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ABSTRACT

Quantitative ultrasound techniques have been developed for investigating healthy,
osteoarthritic (OA) and repaired articular cartilage. During arthroscopy, ultrasound
imaging has been used in the evaluation of the early signs of OA as well as in the
detection and grading of cartilage injuries. Ultrasound techniques can be applied
not only for evaluation of the cartilage surface but also for assessing subsurface
properties by analysing the backscatter signal. However, there is still no complete
understanding of how different cartilage components, such as collagen network and
chondrocytes, influence ultrasound backscatter.

The aim of this thesis was to investigate both experimentally and computationally
how collagen and chondrocytes affect ultrasound backscatter. In study I, agarose gel
constructs with varying collagen or chondrocyte concentrations were prepared and
the backscatter intensity was measured using 9 and 40 MHz ultrasound transducers
suited for ultrasound arthroscopy. In study II, the anisotropy of ultrasound backscatter
was determined experimentally. In study III, the finite difference time domain
(FDTD) simulations of ultrasound scattering in agarose gel constructs with varying
concentrations of collagen or chondrocytes were constructed to mimic the experimental
setup used in study I. In study IV, the effect of chondrocytes in superficial cartilage
on ultrasound backscatter was investigated numerically and experimentally. In order
to obtain material parameters of chondrocytes and the extracellular matrix for the
FDTD simulations, fixed cartilage sections were scanned in a 250-MHz scanning
acoustic microscope (SAM). Furthermore, human cartilage samples were scanned
using 50-MHz SAM to investigate the dependency of coherent scattering and cell
spacing experimentally ex vivo.

Ultrasound backscattering differed significantly (p < 0.05) between scaffolds
with different concentrations of collagen and chondrocytes (study I). Ultrasound
backscatter was found to be anisotropic in cartilage and when ultrasound imaging
was conducted in a direction perpendicular to the orientation of collagen fibers,
the scattering intensity was highest (study II). The results of FDTD simulations in
study III correlated with the experimental results in study I and a similar increase in
the ultrasound backscatter was observed as a function of collagen or chondrocyte
concentration. In study IV, FDTD simulations with layered cell structures displayed
a peak in the depth dependent frequency spectrum due to coherent scattering. The
cell spacing could be estimated from that peak and an excellent correlation (R? = 0.99,
p < 0.05) was found between the estimated and simulated spacing with an average
error of 0.2 ym. In study IV, the mean cell spacing estimated from 50-MHz SAM
was 28.3 + 5.3 nm. A strong correlation (R* = 0.59, p < 0.001) between spacing
estimates from light microscopy (LM ) and 50-MHz SAM was found for samples with
Mankin score < 3. Moreover, significant correlations between LM spacing estimates
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and conventional ultrasound backscatter parameters (AFB and AIB) were found for
Mankin score < 3 samples (AFB: R? = 0.64, p < 0.0001, AIB: R? = 0.79, p < 0.0001).

To conclude, the present results indicate that ultrasound backscatter measured
from articular cartilage is sensitive to changes in the composition and structure of
the collagen network and the number and distribution of chondrocytes. However,
further research will be needed to optimize backscatter analysis techniques in the
characterization of articular cartilage. These backscatter techniques could be applied
in different procedures, for example when monitoring the growth of articular cartilage
constructs in a bioreactor and during the arthroscopic evaluation of articular cartilage
and other connective tissues in a joint.

National Library of Medicine Classification: QT 34, QT 36, WE 300, WN 180, WN
208

Medical Subject Headings: Diagnostic Imaging/methods; Ultrasonics; Ultrasonography;
Ultrasonic Waves; Cartilage, Articular; Chondrocytes; Collagen; Extracellular Matrix;
Extracellular Space; Anisotropy; Numerical Analysis, Computer-Assisted; Computer Simulation
Yleinen suomalainen asiasanasto: kuvantaminen; ultraddini; ultraddnitutkimus; rusto;
nivelrusto; kollageenit; soluviliaine; numeerinen analyysi; simulointi
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Introduction

Osteoarthritis (OA) is a common degenerative joint disease, occurring commonly in
knee, hip and metacarpal joints. The prevalence of OA increases due to increasing
obesity and aging of population [1-3]. Furthermore, it has been estimated that every
third person over the age of 45 suffers from OA symptoms varying from occasional
joint stiffness to permanent immobilization and severe pain [4]. OA represents an
enormous economic burden to society [5,6] and it has been estimated that in Finland,
OA is reponsible for annual costs of 1 billion € [7]. This is mainly due to expensive
medical treatments such as joint replacement surgeries and early retirements [8].
Furthermore, OA has a major effect on an individual’s life affecting functional and
social activities, relationships and emotional well-being [9,10].

The integrity of cartilage structure is critical for the proper functioning of the
joint. In early OA, the collagen network starts to degenerate and the water content
of tissue increases, this being manifested as cartilage swelling and furthermore, the
stiffness of subchondral bone increases [11,12]. Chondrocytes, i.e. the cartilage cells,
try to maintain tissue structure by synthetizing proteins and macromolecules [13,14].
However, if the chondrocytes fail to maintain tissue homeostasis, then the tissue starts
to degenerate [4,15]. These degenerative changes in the cartilage structure exert a
great impact on the mechanical properties and durability and can ultimately lead to
a complete loss of the tissue.

Even though cartilage repair techniques have advanced, there is still no cure for
OA and current medication aims at the alleviation of OA symptoms [16,17]. Due to
the weak regenerative capability and relatively low cell number density of articular
cartilage, OA usually continues to progress over time. However, if the disease is
detected in its early stage progression, OA may be slowed down or even stopped by
decreasing OA related risk factors such as obesity [18,19].

Currently, radiographic imaging and magnetic resonance imaging (MRI) are
two major techniques used in clinical practice to diagnose OA [20,21]. However,
the radiographic image cannot reveal early OA changes and only the late signs
of physical wear can be observed as a narrowed joint space. Current advanced
MRI methods can provide more structural and quantitative information about the
cartilage and the surrounding tissues [22,23]. However, MRI is a relatively costly
imaging modality often plagued by prolonged patient queues and long acquisition
times may be needed in order to quantify the matrix changes (e.g. by means of
relaxation time mapping) [24,25]. After the findings from radiography or MRI have
been evaluated, the patient can be recommended to undergo arthroscopy where an
orthopaedic surgeon may attempt to repair cartilage injuries. During arthroscopy,
the cartilage and other soft tissues are evaluated both visually and by probing with
an arthroscopic hook. These methods do not provide information about the tissue’s
inner properties or the subchondral bone. Therefore, quantitative diagnostic methods
would be beneficial in the evaluation of cartilage during arthroscopy.

Ultrasound imaging has demonstrated potential in the evaluation of articular
cartilage during arthroscopy [26-29]. Moreover, transcutaneous ultrasound imaging
has been claimed to be useful in the diagnosis of knee OA [30-32]. Quantitative
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ultrasound methods can provide a comprehensive assessment of articular cartilage
from the measurement of surface roughness as well as an evaluation of cartilage’s
inner structure and even subchondral bone [33-36]. In addition, in comparison
with optical methods such as optical coherence tomography, an ultrasonic wave can
penetrate further into the tissue, providing an estimation of cartilage thickness [26,37].
However, more information on how the structural components of articular cartilage
affect ultrasound propagation is required for the optimization of this technique and
thus for the further development of quantitative ultrasound techniques.

This thesis investigates ultrasound backscatter from articular cartilage and
its structural components by using experimental and computational methods.
Studies I and II were experimental investigations on ultrasound backscattering
from chondrocytes and collagen, and examining the anisotropy of ultrasound
backscattering in articular cartilage. A clinical intravascular ultrasound imaging
device suitable for arthroscopic use was applied in studies I and II. In study III,
the finite difference time domain (FDTD) method was used to simulate ultrasound
wave scattering from chondrocytes and collagen in a similar setup as applied in
study I. In study IV, experimental 50-MHz scanning acoustic microscopy (SAM) and
computational FDTD methods were applied to investigate the coherent backscatter
arising from human cartilage chondrocytes. Furthermore, 250-MHz SAM was applied
in the characterization of the mechanical properties of the chondrocytes and the
extracellular matrix.



Articular cartilage

There are three different types of cartilage in the human body: elastic cartilage,
fibrocartilage and hyaline cartilage. Elastic cartilage is present in ear and epiglottis
[38]. Fibrocartilage can be found in the intervertebral disks and meniscus [38, 39].
Joint surfaces are coated with hyaline cartilage. Hyaline cartilage, also known as
articular cartilage is transparent, has a highly organized structure and it does not
contain nerves or blood vessels [40]. The main functions of articular cartilage are to
distribute the load evenly in a joint and to provide nearly frictionless movement of
the joint [40,41].

2.1 STRUCTURE AND COMPOSITION

The main components of articular cartilage are water, collagen, proteoglycans and
chondrocytes which all have an organized structure in the tissue. Hyaline cartilage
has a high water content and collagen and proteoglycans account for approximately
one third of the wet weight of the tissue (Table 2.1).

Table 2.1: Proportions of cartilage constituents [40,42,43].

Collagen (ww%) Proteoglycan (ww%) Water (ww%) Chondrocytes (vi%)
10-22% 4-7% 60-80% 1-5%

ww% = wet weight, v{% = volume fraction.

2.1.1 Collagen

Most of dry weight (60-80%) of cartilage consists of collagen [40]. Collagen is a
protein which has a significant role in forming the cartilage structure and conferring
its special mechanical characteristics. Type II collagen is the most abundant form,
representing more than 90% of the collagens in cartilage [40]. Other collagen types
present in cartilage are types III, VI, IX, X, XI, XII and XIV [44,45]. Together with type
IT collagen fibrils, they contribute to the stabilization of the collagen network [44,46].
All of the above mentioned collagen types have a triple helix structure of three
polypeptide chains [44,46]. Collagen molecules of types IX and XI form cross-links
with other collagen types in the fibril network [47,48], which stabilizes the collagen
network and increases the tensile properties of the tissue [49,50].

Collagen forms a highly organized fibril network in the tissue [40,51,52]. The
size of the collagen fibrils varies according to the fibril diameter, ranging from 20
nm up to 200 nm [40, 53]. Cartilage can be divided into three depth-wise different
zones based on the orientation of collagen fibrils (the Benninghoff model): superficial,
transitional and deep zones (Figure 2.1). In the superficial zone (0-200 m), collagen
fibrils are thinner (25-50 nm [53]) and oriented in parallel to the articular surface.
In the transitional zone, fibrils are thicker (60-140 nm [53]) and they are randomly
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oriented. In the deep zone, one finds the thickest fibrils (up to 160 nm [53]) and these
form thick bundles of collagen fibers (~55 pm) which are oriented in perpendicular to
the articular surface [54]. Calcified cartilage is located underneath the deep zone; its
function is to anchor the articular cartilage to the underlying subchondral bone [47].

2.1.2 Proteoglycan

Proteoglycans (PGs) are macromolecules which are embedded in the collagen network.
In all, 4-7% of the wet weight and 25-35% of dry weight of cartilage consist of PGs.
PGs have a specific role in the cartilage mechanics, since these are the molecules
responsible for the tissue’s osmotic swelling properties.

PGs contain glycosaminoglycan (GAG) chains [55]. GAG chains are composed of
chondroitin sulphate and keratan sulphate which are negatively charged [55]. A PG
monomer contains a GAG chain attached to a hyaluronan chain and an aggregate
is formed when multiple PG monomers are connected to the hyaluronan chain [56].
Although there are several different PGs present in the articular cartilage, the most
abundant PGs in cartilage are the large aggregating (50-85%) and non-aggregating
types (10-40%) [40]. The GAG chains have a negative charge and they attract positive
ions (e.g. Na™) therefore giving rise to the osmotic pressure [57] which provides
cartilage with its ability to resist compressive loads [58]. The collagen network binds
PGs in the extracellular matrix. However, GAG chains are mobile and can be forced
closer together. This increases the internal charge density as a way of balancing the
compressive forces [56]. In healthy cartilage, the PG concentration is lower in the
superficial zone and increases towards the cartilage-bone interface [47].

2.1.3 Chondrocytes

Chondrocytes, i.e. cartilage cells, account for only 1-5% of the tissue volume [40,43].
Chondrocytes are long-living cells; their main function is to maintain and organize the
tissue structure in the avascular, low oxygen environment, metabolizing glucose by
glycolysis [59]. The mean diameter of a chondrocyte is ~13 pm [43]. The organization
and shapes of chondrocytes vary in the different cartilage layers (Figure 2.1) [60,61].
In the superficial zone, the chondrocytes are isolated, ellipsoid and smaller than
those in the deep zone. The cell density is highest in the superficial zone [43]. In the
transitional zone, the cells are more round and they can be arranged in groups of two
to three cells. In the deep zone, chondrocytes are arranged in depth-wise columns
containing multiple cells. [43,61]

Chondrocytes are surrounded with a pericellular matrix and together they form a
unit called the chondron [62]. The pericellular matrix, which contains collagen types
I, VI and IX and has a high PG content, acts as an interface between the chondrocytes
and the surrounding extracellular matrix [62,63].

The metabolic activity of a chondrocyte is affected by the mechanical stresses to
which it is exposed [64]. Moreover, changes in the cartilage structure and extracellular
matrix composition e.g. due to degeneration, affect the response and the morphology
of the chondrocytes [47,65].



A) Macro level B) Micro level C) Nano level

Superficial ZONE. e g e e e e e

Transitional zone

Joint
Deep zone

Chondrocyte

Calcified cartilage

Collagen

3 DO\D?QCB" ﬂ Subchondral bone Proteoglycan

Figure 2.1: Mlustration of the macro (A), micro (B) and nano level (C) structure of
articular cartilage. The depth-dependent collagen network and chondrocyte structures
are presented in detail in the micro level image.

2.2 OSTEOARTHRITIS

Osteoarthritis (OA) is a slowly progressing disease, characterized by degeneration
of articular cartilage and sclerosis and remodeling of subchondral bone. OA can be
classified into primary or secondary OA depending on its cause [66]. In primary OA,
the cause of is not known [67]. However, in secondary OA, the disease is attributable
to a known factor e.g. joint injury, inflammation, metabolic disorders or mechanical
overloading of the joint [67]. OA caused by an injury is also called post-traumatic OA.
The most common risk factors causing OA are age, obesity, gender, lack of exercise
or excessive loading of the joint [2,68].

2.2.1 Symptoms of OA and related changes in articular cartilage

OA is often asymptomatic. The most common symptoms are pain, stiffness and
swelling of the joint [67]. Since cartilage is an aneural tissue, the pain occurs usually
in the late stage of the disease when cartilage has worn off and the subchondral bone
which contains nerve endings is exposed to direct mechanical contact.

In addition to hyaline cartilage, OA also affects the surrounding tissues.
Degeneration of the meniscus and changes in the subchondral bone are common.
Inflammation is usually present in OA and the synovial fluid contains inflammatory
substances. Due to avoidance of the use of the painful joint, muscle weakness may
occur, which can lead to changes in the normal motion range of the joint [4,69].

The early stage of OA is characterized by the fibrillation and the disorganization
of the collagen network and the loss of large aggregating PGs. This increases the
permeability and water content of the tissue and decreases the stiffness of the tissue [4,
11,70]. In addition, in the very early stage of the disease, alterations in the subchondral
bone as well as an increase in the thickness of the subchondral plate may occur [11].
In early OA, chondrocytes try to repair the tissue by synthetizing PGs and collagen.
Unfortunately, the low cell density and the lack of vascularization mean that this
tissue has a limited capability to regenerate or repair itself [71]. There are changes in



cell morphology and the cell density may even increase due to cell proliferation. In the
hyperthophic repair phase, cell homeostasis becomes disrupted and the cells start to
release proinflammatory cytokines [72,73]. After the early repair stage, chondrocytes
start to synthetize and release matrix metalloproteinases (MMPs) which causes a
continuous loss of cartilage tissue [11].

In most cases, the repair processes fail to prevent the tissue degeneration and
the disease progresses to its late stage. The typical sign of the late stage is the
gradual loss of cartilage matrix due to the inability of chondrocytes to synthesize
collagen and proteoglycans; this is observed as visible signs of fibrillation on the
articular surface. Moreover, cell cloning may occur and chondrocytes can form cell
clusters [67]. Spontaneous repair cartilage (fibrous cartilage) may be formed and bone
remodelling occurs in the subchondral bone due to the increased mechanical load.
Finally, cartilage wears off totally, exposing the underlying subchondral bone [67].

2.2.2 Treatment

Currently, no cure exists for OA and medication is mainly used to relieve the pain and
control the inflammation in joints by using analgesics (e.. paracetamol and codeine),
or anti-inflammatory drugs (e.g. ibuprofen) [74]. Pain control and the maintenance of
the joint function are the most important goals in the treatment of OA. Furthermore,
by reducing the common risk factors, the progression and symptoms of OA can be
minimized. Therapeutic exercising, training the supporting muscles and weight loss
have been shown to slow down OA progression [75].

Surgical methods such as microfracturing techniques [76], osteochondral auto-
or allografts [77], autologous chondrocyte transplantation [78] and osteotomy [79]
have been introduced to repair cartilage injuries or to slow down the progression of
OA [67]. If cartilage wears off completely, a full or partial joint replacement surgery
is the final option. This is an expensive operation and there are severe risk factors
inherent in the implant surgery e.g. body can reject the implant and re-surgeries
might be necessary if the implantation operation fails.

2.2.3 Diagnostics

Diagnosis of OA begins with the palpation of the joint and surrounding tissues.
Commonly, radiographic imaging is the next step. Radiographic images can reveal
osteophytes and narrowing of the joint space which is usually a sign of late stage
of the disease. Magnetic resonance imaging (MRI) may be conducted if an injury in
cartilage, menisci or the ligaments is suspected. MRI provides much better soft tissue
contrast than conventional X-ray imaging. However, the spatial resolution of MRI
images is limited which may limit its ability to detect the early stage degenerative
changes and localized injuries. [80]

Conventional arthroscopy is a minimally invasive operation but it can be
advantageous e.g. in ligament or cartilage injury repair. During arthroscopy, the
articular surfaces can be evaluated both visually and by mechanical probing. For
example, cartilage injuries can be graded using an International Cartilage Repair
Society (ICRS) scoring system in which the cartilage lesion severity is classified into
five categories [81]. The weakness of the different scoring systems is that they are
subjective and the inter-observer reliability of the arthroscopic grading of cartilage
lesions is poor [82,83]. Moreover, in conventional arthroscopy, only the properties of



the articular surface can be evaluated. Cartilage thickness, relative lesion depth or
possible degeneration of the subsurface structures cannot be quantified.
Conventional arthroscopy may be enhanced by supplementing the procedure
with quantitative imaging. For example, optical coherence tomography (OCT) can
provide detailed information on the lesion size and shape [84] and could therefore
make lesion scoring more reliable [85]. Moreover, OCT has the potential to be able to
quantify the cartilage structure [86]. Ultrasound arthroscopy has been applied in knee
and shoulder joints [26,29]. With quantitative ultrasound imaging, the roughness of
the cartilage surface can be estimated and furthermore, the quantitative parameters
derived from the backscattered signal can be advantageous in the evaluation of the
subsurface cartilage matrix [34, 87]. Low ultrasound frequencies (<10 MHz) can
penetrate through cartilage and into subchondral bone and this makes it possible to
measure cartilage thickness and evaluate the integrity of subchondral bone [29, 88].






Ultrasound

By definition, ultrasound is a mechanical wave which has a frequency above the
range of human hearing (>20 kHz). Ultrasound waves can be classified into three
different types depending on how the wave oscillates. Transverse or shear waves
oscillate perpendicularly to the wave propagation direction and they are present only
in solid materials. Longitudinal or compressional waves oscillate along the direction
of propagation and are present in gasses, plasma, liquids and solids. A surface
wave is a combination of shear and longitudinal waves and propagates along the
interface between two different media (liquid or solid), however, its use in biomedical
ultrasound is minimal. Moreover, biological tissues are typically modelled as liquids
in the field of biomedical ultrasound, because soft tissues have a high water content.
The basic relationship between wave propagation velocity (c), frequency (f) and

wavelength (A) is
c=fA, (3.1)

where f = 1/T where T is the time period for one oscillation. The frequency range
used in diagnostic ultrasound applications varies from the kilohertz range to tens of
megahertz [89]. However, in research applications e.g. in scanning acoustic microscopy,
the frequencies can reach into the gigahertz range [89].

3.1 ELASTODYNAMIC WAVE EQUATION

Acoustics is a field of physics which studies time varying deformations, usually
oscillations, in a medium [90]. Matter is constructed of atoms which can be forced
into a vibrational motion about their equilibrium positions. However, in continuum
mechanics, it is assumed that small material particles or infinitely small volumes still
consist of multiple atoms and therefore, molecular dynamics e.g. molecular vibrations
and translations are ignored.

The translational equation of motion for a vibrating medium can be derived from
Newton’s second law [90]: ,

p?)TZ—V-T:f, (3.2)

where p is density, u is the displacement vector, T is the stress tensor, t is time, f is
the body force vector and V- is the divergence operator.

Hooke’s law states that for small deformations, the strain in a deformed body is
linearly proportional to the applied stress and vice versa [90]. Hooke’s law can be
written as

d d
Tii =Y. Y Cijex, (3.3)
k=1i=1

where C is the symmetric stiffness tensor and e is the elastic strain tensor.
Furthermore, Hooke’s law for an isotropic material can be expressed in a simplified
form

Tij = )\51']'61(/]( + 2]161']', (34)

where A and y are the Lamé parameters.



Elastic strain tensor is defined as

_1/0ou; du; L
€1] = z(ax]‘i‘axl for 1,] = 1,2,3. (35)

Now, we can substitute eq. (3.4) into eq. (3.2), set the body force (f) to zero (freely
vibrating media) and finally, obtain the wave equation of motion for an isotropic
elastic medium in a vector form

azu 2

where V2 is V - V i.e. the Laplace operator.

The above equation can be simplified using the Helmholtz decomposition (u# =
V®+V xH,V-H=0):

0% o’H
25 _ 02 2pp O
VIA+2u)V-P patz}Jer[yVH patz]—o, (3.7)

where @ and H are scalar and vector potentials, respectively. This equation is valid
only when both terms vanish which leads to the following wave equations for
compressional and transversal wave motions:

1 92d
2
O=— :
VoSG 62
and 5
1 0°H
2
H=—— :
VH=g 69

A+2 .
where ¢; = 4/ %, and ¢t = \/%, are the speed of sound for compressional and

transversal waves, respectively. [91]

For quiescent homogeneous fluid media, the equilibrium parameters (oo, po,
ug = 0) are subjected to a disturbance which is characterized as a perturbation of the
equilibrium state [92]:

p = po + op.
p = po+op.
u=du. (3.10)

Now, inserting these into the equation of continuity for mass, Euler’s equations
for the conservation of momentum and equation of state for density, pressure and
displacement, the linear wave equation where the second order terms are neglected
is as follows:

1 92
2, _ szan -0, (3.11)

where p is the pressure on the fluid medium, and ¢ = /-1

PoXo
speed in a lossless medium where x is the compressibility of the medium [92].

In order to describe the wave equation for inhomogeneous (scattering) fluid media,
the density term must be changed by adding the inhomogeneities i.e. fluctuations
(0pe) in the medium as follows:

is the propagation

p = po + épe + dp. (3.12)
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Now, the acoustic wave equation takes the form [92]

0? 1
Vip— Czan =7x(r) 5 +V - (% (r)Vp), (3.13)
where
Yi(r) = KQ(TI)COKO
7o(r) = PE(TI)JE_ fo. (3.14)

The terms on the right side of the eq. (3.13) are known as scattering sources [92].

3.1.1 Plane and spherical waves

The harmonic single frequency plane and spherical waves are common types of
waves applied in acoustics. They can be expressed as

p = Pe'tkr=et), (3.15)

where k is the wave vector, r is the radial distance, Py is constant for a plane wave

and Py = @ for a spherical wave, respectively. When equation (3.15) is substituted
into the wave equation (eq. 3.11), then the dispersion relation can be found

w = £clk|. (3.16)

For both plane and spherical waves, it can be shown that the acoustic intensity
is [93]
2
I= ﬂ (3.17)
2p0C
Sound intensity is usually expressed on a logarithmic scale since the sound intensity
has great variability. Audible sound wave intensities can range from 10~!2 to 10

W/m? [93]. Therefore, it is beneficial to describe the sound levels on a decibel (dB)
scale and the intensity level (IL) is defined as

IL = 10log (i) (3.18)

where I, is the reference intensity [93].

3.2 REFRACTION, REFLECTION AND SCATTERING

When an acoustic wave propagates through an interface between two media having
different acoustic impedances, it can reflect, refract and transmit. There are no
discontinuities in particle velocity or pressure when a wave propagates and therefore
when a wave encounters an interface between two different materials, the particle
velocity and pressure are continuous across the boundary. This assumption is satisfied
when incident pressure p; is equal to transmitted p; and reflected pressures p,

pi=pr+pt (3.19)
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and similarly for particle velocities:
v; cos 0; — vy cos B, = vt cos b;. (3.20)

From these two equations and assuming that p = pcv, the intensity reflectance % and

intensity transmlttwlty can be determined [89]:

2
I, Zy cos8; — Z1 cos b;
L 21
I; (Zz cos 0; + Z1 cos 6; 32D
Iy 47,7, cos b cos b; (3.22)

I (Z cos b; + Z; cos Gt)z'

Specular reflection occurs when the surface is smooth and diffuse reflection
occurs when the interface is rough. If the object size is smaller than or equal with the
wavelength, then the wave scatters from the object [89].

Snell’s law states that when a wave enters into a medium with different acoustic
impedance the direction of the wave propagation will change according to the
relationship:

sing, _ sints )

Ci Ct

where 0; and 6; are the angles of the arriving and refracted waves with respect to the
surface normal and ¢; and ¢; are the velocities of the incident and refracted waves,
respectively. If c; < c; the direction of the propagation moves towards the boundary
normal. In addition to reflection and refraction, the wave will change its direction
when it passes through a barrier with an opening. This phenomenon is known as
diffraction. If the size of the obstacle or barrier is similar to the wavelength of the
wave, the diffraction effect is more intense.

3.2.1 Wave scattering in inhomogeneous media

Scattering occurs when an incident ultrasound wave encounters heterogeneity in the
medium. Scattering interactions in tissues may be characterized by the scattering
cross-section ¢ [92]. Scattering interactions may be categorized into three different
groups based on the object size [89]: with an object size larger than the wavelength
o = 1 ie. specular scattering, with an object size similar to the wavelength i.c.
diffractive scattering and with an object size smaller than the wavelength o o k*a®,
where 4 is the radius of the scatterer and k is the wavenumber i.e. diffusive scattering
(Rayleigh scattering) [89].

Macroscopic level dissimilarities such as variations in density and compressibility
within the tissue structure cause scattering in biological tissues [92]. Scattering is
frequency dependent such that scattering increases with increasing frequency. There
are two popular theoretical methods that are used for the analysis of the ultrasound
scattering. The first method involves investigating wave scattering from a single
scatterer. The following solution by Faran (1951) for the pressure field (p;) in the far
field is valid for a rigid spherical scatterer [94]:

|ps| —> Z (2n + 1) sin(1,) exp(inn) Pu(cos 0)], (3.24)
n=0
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where P is the pressure amplitude of the incident wave, k is the wavenumber, r is the
radius of the scattering sphere, 1 is the order of the solution (integer), j = (—1)!/2,
#1n is the scattering phase angle, P, is the Legendre polynomial and 6 is the scatter
angle. Calculation of 7, is rather cumbersome and is not considered here. Readers
are referred to the paper by Faran (1951) to see the full solution [94].

The second, even more general method, is to use the Green’s function approach.
In this method, a scattering source function is added to the wave equation (eq.
3.13) [92,95]. Usually, wave scattering is investigated by assuming the tissue to be
fluid (shear modulus = 0 in the tissue). The scattered pressure field can be expressed
as a function of the angle distribution factor (P (K)):

P ikr
ps(r) = er (K), (3.25)
where ©(K) is
— K? —iK-rg
P(K) = /V (10, ®)e~ K700, (3.26)

By fixing the scattering angle e.g. at @ = 180° the scattering medium can be
theoretically characterized by a single function y(r) [92].

Scattering cross-sections (o) are relevant measures in the characterization of the
scattering interactions in the tissues. The differential scattering cross-section (v ;) is

defined as
_ o

e}
where 05 is the scattering cross-section and () is the solid angle. For scattered incident
plane wave 05 can be written as

s (3.27)

g5 = |P(K)|?, (3.28)

where K is the scattering vector (K = 2ksin®/2) [92].
Differential backscattering cross-section per unit volume also known as the
backscatter coefficient (BSC, unit cm~!sr~!) can be expressed as:

BSC = |®(2K)|?/V, (3.29)

where V is the volume of the medium that participates in generating the differential
power [92].

One experimental method of determining the BSC is to use the reference phantom
technique [96]. If the BSC of the reference material and attenuation in the sample
and reference material are known, BSC of the sample can be determined with the
following equation:
tz(as(w)) [Ss (W) [*

Sr(@)P” o0

where z is depth, 03 (w) is the BSC of the sample, ag(w) is the attenuation coefficient
of the sample, 0} (w) is the BSC of the reference material and ag (w) is the attenuation
coefficient of the reference sample [96]. Several experimental methods for determining
the BSC are presented in the book written by Mamou and Oelze [95]. With the
knowledge of BSC coefficient, it is possible to extract information about the properties
of the scatterer such as its diameter and density, which can be related to tissue
structure and possible pathologies.

op(w) = 0 (w)e
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3.2.2 Absorption

Absorption is a process where vibrational energy is converted into heat [97]. This
conversion can be divided into three different types: heat conduction losses, viscous
losses and losses caused by internal molecular processes [93,97]. Heat conduction
losses occur via the conduction of thermal energy when there are high and low
temperature rarefactions in the medium [93]. If there are relative motions between
portions of the medium, viscous losses will occur. Soft tissues have a high liquid
content and viscous absorption can be taken into account for viscous fluids by adding
a Kelvin-Voigt model into the generalized Hooke’s law as follows:

de
Tij = cijuen + UijlefII (3.31)

where 7 is the viscosity tensor [90].
The classical absorption coefficient a, is the sum of viscous and thermal absorption

coefficients ) )
w4 (y—1x
= 5o (517 + ) (3.32)

where w is the angular velocity, pg is the medium density, 7 is the medium viscosity,
7 ratio of heat capacities, « is thermal conductivity, cp is the specific heat at constant
pressure [93]. The classic absorption equation does not take into account the
absorption due to the molecular processes.

3.2.3 Attenuation

Ultrasonic waves attenuate in biological tissues. The phenomena which cause wave
attenuation are absorption and scattering and the geometrical divergence of the wave
when it propagates further away from the source. Absorption is the dominant factor
that contributes to the attenuation in soft tissues. The power law describes ultrasonic
wave attenuation and it takes the form

p(x) = pe @Ay, (3.33)

where a(w) = bw™ [89]. Coefficients b and m are experimentally determined for
the material. Attenuation is frequency dependent such that high frequencies are
attenuated more than those at the lower frequencies.

3.3 ULTRASOUND IMAGING OF ARTICULAR CARTILAGE

This section describes the generation of ultrasound and summarizes the main
ultrasound techniques used for the imaging of articular cartilage.

3.3.1 Ultrasound generation

When voltage is applied to the sides of a piezoelectric solid material e.g. lead zirconate
titanate (PZT), its dimension will change. This phenomenon is called electrostriction.
The reverse of this phenomenon is called a piezoelectric effect, which means that
when mechanical stress is applied to a material, a potential difference between the
sides of the material is generated. The ultrasound transducer works according to these
phenomena such that transmitting ultrasound transducer converts the electrical signal
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into a mechanical wave and the receiving transducer converts an arriving mechanical
ultrasound wave to an electrical signal. The same transducer can transmit and receive
ultrasound signals. PZT is the most common material used in transducer elements
but polyvinylidene difluoride (PVDF) and its co-polymers can also be used [98].
Compared with PZT, PVDF has a lower acoustic impedance, a more flexible structure
and it can transmit ultrasound pulses with broader bandwidths [98].

3.3.2 Transcutaneous ultrasound

In transcutaneous ultrasound imaging, an array transducer is applied and coupled
with gel to the surface of the skin. This method has been used for the clinical
evaluation of articular cartilage, meniscus and subchondral bone in the knee joint
[30,99,100]. Furthermore, this technique is commonly applied in the imaging of
metacarpal-phalangeal joints [101,102]. Transcutaneous ultrasound mainly gives
structural information about cartilage e.g., its thickness [37]. It has been reported that
transcutaneous ultrasound imaging does have the potential to be used as a screening
tool for OA and synovitis at the primary health care level [31,32,99,103].

In the recent study of Koski et al. 2016, ultrasound imaging was compared with
conventional radiography when imaging the knee osteophytes from femoral medial
and lateral bone margins [32]. The intra- and inter-reader agreements were compared
between ultrasound and radiography images of the knee and it was shown that the
ultrasound was as good as radiography in terms of reliability and reproducibility for
detecting the presence of osteophytes [32].

The advantages of the transcutaneous ultrasound technique are that it is widely
available in hospitals, imaging costs are low and the investigation is safe for the
patient. However, there are also a few related disadvantages. The main limitation
is the inability to visualize the whole articular surface, due to the limited acoustic
window. In addition, the experience of the sonographer affects the outcome and
currently there are no fully standardized or validated grading methods for the
ultrasound evaluation of the joint space narrowing. [99]

3.3.3 Ultrasound arthroscopy

Ultrasound imaging can be applied during arthroscopy by applying a small
ultrasound transducer inside the joint through an arthroscopic portal [26,29,104-106].
This minimally invasive technique provides quantitative information about the tissue
structure. An intravascular ultrasound (IVUS) device, originally designed for the
imaging of myocardium and coronary arteries, has been exploited during arthroscopic
surgeries [26,29,88,107]. The IVUS catheter consists of a small piezoelectric transducer
element which rotates inside the catheter producing a live cross-sectional image.
Ultrasound arthroscopies have already been conducted in human knee, hip and
shoulder joints in vivo [26,29,104,105,108]. This technique enables the visualization
of the whole articular surface and estimation of the cartilage properties by enabling
the determination of quantitative ultrasound parameters for the evaluation of
cartilage surface and subchondral bone [26,29,109]. The limiting factor in ultrasound
arthroscopy is that the ultrasound transducer can be applied only to the largest
joints having enough space to insert the transducer (diam. 1-3 mm ) between the
joint surfaces. Furthermore, to acquire quantitative data, ultrasound pulse incidence
should be perpendicular to the articular surface which can be difficult to achieve in
clinical arthroscopy [110].
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3.3.4 Acoustic microscopy

A scanning acoustic microscope (SAM) can be used to estimate the acoustic and
elastic properties of materials and tissues [87,111-115]. Typically, a focused sound
beam is used in pulse-echo geometry and in SAM either the transducer or the
sample is moved in x-y -directions to scan the sample. The scanning plane and
the sample surface should be parallel, which may be challenging to achieve with
cartilage samples with curved surfaces [116]. The scan resolution is usually a trade-off
between penetration depth and resolution. With higher frequency transducers, the
spatial resolution is improved due to the smaller beam diameter at focus, but the high
frequency waves attenuate more rapidly, limiting the penetration depth. Ultrasound
frequencies applied in SAM of articular cartilage vary from tens to even thousands
of megahertz [36,117,118]. Lower frequency ultrasound (<10 MHz) enables the
visualization of the subchondral bone [36], whereas high frequency SAM can be used
for the quantitative evaluation of the articular surface where the signs of early OA
occur, such as collagen network fibrillation [33,114,119,120].

3.4 QUANTITATIVE ULTRASOUND EVALUATION OF ARTICULAR
CARTILAGE

Quantitative ultrasound parameters have been introduced in the evaluation of
articular cartilage (table 3.1) [121]. These techniques investigate changes in the
roughness and reflection of the articular surface, ultrasound speed, attenuation and
analysis of the backscatter spectrum.

Fibrillation and roughening of articular surface decreases ultrasound surface
reflection [107,114,119,122]. The reflected ultrasound pulse can be evaluated in
both the time (reflection coefficient, R) and frequency domains (integrated reflection
coefficient, IRC [34]) (table 3.1). In addition, surface roughness can be quantified
with the ultrasound roughness index (URI, table 3.1) which calculates the root mean
square value of the roughness [122,123]. These surface reflection based parameters
can be used to distinguish between mechanically degraded [28], repaired [124] and
osteoarthritic cartilage [33] from normal cartilage.

Cartilage subsurface structures can be evaluated by analyzing the backscatter
signal [26, 34, 87,109, 125]. Ultrasound backscatter has been found to increase in
the presence of repair cartilage [125,126] and a decrease in cases of osteoarthritic
cartilage [26,109]. Both the collagen fiber network and the chondrocytes have been
shown to have an effect on the ultrasound backscatter [34,87,126]. Chérin ef al., 1998
introduced along with IRC the apparent integrated backscatter (AIB) parameter (table
3.1) [34]. AIB is evaluated from the scatter signal in the frequency domain. Scattering
from the cartilage inner structures can be modelled in the frequency domain as
follows:

Se(zo, f) = E(f) % G(f) x Alzo, f) x Hy(zo, f) x T2z, f) x U(zo, f),  (3.34)

where z, is the distance of the volume dV from the transducer, T?(z, f) is the
frequency dependence of the double transmission coefficient for the cartilage surface,
U(zy, f) is the backscattering function including all scatterers in the volume 4V,
H2(zy, f) is the volume-integrated diffraction function and A(z,, f) is the total
attenuation in the media. AIB can be obtained by normalizing the scatter spectrum
of the sample with the reflection spectrum from the perfect reflector to remove the
acquisition system characteristics and diffraction influences (table 3.1).
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Table 3.1: Typical quantitative ultrasound parameters for the evaluation of the
articular cartilage [34,87,122,127-133].

Parameter Equation

n
Ultrasound roughness index (um) URI = \/ % Y (d; —(d))?
i=1

Ac

Reflection coefficient (%) R, = - 100%
Aref
2h
Speed of sound (m/s) S0S = TOF
. . 10 Aq
Amplitude attenuation (dB/mm) Xamp = - log;, i
, 1 0, A
Integrated attenuation (dB/mm) Nint = A f Af 7 log,, A20f)
Integrated reflection coefficient (dB)  IRC — —— | 20log;y —<ZF)_gf
grated reflection coefficient (dB) = Af N 010 o7 5, (z G
Apparent integrated backscatter (dB) AIB = A f / 201log;, 5 (‘(Z f}) df

n = number of the scan lines, d; = distance between the transducer and articular surface in the i scan line, and

(d) = average distance from the transducer to the surface. A. = peak to peak amplitude of the reflection from the
cartilage surface, A,y = peak to peak amplitude of the reflection from a perfect reflector. i = cartilage thickness,
TOF = time-of-flight. Af = -6-dB frequency band, A, = first reflection echo from cartilage-metal interface where
cartilage is attached, A, = second reflection echo from cartilage-metal interface. Sc(z, f) = reflection/backscatter
signal in frequency domain of the sample, S,.f(z, f) = reflection signal in frequency domain from perfect reflector.

The length of the gate window and the delay where the scatter signal is acquired
can be adjusted and depth-dependent scattering can be evaluated by using a sliding
window and calculating AIB in a depth-wise manner [87]. Within the -6-dB bandwidth
of the spectrum, a linear regression analysis can be performed. The slope of the linear
fit is the apparent frequency dependence of backscatter (AFB) [87]. In addition to
Fourier transform based spectrum analysis techniques, wavelet transforms have also
been applied to ultrasound data for the investigation of the spectrum versus time
or depth plots [104,134,135]. From the transformed data the maximum magnitude
and echo duration can be evaluated. For OA cartilage, the maximum magnitude
decreases and the echo duration increases [135].

The relationship between the speed of sound (SOS) and articular cartilage
properties has been widely investigated [127-131]. SOS of articular cartilage is
anisotropic [128], varies within the anatomical location (1579-1934 m/s [136-138])
and decreases in degenerated cartilage [127,133]. When ultrasound propagates
perpendicular to the articular surface, the SOS is higher in comparison with
ultrasound propagation in parallel to the surface [128,130] and SOS increases in
conjuction with cartilage depth [130].

Ultrasound attenuation is related to the composition and structure of the cartilage
and several methods have been developed for the estimation of the ultrasound
attenuation of articular cartilage in both time and frequency domains (table 3.1)
[132,133]. Ultrasound attenuation in articular cartilage has been reported to be
around 27.7-66.1 dB/cm in the frequency range of 10-40 MHz [132]. Furthermore,
a significant correlation was found between histological integrity and ultrasound
attenuation [133]. The literature values for the quantitative ultrasound parameters of
articular cartilage are presented in table 3.2.

17



Table 3.2: Mean values of apparent integrated backscatter (AIB), apparent frequency

dependence of backscatter (AFB), integrated reflection coefficient (IRC), reflection
coefficient (R), ultrasound roughness index (URI), attenuation and speed of sound
(SOS) of ultrasound in articular cartilage. Values without standard deviations are
medians extracted from figures.

Species Site Status n  AIB(dB) AFB(dB/MHz) IRC (dB) R (%) URI (pm)  Attenuation (dB/mm) SOS (m/s) f(MHz) Study
Human Femoral joint Mankin I: 0 8 - 0.2 -35 - 2.5 - - 40 [87,114]
Mankin I: 1 - -0.05 -38 - 10 - -
Mankin I: 2 11 - -0.03 -41 - 12.5 - -
Mankin I: 3 13 - -0.03 -45 - 13 - -
Mankin I: 4 6 - -0.03 -44 - 10 - -
Human Knee arthroscopy ICRS: 0 13 447 £ 81 - -30.7£59 35+23 115490 - - 9 [109]
ICRS: 1 23 -468 +£5.8 - -329+40 25+12 1464112 - -
ICRS: 2 14 -520+67 - -387+33 124+05 182498 - -
Human PAT Intact 16 -47.5 - - - - - - 40.2 [139]
Ovine Intact 10 -51.5 - - - - - -
Bovine Intact 8 -48.2 - - - - - -
Human Cross-section 16 -46 - - - - - -
Ovine Cross-section 10 -40 - - - - - -
Bovine Cross-section 8 -45.5 - - - - - -
Bovine PAT Intact 7 -61.0=+09 - -254+19 61+12 107+36 - - 40 [28]
Mechanically degradated 7 -61.1+ 1.5 - -334+£35 27414 2564149 - -
Bovine FE Intact 7 -613+1.0 - -295+36 41+13 150+6.2 - -
Mechanically degradated 7 -61.2 +0.9 - -36.0+£41 204+09 245+6.1 - -
Bovine PAT Control 20 -53.1+27 - -17.7 £ 43 - 6.0+ 14 - - 40 [120]
Collagenase treated 20 -50.1£32 - -26 £ 6.8 - 42.1 +35.6 - -
Control 20 -52.7+20 - -17.6 + 4.6 - 59+17 - -
Trypsin treated 20 -51.2+4+24 - -14.6 + 3.8 - 54+ 17 - -
Bovine Intact 8 - - - - 2.65 £+ 0.58 10.3 [133]
Human FC Normal, young 7 - - - - 62+ 04 1666* + 16* 30 [140]
Normal 24 - - - - 7.1 £ 04* 1664 £ 7*
Papain 24 - - - - 8.5 + 0.5* 1642 + 9*
Bovine FC Normal 12 - - - - 6.8 +1.2% 1642 + 8*
Interleukin-1a 12 - - - - 9.1 £+ 1.0% 1631 + 17*
Bovine FMC Intact/healthy 6 - - -30.2 2.7 12.0 - - 20 [123]
LPG 6 - - -31.2 2.5 144 + 4.0 -
MTP 6 - - -337+21 16+05 162 +4.0 - -
PAT 12 - - -271+33 47427 84+30 - -

*Mean + SEM (standard error of mean), PAT = patella, FE = femoral sulcus, FC = femoral condyle MTP = medial tibial plateau, LPG = lateral patello-femoral groove FMC = femoral medial condyle.
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3.5 NUMERICAL MODELLING OF ULTRASONIC WAVE
PROPAGATION

There are several numerical and semi-analytical methods for the modelling of
ultrasound wave propagation in connective tissues [141-148]. For the investigation of
ultrasonic wave propagation in articular cartilage, the finite-difference time-domain
(FDTD) method can be applied [116]. In the FDTD method, the space and time
domains are discretized and they form a space-time grid (Figure 5.1). The discretized
wave equation is solved at the nodes in the FDTD method [142,149]. The finite-element
method (FEM) is based on the discretization of space to mesh. FEM can be used for
more complicated geometries, since the shape of elements is more flexible (triangular
or polygon meshes) compared to the rectangular uniform grid applied in the FDTD
methods. In the boundary element method (BEM), only a boundary is discretized.
FEM and BEM solve integral forms of the wave equation [91]. In BEM, the volume
integral forms are converted into surface integrals using Green’s functions [91]. In
addition to these methods, spectral and pseudo spectral methods can be applied in
the numerical modelling of ultrasonic wave propagation [145,150].

In hybrid modelling, multiple numerical and/or analytical methods are used
in one simulation by dividing the simulation domain into subdomains and using
different methods in the different subdomains [146]. For example, wave propagation
in complex geometry can be modelled by using the FDTD method and the
propagation of the wave in the homogeneous medium e.g. water can be calculated
semi-analytically [146]. Hybrid modelling can reduce the total computational time
compared with a simulation conducted using a single method [146].

3.5.1 Finite difference time domain method

Finite difference methods solve differential equation such as wave equations by
approximating the derivatives using finite differences. Wave propagation in linear
elastic and isotropic medium can be described by elastodynamic equations. This
method was first applied by Yee (1966) in the field of electromagnetics [151] and
later to simulate seismic waves [152]. The FDTD method provides solutions for field
values (speed and pressure) at discrete locations in space for different time instants.
The spatial mesh in the time domain consists of a regular grid of field values which
are then solved for time instants (Figure 5.1) [152].

The approximate finite difference (central difference) expression for the first-order
derivative can be derived from the Taylor expansion

f/(a) _ f(ll+ AZIZ)A_af(a B %) (335)

Moreover, from equation (3.35), the following second-order approximation for the
second-order derivative can be determined

Pf _ fla+Da)—2f(a) + f(a— Aa)
— = = . (3.36)

These centered difference approximations are then entered in to the wave equation
as shown in the following example case for one dimensional wave equation.
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Example of one dimensional wave equation for a lossless fluid

In a one dimensional case, velocity and stress can be formulated using the central
difference approximation and the following form using Newton’s second law (eq.
3.2) and Hooke’s law (eq. 3.4) [149]:

plx, t+At) —p(x, t) or(x+ 5, H+ 5 —oe(x = 5 1+ 5)
v = )L(x)( = ) (3.37)
and
or(¥, EH A —oa(x, t) 1 (p(x+ S b+ ) —p(x— &5 b+ /;f)) (338)
At p(x) Ax

Now, from these explicit forms p(x, t + At) and vy(x,t + At) can be solved when the
velocity and pressure fields are known for the previous space and time instances [149].
In figure 5.1, staggered grids of pressure and velocity are shown for a two-dimensional
case. This method can be applied also for solids by applying the constitutive relations
to all stress components.

The FDTD method solves the wave equation only in a bounded region of the
space. In ultrasound applications, the boundary is usually modelled as an unbounded
medium, such as an absorbing boundary or as an interface of perfectly matched
layers [153].

t-At2 t t+ A2 t+ At

1 ’

K|
X; e AX[‘ . : ,‘ 2
'I
x; + Axyp 'y
; 1
Xg g / Vi
Vi
*r AXp At | Ty, Ty,
f—— Time () — > r T

Figure 3.1: llustration of grids for velocity v and stress tensor T in two dimensions.
They are staggered in space and time [152].
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The main advantage of the FDTD method is that it can handle solid-solid
and liquid-liquid couplings as well as solid-liquid coupling between two different
materials [149]. Furthermore, complex geometries can be modelled by digitizing
the desired geometry e.g., cortical bone [142,143,154]. The main disadvantage is
the computational cost which increases drastically when the grid density increases.
Moreover, originally smooth geometries are described by rectangular uniform grids,
which can induce staircase artefacts into the model. Other disadvantages are the
numerical dispersion and cumulative errors when simulations require a prolonged
duration and a long ultrasound propagation distance. [149]
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Aims of the present study

Quantitative ultrasound is a potentially useful tool for the investigation of the
degeneration of articular cartilage. However, the contributions of different cartilage
components such as chondrocytes and collagen on ultrasound backscattering are not
fully understood. To fill this gap in knowledge, this thesis work has investigated these
issues by applying experimental and computational methods. These advances could
help in the optimization of ultrasound techniques for the diagnostic characterization
of articular cartilage.

The aims of this thesis are to:

1.

Determine the contribution of collagen and chondrocytes on the ultrasound
backscatter by conducting ultrasound measurements with agarose hydrogel
scaffolds containing varying concentrations of collagen and chondrocytes.

. Investigate the anisotropy of the ultrasound backscatter in bovine articular

cartilage.

. Evaluate the suitability of FDTD modelling in the simulation of ultrasound

propagation and scattering in articular cartilage by constructing models
incorporating different concentrations of chondrocytes and collagen.

. Estimate the acoustic impedance, speed of sound, density and bulk modulus of

chondrocytes and the surrounding extracellular matrix using a high frequency
SAM.

. Investigate numerically and experimentally if chondrocyte spacing leads to

coherence in ultrasound backscatter in human articular cartilage and further, to
examine whether this exerts any effect on apparent integrated backscatter and
the apparent frequency dependence of the backscatter.
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5 Materials and methods

This thesis consists of four studies (I-IV) utilizing the materials and methods
summarized in table 5.1.

Table 5.1: Summary of the materials and methods used in the studies I-IV.

Study Sample material n Methods
I Chondrocytes prepared in agar 7 cell number densities Ultrasound imaging
ondrocytes prepare garose , _ 9/cell number density Light microscopy
FTIR

8 concentrations

Collagen prepared in agarose 1 = 9/concentration

II Bovine articular cartilage 11 Ultrasound imaging
samples Light microscopy
Polarized light microscopy
FTIR imaging
II1 Collagen in agarose 9 concentrations FDTD modelling
Chondrocytes in agarose 7 cell densities
IV Human articular cartilage 9 samples 50-MHz SAM
samples 3 sections 250-MHz SAM
9 sections Light microscopy
Cell spacing models 10 realizations of each set: FDTD-modelling

Nc=1[2,3,4,5] pm
Ve=10,2,4,6,8] pm
S¢ =[15, 20, 25, 30, 35, 40] pm
Random cell distribution models 10 realizations of each set: FDTD-modelling
CMA = [8, 10, 12, 14, 15, 18, 20] pm
CND = [12, 14, 36, 48, 60]x 103 s
SAM = scanning acoustic microscopy, FTIR = Fourier transform infrared imaging, N: = number of aligned cell layers, V; = deviation
from perfect cell alignment, S¢ = cell layer spacing, CMA = cell minor axis, CND = cell number density.

5.1 SAMPLE PREPARATION

In study I, collagen and chondrocytes were prepared in 4% agarose gel scaffolds.
Agarose scaffolds with different collagen concentrations (0, 1.5625, 3.125, 6.25, 12.5,
25, 50 and 100 mg/mL) or different chondrocyte number densities (0, 1, 2, 4, 8, 16,
32 million cells/mL) were prepared. Nine scaffolds with each concentration or each
cell number density were prepared. The collagen concentration in human articular
cartilage is close to 200 mg/mL [155], however due to difficulties preparing collagen
in agarose scaffolds, the highest possible concentration prepared was 100 mg/mL.
Chondrocyte number densities were selected to cover the range of cell number density
in human articular cartilage (~14 million cells/mL).

In the preparation of collagen scaffolds, 100 mg of type I collagen (calf skin,
Sigma-Aldrich, St. Louis, MO,USA) was dissolved in 1 mL of 0.1 M hydrochloric
acid. Next, the solution was diluted in 8% low-melting agarose gel at 40°C (NuSieve
GTG agarose low melting, Cambrex Bio Science, Rockland, ME, USA) to achieve the
desired collagen concentrations in agarose which was present at concentration of 4%.
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Additionally, nine agarose scaffolds with 100 mg/mL collagen concentration were
made by dissolving 200 mg/mL of collagen in 1 mL of 0.1 M HCI and diluting in 8
% agarose. In order to construct scaffolds with chondrocytes, cartilage was harvested
from bovine femoral condyles and chondrocytes were isolated. Finally, 64, 32, 16, 8, 4,
2, 0 million cells/mL were mixed in the 8% agarose gel to obtain the required cell
concentrations with an agarose concentration of 4%. The agarose gel suspensions
were pipetted into cylindrical wells (diam. = 5.9 mm and height = 3.9 mm) and a
glass sheet was pressed on the surface to make it perfectly flat.

In study II, eleven bovine knee joints were collected from a local abattoir (HK
Ruokatalo Oy, Outokumpu, Finland). Visually intact patellas (n = 11) were extracted
from the knee joints and cylindrical samples (diam. = 29 mm) were prepared from
the medial side. Subsequently, the osteochondral samples were split into halves using
a razor blade (0.009" 2-facet steel-back single-edge blade, Personna American Safety
Razor, Verona, VA, USA). Finally, ultrasound measurements were conducted through
the intact articular surface and the cut side.

In study IV, a total of nine osteochondral samples were collected from both
knee joints of two human cadavers (male: 67 years n = 4, female: 51 years, n = 5).
The samples were prepared from lateral femoral condyle, medial tibial plateau and
upper lateral quadrant of the patella. Kuopio University Hospital ethical committee
reviewed the sample collection protocol (favourable opinion: 58/2013). After the
50-MHz SAM measurements, samples were fixed in formalin and embedded in
paraffin and three 10 pm thick sections were used for 250-MHz SAM.

5.2 ULTRASOUND IMAGING METHODS

Studies I-II were conducted with an intravascular ultrasound (IVUS) system using
40-MHz and 9-MHz ultrasound transducers. Both transducers have been used in our
previous clinical studies [26,29]. The 40-MHz ultrasound provides higher resolution
images and it is more sensitive to backscatter. However, 9-MHz ultrasound has been
shown to propagate through the whole cartilage tissue, enabling an estimation of the
cartilage thickness [29].

In study IV, 50-MHz and 250-MHz scanning acoustic microscopes were used.
The 50-MHz ultrasound transducer had a broad bandwidth suitable for cell spacing
estimation and 250-MHz ultrasound was selected since it provided high resolution
quantitative maps, making possible an estimation of mechanical properties of the
chondrocytes.

5.2.1 Intravascular ultrasound

IVUS device (ClearView Ultra, Boston Scientific, San Jose, CA, USA) with catheters
having a rotating 9 MHz (J= 2.8 mm, -6 dB bandwidth = 7.1-11.0 MHz) and 40 MHz
(J=1 mm, -6 dB bandwidth = 30.1-45.3 MHz) ultrasound transducers were used in
studies I and II (Figure 5.1). Ultrasound signals were recorded and digitized with
the 250 MHz sampling rate and at a resolution of 8 bits using a digital oscilloscope
(Teledyne LeCroy, Chestnut Ridge, NY, USA). With a custom made LabVIEW software
(Version 8.2, National Instruments, Austin, TX, USA) data from ten full rotations were
stored with the measurements being repeated three times. The ultrasound incidence
angle at the articular surface was adjusted manually with a goniometer for each
measurement such that maximum surface reflection was obtained.
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5.2.2 Scanning acoustic microscopy

In study IV, 50-MHz and 250-MHz SAMs were used for the quantitative ultrasound
imaging of ex vivo human articular cartilage samples and fixed human cartilage
sections, respectively. In the 50-MHz measurements, the fresh samples were immersed
in 36°C PBS and measured with a SAM200Ex device [156]. Scan increments in the x-
and y-directions were 40 pm. The 50 MHz transducer was spherically focused and
made of polyvinylidene fluoride (PVDEF) (KSI-PT50, center frequency 42 MHz, -6 dB
bandwidth = 27-55 MHz, Kramer Scientific Instruments GmbH, Herborn, Germany).
The width of the -6-dB beam in the focal plane was 88 pm and the depth of field was
2.7 mm.

Before conducting the 250-MHz SAM measurements, paraffin was removed from
samples and cartilage sections were rehydrated using a series of HistoclearIl (Electron
Microscopy Sciences, Hatfield, PA, USA), ethanol (100%, 75%) and saline solutions
(each 2 x 5 min). A custom-made 250-MHz SAM [157] system was used with 2 pm
scanning increments in the x- and y-directions (Figure 5.1). A 300-MHz monocycle
pulser (GZ1120ME-03, GEOZONDAS, Vilnius, Lithuania) was used to excite the
focused 250-MHz transducer (center frequency 264 MHz, -6 dB bandwidth = 180-340
MHz, Fraunhofer IMBT, St. Ingbert, Germany). -6-dB beam width was 7 pm and the
depth of field was 72 pm.

The radiofrequency signals were amplified (MITEQ, Hauppauge, NY, USA) and
digitized at 2.5 GHz using a 12-bit oscilloscope (Teledyne LeCroy, Chestnut Ridge,
NY, USA). The sample slide was set to be perpendicular to the ultrasound beam and
deionized water was used as a coupling medium between the transducer and the
section.

A) IVUS-system B) 250-MHz acoustic microscope
|i| Pulser Pre-amplifier
IVUS y
device 360’ I x
— | UI
— | ¥ .
—_— = Oscilloscope |-
Oscilloscope = | I
@ Sample I I
I O | Scanning stage PC I
| | e depit) |
| I
|

D Goniometer

Figure 5.1: Geometries for A) IVUS measurements and B) for 250-MHz SAM
measurements.
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5.3 FDTD SIMULATIONS

An open source software SimSonic (www.simsonic.fr [142]) was used in studies III
and IV to generate two dimensional (2D) FDTD models. A sine-Gaussian input signal
with the center frequency of 40 MHz (-6 dB range: 27-53 MHz, study III) and a pulse
with the center frequency of 45 MHz (-6 dB range: 36-54 MHz, study IV) were used
as inputs. Source arrays were unfocused and a pulse-echo geometry was used in both
studies. In study III, receivers were also placed in the top and bottom of the material
to determine the speed of sound. In study III, attenuation was neglected whereas
in study IV, frequency independent attenuation was taken into account [158]. In
both studies, perfectly matched layers were used as boundary conditions to avoid
reflections from the outer edges of the simulation domain [153].

In study III, rectangular spatial grid step (Ax) was 66.7 nm and 166.6 nm for the
collagen and chondrocyte models, respectively. In study 1V, the grid step was 1 um.
The time step (At) was selected in both studies such that the Courant-Friedrichs-Lewy

condition was fulfilled, i.e.,

At < L DX

T Vd Cmax’
where d (= 2) is the dimension of the model and ¢,y is the highest speed of sound
in the simulation.

The material parameters used in the simulations are summarized in table 5.2.
In study III, material parameters were obtained from the literature, whereas in
study IV parameters for extracellular matrix and chondrocytes were obtained from
the 250-MHz SAM measurements. The attenuation for the extracellular matrix was
obtained from the literature [140] and attenuation within chondrocytes was set to
two times the value of water.

(5.1)

Table 5.2: Material parameters used in the studies Il and I'V. In study III attenuation
was neglected while in study IV attenuation was included in the model.

. Densit Ci1=Cp Cp=0Cy Cy Attenuation
Study ~Material (g/cm3y) (GPa) (GPa) (GPa)  (dB/mm)
III Water 1.000 2.241 2.241 0.00 -
Agarose 1.058 2.163 2.163 0.00 -
Collagen 1.350 7.487 7.487 0.000017 -
Chondrocyte 1.050 2.241 2.241 0.00 -
Nucleus 1.580 3.410 3.410 0.00 -
v Water 1.00 2.25 2.25 0.00 0.28
Extracellular matrix 1.10 2.80 2.80 0.00 10.65
Chondrocyte 1.04 2.56 2.56 0.00 0.56

In study III, simulation geometries were constructed to mimic the experimental
geometries applied in study I. Collagen models had collagen concentrations of 1.5625,
3.125, 6.25, 12.5, 25, 50, 100 and 200 mg/mL. The final collagen concentration i.e. 200
mg/mL is in the range of typical collagen concentration of articular cartilage [155]
and was included into the simulations. The chondrocyte models had cell number
densities of 1, 2, 4, 8, 16 and 32 million cells/ml. The cells had a circular shape
with a radius of 5 pm with the nucleus placed in the center of the cell having the
radius of 2.5 ym. Collagen volume fractions were estimated from the concentrations
assuming a collagen density of 1.35 g/cm? [159]. The collagen fibrils had random
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positions and orientations and their thickness and length were 66.7 nm and 333.5
nm, respectively. Collagen and chondrocytes were generated in the model iteratively.
Iteration continued until the area fraction in the domain was equal or higher than
the set volume fraction. Moreover, two models with collagen concentrations of 100
mg/ml were designed to allow the fibrils to run through the agarose scaffolds in a
direction either parallel or perpendicular to the surface.

In study IV, cells were modelled in a such that they were different in the superficial
and deep zones. Superficial zone cells were modelled as ellipses with a 14 pm major
axis parallel to the articular surface and with a 10 pym minor axis. Deep zone cells had
a circular shape with a diameter of 14 pnm. In the superficial zone, the cells were placed
on a layered structure parallel to the surface. The depth-wise position of a chondrocyte
in the layer was randomly altered by + 2 um. In the deep zone, chondrocytes were
arranged into vertical columns consisting of 2—4 cells the positions of which were
randomly altered in both the lateral and depth-wise directions by £ 5 pym and £ 7
pm, respectively. Furthermore, the spacing of the cell columns was set to randomly
vary between 20-30 pm. The cell number densities were set to 24-103 cells/mm? and
8-10% cells/mm? for superficial and deep zones, respectively. The 2D cell number
density (CND,p) was estimated using the relationship CNDyp = CN Dgﬁ.

In order to investigate the effects of the distribution of chondrocytes in the
superficial zone on the ultrasound backscatter, three sets of artificial cartilage models
with layered structures were generated and the number of aligned cell layers (N.),
deviation of cells from the perfect cell alignment (V;) and the cell layer spacing (S;)
were varied. The parameters were varied as: N =2,3,4,5,6; V;: =0, 2,4, 6,8 um, and
S¢ =15, 20, 25, 30, 35, 40 pm. Only one parameter was varied at one time and three
realizations were generated, while the remaining parameters were kept constant i.e.,
N.=6,V, =+ 2pmand S, =20 pm.

In addition, two sets of cartilage models with randomly distributed chondrocytes
were created to study the influence of the cell size and cell number density on the
ultrasound backscatter. In the first set, the dimensions of the cells varied from 4 pm
to 28 pm with increments of 2 pm. The aspect ratios of the cells in the superficial and
deep zones were 1.4 and 1, respectively. In the second set, the cell number density was
varied from 6 -10° to 60 -10% cells/mm? in the superficial zone and simultaneously
from 2 -10° to 20 -10% cells/mm? in the deep zone while the cell size was kept
constant (14 pm major axis and 10 pm minor axis in the superficial zone, and 14 pm
in diameter in the deep zone).

5.4 QUANTITATIVE ULTRASOUND PARAMETERS

Ultrasound image analysis

B-mode ultrasound images were analysed in studies I and II to evaluate the
ultrasound backscatter from the agarose scaffolds containing collagen or chondrocytes
and cartilage samples, respectively. First, the analysis window was positioned below
the sample surface for the first frame and that position was used for the subsequent
frames. An average image consisting of 30 subsequent frames was calculated. In
studies I and II, the width of the analysis windows were 1 mm and 2.8 mm for
40-MHz and 9-MHz transducers, respectively. The depths of the windows were 4
mm and equal to cartilage thickness in studies I and II, respectively. Additionally, in
study II, the length of the window was calculated based on the sound speed in the
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parallel or perpendicular directions obtained from [130] to match cartilage thickness
obtained from optical coherence tomography images.

In study I, a subtraction image between the average image of the scaffold
containing collagen or chondrocytes and pure agarose was calculated to minimize
the background noise and possible variation in the signal level between measurement
sessions. Next, the average image was divided into ten equally sized depth zones and
ultrasound backscatter was quantified as an average grayscale value for each zone
separately. The grayscale value originally ranged from 0 to 255 and the values were
linearly normalised to range from 0 to 1 to represent ultrasound backscattering in
arbitrary units. Moreover, ultrasound backscatter representing the whole sample was
determined by averaging zones 2 to 9. This was done in order to exclude reflections
from the front and bottom ends of the sample. In addition in study I, the intensity
histogram of 100 bins was determined for the average images to evaluate changes in
the distribution of ultrasound backscattering intensity within the scaffold. In order to
quantify the change in distribution, the skewness of the histogram was determined.
The analysis of the ultrasound image was performed with Matlab R2012a (The
MathWorks, Natick, MA, USA).

Apparent integrated backscatter

In studies II and III, apparent integrated backscatter (AIB) values were determined
from the experimental and simulated data. AIB was calculated based on the equation
shown in table 3.1. AIB calculation was performed with Matlab R2012a in both studies.
In study IV, AIB was calculated from 50-MHz SAM measurements and simulations.
Moreover, the apparent frequency dependence of backscatter (AFB) was determined
within a -6-dB frequency bandwidth.

Speed of sound

In study III, simulated speed of sound was determined between the receivers
located on the surface and on the bottom of the sample in the through transmission
geometry. Hilbert envelope maximums were calculated for the surface and the bottom
transducer signals and the 10% deviation of the Hilbert envelope maximum from the
signal baseline was used as a threshold in the time-of-flight (TOF) determination. In
addition, also the theoretical speed of sound values were calculated using a relation

/K
SOS = /=, 5.2
P (5.2)

where K and p are bulk modulus and density, respectively. For all collagen and
chondrocyte concentrations, theoretical SOS was calculated as a weighted average
using the volume fractions of agarose and collagen or chondrocytes.

In study IV, the speed of sound (c) values were determined from human cartilage
sections measured with a 250-MHz SAM using the method described by Hozumi
et al. 2004 [160]. In the study of Rohrbach et al. 2016 [161], the method is explained
in detail and here only a short description of the calculation procedure is provided.
When a cartilage section is measured in the pulse-echo geometry, reflections are
observed from the water-sample interface (s (t)) and from the sample-glass plate
interface (s (t)). The recorded RF signal can be modelled as a summation of these
two signals (s(t) = s1(t) + sa(t)). Subsequently, the signals s1(f) and s(t) can be
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modelled as a phase shifted and amplitude modified versions of a reference signal
so(t) as
s1(t) = kso(t — t1),
sy (t) = mso(t — tp) x atin., (5.3)

where k and m are the amplitudes of the recorded signals and t; and ¢, describe
the shift in time of the two signals. *attn. describes the attenuation effects due to
wave propagation inside the sample section. The reference signal (so(t — t()) can be
determined from the signal reflection from the water-glass interface. [161]

After the RF signals (s) are collected, they are transformed into the frequency
domain and normalized with the reference signal. Taking the squared magnitude of
this normalized spectrum yields

2

‘FFT{Sl—'—Sﬁ = K2+ 2km - e 2" cos(27f (t — 1)) + mPe 4%, (54)

FFT{so}

where « is the attenuation coefficient, ¢y is the time of flight of the reference signal

and f is frequency. If attenuation is neglected, the squared normalized spectrum

reaches extremums at the frequencies f,;, and f;.x when a cosine function reaches
extremums i.e.:

27T fypin - (b2 —t1) = 2n+1)m, n € Ny (5.5)

znfmgx . (tz — tl) =2nm, n € Ny (5.6)

and the corresponding unwrapped phase angle ¢, of the magnitude spectrum at the

fmax is [161]:
$Pu = 27 frnax (to — 1) — 271, (5.7)

Note that tg is the time of flight between the sample surface and glass plate in water
and therefore:

2d
oy = znfmaxg —27mn, (5.8)

where ¢y is the speed of sound in the water and 4 is the section thickness.
The phase angle can be expressed as:

27Tfmax(t2 — tl) = Zﬂfmﬂx(to — tl) — ¢u. (59)

The thickness of the sample section can be solved as

Pu
d= —————, (5.10)
4r f max (% - %)
where ¢ is the speed of sound in the specimen. Similarly for the minimum frequencies
the thickness can be expressed as:

_ ¢
47Tfmin

The fuin and fuax are frequencies which were detected using a peak detection
algorithm and the n’s can be determined from the estimated periodicity of f;,
and fiuqy. From eq. (5.10) the speed of sound value can be solved for both f,,;, and
fmax. Attenuation shifts the locations of the f,,;;;, and f.x which must be taken into
account. By using eq. (5.4) the attenuation coefficient can be estimated. The detailed
explanation of this correction procedure is provided in Rohrbach et al., 2016 [161].

d (¢u + 7(2n - 1)). (5.11)
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Acoustic impedance

In study 1V, the acoustic impedance Z; was determined with 250-MHz SAM using
the following equation [161]:

Zeref + kizw
Ze=— (5.12)
k
Rref - Kref

where R, is the reflection coefficient of the reference signal:

Zyef — Zaw

— 5.13
Zref +Zo ( )

Rref =

and k and k. are the reflection amplitudes recorded at water-sample and water—glass
interfaces, respectively. Z;, and Z, are the acoustic impedances of water and
the glass plate, respectively. A custom-made Matlab software was used to obtain
parameter maps of sample thickness (d), compressional wave velocity (¢), and acoustic
impedance (Z).

Density and bulk modulus

After calculating the maps of speed of sound and acoustic impedance, then the
density and bulk moduli maps of a sample could be derived using relations:

p=2, (5.14)
and
K=c¢-Z. (5.15)

The following thresholds were included for thickness, acoustic impedance and
speed of sound to include only the reliable values in further analyses: 6-15 pm, 1-2
MRayl, and 1100-2000 m/s, respectively. The material properties for chondrocytes
and extracellular matrix were estimated from a region of interest (ROI) of 0.5 x 0.5
mm? which was positioned in the center of the amplitude map. Cells were manually
segmented from each ROI and the extracellular matrix was eroded with a disk shaped
kernel (radius = 4 nm) to reduce the partial volume effect. Subsequently, mean values
and standard deviations were calculated for cells and cartilage separately from the
segmented maps (K, p, c and Z).

Depth dependent frequency spectrum and cell spacing estimation

In study IV, for both the 50-MHz SAM and simulations, a depth dependent frequency
spectrum (DFS) was determined. Ultrasound signals were gated using a sliding
hamming window. The overlap of the gates in the depth direction was 12.5 ns (i.e.,
~10.3 pum). The log compressed power spectrum was determined for each gated
signal from which the reference power spectrum was subtracted to obtain DFS(depth,
f), where f is the frequency in MHz and depth is the position of the gate in mm.
For each depth in the DFS the peak frequency (fx) was detected to estimate the
cell layer spacing (Figure 5.2). A frequency peak was defined as a local extrema if the
difference between its amplitude and its neighbouring local minima was larger than
a set threshold of 0.1 dB. If more than one peak was detected, then the peak ( f;k)
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closest to the center frequency of the reference signal was selected. Subsequently,
spectra were normalized by the maximum amplitude of the DFS and all peaks below
-10 dB were removed to exclude unreliable peaks. By assuming that the speed of
sound value in cartilage (c) is 1590 m/s, f;fk was then converted to a spacing value

using the following equation:

Spacing = (5.16)

ne
2
Individual spacing values were defined to be outliers and removed from further
analysis, if they were out of the interquartile range (i.e. smaller or larger than 25" or
75t percentiles [162] within each depth). Finally, spacing estimates were averaged
between 100 ym and 250 pm depths with intervals of 25 pm, yielding 6 average
spacing values per sample. Spacing estimates between cartilage surface and 100 pm
depth were excluded because the signals were affected by the surface reflection.

Deptl dependent frequency spectrum
100 [HB] -

'-\s;.ar:ing’
= .Y
204 UM ——t

Depth (pm)

Frequency (MHz)

Figure 5.2: Example image of depth dependent frequency spectrum (DFS) and the
corresponding detected cell spacing values.

5.5 REFERENCE METHODS

This section shortly summarizes the reference methods used in studies I-IV.

Optical coherence tomography

Optical coherence tomography (OCT) was applied in study II to measure the cartilage
thickness. OCT images were acquired using Ilumien PCI Optimization System (St.
Jude Medical, St. Paul, MN, USA) equipped with an OCT catheter (C7 Dragonfly, St.
Jude Medical).
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Light microscopy

In all studies, light microscopy was conducted using an Axio Imager M2 microscope
(Carl Zeiss Microlmaging, Jena, Germany). In study I, one representative sample
was randomly selected for light microscopy from each collagen and chondrocyte
concentration. Three sections of scaffolds containing collagen were stained with
Masson’s trichrome and three sections of scaffolds containing chondrocytes were
stained with Hematoxylin and Eosin and imaged by light microscopy.

In study 1II, the relative chondron area was estimated (in all samples) from sections
stained with Safranin-O and imaged in a light microscope. ROI area of 1 mm x
cartilage thickness was selected for analysis.

In study IV, the Mankin score was used to evaluate the degeneration of the
samples such that three Safranin-O stained sections were scored by three investigators
and their results were averaged and rounded to the nearest integer for each sample.
Cell morphology for the numerical simulations was evaluated from the cells located
between the articular surface those at a and depth of 250 pm. Cells were segmented
manually from the light microscopy images and cell spacing was estimated from the
images in the following way: Each segmented image was divided into overlapping
rectangular ROIs (depth: 100 pm, width: 500 pm, overlap: 90%). Each depth
column within each ROI was gated using Tukey window and power spectrum was
calculated. Then average spectrum from all spectra within the ROI was calculated

and log-compressed. The maximum peak frequency (fpe.) was determined and

converted into a spacing value using the relation fd—zk, where dz is the pixel size and
pea

fpea is the frequency of the peak. Spacing values were averaged in 25-pm intervals
between 100-um and 250-pm depths relative to the cartilage surface.

Fourier infrared imaging

In study I, three unstained sections of scaffolds containing collagen were imaged
with an FTIR spectroscope (Spectrum Spotlight 300, Perkin Elmer, Shelton, CO USA)
and integrated absorbance in the Amide I region (wavenumber range: 1600-1700
cm~ 1) was used to determine the collagen concentration within the section [163].

In study II, three non-stained cartilage sections from each sample were imaged
with a Fourier transform infrared spectroscope (Spectrum Spotlight 300). Spectral and
pixel resolutions of the FTIR system were 4 cm~! and 25 pm, respectively. Integrated
absorbance in the Amide I region (wavenumber range: 1585-1720 cm ™) was used to
evaluate the collagen concentration as a function of cartilage depth [163].

Polarized light microscopy and digital densitometry

In study II, collagen fiber orientation was estimated with polarized light microscopy.
The regions of interest were selected to be 1 mm x cartilage thickness. The depth-wise
orientation and the parallelism index of collagen network were then calculated for
each sample [164]. In study II, The spatial PG distribution (Safranin-O stained
cartilage section) was determined with digital densitometry [165].
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5.6 STATISTICAL ANALYSES

In all studies, the limit of statistical significance was set to p = 0.05. In study I,
Kruskal-Wallis test was used to test if the difference in backscattering and the
skewness of the ultrasound intensity distribution between different concentrations
of cells or collagen were statistically significant. In study II, Wilcoxon signed rank
test was used to determine the significance of differences in ultrasound backscatter
between measurements through the articular surface and lateral (cut) surface. In
addition, Spearman’s p was calculated to evaluate correlations between ultrasound
backscatter parameters and collagen orientation or concentration. In studies I and
II, SPSS software was used for statistical analyses (SPSS V. 19, Chicago, IL, USA). In
study IV, Kruskal-Wallis tests with post-hoc Bonferroni correction were used to test
sample-specific (Mankin score) and modality-related (light microscopy and 50-MHz
SAM) differences in cell spacing estimates. Moreover, Pearson correlation was used
to evaluate the relationship between cell-spacing and depth and correlations between
50-MHz SAM parameters and LM based cell spacing. All statistical tests in study IV
were performed using the Statistics Toolbox of Matlab R2014a (Mathworks, Natick,
MA, USA).
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Results

6.1 ULTRASOUND BACKSCATTER FROM CHONDROCYTES

6.1.1 Effect of cell number density on ultrasound backscatter

In study I, ultrasound (9 and 40 MHz) backscatter increased significantly (p < 0.05)
when the cell number density (CND) increased in the agarose scaffolds (Figure 6.1).
Furthermore, the skewness of the distribution of ultrasound backscattering intensity
differed significantly (p < 0.05) between scaffolds with different CND (Figure 6.1).
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Figure 6.1: 40-MHz (A) and 9-MHz (B) ultrasound backscatter (arbitrary units,
(AU)) as a function of cell number density. Skewness of the intensity distribution as a
function of cell number density for 40-MHz (C) and 9-MHz (D) ultrasound. Standard
deviations are marked with the error bars. *p < 0.05

With all cell number densities, an attenuation induced decrease in backscattering
(at 40 MHz) along the cartilage depth was detected (Figure 6.2). Moreover, the rate of
decrease in the backscattering elevated as CND increased. With 9-MHz ultrasound,
no depth dependence on the backscatter was observed, indication of the relatively
lower sensitivity of 9-MHz ultrasound on CND.
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Figure 6.2: Depth-dependent ultrasound backscatter (arbitrary units (AU)) at 40
MHz (A) and at 9 MHz (B) for different cell number densities. Increase in the zone
10 at 40-MHz is due the specular reflection from scaffold-container interface. In the
analyses, constant thickness of the scaffolds (3.9 mm) was divided into 10 equally
thick depth zones.

In study III, the dependence of the ultrasound backscatter on CND was evaluated
numerically (Figure 6.3). A similar increasing trend was observed as found in the
experimental results reported in study I (Figure 6.3). This was also observed in
study IV, where the increase in the CND in the randomly distributed cell models
elevated the amplitude of the spectra (Figure 6.4). In addition, a strong correlation
was observed between cell spacing and AIB (R? = 0.94, data not shown). However,
the increase in CND did not affect the apparent frequency dependence of backscatter
(AFB). The increase in the cell size had only a minor effect on AIB for cells larger
than 8 pm, while AFB continuously decreased from 0.15 dB/MHz to —0.25 dB/MHz
for cell sizes from 8 ym to 16 pm and increased again to —0.15 dB/MHz with the
largest simulated cell size 20 pm (data not shown).
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Figure 6.3: A) Simulated 40-MHz ultrasound backscatter for different cell number
densities. B) Experimental (study I) and simulated (study III) backscatter values
showed a strong correlation.
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Figure 6.4: (A) Increasing cell number density results in an frequency independent
amplitude increase while (B) increasing cell size with fixed cell number density
changes the amplitude and frequency dependence of backscatter.

6.1.2 Effect of cell spacing in superficial zone cartilage on ultrasound
backscatter

In study IV, characteristic frequency peaks in depth-dependent frequency spectra
(DFS) were observed in the FDTD simulations with organized cell layers in the
superficial zone (Figure 6.5). When three or more aligned cell layers (N;) were
present, a peak was detected in DFS (Figure 6.5B). The peak amplitude increased
and had a narrower width when the number of cell layers (N;) increased. When N,
was more than 5, no further effects were observed in DFS. When the randomness in
the depth-wise position of cells within the layer (V;) was increased, peak amplitude
decreased and peak width increased (Figure 6.5A). When V. was increased, the peak
amplitude decreased or even disappeared e.g. with 20 um spacing the peak vanished
when V. was 8 pm.

A) Deviation from perfect B) Number of aligned
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Figure 6.5: A) Variation in location (V) and B) number of cell layers (N.) affected

the shape of the scattering spectrum. Regular chondrocyte spacing was set to (Sc =
20 pm) in the superficial zone.
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The peak position in DFS was shifted when the spacing between cell layers (S)
increased (Figure 6.6). Moreover, the second peak occurred at 53.75 MHz + 0.29 MHz,
for example when S. was 30 um (Figure 6.6). For the models having spacings of 15
pm, 20 pm, 25 pm, 30 pm, 35 pm, and 40 pm the corresponding spacings estimated
based on DFS were 15.1 + 0.15 pm, 20.4 £ 0.18 pm, 26.4 £ 0.36 pm, 29.8 £ 0.12
pm, 35.43 £ 0.40 pm, and 40.9 £ 0.13 pm. The average absolute error in cell spacing
estimated based on DFS was 0.2 £ 0.1 pm. The spacing algorithm failed in 97% and
of the simulations which there was a randomized structure but only in 1% of the
simulations with a layered structure. No dependencies were found between CND
and AIB or AFB (data now shown).
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Figure 6.6: A) Log-compressed difference spectra evaluated at different cell spacings.
B) Linear correlation of estimated and simulated chondrocyte spacing. Standard
deviations are marked with the error bars.

Estimation of chondrocyte spacing with 50-MHz ultrasound

It was demonstrated that the quantitative ultrasound (QUS) measured cell spacing
between 100 um and 250 pm depths was significantly lower (p < 0.001) in the Mankin
score < 3 group when compared with Mankin score groups 5 and 6 (Table 6.1).
However, this was not observed in light microscopy (LM). In all samples, moderate
to strong (p < 0.05) positive correlations between QUS measured cell spacing and
cartilage-depth were observed (average R? = 0.55 and QUS spacing vs. depth slope =
0.03 pm/pm, Table 6.1).

A comparison between QUS and LM based cell spacing estimation revealed that
QUS based spacing estimates were significantly higher than those based on LM
(p < 0.01). This was especially pronounced in those samples with Mankin score
of 5 or 6 (p < 0.001, x> = 42.9) in comparison with samples with lower a Mankin
score i.e.,, 1 or 3 (p < 0.05, x> = 6.1). Moreover, for samples with a low Mankin score
(< 3), a statistically significant clear correlation (R? = 0.59, p < 0.001) between LM
and QUS spacing estimates was found when six average spacing values per sample
between depths of 100 pm and 250 pm were compared (Figure 6.7A). However, with
higher Mankin scores (i.e., > 5) no significant correlation was found (R? = 0.0007,
n.s.). When all samples were pooled, the correlation was statistically significant but
weak (R? = 0.13, p < 0.05).
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Conventional backscatter parameters AIB and AFB were found to be significantly
(p < 0.05) different between different Mankin score groups i.e. between < 3 vs. 5 and
< 3 vs. 6 (Table 6.1). Strong or moderate correlations between AFB (Figure 6.7B) or

AIB (R? = 0.59, p < 0.0001) and QUS based spacing values were observed.
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Figure 6.7: A) Linear correlation of LM and QUS based chondrocyte spacing values

in the low Mankin score (< 3) samples (1 = 4). B) Linear correlation between AFB and
QUS based spacing values in all samples (1 = 9). Values were determined between

depths of 100 um and 250 pm with 25 pm interval. This yielded 6 values per sample.
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Table 6.1: Quantitative ultrasound (QUS) and light microscopy (LM) based
chondrocyte spacing estimates (mean + SD of spacing values determined between
the depths of 100 pm and 250 pum) presented for all samples. Slope values of linear
fits for spacing versus depth and the corresponding significant (p < 0.05) R? values
are presented.

Sample LM spacing QUS spacing AIB AFB LM R? QUs R? Mankin
P (pm) (nm) (dB) (dB/MHz)  spacing/depth spacing vs. depth spacing/depth spacing vs. depth  score
1 200+£1.2 226+30  -288+30 0.016 £0.05 - ns. 0.07 0.50 1
2 17.4+14 170£35  -254+23 0.05=£0.06 0.02 0.48 0.06 0.50 3
3 21.9 £2.8x 31.8+21 -305+38 -0.10+0.05 0.02 0.35 0.04 0.71 3
4 243 £1.8% 281420  -331+34 -0.0740.02 - ns. 0.04 0.69 3
5 22.1+0.7% 282+09  -3444+31 -0.05%+0.002 - ns. 0.01 0.52 5
6 21.0 £3.2% 32.8+1.0 -33.0£24 -0.07 £ 0.002 - n.s. 0.02 0.49 5
7 21.7 £1.1x 320+£05 -31.7+21 -0.09+0.01 -0.02 0.34 0.01 0.29 6
8 21.1+5.6% 313+05 318+ 11 -0.0940.02 0.1 0.68 0.01 0.62 6
9 17.4 +£1.5% 308+07 -331+39 -0.11=+0.02 - ns. 0.01 0.66 6

* spacing values determined with LM and QUS are significantly different (p < 0.05). n.s. denotes not significant.
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6.2 ULTRASOUND BACKSCATTER FROM COLLAGEN

6.2.1 Effect of collagen concentration on ultrasound backscatter

In study I, ultrasound backscatter increased significantly with both frequencies (p
< 0.05) when the collagen concentrations increased in the scaffolds (Figure 6.8).
However, the backscattering of the 9-MHz ultrasound was not as sensitive as that
of 40-MHz ultrasound to the variations in collagen concentration. Moreover, with
40-MHz ultrasound, the skewness of the intensity distribution also significantly (p <
0.05) differed between the different collagen concentrations. However, this was not
observed with 9-MHz ultrasound.
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Figure 6.8: 40-MHz (A) and 9-MHz (A) ultrasound backscatter (arbitrary units, (AU))
as a function of collagen concentration. For 40-MHz (C) and 9-MHz (D) skewness of
the intensity distribution as a function of collagen concentration. Standard deviations
are marked with error bars. *p < 0.05.

With 40-MHz ultrasound at higher collagen concentrations (< 12.5 mg/mL), a
decrease in the backscattering as a function of depth was detected (figure 6.9) but
with 9 MHz, no similar depth dependence was observed.
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Figure 6.9: Depth-dependent ultrasound backscatter at 40 MHz (A) and at 9 MHz
(B) (arbitrary units (AU)) for different collagen concentrations. In the depth zones
9-10 at 9-MHz ultrasound, elevation in the backscatter is caused by the reflection
and scattering from subchondral bone.

In study III, the dependence of the ultrasound backscatter on the collagen
concentration was numerically evaluated using FDTD modelling (Figure 6.10). A
similar increasing trend was observed in the AIB as found in the experiments

conducted in study I.
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Figure 6.10: A) Simulated apparent integrated backscatter (AIB) as a function of
collagen concentration. B) Linear fit between experimental (study I) and simulated
(study III) backscatter values.
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6.2.2 Anisotropy of ultrasound backscatter

In study II, AIB and backscattering determined from the ultrasound images were
significantly higher in the transitional and deep zones when the measurements were
conducted through the lateral (cut) surface instead of through the articular surface
(Figure 6.11 and Table 6.2).
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Figure 6.11: A) In direction A ultrasound wave incidence is parallel to the articular
surface (lateral side A, C, E). The lateral side was divided into six sections from
surface to cartilage-bone interface (A), and each section was independently imaged
and measured. In direction B ultrasound incidence is perpendicular to the articular
surface (B, D, F). 40-MHz (C, D) and 9-MHz (E, F) ultrasound images through lateral
(cut) surface (C, E) and through articular surface (D, F).
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Table 6.2: Ultrasound backscatter values measured through lateral (cut) surface and
articular surface.

Orientation AIB (dB) Backscatter (AU)
40 MHz  Lateral (cut) surface

1 —63.01+4.2* 0.044 £0.014

2 —63.5+32* 0.059 +0.018*

3 —62.0+£5.0* 0.078 4+ 0.033*

4 —60.8+6.1 0.100 £ 0.042%

5 —582+64 0.114 £ 0.048*

6 —53.8+5.6* 0.129 +0.052

Articular surface —60.0+3.7 0.036 £ 0.011
9 MHz Lateral (cut) surface

1 —59.1+6.1* 0.19+0.05*

2 —53.6+6.0* 0.26+0.03

3 —51.1+65 0.30 £ 0.04

4 —47.1+42 0.35 £ 0.05*

5 —46.6 +5.1 0.39 £ 0.05*

6 —43.3+43* 0.43+0.04*

Articular surface —485+54  0.28+0.06
AIB = apparent integrated backscatter.

* Numbers 1-6 refer to six sections from the cartilage surface to the cartilage-bone interface in the lateral (cut) side. Backscatter was
measured from the ultrasound B-mode images and was significantly higher when measured through the lateral cut surface in middle
and deep cartilage sections.

*p < 0.05 Wilcoxon signed rank test comparison of backscatter measured through articular surface and lateral (cut) surface.

Depth-dependent ultrasound backscattering measured from ultrasound B-mode
videos is illustrated in figure 6.12. The decrease in the rate of the backscatter measured
through the articular surface was higher than that of backscatter measured through
the lateral (cut) surface.
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Figure 6.12: Depth-dependent ultrasound backscatter profiles in arbitrary units
(AU) (mean + SD) measured thought the middle part (section 4) of the lateral (cut)
surface (black) and through the articular surface (gray) at 40 MHz (a) and at 9 MHz
(b).
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In the lateral direction, the correlation (p) between collagen orientation (angle
with respect to the articular surface) and ultrasound (9 MHz and 40 MHz) backscatter
ranged from 0.33 to 0.61 (p < 0.01), and the correlation between collagen concentration
and ultrasound backscattering ranged from 0.43 to 0.59 (p < 0.01).

For approximately 80% of the cartilage thickness, the collagen fiber orientation
was perpendicular to the articular surface and the PG concentration rapidly increased
from the surface to the transitional zone (Figure 6.13). Moreover, the relative chondron
area was 7 £ 3%, and the size of the individual chondrons increased towards the
cartilage-bone interface.
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Figure 6.13: Depth profiles (mean + SD) of (A) relative collagen concentration
determined as integrated absorbance in arbitrary units in the amide I region with
Fourier transform spectroscopy, (B) relative proteoglycan distribution determined as
optical density, (C) collagen orientation and (D) parallelism index determined with
polarized light microscopy.
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In study III, the effect of collagen fibril orientation on ultrasound backscatter
was investigated by generating two models with collagen fibril orientations either
perpendicular to or in parallel with the ultrasound wave propagation direction. The
value of AIB was highest in the model where the orientation of collagen fibrils was
perpendicular to the wave propagation direction (table 6.3).

Table 6.3: Speed of sound (SOS) and apparent integrated backscattering (AIB) of
collagen models with fibrils oriented in parallel, perpendicular to randomly with the
ultrasound propagation direction. Collagen concentration in all the models was 100

mg/mL.
Orientation of fibrils  SOS (m/s)  AIB (dB)
Parallel 1457.4 -68.1
Perpendicular 1454.6 -19.1
Random 1455.7 -51.4

6.3 ELASTO-ACOUSTIC PROPERTIES OF CARTILAGE AND
CHONDROCYTES OBTAINED FROM HIGH RESOLUTION
SAM

In study 1V, a 250-MHz SAM could distinguish between the extracellular matrix and
chondrocytes (figure 6.14). The corresponding mechanical and acoustical properties
of chondrocytes and surrounding extracellular matrix are presented in table (6.4).

Table 6.4: Mean and standard deviations of the mechanical and acoustical properties
of extracellular matrix and chondrocytes determined with a 250-MHz SAM.

Material Z (MRayl) SOS (m/s) p (g/cmd) K (GPa)
Extracellular matrix  1.75 +0.03 1590 + 20 1.10 £ 0.01 2.80 4+ 0.07
Chondrocytes 1.64 £ 0.01 1568 + 8 1.04 +£0.012 2.56 + 0.01
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Figure 6.14: A) Scanning acoustic microscopy amplitude image of a human articular
cartilage section. The region of interest where average values for Z, ¢, p, and K were
determined is highlighted in green. Corresponding bulk modulus and density maps
are presented in B) and C), respectively.
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Discussion

Osteoarthritic changes in cartilage tissue composition and structure can be
detected with quantitative ultrasound techniques, and the analysis of the ultrasound
backscatter enables the characterization of the subsurface properties of cartilage
[29,34,87,125,139]. However, it is still unclear how the constituents of cartilage affect
ultrasound backscattering. The aim of this thesis was to brigde this gap in knowledge
by studying experimentally and numerically the effect of chondrocytes and collagen
on the ultrasound backscatter.

In studies I and 1I, the effects of articular cartilage composition and structure
on the ultrasound backscatter were investigated experimentally. In study III, the
benefits of FDTD modelling in the simulation of ultrasound backscatter arising
from collagen and chondrocytes were evaluated by constructing FDTD models with
geometries mimicking the experimental set up applied in study L In study IV, two
scanning acoustic microscopes were used to quantify the acoustic properties of
articular cartilage. High resolution 250-MHz scanning acoustic microscopy of thin
cartilage sections was used to determine material parameters for chondrocytes and
extracellular matrix needed in the FDTD modelling. 50-MHz SAM was used to obtain
backscatter data from unprocessed human cartilage samples. Finally, the possibility
to estimate the cell spacing from the ultrasound spectrum was studied numerically
first with FDTD simulations and then experimentally.

7.1 ULTRASOUND BACKSCATTER FROM CHONDROCYTES

Effect of cell number density on ultrasound backscatter

Several studies have investigated ultrasound backscattering arising from different
cells [166-168]. In these studies, the effect of the cell structure, e.g. the change of cell
morphology during apoptosis, on the ultrasound backscatter has been investigated by
calculating spectral parameters and the ultrasound backscattering coefficient. Despite
the extensive research on ultrasound imaging of articular cartilage, the specific
contribution of the number density of chondrocytes to the ultrasound backscatter
has not been investigated experimentally. In study I, ultrasound backscatter was
found to increase with increasing cell number density. The findings of the study
I are in line with a more recent report where a significant correlation was found
between cell number density and ultrasound backscatter amplitude in articular
cartilage [87]. Furthermore in the recent study of Ménnicke et al. 2016, the value
of the AIB parameter was found to be positively correlated (R?> = 0.51) with the
combination of cell number density and collagen concentration in a model in which
collagen orientation was approximately perpendicular (>70°) to the ultrasound
propagation direction [139].

In study III, FDTD simulations revealed an increase in AIB as the cell number
density increased. This result is similar to the experimental finding in study I
An increase in the backscatter spectrum amplitude as a function of cell number
density was also observed in the simulations conducted in study IV. While these
2D FDTD-models provided a good insights into how the cell number density and

51



the size of the cells affect ultrasound backscatter, more realistic models with more
physiological cell geometries in 3D e.g. obtained by means of confocal microscopy
should be investigated in future. This would add important knowledge on the effect
of biological variation in the size and shape of chondrocytes on the ultrasound
backscatter.

Effect of chondrocyte arrangement on ultrasound backscatter

The organization of chondrocytes varies in the different cartilage zones [43,61]. In the
superficial zone, cells are isolated and smaller than those in the deep zone. Moreover,
the cell number density is higher in the superficial zone and shape of the cells in the
superficial zone is ellipsoidal. In the deep zone, the cells are more round and can form
columns [169]. In study IV, the arrangement of cells into layers in the superficial zone
was found to cause a coherent peak in the depth dependent frequency spectrum of
the backscatter in both simulations and experiments. By analysing the peak position,
a depth-dependent estimate for average cell spacing in the superficial zone could be
determined.

If the scatteres are separated by a constant distance (Atcp) in the direction of the
incident wave, then the oscillatory coherent part will add up at a frequency 1/At
which can be observed as a peak in the power spectrum. This was verified in the
simulations where a detectable peak appeared at the expected frequency. However,
the scatterers, i.e. cells in articular cartilage, are embedded in the extracellular matrix
which affects the observed backscatter spectrum [139]. This property, as well as
multiple scattering, will introduce non-linearity into the backscatter power spectrum.
Moreover, the architecture of the collagen network can influence the shape and
orientation of chondrocytes [169], and therefore the structural patterns of superficial
chondrocytes may be related to the structure of the collagen network in that area [60].
Nevertheless, the spacings estimated from the backscatter spectrum and those based
on light microscopy were strongly correlated, supporting the idea that the resonance
peak detected in the superficial zone was related to cell spacing.

In early OA, the articular surface degenerates, triggering degradation of the
collagen network and depletion of proteoglycans. These changes increase the water
content of cartilage causing cartilage swelling. Structural changes affect the overall
cell distribution within the tissue, and moreover in OA, chondrocytes proliferate and
form cell clusters [170,171]. Changes in cell distribution were observed in study IV
where the average cell spacing estimated from the backscatter spectrum was found to
be significantly higher in more degenerated cartilage (Mankin < 3 vs. Mankin > 5).

Ultrasound backscatter in cartilage is commonly quantified using AIB and AFB
parameters [34,87]. When combined, these parameters are potentially good indicators
for early OA [172], since frequency dependence of ultrasound backscatter can be
quantified using AFB, whereas AIB assesses the magnitude of the power spectrum. In
study IV, when examined speciments with increasing Mankin scores, AIB decreased
and AFB changed from being positive to negative. Moreover, correlations were found
between cell spacing and AIB and AFB parameters. If these parameters are determined
alone while neglecting possible coherent scattering due to cell spacing, this might
lead to erroneous conclusions and weaken the predictive power of QUS-based OA
diagnostic tools. Future studies should aim at separating the incoherent and coherent
scatter information in order to enable determine of QUS parameters that are related
to cell morphology. This could be accomplished by adapting other signal processing
approaches such as cepstral analysis [173].
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7.2 ULTRASOUND BACKSCATTER FROM COLLAGEN

Effect of collagen concentration on ultrasound backscatter

In study I, ultrasound backscattering increased in parallel with an increase in the
collagen concentration, with 40-MHz ultrasound being more sensitive than 9-MHz
ultrasound in detecting this change. This may be related to the shorter wavelength of
40-MHz ultrasound which is more sensitive at detecting smaller structures such as
collagen fibrils [174].

In study I, collagen was dissolved in hydrochloric acid and therefore was not
arranged in an organized network. Furthermore, the typical concentration of the
collagen in human cartilage is around 200 mg/mL, which is more than the maximum
collagen concentration used in study I [155]. However, due to difficulties in dissolving
high collagen concentration in HCI, it was not possible to generate higher collagen
concentrations in agarose scaffolds. In a previous study, collagen was proposed as
being the main scatterer of ultrasound in articular cartilage [125]. Surprisingly, the
backscatter measured from collagen was lower than that from chondrocytes. This was
also observed in the simulations conducted in study III. In the future, more realistic
FDTD-models combining both chondrocytes and the collagen network should be
created to study the combined effects of collagen and chondrocytes on ultrasound
backscatter in 3D.

7.3 ANISOTROPY OF ULTRASOUND BACKSCATTER

Ultrasound backscattering has been found to be anisotropic in tissues having a highly
organized collagen network, such as myocardium and tendons [175]. In study II,
ultrasound backscatter was higher when measured in a direction parallel to the
articular surface i.e. through the lateral (cut) side of the cartilage. In this setup, the
direction of the ultrasound propagation was perpendicular to the collagen orientation
in deep cartilage.

In the superficial zone the collagen fibers are oriented in parallel with the articular
surface, in the transitional zone, they are randomly oriented and finally in the deep
zone, they are perpendicular to the articular surface. The ultrasound was found to
scatter more when it was propagating in a direction perpendicular with the collagen
fiber orientation. This was observed also in the simulations conducted in study III.
Moreover, in the repair tissue where collagen network is unorganized ultrasound
backscatter has been found to be significantly higher when compared to that in
healthy cartilage [125,176]. The findings in studies II and III are supported by
Maénnicke et al. 2016, where a positive correlation was found between the collagen
concentration and AIB, when collagen orientation was perpendicular (>70°) in the
ultrasound propagation direction [139].

In study II, 9-MHz and 40-MHz ultrasound transducers suitable for arthroscopic
use were exploited [26,29,107]. The 9-MHz ultrasound enables full-depth cartilage
imaging and an evaluation of subchondral bone [29]. The 40-MHz ultrasound
provides high-resolution ultrasound images and can detect changes in the articular
surface. However, OA related changes in the deep cartilage cannot be visualized in a
40-MHz ultrasound image due to attenuation, especially in thick human cartilage.
AIB values were systematically higher when determined with 9-MHz ultrasound
compared with those determined with 40-MHz ultrasound. Moreover, AIB values
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which were measured through the articular surface were in the same range as those
reported previously for 40-MHz [28] and 9-MHz ultrasound [29].

The following limitations of the study II should be mentioned. Cutting of cartilage
modifies the integrity of the tissue structure and may cause swelling. We attempted
to minimize this problem by keeping the cartilage attached to the subchondral bone.
Indeed, polarized light microscopy images of lateral cartilage sections revealed that
the collagen orientation in cartilage was normal and consistent with the literature
[177].

When backscatter was evaluated from the B-mode video images at 9-MHz through
the articular surface, a high variation was observed in the depth zones 9 and 10. This
might have been due to reflection and scatter from calcified cartilage and subchondral
bone. This is possible, since the depth zones in the analysis window were based on
the thickness measured with OCT and sound speed values obtained from Patil et al.
2004 [130]. Therefore, when the backscatter was determined from the whole cartilage
thickness, zones 1 and 10 were removed from the analyses. With 40-MHz ultrasound,
this variability was not observed in the zones 9 and 10, since the ultrasound wave
had become attenuated before it reached the cartilage-bone interface. Statistically
significant differences were observed when backscatter magnitude (from B-mode
images) was measured through the articular surface and through the middle lateral
(cut) surface (sections 4 and 5). However, with AIB, the limit for statistical significance
could not be reached. The reason for this is the averaged B-mode image which
consists of more signal data from multiple frames compared to that of AIB, which is
being calculated from only a single ultrasound signal.

7.4 ELASTO-ACOUSTIC PROPERTIES OF CHONDROCYTES AND
EXTRACELLULAR MATRIX

In study IV, 250-MHz SAM enabled the quantification of the elasto-acoustic
parameters for chondrocytes and extracellular matrix of fixed cartilage sections.
This is the first study to estimate bulk modulus or acoustic impedance values for
chondrocytes using SAM.

The material properties derived from the fixed cartilage sections should be
carefully considered, since the embedding, de-paraffinization and rehydration of
the samples can alter the mechanical properties of tissues [178]. Moreover, the
chondrocytes might have been damaged during the cutting of tissue sections.
Nonetheless, the value of the speed of sound obtained for extracellular matrix is
in agreement that obtained in a previous in vivo study [179]. Furthermore, the
cartilage-to-water acoustic impedance ratio reported in study IV (1.8 MRayl/1.5
MRayl = 1.2) is in line with that provided in the previous study of Tepic et al. 1983
(1.1-1.2) [180].

In this study, only the central part of the vertical cartilage section was analyzed
due to problems with the detachment of the specimen from the glass slide. In the
future, this problem could be resolved by using a more dense coupling medium (e.g.
ultrasonic gel) between the transducer and the tissue section. However, it is possible
that the ultrasonic gel would attenuate and distort the high frequency ultrasound
wave more than water and this would need to be taken into account in the analyses.
The elasto-acoustic properties were determined from vertical cartilage sections and
the high frequency ultrasound wave propagated parallel to the cartilage surface.
In the FDTD-simulations, the elastic properties were assumed to be isotropic and

54



the ultrasound wave was propagated in the direction perpendicular to the articular
surface. However, this assumption may not be valid and should be investigated more
carefully in the future by preparing horizontal tissue sections from varying tissue
depths, i.e. from the superficial to the deep zone.

In the future, by using cryo-sectioned cartilage sections, limitations related to
fixation and cell cutting could be avoided. Moreover, by using a higher frequency
acoustic microscope e.g. a 500-MHz SAM, the lateral resolution of the quantitative
elasto-acoustic maps could be enhanced [161].
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Summary and conclusions

In this thesis, ultrasound backscatter from articular cartilage samples and collagen or
chondrocytes in agarose scaffolds was investigated by applying both experimental
and numerical methods. The suitability of numerical modelling to simulate
ultrasound propagation and scattering was tested by generating simulation
geometries mimicking the experimental setups used in the initial studies in
this thesis. The anisotropy of ultrasound (9 MHz and 40 MHz) backscatter was
investigated in bovine articular cartilage samples. Finally, the feasibility of ultrasound
backscatter to estimate cell spacing in superficial zone cartilage was numerically and
experimentally evaluated.

The following conclusions can be drawn based on the findings emerging
from this thesis:

1. Both collagen and chondrocytes contribute to the ultrasound backscattering
when they are embedded in agarose.

2. Ultrasound backscatter is anisotropic in cartilage and the backscatter is highest
when the orientation of collagen fibers is perpendicular with ultrasound
propagation direction.

3. FDTD modelling was suitable for simulating ultrasound wave propagation and
scattering in agarose scaffolds containing different concentrations of collagen
and chondrocytes.

4. High frequency (250-MHz) scanning microscopy revealed different
elasto-acoustic properties for chondrocytes and the extracellular matrix.

5. Cell spacing in superficial zone was found to be related to coherent ultrasound
backscatter and furthermore, the conventional ultrasound parameters (AIB and
AFB) were observed to be correlated with cell spacing.
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SATU INKINEN

Arthroscopic ultrasound imaging has
been proposed for diagnostics of cartilage
degeneration and injuries. In this thesis,
the effects of collagen and chondrocytes
on ultrasound backscattering in articular
cartilage were investigated experimentally
and with simulations. Ultrasound backscatter
was found to be sensitive to changes in the
composition and structure of the collagen
network and the distribution and density of
chondrocytes. This encourages the use of
quantitative ultrasound for clinical assessment
of articular cartilage.
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