Figure 1.7).

b) [Rad]

Hiys aseyd usjddoq

Figure 1.7: (a) Structural OCT image of a HHT patients fingertip with abnormal vasculature. (b) The
corresponding DOCT image shows blood flowing through superficial micro vessels (arrows). Scale bar:
1 mm

As blood moves through the optical beam at an angle # (Doppler angle), the measured mean velocity
(< V >) can be related to the phase shift by,

<V>= QoS (1.10)
4n cos(6)

This method of analysis provides a quantifiable measure of the blood vessel and is commonly utilized
in clinical ultrasound. Yang et al. [2] had evaluated this autocorrelation based estimator technique
and had reported a relationship between the set velocity (without Doppler angle correction) and phase
variance. This was depicted in Figure 1.8 in terms of normalized standard deviation. It was speculated
that the trend had followed an inverted Gaussian; however no formal proof was presented. During
high flow estimation, several contour rings had occurred due to aliasing phase wrapping. The minimum
detectable velocity was reported to be +/- 2 pm/s and the maximum velocity was +/- 1.9 mm/s without
aliasing [2].

There have been a significant amount of studies that have demonstrated the clinical advantage for
the use of DOCT. However, there are practical issues that need to be overcome. One of the major
factors is the physiological or bulk tissue motion, which can be orders of magnitude larger than blood

flow velocities [37]. Yang et al. [37] have demonstrated the ability to remove a majority of these artefacts

10
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Figure 1.8: Regenerated dataset of normalized standard deviation versus flow velocity (without Doppler
angle correction). Each data point is the mean of 25,000 pixels [2].

through a histogram-based velocity segmentation method. Furthermore, during B-scanning to form 2D
OCT images, lateral displacement between each A-line leads to increase in Doppler noise [2]. Reduction
of this effect can generally be achieved through dense or oversampling scans, but at the cost of a lowered
frame rate.

Another important factor that contributes to Doppler noise is SNR. It has been established that the
flow sensitivity estimates are fundamentally limited by phase stability of the OCT system [38]. This
phase stability is limited by the OCT system noise floor, which has been shown to be related to the
SNR. This SNR limited Doppler noise is considered to be the limiting phase shift that can be measured
between two A-scans. In a scenario where the SNR is good (signal>> noise), the standard deviation of

phase shifts can be written as [38],

1

== W. (1.11)

OAp

1.5 Thesis and Scientific Contributions

The previously described method of reducing Doppler noise has shown success in the bulk laboratory
bench-top scanning environment. However, it is often difficult to translate these successes to the clinical
setting. In order for DOCT to demonstrate clinical utility, fiber-optic devices designed for seamless
integration in the physician’s workflow must replace the laboratory bench-top scanning system. This
introduces many technological and practical hurdles, which would require an alternative approach from

the laboratory environment.
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Inspired by Kasai et al. [39] and Yang et al. [2], we proposed in this thesis an intravascular DOCT
imaging method to visualize hemodynamic changes during neurovascular procedures. Prior to this
PhD work, limited developments of intravascular DOCT imaging were reported. Although the initial
feasibility study utilized similar techniques to estimate flow in blood vessel, the major contribution of this
PhD work was the development a novel signal processing technique known as split spectrum Doppler
optical coherence tomography (ssDOCT) that suppresses Doppler noise sources. ssDOCT consists of
splitting or separating the interferometric signal into multiple bands which then utilized to estimate
the flow velocity. Intravascular Doppler system characterization methods were designed to compare
conventional DOCT and ssDOCT techniques. ssDOCT exhibited an improved Doppler noise suppressed
over the conventional DOCT technique and allowed for higher sensitivity to low velocity measurements.
We then demonstrated, to the best of our knowledge, the first in vivo Doppler imaging of carotid
stent placement in pigs with ssDOCT. Computational fluid dynamic (CFD) models were also utilized
to provide further understanding of the local hemodynamics and showed similarities to the ssDOCT
images. It should be noted that the ability to evaluate the hemodynamics change due to malapposition
of stents could provide insight into the cause of post-procedural complications such as stroke. The
interaction between blood flow and stent struts on the lumen has been observed externally through
flow phantoms and patient specific CFD models. As a result, intravascular ssDOCT imaging has the
potential to monitor human carotid stenting.

The knowledge that was gained from the carotid stenting study was then applied to intravascular
ssDOCT imaging of intracranial aneurysms. Both hemodynamic and microstructural changes are be-
lieved to be key factors in the rupture of intracranial aneurysms. This resulted in the demonstration
of intravascular ssDOCT imaging to evaluate hemodynamic events using ideal and fabricated patient-
specific intracranial flow phantoms. Certain flow profiles have been known to promote thrombogenesis
which could result in the rupture of the intracranial aneurysm. The deposition of thrombi as well as
key morphological identifiers that are associated with vascular remodeling can be observed in the struc-
tural OCT images. As a result, we presented, to the best of our knowledge, the largest human ex wvivo
study of intracranial aneurysms with a bench-top structural OCT system. Tissue handling protocols
were developed to accurately correlate histological sections with structural OCT images. OCT imaging
showed the capability to resolve several morphological identifiers. However, the evaluation of the tissue
would require a trained OCT technician. To provide pathologists the ability to associate the struc-
tural OCT visualization of the tissue, we developed an image segmentation guided optical attenuation
imaging technique. This OCT optical attenuation (OCT-OA) imaging provided enhanced contrast to
the traditional OCT image. Both the structural OCT imaging and OCT-OA methods could be utilized
in an intravascular OCT catheter setting. Overall, we show that intravascular DOCT imaging has the
potential to evaluate both the hemodynamic and microstructural changes in neurovascular diseases. The
contribution that had disseminated from this PhD could provide a role to translate intravascular DOCT

imaging technology to the surgical operating room.
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CHAPTER 1. INTRODUCTION

1.6 Outline

The key contributions that were described in the previous section are presented in their respective chap-
ters, and is summarized in Figure 1.9. Chapter 2 describes the development and characterization of
an intravascular DOCT system and had demonstrated several Doppler artefacts. This resulted in the
implementation and optimization of the novel ssDOCT technique. Phantom flow models and in wvivo
porcine models were utilized to demonstrate the improved Doppler noise suppression over the conven-
tional DOCT method. In Chapter 3, we present our in vivo animal experiments using the developed
ssDOCT system and algorithm. More specifically, we demonstrated the evaluation of carotid stent ap-
position and its hemodynamic effect. CFD modeling was employed to provide additional understanding
of the flow mechanisms. Chapter 4 further demonstrates the ssDOCT in ideal and patient specific in-
tracranial aneurysm flow models. The other critical factor in the assessment of intracranial aneurysms
consisted of the microstructural composition. Chapter 5 describes the correlation between OCT and
histology of resected human intravascular aneurysms. Chapter 6 concludes this work with a summary
and the future directions for further improvement and increasing clinical utility of intravascular DOCT

imaging.

Hemodynamic Microstructural

Chapter 2
Chapter 3
Chapter 4

Chapter 5

Imaging of ideal &
patient specific flow
phantoms

Figure 1.9: Block diagram of outline.

13



Chapter 2

Intravascular split spectrum Doppler

optical coherence tomography

As previously mentioned, morphological changes are directly linked to the interaction of blood and the
vessel wall. As a result, functional imaging could serve as a metric to predict hemodynamic outcomes.
The following chapter describes the development of split spectrum Doppler OCT in a rotary catheter
regime for in vivo imaging.

The work presented in this chapter resulted in two journal publications. In our initial publication,
the feasibility of DOCT imaging and issues in adaptation of the rotary catheter regime were outlined
and described.

In the second publication, the split spectrum Doppler OCT (ssDOCT) technique was described,
Doppler noise flow characterization was measured, flow phantom measurements were performed and in

vivo measurements were validated against the computational fluid dynamic simulations (CFD).

1. Vuong, B., Lee, A M.D., Luk, T"W.H., Sun, C., Lam, S., Lane, P., Yang, V.X.D. (2014) High
speed, wide velocity dynamic range Doppler optical coherence tomography (Part IV): split spec-
trum processing in rotary catheter probes. Optics Express. 22:7399-7415 (PhD Work).

2. Sun, C., Nolte, F., Vuong, B., Lee, K.K.C, Standish, B.A., Courtney, B., Standish, B.A., Marotta,
T.R., A., Mariampillai, A., Yang, V.X.D. (2012) In vivo feasibility of endovascular Doppler optical
coherence tomography. Biomedical Optics Express 3:2600-2610 (PhD Work).

2.1 Intravascular Doppler optical coherence tomography

Prior to this work, intravascular ultrasound (IVUS) has been reported to evaluate blood flow in the
coronary arteries [40]. Current IVUS catheters have a resolution of 70 to 200 ym (45 MHz to 20 MHz)
with a penetration depth >5mm [41,42]. However, IVUS has difficulty delineating between thrombus
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formations and fibrotic plaques [43]. These catheters consist of a rotating single-element and can quantify
blood flow using decorrelation-based methods [44].

Intravascular OCT has been used in vivo to image normal coronary artery (with or without mild
intimal thickening), coronary atherosclerotic plaques (with or without calcification), and thrombosis or
dissection pathologies. Li et al. [45] first presented a prototype DOCT rotary catheter with an accurate
estimation of flow profile in phantoms. This prototype rotary catheter provided a circumferentially
scanning catheter probe, resulting in visualization of cross-sectional flow contours. However, prior to
this PhD work, limited in vivo velocity estimation with rotary catheter had emerged since the initial
work. Linear translating needle-based probes have been investigated during in vivo estimation of velocity
of gastrointestinal tracts [46,47] and monitoring of microvasculature during therapy. It was observed
that mechanical vibrations due to rapid linear scanning of the probe and substantial motions were key
factors in the formation of Doppler noise. These technological hurdles would also be present in rotary

catheters, as well as other challenges.

2.1.1 Intravascular Doppler optical coherence tomography system

The current commercially available intravascular OCT system (C7-XR by LightLab Imaging, St. Jude
Medical Inc., USA) is a rotary catheter based imaging system that is food and drug administration
(FDA) approved for human coronary imaging. This intravascular swept source OCT system was utilized
for all animal model-imaging experiments. The intravascular swept source OCT system consisted of a
spectral bandwidth of 110 nm, centered at 1310 nm, at an A-line rate of 50.4 kHz. The default scanning
mode for imaging within an artery is a spiral scan consisting of a rotating radial scan coupled with a
retraction (pullback) of the imaging probe, with each motion being independently controlled. The image
data set consists of a sequential set of longitudinally spaced, cross-sectional image frames often referred
to as a helical scan. This system has an imaging frame rate to ~100 frames per second during helical
scan. During DOCT acquisition, 2,500 A-lines were acquired at a frame rate of ~20 frames per second.

It should be noted that the C7-XR clinical software does not estimate velocity or produce DOCT
images. To estimate Doppler frequency shift, the interferogram between adjacent depth scans is required.
This resulted in the construction of a custom acquisition system to capture the interference OCT signal
from the C7-XR [48]. The acquisition system consisted of a high-speed data acquisition card (ATS9350,
AlazarTech, Canada), which was connected to the k-clock, A-scan trigger, and the detected interference
signals of the C7-XR (Figure 2.1). Data collected from the system was resampled to linear k-space by
the k-clock, which allowed for Doppler frequencies measurements. One of the practice issues with swept
source based OCT imaging is that data acquisition cards (DAQ) sample the detected signal linear in
time. Recalibration from time to k-space is necessary to resolve the depth information. This resampled
interference OCT signal is then directly stored onto a high speed solid state drive (RevoDrive 3 X2, OCZ,
USA). A graphical processing unit (GeForce GTX 460 1GB, NVIDIA, USA) computes the inverse fast
Fourier transform for each detected OCT signal to provide real-time structural OCT feedback. DOCT
images were post-processed from the store datafile.

The sample arm of the C7-XR system was connected to a disposable OCT rotary catheter (Figure
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Figure 2.1: Schematic of the the custom data acquisition system. The interference OCT signal, A-line
trigger (Trig) and k-clock (Clk) are coupled out to a PC based data acquisition card. The interference
OCT signal is recorded on a high speed storage drive, while the graphical processing unit (GPU) performs
inverse fast Fourier transforms to provide real time structural OCT images to a display.

2.2(a) and Figure 2.2(b); C7 Dragonfly, St. Jude Medical Inc. St. Paul, Minnesota, USA). The typical
OCT rotary catheter consists of a single-mode optical fiber at the proximal end and is fused to a graded
index (GRIN) fiber followed by a microprism to direct light perpendicular to the direction of flow. The
angle between the axis of the catheter and incident beam was measured to be ~70 degrees in air with
a spot size of 25 ym and working distance of ~1.5 mm. It was observed that there was a ~80% beam
overlap between adjacent A-line scans at a radial distance of ~4 mm, which was sufficient to calculate
Doppler phase shift [3].

The optical fiber probe is attached to a torsion cable to improve structural integrity while providing
rotation for circumferential scans. This inner component of the catheter is decoupled from an outer
catheter sheath, where it is kept stationary. During volumetric imaging, the inner component rotates

and is pulled back to a maximum distance of ~50 mm.

2.1.2 System characterization for Doppler imaging

A major contributor to Doppler phase noise is motion artefacts. During in vivo navigation of the OCT
catheter to the vessel of interest, bending and twisting of the catheter sheath would occur. While
high-speed circumferential scans were being acquired, the coupled tension from the sheath induced
vibrations. This introduced undesired relative motion in both radial and longitudinal direction. In
severe occurrences, the movement of the catheter sheath and variations in rotational speed produced

artifacts in the structural imaging known as non-uniform rotational distortion (NURD) [49, 50].
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Figure 2.2: (a) Schematic of the C7 Dragonfly. The distal end of the catheter consists of a microprism
fused to a GRIN fiber, coreless fiber, and single mode fiber (SMF). All optics were encased in an inner
catheter sheath. (b) A photograph of the C7 Dragonfly catheter.

It has been suggested that Doppler shift estimation is more sensitive to these relative motions, and
significant artefacts can occur without the presence of structural distortions in the image [3,51]. These
factors would limit the minimum detectable velocities of the system. As a result, characterization of the
intravascular system was necessary to determine the velocity sensitivity.

The sensitivity of measuring flow is fundamentally dependant on the phase stability of the given
OCT system [38]. The measurement of the phase stability of the intravascular system was achieved by
introducing a reflector in the sample arm [4]. An accumulation of phase shifts was measured at the
stationary sample reflector. The standard deviation of the phase was found to be 0.01 rad and was

considered to be the phase stability or the phase noise floor of the system [4].
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Figure 2.3: (a) OCT image of a stationary phantom. (b) Doppler OCT image without bulk motion
compensation. (c¢) Doppler OCT image with bulk motion compensation. Scale bar 1mm.

To determine the minimum detectable velocity during a circumferential scan, a titanium dioxide
(Ti0O3) gelatin phantom was fabricated. This type of phantom is commonly used to model the optical
properties of tissue. To guide the catheter, a clear plastic tube with ~3 mm outer diameter was embedded
in the gelatin phantom. Once the OCT catheter was guided to the location of interest, cross sectional

images were acquired (Figure 2.3). Utilizing Equation 1.9 in Chapter 1 with a Kasai autocorrelation
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window of 2 x 10 (M x N), the corresponding Doppler imaging is shown in Figure 2.3(b). This initial
Kasai autocorrelation window of 2 by 10 was selected based on the improved velocity detection sensitivity
in the controlled phantom flow experiment in the next section. A constant radial phase shift from the
outer catheter sheath was observed in the 3 mm insertion tube and phantom. The constant radial phase
shift artefact observed in the intravascular DOCT image may be due to the mechanical vibrations [3].
Any Doppler shift within this artefact would be completely masked. As a result, the characterization of
the Doppler noise floor of the intravascular OCT system was evaluated after compensation.

Previous work has shown vertical bands as artefacts due to bulk motion in bench-top DOCT imaging
systems, and can be compensated by a histogram-based velocity segmentation method (Chapter 1). This
method was employed to suppress the Doppler noise artefact in the DOCT image. After compensation,
it can be seen that the artefact was removed. Five regions in the phantom were utilized to calculate the
Doppler noise floor. This characterization technique is similar to the single reflector measurement; an
assumed stationary phantom was utilized to measure phase stability at 2500 A-lines per frame and 500
A-lines per frame as a function of radial distance, which in turn is a function of SNR. The two A-line
rates demonstrate different sampling in the angular direction. Furthermore, it has been well established
in both ultrasound and OCT that the phase stability is inversely proportional to SNR [38].

Further intravascular catheterization consisted of the measurement of Doppler shifts in the internal
reflection of the catheter (Figure 2.4(a)) and comparing this to the Doppler shifts in the outer catheter
sheath (Figure2.4(b)). The Doppler shift of the catheter sheath was significantly larger (ST D, ~ 3 rad)
than the Doppler shift exhibited by the internal reflection (STD;, =~ 0.02 rad) [3].

2.1.3 Phantom flow measurements

The estimation of velocity and depth penetration in DOCT is correlated to the optical attenuation and
scattering from the moving particle. More specifically, multiple scattering (often occurring in blood)
results in the decrease in SNR with depth. As a result, low SNR regions may lead to unresolvable
Doppler shifts. In order to improve the OCT catheter’s depth penetration, numerous studies have
suggested the use of a saline injection for visualization of the lumen [43,45,52]. However, the lack of
scatterers in pure saline would not produce measurable Doppler shifts. To measure Doppler shifts in
arterial vessels, a mixture of saline & blood was utilized as a contrast agent. An infusion pump injected
50 ml/hr (~3.5 mm/s peak velocity) of the mixture into a phantom flow model. It was found that a
mixture of blood (1% to 1.5% by volume) in saline was the optimal concentration to measure Doppler
shifts, while maintaining visualization of the arterial wall. The structural OCT image is shown in Figure
2.4(c). Figure 2.4(c) and Figure 2.4(d) demonstrated the corresponding uncompensated DOCT image
and compensated averaged DOCT image, respectively. The measured peak average phase shift was 0.4
rad, which corresponds to a velocity of 4 mm/s and was comparable to the expected velocity. However,
it was observed that a blood in saline mixture greater than ~ 2.5% demonstrated increase in Doppler

noise in the unaveraged DOCT images (Figure 2.5).
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Figure 2.4: Imaging of a slow flow phantom. (a) Structural image of 1.5% blood in saline mixture within
the tube, where arrow A indicates the internal reflection of the imaging optics, and arrow B indicates
the outer surface of the imaging catheter sheath. (b) Phase shift obtained from the internal reflection
indicated by arrow A and catheter sheath indicated by arrow B in (a). The phase shift of the catheter
sheath is the median of data along the catheter thickness. (¢) Doppler shift image of the slow flow
phantom. The dashed ring indicates the sheath of the imaging catheter, with phase shift induced by
NURD in a radially constant manner throughout the image. (d) Doppler image after suppression of the
motion artifact, which displays the phase shift induced by the slow flow inside the tube phantom. Scale
bars = 1 mm [3]. (Reprinted with permission of the Optical Society of America)

2.1.4 In vivo imaging of porcine animal model

Porcine is thought to be a suitable experimental animal model for the human common carotid bifurcation.
The external iliac diameter (6 - 7 mm) in the lower weight swine is similar to the known human common
carotid artery [53]. The greatest similarity was found between the diametrical ratios of the human
internal carotid artery to common carotid artery (ICA / CCA mean 0.63) and the swine profunda to
external iliac (profunda / Iliac mean 0.68). This suggest that the swine iliac bifurcation can be used
as a comparable anatomy to the human carotid bifurcation [53]. All procedures were carried out with
institutional approval at the St. Michaels Hospital, Toronto, Canada and Sunnybrook Health Science
Centre, Toronto, Canada.

The surgical procedure generally involved the following: a small catheter (~5F) is first inserted by

femoral puncture and then navigated to the common carotid artery. After angiograms are completed to
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Figure 2.5: Imaging of a slow flow phantom at various blood and saline concentration. (a) DOCT image
of 10% blood in saline mixture within the tube. (b) DOCT image of a blood in saline mixture of 5%.
(c) DOCT images were then taken after the blood in saline mixture was reduced to 2.5%. (d) Finally,
DOCT image acquired with a blood in saline mixture of 1.5%. Scale bars = 1 mm.

determine the degree of carotid stenosis and establish baseline intracranial circulation in comparison to
extracranial circulation, this catheter was placed in the external carotid artery. A larger catheter (~6F)
was exchanged and situated in the common carotid artery. A distal embolic protection device (e.g.,
AngioGuard, Cordis Corp., Miami, USA) with its guidewire was then placed into the carotid artery.
The guidewire is compatible with the intravascular OCT catheter using a monorail rapid exchange
technique. Once the intravascular OCT catheter was positioned in the region of interest, a volumetric
scan was performed to deduce the Doppler angle (Figure 2.6(a)). A cross-sectional DOCT image of
both 2500 A-lines per frame and 500 A-lines per frame was acquired. It was observed that the 500
A-lines per frame was sufficient to resolve flow within the carotid artery (Figure 2.6(d)). The 2500
A-lines per frame provided ample sampling for velocity estimation. Uncompensated and compensated of

DOCT images from a different trial are shown in Figure 2.6(e) and Figure 2.6(f), respectively. Doppler
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Figure 2.6: In vivo endovascular flow measurement. (a) 3D OCT image of the catheter and the vessel
wall, which shows the angle between the catheter and the wall is ~ 10°. (b) Simulation results of blood
flow. (c) Cross-sectional OCT image of a porcine carotid artery with shadow casted by guide wire. (d)
The same cross-section as (c) imaged by 500 A-lines/frame with Doppler shift overlaid, showing mainly
noise. (e) and (f) (Media 1). (e) Phase shift image, 2500 A-lines/frame, without NURD induced phase
artifact removal. It shows distorted phase contour lines. (f) Phase shift image after NURD induced
phase artifact removal by tracking the phase shift in the catheter sheath. The corrected phase contour
lines are as expected. The NURD induced artifact is time variant, as shown by Media 1. (g) A typical
cross-sectional frame, 2500 A-lines/frame with Doppler shift overlaid, showing aliased phase changes.
(h) The unwrapped phase map of (g), where * indicates the highest velocity region. The arrows indicate
incorrect phase unwrapping due to noise and high shear rate near the vessel wall. Scale bars = 1 mm [3].
(Reprinted with permission of the Optical Society of America)
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phase contours were susceptible to the NURD and Doppler artefacts induced by motion artefacts as
significant distortions and asymmetry of the Doppler phase profile were observed. After compensation,
the expected symmetric Doppler phase profile was correctly estimated. High velocities is present in
the ICA which would result in the formation of aliasing phase contours (Figure 2.6(g)). This leads to
difficulty in quantifying peak velocity. Previous studies have employed phase unwrapping techniques
to calculate high flow velocities [3]. A quality-guided phase unwrapping algorithm [54] was utilized to
unwrap the Doppler phase image in Figure 2.6(g). A mask was used in order to achieve a successful
phase unwrapping of the alias rings. This is one of the limitation of the phase unwrapping method, which
will be discuss later. The resultant image demonstrated a peak velocity of ~24 rad, which responds ~51
cm/s (Doppler angle of 80 degrees). It can be seen from this figure that the multiple phase contours
correspond to high velocity. A computational fluid dynamics model (CFD, ANSYS, V8.0), was used
to verify the unwrapped velocity measurement. Blood was assumed to be incompressible with a fluid
density of 1060 kg/m? and a viscosity of 0.003 Pa- s. The simulated vessel had a diameter of 2.5 mm and
the catheter diameter was 0.9 mm as measured from the structural OCT image. This simulation resulted
in a peak velocity of ~57 cm/s. The expected and measured values are considered to be comparable, as
the CFD model is idealized. Mainly, the assumptions in the simulation were a non-deformable straight
tube with homogenous material properties, fluid density and viscosity of blood. Overall, this initial work
demonstrated the feasibility of intravascular DOCT imaging. To the best of our knowledge, this work

was the first demonstration of DOCT imaging in rotary catheter in the carotid artery.

2.2 Split spectrum Doppler optical coherence tomography

In the previous section, it was observed that the Doppler noise floor was ~0.02 rad (internal reflection),
while the fundamental limit or phase stability of the system is ~0.01 rad. Improved phase stability
of the OCT laser source and its wavelength sweeping synchronization (swept source OCT) with the
data acquisition, are critical in the design of a sensitive DOCT system. Improved phase stability and
synchronization can be achieved in a variety of methods, including measuring the phase of a stationary
reflective element or compensating for the unstable phase numerically [38,55]. Methods that do not
require additional optical or electronic components have also been demonstrated [56].

It was seen in section 2.1 that the ability to resolve Doppler shifts are degraded by mechanical
vibrations induced by the rotation of the optical components. Regions were carefully selected during
histogram-based velocity segmentations to correct for these artefacts. Intra-frame techniques like the
Kasai autocorrelation estimator have been reported to be less sensitive to bulk motion from tissue and
probe [51]. An ideal method for improving degraded Doppler images involves averaging over multiple
frames of the same location. In practice, this method may be difficult to achieve due to the inter-frame
displacements, which are influenced by breathing [57], blood pulsation [58], or other environmental

motion.
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2.2.1 Split spectrum Doppler optical coherence tomography theory

The concept of split spectrum was first derived in radar to resolve concealed targets in randomly dis-
tributed reflection, known as clutter [59]. This concept was later applied to ultrasound as a frequency
agility technique for flaw detection in materials without the common reduction of spatial resolution
associated with axial averaging. It has been suggested that the decomposition of the received wide-
band ultrasound signal into a narrowband ensemble results in higher SNR than conventional temporal

averaging [60].
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Figure 2.7: A simplified diagram that depicts two square wave (blue and red box) pulses emitting from
an ultrasound transducer (top diagram). The result of the autocorrelation of these square waves results
in a triangle waveform, which was used to derived the standard deviation of the Doppler shift using Eq.
2.1. Tt can be seen that a longer pulse length (7},) can result in a decrease in standard deviation given
a transducer center frequency (f,) and the speed of sound (c). However, an increase in pulse repetition
frequency (fpry = %f) and velocity of the moving scatterer (v,) would increase the standard deviation

r

of the Doppler shift.

In the field of ultrasound, the transducer bandwidth has influence in the standard deviation of
velocity measurements. It has been established that the narrowing of the frequency spectrum leads to a
longer-range gate and higher velocity resolution. Generally, longer-range gate results in high amounts of
power deposition leading to higher SNR [61]. Jensen [62] derived an inverse relationship between pulse
duration (or transducer bandwidth) and standard deviation of Doppler shift based on a two square wave
pulse system (Figure 2.7), though this does not apply to OCT. However, the foundation of the variance
in Doppler shift can be applied to OCT and is demonstrated by the following [62]:

02 ~ 2 (1 _ Rgg(Tprf)> 2 (1 3 |R(Tprf)|) , (2.1)

T Re(0) ) Ty R(0)
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where T, ¢ is the pulse repetition period, |R(Tprs)|, is determined by the autocorrelation function of the
envelope of the pulse, R(0) is the power of the received signal, and R,4(Tprs) denotes the value found
from correlating two measured RF lines. The derivation of this equation can be found in Appendix 2.

The time displacement between two RF lines is

2v
ts = Cz T, (2.2)

where c is the speed of sound and v, is the axial velocity of the sample.

In OCT, the axial displacement between two adjacent A-lines is

Az =0T = % (2.3)

where f, is the axial scan rate of the OCT. When the velocity increases, the Doppler shift estimation
error increases [2] as Az becomes increasingly larger in comparison to the coherence gate (I.) of a
time-domain OCT system.

In the past decade, the OCT research field has advanced from time-domain to frequency domain
OCT, including swept source OCT. Yun et al. [63] (Eq. (18)) modelled the depth profile of a swept
source OCT in terms of depth (Z), within a coherence volume (CV (z,y, z))

s 2
v
F(2) ~ 42— i(2 7 — 2y — — 2.4
(2) C’V(a;,y,z)/exp( n (ZleJ)z)eXp(z( ko + k)( Zo 2k1k:))dk‘, (2.4)
where
CV(ay2) =P [ [ [ e 2dgte = ony — m) exp(-i2k,Z)dodydz, (2.5)

The relationship between the axial profile and the swept source OCT system characteristics can be

shown as:

(X'YP fff «T ,Y, 2 exp( 2k Zo)eXp( 41n2($ a:b) )

exp(—4 In 2%) exp(—41n2 (Z— %‘{ii’;ﬁtg}éz] )dxdydz

(2.6)

where v is the photon-to-electron conversion efficiency, P, = \/W , P-(t) is the optical power
returned from the reference arm, Ps(t) is the optical power turned from the sample arm (sample at
100% reflection), r(z,y, z) denote the complex-valued backscattering coefficient, g(x,y, z) represents the
intensity profile of the probe beam in the sample arm, (zp, ys, 25) is the coordinates of the probe beam
at zero path length difference of the interferometer, w, is the beam waist, k1T is the full width half
maximum (FWHM) tuning range in wavenumber, k(t) = k, + kit is the output wavenumber that is

tuned linearly in time, and §z, = 4k11nT(26) FWHM axial resolution, equivalent to [., the coherence gate in

a time domain system. The FWHM tuning envelop of the swept source laser is defined by o', where T’
is the tuning period (A line rate). Typical swept source laser have a o between 0.5 to 0.8 [63].

From Equation 2.6, we let T be the coherent sum of all backscattered light from a coherence region
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that has a size of wg by wq

_ 2 _ 2
T =~P, / //r(x, Y, z) exp(—12k,z,) exp(—4In 2@11}72%)) exp(—41n 2(311072%))dxdydz. (2.7)

o

Then Equation 2.6 is simplified to,

(Z — [20 + (ko/ k1 T)A2])?

F(Z T —41n2 2.8
(Z) o Texp(—4In 022(1 + 402A22/622) ) (28)
To simplify the equation, let
2 =2+ 2p, (2.9)
and [63]
ko o 02,
= =—— Az 2.1

P T T T 2m2 X (2.10)

Therefore Equation 2.8 becomes

(Z — 2')?

F(Z) x Texp(—41n2 ). (2.11)

022(1 4+ 402A22/622)
When measuring the Doppler shift between two adjacent A-line scans, the autocorrelation of the

depth profiles is calculated. From the Wiener-Khinchin theorem, the autocorrelation function is the

following:

F(Z)- F(Z) = Ryy(7) = / FVF(r+ dr, (2.12)

where F(Z) is the Fourier transform of f(k) and F(Z) is the complex conjugate
If the initial A-line scan is Fr,(Z) and the adjacent A-line scan is Fr, then,

Fr(2) x Texp(—4ln2— 2~ o,)° ) (2.13)
° 322(1 + 402A22/622) 7
and
(Z —21,)°
Fr (Z T —41n2 L . 2.14
7 (Z) o Texp(—4In 822(1+ 402A22/522)) ( )
The autocorrelation between the two adjacent lines is

P _ ARy J ARy

Fr,(Z) - Fr,(Z) = T exp(41n 2z opeiiderszzy) - T exp(—4In 2 G2l (2.15)
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QZAZ/ ) (41 2 2521 — Z'Ilgn
xp(4In
022(1 4+ 402A22/622) P 022(1 4+ 402A22/622)

= |Y|? exp(—41n2 ), (2.16)

where Az’ is difference in the depth of a moving scatterer and is related to its velocity. This equation
determines OCT equivalent to Ry, (7) in Equation 2.1. Rgg (T} ) is the value evaluated from correlating
the RF lines in ultrasound. In OCT the value from the correlating the two depth measurements is
Ryg(A2') and Az' = 2 — 23, = v,T. As a result we substituted Z = Az’, Equation 2.16 becomes

Ry (AZ) = | T2 4102 20827 (41n2 ik 2.17
99(A2) = (X[ exp(=AIn 2 a5y PN 2 5 e a5y ) (2.17)
The power of the received signal, R(0) is
, 22— 2
R,,(0)=|T 41n2 L 2 . 2.18
00 (0) = [T exp(dIn 25 SR 7572)) (2.18)
Inserting Equation 2.17 and Equation 2.18 into Equation 2.1 yields
2 2 |R(AZ')]
=~ 2 1l—-—— 2.19
)] fa < R(O) ( )
2A2"
~2f2(1—exp(—4In2 2.20
o ( ep(~4ln 5Z§(1+402Az2/522))> (2.20)
2(v,T)?
~2f2(1—exp(—4In2 : 2.21
g2 (1-ecamep 2 ) (221)
The standard deviation of the Doppler shift estimate is then [4]
2(v,T)?
= for /21— —41n2 . 2.22
S \/ (1ot e ) 222

The equation is applicable to both time domain and swept source OCT systems. In Chapter 1,
it was shown that there is an increase in standard deviation of phase as a function of set velocities
based on work by Yang et al. [2]. Yang et al. [2] had estimated an inverted Gaussian curve without
any developed theoretical basis. The standard deviation of the Doppler shift estimate derived above
shows the relationship with velocity, as well as other factors. Figure 2.8 shows the result of the equation
given the characteristics of the original TD-OCT system (I,=12 pm). It can be seen that Equation
2.22 demonstrated good agreement with the previously reported data. We also showed that there is a
decrease in standard deviation of velocity estimate when the coherence length is lengthened (narrowing
in the spectrum) by a fraction of the available bandwidth (FBW).

Recently, the SSP technique has been utilized in OCT to increase amplitude-decorrelation SNR and
reduce speckle. In both of these applications, the SSP was only applied to the magnitude intensity of

the OCT signal and not to phase measurements. In an effort to overcome the limitations of conventional
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Figure 2.8: Normalized standard deviation of phase shift (cae) versus flow velocity. The result of
Equation 2.22 with the coherence length (I.) of the system from [2] was plotted. Coherence length was
increased by a factor of 2 and 4 (spectral bandwidth decreases to 50% and 25%) via fractional bandwidth
(FBW) and the respective phase noise (caq) of were plotted as well [4]. (Reprinted with permission of
the Optical Society of America)

averaging techniques, a novel intra-frame DOCT clutter-filtering algorithm was developed, which we
term split spectrum Doppler OCT (ssDOCT). The algorithm for split spectrum velocity estimation,
in its most basic form, requires calculating the Doppler shift from the interferogram that is split into
multiple narrow window bands. Figure 2.9 shows this basic form of the ssDOCT algorithm, where
window functions Wy (k, k,) splits the interferogram S(k) into multiple bands. To ensure no clipping at
the border of the available range, the bands have a continuous profile and are overlapped such that it
spans the entire spectrum of the interferogram. This reduces any artefacts and/or loss of information
in the DOCT signal. Each of these bands is also equally spaced across the entire interferogram, with a
center wavenumber of k,. The inverse fast Fourier transformed (F~1) evaluated each zero-padded (to
the length of the original record length) band, resulting in a complex OCT signal (S) for each band (b)
with respect to the optical path difference (z) between the sample and reference arms.

As a result, the Kasai velocity estimator in Chapter 1 (Equation 1.9) was modified to incorporate

the split bands resulting in the following.
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Figure 2.9: Data acquisition and processing scheme. The OCT rotary catheter was inserted into a
vessel and images were acquired during blood flow. Multiple narrow window bands with different cen-
ter frequencies were multiplied with the interferogram. These windowed spectra were stored into the
corresponding windowed band frame and the mean phase shift was calculated by evaluating the phase
difference between axial scans within the frame (Equation 2.23) [4]. (Reprinted with permission of the
Optical Society of America)
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The formation of a 2D structural OCT was also modified to the following

1 B M N
(8%) = e S0 S MR+ Q) (2:24)

b=1 m=1n=1

=

2.2.2 Doppler noise floor analysis

From Equation 2.23, there are several parameters such as bandwidth of each band, the amount of overlap
between the window bands, and the number of window bands that could influence Doppler phase noise.
Optimization of these parameters was investigated using a Hamming apodization window W (k, k)
and the same characterization methods as the previous section were employed. The amount of overlap
between bands is characterized by FBW and is denoted as FBW = FW HM,;/FW HM ¢,;;%, where it
is the ratio between the full width half maximum (FWHM) of a single band (FW HM;) and the FWHM
of the full window FWHM fy.

A high SNR (~ 6dB) and a low SNR (~2dB) region of the stationary phantom were selected. The
mean standard deviation of phase (A®) with a Kasai autocorrelation window ensemble length N=10
was evaluated over 20 frames and shown in Figure 2.10(a) and Figure 2.10(b). This figure depicts
various percentages of FBW and number of window bands (B) is investigated, as well as compared to
the conventional Kasai window averaging in the axial direction (M). It was observed that the utilization
of multiple bands suppressed Doppler phase noise. There were also a local minima in the background
Doppler phase noise as a result of ssDOCT in both high SNR and low SNR regions. As the percentage
of FBW increased, the overlaps of bands approach the single apodization window condition (B=1),
which resulted in the increase of standard deviation of phase (A®). In this single apodization window
condition, the non-split interferogram utilized the maximum resolution and spectral power. In the
ssDOCT algorithm, the interferogram was split into narrow bands, which Equation 2.22 demonstrates
is a decreased standard deviation of the velocity estimation. However, one of the consequences of the
narrow bands is the decreased spectral power for flow velocity estimation. The averaging over each of
the unique bands results in higher velocity resolution while most of the spectral power is recovered.

As the percentage of FBW decreased, the bands become sparsely spaced leading to limited or no
overlap, producing uncorrelated signals and potential artefacts. When this occurs there would be a loss
of information between the filter bands. Thus, the selection of the FBW parameter was necessary in
order to minimize the Doppler phase noise. This was particularly critical in low SNR regions as the
local minima became more pronounced (Figure 2.10). When the FBW and B parameters were carefully

chosen, a larger suppression of the Doppler phase noise was observed in low SNR regions compared to
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Figure 2.10: A series of 20 structural OCT images were taken in B-mode of a stationary tissue phantom.
(a) and (b): mean measurements of background phase noise (standard deviation of A®) using DOCT
and ssDOCT at different fractional bandwidth (FBW) for high SNR(approx. 6dB) region and low SNR
(approx. 2dB) region at an ensemble length N=10. In all ssDOCT calculations, M=1. The catheter
beam was then set at a static position and 20 structural OCT images were taken in M-mode. (c) and
(d): mean measurements of back- ground phase noise using DOCT and ssDOCT at various ensemble
lengths (N) for high SNR region and low SNR region [4]. (Reprinted with permission of the Optical
Society of America)
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their equivalent axial averaging.

In order to further understand the effects of ssDOCT, the catheter was held in a static position.
Large ensemble averaging in the transverse direction (N) would be difficult to achieve as the beam
overlap between each A-line scan was finite. Meanwhile, insufficient beam overlap can result in poor
velocity estimates. The static position of the catheter permitted large ensemble lengths to be evaluated
and compared between the conventional DOCT and ssDOCT (Figure 2.10(c) and Figure 2.10(d)). It was
observed that utilizing B=2 and B=4 in ssDOCT resulted in a Doppler phase noise convergence at N=32.
Similar performance had occurred when M=4 for conventional DOCT algorithm. The performance of
both DOCT and ssDOCT algorithm approached the limit of system performance as previously measured
by the common path interferometer benchmark (A®,=0.01 rad). Based on these findings of our Doppler
phase noise characterization, ssDOCT provided comparable phase noise when averaging over 2 bands,
while the same phase noise suppression can be achieved by averaging over 4 pixels in the axial direction.
This had lead to a decrease in degradation of resolution when employing averaging over 2 bands rather
than 4 pixels (conventional DOCT).

2.2.3 Low velocity flow phantom analysis

Comparison of conventional DOCT (left column) and ssDOCT (right column) was again evaluated
through flow phantom models (Figure 2.11). The conventional structural OCT image was evaluated
by Equation 1.9 (Figure 2.11(a)) and the SSP structural OCT image was evaluated by Equation 2.24
(Figure 2.11(b)). The corresponding Doppler shift images (DOCT [B=1, M=2, N=10] Figure 2.11(c)
& ssDOCT [B=4, M=1, N=10] Figure 2.11(d)) depict the same artefacts as shown in the previous
section. Histogram-based velocity segmentation compensation of conventional DOCT and ssDOCT are
presented in Figure 2.11(e) and Figure 2.11(f), respectively. It was observed that less phase noise had
influenced the Doppler image in ssDOCT than in DOCT at low SNR regions (1.7 mm to 2 mm from the
catheter). To show the overall phase noise within both Doppler images, the DOCT and ssDOCT velocity
profiles for the vessel were generated using an averaging filter with a 32 x 32 kernel. The result from the
subtraction of the mean velocity profile with the respective compensated Doppler images can be seen
in Figure 2.11(g) and Figure 2.11(h).The evaluation of the room mean square value of the background
Doppler noise resulted in a lower RMS value in ssDOCT (RMS=0.994 rad) than in DOCT (RMS=1.428
rad). A T-test had shown that this was statistically significant (P< 0.01).

The improved Doppler noise suppression in ssDOCT can further be observed by comparing the flow
profile with CFD simulations. Based on the dimensions of the flow phantom, an ANSYS simulation
fitted phase shift model was constructed and shown in Figure 2.12(a). A single axial section (white
dashed line) from the center of the catheter to the lumen wall was extracted from the CFD simulations.
A narrow region of the same location in DOCT and ssDOCT phase measurements was also extracted
and overlaid onto the CFD A-line (Figure 2.12(b)). The standard deviation of ssDOCT was observed
to have nearly half the value on the whole 3mm axial scan than DOCT. The various phase shifts in
the entire flow profile of the ANSYS simulation fitted model (expected phase shift) was then plotted
against the measured phase shift for both DOCT (Figure 2.12c) and ssDOCT (Figure 2.12(d)). Again,

31



CHAPTER 2. INTRAVASCULAR SPLIT SPECTRUM DOPPLER OPTICAL COHERENCE
TOMOGRAPHY

Figure 2.11: Structural image of a slow flow phantom with 1.5% diluted blood mixture realized using
the full length apodization window (B=1, M=2, N=10). (b) The corresponding structural SSP-OCT
image (B=4, M=1, N=10). (c) and (d) The Doppler shift of the slow flow phantom evaluated by DOCT
and ssDOCT, respectively. Doppler artefacts were present in both images. (e) and (f) The corrected
Doppler image computed from DOCT and ssDOCT techniques, respectively. The relative phase from
(g) DOCT and (h) ssDOCT was then visualized by subtracting the averaged velocity profile. More phase
noise is present in DOCT compared to ssDOCT. Scale bar = 1mm [4]. (Reprinted with permission of
the Optical Society of America)
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it was observed that the standard deviation as a result of ssDOCT proccessing was reduced to nearly
half while a significant reduction in outlier data points were seen. Tighter clustering of data points at

lower velocity estimates (< -0.1 rad) in ssDOCT compared to DOCT suggests that ssDOCT has the
ability to detect lower velocities.
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Figure 2.12: (a) An ANSYS simulation fitted phase shift model of Figure 2.11 was generated. Scale
= Imm (b) The axial profile was taken (dashed line in (a)) from the center of the catheter (arrow)
and the mean & standard deviation were compared. The expected velocity profile was then plotted
against the measured phase shift of (¢) DOCT (B=1, M=2, FBW=100%) and (d) ssDOCT (B=4, M=1,
FBW=44%). The expected phase shift (red) and mean & standard deviation (blue) were plotted [4].
(Reprinted with permission of the Optical Society of America)

2.2.4 In vivo split spectrum Doppler optical coherence tomography imaging

High flow imaging in the carotid artery was initially evaluated using ssDOCT in the in wivo porcine
model (Figure 2.13). As previously mentioned, phase aliasing between -7 to 7 occurs during high

flow velocities. In the case of the carotid artery, this produced phase contours in the form of rings.
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A comparative assessment of these aliasing phase rings suggested that there was a clearer delineation
(arrow) in ssDOCT than DOCT techniques. The distinctions between the aliasing rings were lost in
portions of the DOCT suggesting insufficient axial resolution. This degradation between unique rings

would also degrade the velocity estimate.

Figure 2.13: The structural OCT image overlapped with Doppler image of a high flow region in a
porcine carotid artery. (a) Doppler images produced by DOCT (B=1, M=4, FBW=100%). (b) The
corresponding ssDOCT (B=2, M=1, FBW=60%) with approximately similar phase noise performance
as shown in Figure 2.10(a). The arrows indicate less degradation in the visualization of the aliasing
rings comparing (b) to (a). The unwrapped value in both DOCT and ssDOCT showed a peak velocity
of 18.77 (asterisk). Scale bar = 1 mm [4]. (Reprinted with permission of the Optical Society of America)

ssDOCT processing was also employed in low flow velocities in a stented carotid artery. As mentioned
in Chapter 1, stents are commonly used for the treatment of aneurysms and vascular diseases. The
interaction of blood and stents plays an important role in its design and application. To our knowledge,
this was the first work to report direct visualization of in vivo flow patterns around stent struts using
OCT with its inherent high spatial resolution and preserved by ssDOCT.

Conventional structural OCT and split spectrum OCT images of a deployed stent in the carotid
artery can be seen in Figure 2.14(a) and Figure 2.14(b), as well as the corresponding compensated
Doppler phase images of DOCT (Figure 2.14(c)) and ssDOCT (Figure 2.14(d)). Here the Doppler phase
noise was indistinguishable from the vessel wall and stent struts. The same phase thresholded value
was then applied to DOCT (Figure 2.14(e)) and ssDOCT (Figure 2.14(f)), which resulted in better
visualization. For the case of ssDOCT, significant amount of Doppler phase noise occurred relative
to DOCT. Prominent blood flow patterns can be seen in both techniques. For example a flow profile
adjacent to one of the stent strut (lower *) was observed. This was believed to be an eddy current from
that strut. A second perceived eddy current (upper *) was detected which may be caused from a stent
strut upstream from the location of the OCT catheter. Finally ssDOCT resolved the weak Doppler
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signal exhibited from two stent struts (arrows) at the 8 & 9 O’clock direction and separated it from the

background noise.

This chapter has outlined the development of an intravascular DOCT and ssDOCT. ssDOCT has a
number of advantages over conventional DOCT; namely greater sensitivity in velocity estimation and
preservation of resolution compared to averaging. Further details of the evaluation of stents and its

interaction with blood using ssDOCT will be presented in the next chapter.
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Figure 2.14: (a) Structural image of a deployed stent in the carotid artery using the full length apodiza-
tion window (B=1, M=4, N=20). (b) The corresponding structural SSP-OCT image(B=2, M=1, N=20,
FBW=60%). (c) and (d)The corrected Doppler image computed from DOCT and ssDOCT techniques,
respectively. (e) DOCT and (f) ssDOCT were thresholded at the same phase value. Note the two de-
tected flow profiles (upper * & lower *). The upper flow profile (*) may be caused from a stent strut
upstream from the location of the OCT struts. Scale bar = 1mm [4]. (Reprinted with permission of the

Optical Society of America) 26



Chapter 3

Application of split spectrum
Doppler optical coherence

tomography in carotid stenting

The techniques developed in Chapter 2 include the implementation of split spectrum Doppler optical
coherence tomography on swept source OCT systems. This chapter highlights the contributions made
using these techniques to a clinical problem. In particular, the application of ssDOCT to monitoring
stent deployment and visualizing blood flow patterns in the treatment of atherosclerotic plaques is
observed. The methods and metrics developed in this chapter can then be translated to the treatment
of intracranial aneurysms.

The work presented in this chapter has been published in the following journal.

1. Vuong, B., Genis, H., Wong, R., Ramjist, J., Jivraj, J., Farooq, H., Sun, C., Yang, V.X.D. (2014)
Evaluation of flow velocities after carotid artery stenting through split spectrum Doppler optical
coherence tomography and computational fluid dynamics modeling. Biomedical Optics Fxpress
5:4405-4416. (PhD Work)

3.1 Clinical problem of carotid stenting

Stroke is a leading cause of death (15,000 patients/year) and disability (300,000 patients/year) in Canada
[64], resulting in a $3.6 billion CDN price tag to the Canadian economy [65]. Atherosclerotic lesions in
the intracranial arteries and the resulting stenosis can contribute to the onset of ischemic stroke [66].
Carotid endarterectomy (CEA) is a vascular surgical procedure and was traditionally the standard of
care for both patients with symptomatic and asymptomatic high-grade carotid stenosis [67]. Carotid-
artery stenting (CAS) initially emerged as a minimally invasive alternative, specifically for patients

with an increased risk for undergoing CEA. In recent years, CAS has been increasingly performed due
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to its decreased procedural length and patient-recovery times [68]. Recent randomized clinical trials
comparing the outcomes of CEA versus CAS have determined both are clinically effective, although
each demonstrates individual benefits and complications. The results presented in the CREST (Carotid
Revascularization Endarterectomy versus Stenting Trial) study [22] found that stenting results were
slightly better for patients aged 69 and younger, with increasing benefit as age decreased. Conversely,
for patients older than 70, surgical results were slightly superior to stenting, with the benefits increasing
along with the age [69]. Furthermore, endarterectomy poses an increased risk of myocardial infarction
while stenting results in greater risk of stroke [22]. Endovascular treatment holds additional concerns,
such as the further narrowing of the arterial lumen, known as restenosis, following the procedure. This
complication may arise due to the alterations in blood velocities and overall hemodynamic patterns
following stent implantation [70]. As a result, it is critical to determine the effect of stent placement
in vivo during the endovascular procedure to reduce the risk of peri- and post-operative complications.
Carotid stenting results in significant alterations to the treated artery in terms of the vascular morphology
and hemodynamics. Although the exact mechanism involved in the development of restenosis is unknown,
irregular hemodynamic patterns have been correlated with intimal thickening. Stent implantation can
cause non-laminar flow [71]. Specifically, recirculation zones may form near the stent struts, increasing
platelet residence time and allowing subsequent aggregation [72]. In addition, stent malapposition can
also lead to platelet aggregation and progressive thrombus formation [73]. Further complications also
include plaque prolapse through the stent into the arterial lumen, which can induce cerebral embolization
[73]. Unfortunately, there is no standard intraoperative technique to identify these micro-defects within
the carotid artery.

In the previous chapter, we have demonstrated that ssDOCT provides further suppression of phase
noise without incorporating external bulk optical devices. In this chapter, velocity estimates of a bi-
furcated junction within the subclavian artery (SA) and common carotid artery (CCA) of the porcine
model was evaluated with ssDOCT processing before and after stent implantation. Changes in the
hemodynamics due to stent placement in the vessels are presented. CFD models was created to support

the analysis of ssDOCT provided additional evaluation of a bifurcated junction within the vessel.

3.2 In vivo split spectrum Doppler optical coherence tomogra-
phy imaging during carotid stenting

Three-porcine models were utilized in this study. The protocol outlined in Chapter 2 for guiding the
intravascular OCT catheter was the same. Fluoroscopy and volumetric OCT images were first acquired
to locate a side branch in the carotid or subclavian artery of the porcine model. This anatomical location
best simulates a bifurcated human carotid artery. After the region of interest was found, ssDOCT images
were collected at the bifurcation. The stent was guided by fluoroscopy (Figure 3.1) to the approximate
site of the OCT image and was deployed. Similar to the previous chapter, a blood and saline mixture
was injected in order to measure the Doppler frequency shifts.

Before stent implantation, the ssDOCT had measured high velocities at the neck of the bifurcation
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Figure 3.1: (a) Fluoroscopic image of the stent placement. (b) Contrast was injected into the artery
in order to visualize the gross flow distribution of the vessel after stent intervention. Scale bar 10mm.
(¢) Magnified view of the region marked with the dashed box in (a), showing details of catheter and
guidewire positions. (d) Magnified view with contrast injection, showing blood in-flow, mild spasm distal
to the stent edge in an out-flow branch. Notice in this particular setting, the OCT imaging catheter
and its guidewire are placed through the stent in one of the out-flow branches. Scale bar: 3 mm [5].
(Reprinted with permission of the Optical Society of America)

(Figure 3.2). An increase in blood concentration was observed at the neck of the side branch resulting
in unresolvable velocity estimates. Distal to that location and within the parent vessel, lower velocity
(fewer phase contours) was visualized.

After stent implantation, ssDOCT images revealed several different hemodynamic flow changes to
the vessel. Stent malapposition was observed as unanchored stent struts on the vessel wall left a pocket
where blood can flow through (Figure 3.3(a)). The hemodynamic flow pattern differentiated when the
stent struts were placed on the vessel wall (white dashed box). It can be seen that the Doppler phase
profile enveloped the single strut for a portion of the time without significant disruptions. However,
dense stent strut spacings at the 5 O’clock portion demonstrated low velocities at the vessel wall, while
exhibiting minimal perturbation of flow.

Other flow patterns were seen at the stented bifurcation (Figure 3.4). Low signal-to-noise Doppler
phase shifts could be seen at the neck of the bifurcation, where the edge of a protruded stent strut had
occurred. The phase contours extended beyond the stent strut and along the vessel wall of the side

branch. In Figure 3.4(b), Doppler phase had enveloped around the protruded stent strut. By evaluating
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Figure 3.2: (a) In vivo structural OCT image of the carotid artery before stent deployment. (b) The
corresponding ssDOCT image. Scale bar: 1 mm. (c) Magnification at the neck of the carotid artery
(dashed box). Scale bar: 0.5 mm. [5]. (Reprinted with permission of the Optical Society of America)
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Figure 3.3: (a) In vivo structural OCT image of the ICA after stent implantation. (b) The corresponding
ssDOCT image. A magnification of the ssDOCT image revealed phase contours that envelope the stent
struts. Scale bar: 1 mm [5]. (Reprinted with permission of the Optical Society of America)

the Doppler phase contour over several frames, an eddy current was believed to have formed around
the struts in the ssDOCT image (Figure 3.4(d)). Over time the eddy current dissipated, leaving low to
stagnant regions.

Low to stagnant regions were primarily observed in the ssDOCT images of a stented ICA. Stagnant
to low velocity, as well as low wall shear stress (or endothelial shear stress) areas, have been associated
with increased formation of thrombus [74]. This formation is due to the accumulation of fibrin which
activates platelets leading to thrombogenesis [72,75]. Further supporting evidence have suggested that
the presence of low wall shear stress and contributes to stent restenosis [74]. Malappositioned stent
struts could interrupt the homeostasis of the vessel wall which may be detected by the endothelium of
the vessel wall. This stent position triggers vascular remodeling leading to intimal hyperplasia, formation
of atherosclerosis or early onset of embolization [72, 74, 76].

The presence of an enveloped phase contour suggested that there was little perturbation of the
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Figure 3.4: (a) In vivo structural OCT image of a protruded stent strut at the neck of the side branch.
(b) The corresponding ssDOCT image, where the dashed box indicates the protruded stent strut. (c)
This magnified region of interest depicts a slow velocity profile (triangle) (d) After 1.25s, it was noted
that there was a formation of an eddy current (arrow). (e) At 1.55s from the initial frame, low to
stagnant velocity measurements were observed (*). Scale bar 1 mm [5]. (Reprinted with permission of
the Optical Society of America)

flow and proper placement of the stent. Flow patterns around the stent struts have been extensively
studied [77,78]. When the stent is properly placed onto the vessel wall, a flow dynamic phenomenon
known as backward facing step flow or forward facing step flow occurs [78]. Briefly, a small region
between the vessel wall and stent strut forms a separation zone. In this zone, the fluid does not mix with
the fluid in the main flow of the artery [78]. These regions also exhibit stagnant flow which could result
in the accumulation of thrombi and create other complications including injury to the smooth muscle
cells, endothelial denudation, and disrupt the elastic laminae [78]. Furthermore, this enveloped phase
contour has also been observed in sparsely positioned stent struts and indicates that the fluid reattaches
between the struts [79]. Dense positioning of stent struts often results in recirculation zones or stagnant
regions [79].

Another advantage to the utilization of ssDOCT was the observation of the overall local flow patterns
in the ICA. Figure 3.5(a) depicts a proper stent placement in a bifurcated ICA, where two struts had

bridged the neck of the bifurcation. In the corresponding ssDOCT image, low-velocity laminar flow was
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measured (Figure 3.5(b)). Subsequent frames demonstrate a further decrease in velocity, then a backflow
of blood from the side branch to the main branch. This occurrence has not been reported in previous

literature. As a result, CFD modeling was utilized to attempt to understand this hemodynamic event.

[a.u] [rad]
80 |

3

yiys aseyd saiddoq

[rad]

yiys aseyd saiddoq

Figure 3.5: (a) In vivo structural OCT image after stent deployment in the ICA. (b) The corresponding
ssDOCT image. (¢) In vivo structural OCT image of backflow from the side branch to the main branch.
(d) The corresponding ssDOCT image of the backflow. Scale bar: 1 mm [5]. (Reprinted with permission
of the Optical Society of America)

3.3 Computational fluid dynamics of stented carotid artery

Over the past decade, CFD models have been implicated in various predictions of blood flow in a
multitude of virtual arteries and bifurcations [80-86]. The geometry and flow boundary conditions used
in these studies are a simplification of the physical vessel. However, the basic blood flow characteristics
can play an important role in understanding many vascular diseases.

In this work, the virtual geometry was generated in Solidworks (V2014, Dassault Systeémes Solid Works
Corp., France) based on dimensions of the ICA that were measured using the structural OCT image.
The approximate shape and size of the stent used in the in vivo experiments was virtually created and
placed near the location of the bifurcation, as observed in the volumetric OCT image. Time-dependent

flow analysis of the blood flow was modeled using incompressible Newtonian fluid using a multi-physics
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Figure 3.6: (a) Structural OCT image in the transverse plane, demonstrating the parent vessel (*pv),
side branch (*b), and the stent struts with shadows. (b) Reconstructed longitudinal plane of the blood
vessel from OCT pull-back imaging was employed as a reference for the 3D geometry of the CFD model.
(c) The velocity distribution before stent implantation with the OCT catheter from the CFD simulation
of the carotid artery in the transverse plane with flow velocity contours. (d) Streamlines overlaid on
the CFD simulated velocity distribution with the OCT catheter in the longitudinal plane. (e) The
CFD simulation of the velocity distribution before stent placement without the OCT catheter. (f) The
corresponding streamlines that was overlaid on the CFD simulated velocity distribution without the
OCT catheter in the longitudinal plane. Scale bar: 1 mm [5]. (Reprinted with permission of the Optical
Society of America) 43
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simulator (COMSOL V4.4, USA). The fluid dynamic properties of both blood and arterial wall were
accounted for during the simulation. Cardiac cycle was modeled after a measured phase contrast MRI
waveform from a previously reported human ICA [87]. A peak velocity was selected to be 2.3 m/s, as
previous literature has shown it to be a threshold for severely stenosed ICA [88]. The CFD models were
also assumed to have a laminar flow profile and were solved with Navier-Stokes equations.

The flow distribution of the virtual 3-dimensional (3-D) bifurcation with and without the influence
of the OCT catheter can be seen in Figure 3.6. Laminar flow was observed in the parent vessel of
the simulated ICA while the side branch exhibited diverted flow at the entrance. The eccentrically
placed OCT catheter had also resulted in a laminar-like flow in the parent vessel. At the entrance of
the bifurcation, higher velocities proximal to the carina (junction point of the bifurcation) and low to
stagnant velocity regions distal to the carina were demonstrated both with and without OCT catheter
placement. The consistent high-velocity streams that flowed through the neck were also visualized in the
ssDOCT image. From the transverse plane (cross-sectional view) of the CFD model, it was noted that
there was a consistent flow at the neck of the side branch which then gradually decreased in velocity as
blood flowed away from the neck of the side branch.

Following virtual stent implantation, flow distributions within the arterial vessel were significantly
altered. More specifically, the space between each of the stent strut at the neck of the side branch
exhibited velocity slipstreams with and without the presence of the OCT catheter. In both scenarios,
formation of eddy currents were observed near the stent struts that were located at the entrance of the
side branch (Figure 3.7(a) and Figure 3.7(b)). At approximately 1.5 mm distal from the carina within
the side branch, stagnant flow regions were observed. Additionally, a laminar like profile with increased
velocity in the parent vessel was observed with the introduction of the OCT catheter. Figure 3.7(a)
and Figure 3.7(b) demonstrated low-velocity flow patterns, where overlaid streamlines had enveloped
around the strut. Contralateral to the placement of the OCT catheter, recirculation or vortices had
formed in Figure 3.7(c) at various stent strut locations. These recirculation zones were also observed
without the influence of the OCT catheter. This CFD model had agreed with the ssDOCT image shown
in Figure 3.4(d), where isolated eddies were believed to have occurred around the protruded stent strut
from the entrance of the side branch. However, in regards to the backflow from the side branch into
the main branch, the CFD model was not able predict this hemodynamic event. It was noted that this
rare phenomenon might only occur under specific pressure and velocity conditions. Unfortunately, due
to the simplification of the CFD modeling of the in vivo experiment, we were unable to recreate this
phenomenon.

Other limitations included the construction of the virtual stent, which used a generic strut pattern.
The design of the stent struts (diameter, length and the thickness) was an approximation of the stent
used in the in vivo porcine experiment. Furthermore, the position of the stent relative to the entrance
of the side branch was approximated using the volumetric OCT image. However, these approximations
would significantly affect the flow slipstreams, as extensive studies have shown that the shape of the
stent struts, its spacing and its position are critical stent parameters [89]. This stent design and position
approximation may have resulted in the discrepancies between the ssDOCT images and CFD model.

It should also be noted that ssDOCT imaging consisted of the injection of a blood & saline mixture
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in order to provide both visualization of the lumen wall and scattering for Doppler phase estimates. This
would reduce the local viscosity of the blood flow and alter its hemodynamics.This was not considered
during the CFD simulations and further investigations of time varying viscosity should be explored in
future studies. Furthermore, the hemodynamic influence of the OCT catheter within the lumen is still
not well understood. Control flow chambers would be necessary to evaluate its influence in the Doppler
imaging. Finally, the inlet velocity was assumed to exhibit a peak velocity that is consistent with a
stenosed ICA. The velocity in a healthy ICA is between 20 cm/s to 112 cm/s [90]. Unfortunately, the
inlet velocity was not measured during the experiments. Furthermore, the CFD image in Figure 3.7 was
simulated at peak systole (Black arrow in Figure 3.8(a)). When ssDOCT images are acquired at systole,
the images are completely aliased. In this study, phase shifts were resolved during the diastole portion
of the cardiac cycle (Green arrow in Figure 3.8(a)). It is speculated that the measurement at different
portion of the cardiac cycle had resulted in the large discrepancy seen between the CFD and ssDOCT.

Despite these approximations, similarities between the ssDOCT images and CFD were observed.
Figure 3.8 demonstrates further correlation between CFD and ssDOCT. In this case, the inlet velocity was
assumed to be 20 cm/s and the stent was neglected for simplification. The peak velocity in the ssDOCT
was estimated to be approximately 13.4 cm/s (Doppler angle = 80°). This measurement correlates well
with the CFD, which had estimated a peak velocity of 14 cm/s The results could provide metric for
surgeons to assess the quality of the stent placement in order to reduce post-operative complications.
This same feedback could be used in stenting or coiling of intracranial aneurysms. In the next chapter,

we applied similar ssDOCT imaging and CFD simulations in patient-specific aneurysm models.
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Figure 3.7: (a) The velocity distribution from the CFD simulation with the OCT catheter present
after stent implantation covering the bifurcation in the longitudinal plane. Streamlines were overlaid
onto the velocity distribution. An eddy was observed close to the stent strut near the entrance of the
bifurcation (dashed region). (b) The corresponding CFD simulation without the OCT catheter within
the lumen wall. Similarly, an eddy current was also observed around the stent strut near the entrance
of the bifurcation (dashed region) (c) Contralateral to the position of the OCT catheter, a recirculation
zone near a stent strut was observed. (d) The CFD simulation was re-sliced to view the distribution in
the transverse plane with the OCT catheter. (e) The corresponding CFD simulation without the OCT
catheter image. Scale bar: 1 mm [5]. (Reprinted with permission of the Optical Society of America)
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Figure 3.8: (a) The normalized inlet velocity profile used during CFD modeling. Peak velocity (black
arrow) was simulated in Figure 3.7, while ssDOCT were observed during late diastole (Green arrows)
(b) The cross section of the CFD with an inlet velocity of 20 cm/s (¢) Structural OCT image when the
OCT catheter was place distally near the carina (d) The corresponding ssDOCT image. Scale bar: 1
mim.
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Chapter 4

Application of split spectrum
Doppler optical coherence
tomography in intracranial

aneurysm flow phantoms

The progression of the work presented in Chapter 2-3 has resulted in the ability to measure velocity in the
ICA. This chapter demonstrates the potential application of intravascular ssDOCT imaging within an
intracranial aneurysm using a flow phantom. To our knowledge, this is the first study that demonstrates
Doppler OCT imaging of a modeled intracranial aneurysm.

The work presented in this chapter has been submitted to the following journal.

1. Vuong, B., Ramjist, J., Genis, H., Wong, R., Jivraj, J., Jakubovic, R., Keith, J., Kiehl, T.R.,
Yang, V.X.D. (2015) Evaluation of hemodynamics in intravascular aneurysms through split spec-
trum Doppler optical coherence tomography and computational modeling techniques. American
Journal of Neuroradiology. (PhD Work) (Submitted)

4.1 Intracranial aneurysm flow phantoms

Recently, the C7-XR intravascular OCT system was used for cadaveric imaging to evaluate deployment
of embolization devices in the circle of Willis [91]. Difficulty in the advancement of the OCT catheter
through the carotid siphon was reported. As a result, it is unknown if the current state of the art
OCT catheter is suitable or safe for imaging of intracranial aneurysm. In addition, there has also
been a significant amount of literature that utilized patient specific CFD modeling. These studies have

demonstrated the ability to estimate the flow dynamics within intracranial aneurysms through MRI,
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CTA, and flow phantoms to investigate the factors that contribute to the rupture of an intracranial
aneurysm [92-94].

In terms of the treatment of a wide neck or large intracranial aneurysm, the common standard of
care is the utilization of a stent and coils. However, these interventions have been associated with
possible thromboembolic complications [95]. Similar to coronary and carotid complications following
stent implantation, the factors that contribute to thromboembolic events are not well understood and
can cause significant neurologic deficits. As a result, this study investigates the hemodynamics associated

with intracranial aneurysms using intravascular OCT catheters.

4.1.1 Simplified intracranial aneurysm flow phantoms

Initial ssDOCT imaging was performed on a silicone based elliptical shaped intracranial aneurysm phan-
tom flow model with an outer diameter of 13 mm (width) x 10 mm (height) x 8 mm (depth). An
adjustable fluid injection pump coupled to a 3-way stop connector which pulsed intralipid fluid at ap-
proximately 60 beats per minute into the phantom. The outlet port siphoned the intralipid into a
reservoir from the fluid injection pump. Insertion of the OCT catheter was a simplified protocol of the
previously outlined protocol for stent deployment during the in vivo porcine model study discussed in
Chapter 3. Briefly, a guide-wire was inserted in the available port and positioned near the neck of the el-
liptical aneurysm. The OCT imaging catheter was advanced using a monorail rapid exchange technique
(Figure 4.1a).

a)

Figure 4.1: (a) Photo of the stented simplified intracranial aneurysm flow phantom. (b) Photo of the
patient specific intracranial aneurysm flow phantom. Scale bar: 5mm
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4.1.2 Patient specific intracranial aneurysm flow phantom

The patient specific intracranial aneurysm flow phantom consisted of a silicone lumen wall (Figure 4.1b).
This model was derived from a 63-year-old female (Figure 4.2) exhibiting a symptomatic right posterior
cerebral artery aneurysm (PCA). CTA assessment of the aneurysm had indicated a diameter of 12 mm
(pre-operative). After the placement of a flow diverting embolization device in the PCA, the patient’s
health degraded and she passed away. Consent was obtained from the patient’s family for autopsy,
histological evaluation (CVpath Institute Inc.) and medical images. The 3-D angiogram of the PCA
was used for the fabrication process and the CTA data set was employed to verify the correct scaling.
The inlet of the flow phantom models was coupled to an electronically controlled fluid injection pump,

which pulsed the intralipid fluid at a rate of ~60 beats per minute.

Spin:-160
Tit: 0

Figure 4.2: A CT image of a 63-year-old female with a PCA aneurysm. Scale bar: 5 cm.

4.2 Split spectrum Doppler optical coherence tomography of

an intracranial aneurysm flow phantom.

4.2.1 Imaging of a simplified intracranial aneurysm flow phantom

During the diastolic portion (Pump ON to OFF) of the injection pump cycle, mid to low velocities in
both the parent vessel and the neck of the aneurysms were observed in the pre-stent implantation. Peak
velocities at the parent vessel were consistently higher than velocities at the neck. During systolic flow,
the velocities estimates in the parent vessel could not be resolved due to the aliasing of high velocity flow
(Figure 4.3(a) and Figure 4.3(b). At the neck of the aneurysm, lower velocities were observed distally
from the parent vessel. The asymmetric contours exhibited by both the parent vessel and neck suggest

a non-laminar profile.
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Figure 4.3: (a) OCT structural image of a simplified aneurysm model before stent implantation during
the systolic cycle. (b) The corresponding ssDOCT image. Low velocities estimates were resolved at the
neck of the aneurysm. (c) OCT structural image of a simplified aneurysm during the diastolic cycle. (d)
The corresponding ssDOCT image. Majority of the flow profiles were mid to low velocities. Scale bar:
1 mm.

Figure 4.4(a) to Figure 4.4(d) depicts the diastolic and systolic portion of a stented aneurysm phan-
tom. Similar to the pre-stented aneurysm, the parent vessel also exhibited higher velocities than the
neck of the aneurysm during the diastolic cycle. At the end of the systolic peak, lower velocities were
observed at the neck of the aneurysm. This differed from the pre-stented implantation as the visualiza-
tion of velocities distal to the parent vessel were more difficult to resolve throughout the entire systole
period. At the neck of the aneurysm, several contour lines were observed, which is indicative of a high
velocity region. During diastolic flow, laminar-like flow was seen within the parent vessel, while uniform

flow was noted at the neck of the aneurysm flow model.

4.2.2 Imaging of patient specific intracranial aneurysm flow phantom

Similar to the simplified elliptical intracranial aneurysm flow phantom imaging, ssDOCT images were

acquired in a patient-specific flow phantom during the diastolic (Figure 4.5(a) and Figure 4.5(b)) and
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Figure 4.4: (a) OCT structural image of a simplified aneurysm model after stent implantation during
the systolic cycle. (b) The corresponding ssDOCT during systolic cycle. Low velocities were observed at
the neck of the aneurysm. (¢) The structural OCT image during diastolic cycle. (d) The corresponding
ssDOCT during diastolic cycle. The laminar-like profile was observed in the neck of the aneurysm,
whereas the parent vessel exhibited asymmetric flow profile. Scale bar: 1 mm.

systolic (Figure 4.5(c) and Figure 4.5 (d)) portions of the injection pump cycle. At the diastolic phase,
ssDOCT measured two distinct flow regions. In color Doppler ultrasound, particles moving away from the
transducer are represented by a blue region, while particles moving towards the transducer are indicated
by a red region. This color Doppler ultrasound algorithm is similar to ssDOCT which demonstrates two
flow regions that are flowing in opposite directions in Figure 4.5(b). Separation of contours (dashed line)
was also observed during the systolic ssDOCT image (Figure 4.5(d)), which indicates two districts flow
regions but at higher velocity (multiple phase contours) compared to the diastolic ssDOCT image.

4.3 Computational fluid dynamic models of intracranial aneurysm

Much like the CFD models that evaluated the carotid artery, the elliptical shaped aneurysm was gen-
erated in Solidworks. The geometry of the patient specific artery wall was also generated from 3D
angiography and CTA. Both these models were imported into COMSOL. The visualized arteries were

assigned inlet and outlet in the simulation, where the flow of blood had a viscosity of 0.004 Pa-s and
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Figure 4.5: (a) Structural OCT image of a patient-specific flow phantom during the diastolic flow.
(b) The corresponding ssDOCT image. Two distinct flow regions were observed. (c) Structural OCT
image of a patient-specific flow phantom during the systolic flow. (d) The corresponding ssDOCT image
demonstrated higher flow velocity (increased phase contours). Separation of flow contours was also
observed (dashed line). Scale bar: 1 mm.

a density of 1060 kg/m®. A peak velocity of 3 cm/s was scaled based on velocity that was previously
reported [96].

4.3.1 Simplified elliptical shaped aneurysm simulations

The simplified elliptical shaped aneurysm was constructed in SolidWorks. The parent vessel was ap-
proximated by a hollow cylinder of ~6.7 mm in outer diameter with a wall thickness of 1 mm, while
the elliptical shaped aneurysm was modeled after an ellipsoid having a major axis length of 13 mm and
minor axis length of 10 mm. Figure 4.6a-b depicts the longitudinal view of the simplified aneurysm
model. The OCT catheter was then introduced into the CFD model, as shown in Figure 4.6¢-d. It was
observed that a large recirculation zone or vortex had formed in the sac of the aneurysm during the
diastolic phase. This hemodynamic event has been well reported in the literature and is found to be
stagnant in the center leading to thrombus formation [93]; however during the systolic cycle, inflow and
outflow had entered and exited the neck of the aneurysm.

The cross sectional view of this aneurysm showed higher velocities in the parent vessel than the
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Figure 4.6: (a) Reconstructed longitudinal plane of the CFD elliptical aneurysm model during the systolic
cycle. (b) Reconstructed longitudinal plane of the CFD elliptical aneurysm model during the diastolic
cycle. (c) The corresponding longitudinal plane of the CFD elliptical aneurysm model during systolic
cycle with the OCT catheter (d)The corresponding longitudinal plane of the CFD elliptical aneurysm
model during the diastolic cycle with the OCT catheter (e) The cross sectional plane of the elliptical
aneurysm model during the systolic cycle. (f) The cross sectional plane of the elliptical aneurysm model
during diastolic cycle. (g) The corresponding cross sectional plane of the elliptical aneurysm model
during the systolic cycle with the OCT catheter. (h)The corresponding cross sectional plane of the
elliptical aneurysm model during diastolic cycle with the OCT catheter. Scale bar: 2 mm.
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aneurysm sac. A decrease in velocity was observed at the center of the parent vessel and into the neck
of the aneurysm during both the systolic and diastolic cycle (Figure 4.6(e) and Figure 4.6(f)). However,
a narrowing of the flow profile had occurred adjacent to the position of the OCT catheter. Furthermore,
there was an increase in velocity within the parent vessel. There were similarities between the ssDOCT
images and CFD models. During the systolic cardiac cycle, low velocities were present at the neck of the
aneurysm. This agreed well with the ssDOCT as lower velocity estimates were resolved at the neck of the
aneurysm. This may be the result of the inflow and outflow pattern observed in the CFD. In the parent
vessel, velocities were high resulting in severe aliasing in the ssDOCT image. As the velocity decreased
during the diastolic cycle, resolvable velocities were seen. Overall, higher velocities were observed in the
parent vessel compared to the neck of the aneurysm with ssDOCT imaging.

A virtual stent was then placed across the neck of the ideal aneurysm model (Figure 4.7). Similar to
the previous chapter, the stent was virtually generated based on the shape and dimensions of intracranial
stents deployed during the treatment of aneurysms. Overall, higher velocities were observed within the
stented parent vessel. There were hemodynamic changes at the neck and sac of the intracranial aneurysm
after stent apposition. More specifically, the stent strut that had bridged the neck of the aneurysm
created a narrow stream which had diverted flow into the sac of the aneurysm (Figure 4.7(a) and Figure
4.7 (c)). Small vortices or recirculation zones had formed proximal to the neck of the aneurysm. During
the diastolic cycle, streamline overlays demonstrated a separation of flow. Vortices had increased in sized
compared to the systolic cycle, while some of the flow had exited the neck of the intracranial aneurysm.
This flow pattern would suggest a turbulent flow near the neck of the aneurysm with a stagnant region
near the center of the aneurysm sac. It was observed that the turbulent flow was more apparent with
the introduction of the OCT catheter, resulting in an asymmetric vortex. The turbulent flow as well
as an asymmetric vortices could lead to further injury of the endothelium and potentially decrease the
structural integrity of the aneurysm wall. In the transverse plane where a vortex had formed, the sac of
the intracranial aneurysm exhibited similar flow contours as the flow profile prior to the placement of the
stent. By decreasing the maximum velocity range of the CFD model, it simulated the aliasing of high
velocity observed in the ssDOCT image. The velocity contours from the CFD model had demonstrated
similarities to the ssDOCT phase contours acquired just after peak systolic velocity. Several contours
had formed in both CFD and ssDOCT images. Furthermore, an isolated contour had presented within
the aneurysm. This separation in flow contours may be indicative of the deviation in phase contours

observed in Figure 4.8(a), which could suggest the presence of a vortex within the sac of the aneurysm.

4.3.2 Patient specific aneurysm simulations

Figure 4.9 shows the result of the pre-operative CFD simulation. A relatively high velocity slipstream
had appeared to flow into the sac and curved out into the connecting blood vessel. This was similar
to the simplified elliptical aneurysm which had flowed through the neck of the aneurysm. A vortex
or recirculation zone had formed near the entrance of the aneurysm during the diastolic cycle (Figure
4.9(b)). Tt was also observed that the direction of the inflow stream had diverted closer to the center

of the aneurysm wall. The cross sectional view of the CFD simulation also demonstrated higher flow
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Figure 4.7: (a) Reconstructed longitudinal plane of the CFD elliptical aneurysm model after virtual
stent deployment during the systolic flow. An inflow stream had formed due to the stent strut which
diverted flow into the aneurysm sac (arrow). (b) The CFD elliptical aneurysm model after virtual stent
deployment during the diastolic flow. (c¢) The corresponding systolic CFD model with the OCT catheter.
(d) The resulting CFD model during diastolic flow with the OCT catheter. (e) The corresponding CFD
elliptical aneurysm model after virtual stent deployment during the systolic flow in the transverse plane.
(f) The corresponding the CFD elliptical aneurysm model after virtual stent deployment during the
diastolic flow in the transverse plane. (g) The CFD model after the introduction of the OCT catheter
during systolic flow. (h) The corresponding CFD model with the OCT catheter during diastolic cycle.
Scale bar: 2 mm.
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Figure 4.8: (a) The ssDOCT image within an elliptical aneurysm model acquired just after peak velocity.
A deviation in phase contours (*) was observed with respect to the contours within the neck of the
aneurysm. Scale bar: 1 mm. (b) The corresponding CFD elliptical aneurysm model at the location
of a vortex. The velocity dynamic range was decreased to simulate phase aliasing, which results in a
separation of contours (*). Scale bar: 2 mm.

through the intracranial aneurysm sac. This was well correlated with the ssDOCT images as the systolic
frame had showed high velocity (higher number of contours) in the sac of the aneurysm. In the previous
section, the presence of separated contours could be the result of a vortex or recirculation zone. This
could be further supported in the diastolic ssDOCT image (Figure 4.5(d)) as the two separate regions
demonstrated opposing flow direction. The ability to assess the vortex pattern is advantageous as vortices
exhibit a stagnant region during the systolic-diastolic cycle. Alternatively, asymmetric vortices could

result in flow which impinges the aneurysm wall resulting in a high pressure region [97].

4.3.3 Histological findings

The histological evaluation of the PCA aneurysm is shown in Figure 4.10. Within the sac of the
aneurysm, the fibrous wall contained layered thrombus composed primarily of red blood cells, fibrin,
and a sparse collection of leukocytes. Thrombus that were located at the neck of the aneurysm had
demonstrated focal peripheral organization. It was also observed that blood had been extravasated from
a section of damaged aneurysm wall into the adjacent cerebral tissue. It is unknown if the extravasated

region is due to the change in inflow stream, which could have impinged the aneurysm wall.

4.4 Study limitations

The predominant limitation of this work revolved around the modeling of aneurysms. Differences be-
tween the flow phantom and CFD were demonstrated. The lumen walls of the CFD were smooth and
symmetric. It was seen in the structural OCT images that the lumen wall was not completely smooth
and symmetrical, which resulted in disruption in the ssDOCT images near the wall of the phantom.

Furthermore, the parent vessel wall was curved in the phantom model, which was not accounted for in
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Figure 4.9: (a) Pre-operative model of a patient specific aneurysm CFD during the systolic cycle. (b)
Pre-operative model of a patient specific aneurysm CFD during the diastolic cycle. The presence of a
vortex was observed (arrow) during the systolic and the diastolic cycle (c¢) Cross sectional view of the
patient specific aneurysm CFD during the systolic cycle. (d) Cross sectional view of the patient specific
aneurysm CFD during diastolic cycle. Scale bar: 2 mm.

the CFD. Finally, the injection pump of the flow phantoms did not allow for a specific cardiac profile.

The discrepancies in geometry between the CFD model and the phantom were not as pronounced as
the simplified aneurysm model. Although both CFD models had indicated the presence of a vortex flow
pattern within the sac of the aneurysm, the shape and speed of the vortex was different. Furthermore
due to the complexity of the patient specific model, a virtual stent could not be accounted for during
the simulation.

Despite these limitations, the utilization of both CFD modeling and ssDOCT imaging can provide
further understanding of the local hemodynamics within the lumen of the phantom. This assessment
can potentially identify significant factors (e.g. vortices, stagnant regions), that would benefit a surgeon
during treatment. However, the use of this work in the clinical setting is left for future advancement,

which is outlined in detail in the next chapter.
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Figure 4.10: (a) Histologic sections of aneurysm stained with H&E. Boxed regions show site of ruptured
wall with extravasated blood. (b) The magnification of boxed region. (c) Corresponding histologic section
stained with Movat pentachrome. Movat is a stain that highlights connective tissue. (d) Movat stain
with 10x magnification of boxed area.
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Chapter 5

FEz-vivo imaging of intracranial
aneurysms using optical coherence

tomography

The following chapter describes ex vivo OCT imaging of human intracranial aneurysms. As observed in
the previous chapters, flow dynamics can influence the arterial wall changes; however, the understanding
of the clinical utility of OCT imaging to evaluate the morphological changes is limited. Furthermore,
due to the size, sensitivity and limited availability of intracranial aneurysm specimens, several challenges
would arise during OCT imaging and correlation with histology. We present in this chapter a tissue han-
dling protocol for accurate correlation between histology and OCT. Several key morphological identifiers
are presented that were only prominent in ruptured aneurysm specimens. However, these key identifiers
observed in OCT images can be difficult to classify without histological correlations or a trained OCT
reader. As a result, an optical attenuation based imaging technique will be described to assist in the
correlation of histology for clinicians. The initial study was conducted on a medulloblastoma mouse
model, though several intracranial aneurysm specimens were evaluated using the optical attenuation
based method and are presented in this chapter. The features detected in both structural OCT and op-
tical attenuation based OCT images may provide a priori knowledge of the neurovascular hemodynamic
landscape.

The results were presented in two peer reviewed conference proceedings and a submission in the

Journal of Biomedical Optics. A brief summery of the study will be presented in the following section.

1. Vuong, B., Skowron, P., Kiehl, TR., Kyan, M., Garzia, L., Sun, C., Talyor, M.D., Yang, Y.X.D.
(2014) Measuring the optical characteristics of medulloblastoma using optical coherence tomogra-
phy. Biomedical Optics Express. 5:4405-4416 (PhD Work).

2. Vuong, B., Sun, C., Kiehl, T., Gardecki, J.A., Standish, B.A., da Costa, L., de Morais, J.V.,
Tearney, G.K., Yang, V.X.D. (2012) Feasibility and methodology of optical coherence tomography
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imaging of human intracranial aneurysm: ex vivo pilot study. Proceedings of the SPIE Photonics
West. 82074M-82074M-8 (PhD Work).

3. Vuong, B., Standish, B., Sun, C., Tearney, G., Kiehl, R., van der Kwast, T., Koo, J., Wilson,
B.C., de Morais, J., da Costa, L., and Yang V.X.D. (2011) 3D Optical Coherence Tomography and
Digital Pathology. Conference on Lasers and Electro-Optics/Pacific Rim. C353 (PhD Work).

5.1 The natural history of intracranial aneurysms

The mechanism for the formation and rupture of intracranial aneurysms is still unknown. There has been
extensive research in the pathological genesis of intracranial aneurysms which may have identified early
indicators of structural failure of the blood vessels involved. Initial understanding of the formation and
growth of intracranial aneurysms was related to a thinning of the vascular wall due to high hemodynamic
stress [9]. More recent studies have suggested that a morphological or remodeling of vessel wall occurs
prior to rupture [98-100]. Under the normal environment, endothelial and smooth muscle cells located
within the arterial wall produce extracellular matrix proteins to maintain the structural integrity of
the tissue under hemodynamic pressure. Upon an increase in hemodynamic stress on the arterial wall,
damage to the vascular endothelium can occur. A natural compensating mechanism is triggered, causing
an inflammatory response including increased luminal migration of smooth muscle cells. This mechanism
has also been associated with the development of atherosclerotic plaques leading to the infiltration of
white blood cells such as macrophages and leukocytes. These cells secrete enzymes that degrade the
extracellular matrix protein, and thus are considered the leading factor in the rupture of aneurysms
[99-101].

As previously mentioned, current clinical imaging modalities lack the high resolution required to
visualize these morphological changes. OCT has the potential capability to identify the morphology
of the aneurysm wall at near histological resolution in real-time. Previous studies have demonstrated
visualization of the healing process in both post-endovascular coiling in ex vivo canine models and in
vivo human case reports. Various indicators associated with vessel wall healing have been observed,
such as the presence of endothelialization and thrombogenesis. This chapter presents initial data and
identifiable features acquired through OCT imaging that are associated with histological differences
between ruptured and unruptured aneurysms. To the best of our knowledge, this is the largest human

ex vivo study with intracranial aneurysms using OCT.

5.2 FEx vivo structural optical coherence tomography imaging

5.2.1 Human specimens

In this study, 21 patients had undergone surgical clipping resulting in 28 distal sac resections. At the time

of surgical intervention, patient information such as age, medical history, and location of the aneurysm
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Table 5.1: Summary of histological analysis

Variable ‘ Unruptured (n = 6) ‘ Ruptured (n = 15) ‘
Age Range 37-65 (Average: 55) 35-76 (Average: 52)
Gender 1 Female/ 5 Males 8 Females/ 7 Males
Previous SAH (remote history) 0 2
Hypertension 3 9
Smoking 2 1
Location ‘
Middle Cerebral Artery 3 3
Anterior Communicating Artery 2 2
Opthalmic 0 4
Pericallosal 1 0
Posterior Communicating Artery 0 5
Posterior Inferior Cerebellar Artery 0 1
Histology findings
Fibrosis 3 11
Calcifications 3 3
Hemosiderin 1 11
Fresh Thrombosis 1
Organized Thrombosis 4

was collected. This information is presented in Table 5.1. All patients gave written informed consent,
in accordance with the local ethics committees.

The resected aneurysm specimens were immediately placed in a tissue fixative solution (10% Forma-
lin) for two months. Due to the small size (2 to 5 mm), specimens were mounted on paper using a low
melting point 2% Agarose gel (A9414, Sigma-Aldrich, USA) prior to OCT imaging. Fiducial markers
were cut into the agarose in order to maintain the shape and orientation of the tissue [6,102]. In addition,
arrows were marked on the bottom of the paper to signify the scan direction during 3D imaging. The
development of this protocol persevered the registration landmarkers during histological processing and
is outlined in Appendix 3.

5.2.2 Optical coherence tomography imaging

OCT imaging was performed in collaboration with Dr. Guillermo Tearney and Dr. Brett Bouma at
Harvard Medical School in the Wellmen Center for Photomedicine (Boston, USA). This OCT imaging
system (commonly referred to as optical frequency domain imaging (OFDI)) used in this study has been

previously described [103]. Briefly, the imaging system is a polygon-based swept source laser with a center
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wavelength of 1310 nm, a bandwidth of 141nm and a scanning A-line rate of 41 kHz. The galvanometers
on the bench top OCT system was set to a 5 mm x 5 mm interrogation region for all specimens. Digital
sectioning on the volumetric OCT data was performed using OsiriX (Pixmeo, Switzerland) and used to

correlate OCT images with histology.

a)

Figure 5.1: (a) 5 p m section of a ruptured cerebral aneurysm sample from the ophthalmic artery
(H&E). Dense Fibrotic (*F) and hyaline(*Hy) regions were observed throughout the specimen. (b) 10x
magnification of the thin hyalinized wall and fibrotic (*F) regions. (c¢) There is a strong delineation be-
tween the thin wall and the collagenous layer in the OCT image. (d) Corresponding OCT magnification.
Delineation between the Dense Fibrotic (*F) and thin hyalinized wall (*Hy) was observed. Scale bar is
1 mm.

5.2.3 Correlation between optical coherence tomography imaging and his-

tology

The gross orientation of the tissue was successfully matched with OCT images. Key histological features
were identified in 8 of the 28 specimens. In the healthy arterial wall, there are four distinct layers:
intima, internal elastic lamina, media and adventitia layers. Remodeling of the arterial walls commonly
results in a composition of intima, fibro-hyaline tissue, and adventitia. This may be due to perforation
of the arterial wall, which results in the disposition of fibrin, preceded by aggregation of blood and
intramural thrombosis [100]. Fibroblast infiltration occurs in chronic aggregation of blood cells [100].
As a result, fibroblast infiltration may be seen as a compensatory mechanism to maintain structural
integrity, as it is common during wound healing. In addition, the presence of hyalinized tissue has been
connected to mild to moderate hypertension [104]. The differentiation between the cellular fibrotic tissue
and paucicellular hyaline (Hy) tissue were seen in a ruptured aneurysms specimen in OCT. Specifically,
the separation between the densely cellular fibrotic (F) tissue and hyaline tissue were seen in Figure 5.1.

The corresponding histological analysis showed fibroblast infiltration in the densely cellular fibrotic tissue
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and few infiltrations in the hyaline tissue. These identifiable features were also observed in pathological
studies of unruptured and ruptured aneurysm [101]. Kataoka et al. [100] reported the presence of thick
intima-like walls in unruptured aneurysms, whereas ruptured aneurysm exhibit thin hyalinized walls.

Figure 5.2 shows an unruptured aneurysm specimen that consists of fibrous tissue (F) and hemosiderin
granules (H) near the adventitial side and micro-calcification. Hemosiderin granules were visualized as
highly reflective elements in the corresponding OCT image (Figure 5.2(b)). The majority of hemosiderin
laden regions are the resultant form of macrophages within organized thrombosis. Generally, prior
hemorrhage can lead to the accumulation of macrophages and take up hemosiderin. Minor hemorrhages
can often proceed to a major rupture within hours, days or weeks. Fibrous tissue could be observed
above the hemosiderin deposit. Volumetric rendering of the specimens provided visualization of large
calcium deposits (Ca) and clusters of hemosiderin near the adventitia. The presence of large calcium
deposits is a key identifier of the vessels’ compensatory mechanism, as they are believed to increase the
structural integrity of the vessel wall.

An inflammatory response leading to the formation of atherosclerotic calcification was observed in
this study. OCT demonstrated clear delineation of large calcifications from fibrotic tissue in unruptured
aneurysm specimens. However, micro-calcifications were predominantly found in ruptured specimens and
could not be identified with OCT. This would suggest that large atherosclerotic calcification provides
structural support in the aneurysm wall.

One of the major technical limitations of this study was the handling of the aneurysm specimen. It
was found that a number of specimens either suffered from tissue folding, inability to identify the lumen
wall during imaging, and presence of excess surface blood. Improvement of the transition from resection
to tissue embedding is required, as well as methods to reduce excess blood are required prior to imaging.
Furthermore, the long fixation period would degrade the OCT image quality. Unfortunately, ex-vivo
aneurysm specimens are rare as standard of care for the treatment of aneurysm is endovascular coiling

or clipping without resection.

5.3 Ex vivo optical coherence tomography - optical attenuation
imaging

In the previous section, the differentiation of key microstructurual features can assist in the risk as-
sessment of an unruptured aneurysm. However to identify these key morphological features requires a
trained OCT reader. Due the near histological resolution of OCT, optical attenuation coefficient can be
utilized as a mechanism to visualize OCT as a pseudo histology image. This was initially employed on
genetically modified mice with medulloblastoma. Preliminary images of several intracranial aneurysms
were also assessed using the optical attenuation imaging technique.

Medulloblastoma is among the most prominent malignant pediatric tumors and has the greatest
tendency to metastasize [105]. Generally, this tumor infiltrates the cerebellum and can cause occlusion
of cerebrospinal fluid, which can result in hydrocephalus [106]. The current standard of care is to treat

this tumor with a combination of surgical resection, high-dose radiation, and chemotherapy. However,
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Figure 5.2: (a) 5 pm section of an unruptured cerebral aneurysm sample from the pericallosal artery,
stained with H&E. Various stages of fibrosis, such as regions of fibrotic tissue (*F) was observed through-
out the sample. The presence of calcium (*Ca) and dense hemosiderin (*H) deposits suggests a healing
process of the vessel. Hemosiderin is commonly found in vessels that have experienced prior hemorrhages.
The deep purple area observed is the lumen of an organized thrombus (*OT; clear material on luminal
surface is 2% agarose gel, related to OCT analysis). (b) OCT rendition of the aneurysm specimen. The
hemosiderin (*H) is clearly visible in the optical image. Additionally, the boundary between collagenous
tissue and hemosiderin *H) can be resolved. However, the calcium deposits could not be visualized
due to attenuation of light through the degenerated tissue. (c¢) 10x magnification of the region with
hemosiderin (*H) and fibrosis (*F). (d) Corresponding OCT magnification. Alignment of hemosiderin
(*H) along the adventitial side was resolved. Furthermore, the delineation between the fibrotic (*F)
and hyalinized regions was observed. (e) 3-dimensional OCT visualization of the intracranial aneurysm.
Digital resection can be achieved (green dotted line) in the volumetric dataset. (f) This resulted in the
detection of clusters of hemosiderin. Scale bar is 1 mm.
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radiation has shown to cause significant impairment of intelligence and neurocognitive dysfunction [107].
Statically, the completeness of surgical resection is directly correlated to the child’s quality of life [108].
Unfortunately, during surgical resection, the optical contrast between normal brain and tumor tissue

can be difficult to distinguish without additional tools.

5.3.1 Medulloblastoma animal model

In this study, 5 genetically modified mouse model (MATH1-GFP;Ptch+/- ) were utilized. These mouse
models expressed a green fluorescent protein (GFP) reporter, which was restricted to medulloblastoma
tumor tissue that had developed in the cerebellum [1]. Normal mouse model (N=2) were also employed
as a control. In both tissue types, the entire mouse brain was harvested and placed on ice in artificial
cerebrospinal fluid prior to imaging. Fluorescent images of the models were taken using a Olympus SzX16
microscope that consisted of a 395 nm excitation laser. This protocol was approved by the Animal Care

Committee at The Toronto Centre for Phenogenomics (Toronto, Canada).

5.3.2 Optical coherence tomography - optical attenuation imaging

The harvested brains were imaged using a laboratory built polygon based swept source laser, which had
a full width half maximum bandwidth 110 nm centered at 1310 nm at an A-line frequency of 36 kHz. A
fiber-based interferometer was utilized to combine the light from the reference and sample arm, which
was was detected by a balanced photodetector (PDB-440 Thorlabs, USA).

The OCT optical attenuation (OCT-OA) imaging has been previously demonstrated in ez vivo and
in vivo images of human glioma specimens [109-111], atherosclerosic plaques [112-115], human axillary
lymph [116], and other various tissues types [117-119]. The basis of the OCT-OA algorithm consists
of a model that accounts for the depth roll-off of the swept source laser and the focusing optics in the
sample arm. Assuming that only single scattering events were measured, the measured OCT can be

approximated by

< I(z) >=I,T(2)S(z) exp[— e 2], (5.1)

where the measured OCT signals, I;(z), is averaged over several realizations, denoted by <>. Aver-
aging improved the signal-to-noise ratio and removed speckle generated by the tissue. In this study, 4
consecutive frames were used. I, is the locally available intensity and pu; is the optical attenuation coeffi-
cient. The longitudinal point spread function of the OCT system is denoted as T'(z) and is characterized
by [113]

zZ— 2,

T(z) = [( )2 +1]77, (5.2)

where the position of the beam waist was z, ~ 19.4 ym and the Rayleigh length was zr =~ 1 mm. The

2R
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signal roll-off with depth (S(z)) was taken into account as [113]

S(2) = exp[—(—)?], (5.3)

w
where z,, is the roll-off function and was measured to be 3 mm by translating a mirror in the sample
arm until the amplitude had decreased to 8 dB [120]. Linearization of the intensity signal was achieved

by logarithmic compression [113]

ia = log[< Ia(z) >] = log[T(2)] — log[S(2)]. (5-4)

Thresholding was used to detect the surface of the tissue and a least square fit was performed on

Equation 5.4 with a variable minimum window length of the following model [113],

i(z) = logll,] — pez. (5.5)

The goal of the algorithm is to linearly fit Equation 5.5 to Equation 5.4. This was achieved by a
cost versus fit procedure within an isolate homogeneous region to estimate u; (the slope). In previous
literature, the minimum length of the window for this fitting procedure was fixed to a set length. However
in this study, an image segmentation technique was used to dynamically adjust the minimum length and
initialize the boundary of the tissue layers. The image segmentation technique used was a mean shift
segmentation algorithm, which is a robust feature space analysis [121]. This method operates by initially
choosing a random data point. Evaluation of the mean data points of the cluster was performed within a
set radius, where the center of the radius is shifted to the calculated mean point. The process is repeated
until the calculated center radius converged. Mean shift segmentation was chosen because the center of
the cluster region that the technique converges at is an estimate of the location of a homogenous tissue
boundary. Furthermore, the estimate is performed without the user’s input (unsupervised).

A calibration step was utilized in order to remove the OCT system dependencies (S(z) & T'(z)). A
homogeneous phantom (polystyrene microspheres diluted in distilled water) with known optical proper-
ties (up and I,) was imaged prior to imaging of the specimen [116]. This calibration process involved

the modification of Equation 5.4 & 5.5 to account for the optical properties of polystyrene microspheres.

e = log[< I4(2z) >] — log[< I,(2) >] (5.6)
i(2) = fog[ 7] ~ (5.7)
He = it — Mp, (58)

where < I,(z) > is the measured OCT signals of the phantom, I, is the local available intensity of the
phantom, f. is the calibrated optical attenuation coefficient and p, is the optical attenuation coefficient

of the phantom (p, = 0.69mm~"'), as previously reported [116]. The simplified flow diagram of the
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optical coherence tomography technique can be found in Appendix 4.

5.3.3 Medulloblastoma and optical coherence tomography - optical attenu-

ation

OCT-0OA imaging was initially applied to medulloblastoma tissues. Figure 5.3 shows the conventional
OCT imaging of a normal cerebellum section in the mice model (MATH1-FGP;Ptch+/-). Normal
cerebellum consists of a molecular layer, granular layer, Purkinje cell layer and white matter. It can
be seen that OCT-OA could clearly distinguish the molecular layer (*M), granular layer (*G) and
white matter (*W), which can be difficult to distinguish in conventional OCT. More specifically, the
granular layer exhibited a higher optical attenuation coefficient than the molecular layer and white
matter. Contralateral to this hemisphere, there was a boundary between normal cerebellum and a large
tumor mass. From the gross histology of the mouse brain, the differentiation between normal cerebellum
and medulloblastoma was difficult to determine (Figure 5.3(a)). Figure 5.4(b) presents an OCT image
at a boundary between normal cerebellum and infiltrated medulloblastoma. Different cellular densities
within the tumor were observed in the OCT-OA and confirmed by H&E. The OCT-OA image clearly
identifies the regions of medulloblastoma and normal tissue, whereas conventional OCT was not as
distinct. This was due to higher optical attenuation coefficient exhibited in infiltrated medulloblastoma.
Opverall, the optical attenuation coefficient mean / standard deviation were noticeably different between
key morphological structures and are summarized in Table 5.2. For each specimen, the tissue types from
Table 5.2 were identified from both the histology and OCT-OA. A region of interest was selected and
used for calculate the mean and standard deviation. A T-test was performed with respect to each tissue
type and is well described in the previous literature [1].

It was observed that the high cellularity in medulloblastoma consisted of a mean optical attenuation

coefficient of > 7.6 mm™!.

Previous studies have reported that renal cell carcinoma was measured to
have a median optical attenuation coefficient value of 8.85 mm~! [122]. In terms of normal tissues,
healthy coronary lumen consisted of an optical attenuation coefficient value between 2 to 5 mm~! [113].
However, the optical attenuation coefficient values was not the unique quantifier. The geometric shape
and location of the OCT-OA image was accounted for in order to identify the tissue type. For example,
an ‘inverse boot-like” shape of high optical attenuation was classified as granular layer, which was verified

through histology.

5.3.4 Intracranial aneurysm and optical coherence tomography - optical at-

tenuation

Preliminary studies of OCT-OA imaging were also conducted with ez vivo human intracranial aneurysms
using a Thorlabs swept source laser. Briefly, the swept source laser had a center wavelength of a 1310
nm with a bandwidth of ~ 110 nm and an A-scan rate of 8 kHz. Figure 5.5(a) shows the histology
of an unruptured aneurysm consisting of irregular fibrous thickening (*IF), fibrotic tissue (*F) and

hemosiderin (*H). Similar to the previously presented structural OCT images, hemosiderin had exhibited
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Figure 5.3: (a) Gross histology of harvested Math1-GFP;Ptcht/~ mouse model. (b) The corresponding
fluorescence image. (¢) The combined gross and fluorescence image. Normal cerebellum (cyan line) and
an interface of normal/medulloblastoma (red line) scans were taken. (d) H&E section of the cerebellum.
Grey matter consisting of molecular layer (*M) and granular layer (*G) was observed. Underneath
the granular layer, regions of white matter are present (*W). (e) The associated structural OCT with
minimal resolved features. (f) The corresponding OCT-OA image consisted of a layered structure. The
shape and location of these layers are similar to the molecular layer (*M) and granular layer (*G). Scale
bar 500 pm [1]. (Reprinted with permission of the Optical Society of America)
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Normal

Figure 5.4: (a) H&E section of the cerebellum in a Math1-GFP;Ptch™/~ model. Grey matter consisting
of molecular layer (*M) and granular layer (*G) was observed. Underneath the granular layer, regions of
white matter (*W) are present. Regions of medulloblastoma resided on the right side (*T). Within the
red dashed box, medulloblastoma regions that were adjacent to normal cerebellum demonstrated very
dense cellular proliferation (red arrow). On the right side of the medulloblastoma region, superficial cells
appear to be sparsely spaced (green arrow); however a lining of dense cells was located below. (b) The
corresponding structural OCT with minimal resolved features. (¢) The OCT-OA image consisted of a
layered structure and erratic high attenuation region. In normal tissue the layers consisted of the molec-
ular layer (*M) and granular layer (*G). The erratic high attenuation region was where medulloblastoma
(*T). Scale bar 500 pm [1]. (Reprinted with permission of the Optical Society of America)
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Table 5.2: Summary of optical attenuation coeflicient by tissue type [1]. (Reprinted with permission of
the Optical Society of America)

Tissue Type py (mm=1) | p-value
Molecular Layer (n=3) | 4.8 +/- 0.6 | 0.015
Granular Layer (n= 3) 7.1+/-0.3 | 0.078
White Matter (n= 3) 5.2 +/- 0.4 | 0.034
Medulloblastoma (n= 3) | 7.8 +/- 0.4 | 0.002

a high reflectivity and was seen at the bottom of the image. However, irregular fibrous thickening on
the aneurysm wall was difficult to distinguish in the structural OCT. The corresponding uncalibrated
OCT-OA image demonstrated a high optical attenuation coefficient layer on the wall of the sample,
which had corresponded to the irregular fibrous thickening. Several regions of fibrotic tissue (regular)
were observed throughout the tissue. These regions had exhibited lower optical attenuation coeflicients.
Lastly, the hemosiderin that was seen in both the histology and structural OCT showed a higher optical
attenuation coeflicient.

a) b)
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Figure 5.5: (a) H&E stained section of an unruptured intracranial aneurysm. A large density of
hemosiderin (*H) was observed. Scale bar: 1mm (b) Magnification of the aneurysm wall. Irregular
fibrous thickening (*IF) along the vessel wall was observed. Scale bar: 200 pm. (c) Structural OCT
image of the unruptured intracranial aneurysm. (d) The corresponding uncalibrated OCT-OA image.
Scale bar: 1mm.

A ruptured aneurysm specimen was also imaged using the uncalibrated OCT-OA technique (Figure
5.6). Histological evaluation of the tissues showed a thickening of the aneurysm wall. A layer of cellular
structure was seen in between non-cellular layers. A large dense cellular layer /region was observed in the
OCT-OA image and was believed to be the cellular portion of the media. Lower attenuation coefficient
surrounding the high attenuation coefficient (cellular layer) was indicative of the non-cellular fibrotic

tissue observed in the tissue.
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Figure 5.6: (a) H&E stained section of a ruptured intracranial aneurysm. (b) Structural OCT image (c)
The corresponding uncalibrated OCT-OA image. Scale bar: 1 mm.

From this preliminary result, OCT-OA had provided further identification of key morphological
structures in the aneurysm wall. The combination of the structural OCT imaging observed in the
previous section and OCT-OA may provide additional information during the rupture risk assessment

of intracranial aneurysms.

5.3.5 Limitation of optical coherence tomography - attenuation imaging

The predominant limitation of this, which was previously outlined by van Soest et al. [113], was the
inability to measure the backscattering coeflicient. This had resulted in artefacts and overestimates
of optical attenuation coeflficients at sharp interfaces between different tissues. Among the previously

reported limitations of OCT-OA [113], the mean shift segmentation process had significantly increased
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the computation time. In order to translate the method to in vivo OCT-OA imaging, parallel computing
and graphical processing units could be employed for real-time imaging. Further optimization of the
radius parameter in the mean shift segmentation would also need to be explored, as well as other speckle
reduction techniques [115]. Additionally, while the mean shift segmentation was initially utilized other
segmentation methods should be explored. Despite these factors, the preliminary results from this
study may be utilized in brain tissue and exploited in the clinical setting for surgical guidance or risk

assessment.
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Chapter 6

Summary, Conclusion, and Future
Work

6.1 Concluions

In this thesis, a novel intravascular Doppler signal processing technique was presented for the purpose of
evaluating neurovascular treatments in the operating room. A series of studies were developed to assess
the intravascular OCT system’s ability to estimate flow. We demonstrated that the current intravascular
system was suitable for DOCT imaging. Blood flow profiles were measured in flow phantoms and porcine
models with confirmation of these results through CFD models. The development a novel DOCT method
was then presented and evaluated through the same intravascular Doppler characterization experiments.
This alternative method exhibited a lower Doppler noise floor compared to the conventional DOCT
algorithm. Improved velocity sensitivity would allow for visualization of low velocity regions around
treatment devices such as neurovascular stents. We demonstrated the application of DOCT imaging in
stent apposition within the ICA. This imaging was performed before and after stent implantation, which
showed dramatic change in the hemodynamics of the arterial vessel.

Intravascular ssDOCT imaging also demonstrates a potential clinical application in intracranial
aneurysm treatment. Both the hemodynamics and morphological changes are believed to contribute
to the rupture of an intracranial aneurysm. Furthermore, DOCT imaging during treatment of aneurysm
could provide an insight into post procedural complications, as well as the flow conditions during vascular
remodeling.

In summary, the following scientific contributions were made to attempt to provide an imaging

method for physicians to evaluate neurovascular treatments.

e It can be observed in this thesis that significant efforts were focused on developing methods to
accurately estimate blood velocity with an intravascular OCT catheter. Prior to this work, limited
demonstration of DOCT imaging was reported. Custom acquisition hardware was constructed to

collect the OCT interference signal from the detectors of the intravascular OCT system. Flow
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phantom studies were devised to characterize the velocity dynamic range as well as a blood-in-
saline contrast agent to resolve the moving scatterers within the blood vessel. Furthermore, we also
observed that insufficient A-line sampling would result in the inability to resolve Doppler phase
shifts. Initial in vivo experiments were then developed to demonstrate DOCT imaging within the
carotid artery through conventional techniques. The results of this experiment was, to the best
of our knowledge, the first demonstration of in vivo DOCT imaging with an intravascular rotary
catheter OCT probe.

e The aforementioned conventional DOCT technique showed that intravascular DOCT imaging was
feasible on a commercial OCT system. However, it was observed that Doppler phase noise would
still exist within the DOCT images, resulting in phase estimate outliers from the expected result.
Traditional averaging is commonly employed to resolve this noise; however it would lead to degra-
dation of resolution. As a result, an alternative method was developed to improve phase estimates
and sensitivity without significant degradation of velocity resolution. The approach presented in
this thesis was a novel signal processing technique that split the interferogram of the detected
OCT signal into multiple bands and was termed ssDOCT. Various parameters associated with
ssDOCT were tested to provide optimal performance. Comparative analysis of ssDOCT and con-
ventional DOCT imaging demonstrated increased suppression of the phase estimate outliers with
the ssDOCT method.

e The first application of ssDOCT was utilized in carotid stenting. Three distinct flow patterns
were visualized after stent placement. Low to stagnant low regions were observed in malapposition
stent deployment or protruded stent struts at a bifurcation junction in the ICA. CFD simulation
provided additional information of the local hemodynamics within the blood vessel. A number of
studies have suggested that these regions have an increased risk in the formation of thrombosis,
which in turn could lead to a stroke or other post-operative complications. Stent struts that are
sparsely placed on the lumen wall had no significant effect on the main flow profile of the vessel.
However, stent struts that were on the wall and densely clustered consisted of low flow velocities
in between the struts, which in turn could promote thrombus formation. The clinical utility for

identifying these low flow regions could provide potential risk of post-operative complications.

e The factors leading to the formation and rupture of an intracranial aneurysm is currently not
well understood. It is believed that the these factors are due to the combination between the
local interaction of blood with the arterial wall and the morphological compensatory mechanism
to maintain the arterial wall’s structural integrity. As a result, intravascular ssDOCT imaging
has the potential to evaluate both the state of the local hemodynamics and microstructure of
the arterial wall. This technique would further provide additional insight to surgeons during
intraoperative treatment of intracranial aneurysms. We presented, to the best of our knowledge,
the first evaluation of flow dynamics in intracranial aneurysms with DOCT imaging. Both ideal and
patient specific flow models were imaged. CFD simulation were also employed for both scenarios.

Similarities were observed in both the DOCT imaging and CFD models for ideal and patient
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specific flow models. Key flow events were observed through DOCT, which suggest the presence of
recirculation zones or vortices. These events are believed to be cause of thrombus deposition and

could lead to stroke.

e Another potential metric for evaluation of intracranial aneurysm rupture is the microstructural
changes that are believed to occur due to vascular remodelling of the artery. Structural OCT
imaging of 28 resected aneurysms from 21 patients were acquired. To our knowledge, this is the
largest human ez vivo study to identify key morphological structures that are associated with in-
tracranial aneurysm rupture. We demonstrated that structural OCT had the capability to identify
key features such as the presence of cellular fibrotic tissue, paucicellular hyaline, and calcification.
The formation of thrombosis was apparent in several of the specimen which may be a result of
damaged endothelium from the blood flow. Further identification of these layers was demonstrated
using OCT-OA. We had initially utilized this technique on medulloblastoma tissue. This is also
believed to be the first evaluation of medulloblastoma with OCT imaging. The ability to differ-
entiate the composition of the tissue could assist in the risk assessment of intracranial aneurysm

rupture or potential post-operative complications.

6.2 Future work

During this PhD, there was widespread development of DOCT platforms and structural OCT algorithms.
The systems and methods that were presented in this thesis are the initial phase to translate intravascular
DOCT imaging to the surgical operating room. However, several technological hurdles and scientific
questions remain.

As previously mentioned in Chapter 3, the formation of thrombi along the stent struts relative to
its placement is still unknown. In this work, we demonstrated the potential ability to evaluate the
local hemodynamics of healthy blood vessels. Longitudinal analysis of stent placement and its risk of
complication is necessary. Stent malapposition may lead to low velocity within the blood vessel and form
regions of aggregated blood over a period of time, possibly leading to microemboli. This might have been
the case for a 74-year-old male with atherosclerotic plaque in his carotid artery. It was decided that a 10
mm diameter stent would be deployed in the artery for treatment. However, during the deployment of
the stent, it was unknown if the stent strut was correctly appositioned. Standard of care imaging could
not provide the appropriate indication of stent malapposition. The postoperative CTA of the patient’s
carotid artery (Figure 6.1) suggested stent malapposition. Unfortunately, the patient lost vision in his
left eye shortly after the operation, potentially due to a microemboli. This is one particular case where
intravascular ssDOCT could have been used to assess the stent deployment. Currently, clinical trials are
being developed to introduce intravascular ssDOCT imaging during angioplasty or stent interventions.

To understand the hemodynamic effect of clots in a stented artery, coagulated blood was injected
into a stented carotid artery in a porcine model. The coagulated blood had attached to the stent struts
and is believed to have artificially simulated large clot formation along the stented arterial vessel wall.

The erratic flow generated from the clots near the lumen wall can result in turbulent flow within the
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Figure 6.1: A computer tomography image of a 74-year-old male after stenting. It was observed that
the stent was not completely deployed on the carotid artery wall (arrow). Scale bar: 1 cm.

vessel. If enough stress is applied onto the wall due to the turbulent flow, leading to endothelium lesions.
Previous studies have suggested that this could be a factor in restenosis [74]. This artificially simulated
study does not account for the vascular compensatory mechanism, which would effect the flow patterns

within the blood vessel.
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Figure 6.2: (a) Structural OCT image of a stented carotid artery. Coagulated blood was artificially
injected into the vessel and attached to the stent struts (arrows). (b) The corresponding ssDOCT
image. Scale bar: 1 mm.

The positioning of the OCT catheter and its influence within the blood vessel has not been fully
investigated. The results presented in this thesis suggested minimal influence on the hemodynamics dur-
ing DOCT imaging. However, various positioning of the OCT catheter within a controlled environment

would be need to be characterized prior to translation into the clinical setting. It should be noted that
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the most optimal position of the OCT catheter within the blood vessel may be difficult to achieve during
intervention. As a result, taking the position of the catheter into account during velocity estimates
would increase the accuracy.

In previous chapters, structural OCT and OCT-OA imaging of intracranial aneurysms was presented.
These images were acquired using a bench-top system; however, catheter based OCT and OCT-OA imag-
ing would provide a practical method to evaluate the aneurysm in vivo. Calibration of the system would
also be necessary to eliminate variation in the optical parameters between each catheter. Reduction of
the overall size of the OCT catheter would be required; however, tortuous vessels would be a challenge,
as advancement of the distal tip of the OCT catheter may result in its damage. Furthermore, the com-
mercially available OCT catheter was designed to image coronary arteries. As a result, an alternative
design of the OCT catheter would be necessary to increase the working distance in order to visualize
flow closer to the sac of the aneurysm or side branch. Furthermore, the size of the catheter would need

to decrease without sacrificing the structural integrity of the OCT probe.

Figure 6.3: OCT imaging from an in-vivo human airway. (a) Structural OCT image with DOCT overlay
(B=1, M=8, N=32). (b) Split spectrum processing (B=4, M=2, N=32, FBW=60%) of the same imaging
frame. Both images have identical Doppler display thresholds. The green circle indicates a true blood
vessel confirmed by continuity between imaging frames. The red circle shows a Doppler artefact that
was suppressed in the split spectrum processed image. The color-coded CDOCT scale bar spans +/-8.5
mm/s. Scale bar: 0.5 mm [4]. (Reprinted with permission of the Optical Society of America)

The application of ssDOCT could also be expanded to other vascular imaging fields. We had employed
ssDOCT in a single case study in which the patient exhibited increase vascularture in the lung. In the
imaged human airway, two low velocity blood vessels were detected using conventional OCT (Figure
6.3(a)). However, ssDOCT ounly resolved a single blood vessel. Confirmation of the existence of a single
blood vessel was performed by observing the same feature in adjacent frames from a volumetric Doppler
OCT image set. A longitudinal view of the blood vessel was also utilized to confirmed the presence of
the single blood vessel (Figure 6.4). ssDOCT can be utilized to reduce false positive detection of small

blood vessels.
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Figure 6.4: (a) A longitudinal view of in-vivo human airway. The Doppler image was overlaid onto the
structural OCT image. A single blood vessel (arrow) could be clear resolved within the lung. Scale bar:
100 pm.

This research has generated DOCT advances, allowing for the potential for monitoring and quan-
tification of stent apposition. It is envisioned that further progression of this research would lead to
translation to clinical studies in the treatment of both atherosclerotic disease and intracranial aneurysm.
Furthermore, the improvement of Doppler phase noise could lead to detection of highly vascular diseases

such as cancer or HHT.
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Appendix 1

Derivation of the Kasai velocity

estimaton

The received signal, S(z), can be presented in complex form

5(2) = x(2) + jy(2), (1.1)

where z(z) is the in-phase or real component and y(z) is the quadrature or imaginary component.
Let the power spectrum of S(z) be P(w), where the mean angular frequency of P(w) is expressed
as [39]

T wP(w)dw
P Mk 12

7[ P(w)dw

and the mean velocity is
w c

w2cos(h) (1)

v =

The relationship between the autocorrelation & power spectrum. This is know as the Wiener-

Khinchine theorem

R(r) = /P(w) exp(jwT)dw. (1.4)
Taking the derivative of Rgq(7) gives
: dRgq(T) i : ;
R(r) = —g = JwP(w) exp(jwT)dw. (1.5)
T
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Substituting Eq.1.5 into Eq.1.2

- _{o wP(w)dw ) ER(O) )
- 70 P(w)dw RO .

As a result, it can be seen that the mean angular frequency is related to the autocorrelation at 7 =0

We can also represent the received signal as [62]

8(2) = a- g(z) exp(—j(2m 22

fo2)), (1.7)

Cc

20,

¢’U = 27T7f05 (18)

where f, is the centre frequency, g(z) is the envelop of the pulse, and a is the amplitude.

The autocorrelation can be represented as

R(r) = / a-g*(z)exp(jouz)a- g(z — 7)dz, (1.9)
=a? / 9(2)g(z — 7) exp(—jd,7)dz (1.10)
= a’Ryy () exp(—joT) (1.11)
Taking the derivative of R(7)
R(r) = d’(TT) =a? <Rgg(7') - j(vagg(T)) exp(—jo,7). (1.12)
Expanding around 7 =0
dR .
df) =@y 0) ~ Ry (0). (1.13)
From Eq.1.5, Ry,(0) = 0. Therefore,
R(0) = —a” - jpyRyy(0), (1.14)
R(0) = a®R,,(0). (1.15)
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In this form, w is given as

C_LR(0) 1 —d?-jgyRye(0)
USTR0) TG T @R 1)

In practice, discrete autocorrelation is utilized and is given as [62]

R(m) = lim Tlﬂ ZNj P (i) (i +m). (1.17)
Let the received discrete signal be B
S(i) = (i) + jy(i), (1.18)
and
r(@)r(i+m) = (x(i) — jy(@) (@@ +m) + jy(i + m)), (1.19)
— a(i) - 2(i + m) + y(@) - yli + m) + J(y(i + m) - 2(6) — a0 +m) - y(0). (1.20)

Generally a limited amount of data is present. As a result, using N. lines the estimate (Equation
1.17) becomes,

R(1) = +— >+ 1), (1.21)
¢ i=0
N.—2
Rl = - L 3 i) a1 )yl )+ G 2 2l 1) ). (122)
¢ i=0

In ultrasound the lines estimates are acquired at T}y which results in the following:

Ne

-2
Dooa()a(+ 1) +y@) yi+ D)+ +1) - 2() —2(i+1)-y(@)  (1.23)
i=0

1
R(Tprf) = N.—1

Therefore taking the arctan to find ¢,,

ot {20, a2

(1.25)

b = arctan { o SN i+ 1) )~y + 1) 2 (i) }
v e T i) i+ D)+ () y(i+1) [
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Derivation of the velocity variance

From the previous Appendix,

oo

R(r) = / P(w) exp(jwr)dw,
and -
- _{O wP(w)dw 1R©)
- T P(w)dw IR0
The variance is define as [39,62]
70 (w —w)?P(w)dw
o2 == — ,
_f wP(w)dw
Ofo w?P(w)dw
_Ofc P(w)dw

Taking the first and second derivative of Eq.2.1 gives,

o

R(T)z /ij(w)eXp(ij)dw,

— 00
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and
R(r) = / —w?P(w)dw (2.6)
Then
2 _ <R(0))2 _ @ (2.7)
7 =\ R(0) R(0)" '

The autocorrelation with respect to the envelop pulse is

R(r) = a2Rgg(T) exp(—jd,7). (2.8)

The first and second derivative is given by

R(T) =a? (R.gg(T) - j¢ngg(T)> exp(—jo.7), (2.9)

R(T) =d’ ([R"gg(T) - jf%R.gg(T)] exp(—jouT) + jdu [R'gg (1) = JpuRyy(T)] exp(quUT)) . (2.10)

Evaluating the first and second derivative at 7 = 0 gives,

R(0) = a? (R'ggw) - j¢uRgg<o>), (2.11)

and
B(0) = o2 (R';,gw) 256, Ry (0) ¢%Rgg<o>). (2.12)

Substituting Eq.2.11 and Eq.2.12 into Eq.2.7 gives,

CLQR"gg (0) — a?¢, Ry4(0)

2 2
o= —¢; — (2.13)
a’Ry4(0)
Since R.gg(O) = 0 then the equation becomes,
o? = —Rgg(o). (2.14)
Rgy(0)
Making a Taylor expansion approximation of Rg4(7) around 7 = 0 gives,
’7—2 .
Rgq(T) = Rygg(0) + ?RQQ(O) +.... (2.15)
If we neglect the higher orders then,
Ryy(1) = Ryg(0) + fract?2Ry,(0), (2.16)
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and
. 92
Ryq(0) = { Rgg(7) — Ryg(0) 72" (2.17)
Substituting Eq.2.16 and Eq.2.17 into Eq.2.14 gives,
o2~ Ryg(0) — Ryy() ) 3 (2.18)

Rgq (0) 72

In ultrasound, the time between two pulse to measure a moving scatter is denoted at T}, r. Therefore,

we let 7 = T),,.¢ leading to the following,

2 | Ry (T, rf)|>
o2~ 1] — 99Tp 2.19
Tp2Tf< Rgg(o) ( )
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Tissue handling protocol

Extraction of Preservation Encase Introduce OFDI - Histological
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Figure 3.1: Work flow chart of the tissue preparation and imaging used in this study. [6]
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Figure 3.2: (a) Fiducial markers were cut into the agarose. (b) This represented starting position of the
OCT scan.
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Optical coherence tomography -

optical attenuation flow diagram
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Figure 4.1: Flow diagram of a mean shift image segmentation based optical coherence tomography
optical attenuation imaging
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