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ABSTRACT

2-D KASAI VELOCITY ESTIMATION FOR DOPPLER OPTICAL COHERENCE
TOMOGRAPHY

Darren Morofke, Master of Applied Science, 2006

Department of Electrical and Computer Engineering, Ryerson University

Optical Coherence Tomography (OCT) is a high-resolution, non-invasive technique to image
subsurface tissue and tissue functions. A broadband light source illuminates an object and the
reflected photons are processed using an interferometer, demodulated into inphase and
quadrature components and then digitized. The captured data contains information about the
velocity of the moving scatterers but current Doppler estimation algorithms have a limited
velocity detection range. Here we demonstrate Doppler OCT (DOCT) detection of in vivo of
blood flow in a rat aorta with over 1 m/s peak velocity through an esophageal DOCT probe using
a new processing technique. Previous methods have used a transverse Kasai (TK)
autocorrelation estimation to estimate the velocity. By calculating the Kasai autocorrelation with
a lag in the depth or axial direction, backscattered frequency information is obtained. Through
subtraction with stationary backscattered information, the Doppler shift is obtained by the axial
Kasai (AK) technique. Maximum non-aliased Doppler frequency estimation using a time
domain DOCT system increased from +4 kHz to +1.6 MHz. The TK has better velocity
resolution in the low flow rate range and when combined with the AK we demonstrate a dynamic
frequency range over 100 dB with a velocity detection range from 10 pm/s to over 1 m/s. This

velocity range spans from microcirculation to cardiac blood flow velocities.
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1 Chapter 1: Introduction and Background

Optical Coherence Tomography (OCT) is a high-resolution, non-invasive imaging modality that
can image subsurface tissue structure and functions [1]. This thesis project describes the
application of a new velocity estimation method through the calculation of the Doppler
frequency shift using an autocorrelation mean frequency estimator. This new algorithm allows

for a velocity detection range that is usable in cardiac applications.

1.1 Introduction

The field of medical imaging impacts the lives of most Canadians. People in the field are
familiar with clinically established imaging techniques such as ultrasound, X-Ray, MRI and CT.
OCT is a new imaging modality that has great promise for non-invasive sub-surface imaging at a
resolution approaching that of optical microscopy which is used for histology analysis. This
could potentially be used to detect diseases such as cancer in vivo and in real time. Sometimes
referred to as ultrasound with light, OCT has similarities in signal processing algorithms to its
acoustic counterpart. The system used [2] utilized the Kasai autocorrelation method for velocity
estimation, but was limited in its detection range. Increasing this range became the subject of my

research.

1.2 Thesis Organization

The rest of the chapters of this thesis are organized as the following. Chapter 1 gives the reader a
brief background in medical imaging and a biological perspective. Since the project deals with
flow rates and velocity estimation, the basics of fluid dynamics are discussed including a section

on the Doppler effect. This is followed by a review of basic optical principles, interferometer



theory, modulation methods and aliasing issues along with the effects on velocity estimation.
Segments from these previous sections are tied together in the OCT theory section so that the

reader is given an appreciation of the general principles behind this imaging modality.

The mathematical derivation of the autocorrelational methods used for flow detection are
described in Chapter 2. Detailing past and present generation Kasai autocorrelation estimation
methods with applications to ultrasound and OCT, the proposed variant used to extend the
velocity range is explained. It is shown that the axial Kasai estimation estimates the mean
backscattered carrier frequency, and thus the remaining frequency after background subtraction

is the Doppler effect.

In chapter 3, the experiments designed to test the velocity estimation algorithms are described.
To test the ability to measure flow in a controlled environment, an artificial flow phantom setup
was filled with Intralipid to model steady state flow through a capillary via imaging of a 0.5 mm
inner diameter glass vessel. This algorithm was further tested using in vivo endoscopic DOCT
data from male Fischer rats. Two methods were used for the flow phantom setups. One was a
gravity fed system while the other was driven with a medical infusion pump. The experimental

data is shown graphically, in images and the specifications are outlined.

Conclusions and future work are presented in Chapter 4. The impact of the findings presented in
the thesis are discussed and potential future projects and applications that can be derived from
the findings of this research project are outlined. Finally, there is a preview of some preliminary

data suggesting spectroscopic applications for the AK when applied to OCT.



1.3 Medical Imaging Background

Robert Hooke used microscopes to discover and study the human cell in 1665. Since then,
imaging methods have been developed with a resolution of 10 angstroms using a scanning
electron microscope, which is a ~2,000,000x magnification [3]. Ultrahigh resolution modalities
like this can not be used in vivo because they require the sample to be in an environment that

would not be favourable to the conditions of life.

The advancement of diagnostic imaging of humans has been developed during the past 120 years
with the discovery X-ray’s in 1895 by Wilhelm Rontgen [4]. The simple X-ray has been
advanced by modern computers and 3D images that can be generated through computer
tomography (CT). These methods are able to image skeletal structures but their ability to
visualize soft tissue is poor. X-ray’s spatial resolution is roughly 0.1 mm. Magnetic Resonance
Imaging (MRI) has exceptional soft tissue visualization abilities. MRI imaging systems have a
spatial resolution of roughly 0.5 mm and are the most expensive and technologically complex of
the imaging modalities. A less expensive imaging technique that has some soft tissue contrast is
ultrasound imaging. This modality is used in standard clinical practice and is capable of
resolutions between 0.1 mm and 1 mm. High frequency ultrasound can obtain a resolution from

10 pm to 100 um at the expense of penetration depth.

Sometimes referred to as ultrasound with light, Optical Coherence Tomography (OCT) uses
some of the same signal processing techniques as ultrasound and generates images with similar
speckle patterns. Technologically, however, OCT is more complex than ultrasound. OCT has a

resolution approaching that of methods used for histology, or between 1 pym and 10 pm. What



sets OCT apart from other ultrahigh resolution imaging techniques is that it is able to achieve
high penetration depths for its resolution characteristics. While confocal microscopy is only able
to obtain 100 — 200 um depth penetration, OCT has been shown to have a depth of 2 mm in non-

transparent tissue structures such as human skin.

1.3.1 OCT Imaging Modes

In OCT, the image is generated by the rotation of a single laser beam through a given angle.
Through interferometer techniques, discussed in chapter 1.6.2, depth information can be isolated
along the path of the beam. The depth information resolved along one complete line is referred

to as an axial-scan (a-scan) and contains a single dimension, depth.

: Timp wwehbesc Tile =y
Figure 1.1 — Example of B-Mode and M-Mode images. A) The sweeping motion of the probe to acquire the

scan is shown while B) and C) are structural and Doppler B-Mode images from the scan. B-Mode image is a
1.5 mm x 1.5 mm square. D) The static recording of an M-Mode image through the centre of the tube. E)
and F) show structural and Doppler M-Mode images. M-Mode images have a depth of 1.5 mm and span 1/8"

of a second. Vessel contains 1% Intralipid fluid moving at 1.5 mm/s peak velocity.

Two image modes extensively detailed in this thesis in are M-Mode and B-Mode. They are

similar to the corresponding modes for ultrasound. Both modes contain depth information but in



M-Mode a constant location (depth) is varied across time while the B-Mode translates the probe
through a fixed angle on a pivot making the second dimension a transverse position. Both
methods consist of a number of complete axial scans (a-scans) which are stacked beside each

other to obtain their second dimension.

Data for an M-Mode image is acquired by combining multiple a-scans from the same transverse

location over time. The separation between the same depth on two adjacent a-scans is /f or
a

0.125 ms on this system. The a-scans are stacked together in a 2D-image with the x-axis
corresponding to time and the y-axis corresponding to depth. This imaging format is very useful
for applications where temporal dynamics are important, such as observing blood flow through
the heart valves and chambers. Figure 1.1 shows the schematic of an M-Mode scan (D), the
corresponding structural image (E) and Doppler shift image (F). As with the Doppler B-Mode
iﬁage the peak velocity occurs, as predicted for parab.olic flow profiles, in the centre of the
capillary. The temporal characteristics of the M-Mode image can be seen in this Doppler

frequency image with the pulsation effect from motor representing as slight velocity changes.

A B-Mode image is constructed by assembling a number of a-scans for sequentially spaced
locations in the transverse direction. OCT imaging systems rotate the probe on a fixed pivot
point through a small angle which relates to a change in physical location. The images generated
for this mode are in two-dimensional space with depth (um) plotted against transverse location
(um). Since the angle of rotation is so small the non-linear nature from the curvature of the scan
is barely noticeable. Figure 1.1A shows a diagram illustrating the capture and display of a B-

Mode image and the corresponding structural (B) and calculated Doppler frequencies (C). Note



that the peak of the frequency shift occurs, as expected for parabolic flow, in the centre of the

tube.

Different types of quantitative data can be displayed in an M-Mode or B-Mode image. Structural
data displays intensity of the backscattered light, which is related to the reflectivity of the
sample. Since the intensity of the reflected light rapidly decays due to scattering and absorption,
it is plotted on a logarithmic scale in decibels (dB). The structural images in this thesis are
plotted using a grayscale colour map which represents the backscattered intensity as a function of
color. The lower limit on the colour map occurs for signals less than 6 dB represented by a black
while signals greater than 72 dB are represented by white. Doppler shifts are presented as
frequency estimated with black being ‘0’, red and yellow for negative frequencies, and blue and
light blue representing positive frequencies. The frequency range displayed can change from
image to image and will be shown on the image or mentioned in the caption. The Doppler
frequency directly relates to the estimated velocity by a formula, as explained later in the fluid
dynamics section. Flow through a tube is assumed to be parabolic given the experimental

conditions.

1.3.2 Biological Background

The human body is a complex system containing a vast network of interlinking blood lines
carrying blood towards or away from the heart. The heart is able to produce a flow rate up to
4 L/minute with a peak velocity of 20 m/s. In contrast, the aorta of a rat is roughly 1.5 mm in
diameter and has flow velocities ranging from 87 cm/s to over 5 m/s [6]. The network of veins
and arteries in a human can be seen in Figure 1.2. Linking off of these are smaller vessels such

as arterioles and venules. Arterioles are as small as 10 um with flow velocities less than 1.5



mm/s. Venules are larger structures and have diameters ranging from 10 - 200 pm with blood

velocities between 2 - 3 mm/s.

Blood Circulation

Principal Veins and Arteries

A Common Hepatic Artery
B T e R v
Basilic Vein

»;ffr ~Splenic Artery
%‘- ~Splenic Vein

T Cubital Vein

=~ Radial Vein
<=Vl
e ~ Renal Artery
—~
"~ Reoal Vein

S
““Abdominal Aorta

Figure 1.2 — Human blood circulation map [S].

Human blood cells are roughly 7 pm in diameter and 2 pm in thickness, which means that on an
OCT system one is almost able to resolve individual cells. Because of the 1-10 pm resolution on
OCT, it is an ideal tool for non-invasively measuring the flow rates in the microcirculation. This
is useful to detect the growth of new blood vessels, called angiogenesis. Angiogenesis occurs
when there is an increase of blood to an area which is injured, or more importantly when a tumor

is growing.

1.4 Fluid Dynamics

A flow of liquid can be either laminar or turbulent. Laminar flow is smooth steady flow which
occurs in parallel layers. Laminar flow through a cylinder is characterized by a parabolic

velocity profile with the peak velocity occurring in the centre of the vessel and no motion at the

B



interface of the wall. This flow becomes parabolic after a specific junction distance. Turbulent

flow is chaotic, stochastic and difficult to accurately model.

1.4.1 Reynolds Numbers

The Reynolds number[7] (Re) is the ratio of the inertial to viscous forces, and can be used to
determine the characteristics of the flow. For an incompressible fluid, a Re of less than 2200
ensures a laminar flow while numbers above 4000 indicate turbulent flow. In the middle range,
other factors are used determine if the flow will be turbulent. The Reynolds number is calculated

as,

H (1.1)
where v is velocity, u the viscosity, / characteristic length and p is the density. The density of 1%

Intralipid fluid used in the experiments was 0.9955 g/mL and the viscosity was 1.36 cP.

1.4.2 Flow Velocity and Profile

Under laminar flow condition, fluid flows in smooth lines and has a predictable flow profile.
Assuming laminar flow through a long rigid tube, a parabolic velocity profile is obtained if the

Re is less than 2200. Given these assumptions the velocity profile is given by,

o5
v(r)=|1-—|v,,
R? (12)

where v; is the velocity at the centre of the vessel, R is the radius of the vessel and r is the radial

position. When laminar flow is assumed the maximum velocity in the centre of the tube is,



=27
4 (1.3)

where ¥, is the mean velocity through the cross sectional area of 4, which is equal to the flow

rate, and 4 is the cross sectional of the tube.

1.4.3 Junction Distances

A constant flow through a cylinder eventually will become parabolic. This profile exists because
there is the greatest shear stress at the interface of the tube and liquid causing the liquid to slow
down. As this liquid slows, it slows adjacent liquid in turn. When the size of a tube is changed,
turbulence and misalignment causes a change in the profile. After each junction, a minimum
length must be passed to overcome this change in profile and to re-assume a parabolic flow

profile. This is defined as the junction distance.

Figure 1.3 — How a parabolic velocity profile develops after a tube diameter change in the worst cast scenario

of a flat flow profile.

Assuming a flat velocity profile at the junction the entrance length is defined as:



7 RR

s (1.4)

where Z, is the distance between the junction and the location the parabolic flow profile begins,
R is the radius of the tube and R, is the Reynolds number for the fluid. When this length has
been surpassed, the flow profile has a parabolic shape. However, in most circumstances, the

incoming profile is already partly parabolic and so this entrance effect is considered to be a worst

case scenario.

1.5 Doppler Effect

The Doppler effect is defined as a compression or an expansion of an incident waveform caused
by motion. This is visually represented in Figure 1.4. The car moving towards person 1 causes a
compression of the sound wave, thus increasing the audible frequency whereas sound waves
received by person 2 are expanded causing a decrease in frequency. This change in frequency is
based on the velocity change between the receiver and the emitter as,

f=rfo+Jp

/o= v’—v"”ﬁ,, (1.5)

where f is the new frequency, f, is the original frequency, fp is the Doppler frequency, v,,; is

the relative velocity between the emitter and the receiver and v is the velocity of the wave in the

medium.

-10-



Person 1

Person 2

Figure 1.4 — Doppler Shift experienced by a moving car. Car is playing trendy music containing only one

frequency, f;,. Doppler shift would cause Person 1 would hear to hear a +fj, frequency shift while Person 2

would hear a -fy, frequency shift.

Light waves experience a similar phenomenon, but instead of a change in audible frequency,

there is a shift in color. When a Doppler shift [8] affects visible light, it is called a red shift if the

distance between the source and observer increasing or blue shift if it is decreasing.

The shift in frequency relates directly to a change in velocity and the speed of light in a medium

is % so a change in frequency can be related to the velocity by

v
fD=7°ﬂ:
— vo :_‘_’_0_ —-———vo
fD y—v '.’f;)—yfo nlo
n o° n ’
A
vosz 0
n
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where A, is the wavelength of the light, c is the speed of light and » is the index of refraction of

the medium. However, in the case of a backscattered wave, the relationship between

backscattered frequency and velocity is,

2n (1.7)

%7
il

Figure 1.5 — Visual representation of Doppler angle 8 assuming no change in angle due to index of refraction.

A further modification to equation with respect to Doppler angle is,

y= ;{‘ofD
2n, cos@ (1.8)

where 4 is-the centre wavelength of the light, Af is the frequency change and & is the Doppler

angle as defined by Figure 1.5.
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1.6 Lasers and Optics

1.6.1 Refraction

Light waves change direction, as they pass from one medium to another. This effect is known as
refraction and is caused by a change of velocity in the speed of light between the two mediums.
A change in velocity causes the light to bend towards or away from the normal of the surface so
long as the incident angle is less than the angle of total internal reflection. This effect can be
described by Snells [8] law,

n siné = n, sinf,

N I
6, —arcsm(n2 sin 9,) (1.9)

where n and @ are the index of refraction and incident angle from the normal the surface. This

equation infers that if 7 < n, the light will bend towards the normal but if n, < », that the light

will bend away. Since the laser is passing from air into another material, the bending always
occurs away from the normal. The refractive index of air is 1.0003, water is ~1.333, tissue is
~1.4 and glass is ~1.5. The concentration of Intralipid fluid used in experimentation is 1%
Intralipid solution and 99% water, however the index of refraction is assumed to be close to that

of water or ~1.33.

The effect of refraction on a laser passing from air into glass and then into a solution of

Intralipid, which is the setup for the experiments, is shown in Figure 1.6.
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Reflected / lost light
N : B

Nair =1

“Reflected / lost light

Figure 1.6 — Refraction occurring as light passes from air in glass vessel carrying Intralipid solution, note the

Doppler angle of 45° is bent to 58°.

1.6.2 Michelson interferometer

The Michelson Interferometer [8-10] splits a beam of light is in two parts by a beam splitter, one
of which is sent to a reference arm and the other to a scattering object. Light reflected back from
both the object and the reference arm re-combines at a detector. The recombination creates an
interference pattern. A diagram of the Michelson Interferometer is shown in Figure 1.7. If a
coherent, single frequency, light source is analyzed using an interferometer, constructive and
destructive interference occur when path lengths of the light combining at the detector differ by a
whole or half wavelength, respectively. The result of this is a sinusoidal pattern with maximum
intensity at whole wavelength path differences and minimum intensity occurring at a half
wavelength path difference. However, when a low-coherent broadband light is used, the
backscattered photons have only a small coherence length in which they can constructively or

destructively interfere.
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Figure 1.7 — Diagram of a Michelson interferometer.

Biological tissue is not very reflective. The interference visibility is determined by,

Visibility = 1max = lmin
max +1

min (1.10)

where Inax is maximum intensity of the fringe and Iy, is the minimum intensity of the fringe.
The typical range is for visibility is between 10 and 10>. When using coherent light, these
fringes are visible through a specific coherence length. Assuming that the light source is

Gaussian in its spectrum, the coherence length can be calculated as [10],

; _2In2 4’
¢ mn AL (1.11)

where AA is the full width half maximum (FWHM) bandwidth of the light used. The coherence

length relates directly to the intensity pattern of the backscattered light. The intensity of the
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backscattered light from a single scattering object has a Gaussian decay as a function of the

coherence length as,

z—z,

I(z)=1, l+e( L ) cos(4nZ;Z°J s

(1.12)

where [ is the intensity at the specific reference arm length and z-zy is the change in reference

arm. The visibility versus reference arm length is shown in Figure 1.8.
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Figure 1.8 — Theoretical interference pattern from Michelson Interferometer using a broadband light source
of 1.3 pm with 60 nm of bandwidth in Intralipid solution with n=1.33. Distance peaks is 0.49 pm due to the

refractive index of Intralipid.

1.6.3 Fourier Domain Rapid Scanning Optical Delay Line (RSOD)

The Michelson interferometer is used in OCT to isolate photons for specific depths controlled by

the spatial location of the mirror in the reference arm. In the original setup, the reference arm
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was physically moved an equivalent distance to that of the depth in the sample. For 32 frames
per second, a depth penetration of 1.5 mm and 1000 a-scans, this would require the mirror to be
moving at a fixed speed of 48 m/s, or 172 km/hour through the 1.5 mm space. Even the most
expensive servo motors would have a difficult time obtaining this speed over a 1.5 mm space, let
alone reversing quickly enough to repeat the cycle. To overcome this limitation, a Fourier based
Rapid Scanning Optical Delay (RSOD) [10, 11] was implemented. According to the Fourier
transform, if a phase ramp is imparted in the spectral domain, there will be a corresponding

spatial delay created in the time domain,

flgt-t,)]=G@)-e @),
(1.13)

Broadband light that is reflected off a diffraction grating is separated into its different frequency
components. This is analogous to the transform of the spatial domain into the spectral domain.
To use this in OCT, a fiber optic cable carrying the broadband light source is deflected off a

diffraction grating as seen in Figure 1.9.
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Figure 1.9 — Fourier domain Rapid Scanning Optical Delay Line (RSOD).

The laser light is separated into its frequency components and reflected through a convex lens
towards an oscillating mirror, which oscillates on a fixed pivot point through a very small angle.
This change in angle imparts a phase ramp to the incoming light components. The shifted
spectral components are reflected through the lens and onto the grating to recombine before
reflecting off of a double pass mirror. The double pass mirror the returns the light back through
the same path and into the fiber optic cable towards the interferometer. The returned light
contains the time domain shift induced by the spectral phase ramp corresponding to a change in

depth into the sample. The scanning rate of this systems RSOD is 8 kHz.

1.7 Signal Sampling and Processing

Since OCT runs on a digital system, sampling rates and signal processing methods play a large

role in data processing.
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1.7.1 Sampling Theorem and Aliasing

When an analogue signal is digitized, it is sampled a specific number of times over a given time
interval. This is called the sampling frequency. In order to properly recreate the signal there is a
minimum sampling frequency required. This minimum rate is called the Nyquist frequency and

is defined as two times the highest frequency in the sample.

The reconstruction of an under sampled-signal will lead to aliasing. This means that an incorrect
frequency becomes the alias of the correct one. Figure 1.10 shows an under sampled cosine
wave. Note that the sampled data could represent either the original signal or a sine wave of

significantly slower frequency.

UK
RIS

Rads

Figure 1.10 — Example of under sampling, the line is the signal while the dots represent the sampled data.
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Another example of aliasing occurs with analogue clocks. As time passes, the arms on the clock
move in-a clockwise rotation. The small hand requires 720 minutes (12 hours) to complete one
rotation while the large hand takes 60 minutes (1 hour). If one was to sample a clock every 12
hours + 1 minute, it would appear that the minute hand takes in fact 12 hours + 1 minute to move
one notch. By this logic the hour hand would take ~30 days of this sampling rate the observe a
change of one notch. This shows that sampling is too slow to determine the correct motion of

the hands.

The autocorrelation method presented in the next chapter uses an arc tangent to determine phase
information which has aliasing issues that are very similar to the previous example. This phase
information is calculated using a four quadrant inverse tangent function which doubles the phase
resolution over a two tangent arctangent. The range of the four quadrant function is £ which

gives a maximum change between two points of 2x rad.

Unwrapping methods [12] are used to detect a change between two adjacent points along one
axis. When there is a change of 2x rad between adjacent points, the 2z rad complement is added
to the remaining points. This requires a signal that has a good signal to noise ratio in order to
perform unwrapping because noise spikes can also cause discontinuities in the data which can be
mistaken for, or mask, 2x rad changes. However, even with the best unwrapping techniques

available, the unwrapping is limited by the spectral resolution and the signal to noise ratio.

1.7.2 In-Phase and Quadrature Demodulation
Commonly referred to as I&Q demodulation, in-phase and quadrature demodulation are used

quite extensively in signal processing and communications. By multiplying the incoming signal
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by a reference signal and a reference signal shifted in phase by 90°, two orthogonal vectors are
created. These two vectors are the real and imaginary frequency components of the incoming
signal and are referred to as in-phase and quadrature components respectively. This can be see

in Figure 1.11

measured signal T

>
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=
z
X
D
:
z
=
N
=
N

reference signal

Iy

!

Axial-line scan

N

WA flrrne
Ao
>< \/\M/VJ\/\,AJ‘W“\/\N\/\ f\ i~

Lateral scan

Figure 1.11 — Example of reference signal being compared to the measured signal. Courtesy of Victor Yang.

The deconstruction of the incoming signal into these components can be seen in Figure 1.12. By

breaking a signal down into these vectors, one is able to easily obtain phase information.

COS
Interferometer

BPD w HPF
I | X P .

Optical
Circulator

X 01y

SIN

Figure 1.12 — Block Diagram of in-phase and quadrature demodulation. BPD Balanced Photo Detector;
AMP Trans-impedance amplifier; HPF High Pass Filter; LPF Low pass filter.
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In OCT signals, there are two frequency components. One of these is the carrier frequency while
the other is the phase change introduced by the motion of the scattering object. This is
represented [7] by,

['(1)=Acos2r ft+®.)+ By cos(2z ft +27 fst + @ p) + B, cosQr f .t +2n ft +D,) ,(1.14)

where Tis the signal, A, Br and B, are amplitude of the carrier, forward and reverse signals, fe

and @, are frequency and phase components of the carrier signal while fc, f, @ and @, are

components added by the forward and reverse motion of the scatterer. If this signal is multiplied

by the original carrier frequency what remains is a base-band [7] shifted signal,

1 1
I(t) =EBf cos(2z f¢ +(Df)+acos(27rff -d,)

Q(t)=—12-Bf cosQ2zf;+ @ —-72£)+%COS(27Z'ff -0, +%) (1.15)

so it can be filtered out through use of a low pass filter. Phase estimation techniques can now
make use of the orthogonal nature of the inphase and quadrature signal. The carrier frequency is
4.3 MHz with a bandwidth of 3.2 MHz. Since the signal is Gaussian in nature, it can be shifted
in frequency to the origin for signal processing without loss in information. Thus since the
signal is when base-band shifted, a low pass filter (LPF) with a bandwidth of 1.6 MHz can be

used instead of a band-pass filter.

1.8 OCT

OCT works by projecting a low coherence broadband light source (light containing multiple
frequencies in a Gaussian distribution) onto an object and processing the backscattered photons

using interferometry to separate information based on depth. An optical coupler is used to
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recycle the light that would normally be reflected back towards the light source. This is used for
common-mode rejection at the balanced photo detector through subtraction of the DC bias. The
interference pattern is captured by a balanced photo-detector, I&Q demodulated, filtered,

digitized and then analyzed on a computer. A schematic diagram is shown in Figure 1.13.

PC o PC l PC
Ls PM RSOD
3dB
PC
SD-1
F N
BPD | Scanning Arm
SD-2 v Optics
X
-—~ PMD SIN 1&Q — CPU
Ccos ) >

Figure 1.13 — LS: light source; PC: polarization controller; OC: optical circulator; 3 dB: 50-50 fiber coupler;
PM: phase modulator; RSOD: rapid scanning optical delay line; BPD: balanced photo-detector; PMD: phase
modulator driver; I&Q: inphase and quadrature demodulator; SD-1 & 2: scanner drivers; COMP:

computer.

1.8.1 Resolution Limits of OCT

The resolution in OCT depends on the wavelength, bandwidth of the beam and numerical
aperture of the lens. These three factors determine the transverse and axial resolution as well as
the depth penetration. The transverse resolution is limited by the optical properties of the lens
and the wavelength of the light and the multiple scattering nature of tissue. As with

microscopes, resolution is limited to the numerical aperture of the beam which determines the
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focal length and minimum spot size or size of the beam at its focal centre. The transverse

resolution [9] is defined as,

7w \d

(1.16)
where Ax is the transverse resolution in metres, f is the focal length of the lens and d is its
spot size. However, a large aperture means that there will be a small depth of focus, thus

limiting the usable depth of imaging [9] to,

22 (1.17)
where 2zg is the usable depth. This relationship between aperture and resolution, versus depth

tradeoff is illustrated in Figure 1.14.

ZR
Ax
ZR
Small Numerical Aperture Large Numerical Apperature

Figure 1.14 — Beam profiles for low and high numerical aperture showing relationship between depth and

transverse resolution.

The axial resolution is determined by the coherence length in the interferometer. This
relationship was stated earlier in equation (1.11). The resolution varies based on the square of

the wavelength divided by the bandwidth. This relationship is plotted in Figure 1.15 .
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Figure 1.15 — Axial resolution versus bandwidth. Light with a 1.3 pm and 60 nm BW is highlighted.

The limiting parameters for imaging depth are absorption and scattering coefficients. Figure

1.16 shows the work of Sainter ef al to determine the ideal optical wavelength.
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Figure 1.16 — Data courtesy of A.W. Sainter, T.A. King, M.R. Dickinson [13] represents the attenuation

versus wavelength while The first peak depth penetration occurs at ~1400 nm.
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As stated earlier, the resolution decreases as the wavelength increases. As the penetration depth
increases with increased wavelength, there is a trade off between resolution and depth. As seen
in Figure 1.16 the effective attenuation flattens out at ~1400nm. There are inexpensive
commercially available broadband lasers available in the 1300 nm range, and this wavelength
appears to offer a good tradeoff between resolution and depth penetration. This is the frequency

of choice for most OCT systems that do not image the eye.

1.9 OCT versus Ultrasound

Throughout this literature comparisons are made between the signal processing algorithms in
ultrasound and OCT. It is important to realize the similarities between these two modalities in
terms of signal processing. Both these modalities undergo in-phase and quadrature
demodulation of the incoming signal. The carrier signal of the ultrasound is between 2-20 MHz
while in this OCT system it is 4.3 MHz. The axial scanning frequency of the OCT system is
analogous to the pulse repetition frequency in ultrasound and both modalities have the option of
digitizing the captured data at a rate acceptable for their hardware setup which is on the order of

MHz.

For velocity estimation, OCT has a much smaller voxel size than ultrasound. The velocity
estimate derived for either of these two modalities is the mean velocity in the given volume.
However, the resolution OCT is roughly 10 pm x 10 pm whereas clinical 3 MHz clinical
ultrasound would have a resolution of 1.1 mm x 2.8 mm. Because a red blood cell is ~7 um, the
estimate of velocity on an OCT system with a 10 pm resolution at any given point can be to be

the actual velocity of the scattering object.
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2 Chapter 2: Methods

There are several techniques for estimation of motion using the backscattered data on OCT
systems. The captured data on this OCT machine was already setup for hardware 1&Q
demodulated for use with the Kasai [2, 10, 14-17] autocorrelation estimator. The Kasai method
is a phase based velocity estimation technique applied in the transverse direction. A variant on
the Kasai method was suggested by Loupas et al [18, 19] for Doppler ultrasound which makes
use of a two-dimensional (2D) autocorrelation function. This is called the 2D Kasai and it takes
advantage of information in both the axial and the transverse direction. Other phase based
methods, such as the short time fast Fourier transform (STFFT), have been reported [20-22] but

are computationally more complex.

The method proposed for this thesis was a Kasai based estimator using both transverse and axial
data and is performed without hardware changes to current generation OCT systems utilizing

1&Q demodulated for Kasai estimation [14, 15, 17, 23, 24].

2.1 Phase Based Velocity Estimation Techniques

Signals that are captured by this system are compared to a reference wave and separated into
inphase and quadrature components which are represented by,

@) =10)+,Q(), @2.1)
where I'is the signal and I and Q . Using these two vectors, the phase can be calculated using a

four-quadrant arctangent function where,
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¢(t) = arctan (-(&) s

I(r) (2.2)

which determines the phase at any given point with a range of —7 to 7. To determine the phase

shift over a given time interval, the derivative of the phase is taken with respect to time. Since

data is digitally captured, a discrete approximation of the derivative [7] is used,

dg() _ Ad() _ QWIG-D-I()Q-1)
dt A Q*(i)+1%(r) 2.3)

where i is the index number of the digital sample. This gives the digital approximation for the
phase change estimation between two adjacent points in time. This phase estimation can be
converted to frequency through,

A =——A®,

27T (2.4)

where Af is the change in frequency, 7, is the time between two samples and A® is the change

in phase over time.

2.2 Kasai Autocorrelation Estimation

The original estimator proposed by Kasai [2], was based on the phase estimation technique
mentioned in section 2.1. This was a breakthrough for color flow imaging with ultrasound since
it provided real-time flow measurements. To increase the reliability of the phase estimation, the
in-phase and quadrature signals were averaged across an axial length of M samples before
calculating phase change, effectively collapsing the line scan to a single depth point. The
collapsed data point is then averaged across a transverse length of N scan lines to increase the

signal to noise ratio (SNR). As this estimator collapses the points before phase estimation, it is
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called the 1D Kasai. This formula, when applied to demodulated OCT data, can be used to

estimate the change in frequency [2] by,

N=2[ (M-l M- M-1 M-l i
> ( > Q(m,n)]( > I(m,n+1))—[ > I(m,n))[ > Q(m,n+1)]

=0 =0 =0 =| =
f,D=;—“arctan n m m m=0 m=0

T —2[( M-1 M-l M-1 M-1 j 2.5)
S D Mmny || Y. Imn+1) |+ D Qm,n) || Y. Qm,n+1) || [

n=0{ \ m=0 m=0 m=0 m=0

where f, is the axial scanning frequency and m and » are the axial and transverse indices of the

inphase and quadrature signals. The original Kasai method performed phase estimate in the
transverse direction and is referred to as the one-dimensional (1D) Kasai. This estimate assumes
that there is a constant centre frequency across all data points. Again, since this is a phase based
estimation, the frequency change predicted by this method can be used directly in equation (2.4)

to predict the velocity.

Loupas et al proposed a way to compensate for the shift in the backscattered frequency. InI & Q
demodulation, a change in the backscattered frequency would no longer match the frequency of
the reference signal and thus the demodulation would be affected. By applying an
autocorrelation in the depth direction, the mean backscattered carrier frequency at each point can
be estimated and used to correct the estimate in the transverse direction. The following proof
was the one provided by Loupas [18], demonstrating that the axial autocorrelation does estimate

the mean backscattered carrier frequency. Assuming an array r(m,n), of size M x N its

autocorrelation y(m',n’) is given by,
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M-m'-1 N=n'-1
7(m',n')= Z > F(mn)?* (m+m',n+n').
m=0  n=0 (2.6)

The 2D Fourier transform, f, is the inverse Fourier transform of the 2D autocorrelation

function,

M/ N/ (2zmm'\ (27nn’
P(m',n')= % /i f‘(m,n)ej( M )ej(—N—)
me gty AMON ’ @.7)

In order to prove that the autocorrelation in the depth direction is equal to the mean backscattered
carrier frequency, equation (2.7) is differentiated at m' =n"=0 to get

M/ N/_
dorn 2oy 1)
oM lypeeo iy Ty M \MN),

(2.8)
Since m/M and n/N correspond to the discrete normalized frequencies f and F, respectively, the

equation (2.8) can be simplified to,

—j 07(m',n’)
_ 27 om m'=n'=0
V) 7(0,0) ' 2.9)

Assuming that the real part is an even function and the imaginary is odd, this simplifies to,

_ 1 06(m',n)
<f> “or om'

mi=ni=0 (2.10)
which for the smallest m=1 can approximated by

1 6(m',0)-6(0,0)
f = P ’
V) 27 m (2.11)

This shows that the mean frequency can be estimated by an autocorrelation in the depth
direction. Applying this to the 1D Kasai and estimating each phase shift before averaging rather

than collapsing the data into a single point before calculating, Loupas proposed the two-
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dimensional (2D) Kasai estimator using a two-dimensional autocorrelation. The combined phase
estimate, for Doppler ultrasound systems, with backscattered frequency correction [19] is,

M-IN=2
> 2 [Qm,mI(m, n+1)=1(m, n)Q(m, n+1)]

s an) S
’ Y Y (K0, m)L(m, n+1)+ Q(m, 1)Q(m, n+1)]
sz = E _ m=0 n=.(i - _.
2 M=2N-1 2.12)
Z Z [Q(m, mI(m+1,n)=1(m,n)Q(m+1, n)] '

m=0 n=0
| 27 f4em +arctan| ==

s > > [m,mI(m+1,n)+Q(m,n)Q(m +1, n)]

m=0 n=0

where f,,, is the normalized counterpart of the reference sinusoid, ¢;is the axial sampling

interval, T is the pulse repetition period and c is the speed of the sound wave in the medium.

2.3 Transverse Kasai Autocorrelation Estimate

The TK algorithm is a modified transverse method, proposed by Loupas in the previous section
and it calculates phase change and then averages rather than collapsing the points before
calculation. Therefore the TK estimation is less noisy that the 1D Kasai, and does not require

any additional calculations. The TK is defined as,

M-1N-2 ]
> X [Qm,n)I(m,n+1)—I(m,n)Q(m,n+1)]
frx=ﬁtan_l ﬁﬂ:}’\’/:g K
Y X [I(mn)I(m,n+1)+Q(m,n)Q(m, n+1)]
m=0n=0

(2.13)

which is able to accurately estimate the Doppler frequency with a resolution of if % , or

+4 kHz on this system. After 4 kHz, aliasing rings occur. These can be unwrapped to an extent
determined by the signal to noise ratio of the acquired signal. When the SNR is high and the

rings are well defined and separated, one is able to unwrap the rings caused by aliasing. The
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velocity resolution on the TK has been shown to be as low as 2 pm/s [10] at a 81° angle. Since

the TK estimates the change in phase between two adjacent a-scans, frx does not require a

background carrier subtraction in order to estimate the Doppler frequency.
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Figure 2.1 — Example of TK estimation between two pulses [25].

As suggested by equation (2.11), the mean frequency can be estimated by an autocorrelation in

the axial direction of demodulated 1&Q data.

2.4 Proposed Algorithm: The Axial Kasai

In a literature search, pervious work was found that detected a change in the backscattered carrier
frequency as attributed to the motion of the scattering object as large as 300 Hz in the using the
short time fast Fourier transform (STFFT) [26]. The detection of the Doppler shift through this
mechanism suffers from high computational complexity and requires a large amount of axial
data in order to obtain an accurate estimate. In order to obtain sufficient data points for the

STFFT to accurately measure the shift, a capture time of 16 seconds was required per frame [27].
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Since the autocorrelation in the axial direction has been shown to estimate the mean
backscattered carrier frequency by Loupas, it was believed that a modification of their 2D Kasai
estimation could be used to detect the effect of the Doppler shift on the backscattered signal.
This method is what has been proposed as the main portion of this MASc research project. The
literature search revealed two previous attempts at performing mean carrier frequency estimation
through use of axial data, both of which were hardware implementations. One implementation
was by Izatt ef al [28], the other by Bopart ef al [29]. However both of these methods lacked

either low end velocity detection or did not have good resolution.

In addition to the proposed axial estimation, it is proposed that a combination of the TK coupled
with the proposed modification to the Kasai, which we call the axial Kasai (AK), will allow for
estimation of a wide range of frequencies. This is a novel estimation technique because it
utilizes frequency estimation through two spatial dimensions and can be implemented in OCT
systems in software as opposed to complex hardware implementations. The proposed AK

variation in Kasai estimation to detect the mean backscattered carrier frequency is,

M-2N-1 s

ST [Qmm)(m+1,n)—L(m,n)Q(m+1,n)]

fak =5 f an”! o= g?\/’ (; g

2z > 3 [I(mn)[(m+1,n)+Q(m,n)Q(m+1, n)] (2.14)
m=0n=0

where f; is the sampling frequency in the axial direction. The theoretical frequency limits on

the frequency detection of this method are ifs 2 where f; is in the MHz range. Since the AK

is an estimation of the mean backscattered carrier frequency, to obtain the Doppler shift AK
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results from a stationary background source need to be subtracted from the AK of a moving

source. Thus, the doppler frequency is,

fo=1. AKmoving ~ T AKstationary »
(2.15)

where fixmoving is the AK result for the moving scatterer and fixstarionary is the AK result for the

stationary AK estimate.

-34 -



3 Chapter 3: Experiments and Results

To determine whether the proposed algorithm in Chapter 3 could work, first a controlled flow
phantom experiment then in vivo experiment was performed. Images were acquired using a
time-domain DOCT system containing a 5 mW broadband light source centered at 1.3 um with
63 nm bandwidth. The axial scanning rate was f, = 8 kHz, using a rapid-scanning optical delay
(RSOD) line in the reference arm. A phase modulator, as seen in Figure 1.13, produces a carrier
frequency of 4.3 MHz. The hardware demodulated 1&Q signals were processed using the TK

and AK for window sizes ranging from N =2 to 32 and M = 16 to 32.

There were two experimental variations. First, a flow phantom experiment was setup to
investigate steady state flow through a glass capillary using Intralipid as a scatterer. Flow was
controlled using both a constant gravity fed system and then later using a medical infusion pump
capable of a large range of flow rate selections. In the third experiment, in vivo endoscopic

DOCT data from a rat esophagus was collected.

3.1 Experiment 1 — Gravity Fed Flow Phantom

In this experiment, a gravity fed flow system was used to obtain accurate flow rates. The gravity
‘pump’ consisted of three sections: Main cylinder, overflow cylinder and fluid reservoir. To
obtain accurate volumetric data, large time intervals ranging from 5 to 40 minutes were used.
The slower flow rates required a longer duration in order to collect enough liquid. This method

is the most accurate, but takes >5 hours.
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The main cylinder was at the top of the experiment and held ~2 liters of fluid. Gravity acted
upon thé fluid in the open topped main cylinder. This pressure drove the liquid through the
connecting tubes and into the glass capillary used for the experiment. There were two holes in
the bottom of the main cylinder; the first received fluid from a return pump while the second was
connected to the experimental apparatus. Since the return pump was continuously operating, the
only path available for the fluid to flow was through the experiment or to overflow over the top

of the cylinder.

At heri
MOSPhETLy Main cylinder

Pressure
Excess

Fluid

Catch Basin

Excess

Fluid
Pump

Experiment

Experimental return

Reservoir

Figure 3.1 — Diagram of the gravity flow setup.

The main cylinder fed liquid to the experiment and thus loses volume over time. The reduction
in volume would create a corresponding loss in pressure and flow rates. To avoid this, a return
pump was used to keep a continuous flow of fluid moving between the main cylinder and the

reservoir. As the liquid was pumped from the reservoir into the cylinder at a high rate of flow,
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the main cylinder overflowed and excess liquid was returned to the reservoir creating a closed
system. If the incoming flow rate from the pump was larger than the flow rate channeled to the
experiment, the volume of the main cylinder and the corresponding pressure remain constant.
The pump had a maximum flow rate of 10 L/hour while the maximum flow rate in the
experiment was 0.2 L/hour ensuring a constant rate of flow. A picture of the experimental setup

is shown in Figure 3.2.

Catch
Basin Main Cylil.ld.er filled
with Intralipid
Regulat
PR Experiment
Test tube
Pump
Reservoir

Figure 3.2 — Picture of experimental gravity pump setup.

3.1.1 Angle

One of the factors involved in the accurate determination of the Doppler frequency is the angle at
which the laser is incident on the medium under motion. A compass was used to level the

incident angle of the beam and then used to measure the angle. The setup shown in Figure 3.3
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was used to measure the angle with a error of +1°. The set angle for the first batch of
experiments was 86°. The index of refraction also caused the light to bend, and was factored in

using equation (1.9).

86° angle T

mm;ma__:;. >

N

# Glass Tube

&

Figure 3.3 — Experimental Apparatus with a Doppler angle of 86°.

3.1.2 Experimental Flow measurement

To determine the flow rate of the experiment, the return was diverted from the reservoir to a test
tube. The mass of the test tubes were measured to +0.1 mg before use. The time it took to fill
~1/3 of the test tube was recorded and then the mass was measured. Time intervals varied from
5 minutes to 40 minutes for each test tube. Factoring in human reaction time the uncertainty of
start and stop times would be within +3 seconds resulting in a maximum deviation of 1% fora 5
minute trial or 0.04% deviation for a 40 minute trial. The mass of the tube with solution was
~30 g, so there is a small component of error from the measurement of mass. The mass after
experimentation was subtracted from the pre-experimentation mass to determine how many

grams of liquid were collected over the measured interval. Assuming that the mass of the
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solution is roughly equal to that of water, the volume per unit time was calculated. These flow

rates were then processed with equation (1.3) to determine the centre velocity.

Volume of Solution | 2.5L

Solution Contents | 1% Intralipid, 99% distilled water
Density of solution | 0.9955 kg/L
Viscosity | 1.36 cP

Inner Radius of Tube | 0.5 mm
Outer Radius of Tube | 0.7 mm
Length of Tube | 5 cm

Cross sectional area | 196 pm*
Angle | 86°
Re Range | <1 to 300

Entrance Length Range | <0.1 mm to 5 mm

Table 3.1 — Experimental Parameters.

3.1.3 Low-Flow Experimental Observations

To visually demonstrate the prediction capabilities of the TK phase based estimation algorithms,
as well as unwrapped versions, four select velocity profiles were plotted in Figure 3.4. The
predicted parabolic curve was determined using the flow rate measured in section 3.1.2 and
equation (1.2). Since the Doppler angle is very close to being perpendicular, the aliasing limits
are £21 mm/s. The first profile shows low velocity data with a méximum speed of 800 pum/s
which generates a peak Doppler frequency of ~120 Hz. When the peak velocity is increased to
~17 mm/s, a Doppler frequency of ~2.5 kHz was generated. This is roughly in the centre of the
4 kHz detection range of the TK and is shown in B. The first occurrence of aliasing occurs, at

expected at a velocity of 21 mm/s and is unwrapped in C. Note that the unwrapper when
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averaged over 8000 lines performs a good estimate when compared to predicted values. An

unwrapping program can be used to unwrap multiple aliasing rings as shown in D.

A

144

124

1.0+

0.8 4

Velocity (mmvs)
Velocity (mnvs)

—0— TK Estimate
D 1104 . . —0— Unwrapped
ts—— Capllary —— [—A—Predicted |

Velocity (mmvs)
Velocity (mnvs)

Figure 3.4 — Select flow profiles demonstrating accuracy of TK estimate. A) slow flow B) flow at half velocity

detection at this angle C) Flow causing 1 aliasing ring D) flow causing 2 aliasing rings.

Due to the near vertical angle of incidence, a change in the result from the AK was not visible at
these speeds. For all flow rates, the AK result appeared to be the same within experimental
error. However, when the angle was decreased a change was noticed in the AK signal

processing which was the basis for experiment 2.
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3.2 Experiment 2 — Wide Range of Flow

A second flow phantom experiment was performed to further investigate the AK at a larger
Doppler angle with wide range of flow rates. This experiment was performed using a calibrated
medical infusion pump with a flow rate control function. The infusion pump, shown in Figure
3.5A is accurate to within 0.05 ml/hour and was able to apply a rate of 200 ml/hour through the
0.5mm ID capillary and 160 data sets were obtained. This experiment used a higher incident
angle. To measure this angle, a digital photograph was taken of the setup as see in Figure 3.5B
which was measured to be ~44°. To ensure accurate calculation of the angle, this result was
compared to the size of the tube as imaged by the OCT system. The inner diameter of the tube
was measured to be 0.5 mm by the manufacturer. The depth, as it appears on the structural

image appeared larger due to the Doppler angle, and is consistent with an angle of 44°.

Figure 3.5 — Digital picture of experimental setup A) medical infusion pump B) picture of probe mounted to a

scanning reference arm, probe can be seen on the bottom of the reference arm.

The infusion pump had a maximum flow rate of 200 mL/hour or a maximum peak centre

velocity of ~57 cm/s. To drive the flow faster, a 50 mL syringe was epoxyed to the connecting
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line of the experiment. When a weight of ~200 pounds was applied, a peak velocity through the
tube of >'2 m/s was obtained. At a velocity of ~2 m/s the entrance length was calculated using
equation (1.4) to be 13.4 mm and Reynolds number was calculated from equation (1.1) to be
730; laminar parabolic flow was therefore assumed for all flow rates. The tube was imaged
using a stationary probe to acquire data along one location as a function of time for M-mode

imaging.

Flow phantoms with flow speeds ranging from 130 um/s to 57 cm/s were analyzed using the AK
equation (2.14) with N=32 and M=32 and averaged over 1000 a-scans to increase SNR. Select
AK frequency results are shown in Figure 3.6A for bidirectional flow. As the estimate was the
mean backscattered carrier frequency, bidirectional velocities were obtained by subtraction of the
stationary signal. When this frequency data was used as the Doppler shift, Figure 3.6B was
generated. This figure is a family of parabolic profiles in good quantitative agreement with the

experimentally set flow rates and calculated peak velocities assuming a laminar profile.

» +34 cm/s N
R 3 4]
T 1.4 W H
L No Flow : b ~ 20
= 1.2 - | 2
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Figure 3.6 — (A) Change in the AK estimated frequency as a function of flow velocity. When no-flow AK
(solid line) result subtracted from the flowing channels, a family of parabolic shapes is obtained (B);
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Positively labeled velocities indicate flow towards the detector, negative velocities are away. Peak flow
velocities are +34, +20, +11, no flow, -11, -19, -25, -34, -43 and -57 cm/s from top to bottom.

The estimated centre velocity from the AK and TK was then separated from the profile and
plotted in Figure 3.7A; note the close linear relationship between the AK & TK predicted
velocities versus the experimentally controlled velocities through the range of -57 cm/s to
34 cm/s. Note that flow rates estimated with flow heading towards the receiver falls off above
34 cm/s which correspond to a Doppler shift of ~0.400 MHz. This is due to the Doppler shift
increasing the carrier frequency from 4.3 MHz to close to the Nyquist frequency of 5 MHz due
to the 10 MHz sampling rate causing a filtering of the signal. Figure 3.7B demonstrates that
there are three distinct flow regimes in the Kasai detection space. Zone I and II can be detected
by the TK, and by TK with phase unwrapping, but not with the AK. At the transition region
between zone II and III, the phase-unwrapped TK begins to severely underestimate the true

velocities. However, the AK is still able to accurately measure velocities throughout zone III.
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Figure 3.7 - TK and AK estimated peak velocities are compared to experimental peak velocities. (A) Peak
velocities derived from TK and AK algorithms recorded over a large range of velocities. (B) A detailed view

of TK shifts for lower flows. Error bars are result of standard error. The solid line is the line of identity.
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Since flow rates above 57 cm/s were not feasible using the infusion pump they were not included
on Figure 3.7. In order to determine the maximum away flow, a manually set high-flow rates of
>2 m/s was processed using the AK. The results are shown in Figure 3.8. The exact flow rate is
unknown, but the Axial Kasai predicts a change in frequency up to 1800 kHz before the
backscattered signal is no longer apparent. This is in good agreement with Doppler shift pulling

the returned carrier frequency out of the +1.6 MHz bandwidth of the system.

Figure 3.8 — Ultrafast M-Mode flow image. A) Structural image range 6dB to 72dB. B) TK range -4 kHz to
4kHz. C) AK range 2 MHz to 2 MHz. When the Doppler shift increases to 1800 kHz that the signal begins to

vanish in all three images as predicted.

Appropriate values for N and M were determined based on an analysis of error versus gate size.

For the experimental analysis, an error rate of less than 5% was considered acceptable.

Number of Axial Lines (M)

10 20 30 40 50 60
Number of Transverse Lines (N)

Figure 3.9 — Contour map of error versus a change in N and M. N=M=32 is highlighted.
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To explore the relationship between N, M and error the standard deviation and mean values were
calculated on the previous data. Figure 3.9 was generated using the results from 8000 a-scans. It
can be seen from Figure 3.9 that the minimum number of points to average is N=M=32 or an

area of 1024 points.

Figure 3.10 shows structural, TK and AK M-mode images generated with steady state peak
velocities of 1.2 mm/s, 42 mm/s, and 155 mm/s using a window size of N = 32 and M = 32.
These three velocities occur in zones I, II and III respectively. In zone I, the TK shows a
parabolic profile with the pulsing effect inherent with use of the pump; in zone II, defined
aliasing rings are evident and can be phase unwrapped. In zone III, the aliasing rings occurring
with the TK are smaller than the axial resolution, so phase unwrapping cannot be reliably
performed. For the AK analysis, a variance threshold algorithm was applied to the AK results,
effectively negating its utility in the low flow regions of zones I and II, but permitting accurate
and un-aliased flow estimation in zone III. The variance of the TK was calculated [9], which is a
measure of the amount velocity spread over the given estimate window. It has been documented
that this is an possible way to detect higher flow rates than the TK [9], but in this case was used

to threshold the AK.
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Figure 3.10 - M-mode images of the three detection zones showing structural, AK and TK renderings. In
zone I, TK accurately measures velocity, and the aliasing rings in zone II can be unwrapped reliably. In zone
I, the aliasing rings on the TK are smaller than the spatial resolution of the system and can not be

accurately unwrapped. The AK is able to accurately measure flow in zone III, but not in zones I and IL.

Finally, to verify that there is a direct correlation which matches based on different angles, a
constant flow was analyzed using the AK at two different angles. As seen in Figure 3.11, after
correction for angle, refraction and a background subtraction was performed - both velocity

profiles closely matched each other peak velocities occurring at ~10 cm/s.
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Figure 3.11 — AK velocity estimation for two different angles. Estimation corrected for refraction and angle.

3.3 Experiment 3 — /n vivo Animal Experimentation

In vivo trans-esophageal M-mode images of a rat aorta were analyzed using the algorithms
developed. Experiments were performed using an endoscopic catheter [16] on male Fischer rats.
The average body weight was ~180 grams and they were anesthetized with 80 mg/kg of
ketamine and 13 mg/kg of xylazine intramuscularly. To avoid food debris in the esophagus, the
animals received only water for the day before imaging. During the procedure, the body
temperature was monitored and controlled with a heating pad. These procedures were performed
in accordance with an institutionally approved animal utilization protocol. The endoscopic
DOCT (EDOCT) setup placed the OCT probe into a catheter. The catheter was driven externally

as seen in Figure 3.12B.
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Figure 3.12 —Schematics of the mechanical assembly for the linear scanning catheter, courtesy of Victor

Yang. A) Top-view. B) Side-view.

The fiber was coupled through a lens and a right angle prism to image the esophagus at an 82°

angle. The prism setup and scanning mechanisms are shown in Figure 3.13.

buffer fiber lens steel sheath

to catheter

Figure 3.13 — Schematic of the EDOCT catheter distal end, courtesy of Victor Yang. A) Fiber termination
with a GRIN lens and right angle prism. The terminated fiber can slide within either a steel cap, with the

optical beam passing through one of the slots B) or within a transparent plastic cover seen in C).
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Data collected were processed using both structural image processing, as well as the TK and AK
Doppler variants. Figure 3.14A shows the structural image with the overlaid TK estimated
Doppler frequency, while in Figure 3.14B, the same structural image is overlaid with the AK
results after background frequency subtraction. The rat heart rate was measured to be 230 beats
per minute or 0.26 s per beat. A temporal smoothing filter set at 0.025 s in length (< 10% of the
cardiac cycle), was used to improve the SNR while still preserving the temporal resolution and
allowing visualization of the cardiac cycle. The Doppler angle was approximately 82°. The
peak systolic velocity through the aorta was estimated to be ~ 1 m/s (Figure 3.14C), in good
agreement with values found in literature [6]. Comparing Figures 4A and 4B, it is evident that
the TK is sensitive to a slower flow, detecting the pulsating motion of the aortic wall (velocity <
2 mm/s), while the AK is capable of estimating high flow velocities (> 1m/s) without aliasing

using the same data set.

To the best of our knowledge, the peak systolic velocity through the aorta of ~1 m/s, as seen in
Figure 3.14C, is the highest in vivo flow rate measured by OCT or any of the current Doppler
variants. Careful inspection of Figure 3.14A shows that the sensitivity of the TK is able to detect
even the pulsating motion of the aortic wall as blood is pumped through the vessel. The TK is
also sensitive to regions of slow flow. When compared to Figure 3.14C, one can appreciate that
the AK is capable of visualizing extremely high flow velocity without aliasing artifacts in

regions where the TK is aliased beyond unwrapping techniques.
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Figure 3.14 — In-vivo images of trans-esophageal Doppler OCT of rat aortic blood flow. (A) TK results
overlaid on structural image. Doppler signals indicate aortic wall motion (*), systolic rush of high-speed
blood flow (**), and regions of slow flow between heart beats (white arrows). (B) AK results overlaid on the
same structural image, with the esophagus and aortic wall labelled. High speed systolic flow regions
consistent with large Doppler frequency shifts are clearly visualized. The temporal flow profiles measured at

the dotted lines of corresponding colors in (B) are plotted in (C).
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4 Chapter 4: Conclusion

The experimental setup demonstrated that the AK algorithm was able to detect a change in the
backscattered mean carrier frequency based on the motion of the scattering object. Due to phase
instability in the OCT system that was used, the minimum detectable frequency shift was fairly
large when compared to the detectable shift using the TK. However, through careful analysis of
the data, it was demonstrated that the TK and AK results overlap if phase unwrapping is
performed on the TK. Through a combination of the TK, TK with unwrapping and AK on the
same data set, velocities from 10 pm/s to 1.5 m/s were resolved. The previous un-aliased
maximum velocity detection on this OCT system was 4 mm/s, so the combination of unwrapping

and AK estimation has increased flow estimation by ~400x.

The AK was further verified through use in an in vivp application. By imaging the aorta of a rat
through the esophagus, it was demonstrated that a peak flow velocity of ~1 m/s can be obtained
when imaging at a Doppler angle of 82°. The TK was able to detect the small movement in the
aortic wall and periods of low flow while the AK demonstrated detection of the high speed

systolic rushes.

Through experimental and in vivo results, the AK has proven to be a viable method for detecting
high flow rates using interferometric data. The combination of TK, TK with unwrapping and
AK can now be used to image flow rates ranging from microcirculation rates to coronary
applications. At the time of the submission of this thesis, work has been accepted to the 2006
SPIE Photonics West conference. Additionally, an Optics Letters publication is undergoing

peer review and is patent pending.
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4.1 Future Work

This data was obtained and processed using a time-domain phase OCT system. Swept source
Fourier domain OCT systems are able to image at much higher frame rates over time-domain
systems. A feasibility study can be performed to see if the AK is compatible with the scanning
mechanisms utilized by the swept source OCT systems. If the AK algorithm is compatible, then

the higher frame rates and increased SNR will allow even better velocity estimation.

The Mayo Clinic, a well known American non-profit medical practice, has expressed an interest
in an obtaining an OCT system with the TK/AK algorithm for clinical diagnosis. A real-time,
32FPS application would be developed using a combination of field programmable grid array
(FPGA) and PC hardware with National Instruments LabView. Cardiac models can be tested in
vivo with intravascular experiments on pigs to determine feasibility at higher flow rates. Other
areas that the algorithms developed can be utilized in are radial scanning of intraluminal flow at

high velocities and cerebral arteriolar flow measurement.

Backscattered effects, arising from scatterer size, cause effects such as the sky appearing blue.
Since OCT is a light based system, there will be some type of spectroscopic effect involved with
the backscatter of the photons. These applications have not yet been determined. In itself, that is
a large project. Potential non-linear effects are generated by the motion of the RSOD. To avoid
these effects, the scanning can be stopped and data collected at a specific depth over time. Tixis
data is expected to again verify that the real Doppler signal is being obtained. If the
spectroscopic data accurately predicts scatterer size, some potential applications would be the

early detection of cancerous cells by calculating nucleus size change, detection of apoptosis and
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macrophage infiltration of the lipid pool under the plaque. Preliminary data suggests that there is

a spectroscopic change related to the size of the scatterer.

Different sized scattering objects were imaged to see if there was a change in the background
frequency information based on scatterer size. Intralipid solution, which has a mean particulate
size of ~100nm +10nm, should cause a Rayleigh scattering effect based on the 1300 nm
wavelength of the laser. Stationary Intralipid solution in a Petri dish was imaged. This
procedure was then repeated using silicon beads with a diameter of 1 pm. The silicon beads
were dissolved in water, insonified, separated with a centrifuge and then insonified again before
imaging to get a uniform distribution. Comparison between these two results seems to
demonstrate that there is in fact a different back-scattered mean frequency related to scatterer
size. The Intralipid has a higher backscattered mean frequency at low depths, but as the depth

increases the mean frequency reduces. This appears consistent with the Rayleigh scattering as

the lower wavelength components are more strongly reflected with a preference of % 4

Investigating this effect with a data set from the in-vivo experimentation seems to demonstrate
that there is a frequency change between different layers of the esophagus. These effects have

not yet been analyzed and are being presented for future reference.
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B List of Symbols

AA —bandwidth of the light (60 nm)

A¢ —change in phase

Af —change in frequency

Ax — transverse resolution

®(r) — phase estimate from in-phase and quadrature components
@, —phase component of carrier frequency

®  —phase component of forward frequency

@, —phase component of reverse frequency

F(m,n)—array of size mx n

}7(mf, n") —autocorrelation of an array

A —wavelength

A, —wavelength of light (1.3 xm)

M — viscosity

p —density

I' —signal

I" —inverse Fourier transform of the autocorrelation function

A—cross-sectional area

A —amplitude of carrier signal



B, —amplitude of reverse signal

B, - amplitude of forward signal

¢ —speed of sound

¢ —speed of light

d —spot size

S —frequency

f —focal length

fip —1-dimensional Kasai Doppler frequency estimation

[, —axial scanning frequency (8kHz)

[f4x —axial Kasai estimate of mean backscattered carrier frequency
Sk stationary —@xial Kasai frequency estimate for stationary scatterer
S akmoving —@xial Kasai frequency estimate for moving scatterer

[, —carrier frequency

fp —Doppler frequency

J4em —demodulation frequency used in ultrasound system

f7 —induced forward frequency

[, —original frequency

f, —induced reverse frequency

Jrx — transverse Kasai Doppler frequency estimation

I —in-phase demodulated component of the signal



Iy14x —maximum fringe intensity

Iy —minimum fringe intensity

I —characteristic length

[, —coherence length

M —number of axial points used for average

m —current axial point

N —number of transverse points used for average
n—index of refraction

n—current transverse point

n, —index of refraction of tissue (~1.4)

Q —quadrature demodulated component of the signal -
r —radial position

R —radius

t —time

t, —time between adjacent depth samples in ultrasound
T, —pulse repetition in ultrasound systems

T, — time between samples

v, p — velocity estimation proposed by Loupas

v —velocity

v —mean velocity



v, —peak centre velocity
v,,; —relative velocity between emitter and reciever
z -z, —change in reference length

2z, —usable region of focus
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