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2. INTRODUCTION/MOTIVATION

Osteoarthritis (OA) is one of the most prevalent chronic joint diseases [1]. Due to the
aging population and the outbreak of obesity, the prevalence of osteoarthritis is on the
rise [3]. It had been recognized that current diagnostic methods of OA are established late
in the disease process and at times too late for any disease-modifying drugs to have any
effect [2]. Although many still-imaging procedures and biochemical marker analyses
have been developed to monitor the disease, there is a lack of techniques to characterize
the mechanical properties of the different layers cartilage impacted by osteoarthritis
especially at an early stage [2]. Moreover, a number of elastography methods are
destructive. Non-destructive techniques based on ultrasound have been reported in
literature, but the inherent resolution limitations makes it difficult to use for assessing the
thin layers in a joint. In order to obtain a more accurate definition of OA, this thesis
proposes an OCT elastography technique to quantify the progression of tissue stiffness in

rat articular cartilage affected by OA.



3. BACKGROUND

3.1. OSTEOARTHRITIS (OA)

The presence of OA differs clinically on the site of interest and explicit definition used
seen in Table 1 [2]. An OA diagnosis is given in the hand, if 1, 2,3 or 1, 2, 3, 5 are
present. For the hip, an OA diagnosis is given if 1, 2,4, or 1, 2,4 or 1, 3, 4. For the knee
(clinical and radiographic), an OA diagnosisif 1,2 or 1, 3, 5, 6, or 1, 4, 5, 6 are present.
Finally, knee (clinical), an OA diagnosis is given if 1, 2, 3,4, 0r 1,2, 5,0r 1, 4, 5 are
present. Radiographs are commonly used to detect OA in patients. Hip, hand, and knee
joint space narrowing, subchrondral bone sclerosis, cyst and deformity, and the presences
of osteophytes (bony outgrowth associated with degeneration of cartilage) at joint
margins characterize radiographic OA. The joint tissues and cartilage of the knee, hip and
hand are affected the most and are more prevalent with age. Moreover, OA impacts
women over the age of 50 years more than men. In a population-based study by
Rottterdam of 3906 people 55 or over, 67% of women had radiographic OA in the hand
while 55% of men showed signs of the disease. Additionally, in people older than 80
years; 53% of women and 33% of men had radiographic osteoarthritis of the knee [3].
After age and sex standardization, OA affects 100 per 100,000 person-years of the hand,
88 per 100,000 person-years of the hip, and 240 per 100,000 person-years of the knee [4].
For this thesis, the knee model was selected to be the primary focus for the OCT

elastography technique.



Table 1: American College of Rheumatology Radiological and Clinical Criteria for OA of the Hand, Knee
and Hip.

Hand (Clinical)

Hip (Clinical and Radiographic)

1. Hand pain, aching, or stiffness for most
days of the previous month

1. Hip pain for most days of previous
month

2. Hard tissue enlargement of two or more
of ten selected joints™*

2. Erythocyte sedimentation rate of less
than 20 mm in the first hour

3. Swelling in two or more
metacarpophalangeal joints

3. Femoral or acetabular osteophytes on
radiographs

4. Hard tissue enlargement of two or more

4. Hip joint space narrowing on

distal interphalangeal joints radiographs
5. Deformity of two or more of ten selected
Knee (Clinical and Radiographic) Knee (Clinical)

1. Knee pain for most days of the previous
month

1. Knee pain for most days of the previous
month

2. Osteophytes at joint margins on
radiographs

2. Crepitus on active joint motion

3. Synovial fluid typical of OA (Laboratory
Test)

3. Morning stiffness lasting 30 min or less

4. Age 40 or older

4. Age 38 or older

5. Crepitus on active joint motion

5. Bony enlargement of the knee on
examination

6. Morning stiffness lasting 30 min or less

*Ten selected joints include bilateral second and third interphalengael proximal joints, second and third
proximal interphaleangeal joints, and first carpometacarpal joint [2].

OA primarily affects the repair process of damaged cartilage due to biomechanical and

biochemical changes within the joint. The chondrocytes, cells responsible for

maintenance of the extracellular matrix in cartilage, are restricted in its supply of nutrient

and oxygen because cartilage is non-vascularized.

During the early stage, crowds of chondrocytes attempt to affect a repair and form in the

damaged areas. Additionally, there is a rise in growth factors in the matrix. However, this




attempt fails as OA progresses and the damaged area degrades. The extracellular matrix
is unable to withstand normal mechanical stresses due to an increase in the production of
tissue-destructive proteinases, an increase in the apoptotic death of chondrocytes, and
inadequate production of components of the extracellular matrix. At this point, the tissue
enters a dangerous cycle in which the degradation dominates over the synthesis of
extracellular matrix. Clinical signs of OA will not be present unless innervated tissues are
involved due to the fact that articular cartilage is aneural. This results in one of the

reasons for a late diagnosis of OA [5,6].

Even though the physiological processes of OA are primarily cartilage driven, a study by
Sellam J. and Berenbaum F. shows an additional and integrated role of synovial tissue
and bone and patchy chronic synovitis is apparent [7]. The synovial inflammation
corresponds to joint swelling and inflammatory pain, but is considered to be secondary to
cartilage debris and catabolic mediators entering the synovial cavity. As synovial
macrophages produce catabolic and pro inflammatory mediators, the balance of cartilage
matrix repair and degradation is adversely affected and amplifies synovial inflammation.
This happens in both the early and late phases of OA and can be as severe as rheumatoid

arthritis adding to the vicious cycle of joint degeneration.

Changes to the subchondral bone such as osteophyte formation, bone remodeling,

subchrondral sclerosis and attrition are necessary for radiological diagnosis. These



changes take place not long at the late stages of OA, but also during the beginning, which

suggests subchrondral bone could initiate cartilage damage [8,9].

4. PREVIOUS IMAGING METHODS

4.1 CLINICAL IMAGING

The gold standard for imaging OA joints is plain radiography. Images under weight-
bearing conditions can be obtained in an inexpensive and quick manner. Although only
calcified bone can be visualized, which only provides an indirect measure of cartilage
thickness and provides no information about synovial tissue. Moreover, imaging
resolutions range from 0.1 to 0.06 mm depending on the focal-spot size, magnification,
and imaging system used As with most clinical imaging modalities, standardization is
implemented. Radiographic grading of OA focuses on osteophyte formation, bone
sclerosis, and joint-space narrowing. While the first two can be seen in the images, joint-
space narrowing can be difficult to quantify as OA progresses as radiography has a
minimum detectable difference of joint-space width of about 0.20 mm with an expected
average annual decrease of about 0.15 mm. Moreover, radiographic images have to be

taken under many imaging sessions to obtain any subtle changes.

Other than radiography, imaging techniques in magnetic resonance imaging (MRI),
computed tomography (CT), and ultrasound have been developed. MRI provides
excellent quantitative morphology of the cartilage and the overall quality and integrity of

the articular cartilage. MRI allows for very sensitive analysis of the volume, area, and



thickness of the knee joint, although some critical limitations are cost, complexity, and
time for whole-knee analyses. These limitations inhibit the use of MRI for imaging OA,
but it has great value in pinpointing bone marrow and meniscal lesions [10]. Therefore, a
number of MRI extensions have been developed to focus on cartilage quality such as T2
MRI is related to collagen orientation and articular cartilage density [11], T1p MRI [12],
sodium MRI [13], and delayed gadolinium-enhanced MRI [14] provides information
about fixed charge density of the cartilage matrix by looking at proteoglycan content.
These methods give supplementary information about cartilage quality and can provide
information on early changes with the addition of contrast agents [14]. MRI development,

unfortunately, is limited by the high cost and long acquisition times and analytical times.

CT images of OA help to provide three-dimensional volume images for further bone
characteristic evaluations where traditional radiography cannot, but has very similar
disadvantages to radiography with an addition of higher radiation levels. CT has show a
convincing relation between dissolving cystic bone area and rain relief after treatment of

end-stage OA, but only at resolution in the range of 1 mm [15].

Ultrasound excels in its ability to image soft tissue structures like synovial tissue along all
axes without any contrasting agent and allows for the visualization of movement. Besides
the critical limitation of imaging depth, ultrasound is quite dependent on user skill and
experience especially when visualizing inflammation. [16]. Vascularization of tissues

surrounding the knee can be viewed using power doppler ultrasound [17]. Ultrasound



developments are on the rising in the assessment of OA as it is an inexpensive method
[18]. Although there have been several studies to introduce a semi quantitative scoring
system for osteoarthritis in the knee, hand, and hip joints, no consensus has been reached

[38, 39].

Imaging methods that combine both optical and ultrasonic properties are acousto-optics
and photoacoustics. Acousto-optic imaging reveals optical properties in the millimeter
range in a scattering sample by tagging the photon path with an ultrasonic beam. A
focused ultrasound beam is applied to the sample and the crossed effect of light and
sound is detected. Since the ultrasound beam typically undergoes no scattering, the
acousto-optic signal is linked to the optical properties of the sample within the ultrasound
beam. Photoacoustics is an emerging technique for imaging and has been applied to
imaging finger joints [42]. Photoacoustic imaging combines optical and laser-induced
thermoelastic expansion within a sample tissue. Studies in the rat tail and human OA
finger joints demonstrate photoacoustic imaging in achieving sub millimeter resolution
and variations induced by inflammation [38, 39, 40, 41]. However, the system
compactness, imaging speed, and repeatability of imaging finding limits the adaptation of
photoacoustic imaging of OA to a clinical setting [43]. While both techniques use a
combination of optical and ultrasonic waves, each technique is a non-destructive imaging

modality, as the short laser pulses do not cause any thermal expansion.

10



5. THEORY

5.1 FOURIER DOMAIN OPTICAL COHERENCE TOMOGRAPHY (FD-

oCT)

Optical Coherence Tomography (OCT) a rising optical imaging modality in the medical
imaging community. OCT is analogous to ultrasound, but uses laser light instead of
sound waves. It is an interferometric technique capable of high-resolution cross-sectional
imaging of biological microstructures by measuring backscattered light. OCT is
advantageous, because images are obtained in real time, in sifu, one to two orders of
magnitude finer than conventional ultrasound, non-invasively. OCT Images are similar to
histology in geometry and scale without the need to exact, stain, or process the sample
[19]. Additionally, OCT imaging can be accelerated through the use of graphical
processing units (GPU) [19]. These unique advantages and the rise in development of
OCT extensions such as polarization sensitive OCT (PS-OCT) [21], Doppler OCT [22],
spectroscopic OCT [23], and optical coherence elastography (OCE) [24], OCT is a

promising multi-functional imaging modality for both research and clinical applications.

OCT obtains cross-sectional images by capturing multiple axial measurements of time
delay (axial scans, A-scans, A-lines) and scanning the incident optical beam transversely.
Two-dimensional data sets are produced, which represent the backscattered light in a
cross-sectional plane from the imaging sample. The B-scans or images are then displayed

in grey scale or a false color map revealing the imaging sample’s structure. Acquiring
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sequential B-scans and scanning the incident optical beam in a raster pattern can generate

three-dimensional images volume data sets [19].

5.2 POLARIZATION-SENSITIVE OCT (PS-OCT)

PS-OCT can be used to increase contrast by determining a sample birefringence,
diattenuation, and optic axis orientation. Birefringent materials are characterized if the
real part of its refractive index is polarization state dependent. A difference in the
imaginary portion of the refractive index leads to a differential attenuation of polarization
states. Samples displaying this quality are said to be dichroic. However, in biological

tissue, birefringence can be accurately estimated without considering diattenuation [19].

Articular cartilage can be divided in to four zones based on the arrangement of collagen
fibril network. The first and topmost is the superficial zone, where the chondrocytes are
flattened and aligned parallel to the cartilage surface. The collagen fibrils are thin in size
and are parallel to each other. In this layer the water content is the highest and the
proteoglycan content is the lowest. The next layer is the middle zone, where the collage
fibrils are a bit larger in diameter and orient randomly. The water content and cell density
is lower, but the proteoglycan content is higher than the superficial zone. The next zone is
the deep zone, where the collagen fibrils are the largest and are oriented perpendicular to
the articular surface. The cell density and water contents are the lowest while the
proteoglycan content at its highest. The last layer is the calcified cartilage, which

connects the deep zone and the subchondral bone [37]. The distinct orientation changes in
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the articular cartilage will cause a difference in the refractive index between layers and

can be visualized with PS-OCT.

5.3 ELASTOGRAPHY

Ophir et al spearheaded the first ultrasound-based tissue elastography for biomechanical
strain imaging in 1991 [30]. Under static condition, Ophir et al formed strain images
using external compression methods. Image tissue deformation in large fields became
possible as the stress field applied to the body could now be controlled. Medical
applications such at tumor detection [25], vascular plaques [26], skeletal muscle
contraction [27], fetal lung maturity [28], and renal transplant rejection [29] were
researched as the field of elastography grew. Common approached to static elastography
today use an external stress stimulus applied thorough an imaging transduce or vascular

balloon.

In 1998, Schmitt et al develop OCT elastography by tracking the speckle motion between
successive B-scans and showed internal tissue deformations as small as a few microns
[31]. Later in 2004, R.C. Chan et al developed an OCT based elastography technique of
tissue velocity and strain estimation incorporating prior knowledge of the tissue
biomechanics within a variational energy formulation. The approach is based on
correlation maximization and provides accurate velocity estimates with low root mean

square (RMS) velocity error [24].
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5.4 PHASE-SENSITIVE OCT ELASTOGRAPHY

An alternate approach to measure tissue deformation is to use the phase information that
OCT captures. It is similar to phase-resolved Doppler OCT [32], where the phase
changes between consecutive A scans are used to determine the tissue Doppler shifts,
except from these phases changes localized deformations are captured. The calculations

are shown the next section below.

5.5 INTENSITY, PHASE, VELOCITY, & STRAIN RATE CALCULATIONS [18]

In SD-OCT, a line scan camera spectrally resolves the interference signal between the
reference and backscattered light from a sample. The spectral encoded outputs from the
cameras can be expressed as

1(k) = L(K) + 2J/I,(1(K) En an cos(k 2) + I(k) (1)
where I;(k) and I.(k) are the wavelength-dependent intensities from the sample and the

reference arm, respectively and & represents the wavenumber. The interference between

the reference and the sample is the second term in (1) ,2/I;(k)IL.(k) Y.,, a,, cos(k z,). ay,

1s square root of the sample reflectivity at depth z, Depth information from the scatterers

in the sample is obtained by taking the inverse Fourier transform of (1), |FT 1[I (k)]|?.

After taking the inverse Fourier transform of /(k), a complex function is generated, where
the amplitudes are used to create intensity images, and the phase, ¢, is captured shown in

equation (2).
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FT'Ip (k)] = Relp(2) + jim[Ip(2)] = Ip(2) *exp [i¢p(2)]  (2)

Equations (3) and (4) show how the intensities and the phase can be resolved.

Intensity, I, (1) = JReZI,(z) + Im2[Ip(2)] 3)

Phase, ¢p(z) = arctan (Imrl;(z)) 4

Relp(2)
Intensities are calculated by taking the square root of the real and imaginary parts squared
and the depth-resolved phase can be determined by taking the arctangent of the imaginary
over the real parts. Although the phase is generally random, it is fixed for the static
scatters at the position (x, z), where x is the a-scan and z is the depth. The instantaneous
distance, Az, displacement of a scatters during a time interval, At, between two
successive A-lines will produce a localized change in phase, Ag of the reflected light,

shown in equation 5.

__ 4AnmAz

=22 (5)

where A, is the center wavelength of the light source. It is important to remember that
the phase is wrapped within a (—m , ) radian range, because all complex numbers have a
unique phase with respect to 2m. The unwrapped phase changes can be determined using
phase-unwrapping algorithms.

Therefore, localized velocities in the beam direction can be determined, shown in
equation (6).

_ Adic
V= A ®)

where time between successive profiles is At = f; and fccp 1s the frame rate of the line
CCD

scan camera. The correlation between the phase measurements of successive scans is well
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preserved, normally. From the depth-resolved instantaneous translation and velocity, the
instantaneous strain, &, and strain rates, €', can be determined to quantify the local

response of the tissue to a compressive force shown in equations (6) and (7).

EI — Ad)lc (6)

4mzoAt’

e= % (7

amzy’
where zjis the initial thickness of the sample at the lateral position before the sample
deforms. The strain rate, a temporal derivative of the strain, is a measure of the rate of
deformation. A negative strain rate corresponds to the tissue segments shortening or
becoming thinner, while a positive strain rate is equivalent to the segment becoming

longer or becoming thicker. [18].

5.6 ULTRASOUND MODULATED INTENSITY

Starting from the instantaneous power as a function of wavenumber as read on a

spectrometer for a retroreflector at a given position z,

P(z)=acos(kz) ()

Then the intensity for a given line scan camera acquisition time T for a retroreflector at z

is given by
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I, (k,zo)=ﬁ)TP(zo)dt

=j;racos(kzo)dt ©)

= acos(kzo)t]z

= Tacos(kzo)

Now assume that the position of that retroreflector is modulated by a high frequency

ultrasound modulation such that the position of the retroreflector is now given by
z(t)=zo+z1 cos(a)t) (10)
Then the ultrasound modulated intensity can be determined as

1(k,z) =ﬁjacos(k(zo +z cos(a)t)))dt
=jjacos(kzo +kz, cos(a)t))dt (11)

=J;7a(cos(kzo )cos(/’cz1 cos(wt))— sin (kz, )sin(kz1 cos(a)t)))dt

If we assume that, kz; << 1 then the following approximations to the previous equation
cos(kz1 cos(a)t))=1—%(kz1 cos(a)t))2 (12)

sin(lcz1 cos(a)t))=/’czl cos(a)t)= 1 (13)
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[(/’c,z)=f7a((1—%(kz1 cos(wt))z)cos(kzo)—(kz1 cos(a)t))sin(kzo))dt
—f (1“(k21 cos a)t)) )cos(kzo)dt

=ﬁ) acos kzo)dt—f a(%(kzl cos(wt))z)cos(kzo)dt

(
(kzo)f (1+c0s(2a)t))dt (14)
cos (kz, )fTI +cos (2at ) dt

(

T

Lak®z} cos kzo)(t+—sm 2a)t))]0
=Tacos(kz, ) -+ ak’z, cos(kzo)( S-sin ZwT))
=Tacos(kz,)-+Tak’z] cos(kzo)—%akzzl cos (kz, )sin (2T )

Since w > 1 and kz; << 1, this expression can be further reduced to

I(k,z)=Tacos(kz,) -1 Tak’z} cos(kz,)

15
=Tacos(kzo)(1—%kzzf) (>

Then the ratio of the intensity with and without the effect of ultrasound modulation is

given by

1(k,z2) Tacos(kzo)(l—%k2zf)
Io(k,zo) - Tacos(kzo) (16)
=1-1k%z}
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Ideally, a convolution could be performed to determine the effect of this reduction in
modulation (due to the dependence on k), but to a first approximation. However, we can
assume that since the range of wavenumber is relatively small compared to the average

wavenumber, the reduction in intensity in the transformed depth profile is given by

[US (Z) _ 1k2 Zl2 (17)

where z; is the amplitude of the positional modulation caused by the ultrasound
transducer. Since the modulation amplitude is inversely related to the mechanical
stiffness of a sample, this reduction in intensity can be used to assess the relative

mechanical stiffness of the sample.

This is all under the assumption that the ultrasound frequency is high, and that this

frequency is faster than the acquisition rate of the OCT system.
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6. EXPERIMENTAL APPROACH & ANALYSIS

6.1 MULTIFUNCTIONAL SPECTRAL DOMAIN OCT SYSTEM (MF-SD-OCT)

A graphic of the multi-functions SD-OCT system is show in Fig 1. The broadband laser
source is comprised of two super-luminescent diodes (SLD), where one is centered at
1295 with a full-width at half maximum (FWHM) bandwidth of 97nm (Thorlabs Inc.)
and the next is centered at 1350nm with a FWHM bandwidth of 48nm (Denselight
Semiconductors Pte Ltd). This results in a light source centered at 1298 nm with a
FWHM bandwidth of 120nm and 16mW power. The laser light from the source is
collimated and passed through a polarization beam splitter (pb) and a polarization
modulator (pm, Thorlabs Inc.) that switches between the orthogonal polarization states in
a Poincare sphere representation. The polarized light is then passed though a fiber
circulator (Thorlabs Inc.) and an 80/20 fiber splitter (AC Photonics Inc) with a
polarization controller (pc). A neutral density filter is used in the reference arm to insure
uniformity of the reference polarization state. Two galvanometer-mounted mirrors in the
sample arm provide transverse scanning of a 23.4-micron diameter focused spot. Light is
collected from both the sample and reference and combined at the splitter and then passes
through a transmission diffraction grating (1100 lines per mm, Wasatch Photonics) before
being focused by a planoconvex lens. The two polarization states of light are separated by
a polarization beam splitter, and collected by two line scan cameras (Isc, Goodrich SUI
SU-LDH linear digital high speed InGaAs camera) separately with capturing speeds up to
45kHz. National Instruments PCIeNI-1429 boards, then, digitize the output signal. A

synchronized signal from the computer via the National Instruments PCIle6259 board
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triggers the cameras, galvanometer mirrors and polarization modulator. The GPU

processes the data for display via PCI express 2.0 x16 interface. The computer is an Intel

Xeon W5580.
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Figure 1: Schematic of MF-SD-OCT System with GPU Assisted Processing.

6.2 SYSTEM CHARACTERIZATION

Basic system characterization was done in a similar fashion to that of Wang et al and is

seen in Table 2 [20].

Table 2: OCT System Characterization;

Power incident on the sample surface 6 mW
Photon-to-electron Conversion 64%
Efficiency of Spectrometer
Measured Imaging Depth in Air 2.95 mm (5.76 microns per pixel)
Measured Imaging Depth in Tissue 2 mm (3.91 microns per pixel)
SNR Range 51-40 dB*
Sensitivity 106dB
Sensitivity drop-off <6dB from surface to 1.6 mm (Air)
Axial resolution 8 microns (depth of 1mm)
11 microns (depth of 3mm with mirror)

*51dB at the surface and 40 dB at 3mm measured with a mirror.
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6.3 PHASE SENSITIVITY

The accuracy and sensitivity of the OCT system to measure the elasticity of tissue is
limited by the phase sensitivity of the optical system, which is determined by the OCT
system noise floor. It has been shown that phase sensitivity is proportional to the SNR of
the system [45]. With average SNR levels below 50dB, the accuracy of the phase changes
is limited to 0.00316 radians calculated by the following equation sensitivity can be

calculated by:

SNR
Phase Sensistivity = 1/410 w0 (18)
With our current set up, the phase sensitivity was measured using the top and bottom

surfaces of a glass slide attenuated by a neutral density filter. The phase difference

between the top and bottom of the coverslip was calculated.
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Figure 2: Phase Sensitivity over 2048 Measurements.

To covert these changes to the amount of displacement, the following calculation is done.
Az = A¢ * (CenterWavelength) = (1/4m) (19)

The phase sensitivity was measured to be 0.0041 radians at 48.7dB. The theoretical

phase sensitivity at 48.7dB is 0.0037 radians. The differences in the measured values and

the theoretical value can be attributed to the environmental vibrations. The minimum

resolvable deformation in tissue for the current system is 423 picometers over 2048
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measurements. Additionally, the minimum resolvable velocity is 4.23 nm/s and strain rate

of 4.23x10™*%/s with At = 100 ms and assuming the tissue to be 1 mm.

6.4 ULTRASOUND INDUCED JITTER

During the finite acquisition time, the spectrum of the OCT modulation will decrease in
amplitude by a certain amount due to an US-induced jitter. As the ultrasound frequency
increases, the amount of destructive interference of the OCT signal increases as the
sample vibrates more amplitude increases. To visualize the variations in amplitude of the
spectrum, the difference between the spectrums when the ultrasound is on versus when
the ultrasound is off is taken and subtle amplitude changes of the ultrasound jitter is
captured. By looking at the standard deviation of the spectrum, the amount of destructive

interference can be measured.
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Figure 3: Modulation Changes with Ultrasound. Top: Normalized Spectrum. Bottom: Fitted Standard
Deviation of Spectrum

The amount of deconstructive interference across all frequencies was fitted to the
following model shown in equation 20 below.
f(x) =axexp(b*x)+ c*exp(d *x) (20)
Coefficients (with 95% confidence bounds):
a=31.29 (11.43,51.16)
b=-0.02088 (-0.04141, -0.0003515)
c= 23.07 (17.16, 28.98)

d = 8.044e-05 (-0.000289, 0.0004499)
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Goodness of fit:
SSE: 2.345
R-square: 0.9893
Adjusted R-square: 0.9733

RMSE: 1.083

US Intensity Changes
0.06

——— 781.2 microns
—— 585 .9 microns
005 —390.6 microns
— 195.3 microns

0.04

0.03

0.02

Average Intensity Changes

0.01

1 1 1 1 ]
0 200 400 600 800 1000
US Frequency

Figure 4: Intensity Changes with Depth

30kHz 100 kHz 250 kHz 500 kHz 1000 kHz

0.0159 0.0206 0.0128 0.0143 0.0162 0.0273
0.0125 0.0188 0.0086 0.0091 0.0141 0.0235

Table 3: Average Intensity Changes with Depth
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The amount of deconstructive interference is correlated with depth as see in Figure 4.
Moving down at increments of 50 pixels or ~200 micrometer in depth the intensity
changes minimally at each level. The peak at 50 kHz is related to the 30 kHz acquisition
speed of the camera. The intensity changes increase to a threshold before the ultrasound

induced vibrations move too quickly for the line scan camera to detect.

6.5 CONTROL EXPERIMENTS

A coverslip embedded in gelatin was imaged as the ultrasound was pulsed at 30kHz and
500 kHz. The phase difference between the top and bottom of the coverslip was used to
measure the displacement, velocity, and strain rates induced by the ultrasound pressure

wave. Nanometer displacements were measured.

14 . . — :
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Figure 5: Coverslip experiment at 30kHz. Ultrasound was turned on at frame 60.
At an acquisition rate of 30,000 Hz, each measurement equates to 33.3us and each frame
1s 68.2 milliseconds. The coverslip thickness is 0.17mm. The average displacements are 2

nm per frame gives a velocity of ~29.3 nm/s and a strain rate of 1.73E05%/s.
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Figure 6: Coverslip experiment at 500 kHz. Ultrasound on at frames 2-25; 35-60; 75-95

At an acquisition rate of 30,000 Hz, each measurement equates to 33.3us and each frame
1s 68.2 milliseconds. The coverslip thickness is 0.17mm. The average displacements are

20 nm per frame gives a velocity of ~293.2 nm/s and a strain rate of 1.73E06 %/s.

7. ANIMAL MODEL & PREPARATION

Osteoarthritis was induced into the right knee of 12 week old female Sprague-Dawley
rats via single intraarticular injection using monosodium idoacetate (2 mg in 50 pL
saline per knee) (Sigma Aldrich) after anesthetized with isoflurane (Phoenix). The well-
established model of Monoiodoacetate-Induced Arthritis (MIA) was used, which yielded
pathologies similar to those described by Guzman et al [34]. Typically, MIA knees show
close to grade 1 cartilage damage on the condylar surface on day 5, close to grade 2
damage on condyles by day 9 and close to grade 3-3.5 cartilage and bone damage on day

21, following the grading system described by Pritzker et al [35].

Sham controls were injected with 50 pL. 0.9% saline into the right knee. OA-induced rats

were sacrificed on day 5, 8, and 11. Sham controls were sacrificed on day 15. Rats were
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euthanized by CO, inhalation followed by cervical dislocation. The femur and tibia of
both legs (OA-induced and control) were extracted [36].
All protocols were approved by the Institutional Animal Care and Use Committee at

UCR.

8. EXPERIMENTAL DESIGN

Figure 7: Left: Sample preparation embedding in gelatin with coverslip placed on top. Middle: Ultrasound
connected to preamplifier and function generator. Right: OCT sample arm + close up of ultrasound and
stage.

Osteoarthritis was induced into the right knee of 12 week old female Sprague-Dawley
rats via single intraarticular injection using monosodium idoacetate (2 mg in 50 pL saline
per knee) (Sigma Aldrich) after anesthetized with isoflurane (Phoenix). Sham controls
were injected with 50 uL 0.9% saline into the right knee. OA-induced rats were
sacrificed on day 5, 8, and 11. Sham controls were sacrificed on day 15. Rats were
euthanized by CO, inhalation followed by cervical dislocation. The femur and tibia of
both legs (OA-induced and control) were extracted [34]. On days 5, 8, 11, and 15, PS-

OCT is used to image the micro-volumes of femur and tibia cartilage to obtain structural
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information and distinguish layers in cartilage. The femur and tibia is then embedded in
cartilage in gelatin with a coverslip place over cartilage for a phase reference and imaged
with OCT as an external pressure wave is sent by the ultrasound transducer (Olympus
Parametrics NDT V318 Transducer) and preamplifier (Olympus Parametrics
Preamplifier 5660B) reflected off the coverslip* onto the surface of the cartilage. Bone
samples then are fixed in 10% formalin (Fisher Scientific) after which they were
decalcified using EDTA. Following decalcification the samples underwent histological
processing and were stained with Masson’s trichrome to detect structural abnormalities.

The software programs, MATLAB and Amira, were used to process the data.
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9. RESULTS & DISCUSSION

9.1 STRUCTURAL COMPARISON OF PS-OCT & HISTOLOGY

PS-OCT provides additional contrast over traditional OCT images as seen in Figure 6.
From the traditional OCT images, the different layers of cartilage cannot be seen (Figure
6 — left); however, with PS-OCT the different layers of articular cartilage up to the deep
zone can be seen. This is due to the different orientation of the collagen fibril network in

each layer. The layer order is as follows: superficial, middle zone, deep zone, calcified

cartilage.

Figure 8: OCT vs PS-OCT in a blue false color map.
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Figure 9: A: PS-OCT Image of Femur. B: Depth
Profile and Linear Regression fit overlaid onto
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Figure 9a shows a PS-OCT Image of a rat femur. The different layers of cartilage are
distinguishable and can be quantified with a depth profile and linear regression fit seen in
Figures 9b and 9c. The superficial zone was calculated to be 39.1 microns, the middle
zone was calculated to be 27.4 microns, and the deep zone was calculated to be 139.9
micrometers. The last and subchrondral bone cannot be seen or characterized for
certainty as the OCT signal drops offs. The sizes correlate well with the average cartilage

thickness between 200-300 microns.
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Figure 10: A: PS-OCT Intensity Image of
~ Tibia. B: Depth Profile and Linear Regression
_ fit overlaid onto of region of tibia cartilage. C:
Depth Profile and Linear Regression fit
~ corresponding to 5 layers of 15.6 (Red), 35.2
(Blue), 58.6 (Green), 54.7 (Orange) and 54.7
~ (Gray) microns thickness and an exponential
fit, r-squared value of 0.9946.
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Figure 10a shows a PS-OCT Image of a rat femur. The different layers of cartilage are
distinguishable and can be quantified with a depth profile and linear regression fit seen in
Figure 10b and 10c. The superficial zone was calculated to be 15.6 microns, the middle
zone was calculated to be 35.2 microns, and the deep zone was calculated to be 58.6
micrometers. The calcified cartilage was found to be 54.7 and subchrondral bone signal

went to 54.7 microns before the OCT signal drops off.
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9.2 PS-OCT STUDY OF OA PROGRESSION

For this study, PS-OCT image sections were taken of monoiodacetate-induced arthritis
rat cartilage to validate the capabilities of PS-OCT to distinguish the micrometer level
layers of cartilage. Imm x 1mm sections were imaged on the medial and lateral sides
along the condyles ridge and patellar groove. 2-D Cross sectional images of the cartilage
were processed by MATLAB and viewed in 3-D by Amira. Intensity and polarization

sensitive images were generated.

Control Tibia

Control Femur

OA Tibia (Day 11)

OA Femur (Day 11)

Figure 11: PS-OCT Images of Day 5 of OA disease progression in lateral section of rat femur and tibia.
Leftmost: Coronal Plane View. Middle: Sagittal Plane View. Rightmost: Transverse Plane View. A-C:
Control Tibia. D-F: Control Femur. G-I: OA Tibia J-L: OA Femur

For day 5 of the OA disease progression study, the control volumes showed distinct
layers of articular cartilage. However, small sections of the cartilage show a loss layered

structure. The banding of the three different layers of cartilage slowly dissipates for a
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third of the OCT volume section in figure 11H. This is also seen in the coronal and
sagittal view in figure 11J and 11K. In figure 11J, the layer banding becomes less distinct
along the ridge of the femoral condyle. In figure 11K, the sagittal view also shows a
lessening of the layered structure indicating a possible degradation of collagen fibril
network in that area. The transverse view shows no significant changes to the surface of

the cartilage.

Medial

Control Tibia

Control Femur

OA Tibia (Day 11)

OA Femur (Day 11)

Figure 12: PS-OCT Images of Day 5 of OA disease progression in medial section of rat femur and tibia.
Leftmost: Coronal Plane View. Middle: Sagittal Plane View. Rightmost: Transverse Plane View. 4-C:
Control Tibia. D-F: Control Femur. G-I: OA Tibia J-L: OA Femur

Along the medial side, the controls maintain the distinct layering while the OA femur and
tibia lose distinction in the middle and deep zones seen in the sagittal plane view in

figures 12H, 12K. No surface changes are distinguishable in the transverse view of all

samples.
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Lateral

Control Tibia

Control Fi

OA Tibia (Day 8)

OA Femur (Day 8)

Figure 13: PS-OCT Images of Day 8 of OA disease progression in lateral section of rat femur and tibia.
Leftmost: Coronal Plane View. Middle: Sagittal Plane View. Rightmost: Transverse Plane View 4-C:
Control Tibia. D-F: Control Femur. G-I: OA Tibia J-L: OA Femur

On day 8 of the disease progression, as expected the control volumes maintain the 3 layer
banding integrity. However as with day 5, small sections of the cartilage show a loss in
its layered structure. This is also seen in the coronal and sagittal view in figure 13H, 13J
and 13K. The distinction between the middle and deep zone lessens in figure 13H. In
figure 13K, the layer banding becomes less distinct along the ridge of the femoral
condyle. In figure 13K, the sagittal view also shows a lessening of the layered structure
indicating a possible degradation of collagen fibril network in that area. The banding of
the three different layers of cartilage slowly dissipates for a quarter of the OCT volume

section in figure 13K. The transverse view displays no surface damage.
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Medial

OA Tibia (Day 8) Control Femur Control Tibia

OA Femur (Day 8)

Figure 14: PS-OCT Images of Day 8 of OA disease progression in medial section of rat femur and tibia.
Leftmost: Coronal Plane View. Middle: Sagittal Plane View. Rightmost: Transverse Plane View. 4-C:
Control Tibia. D-F: Control Femur. G-I: OA Tibia J-L: OA Femur

Similarly for the medial side in day 8 of OA disease progression, the deep zones and
middle zones are now almost completely homogenous in the OA Tibia seen in figures
14G and 14H, but the OA femur seems to be unaffected. No significant surface

deformations were seen.
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Lateral

Control Tibia

OA Tibia (Day 11) Control Femur

OA Femur (Day 11)

Figure 15: PS-OCT Images of Day 11 of OA disease progression in lateral section of rat femur and tibia.
Leftmost: Coronal View. Middle: Sagittal Plane View. Rightmost: Transverse Plane View. A-C: Control
Tibia. D-F: Control Femur. G-I: OA Tibia J-L: OA Femur

In day 11 of the study, the controls maintain the layered structure of cartilage while the
OA induced femur and cartilage partially lose their birefringent properties cause by the
distinct organization of collagen fibril network in cartilage seen in figures 15G, 15H, 15J,
and 15K. Surface deformation can be seen in the transverse views for the OA femur and

tibia as well as in figure 15H.
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Control Tibia
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OA Tibia (Day 11)

OA Femur (Day 11)

Figure 16: PS-OCT Images of Day 11 of OA disease progression in medial section of rat femur and tibia.
Leftmost: Coronal Plane View. Middle: Sagittal Plane View. Rightmost: Transverse Plane View. 4-C:
Control Tibia. D-F: Control Femur. G-I: OA Tibia J-L: OA Femur

In the OA tibia on the medial side, the layers completely dissipate while in the OA femur
only the deep and middle zones seem to be affected seen in figures 16G, 16H, 16J, and

16K, respectively. There are no changes in banding in the controls.
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SHAM Femur

SHAM Tibia
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Figure 17: PS-OCT Images of SHAM Control of OA disease progression in lateral and medial sections of
rat femur and tibia. Leftmost: Coronal Plane View. Middle: Sagittal Plane View. Rightmost: Transverse
Plane View. A-C: Control Tibia. D-F: Control Femur. G-I: OA Tibia J-L: OA Femur

For the SHAM control, no significant changes in the cartilage layer structure are seen.

SHAM Control Day 5 Day 8 Day 11
B - ;

Histology

PS-OCT

Figure 18: PS-OCT comparison with histology. Histology scale bar = 100 microns

PS-OCT is able to distinguish the superficial, middle layer and deep zone of the rat
articular cartilage. In conclusion, PS-OCT was able to detect changes in the deep and
middle zone as early day 5. 3D PS-OCT is advantageous in it ability to quickly slice

through the volume areas in all different planes to visualize the OA affected area seen by
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the degradation of the collagen fibril network. Although PS-OCT cannot diagnosis the
disease for certain it can be extremely useful in detecting the areas to perform

elastography for a PS-OCT guided elastography method for detecting OA.

9.4 ANIMAL EXPERIMENTS
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Figure 19: Layer Specific Rat Femur Experiment. Ultrasound on at frames 30-50, 75-100, 120-140, 160-

202.

40



At an acquisition rate of 30,000 Hz, each measurement equates to 33.3us and each frame
1s 68.2 milliseconds. Assuming the superficial cartilage layer thickness is 39.1 microns,
the average displacement is ~3 nm, which corresponds to a velocity of ~44 nm/s and
strain rate of 1.13E06 %/s. Given that the middle layer thickness is 27.4 micron and the
deep zone layer thickness is 139.9 microns, the average displacements are the same for
the second and third layers at ~15 nm per frame gives a velocity of 219.9 nm/s and a

strain rate of 8.02E06 %/s and 1.57E06 %/s for the second and third layer, respectively.
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Figure 20: Femoral Intensity Changes. Ultrasound on at frames 85.

A region of interest area of 1801 pixels was selected and averaged over time to show the
relative intensity changes in the rat femur with and without the ultrasound. For the rat
femur, the baseline intensity stabilizes around a relative intensity of 226.5 and
significantly drops after the ultrasound is turned on at B-line 85 to a relative intensity of

221. There is a 5.5-drop in relative intensity or a 2.4% drop in intensity.
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10. CONCLUSION

An ultrasound modulation intensity analysis would be ideal in cases where the ultrasound
resonant frequency is much greater than the acquisition speed of the camera. Whereas a
phase analysis would be the most accurate when the ultrasound resonant frequency is
close to the acquisition speed of the camera. A need to characterize the amount of
ultrasound periods in a single acquisition line would need to be further investigated. A
PS-OCT Guided Elastography method for the early detection of OA would provide
information about the relative stiffness of the bulk cartilage matrix at the early stages. It
is advantageous in detecting the collagen disorganization early on as the birefringent
properties of the matrix change as OA progresses. Additionally, PS-OCT volume sets
would be able to pinpoint areas of OA-induced collagen fibril disorganization verses
healthy cartilage. Moreover, the elastography measurements would be able to confirm the
weakening of the cartilage matrix layer by layer either by measuring the strain rates or
the relative intensity changes. For future work, more OA experiments would be needed
to show statistical significance and to further confirm this method. In order to have any

clinical significance an OA OCT scoring system would be need to be implemented.
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