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ABSTRACT

High Speed Rotary System for Catheter Based 3-D Imaging with
Optical Coherence Tomography (OCT)

Antonio Mauro, Master of Science, 2009
Department of Physics, Program of Biomedical Physics, Ryerson University
Optical Coberence Tomography (OCT) is an addition to the other tomographic imaging
techniques of x-ray computed tomography, magnetic resonance imaging, and ultrasound
imaging. OCT uses optical reflections of biological tissues as opposed to x-rays, RF
fields, and sound waves to obtain images. A rotary and pullback system has been
developed for use with OCT. The system was developed to facilitate the three
dimensional imaging of various lumens in humans and animals. The system is capable of
rotating at a rate of 200 Hz. At this rate the rotary system will allow for a frame
acquisition rate of 200 fps which is significantly higher than the highest published
acquisition rate to date of 108 fps. The probes used with the system were modeled after
the Intravascular Ultrasound (IVUS) miniature torque cable design. The probes can be
sealed and sterilized between subjects without being damaged; unlike the single use
IVUS probes. The rotary system was used to image the outer ear of a mouse in vivo. A
lateral slice from the resulting three dimensional image was compared to the general
histology of a mouse ear. The image compared well to the general anatomy as found on

histology.
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1. CHAPTER 1: INTRODUCTION AND BACKGROUND

This thesis describes the design and construction of a rotary pullback system that
was used with the relatively new imaging modality of Optical Coherence Tomography
(OCT). This thesis shows the potential of the rotary pullback system to create three

dimensional reconstructions of tissue surrounding various lumens in animals and humans.

1.1. Optical Coherence Tomography (OCT)

Optical Coherence Tomography (OCT) was first introduced to the scientific
community in 1991 by a group at the Massachusetts Institute of Technology (MIT)
headed by Dr. James G. Fujimoto [1] as an addition to the other tomographic imaging
techniques of x-ray computed tomography, magnetic resonance imaging, and ultrasound
imaging. OCT uses optical reflections of biological tissues as opposed to x-rays, RF
fields, and sound waves to obtain images. The most common setup used in OCT is
modeled after the Michelson interferometer. A Michelson interferometer consists of a
coherent light source, half-silvered mirror (or beam splitter), light detector, and two

reflecting mirrors. Figure 1.1 shows the basic setup of a Michelson interferometer.



Detector “

Beam
Splitter %

dsamp

Source

dref

Mirror +

Figure 1.1 — Basic setup of a Michelson interferometer.

In time domain OCT (TD-OCT) the light source is a broadband partially coherent
light source and one mirror is replaced by a tissue sample. Once the light leaves the
source it enters a beam splitter which directs half of the light to the sample and half to the
mirror. The intensity of the beam going to the detector from the beam splitter depends on
the difference in path length between the reference and sample arm, the amount of light
reflected off the sample and the reference mirror, the spectral distribution of the beam,
and the coherence length of the light. By rapidly decreasing and increasing the reference
arm distance, the coherence gatc of the source moves along the depth of the sample
producing an axial scan or A-scan. If the sample arm is translated laterally a 2-D image,

B-scan, can be created. This will provide a structural image of the sample. An example
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of this can be seen in Figure 1.2. This figure reveals the structures surrounding a human
fingernail in vivo. It clearly shows the fingernail root, the skin above the root, and the
cuticle. The figure also shows a shadow caused by the cuticle, which readily scatters

light.

T

Figure 1.2 — In vivo OCT image, with micrometer resolution, of the structures surrounding the fingemnail
on one of the author’s baby fingers.

Plotting the intensity of the beam reaching the detector as a function of the
position of the reference mirror will result in an interferogram. The spectral distribution
of the light source will affect the pattern of the interferogram. Figure 1.3 shows how the
spectral distribution of the light source influences the envelope of the interferogram. A
broad spectrum results in a narrow envelope and a narrow spectrum results in a broad
envelope. The envelope also contains information regarding the time coherence of the
light source. The mathematical relation between the spectrum and the envelope is a

Fourier transform.
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Figure 1.3 — Spectral distribution and corresponding interferogram for different light sources. All units are
arbitrary. (A = source bandwidth, Az = coherence length) [2]

The bandwidth, A4, of a source is typically defined at the full-width-half-max (FWHM)
(ie. 3dB bandwidth) of the Gaussian spectrum. The bandwidth, of a source limits the
interference pattern to a range called the coherence length (Az or commonly /), which is

defined as:

2
Az=1 = Zln(Z)iO_
7-n Ad

M)

where, A is the central wavelength of the source and # is the index of refraction of the
sample. Figure 1.4 is a theoretical interferogram for a near infrared light source with a
central wavelength of 1.3pm and a 60nm bandwidth. Assuming a tissue index of

refraction of 1.4, the coherence length comes to be 8.9 pm.
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Figure 1.4 — Theoretical interferogram for a broadband light source with a central wavelength of 1.3pm
and a 60nm bandwidth in tissue with an index of refraction of 1.4. [3]

The transverse resolution (ie. horizontal resolution) is mainly determined by the
optics in the sample arm. In a typical OCT system the laser light is first collimated and
then focused onto a sample using an optical lens. The beam waist of the focused beam
defines the transverse resolution, and the Rayleigh range defines the depth of focus. Ifa
lens of focal length “/” is used, then the transverse resolution, Ax, and depth of focus (ie,

twice the Rayleigh range), b, can be defined as:

_44 S
Ax = p— )
mAx?
b= 24, ®

where, d is the 1/e beam size of the collimated beam at the optical lens. Figure 1.5 is a

visual representation of the aforementioned parameters.
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Figure 1.5 — Hlustration of transverse resolution, Ax, and depth of focus, b, for a beam focused with an
optical lens. [2]

OCT has proven to be advantageous because of its high spatial resolution (~1-
10pm) [4]. Another advantage of OCT is that its sample arm can be packaged into fiber
optic cables with very small diameters allowing for the biological investigation of several
tissue types such as: heart tissue [4, 6], microvessels [5], esophageal tissue [6, 7], and
brain tissue [8, 9], just to mention a few. This is possible because the single mode fiber
used to transport the light to the tissue is typically no larger than 250 pm in diameter.

OCT has experienced rapid development since it was first introduced. This is due
to a growing interest in the field and the potential impact on clinical medicine. This is
evident in the increase of publications from 200 peer reviewed journal publications in the
year 2000 to 800 publications in 2006 and a total of over 4000 publications to date [10].
The following figure shows the yearly growth of OCT scientific and medical research

publications indexed by two popular databases, PubMed and Scitation.
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Figure 1.6 — The number of publications per year with optical coherence tomography in the title as indexed
in PubMed and Scitation. Data for 2007 was extrapolated based on the numbers up to September 2007

[1].

1.2, Spectral Domain OCT (SD-OCT)

In SD-OCT the reference arm typically does not move and a Fourier relation is
exploited where the depth scan is immediately calculated by a Fourier-transform of the
acquired spectra. The basis of SD-OCT is optical frequency domain reflectometry
(OFDR) [12]. Figure 1.7 shows the basic configuration of OFDR using a tunable light

source and a fiber-optic interferometer.



Tunable reference arm
source (50 ;50)

=

Photodetector

sample arm

Figure 1.7 — Basic configuration of optical frequency domain reflectometry (OFDR). [12]

The source output is split into a reference arm and a sample arm that illuminates and
receives light reflected from the sample. A photo detector detects the interference
between the reference arm and sample arm light. Typically the wavelength of the
monochromatic light source i1s swept and the path lengths of the reference arm and
sample arm are held constant. The A-line profile is obtained by a discrete Fourier (DFT)
of the sampled detector signals.

SD-OCT techniques include Fourier Domain OCT (FD-OCT) and swept source
OCT (SS-OCT). FD-OCT uses a broadband laser source with a diffraction grating and a
photodiode array in the detection arm. SS-OCT uses a rapidly tunable, narrow-linewidth
laser source over a broad optical bandwidth with a single photodiode in the detection
arm. While FD-OCT and SS-OCT have similar sensitivity advantages over conventional
TD-OCT systems, the SS-OCT system can detect interference fringes over a substantially
longer range of time delays between reflections from reference and sample interfaces.
The system used for the work done in this thesis was a SS-OCT system. For this reason,
any OCT system mentioned or described from this point on will be a SS-OCT system.

In SS-OCT the Fourier transform of the light reflected from the sample provides a



back-reflection profile as a function of depth. The depth information is obtained by the
different interference profiles obtained from the difference in sample and reference path
lengths. Larger differences in the optical path length between the sample and the
reference arm result in interference signals with higher frequencies [13].

The light intensity perturbation at the exit of the interferometer (ie. moving from

the sample towards the detector) can be described by:
1% 4 ‘
Ip = I+ I+ [ [G()p(z) pycos {T’g[[ns(f)z'—z,e]}cwz' @
00

where, Iz corresponds to the intensity of the reflected reference beam, Ig is the total
intensity of the returned sample beam, in which all the scatters contribute, and the third
term is the muﬁxal interference of all scattering waves (called the autocorrelation function
of scattering or a parasitic term [13, 14, 15]). The origin of coordinates in the sample
arm, Os, is usually set at the sample surface. The origin of coordinates in the reference
arm, Og, is at a point where the optical group delay to the coupler matches that between
Os and the coupler of the sample arm. In equation (4), p(z) represents the backscatfering
coefficient distribution in the sample, where z is measured from Og. The mirror position
is zg measured from Og. The spectral intensity distribution of the light source in terms of
the total positive frequency is G(f). Asm;ming no dispersion, ng(f) represents the
refractive index of the sample. Finally, c is the velocity of light in a vacuum.

The spectral interferogram can be obtained at the exit of the interferometer with a
single detector when using a swept/tunable laser source instead of a wide band source.
From equation (4), assuming an ideal spectrum is described by the detector; the spectral

interferogrm can be described as:



jrling o1z}

1o(1) =GN} + [P 2Rel [p(z)pee & ©)

This can also be written in terms of the wave number, k:
1 T 1 ' ’ v fank{n 2'-z, '
1) =GR (P} + [P} () 42Rel [p(2) pye/ 4"z} (6)

In SD-OCT (ie. FD-OCT and SS-OCT), the spectral interferogram of a single

reflector located at z, relative to Og can be expressed as:
1
I,(k)= ZG(k) {ps + P’ +2ppycos[dn(z, -z, )k} (7)

where, zg is once again the mirror position relative to Og and p is defined as the
backscattering coefficient of the single scatter [13].
Figure 1.8 is a schematic of the SS-OCT system used for the imaging presented in

this thesis.

FOML Laser Triggering and Recalibration DAQ and Gaivo Control

Figure 1.8 —~ Schematic of the Frequency Domain Mode Locking (FDML) capable $3-OCT system used
for imaging. SOA: Semiconductor optical amplifier, PC: Polarization controller, C: Collimator, FBG:
Fiber Bragg grating, MZI: Mach-Zehnder interferometer, D: Detector, DB: Dual balanced detector [16]

The SS-OCT system uses a 36-67 kHz Frequency Domain Mode Locked (FDML) fiber-

ring laser incorporating a polygon-based tunable filter. The bandwidth (ie. tuning range)

- 10 -



of the laser is 112nm centered at 1310nm. The average output power of the laser is
48mW. A fiber Bragg grating provides the A-scan trigger and a Mach-Zehnder
interferometer (MZI) is used as opposed to a Michelson interferometer. In a MZI
configuration the signal goes through a beam splitter before it enters the detector and
100% of the signal goes to one channel and 0% of the signal goes to the other channel.
The MZI is used to reduce the noise in the images by comparing the noise in the channel
without a signal to the one with a signal. The scanning galvo in Figure 1.8 is an OCT
probe which scans a tissue sample externally with a raster scan type pattern in order to
get a 3-D image. When the system is used with a hand-held probe or a rotary probe, the

scanning galvo in Figure 1.8 is replaced with the appropriate probe.

1.3. OCT in Cardiology

OCT has been applied extensively in the field of cardiology in the past decade. It
was first used to examine the structural integrity of coronary artery vasculature. OCT has
become useful in imaging cardiovasculature due to several technological advances, such
as the development of rotational catheter based probes, acquisition speed improvement,
and the introduction of functional OCT moda}ities. In vivo imaging and validation have
been performed as a result of these advances [17].

Structural OCT penetrates about 1-3 mm into tissue and has been compared to
intravascular ultrasound (IVUS) images (the current standard in intracoronary imaging).
OCT provides a higher resolution by about an order of magnitude when compared to

IVUS [17, 18] . The superior resolution of OCT is demonstrated in Figure 1.9.

-11-



Figure 1.9 — Intravascular imaging of a fibrous coronary plaque showing: i — intimia (with intimial
hyperplasia), 7 — media, and a — adventitia. The left figure is an intravascular OCT image showing a clear
delineation of layers, including the internal and external elastic laminea. A fibrous plaque (/} is visible and
partially obscured by a guidewire shadow artifact (*). The right figure is a corresponding 30-Mlz IVUS
image at the same location. [17, 18]

From this image one can see that probes have been developed to integrate OCT optics
into intravascular catheters to facilitate rotational and linear imaging capabilities. High
speed data acquisition systems have enabled catheter based imaging to be preformed by
manually or automatically feeding the probe through the vasculature during image
acquisition. The OCT image in Figure 1.9 was made using a probe fr(;m Lightlab [19]
(the current state of the art in radial OCT imaging). The OCT image was taken using a
1300 nm source with an 80 nm bandwidth. The image has a 1.25 mm maximum
penetration depth with an axial resolution of about 13 pm compared to the IVUS image
with a 5 mm penetration depth and an axial resolution of about 98 pm [18]. The superior
penectration depth is what has kept IVUS imaging as the standard for intracoronary
imaging, but the superior resolution of OCT has sparked quite some interest.

The visualization of vulnerable plaques in the coronary or carotid arteries and the
evaluation of their potential for progression or rupture is an ideal application for

cardiovascular OCT imaging. Ideally this evaluation would be performed after the area
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in question is localized by another imaging modality like CT, ultrasound, or fluoroscopy.
Intravascular OCT is limited by tissue penetration depth and blood induced signal
attenuation, although the signal attenuated by the blood can be reduced by a saline flush

or temporary vascular balloon occlusion before imaging. [17, 19]

1.4. Objective

The objective of this thesis project is to develop a rotational catheter based OCT
imaging system capable of three dimensional imaging in vive via trans-lumenal methods.
This objective was put forth in order to further the development of technology within the
OCT group in Toronto while creating a system that is an improvement on current
designs. The most significant improvement will be an increase in rotational speed. The
highest published rotational rate to date is 108 rotations per second [20]. A faster
imaging rate will improve the capability of the system to visualize rapid dynamic events
(eg. moving leaflet of heart valves). The faster speed will also reduce the effects of
motion artifacts due to physiological and/or patient motion. Furthermore, a faster frame
acquisition rate will allow for a larger 3-D imaging volume while maintaining imaging
resolution during a catheter pull-back aided by a limited time window of saline flush or a
temporary vascular balloon occlusion for in vivo vascular imaging. The development of
this probe will provide the medical imaging community with a wider range of possible
studies that would include trans-lumenal vascular imaging, trans-esophageal imaging,
and three dimensional monitoring for photodynamic therapy (PDT). The hypothesis for
this thesis is that a rotational catheter based OCT imaging system capable of three

dimensional imaging in vivo via trans-lumenal methods can be successfully developed.
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2. CHAPTER 2: ROTARY SYSTEM DESIGN

This chapter describes the evolution of the rotary system from the first CAD
design to the current working prototype. The chapter will also detail the probe

development and construction.

2.1. Main System Design
The first iteration of the rotary pullback system design is shown as an AutoCAD

sketch in Figure 2.1.

Prozimal Coupling T.
orque
(G emiD) Motor Distal C abclic
FORT / / Coupling

/

~ .
Single Mode Fiber with Mot 3;:3;0?;1“? i
4
800 pm Jacket Shoaf: SCIAPC Female to Female Cable Inside
— Connectors SC/APC Adapter

e Coiled Fiber
Figure 2.1 — CAD drawing of the first iteration of the rotary pullback system design

The laser light coming from the OCT source is lead to the rotary system by a single mode
fiber that is connected to a fiber optic rotary joint (FORJ). A FORJ facilitates the rotation
of an optical fiber. The fiber on the proximal end (stator) of the FORJ stays stationary as
the fiber on the distal end (rotor) rotates. The fiber leaving the FORJ in Figure 2.1 goes
through the proximal coupling which couples the FORJ to the shaft of the motor through
which the fiber passes. The FORJ that was used is a MJX series joint from Princetel

[21]. Figure 2.2 is a 3-D CAD drawing of the FORI.
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Rotor end
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lem
Figure 2.2 — 3-D CAD drawing of the fiber optic rotary joint (FORJ).

The power loss data through the FORJ was in question, so the power loss was measured
manually. A 16 kHz frequency swept laser from Thorlabs [22] was used to test the
insertion loss. The power leaving the joint was measured with the rotor side of the joint
positioned at 8 different angles. A position was chosen as 0° and measurements were

taken in 45° increments from that point. The results were as follows:

Tuning on (mW) | 7.63
Tuning off (mW) | 18.31

Table 2.1 - Frequency swept laser power.

Angle Rotated 0" | 45 | 90" | 135" | 180" | 225" | 270" | 315" | Average
Power Reading (mW) [ 4.3514.39 478 1441 13.83 | 341 [3.59(3.62| 4.07

Highest loss = -3.5 dB, Lowest Loss = -2.03 dB, Average loss = -2.37dB
Table 2.2 — Power through FORJ with tuning on.

Angle Rotated 0 | 45 | 90" | 135 | 180°| 225" | 270" | 315" | Average |
Power Reading | 10.30 | 10.08 | 11.02 | 10.30 | 8.69 | 7.30 [ 7.58 | 7.67 | 9.12
(mW)

Highest loss = -3.99 dB, Lowest Loss = -2.21 dB, Average loss = -3.03dB
Table 2.3 — Power through FORJ with tuning off.
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Figure 2.3 — Data from Table 2.2 in graphical form.

From Table 2.2 and Figure 2.3, one can see that average one way loss through the FORJ
while the swept source laser is scanning is -2.37 dB. While imaging a sample, the light
would have to pass through the FORJ then to the sample and back through the FORJ.
That would mean that roughly 42% of the light leaving the system would not reach the
sample and of the light reflected off the tissue only 42% would have the potential of
reaching detector. This means that any losses attributed to the other components of the
system must be kept to a minimum. The loss due to the FORJ is most likely due to a
misalignment between the fiber in the stator and the fiber in the rotor. More information
on the possible lateral, angular and longitudinal misalignments can be found in [23].

The motor that the FORJ is coupled to is a custom Neo70 motor from Parker

Motion [24]. Figure 2.4 is a 3-D CAD drawing of the motor that was used.
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Figure 2.4 — 3-D CAD drawing of the rotary motor showing an isometric view

The motor was designed with a dual shaft and 5 mm through bore to pass the optical fiber
through. Passing the fiber through the motor shaft allows the fiber to be directly driven.
This eliminates any loss in rotational speed and radial stability associated with indirectly
driving the fiber. The encoder has a pulse rate of 40000 pulses per second regardless of
speed. Therefore, the motor gives an accurate angle reading with regards to the degree to
which the motor has rotated. The motor was designed to reach a rotation rate of 200 Hz.
This speed will allow for image acquisition rates up to 200 frames per second. This is
significantly higher than the highest published acquisition rate to date of 108 frames per
second [20]. As mentioned earlier, the faster imaging rate will improve the capability of
the system to visualize rapid dynamic events. The faster speed will also reduce the
effects of motion artifacts due to physiological and/or patient motion. Furthermore, a
faster frame acquisition rate will allow for a larger 3-D imaging volume while

maintaining imaging resolution during a catheter pull-back aided by a limited time
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window of saline flush for in vivo vascular imaging. A saline flush is required to create a
brief moment when highly scattering blood is displaced.

The distal coupling in Figure 2.1 connects the connector end of the radial probe to
the motor. A SC-APC connector was chosen for the motor end because it allows the
mating sleeve to be easily clipped on and off for different radial probes with different
connectors. The commonly used FC-APC connectors are not as versatile because they
may tighten or loosen as the motor rotates due to their screw like threading. SC-APC
connectors were chosen for the radial probes for the same reasons. Figure 2.5 shows

examples of FC-APC and SC-APC connectors.

Figure 2.5 — Left: Example of 2a FC-APC connector. Right: Example of a SC-APC connector
The support on the right side of Figure 2.1 holds the outer catheter of the radial probes in
place to allow for the translational motion of the optics during a scan. Figure 2.6 shows
the support holding an outer catheter. More information about the catheters can be found

in the next section.

.18 -



Figure 2.6 — Side and isometric views of the catheter support holding an outer catheter. The scale bars are
fem. :

The system is mounted on a linear motion stage to facilitate the translational
motion. For the initial prototypes a simple 436 series linear stage from Newport [25] was
used. The stage is driven by a Zaber [26] T-LA60A miniature linear actuator. This
combination allows for a linear range of 6 cm at a max speed of 4mm/s.

It is worthy to note that the proximal coupling in Figure 2.1 has coiled fiber
inside. The coiled fiber acts as extra fiber that allows for more than one attempt at
splicing the connector to the fiber at the distal end of the motor. If the first attempt at
splicing the connector fails then some of the fiber can be uncoiled to make another
attempt. On the first prototype the coiled fiber was moved to the distal coupling and the
rotor end of the FORJ was inserted directly into the motor shaft. Figure 2.7 shows
images of a prototype for the aforementioned distal coupling design. The figure on the

right shows the coiled fiber exposed.
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Figure 2.7 - Distal coupling of the first prototype of the rotary pullback system. The scale bars are lem.

The chamber for this distal coupling has an inner diameter of Sem. This is 2cm greater
than the minimum recommended diameter for single mode fiber. Putting the coiled fiber
chamber on the distal end added significant length to the coupling so a support with a
rotational bearing was added. Figure 2.8 shows the first prototype of the rotary pullback

system with a probe from industry attached.

ETR S

gu 2.8 —First prootype of the rotary pﬁllback syst.
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An image was taken of a human index finger and thumb grasping the probe. The
resulting image can be seen in Figure 2.9. The image was taken at a time before a
program was made to create the radial representations of images that most are used to
seeing with radial probes. The index finger is on the right (top if radial) and the thumb is
on the left (bottom if radial). Part of the thumb is missing because the A-scan acquisition

rate was not matching the radial speed.

From Figure 2.9 it can be clearly seen that the signal off the fingers was just barely
stronger than the noise. This was an indication that the system was causing a large loss
of power. The cause of the power loss was narrowed down to the coiled fiber inside the
distal coupling. The optimal orientation of the fiber (ie. a bending radius more than 3
cm) was not being maintained while the probe was spinning. This resulted in a total

average one way system loss of about 6 dB. This meant that 75% of the light from the
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laser was not reaching the sample and at least 75% of the signal from the tissue was lost
before it reached the detector. For this reason the distal coupling had to be redesigned.
To eliminate any loss due to fiber orientation the new coupling had to keep the fiber
straight at all times. In order to do this the distal coupling had to be machined after the
connector was spliced to the fiber at the distal end of the motor. This was done so that
the coupling would be the correct length to fit perfectly over the entire fiber on the distal

end. Figure 2.10 is a CAD drawing of the distal coupling used for the current prototype.

2cm

Figﬁfe 2.10 - Distal ééuplingv of the cufren‘f rotary puilbgcl{ system protéfype.

The black coupling in Figure 2.10 was put on the motor shaft before the connector was
spliced on. The connector was pushed through the distal coupling. The hollow center of
the distal coupling was filled entirely with epoxy in order to hold the fiber, splice
protection sleeve, and connector in place while the coupling spins. The epoxy is shown
only over the connector and splice protection sleeve in order to reveal the positioning of

everything within the distal coupling. Figure 2.11 shows the current prototype.
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A T BN S N3 SO A G S ) x . *

Figure 2.11 — Current Rotary System Prototype. a) Single mode fiber leading to a laser source. b) Stator
end of the fiber optic rotary joint (FORJ). c¢) Chamber covering the rotary end of the FORJ, which is
coupled to the hollow motor shaft. The chamber protects the user in the event that the FORJ malfunctions
and breaks apart at high speeds. d) Custom Neo70 motor from Parker Motion. ¢) Zaber T-LAG60A miniature
linear actuator, f) Shaft coupling the motor, rotating FORJ fiber, and SC/APC mating sleeve. g) Post with
a high speed bearing used to carry the coupling load. h) Protective covering over the mating sleeve. i)
SC/APC comnector of a probe plugged into the system. j) Adapter used to hold the outer catheter of the
probes in place during a linear pull-back. The adapter also has a threaded end to facilitate the addition of a
cap to seal the probe for sterilization. k) Post used to hold the probes in place. 1) Probe leading to a sample
to bt imaged.

The loss for the current system (~ -2.50 dB on average) is roughly equivalent to the loss
attributed to the FORJ on its own. Figure 2.12 shows sorr;e images taken with same
rotary probe from industry as earlier. The signal to noise ratio for these images is clearly
much better than in the image taken with the first prototype (Figure 2.9). The image on
the left is of a thumb (bottom) and index finger (top) grasping the catheter as earlier. The
image on the right is of the probe taped to an IR card. The details on how the images

were reconstructed will be covered in Chapter 3.
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Figure 2,12 - Left: 2-D ine a thumb (bottom of image) and indexﬁng {top of image) grasping a
catheter. Right: 2-D image of a probe taped to an IR card. The scale baris 1 mm.

2.2. Probe Design
2.2.1. Catheters

The probes built for the system were modeled after the Infravascular Ultrasound
(IVUS) [27] miniature torque cable design. The torque cable is a tightly wound stainless
steel cable with an outer diameter of 0.7 mm that acts as a catheter that rotates with the
optical fiber. The torque cable has a unique quality that allows the degree of rotation at
the proximal end of the probe to be almost exactly the same as the degree of rotation at
the distal end of the probe. This eliminates any unwanted twisting in the fiber. The
torque cables used for the probes made during this project were taken directly from
expired IVUS catheters. In order to utilize a torque cable from an IVUS probe, the
imaging end and the proximal end of the cable are cut with very sharp pinching pliers in
order to detach the cable from the IVUS system as cleanly as possible. The ultrasound

fiber is then removed and replaced with a single mode optical fiber. Figure 2.13 shows

224 -



the imaging end of an IVUS probe. The rotating drive shaft in the image is the torque

cable.

Rotating Clear Radiopaque
Drive Shaft  AcousticWindow Tip

Single Large Aperture
9 MHz Transducer

I —
I mn

Figure 2.13 — Imaging end of an Intravascular Ultrasound probe [27].

The outermost catheter is a biocompatible USP Class VI Teflon tube [28] with an
outer diameter just under 1 mm. The outer catheter is attached to the adaptor listed as “j”
in Figure 2.11 with epoxy. The adapter has a threaded end so that a cap can be screwed
onto the catheter. The cap prevents the outer catheter fron; allowing moisture in during
the cleaning process. Figure 2.14 shows the adaptor with and without the cap. Figure
2.15 shows a completed probe ready for sterilization. A prototype of this probe design
has been put through a cleaning process in a sterilizing machine used to clean reusable
endoscopic devices at St. Michaels Hospital in Toronto. The design was proven

effective.
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Figure 2.15 — Completed probe ready for sterilization,

=26 -



2.2,2. Optics

The fiber portion of a probe is comprised of single mode (SM) fiber with an
arrangement of graded-index (GRIN) and coreless (CL) fibers at the tip of the distal end
to form the optics. The GRIN and CL fiber are cut at certain lengths to achieve certain
working distances (focal distance from the lens surface), depths of field (two times the
Raleigh range), and spot sizes (beam waist diameter). SM fibers are optical fibers which
are designed to support only a single mode of light. The core of a common single mode
fiber is around 9 um. The core of SM fiber is surrounded by cladding which puts the
outer diameter of the fiber to 125 um. GRIN fibers have a larger core at about 100 um
with the claddi_ng layer putting the outer diameter to 140 ym. The index of refraction is
highest at the center and decreases with radial distance from the center axis in GRIN
fiber. This property is used to expand the beam from the SM fiber and then focus it at
some point in front of the GRIN fiber in an OCT probe. The following equation closely

describes the refractive index of a GRIN fiber lens [29]:

2

nn)=n0-5-r%) @

where, r is the radial position from the axis, n, is the refractive index at the center axis,
and g is the gradient constant given by the m;nufacturer. CL fibers are fibers without a
wave guiding structure. The CL fiber is a uniform material with roughly the same index
of refraction as the core of a SM fiber and a diameter of 125 pm. For side viewing
probes the CL fiber is the last stage of the optics and is polished to an angle of 50
degrees. The polished surface of a CL fiber is a totally reflective surface that directs the
focused light to the side of the probe. An angle of 50 degrees is chosen instead of 45

degrees to avoid any saturation issues involved with the light being reflected directly
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back at the fiber. The optical ends of the probes used for the work presented in this thesis
were polished manually using a 50 degree angled polishing block. The probes were
placed on the block and held in place with polishing glue (Phenyl Salicylate). The
polishing glue was then polished with 9 um polishing paper to flatten its surface. The flat
glue surface was then polished with 1 pm polishing paper until the tip of the probe started
to appear. The probe tip was then polished with 0.3 pm polishing paper until the probe
tip was completely angle polished to 50 degrees. Figure 2.16 shows a polished probe tip

in the midst of polishing glue.

A typical side viewing OCT probe has a 0.45 mm GRIN fiber followed by an angle
polished coreless fiber for its optics. The first radial probes were built with this
arrangement. Figure 2.17 is a radial image taken with one of those probes. The image is
of a probe taped to an IR card.
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The signal from the IR card was barely above the noise. There are a couple reasons why
this may have occurred. The main reason is that a probe manufactured with a 0.45 mm
GRIN section has a short working distance of about 0.38 mm. This design flaw leaves
the focal point of the probe well within the outer catheter. Another reason is that the
polished surface of the optics may not have been completely smooth. A newly polished
probe tip still in the polishing glue, as in Figure 2.16, was analyzed for its smoothness
before a new arrangement for the optics wa; implemented. The polished surface was
analyzed with a Wyko optical profiler [30] at the Institute for Optical Sciences at the
University of Toronto and a scanning electron microscope (SEM) at the Mechanical
Engineering Department at Ryerson University. Figures 2.18 and 2.19 are samples of the

results from the optical profiler tests.
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Figure 2.18 — Optical profiler results for the polished probe surface at an effective magnification of about
10x. The top left image shows the probe tip in polishing glue. The red and blue lines on the probe tip
correspond to the locations of the depth profiles shown with the red and blue plots in the graphs.
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Figure 2.19 — Optical profiler results for the polished probe surface at an effective magnification of about
50x. The top left image shows the probe tip in polishing glue. The red and biue lines on the probe tip
correspond to the locations of the depth profiles shown with the red and blue plots in the graphs.
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As can be seen in the figures, the polished surface of the probe was fairly smooth. The
maximum possible surface roughness value for the polished probe tip came to be A/34 for
a 1310 nm light source. Considering that the irregularities in the polished surface were
significantly smaller than the wavelengths of light used for imaging, it is safe to say that
the polished surface is not a cause for concern. The results from the SEM scan lead to a

similar conclusion. Figure 2.20 shows some results from the SEM scan.

Figure 2.20 — SEM results of polished probe surface at a magnification of 300x (left) and a section of the
polished surface at 10000x (right).

The images from the SEM imaging did not show any irregularities in the poiished
surface. Even at a magnification of 10000x the surface appeared completely smooth. It
is worthy to note that the SEM imaging revealed that the probe was polished right
through the CL fiber. This is evident on the left of Figure 2.20. The top part of the
polished surface is coreless fiber and the bottom part is GRIN fiber.

With the surface of the probes appearing not to be a factor, it was time to create a
probe with a larger working distance. To accomplish this, the optics were constructed
with a CL spacer before the GRIN section. The optics were constructed according to
[29]. When the light enters the CL fiber from the SM fiber it begins to diverge at an
angle of about 8 degrees off the central axis. This widens the beam before it enters the
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GRIN section and as a result the beam is wider when it hits the angled CL fiber, thus,
creating a longer working distance. The sketch in Figure 2.21 shows the beam path

through optics with a CL spacer.

Focal Length

/ / /

Single Mode Coreless Graded Index
Fiber Spacer (GRIN) Fiber

Figure 2.21 — Sketch showing the light path through the optics of a probe with a coreless fiber spacer.

Angle Polished
Coreless

A probe with the coreless fiber arrangement was characterized with a 1310 nm laser at 3
mW after the GRIN fiber stage was spliced on to the CL spacer (the forward looking
stage) in order to check if the arrangement would be sufficient for a side viewing probe.
A probe with a 0.626 mm CL spacer and a 0.145 mm GRIN section was placed at various
distances from a mirror and the power reflected back was measured. The resulting
Gaussian plot can be seen in Figure 2.22. The distance with the highest power
corresponds to the focal distance. The focal distance was 0.8 mm. The full width at half
maximum (FWHM) of the plot corresponds to the depth of focus (b). The depth of focus
was found to be 0.6222 mm. From equation (3), it is found that the spot size (lateral

resolution) for this probe was 22.8 um. This analysis shows that the CL spacer
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configuration will result in a longer working distance while maintaining a reasonable spot

size.

Power vs. Distance from Mirror
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Figure 2.22 — Power profile for coreless spacer probe characterization. A 1310nm laser with a power of 3
mW was put through a probe at various distances from a mirror. The plot shows the power reflected back
relative to the probes distance from the mirror. The peak power occurs at a focal distance of 0.8 mm. The
full width at half max (FWIHM) corresponding to the depth of field was found to be 0.6222 mm,

For a faster and more practical characterization during the probe manufacturing process,
a probe was attached to a galvo scanner and placed over a titanium dioxide (TiO,)
phantom. The TiO, phantom was chosen because it is a highly scattering medium with a
relatively low absorption coefficient. The reference arm length of the interferometer was
set so that the surface of the probe would apl;ear just above the imaging window on the
computer screen. The probe would then be positioned at a distance away from the TiO,
sample that would make the sample appear the brightest and that distance would be taken
as the working distance. Knowing that the display shows a depth of 3 mm, the focal
length could then be calculated. This method was much faster and gave an imaging
sample for each potential probe. A sample image used for this characterization method

can be seen in Figure 2.23.
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Figure 2.23 ~ Titanium dioxide phantom imaged to test the quality of a probe at the forward-looking stage.
The streaks in the center of the image may have been caused by the galvo slowing down midway through
its motion causing multiple A-scans over the same region of the phantom. The scale bar is 500 um.

Various combinations of CL spacers and GRIN fibers were tested. Table 4 shows the

results of these tests.

'CL Spacer (mm) | GRIN (mm) | Working Distance (mm)]

| 0.498 0.139 0.38
0.459 0.173 0.43
0.492 0.165 0.55

| 0.479 0.144 0.94
0.470 0.163 0.99
0476 0.175 1.31
0.487 0.137 1.46
0.472 0.143 1.48
0.488 0.144 1.52
0.485 0.143 1.90
0.467 0.169 2.09

Table 2.4 — Combinations of various CL spacer and GRIN lengths and the resulting working distance.

The probe used for the radial imaging presented from here on has the specs of the row

italicized in Table 2.4 (CL Spacer = 0.470 mm, MM = 0.163 mm, Working Distance =
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0.99 mm). With an outer catheter outside diameter of 1mm, the focal point is formed at
about 0.5 mm outside the catheter. The optics of this probe imaged at 100x

magnification with a stereo microscope can be seen in Figure 2.24.

Figure 2.24 — Probe optics with CL spacer magnified 100x viewed from two different angles. The scale
bars are 100 pm. ’

Figure 2.25 is an image taken with the probe taped to an IR card. It can clearly be seen

that the longer working distance has resulted in a much better image with a better SNR

ratio.
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Figure 2.25 —~ Probe with CL Spacer taed to an IR card.
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3. CHAPTER3: 3-D IMAGING

This chapter will go through the image processing techniques used to create three
dimensional images with the radial system. The outer ear of a mouse was imaged in vivo
in order to test the image processing techniques.

The system used to acquire the raw data that corresponds to an image while
scanning a sample is a system designed to acquire data from a raster scanning galvo
probe. For this reason the data acquired during a radial scan had to go through some post
processing. Before data is acquired with the system the number of A-scans that the user
wants to have in their image is entered into the system. The system acquires data at
36000 A-scans/second. For radial imaging, the A-scan acquisition rate is divided by the
rotation rate to get the number of A-scans desired for a frame. For example, a 5 Hz
rotation rate would require 7200 A-scans/frame to obtain the full 360 degrees worth of
data. The system sends a trigger signal at the beginning of each frame. After the data for
a whole frame is acquired there is a lag in the system before the next trigger to acquire
the next frames worth of data. This lag lasts anywhere from a few milliseconds to a few
hundred milliseconds and is dependent on the load put on the system CPU. Since the
load on a system always varies slightly, the lag time is always different. For radial
imaging this lag can cause a severe misalignment between frames. In order to correct for
this lag the A-scans in an image are shifted according the lag time caused by the previous
frames. Once the images are aligned they are made radial. The A-scans from the original
image are concentrically fanned around a center point to create a radial image. When the
images are fanned out small gaps may appear between A-scans. To correct for this the

A-scans from the original image are spread out horizontally and artificial A-scans are
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placed in between the original A-scans to fill in the gaps created. The artificial A-scans
are interpolated from the adjacent originals. If only one artificial A-scan is placed in
between 2 originals, the artificial A-scan is obtained by adding up the two originals and
dividing them by 2. If more than one artificial A-scan is required between two originals,
a linear weighted averaging method is used based on which original the artificial A-scan
is closer to. For example, if there are 3 artificial A-scans between 2 original A-scans
(orgl, artl, art2, art3, org2), then art] would be equal to orgl(.75) plus org2 (.25), art2
would be equal to orgl(.5) plus org2 (.5), and art3 would be equal to org1(.25) plus org2
(.75). Once the radial images are created they are saved as 8-bit unassigned integers
(uint8) and saved in a .tif file format in order to be easily read by an imaging software
called OsiriX [31]. The MATLAB code used for the post processing can be found in the
Appendix.

The outer ear of an in vivo mouse was imaged. A mouse was borrowed from a
group at the end of a window chamber study. The mouse was a healthy anesthetized
mouse used for a proof of principle study where a patch of skin was removed on one side
of the mouse’s back in order to image the inside of a patch of skin on the opposite side.

Figure 3.1 is an image of the mouse with the ear that was imaged.
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Figure 3.1 — Window chambered mouse with the imaged ear. The line in the ear image is a wire that the
probe was placed next to during the radial imaging. The scale bar in the top left image is 1 cm.

The radial probe was placed next to the wire in the image. The radial probe was spinning
at 5 Hz and pulled back over a 6 mm region in 70.62 seconds. Due to the lag between
frame acquisitions only 240 frames were acquired. Figure 3.2 shows the resulting 3-D

image.
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i

Figure 3. —3-D image of a radial scan of a mouse ear. The scale bar is I mm.
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The bright line on the right of the figure is the wire next the probe. The image is oriented
such that the head of the mouse would be in the bottom left corner. Figures 3.3 and 3.4
are the axial and lateral cross sections from different locations within the sampled area.
The image was volume rendered in order to create these cross sections. A section from
one of the lateral cross sectional image was compared to histology and an OCT image
taken with a galvo scanner over the same region of interest. This comparison can be seen

in Figure 3.5. The histology image was adapted from [32].

Figure 3.3 — Axial cross sections of the mouse ear image. The slices progress from A to D looking from
the bottom left comner of Figure 3.2 and progressing towards the top right. The scale bars are 1 mm.
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Figure 3.4 — Lateral

cross sections of the mouse
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Figure 3.5 — Cross section of the mouse ear scan with a radial probe compared to the galvo scanner results
and histology. The histology image was adapted from [32].
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From Figure 3.5 it can be seen that the radial imaging was successful in identifying the
general structures of the mouse ear. It was difficult to identify finer layers, such as the
thin layer of perichondrium above the cartilage. This may be due to the fact that the
radial image only had 240 slices with a thickness of 25 microns, where the galvo image
had 1027 slices with a thickness of about 6 microns. Another contribution to the
relatively poor resolution may be that the tissue was near the edges of the depth of field.

These issues will need to be taken into consideration for future imaging.
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4. CHAPTER4: CONCLUSION

4.1. Summary

The objective of this thesis project was to develop a rotational catheter based
OCT imaging system capable of three dimensional imaging in vivo via trans-luminal
methods. This objective was put forth in order to further the development of technology
within the OCT group in Toronto and in turn increase the labs contribution to the medical
imaging community with a wider range of studies made possible. The objective put forth
was met and thus the hypothesis was confirmed. A working prototype of a rotational
catheter based OCT imaging system capable of three dimensional imaging has been
constructed. The system is capable of rotating at a rate of 200 Hz. At this rate the rotary
system will allow for a frame acquisition rate of 200 fps which is significantly higher
than the highest published acquisition rate to date of 108 fpé. The probes used with the
system were modeled after the Intravascular Ultrasound (IVUS) miniature torque cable
design. The toque cable is a tightly wound stainless steel cable with an outer diameter of
0.7 mm that acts as a catheter that rotates with the optical ﬁper. The outermost catheter is
a biocompatible USP Class VI teflon tube with an outer diameter of about Imm. The
probes can be sealed and sterilized between Subjects without being damaged; unlike the
single use IVUS probes. The optics on the fiber portion of the probe is comprised of an
arrangement of CL and GRIN fibers. An optics design with a CL spacer was chosen
because of its superior ability to create longer working distances. The probe created with
this design had a working distance of 0.99 mm putting the focal point approximately .5
mm away from the outer catheter. The rotary probe was placed on the outer ear of an in

vivo mouse. A rotary and pull back scan was performed over 6 mm of tissue with a
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rotational rate of 5 Hz and a three dimensional image was created from the data gathered.
A portion of a lateral slice from the image was compared to the general histology of a
mouse ear and the results of a galvo scan over the same region. The image compared
well to the general anatomy found in the histology, but it did not have as high a resolution
as the image taken with the galvo scanner. This may have been due to the fact that the
image taken with the galvo scanner had 1027 slices over the 6 mm region and the radial
scan only had 240 slices. Another contribution to the relatively poor axial resolution may
have been that the tissue was near the edges of the depth of field. This is an issue that
needs to be looked at more closely in the future. A working prototype of a rotational
catheter based OCT imaging system capable of three dimensional imaging was

constructed, thus meeting the main objective put forth at the beginning of the project.

4.2. Future Work
4.2.1. Doppler

The raw data from the mouse ear imaging was treated with the Kasai velocity
estimation algorithm developed by the Toronto OCT group [6] in order to get a Doppler
signal indicating blood flow. To increase the chances of finding a vessel the probe was
placed directly above a vessel next to the wire that can be seen in Figure 3.1. Figure 4.1

shows a structural image with its corresponding Doppler image.
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Figure 4.1 — Left: A structural frame of the mouse ear. Right: Corresponding Doppler image. The scale
bars are 1 mm.

With this Doppler image it is difficult to clearly locate a vessel or any moving tissue.
The Doppler image gives the impression that there may have been some bulk tissue
motion with the ear, but the ear was stationary for the duration of the scanning process.
This is an indication that the probe was jittering while it rotated. This could have been
caused by the probe not being centered properly within the outer catheter. Another issue
with the Doppler image is noise. The flickering on the pigels caused by noise was mis-
interpreted by the Doppler code as a moving object. These issues need to be looked at
more closely for future imaging with radial probes. The SNR needs to be improved and
the axial streaking caused by the probe jitter needs to be dealt with. With regards to
improving SNR, the FORJ needs to be replaced. The FORJ was the main cause of signal
loss to and from the sample. Solutions to this problem may be developing an FORJ in-
house or working closely with other groups who have built an FORJ with a lower
insertion loss. If an FORIJ is developed in house, the fiber in the rotor and stator can be

designed with a quarter pitch GRIN fiber stage at the alignment point in order to expand
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and collimate the beam at the stator end and receive a larger amount of light at the rotor
end. The streaks caused by the probe jitter could be fixed by treating the images with a
histogram rejection technique developed by the Toronto group [33]. The technique was
developed to remove bulk tissue motion from the Doppler image, but it can be applied to
remove the artifacts caused by the radial probe jitter. The technique identifies and
removes the artifacts in an A-scan by creating a histogram of the like entries in an A-scan
and removing the entries on the image that have the highest peak in the histogram. The
entries with the highest peak will most likely be the entries caused by the jitter because
the jitter affects the whole A-scan. Deleting the entries caused by the jitter will likely

leave only the entries caused by fluid flows.

4.2.2. Mouse Aorta Imaging

With the trans-lumenary capabilities of the rotational catheter based system
developed in this project, there are many possible future projects. Although, there are
two projects that the author will be dealing with in the near future. One is a short term
project and the other is more long term. The short term project is the trans-lumenary
imaging of an ex vivo mouse aorta and the long term project is the in vivo trans-
esophageal imaging of a mouse aorta. Work has already begun for the short term project.
An ex vivo mouse aorta was imaged using a galvo scanner. The mice were bread to be
susceptible to having arterial plaques. Figure 4.2 and 4.3 show the resulting three

dimensional images.
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Figure 4.2 — Three dimensional SS-OCT image of an ex vivo mouse aorta. The long portion going from
the top right to the bottom left is the descending aorta. The sortic arch is on the bottom left with
bifurcations leading to the left subclavian artery {(bottom right vessel), left common carotid artery (center
vessel), and the brachiocephalic artery (bottom left vessel) that eventually leads to the right common
carotid and right subclavian arteries (not shown),

o ledvednzdo -

Figure 4.3 — Three dimensional SS-OCT image of the ascending aorta portion of an ex vivo mouse aorta,
The long portion going from the bottom left to the top right is the ascending aorta. The top right has the
bifurcation of the ascending aorta to the aortic arch (turning to the right) and the brachiocephalic artery

(continuing to the top right).
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The axial and lateral cross sections of these images led to some definitive plaque
discoveries indicated by the irregularities in the aortic wall surface. Some of the cross

sections are shown in Figures 4.4, 4.5, and 4.6.

Figure 4.4 — Lateral cross section of the descening aorta portion of Figure 4.2. The arrows indicate the
location of some plaques

Figure 4.5 — Axial cross sections of the mouse aorta. The slices progress from A to D looking from the
bottom left corner of Figure 4.2 just past the aortic arch (beginning of the descending aorta) and
progressing towards the top right. The arrows indicate the location of some plaques
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of the ascending aorta from Figure 4.3 with the
aortic arch on the right and the brachiocephalic artery on the left. . Right: Lateral cross section of the
brachiocephalic artery. A large plaque (indicated by the arrows) is evident in the brachiocephalic artery.

In Figures 4.4, 4.5, and 4.6 it is evident by the irregularities in the cross sections that SS-
OCT can identify the location of plaques in a mouse aorta. In these images it is also
evident that it is difficult to differentiate between the plaques and the aortic wall with
these galvo scan images. An ultra thin radial probe is being built in order to perform a
trans-lumenary image of a mouse aorta in hopes of being able to differentiate between the
plaque and the aortic wall (much like in Figure 1.9).

The more long term project will be the in vivo trans-esophageal imaging of a
mouse aorta. The project will build on the work previously done by the Toronto OCT
group with trans-esophageal imaging. Figurf: 4.7 is a two dimensional trans-esophageal
Doppler OCT image of a rat in vivo. This figure shows the dorsal wall motion and the

blood flow velocity associated with the aortic blood flow of a rat.
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Figure 4.7 - In vivo images of aortic blood flow in a rat using transesophageal Doppler OCT methods. A)
Doppler signals indicating aortic wall motion. The white arrows show regions of slow flow between heart
beats. B) Image A) treated with an axial Kasai Algorithm. This accentuates the high speed blood flow
regions. C) Temporal flow profiles measured at the dotted lines in B). [6]

The objective will be to obtain the type of results in Figure 4.7 in four dimensions with a
radial pullback scan. The two issues with obtaining a Doppler imagé with the rotary
system mentioned earlier need to be dealt with before this type of trans-esophageal

imaging can be attempted.
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X = runCode3 (OCT_Fringe 2D);
[X,shift] = alignTime(X,x_previous,Shift);

§ ————— Spreaded/Fanned Image =—==-—- %

% Enlarge img by spreading A scans horizontally & interpolating between
horizontally

disp{' ...Spreading Image'};

spreadedImg = spreadlInterp{¥):;

$ Take A Scans and fan ocut along a circle by mappying each pixel
disp(' ...Fanning Image');
fannedImg = fanlmage (spreadedimg);

§ m———— Interpolated Image ==—=-—- %

% Interpolate new image line by line horizontally

disp(' ...Intexrpolating Image');

interpiImg = interpFannedImg{fannedImg);

fname = strcat(file_name,num2str{frame_start+AddThisToFile},'.Lif');
%Creates the file name

% Manipulation of the data to fit well into a tiff

X2 = interplmg.*4;
X2 = (X2 + pi)*40;
X2 = uint8(X2);

% Uses the doppler color map, and the grayscale image, to make an
% RGB image, to fit well for tiff

X2 = grs2rgb(X2,doppler);

imwrite (X2, fname)

clear X spreadetdimg fannedImg interpImg X2
disp(sprintf{'...Done Frame: %d',index)}; -
end

end
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