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ABSTRACT

Articular cartilage is connective tissue that provides low friction surfaces where bones come into contact
and, during locomotion and standing it distributes the loads applied to the joint, minimizing the stresses
on the subchondral bone. Osteoarthrosis (OA) is a severe joint disease characterized by collagen disrup-
tion, proteoglycan depletion and impaired mechanical properties. In OA, the joint cartilage is exposed
to increased wear and this can lead to damaging bone-to-bone contact. The degenerative process causes
pain to the patient and, finally, dysfunction of the diseased joint. Diagnosis of OA at the initial stage is
essential in order to slow down the degenerative process. Unfortunately, the current clinical techniques
are incapable of diagnosing early OA. Earlier studies have suggested that ultrasound may be used to
detect OA changes in cartilage structure and composition. Further, mechanical indentation has been
combined with ultrasound measurements to enable determination of cartilage thickness and compres-
sive strains, and in this way it is possible to obtain a more accurate determination of the mechanical
properties of cartilage. However, it is not known whether the possible compression-related changes in
acoustic parameters affect mechano-acoustically determined mechanical properties.

This study attempts to clarify the effects of structure and composition of articular cartilage and me-
chanical loading on acoustic properties of the tissue. Acoustic properties of normal and enzymatically or
spontaneously degenerated bovine articular cartilage were studied. Acoustic parameters, i.e. ultrasound
reflection at cartilage surface, speed and attenuation, were related to tissue structure, composition and
mechanical properties, as assessed by reference histological, biochemical and mechanical measurements.
Ultrasound speed and attenuation in human, bovine and porcine cartilage was also studied under me-
chanical loading. Errors introduced into the mechano-acoustically determined mechanical properties
through compression-related variation in ultrasound speed were evaluated. A novel model describing
compression-related variations of ultrasound speed in human patellar cartilage was established by re-
lating ultrasound speed with compression-related variations in collagen orientation and composition.
For reference, a sample-specific finite element (FE) model was constructed by implementing realistic
orientation and composition of cartilage as revealed by histological analyses, Fourier transform infrared
imaging and water content analyses.

The ultrasound reflection coefficient at the cartilage surface was found to be sensitive at detecting
degradation of superficial collagen. The ultrasound speed and attenuation were significantly related
to composition, structure and degeneration of cartilage. Ultrasound speed and attenuation were also
affected by the mechanical stress and deformation to which cartilage was subjected. The variation in
ultrasound speed, although minor, was found to introduce errors into mechano-acoustically measured
strain and elastic modulus. The model constructed in this thesis predicted compression-related variation
of ultrasound speed with good accuracy, suggesting that variations in collagen orientation and water
content in cartilage can determine changes in ultrasound speed during compression.

The results indicate that acoustic properties are related to the structure and composition of articular
cartilage. Ultrasound measurements, when accurately measured in vivo, could be of benefit in the
diagnostics of early OA. However, mechano-acoustic measurements of the mechanical properties of
articular cartilage along the axis of ultrasound propagation may be subject to significant errors due
to compression-related variation in the ultrasound speed. Further studies are needed to reveal whether
compression-related errors in mechano-acoustic measurements of articular cartilage can be avoided.

Universal Decimal Classification: 534-8, 534.321.9, 534.7, 620.179.16, 620.179.17

National Library of Medicine Classification: WE 300, WE 348, WE 103, QT 34, WN 208

Medical Subject Headings: Cartilage, Articular/physiology; Cartilage, Articular/anatomy & histology; Osteoarthri-
tis/diagnosis; Proteoglycans; Collagen; Acoustics; Ultrasonics; Ultrasonography; Mechanics; Biomechanics; Stress, Me-
chanical; Elasticity; Materials Testing; Finite Element Analysis
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LIST OF ABBREVIATIONS AND NOTATIONS

D deep region of cartilage
ePLM enhanced polarized light microscopy
GAG glycosaminoglycan

FE finite element

FFT fast Fourier transform

FC femoral condyle

FG femoral groove

FLC femoral lateral condyle

FMC femoral medial condyle

FTIRI Fourier transform infrared imaging
LM light microscopy

LPG lateral patellar groove

M middle region of cartilage

OA osteoarthrosis

PA parallel to articular surface

PAT lateral upper quadrant of patella
PBS phosphate-buffered saline

PE perpendicular to articular surface
PG proteoglycan

PGF patellar groove of femur

PLM polarized light microscopy

PP proximal phalanx

PSF patellar surface of femur

Rad. radial region of cartilage

RF radio-frequency

S superficial region of cartilage
Tang. tangential region of cartilage
TLP tibial lateral plateau

TMP tibial medial plateau

TP tibial plateau

Trans. transitional region of cartilage

a indenter diameter

A amplitude

AlIB apparent integrated backscatter
A(f) amplitude spectrum

BUA broadband ultrasound attenuation
c ultrasound speed

CISCM ultrasound speed determined using in situ calibration method
Cp specific heat at constant pressure
Cy specific heat at constant volume

Cu,0 water content



CcQI cartilage quality index

d diameter

d; distance from the transducer to saline-cartilage interface at location 4
e void ratio, i.e. fluid volume to solid volume ratio
E elastic modulus, i.e. Young’s modulus

Eayn elastic modulus under dynamic compression, i.e. dynamic modulus
Eeq elastic modulus at mechanical equilibrium

f frequency

b peak frequency

G(f) power spectrum

IRC integrated reflection coefficient

] imaginary unit

k wave number

K, adiabatic bulk modulus

K; isothermal bulk modulus

h sample thickness

n number of samples

nBUA normalized broadband ultrasound attenuation

P statistical significance

P load

r Pearson correlation coeflicient

rg Spearman’s correlation coefficient

Ty cross-correlation coefficient

R reflection coefficient

Ry reflection coefficient at the sample-metallic plate interface
Ry reflection coefficient at the sample-transducer interface
SD standard deviation

SMankin Mankin score

SEayn sub-score corresponding to Egyy,

SEeq sub-score corresponding to Ee,

SEM standard error of mean

Su,0 sub-score corresponding to Ch,o

Shist sub-score corresponding to Syiankin

t time

T transmission coefficient

TOF time-of-flight

U particle displacement amplitude

URI ultrasound roughness index

T distance

Z acoustical impedance

« attenuation coefficient

Qlamp amplitude attenuation coefficient

abs absorption coefficient

it integrated attenuation coefficient

Qg scattering coefficient
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CHAPTER 1
Introduction

Articular cartilage is connective tissue that provides low friction surfaces where bones
come into contact and during locomotion and standing it distributes the loads applied
to the joint, minimizing the stresses on the subchondral bone [102]. Cartilage exhibits
a nonhomogeneous structure and composition [26, 102]. The mechanical anisotropy and
fibril reinforced poroviscoelasticity of cartilage provides high adaptivity to varying me-
chanical stresses and integrity of the tissue essential for full functionality [51]. Cartilage
degeneration, osteoarthrosis (OA), is a common musculoskeletal disease with significant
socioeconomic consequences [154]. The progressive failure of cartilage leads to denuda-
tion of cartilage from bone, which causes pain to the patient and, due to cartilage’s
limited healing capacity, the outcome is often permanent disability of the diseased joint
[25, 27, 40, 75]. This leads to total joint replacement, but these replacements unfor-
tunately have a restricted lifespan [51]. Initial phase of OA is asymptomatic and the
earliest signs, which are also regarded as the ”point of no return”, are softening and
fibrillation of the superficial tissue [11, 25, 27, 45]. The diagnosis of the disease at an
earlier stage could be beneficial since it might be possible to slow down the degeneration
process [25]. However, current clinical techniques are insensitive and have a rather lim-
ited capability to differentiate healthy cartilage from tissue with early or progressed OA.
Even though traditional X-ray OA diagnostics is noninvasive, it is insensitive at detect-
ing changes in cartilage and, thus, it has been exploited in detecting the joint narrowing
typical of advanced progression of OA [25]. Magnetic resonance imaging (MRI), also a
noninvasive technique, provides tools for detection of lesions, composition and wear of
cartilage [38, 47], but is costly and clinical techniques lack the high resolution needed to
reveal microstructural changes. Minimally invasive methods to diagnose OA have also
been developed. Arthroscopy is a qualitative and subjective technique enabling only
detection of the visual signs of advanced degeneration. Optical coherence tomography
(OCT) provides a method to reveal the microstructure of cartilage, but due to its limited
penetration it is restricted to the superficial tissue [54]. Electromechanical spectroscopy
has been proposed to reveal electrokinetic streaming potentials [16, 44, 129]. However,
further developments will still be required to relate the relationships between mechanical
stress and streaming potentials with early degeneration of cartilage [51]. Mechanical
indentation techniques have been used for the determination of mechanical properties
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of cartilage [36, 94, 105]. However, these techniques require thickness information of
cartilage, which is not readily available, if one wishes to accurately calculate mechanical
properties and therefore the method is prone to gross inaccuracies. Ultrasound imag-
ing and quantitative ultrasound analyses of cartilage have been proposed to potentially
reveal OA-like changes within the tissue [104, 130, 145|. However, there are still no
clinical applications for ultrasonic cartilage imaging. Ultrasound has been proposed as
representing a useful technique for measuring cartilage thickness [1, 63, 98, 103, 125].
Therefore, if it was possible to combine thickness information with mechanical inden-
tation, then the mechanical properties of cartilage could be more accurately measured.
Unfortunately, it has been claimed that the ultrasound speed in articular cartilage may
vary under mechanical compression [160] and, this may introduce measurement errors
in mechano-acoustically measured parameters. However, the true effect of compression-
related changes in ultrasound speed on mechano-acoustically measured mechanical prop-
erties of articular cartilage has never been quantified.

This thesis aimed at clarifying the relations between the acoustic properties of ar-
ticular cartilage and cartilage structure and composition. The ultrasound properties of
cartilage were investigated in normal and spontaneously or enzymatically degenerated
cartilage. Particular attention was paid to how mechanical stress and deformation can
affect the ultrasound properties, and mechano-acoustically measured mechanical proper-
ties, of cartilage. Thus, this study aimed to establish a model to relate the composition
and structure of cartilage under compression with variations in ultrasound speed.



CHAPTER I
Articular cartilage

2.1 Structure and composition

Articular cartilage is avascular and aneural connective tissue located at the ends of bones
within the joints [26, 90]. In humans, the thickness of the tissue varies from about 1 mm in
the finger joints to over 6 mm in the tibia [12, 39, 51|. Together with the synovial fluid,
cartilage permits almost frictionless motion for contacting bones [42, 101]. Cartilage
is structurally inhomogeneous, i.e. it exhibits a depth-wise variation in structure and
composition [26]. The main component of cartilage is the interstitial water with nutrients
and ions, representing 60-80 % of the tissue wet weight [25, 26].The mean density of
normal articular cartilage is slightly higher than that of water [59]. The solid matrix
consists primarily of collagen, proteoglycan (PG) macromolecules and chondrocytes, i.e.
cartilage cells that synthesize collagen and PG aggregates [25, 26]. Calcified cartilage is
located adjacent to bone and is separated from deep cartilage by an interface called the
tidemark, which is not present in juvenile tissue [26, 51]. Type II collagen constitutes
90-95 % of the total collagen content, although minor amounts of type IV, IX, X and
XI collagen can also be found. Collagen represents about 60 % of the total tissue dry
weight [26]. The diameter of collagen fibril varies from 20 to 200 nm [51]. The collagen
architecture is organized according to the Benninghoff model [15]. In superficial cartilage,
the collagen fibers are densely packed and oriented in parallel to the cartilage surface
(Fig 2.1). In the middle region, the collagens are randomly oriented, while in the deep
region of cartilage, collagens are oriented perpendicularly to the articular surface. The
PG content increases depth-wise towards the deep tissue (Fig 2.1). The core of the
PG aggreate is constructed by a hyaluronic acid chain to which the core protein of a
glycosaminoglycan (GAG) chain is attached via a link protein [25]. Negatively charged
keratan sulfate and chondroitin sulfate molecules attract water, thus, inducing a swelling
pressure inside the tissue that is resisted by the collagen network [25]. During prolonged
loading of cartilage, water flow occurs within the tissue, and out of the tissue enabling
the circulation of nutrients and waste products [140].

19
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Figure 2.1: Schematic representation of cartilage structure (left). The typical histological im-
age obtained from enhanced polarized light microscopy (ePLM) reveals that collagen is oriented
along the surface at the superficial cartilage, whereas in deep layer it is oriented perpendicular
to the cartilage surface. Fourier transform infrared imaging (FTIRI) reveals that PG content
typically increases from the superficial cartilage towards deep tissue. As a complement of the
solid matrix, water content decreases from the superficial to deep cartilage. White and black
triangles indicate the cartilage surface and cartilage-bone interface, respectively.

2.2 Mechanical properties

Collagen and PGs are the most important components determining the mechanical in-
tegrity of cartilage [23, 26]. Their interactions with the tissue water determine the re-
silience and compressive stiffness of cartilage [27, 102 as well as establish the anisotropic
and poroviscoelastic behaviour of the tissue [62, 95, 102]. The equilibrium modulus of
cartilage has been shown to increase along the cartilage depth [82] (Fig. 2.2). The me-
chanical properties of cartilage vary within a joint [6], from one anatomical location to
another [9].

When cartilage is loaded at high rates, it behaves as an incompressible material with
no significant fluid flow. The dynamic mechanical properties of cartilage are strongly
determined by the integrity of collagen network. Collagen lacks compressive properties,
but demonstrates tensile viscoelastic and nonlinear behaviour [60]. Instantaneous stiff-
ness of the tissue is significantly reduced due to the fibrillation of superficial collagen [§].
Under a static load, cartilage settles into a mechanical equilibrium, which is determined
primarily by the water-attracting PGs [78]. The high fixed charge density induces the
osmotic swelling pressure, defined as the Donnan effect, thus, acting in opposition to the
compressive stress [51]. When there is continued stress, then there is a flow of intersti-
tial water, which in turn is controlled by tissue permeability; these changes promote an



2. Articular cartilage 21

intrinsic rearrangement of cartilage matrix [21, 66, 67]. Removal of the very superficial
layer of the tissue has been shown to increase water flow and speed up the relaxation
process significantly under mechanical loading [140].

The mechanics of cartilage may be described analytically in simplified cases, whereas
complex problems require numerical modelling. An analytical elastic single phasic model
was first introduced by Hayes et al. for indentation of cartilage [53]. Subsequently, sin-
gle phasic viscoelastic models were used to describe the viscoelastic nature of cartilage
by describing cartilage as a combination of linear springs and dashpots [112]. Biphasic
models realistically take into account the poroelasticity of the solid matrix, i.e. col-
lagen network and PGs and the fluid flow that occurs during prolonged compression
[51]. In addition, transversally isotropic biphasic models [34, 152] assume cartilage to
be isotropic in the depth-wise planes in parallel to the articular surface. In addition to
the biphasic model, the triphasic model [86] considers also the transport of ions through
the matrix. Fibril-reinforced poroviscoelastic biphasic models take also into account the
collagen architecture. In addition, the newest models consider realistically the collagen
microstructure as well as the distributions of fluid, collagen and PGs [60, 149]. Finite
element applications of these complex models have been developed to characterize im-
measurable properties of articular cartilage.
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Figure 2.2: Characteristic values of Young’s modulus and Poisson’s ratio in bovine articular
cartilage at different tissue depths. The data has been reproduced from the study by Laasanen
et al. [82]. While the explanation for the depth-dependence of cartilage Poisson’s ratio remains
unresolved, it has been proposed that it is related to collagen content, orientation and cross-
linking [74, 82].

2.3 Osteoarthrosis

Osteoarthrosis (OA) is a severe musculoskeletal disorder that causes pain and functional
disability in patients. Consequently, it has a significant socio-economic impact [124,
131, 154]. Due to the silent nature of OA during its initial stage, the diagnosis of early
OA is difficult |25, 32]. The first signs, which are regarded as the "point of no return”,
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are softening of the tissue due to the fibrillation of collagen network and loss of PGs
[11, 27, 45]. These initial signs may be accompanied by small superficial fissures [25].
In advanced OA, the fissures penetrate through cartilage to the subchondral bone and
the mechanical integrity of the tissue is impaired due to the disruption of the collagen
network. Collagen damage allows swelling of the tissue and loss of PGs |25, 97]. During
OA progression, cartilage wear and tear and release of the cartilage fragments to the
joint space lead to thinning of the tissue and, consequently, to joint space narrowing.
This is followed by increased contact of the bone ends evoking pain. In conjunction with
this, the consequent increased deformation of the bone ends leads to dysfunction and
immobility of the joint [27, 131]. Adult cartilage possesses poor ability to undergo self-
repair, e.g. the turnover time of collagen exceeds the human lifespan, although limited
repair may occur at lesions penetrating subchondral bone [131]. OA changes have also
been shown to associate with stiffening and thickening of subchondral bone as well as
with the formation of osteophytes [25, 27, 56, 118]. In advanced OA, cell death may also
occur [19, 25]. If cartilage is damaged, the collagen network may not recover, although
PG regeneration may occur [40, 75|.



CHAPTER III

Acoustic properties of articular cartilage

3.1 Ultrasound basics

Ultrasound is a propagating acoustic vibration with a frequency > 20 kHz. Acoustic
waves vibrate and travel longitudinally in gases, liquids and solids. In solids, there are
several different types of waves, e.g. shear, Rayleigh and Lamb waves, which may also
contribute to the wave propagation. Ideally, the simple particle oscillation in longitudinal
acoustic vibration may be described with a sinusoidal waveform (Table 3.1, [137]) that
satisfies the linear wave equation (Table 3.1, [70, 123, 137]). The wave propagation
speed in a homogeneous isotropic material is characterized by its density and mechanical
properties (Table 3.1). In conjunction with material density, ultrasound speed defines
the acoustic impedance of the material (Table 3.1).

Within an inhomogeneous material ultrasound is subjected to reflections at acoustic
interfaces of two materials with different acoustic impedances. If the discontinuities are
of the size or smaller than the wavelength of the acoustic wave, the wave is significantly
scattered. At a specular reflection, part of the ultrasound energy is reflected according
to the reflection coefficient of the acoustic interface (Table 3.1). The transmitted portion
of the wave (Table 3.1) is then subjected to refraction according to Snell’s law (Table
3.1). Attenuation of ultrasound is not induced only by scattering, but also absorption of
energy [146]. In biological tissues, ultrasound energy is typically absorbed via relaxation
processes, relative motion, bubble mechanisms or acoustic hysteresis [146, 148]. Attenu-
ation follows the exponential law and the sum of absorption and scattering coefficients
give the attenuation coefficient, which in biological materials is highly dependent on the
frequency, being either linear or nonlinear depending on the tissue [110, 147] (Table 3.1).

3.2 Acoustic properties of cartilage

Several studies have suggested that the ultrasonic properties of articular cartilage are
related to the structural and mechanical properties of the tissue [2, 4, 32, 69, 89, 130, 134,
144, 145, 155]. Ultrasound reflection and scattering have been shown to be sensitive to
morphology and the composition of the superficial layer of articular cartilage [3, 32, 33,
115, 128, 145]. The density and ultrasound speed of articular cartilage are slightly higher
than those of water [59, 104| exhibiting an acoustic impedance relatively close to that of
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Table 3.1: Basic equations in linear wave acoustics.

Parameter Equation
Simple particle oscillation u(z,t) = Re {uoej(“’t_""”)} = g cos [w (t — %)]
: : Pu _ 1 9%u
Linear wave equation = Tow
. . LK,
Ultrasound speed in fluid c= % = ‘”T
. . L E(l-v)
Ultrasound speed in solid c=\/ T==ass
Acoustic impedance Z = pc
s . _ A, __ Zycosb;—Z; cosby
Reflection coefficient R = X Fros 0T 7 cost cosdr
. fead : _ A _1_p_ 2 cos 0
Transmission coefficient T E I = 1-R= Tocost T 7 cos s
[ sinf; __ c1
Snell’s law o= o
Attenuation law Ay = Age® = Age(@abstasc)z
Attenuation in biological tissues alf)=afv,1<y<2

A = pressure amplitude

Ap = initial pressure amplitude

A1 = pressure amplitude at distance x from the initial location
¢ = ultrasound speed

¢p = specific heat at constant pressure

¢y = specific heat at constant volume

f = frequency

FE = elastic modulus

j = imaginary unit

k = wave number

K, = adiabatic bulk modulus

K; = isothermal bulk modulus

t = time

u = particle displacement amplitude

up = maximum particle displacement from rest position
z = distance

a = attenuation coefficient

Q,ps = absorption coefficient

asc = scattering coefficient

6 = angle of propagation respective to surface normal

p = density

v = Poisson’s ratio

w = angular frequency

Re{.} = real operator

Subscripts i, 7, t refer to incident, reflected and transmitted parameter values.
Indices 1 and 2 refer to the two different materials.

water. Thus, the ultrasound reflection at the articular surface is small at saline-cartilage
interface [145]. Superficial fibrillation in human cartilage has been found to induce a
wide band of uneven or irregular echoes at superficial and transitional zones, while intact
articular surface yields a smooth and a narrow specular-like echo band [104]. Wavelet
transform methods have also been applied to study the echo duration at the superficial
articular cartilage in an attempt to discriminate osteoarthrotic cartilage from normal
cartilage [52, 64]. Integrated reflection coefficient (Table 3.2), determined from B-mode
radio-frequency data, has been shown to reveal the superficial cartilage roughness [32,
128] due to the increased scattering [30, 31]. The superficial roughness of cartilage has
also been determined using ultrasound roughness index (URI) [85, 128]. Furthermore,
ultrasound has been successfully exploited in contouring or imaging of the cartilage
surface for detection of lesions [37, 83, 85, 89, 107, 127, 138]. The ultrasound reflection
coefficient (Table 3.2) has also been shown to be sensitive to collagen degeneration [145]
and to vary at different anatomical locations [84].
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Table 3.2: Common ultrasound parameters used to study articular cartilage.

Parameter Equation

Amplitude attenuation’ [145] Qamp = 3 10g, [gfﬁ; (1- Rf)]
Frequency dependent attenuation [134] a(f) = 3 log, gig;;

Integrated attenuation [134] Qling = ALf fAf a(f)df

Amplitude reflection coefficient? [145] R= ‘2—;

Frequency dependent reflection coefficient? [32] R(f) = g(‘)g‘:i

Integrated reflection coefficient? [32, 33] IRC = Aif fAf 10log; % df
Apparent integrated backscatter? [32, 33| AIB = Aif fAf 101og;, % df
Broadband ultrasound attenuation [87, 114, 141] BUA = % SIOIOgm f{;—g;g)
Normalized broadband ultrasound attenuation [114] nBUA = 804

Ultrasound speed, direct [145] c= A

Ultrasound speed, substitution method [113, 114] c=cs (14 %)

Ultrasound speed, in situ calibration method [111, 139] ciscm = %

Ultrasound roughness index [128] URI = /L >" (d; — (d))?

TIndices 1 and 2 refer to values obtained at saline-cartilage and cartilage-bone interfaces, respectively.
fIndices 0 and 1 refer to values obtained from perfect reflector and sample, respectively.
A = peak-to-peak pressure amplitude

A(f,z) = amplitude spectrum of the pulse reflected at distance z from transducer

Ap(f, z) = amplitude spectrum of the pulse backscattered at distance z from transducer
¢s = ultrasound speed in saline

d; = distance from the transducer to saline-cartilage interface at location ¢

f = frequency

Go(f) = power spectrum of the pulse reflected at distance z from transducer without sample
G1(f) = power spectrum of the pulse reflected at distance z from transducer with sample
h = cartilage thickness

R = amplitude reflection coefficient

TOF = time-of-flight

TOF; = time-of-flight of the pulse reflected from metal plate without the sample

TOF> = time-of-flight of the pulse reflected from metal plate with the sample

TOF3 = time-of-flight of the pulse reflected from saline-cartilage interface

TOF, = time-of-flight of the pulse reflected from cartilage-saline interface

Af = frequency range corresponding to -6 dB level

Ah = absolute deformation

ATOF = change in TOF during deformation Ah

(.) = spatial average

It has been suggested that the changes in ultrasound attenuation (Table 3.2) could
be related to the fibrillar collagen network [115] as well as to PG content [57, 58]. This is
supported by the findings in other soft tissues in which ultrasound scattering is related to
collagen content [116]. The apparent integrated backscatter (Table 3.2) has been demon-
strated to relate to the maturation of rat cartilage [33]. In chemically induced cartilage
degeneration, ultrasound attenuation increased [4, 57, 58], but not systematically in all
studies [4, 145] (Table 3.3). Although collagen cross-links may play a role [4], increased
attenuation may be related to the increase in scattering, as revealed by the stronger
echogenicity after chemical degradation [130, 145]. The frequency dependence of ultra-
sound attenuation has been suggested to increase with collagen content [114]. It has
been shown that the slope of frequency dependence of attenuation is steeper in cartilage
of an adult rat, 0.41 4+ 0.12 dB MHz~! mm™! than the corresponding value in a young
rat, 0.25+£0.03 dB MHz ™! mm™!, at the frequency range 28-70 MHz [114]. The efficient
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backscattering and reflection from internal structures has enabled the visualisation of
the internal structure of articular cartilage in immature Yorkshire pigs at 50 MHz with
an axial resolution of 30 um [69]. At the same frequency, cartilage defects ranging from
40 to 50 pum could be detected from B-mode images [130]. With respect to the mea-
surement geometries applicable to clinical circumstances, the measurement of absolute
attenuation values may be challenging as the reflection coefficient at cartilage-bone is not
known. However, the selection of the reflection coeflicient at cartilage-bone interface in a
realistic range has been found to have negligible effects on the determination of relative
changes in attenuation [145].

Table 3.3: Attenuation coefficients (mean £ SEM or range) measured for articular cartilage.

Species Site Type Direction n  Attenuation Frequency Study
(dB mm™1) (MHz)
human  FC normal, overall PE 24 45-105 20-40 [57]
young normal PE 7 62+£04 30
normal PE 24 71+£04 30
papain PE 24 85+£0.5 30
bovine FC normal, overall PE 12 5.5-10.5 20-40
normal PE 12 6.8+1.2 30
interleukin-1la PE 12 9.1+1.0 30
bovine  PGF PE 5  28-—657 10-40 [134]
5.2+ 1.7t
bovine PGF  normal PA 2 92-147 100 [4]
PE 88 — 105
chondroitinase ABC PA 2 40-163
PE 108 — 112
collagen only PA 2 77-90
PE 75— 85
cross-links cleaved PA 2 165 — 166
PE 143 — 185

T integrated attenuation

i mean + SD

FC = femoral condyle

PA = parallel to surface

PE = perpendicular to surface
PGF = patellar groove of femur

According to previous studies, ultrasound speed in articular cartilage is strongly re-
lated to the composition and structure of articular cartilage. Ultrasound speed decreases
with the reduction of PGs [57, 58, 115, 145] and with the increase in the water con-
tent of the tissue [115]. However, another study [104] detected no significant relation
between ultrasound speed and water or hydroxyproline and uronic acid contents, which
are measures of collagen and PG content, respectively. In contrast, it has been suggested
that the ultrasound speed in cartilage increases with the increasing content of collagen
[114]. Tt has been shown that the ultrasound speed in cartilage may be governed by the
orientation and cross-links of collagen fibrils [4]. This is supported by the finding that
ultrasound speed in collagen was higher along than the corresponding value across the
fibril [48, 88]. Previous studies revealed that at 100 MHz and 50 MHz, the ultrasound
speed was higher in the deep zone than in the superficial or transitional zones [4, 113]
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of bovine cartilage. The ultrasound speed was also significantly higher at all cartilage
depths when the ultrasound beam was aligned perpendicular to the articular surface
[113]. Pellaumail et al. demonstrated a diverse depth-dependence in ultrasound speed
for immature rat cartilage, although no significant depth-dependence was revealed for
mature cartilage [114]. However, the overall ultrasound speed through the full thickness
rat cartilage was higher, 1690 & 10 m s~! for mature compared to 1640 £ 15 m s~} in
the immature rat cartilage (Table 3.4). Previous studies have suggested that ultrasound
speed in cartilage varies from one anatomical location to another (Table 3.4).

Ophir and Yadzi [111] introduced a method to determine ultrasound speed in a ma-
terial under mechanical compression, using the assumption that the ultrasound speed
in the material is constant during compression. This method was later used by Suh et
al. [139] to measure ultrasound speed in articular cartilage with the in situ calibration
method. However, Zheng et al. [158, 160] have suggested that the ultrasound speed in
cartilage changes during mechanical compression. This finding may, therefore, introduce
errors into the determination of ultrasound speed when the in situ calibration method
is exploited. However, the magnitude of possible errors in ultrasound speed, i.e. those
determined using the in situ calibration method, has not been investigated.

3.3 Ultrasound and mechano-acoustic measurement techniques

The mechanical integrity of cartilage decreases significantly with the progress of osteo-
arthrosis [27, 46]. Several mechanical indentation techniques have been developed to
detect the tissue stiffness (7, 13, 14, 36, 55, 68, 79, 94, 100, 105, 135]. These methods may
provide powerful quantitative techniques for early diagnostics of cartilage degeneration.
Indentation techniques often are based on the theory of indentation of single phase elastic
materials [53]. The indentation techniques require information on the thickness of the
tissue, and if this parameter is unknown, this can lead to measurement inaccuracies in
the determination of the elastic modulus, especially with thin cartilage [53].

Ultrasound has been applied for the determination of cartilage thickness [1, 63, 98,
103, 117, 125]. In an attempt to eliminate errors in measured elastic modulus in indenta-
tion geometry due to the lacking thickness information, an ultrasound transducer as an
indenter has been demonstrated to provide a tool for determination of the tissue thick-
ness [65, 80, 81, 139, 155, 157|. A similar idea has recently been applied to undertake
the ultrasound measurement through a water jet that indents the soft tissue [92]. These
mechano-acoustic techniques enable, not only determination of mechanical properties of
the tissue, but also the acoustic properties that are known to be related to the integrity
of articular cartilage [80, 81, 117]. If the indentation method is exploited in the deter-
mination of elastic modulus of the material, the ultrasound speed is assumed to remain
constant and used to track the compressive displacements. For reliable determination of
thickness and, therefore, deformation information, it is important that ultrasound speed
in the tissue is accurately known [80, 143].

Acoustic tracking of the internal structures of soft tissue under mechanical stress,
i.e. ultrasound elastography [17, 18, 28, 77, 108, 109], has enabled the determination
of depth-wise elastic properties of articular cartilage [43, 156, 158-160]. However, it is
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not known if compression-related changes in ultrasound speed, proposed by Zheng et al.
[158, 160], affect the determined mechanical properties of articular cartilage in the axis
of ultrasound propagation and mechanical compression [158].
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Table 3.4: Ultrasound speed in articular cartilage (mean + SD or range). The measurement
direction is demonstrated relative to the cartilage surface. Status indicates the type of sample
or the chemical degradation to which the sample had been subjected.

Species Site Status Direction n Ultrasound Frequency Study
speed (m s™!) (MHz)
bovine  PAT normal PE 18 1636 + 25 50 [113]
PE (S) 18 1574 +29
PE (M) 18 1621+ 34
PE (D) 18 1701436
PA (S) 10 1518417
PA (M) 10 1532426
PA (D) 10 1554 442
bovine  PAT normal PE 6 1627 + 58 10.3 [142]
FMC normal PE 6 1638 £ 18
LPG normal PE 6 1652 £+ 16
TMP normal PE 6 1602 + 35
talus normal PE 6 1721 + 26
human FC young normal PE 7 1666 + 167 30 [57]
normal PE 24 1664 £ 7
papain PE 24 1642 £ 9%
bovine FC normal PE 12 1666 + 81
interleukin-la PE 12 1631 £ 17f
equine PP normal, age 5 months PE 16 1695+ 160 10 [22]
normal, age 1.5 years PE 18 1748 +127
degenerated, age 3-20 years PE 42 1675 £ 107
overall PE 76 1696 £ 126
bovine  PAT visually normal PE 24 1654 £ 82 22 [145]
chondroitinase ABC PE 12 1646 £ 68
collagenase PE 12 1567 4+ 100
rat patella normal, immature PE 6 1640 & 15 55 [114]
normal, mature PE 6 1690 £ 10
human  ankle tibia normal PE 17 1849+ 133 20 [153]
talus normal PE 12 1835+ 67
acetabular cup normal PE 13 1915+ 271
femoral head normal PE 27 1934 £191
all locations normal PE 69 1892+ 183
human FC visually normal PE 27 1658 £ 185 25 [104]
osteoarthritis PE 40 1581 4 148
bovine FC, PSF, TP N/A PE 16 1765+ 145 N/A [76]
bovine PGF normal PE (Tang.) 2 1635 — 1671 100 [4]
PE (Trans.) 2 1617 — 1647
PE (Rad) 2  1715—1720
PA 2 1660 — 1690
chondroitinase ABC PE (Tang.) 2 1640 — 1670
PE (Trans.) 2 1631 — 1641
PE (Rad.) 2 1738 — 1777
PA 2 1775 — 1793
collagen only PE (Tang.) 1 1648
PE (Trans.) 2 1620 — 1653
PE (Rad.) 2 1704 — 1760
PA 2 1705 — 1744
cross-links cleaved PE (Tang.) 2 1650 — 1680
PE (Trans.) 2 1610 — 1725
PE (Rad.) 2 1658 — 1716
PA 1 1695

T mean + SEM

D = deep region of cartilage

FC = femoral condyle

FMC = femoral medial condyle

M = middle region of cartilage

LPG = lateral patellar groove

PA = parallel to articular surface

PAT = lateral upper quadrant of patella
PE = perpendicular to articular surface
PGF = patellar groove of femur

PSF = patellar surface of femur

PP = proximal phalanx

Rad. = radial region of cartilage

S = superficial region of cartilage

Tang. = tangential region of cartilage
TP = tibial plateu

Trans. = transitional region of cartilage
TMP = tibial medial plateu
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CHAPTER 1V

Aims of the present study

Ultrasound has been proposed to provide a potential tool for determining the integrity of
articular cartilage. However, it is not clear how ultrasound propagation is related to the
composition and structure of cartilage. It is also not well known in quantitative terms
how the acoustic properties of articular cartilage are affected by mechanical loading and
how possible changes in acoustic properties affect mechano-acoustic determination of
mechanical properties of articular cartilage.

To clarify these issues, this thesis aimed to

examine the interdependence of composition of articular cartilage and the acoustic
properties of normal and degenerated cartilage

study the interdependence of structure of articular cartilage and the acoustic prop-
erties of normal and degenerated cartilage

determine the effects of mechanical loading on acoustic properties of articular car-
tilage

relate the compression-related changes in ultrasound speed with the structure and
composition of articular cartilage

evaluate the feasibility of using ultrasound techniques for detecting and quantifying
cartilage degeneration
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CHAPTER V
Materials and methods

This thesis consists of four independent studies. Studies I and IT investigated the effect
of composition and structure of articular cartilage on its acoustic properties. The main
focus in studies IIT and IV was on the effect of mechanical loading on the acoustic
properties of articular cartilage. A summary of the materials and methods is presented
in Table 5.1.

5.1 Sample preparation

In study I, visually normal osteochondral samples (n = 18, d = 9 mm) were prepared
from the lateral upper quadrant of 1 to 3 -year-old bovine patellae under sterile conditions
(Fig. 5.1). The samples were acoustically measured during enzymatic treatments and
being subdivided into three groups according to the treatment: control (n = 6), PG-
depleted (n = 6) and collagen-degenerated (n = 6) groups.

For studies II-IV| cartilage disks (d = 4 mm) without subchondral bone were pre-
pared under sterile conditions from various anatomical locations (Fig. 5.1). Samples with
visually various degenerative stages (II) were prepared from the lateral upper quadrant
of bovine patella (n = 32). Visually healthy samples (III) were prepared from the lat-
eral upper quadrant of human (n = 6), bovine (n = 6) and porcine (n = 6) patellae.
Human cartilage samples (IV) represented cartilage at various stages of degeneration,
as determined visually, and were prepared from different anatomical locations: femoral
groove (FG, n = 13), femoral lateral condyle (FLC, n = 13), femoral medial condyle
(FMC, n = 13), lateral upper quadrant of patella (PAT, n = 11), tibial lateral plateau
(TLP, n = 13) and tibial medial plateau (TMP, n = 13). Bovine samples (IV) (n =
6) from lateral upper quadrant of patella were visually normal. The samples were kept
moist with Gibco BRL Dulbecco’s phosphate-buffered saline (PBS) (Life Technologies,
Paisley, Scotland, UK) during all stages of preparation. The samples investigated in
studies II-IV were stored at -20°C prior to the measurements. Elastomer samples (n
= 2,d = 4 mm) and degassed distilled water were used as reference material (III-IV).
Human patellar samples in study ITI were included in the group PAT (n = 11) for study
Iv.
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5.2. Acoustic measurements

Table 5.1: Summary of the materials and methods used in this study. All measurements were

conducted in wvitro.

Study I 1I 111 v
Samples Cartilage with Cartilage Cartilage Cartilage
subchondral bone | n = 32 n =18 n = 82
n =18 d =4 mm d =4 mm d =4 mm
d =9 mm
Species Bovine Bovine Human, bovine, | Human, bovine
porcine
Site PAT PAT PAT FMC, FLC, FG
PAT, TLP, TMP
Degenerative | Visually normal Visually normal Visually normal | Visually normal
stage and enzymatically | and spontaneously and spontaneously
degenerated degenerated degenerated
Acoustic Focused, Non-focused, Non-focused, Non-focused,
measurements | non-contact, contact, contact, contact,
fp=29.4 MHz fp=10.3 MHz fp=10.3 MHz fp=10.3 MHz
and 8.1 MHz
Reference PLM, LM Mechanical Mechanical Mechanical
methods and biochemical measurements measurements,
measurements, ePLM, FTIRI,
LM, grading by water content,
Mankin score FE modeling
and CQI

ePLM = enhanced polarized light microscopy

FE = finite element

FG = femoral groove

FLC = femoral lateral condyle
FMC = femoral medial condyle

FTIRI = Fourier transform infrared imaging

LM = light microscopy

PAT = lateral upper quadrant of patella
PLM = polarized light microscopy

TLP = tibial lateral plateau

TMP = tibial medial plateau

d = diameter

fp = peak frequency

n = number of samples

CQI = cartilage quality index

5.2 Acoustic measurements

In study I, the samples were measured at 10-second intervals during the enzymatic
digestions using an UltraPAC system (Physical Acoustic Corporation, Princeton, NJ)
customized for this individual study. The system was equipped with a focused broad-
band 29.4 MHz (18.8 to 40.0 MHz, -6 dB) transducer (d = 6.35 mm, radius of curvature
= 25.40 mm, model PZ25-0.25”-SU-R1.00”, Panametrics, Waltham, MA) (Fig. 5.2A).
The transducer was connected to a PAC IPR-100 pulser receiver board (Physical Acous-
tic Corporation) and pulse-echo ultrasound measurements were conducted at 5-minute
intervals during the incubation period (6 or 4 hours). The ultrasound signal was dig-
itized at a 500 MHz sampling rate using an 8-bit A /D-board (PAC-AD-500, Physical
Acoustic Corporation) and stored for later analysis. The measurement system was con-
trolled using custom software (LabVIEW, version 5.1.1, National Instruments, Austin,
TX) designed specifically for study I.
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Figure 5.1: Sample preparation. A. In study I, osteochondral plugs (d = 16 mm) from the
lateral upper quadrant of bovine patella were extracted using a drill with a hollow bit and an
autopsy saw. The bone was trimmed with a diamond saw, leaving about 1 mm of subchondral
bone beneath the cartilage. The final osteochondral samples (d = 9 mm) were subsequently
prepared with a steel punch. B. In studies IT-IV, osteochondral plugs (d = 16 or 19 mm) from
various anatomical locations were extracted using a drill with a hollow bit and an autopsy saw.
Subsequently, cartilage disks were detatched from the bone and adjacent cartilage using a razor
blade and a biopsy punch. Adjacent tissue was subjected to biochemical analyses and histology.
C. In study IV, the bovine cartilage disks were extracted from the lateral upper quadrant of
patella using a razor blade and a biopsy punch.

Special immersion fluids were used (I) for degradation of PGs or collagen. Control
samples were incubated during the acoustic measurements without enzyme for 6 hours at
37°C, 5% CO4 atmosphere in Gibco BRL MEM (Life Technologies) supplemented with 70
pg ml~! L-ascorbic acid (Sigma Chemical Co., St. Louis, MO), 100 pg ml~! streptomycin
(Sigma), 100 U ml~! penicillin (PAA Laboratories, Linz, Austria), 200 mM L-glutamine
(PAA Laboratories) and 2 pug ml™! fungicide (Gibco BRL Fungizone, Life Technologies).
For enzymatic treatments, a similar solution was used, however, supplemented with 30
U ml™! of collagenase type VII (C 0773, Sigma) or 200 ug ml™! of trypsin (T 0646,
Sigma). Trypsin enzyme was used to digest primarily PGs (digestion period: 4 hours),
although trypsin has also been reported to degrade minor amounts of collagen [50].
Collagenase was used to degrade type IT collagen (digestion period: 6 hours) [136]. The
enzymatic digestions were conducted to induce degradation of superficial collagen or
depletion of PGs, typical signs of early OA [27]. Prior to the ultrasound measurements,
the sample and specific treatment solution were warmed up separately in an incubator
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Figure 5.2: A. Ultrasound measurement geometry used in study I. B. Mechano-acoustic mate-
rial testing device used in studies II-IV. C. Schematic representation of the 1050 4-node element
FE mesh used in the modeling of collagen orientation and the void ratio during compression of
articular cartilage.

at 37°C (5 % COg atmosphere). This was followed by the ultrasound measurement
simultaneously with enzymatic degradation. After the ultrasound measurements, the
sample was rinsed in PBS and, to terminate the enzymatic action, immersed in PBS
with enzyme inhibitors: 5 mM ethylene diamide tetraacetic acid (EDTA, Riedel-de-
Haen, Seelze, Germany), 5 mM benzamidine HCI (Sigma Chemical Co., St. Louis, MO)
and 5 pg 17! phenylmethylsulfonyl fluoride (Sigma Chemical Co.).

All samples in studies IT and IIT and human samples in study IV were immersed in
PBS supplemented with enzyme inhibitors, 5 mM EDTA (Riedel-de-Haen) and 5 mM
benzamidine HCl (Sigma Chemical Co.) during the acoustic and mechanical testing
to protect the sample from proteolytic degradation. A special measurement solution,
instead of PBS, was used due to the long duration of the protocol (about 17 hours,
(IV)): Dulbecco’s modified Eagle’s medium (low glucose with L-glutamine) (M0060L,
Euroclone, Milano, Italy) supplemented with 15 mM hepes (M0180D, Euroclone), 2 mg
ml~! fungizone (Euroclone), 100 g ml™! streptomycin sulfate (PAA Laboratories) and
100 U ml™! penicillin (PAA Laboratories).
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In studies II-IV, the samples were measured at room temperature (typically 20°C)
using a mechano-acoustic material testing device (Fig. 5.2B), i.e. a mechanical test-
ing system [145] empowered by the ultrasound system (UltraPAC, Physical Acoustic
Corporation) used in study I. The customization of this measurement system has been
previously described by Tdyrds et al. [142]. The sample was positioned between a flat
contact transducer (V-116, Panametrics, Waltham, MA) (transducer tip dia. = 5.4 mm,
element dia. = 3.2 mm, peak frequency: 10.3 MHz, 7.1-14.2 MHz, -3 dB [142]) and a pol-
ished metallic plate (Fig. 5.2B). Different transducer (M-116, Panametrics) was used for
bovine samples (transducer tip dia. = 5.4 mm, element dia. = 3.2 mm, peak frequency:
8.1 MHz, 4.6-14.6 MHz, -6 dB) (IV). After placing the sample between the metallic plate
and the ultrasound transducer, the first contact of the transducer with cartilage surface
was monitored using a load cell (model 31, Honeywell Sensotec, Columbus, OH) at-
tached to the ultrasound transducer. The axial positioning and mechanical compression
of the sample was conducted using a high-precision actuator (PM1A, Newport, Irvine,
CA) (bidirectional repeatibility: 0.1 pum, accuracy of incremental motion: 0.05 pm). In
study II, the samples were first acoustically tested and then subjected to mechanical
measurements. In studies III-IV, the samples were simultaneously subjected to acoustic
measurement and mechanical loading. Acoustic measurements in study II were con-
ducted at 10 % pre-strain to ensure a uniform contact at the transducer-cartilage and
cartilage-metal plate interfaces. This was followed by mechanical testing of the tissue.
The compressive conditions, during which the acoustic measurements were conducted in
studies IIT and IV, are described in Section 5.3.1.

5.3 Reference methods

Various reference methods were applied to relate composition, structure and mechanical
loading with the acoustic properties of articular cartilage.

5.3.1 Mechanical testing

Mechanical properties of articular cartilage were characterized in unconfined compression
geometry (Fig. 5.2B) (II-IV). In study II, articular cartilage was mechanically tested
after acoustic measurements using a stress-relaxation protocol (pre-strain: 10 %, ramp
velocity: 2 mm s71 strain: 10 %, relaxation time: 2400 s). This was followed by 3
cycles of sinusoidal loading at 1 Hz with 1 % strain amplitude. For the samples in
study ITI and human cartilage samples in study IV, 3 steps of subsequent 5 % stress-
relaxation tests were conducted (pre-strain: 5 %, ramp velocity: 1 pm s~!, relaxation
criteria: 39 Pa min~'). The final stress-relaxation step of the measurement was followed
by 3 cycles of sinusoidal loading at 1 Hz with 1 % strain amplitude. In study IV,
bovine cartilage samples were used to test whether ultrasound speed in cartilage was
dependent on the applied strain-rate. A 10 % pre-strain was used for bovine samples
to ensure full contact. Following this stage, a 5 % strain step was applied (relaxation
time: 1000 s) and, subsequently, the strain was restored to the original pre-strain value
(10 %, strain: 5 %, relaxation time: 3600 s). This test cycle was repeated 11 times
using different strain rates (Table 5.2). The order of applied strain rates was randomised
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separately for each sample to avoid the possible effect of test order and the long duration
of the measurement protocol (about 17 hours) on the observations. Two identical control
measurements (strain rate: 5.0 % s™') were conducted for the sample before and after
the entire measurement protocol (Table 5.2) to ensure that the measurement protocol
did not affect the ultrasound properties of the sample.

Table 5.2: The strain rates used for the mechano-acoustic stress-relaxation testing of bovine
cartilage samples (pre-strain: 10 %, strain: 5 %, relaxation time: 1000 s) (IV). After each stress-
relaxation test, the strain was restored to the original pre-strain value, 10 % (relaxation time:
3600 s) before the subsequent stress-relaxation test. The order of tests 1-11 was randomised
individually for each sample. Ultrasonic measurements were conducted at the beginning and at
the end of each ramp compression.

Type of stress- Strain rate (% s~ 1) Duration of
relaxation test compression (s)
Control 5.0 1

Test 1 17 0.3
Test 2 10 0.5
Test 3 5.0 1

Test 4 2.5 2

Test 5 1.0 5

Test 6 0.50 10
Test 7 0.17 30
Test 8 0.083 60
Test 9 0.025 200
Test 10 0.010 500
Test 11 0.0050 1000
Control 5.0 1

After the ultrasound measurements (I), cartilage thickness was measured at the lo-
cation of the ultrasound measurements using the needle-probe technique [63]. A sharp
needle was pushed through the cartilage at a constant speed using the actuator. The
force by which the tissue resists penetration was recorded as a function of the penetra-
tion distance with a load cell (model 31, Honeywell Sensotec) attached to the needle.
The distance between the cartilage surface and the cartilage-bone-interface, i.e. tissue
thickness, was determined from the variations of the resistant force.

In studies II-IV, cartilage thickness was determined from the actuator as the distance
between the transducer and the metallic plate.

In studies IT and III, the elastic modulus at mechanical equilibrium, ., was derived
as a stress-to-strain ratio (Fig. 5.3A), whereas dynamic modulus, Fqyy, i.¢. elastic mod-
ulus under dynamic loading, was determined as the ratio of stress and strain amplitudes
at 1 Hz.

5.3.2 Histological and biochemical analyses

Polarized light microscopy (PLM) [10, 71, 99] was applied (I) to study the organisation
of collagen network in normal and degenerated cartilage. Enhanced polarized light mi-
croscopy, ePLM, [35, 119] was exploited to reveal the depth-wise collagen orientation in
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human articular cartilage (IV). In studies I and II, the PG distribution and content in
articular cartilage was examined under light microscopy (LM) from safranin-O stained
histologic sections (72, 73].

To estimate the PG and collagen contents in cartilage, the contents of uronic acid
(n = 32) and hydroxyproline (n = 28), respectively, were analyzed biochemically (II)
[20, 132]. Fourier transform infrared microscopy imaging (FTIRI) was used to determine
the relative spatial and depth-wise distribution of collagen and PGs [120] (IV). The
water content, Ch,o, in cartilage was determined as follows (II, IV): After immersion
of the sample in PBS, extra water was removed from the sample and the wet weight of
the sample was determined (high precision balance Mettler AE 240, Mettler Toledo AG,
Greifensee, Switzerland). The sample was freeze-dried and the dry weight of the sample
was measured. The water content was defined by dividing the difference between wet
weight and dry weight by the wet weight. By exploiting FTIRI data and information on
total water content, the spatial mass fractions of water, collagen and PGs were calcu-
lated for four randomly selected human patellar cartilage samples (IV) by utilizing the
following assumptions: complement of water is solid matrix, of which 2/3 is collagen and
1/3 is PGs [120].

To provide information on the structural integrity of cartilage (II), cartilage sam-
ples were histologically graded as follows. Histologic sections, subjected to safranin-O
staining, were "blind-coded” and observed under LM by three individual investigators
according to the Mankin score [96]. The sample-specific Mankin score, Syankin, Was
calculated as the mean of the three scores determined by these three investigators and
rounded to the closest integer. In this study, Syankin ranged from 0 to 10. The samples
were then divided into three degenerative groups by Suankin: intact (n = 11, Syankin = 0),
moderate degeneration (n = 11, Syankin = 1 to 3) and advanced degeneration groups
(n = 10, SI\/Iankin =4 to 10) [106]

A novel cartilage quality index, CQI, was established (IT) to provide more objective
information on the integrity of cartilage among samples [106]. This was achieved by
Considering simultaneously several parameters related to degenerative stage of cartilage,

e. Eeq, Edyn, Cr,0 and Syiankin. For each of these parent parameters, sub-scores from
0 to 10, i.e. SE.y, SEyys SH,0 and Syis;, were established:

e = { D0, osm o
“ , Euq > 0.55MPa
Eayn
Gy = - u&ypa)} .0< By, < 12MPa 52)
' , Eqyn > 12MPa
,OH20 < 75%
St = Cﬁ;°% 75‘3)] 75 < Ciiyo < 90% (5.3)
int
,CH20 > 90%
_ SMankm 70 S SMankin S 10
ShiSt N { 10 75Mankin > 10 ’ (54)
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where operation [, stands for rounding of the value to the closest integer. Sub-score 0
stands for the parent parameter value that is typical for healthy cartilage. Correspond-
ingly, 10 stands for the value typical of cartilage with advanced degeneration. Finally,
the sub-scores were added up to form CQI:

CQI = Sk, + Skyy, + SH,0 + Shist.- (5.5)

CQI, thus, gives integer values from 0 to 40 representing an estimate of the overall
cartilage quality, i.e. 0 and 40 standing for perfectly healthy and severely degenerated
cartilage, respectively. It is important to note that this scoring system may apply only
to young bovine patellar cartilage investigated with identical methods as used in study
II.

5.4 Ultrasound analyses

Ultrasound analyses were conducted using a radio-frequency (RF) signal recorded and
digitally stored during the acoustic or mechano-acoustic measurements. The ultrasound
reflection coefficient at the saline-cartilage interface (I) was defined as

Ai(t)

Ri(t) = A, (5.6)
where A;(t) is the peak-to-peak amplitude of the echo received from the cartilage sur-
face. Ay is the peak-to-peak amplitude recorded from a perfect reflector, i.e. saline-air
interface, measured at the same distance from the transducer as was the case for carti-
lage. The M-mode visualisation for trypsin-digested samples (I) was created by plotting
the envelope of A-mode RF signal, calculated as the absolute value of the fast Hilbert
transform, as a function of incubation time.

The ultrasound speed in all studies was determined as a function of measurement

time, t, as follows:
2h(t)

cft) = TOF(t)’ (5.7)

where h(t) is the cartilage thickness and TOF' time-of-flight of the ultrasound pulse
back-and-forth in the tissue as a function of measurement time, ¢. Since no swelling of
the tissue was detected from the ultrasound pulse-echo signal (I), cartilage thickness was
assumed to remain constant throughout the measurement protocol. In study II, h(t)
and TOF (t) and, thus ¢(t), were only determined in the mechanical equilibrium at 10 %
pre-strain. For bovine samples (IV), ultrasound speed was determined at the beginning
and at the end of the ramp compression. In study III, ultrasound speed during the
mechanical compression was determined using the in situ calibration method [139]

_2[h(0) — ()]
TOF(0) — TOF(t)’

cascm(t) (5.8)

where h(0) is the cartilage thickness before pre-strain and h(t) is the cartilage thickness
during the stress-relaxation protocol as a function of time, t. TOF(t) was determined as



5. Materials and methods 41

the time difference between the echoes reflecting from cartilage-saline and cartilage-bone
interfaces (I). In the time-domain, each acoustic interface was located at the zero-crossing
point that preceded the first echo amplitude rising over the background noise level. In
studies II-IV, TOF (t) was the time difference between the two ultrasound echoes arising
from the cartilage-metallic plate interface after the pulse had travelled back-and-forth in
the sample m + 1 and m + 2 times (m = 1 or 2) (Fig. 5.3B). Cross-correlation method
[29] has been successfully used to determine TOF through full-thickness cartilage or in
tracking of ultrasound echo displacements inside articular cartilage under mechanical
compression [156]. Thus, TOF(t) was determined using the cross-correlation function
[29]:
1 I (i) — T . k) — i
oo (k) = 71 JZFl( () —7)(y( JJr ) —7) | (5.9)
J+1 Zj:l(x(j) - j)Qﬁ Zj:l(y(j) - 9)?
where 7,,(k) is the correlation coefficient and x and y represent the two different A-
mode RF signal vectors containing either only the first or the second ultrasound echo,
respectively. In each vector, the elements outside the echo of interest were set to zero.
Variables j or k are the sample indices of vectors x and y or cross-correlation function ry,,,
respectively. J is the length of the vectors z and y, and it varied specifically according
to sample thickness. TOF was determined as the time lag of the maximum of the
cross-correlation function. The ultrasound echoes in vectors x and y were automatically
windowed from the original A-mode RF signal vector by positioning the centre of a 300-
sample window (duration: 0.6 us) at the envelope maximum of the echo of interest (Fig.
5.3B). The envelope was calculated as the absolute value of the fast Hilbert transform of
the ultrasound pulse-echo signal. The window was chosen to be long enough to capture
the entire pulse within the window.
Amplitude attenuation coefficient, avym, (dB mm™"), (I) was estimated as [24, 145]

4.34 At
Gy (1) = 3 310g Ry Aq(t)

2
0 % | Rmpam RO
where A;(t) and Ay (t) are the peak-to-peak amplitudes of the echoes received from the
cartilage-saline and cartilage-bone interfaces, respectively. R; is the reflection coefficient
defined in equation 5.6 and Ry = 0.374 is the reflection coefficient at the cartilage-bone
interface [145, 148]. R, was assumed to be the same for all samples.
The amplitude attenuation coefficient (II-III), was determined as

ﬂ o RstRsmAl (t)
h(t) gl[) A2 (t) )

where A;(t) and Ay (t) are the peak-to-peak amplitudes of the echoes received from the
cartilage-metallic plate interface after the pulse had travelled through the sample once
or three times, respectively, i.e. the first and the second echo (Fig. 5.3B). Ry and Ry
are the ultrasound reflection coefficients at the sample-transducer and sample-metallic
plate interfaces, respectively. The site-specific Ry Rsn was determined to be about 0.83
for cartilage (IIT). However in study II, Ry Rs, was assumed to be 1.00. The effect of
this assumption on results of study II has been estimated in Section 5.6.

(5.10)

aamp(t) = (511)
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Figure 5.3: A. Typical mechanical load and compressive displacement during a stress-
relaxation test. B. Typical ultrasound pulse-echo signal recorded in the mechano-acoustic
measurement geometry. The ultrasound pulse was transmitted at time 0 ps. The centre of
windows (AT = 0.6 us), used in the ultrasound analysis, were positioned at the maximum of
the signal envelope.

Integrated attenuation coefficient aiy, (dB mm™!) (II-III) was determined as [134]

Lfo10 Rufawi(f)

= A_f Af W 0810 AQ(f, t) df7 (512)

Oéint(t)

where A;(f,t) and As(f,t) are the amplitude spectra of the echoes received from the
cartilage-metallic plate interface after the pulse had travelled back-and-forth in the sam-
ple 2 and 2 times, respectively (Fig. 5.3B). Amplitude spectra were calculated as the
absolute value of the fast Fourier transform (FFT) of the echoes within the 300-sample
window. The vector was zero-padded to 4096 samples prior to FFT calculation. Ry R
was determined site specifically and, in study II, was assumed to be 1.00. Af corre-
sponds to the frequency range (5 to 9 MHz), in which logarithm term in equation 5.12

was found to be linear (Fig. 5.4).

Broadband ultrasound attenuation, BUA (dB MHz ') (II), was determined as the
slope of the frequency dependence [87, 114, 141]

pua-<4 (1010g10 Al—(f)> . (5.13)

df Ax(f)

From the experimental data, BU A was determined as the slope of the linear fit conducted
in the frequency range from 5 to 9 MHz (Fig. 5.4). Normalized broadband ultrasound
attenuation, nBUA (dB MHz™! mm™"), was determined by normalizing BU A with the
sample thickness, h.
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Figure 5.4: Typical ultrasound attenuation in bovine articular cartilage measured with the

mechano-acoustic measurement system. Integrated attenuation and BUA were determined
within the frequency range of 5-9 MHz.

5.5 Model for ultrasound speed in cartilage during compression

A model to relate compression-related compositional and structural changes with the
compression-related variation of ultrasound speed in articular cartilage, was established
(Fig. 5.5) (IV).

Evenly dense FE meshes were constructed for randomly selected human articular
cartilage samples (n = 4) in unconfined compression geometry (Fig. 5.2B and 5.2C)
according to microscopically acquired geometric information (Section 5.3.2). Each of
the sample-specific models consisted of 1050 4-node axisymmetric poroelastic continuum
elements, in which the material parameters were implemented using a user-definable
subroutine (UMAT) available in ABAQUS 6.4 software (Abaqus Inc., Pawtucket, RI).
Initial spatial collagen, PG and water contents and collagen orientation (Section 5.3.2)
were implemented with realistic depth-wise distribution into the sample-specific fibril-
reinforced poroviscoelastic (FRPVE) model. The implementation of the constitutive
laws in the model has been described in earlier publications [150, 151]. From the FE
model, relative spatial and depth-wise collagen orientation and the void ratio, i.e. fluid
volume to solid volume ratio, was solved individually for each sample during the first of
the three stress-relaxation steps (IV). To determine mean values for orientation and the
void ratio under the ultrasound beam, only changes within the ultrasound probe radius
(1.5 mm) from the axis of symmetry were solved. Finally, the collagen orientation and
void ratio values were averaged over the cartilage depth and ultrasound probe radius.

To explain the detected changes in the values for ultrasound speed during compres-
sion, a linear model with collagen orientation and void ratio was fitted to the ultrasound
speed, ¢(t), measured during the first of three stress-relaxation steps for three of the four



44 5.5. Model for ultrasound speed in cartilage during compression

Establishment and validation of
the model predicting compression-
related variation of ultrasound speed

[Articular cartilage samples (n = 4) ]

- Experimental
[Mechano acoustic n;easurements Hultrasound speed, ¢

PLM =» collagen orientation.
Water content analysis and FTIR imaging
=» Proteoglycan and collagen contents
and distribution.

~

Sample-specific FRPVE model
=» Derivation of sample-specific
— time-dependent collagen orientation, g
L and void ratio, e.

c(t) and cg of three samples

Aland B
A\ 4

'Prediction of compression-related
| ultrasound speed in the fourth sample with [«
the established ultrasound speed model

~N

% S and e of | of three samples
g ) \ 4 . o
& Solving coefficients A and B in the linear ‘_é'
£ ultrasound speed model S
= .

t)— e(t)—e -
“E c(t)=c0+A’B() ﬂ°+B() : '~§
sl By ¢ ) 3
° £
° k]
& 8
Q

Predicted c(f) of"the fourth sample

c(t) of the fourth sample

Validation: comparison of predicted and
experimental ultrasound speed

Figure 5.5: A schematic presentation of the establishment and validation of the model pre-
dicting variation of ultrasound speed in articular cartilage during mechanical compression.
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5@)6; Bo n Be(t)e; €o (5.14)

where ¢ is the sample-specific value of ultrasound speed at the beginning of ramp com-
pression, and $(¢) and e(t) are the mean orientation and mean void ratio, respectively,
extracted from FE simulations as a function of stress-relaxation time, t. Gy and ey are
the respective initial values.

The mean collagen orientation and the mean void ratio of the fourth randomly se-
lected sample, retrieved from the FE model throughout the stress-relaxation test, and the
experimental ultrasound speed data at the beginning of compression, were substituted
into the linear ultrasound speed model with the solved constants A and B (equation 5.14).
To validate the ultrasound speed model, ultrasound speed, predicted by the model for

ct)y=c+ A
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the fourth sample, was compared with the experimental ultrasound speed data measured
for the same sample.

5.6 Error analyses

The effect of compression-related variation of ultrasound speed in articular cartilage on
mechano-acoustically determined mechanical parameters, i.e. strain and elastic modulus
at ramp compression and at mechanical equilibrium, was evaluated in studies IIT and
IV. All error simulations were based on indentation geometry, which so far is the only
available technique to assess mechanical properties of articular cartilage in vivo. The
errors were estimated along the axis of compression, which in the present study is the
axis of ultrasound propagation. In this geometry, the elastic modulus, E, of cartilage
may be expressed as [53]
P(1-1?%

F=—" 5.15
2akeh ( )

where P is load, v the Poisson’s ratio, a indenter diameter, s the scale factor due to the
finite and variable tissue thickness, ¢ the compressive strain and h is the initial sample
thickness. If the ultrasound speed, ¢, is assumed to remain constant along the axis of com-
pression and ultrasound propagation, which is a typical assumption in mechano-acoustic
indentation and conventional ultrasound elastography, then errors may be introduced
into measured strain and elastic moduli provided that ¢ does not remain constant and
it is used when determining the compressive deformation. In such a case, the relative
errors in the measured strain, de, and elastic modulus, § £/, may be expressed as follows
(IIL, IV):
TOF1 (01 - C())

C()TOFO — CITOFl

SF — CoTOFg — ClTOFl
N Co (TOFO - TOFI)

b =

(5.16)

~1. (5.17)

where the index 0 refers to the value in the beginning of ramp compression and index 1
refers to the value at the end of ramp compression or mechanical equilibrium.

The dependence of relative error in strain on the change in ultrasound speed, Ac,
and ultrasound speed, cg, may be derived (IV) as follows:

_(y__c (L _
o (1- =) () 519

The simulation was conducted under 5 % strain. Thus, &4 = 0.05, Ac varied from
0 to the maximum change discovered experimentally for bovine samples (IV) and the
ultrasound speed was assumed to be 1630 m s™' =+ 10 % [142]. The measured strain, with
the compression-related error involved, can be expressed as (IV)

Co

— m (1 — €true) . (519)

Emeas — 1
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Thus, the error in the measured elastic modulus depends on Ac and ¢, as follows:

-1

0 (1 - 6true) - 1 (520)

0B = e |1 — ———
& co + Ac

The simulation was conducted under similar conditions as for equation 5.18.

The technical limitations for the determination of the ultrasound speed variations
were derived by exploiting the law for propagation of uncertainty. The measurement
error in ultrasound speed, dc, attributable to the limitations of the measurement system,
may expressed as

1
2

dc = , (5.21)

(TOLFY (6h)* + (ngmy (6TOF)?

where TOF = 1 ns and h = 0.05 pum are the measurement accuracies for time-of-flight
and thickness, respectively. ¢ and h represent ultrasound speed and thickness variation
ranges in the samples (II-IV).

In the determination of attenuation (II), it was assumed that Ry Ry, = 1 in equation
5.11. The attenuation values may be corrected by Ry Rsm = 0.83. To evaluate the effect
of the assumptions in study II, the corrected and uncorrected data sets were compared.

5.7 Statistical analyses

To test statistical variation in ultrasound parameter between two time points non-
parametric Wilcoxon signed ranks test was applied. Such analyses were conducted to
test the change in ultrasound parameters during enzymatic digestion (I) and to test if
errors in mechano-acoustically measured strain or elastic moduli were different at the end
of ramp compression as compared to their values at mechanical equilibrium (III-IV).
Similarly, Wilcoxon test was used to test whether ultrasound speed at the end of ramp
compression was different from that at the beginning in bovine articular cartilage (IV).
Mann-Whitney U test was used to study (I) if ultrasound parameters in digested groups
differed from those of control group at the beginning of incubation. Friedman post hoc
test for n related samples, was applied to test variation of acoustic parameters during
stress-relaxation (III-IV) or their strain-dependence at mechanical equilibrium over the
three stress-relaxation steps (III). Friedman test for n related samples was applied to
study if the decrease in the ultrasound speed in bovine cartilage was dependent on the
strain rate (IV). Kruskal-Wallis post hoc test was applied to test statistical differences
in the acoustic parameters between the degenerative groups (II) and species (III) or
change in ultrasound speed from one anatomical location to another (IV'). Correlations
with Mankin score or CQI (rs) were analyzed using Spearman’s correlation analysis and
correlations (r) between other data sets were tested using Pearson correlation analysis
(IT). Statistical analyses were conducted using SPSS software (version 8.0.1 or 11.5.1,
SPSS Inc., Chicago, IL) and a custom-made Matlab program (version 5.3.1 or 6.5.1,
Mathworks Inc., Natick, MA).



CHAPTER VI
Results

6.1 Effects of composition and structure on ultrasound proper-
ties of articular cartilage

In study I, the reflection coefficient (R;) at the saline-cartilage interface changed sub-
stantially from 0.024 £ 0.008 to 0.005 + 0.002 (-79.2 %, p < 0.05, Fig. 6.1A) during the
6-hour collagenase digestion, whereas the respective change during the 4-hour trypsin
digestion was smaller, from 0.021 £ 0.008 to 0.019 & 0.009 (-9.5 %, p < 0.05, Fig. 6.1A).
Amplitude attenuation (camp) was found to change from 11.1+1.3 dB mm™" to 11.4+1.3
dB mm™! (+0.3 dB mm™!, p < 0.05, Fig. 6.1B) during trypsin digestion, whereas colla-
genase digestion induced no significant changes in this parameter. The ultrasound speed
(¢) decreased significantly from 1622 +194 m s™! to 1615+ 195 m s™! (-0.4 %, p < 0.05,
6.1C) during trypsin digestion, whereas in the control group, there was a significant
increase from 1634 + 101 m s™* to 1637 + 101 m s~! (+0.2 %, p < 0.05, Fig. 6.1C).
However, these changes may not be very substantial. No changes in R; or qump were
found in the control group over the incubation period. Cartilage thickness, as measured
with the needle-probe technique, was 1950 4= 480 pm in control samples, 1680 = 230 pum
for collagenase-digested samples and 1710 + 330 pum for trypsin-digested samples. The
M-mode visualisation showed that the trypsin penetration front could be distinguished
from the ultrasound signal (Fig. 6.2).

In study II, integrated attenuation (unt), amp and c¢ exhibited statistically signif-
icant correlations with Mankin score (Suankin), cartilage quality index (CQI) as well
as with the uronic acid and hydroxyproline contents (p < 0.01, Table 6.1, Fig. 6.1).
The normalized broadband ultrasound attenuation (nBU A) correlated weakly, although
significantly, with Sypankin and water content (Cp,o) (p < 0.05, Table 6.1). However,
no significant associations were established between broadband ultrasound attenuation
(BUA) and the reference parameters. Values of ain, and tam,, in the advanced degenera-
tion group differed significantly (p < 0.01, Table 6.2) from those of intact cartilage. Camp
distinguished also cartilage with moderate degeneration from intact cartilage (p < 0.05,
Table 6.2).

Qualitatively, apparent proteoglycan (PG) loss was observed in Safranin-O -stained
sections under light microscopy after trypsin digestion (I) and in cartilage with moderate
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or spontaneous degeneration (II). No PG depletion was found in collagenase-digested
(I), control (I) or intact cartilage (II). In study I, some minor collagen degeneration
was observed under polarized light microscopy (PLM) in the superficial cartilage of the
collagenase-digested group, whereas in the trypsin or control groups, no changes were
found.

Table 6.1: Pearson correlation coefficients between the measured parameters (n = 28 — 32)
(II). Correlation coefficients against Mankin score (Syankin) and cartilage quality index (CQI)
were calculated using the Spearman’s correlation analysis. High correlations were established
between the ultrasound speed (c) and the reference parameters.

Qing Qamp nBUA BUA c
Qamp 0.989t - - - -
nBUA 0.8057 0.76771 - - -
BUA 0.428% 0.345 - - -
c 0.784t 0.7961 0.381t 0.004 -
SMankin -0.567*  -0.571*F  -0.367*f -0.061* -0.755*t
cQrI -0.655*7 -0.658*1 -0.329* 0.128* -0.872*7
Eeq 0.470t 0.480t 0.058 -0.157 0.7907
Eqyn 0.620t 0.641t 0.185 -0.166 0.898f
Cu,o -0.647t  -0.6841  -0.350% 0.019  -0.7997
Uronic acid 0.6537 0.683t 0.273 -0.086 0.879¢

Hydroxyproline  0.6391 0.659t 0.224 -0.154 0.863t

T corresponds to statistical significance p < 0.01

1 corresponds to statistical significance p < 0.05

* calculated using Spearman’s correlation analysis
aamp = amplitude attenuation

aint — integrated attenuation

BUA = broadband ultrasound attenuation

¢ = ultrasound speed

CH,0 = water content

CQI = cartilage quality index

Eg4yn = dynamic modulus

Eeq = elastic modulus at mechanical equilibrium
nBUA = normalized broadband ultrasound attenuation
SMankin = Mankin score

Hydroxyproline = hydroxyproline content

Uronic acid = uronic acid content

6.2 Effects of mechanical loading on ultrasound properties of
articular cartilage

The values of ¢ or ultrasound speed determined using the in situ calibration method
(aisom) did not vary significantly across the species at the mechanical equilibrium of the
pre-strain step (p > 0.05, Fig. 6.3) (ILI). However, there were significant differences
(p < 0.01) in vamp and iy, between bovine and porcine samples (Fig. 6.3).

In bovine samples (IIT), Qamp and oy changed during the mechanical ramp compres-
sion (p < 0.05), whereas no statistically significant changes were discovered in human
or porcine cartilage (Fig. 6.3). During the mechanical relaxation, attenuation values
returned towards the original value at the equilibrium of pre-strain (Fig. 6.3). ¢ and



6. Results

49

ENZYMATICAL DEGENERATION:

Control (6h, n=6)
------------- Collagenase (6h, n=6)
......... Trypsin (4h, n=6)
1670 .
R I mrneey,
= 1650
1)
é W
© 1630
et o
"’ -'~.(.....‘."-. .
10
0 100 200 300 400
(o] Time (min)

SPONTANEOUS DEGENERATION:

0.030
0.025},
_ 0.020f*
g
0.015
0.010
0.005
0 100 200 300 400
A Time (min)
12.0
GE“ L] e T —
E CQ-.I"""
o 11.0
e
=105
g
3 10.0
ANV VW M/ "N AAN,
9.5
0 100 200 300 400
B Time (min)
. rs=-0.655, n=32, p<0.01
EN o
IE 3%0 % R
e ° @ 00
m
T AN
£ % 2.°
31 o
0
0 10 20 30 40
D cQl
r=0.653, n=32, p<0.01
g3 © o %
€ (o}
32 o
= (o)
s1 o9
0
0 5 10 15 20
F Uronic acid (ng/ml)

rs=-0.872, n=32, p<0.01

1650
:)c o
= 1600 )
"
I a% o
© 1550 &9§
150
5 00 10 20 30 40
E cal
r=0.639, n=28, p<0.01
= o
£ 3 ® o
£
% 2 (o)
I O
g 1 o ©
0
0 5 10 15 20
G Hydroxyproline (ng/mg)

Figure 6.1: Reflection coefficient at the saline-cartilage interface (A) at 29.4 MHz (I). Ultra-
sound speed (¢) and attenuation (camp or aint) as a function of enzymatic digestion (B-C) at
29.4 MHz (I) and as a function of the structural and compositional properties of cartilage (D-
G) at 10.3 MHz (II). The reflection coefficient at superficial cartilage was significantly related
to the degenerative stage of collagen network. The ultrasound speed was strongly related to
the spontaneous degeneration of cartilage.
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Figure 6.2: M-mode visualisation (top) of articular cartilage during trypsin digestion and
a histologic section of the safranin-O stained sample (below) after trypsin digestion (I). The
superficial cartilage and cartilage-bone interface are indicated with hollow and black triangles,
respectively. The trypsin penetration front (arrows, grey-filled triangle) could be tracked from
the ultrasound signal.

ciscm varied significantly in human (p < 0.01 and p < 0.05, respectively) and bovine
(p < 0.05) cartilage during ramp compression and mechanical relaxation. However, no
significant changes in c or ¢igom were observed for porcine cartilage. ¢, otamp and iy, at
the beginning of ramp compression, showed no statistically significant strain-dependence
over the 3 stress-relaxation steps (p > 0.05). The reference measurements with degassed
distilled water displayed no changes in ¢, Qamp O @iy during the measurement protocol
similar to that used for cartilage. Only negligible changes were observed in the measured
acoustic properties of elastomer during a stress-relaxation test.

In study IV, statistically significant changes (p < 0.05) in ultrasound speed were
recorded in human articular cartilage at all anatomical locations during the stress-relax-
ation test (Fig. 6.4A). During the ramp compression, the mean change in ultrasound
speed at all locations was —8.9 + 6.9 m s~! (p < 0.01) for human cartilage samples.
However, the change of ultrasound speed at all locations, calculated from the beginning
of ramp compression to mechanical equilibrium (—1.5 + 5.5 m s7!), demonstrated no
significant changes (p > 0.05). The magnitude of the ultrasound speed decrease from
ramp beginning to ramp end or mechanical equilibrium was independent of the anatom-
ical location (p > 0.05). Variation in ultrasound speed in articular cartilage introduced
significant errors into the mechano-acoustically determined strain or the elastic modulus
at the end of ramp compression (Table 6.3, III-IV). ¢ was not observed to vary in the ref-
erence material, i.e. elastomer or distilled water (Fig. 6.4A), during the stress-relaxation
test.
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Table 6.2: Measured acoustic and reference parameters in each degenerative group: intact
cartilage (SMankin = 0), moderate degeneration (Syankin = 1 — 3) and advanced degeneration
(SMankin = 4 — 10) (II). Ultrasound attenuation and speed were able to discriminate damaged
cartilage from intact cartilage.

Intact Moderate Advanced
(n=10—-11) (n=10-11) (n=8-10)
Qing (AB mm™T) 2.65+0.58 2.01+0.45 1.76+0.4371
Qamp (dB mm’l) 3.1240.62 2.4540.48* 2.154+0.517
nBUA (dB MHz~! mm~1) 0.40+0.14 0.27+0.09 0.2840.08
BUA (dB MHz 1) 0.6440.31 0.46+0.17 0.54+0.17
c(mst) 160327 1572415 15484147
Uronic acid (ug ml~!) 10.243.5 6.7+1.5 41412
Hydroxyproline (ug mg™!) 10.943.4 8.5+1.7 6.7+1.01
h (pm) 1609+371 17014265 1945+471%
E.q (MPa) 0.3240.15 0.26+0.13 0.08+0.087%
Eqyn (MPa) 7.06+4.83 2.1241.58 0.54+0.3611
Cu,o (%) 79.9+2.4 81.6+1.2 84.1+2.61
cQr 11.6+7.5 19.54+3.6 31.3+3.7

T and I are statistical differences (p < 0.01) as compared to intact and moderately
degenerated groups, respectively

* and ** are significance of p < 0.05 as compared to intact and moderately degenerated
groups, respectively. Statistical analyses were not conducted for grouping variables: Mankin
score or the parameter in which Mankin score is included (i.e., cartilage quality index, CQI).
Qamp = amplitude attenuation

ajnt = integrated attenuation

BUA = broadband ultrasound attenuation

¢ = ultrasound speed

Cu,0 = water content

CQI = cartilage quality index

h = cartilage thickness

Egyn = dynamic modulus

Foq = elastic modulus at mechanical equilibrium

nBUA = normalized broadband ultrasound attenuation

Hydroxyproline = hydroxyproline content

Uronic acid = uronic acid content

By fitting the introduced linear model (equation 5.14, IV) simultaneously to the ul-
trasound speed data of three randomly selected human patellar samples (6.4B), values
-160.8 m s~ and -116.4 m s~! were obtained for constants A and B, respectively. Vali-
dation of the model was conducted by substituting the time-dependent orientation (5(t),
Bo := £(0)) and void ratio (e(t), eg := €(0)) information and experimentally determined
ultrasound speed of a fourth sample at ramp beginning (¢ := ¢(0)) to equation 5.14,
which produced the validation graph (Fig. 6.4B). The error between the prediction by
the model and the experimental data at each time point was small, < 0.3 %.

For bovine articular cartilage (IV) it was revealed that the ultrasound speed de-
creased significantly with all strain rates during mechanical compression (p < 0.05). The
magnitude of the decrease in the ultrasound speed was found to depend on the strain rate
(p < 0.001, Fig. 6.4C) and remained relatively constant with strain rates > 0.5 % s~
The simulations show that in instantaneous compression of 5 % strain, the typical change
in ultrasound speed, -25 m s}, induced an error of about -30 % and +40 % to mechano-
acoustically measured strain and elastic modulus, respectively (Fig. 6.5). As revealed by
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Table 6.3: Estimated error (%, mean + SD) in the measured strain and elastic modulus of
articular cartilage, induced by compression-related variation of ultrasound speed, at the end
of ramp compression and at mechanical equilibrium during the first of the three 5 % stress-
relaxation steps (ITI-IV). The errors introduced into the measured strain and elastic modulus
were greater at the end of ramp compression than at mechanical equilibrium (p < 0.05).

Site n Error in measured strain (%) Error in measured modulus (%)
Ramp end Equilibrium Ramp end Equilibrium

Human FG 13 -15.4413.2 -3.6+12.2 20.9£18.9 5.4+14.5

FLC 13 -9.8£6.7 -1.3+4.6 11.5+8.5 1.5+4.7

FMC 13  -13.146.5 -2.84£3.5 15.8£9.4 3.0£3.7

PAT 11 -6.1+9.2¢ -1.4+4.5 7.449.8 1.6+£4.8

TLP 13 -9.244.2 -1.7+4.5 10.3+5.1 1.9+4.8

T™™P 13 -10.0+£6.4 -0.9£7.2 11.7£8.0 1.5£8.0
Bovine PAT 6 -11.8+12.0 -2.5+7.3 15.4£17.9 3.0£7.1
Porcine PAT 6 -3.244.5 0.1£2.6 3.4+4.7 0.0+2.6
p = 0.0505

FG = femoral groove

FLC = femoral lateral condyle

FMC = femoral medial condyle

PAT = lateral upper quadrant of patella
TLP = tibial lateral plateau

TMP = tibial medial plateau

the repeated control measurements at 5 % s™! strain rate for cartilage before and after
the actual measurements, ultrasound speed and the change in ultrasound speed during
ramp compression did not change (p > 0.05) due to the test sequence. Within the test
sequence, the mean changes in ultrasound speed during ramp compression for elastomer
sample and distilled water, were +3.5 4+ 0.2 m s~'and —0.1 £ 0.3 m s~!, respectively.

The measurement error that propagated to the ultrasound speed (II-IV) due to the
limitations of the measurement system was estimated to be < 0.1%. For typical cartilage
ultrasound speed (1630 m s~! [142]) and thickness in the present study (about 1.7 mm)
the estimated error was about 0.05 % or 0.8 m s~!. Thus, the measurement system
was sensitive enough to measure changes in the ultrasound speed under compressive
conditions. It was revealed that ignoring the reflection coefficients at sample-transducer
and sample-metallic plate interfaces (II) introduced a systematic error of about +0.45
dB mm~! to the attenuation (Fig. 6.6).
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Figure 6.3: Ultrasound parameters under mechanical ramp compression (grey background)
and subsequent stress-relaxation (white background) (IIT). Ultrasound speed and attenuation
in cartilage were affected by the exposed mechanical loading.



54 6.2. Effects of mechanical loading on ultrasound properties of articular cartilage

= 1650 —
n --- EG (n=13)
~ — = FLC (n=13)
é 1625f..7 —-+= FMC (n=13)
S —-- PAT (n=11)
o 1600 e =T —— | ... TLP (n=13)
8- . . = TMP (n=13)
575 TR T TS T T TR | e (n=76)
ko] ]V /| = Elastomer (n=1)
g Yy o ) Water (n=1)
?
© 1500
=
: 1 1 1 1 1 1 1 1 1 1
0 0.10.2 0304 050.6 0.7 08 09 1.0
A Normalized time
= 1635 — Model
N 1630 = == Experimental
E Experimental
~ 1625 Experimental
T Experimental
3 1620 = Prediction
& 1615 e
2 1610
g 1605
(%) /-—’_
S 1600
=
S 1595
200 400 600 800 1000 1200 1400 1600 1800
B Time (s)
0 T T T T
°
c 51 1
3
= 10} E
0
c0n
= E 157 T
: N
£3 %0 '
o Q 25f ]
20 5| )
g -
T) =35} E

_40 Add A aszaul FEEERETIT | PEEEETIIT | PR ETTT
10° 102 107  10° 10" 102
C Strain rate (% s-)

Figure 6.4: A. Ultrasound speed in human articular cartilage extracted from different anatom-
ical locations and in reference materials during a mechanical stress-relaxation test (IV). The
ramp compression phase is indicated with a grey background. The ultrasound speed was found
to vary during mechanical compression in cartilage at all anatomical locations. B. Experi-
mentally measured ultrasound speed (dashed line) in three randomly selected human patellar
cartilage samples during a stress-relaxation test and the linear ultrasound speed model (equa-
tion 5.14) (thin solid black line) fitted to the experimental data (IV). Substitution of orientation
and void ratio at a given time as well as initial ¢ of a fourth sample into equation 5.14 produced
a graph predicting ¢ in the same sample (thick black line). As a validation, the experimental
(solid grey line) and predicted ¢ in the fourth sample were compared. The error between the
prediction obtained with the model and the experimental data at each time point was small,
< 0.3 %. C. Change in the ultrasound speed (mean £+ SD, n = 6) in bovine cartilage (IV)
during a 5 % strain ramp as a function strain rate. The errorbars indicate one standard devia-
tion, SD, of mean for 6 samples. The magnitude of the ultrasound speed was found to depend
on the strain rate (p < 0.01).
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speed change during an instantaneous 5% compression (IV). The typical change in the ultra-
sound speed, -25 m s~!, during instantaneous compression induced an error of -30 % in strain
and +40 % in elastic modulus.
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Figure 6.6: Corrected and uncorrected values for amplitude attenuation in mechano-acoustic
measurement geometry (IT). By ignoring the reflection coefficients at the sample-transducer and
sample-metallic plate interfaces a systematical error of about +0.45 dB mm~! was introduced
into the uncorrected attenuation.
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CHAPTER VII
Discussion

This study investigated the acoustic properties of articular cartilage and their depen-
dence on the structure, composition and mechanical loading of the tissue. Studies I and
IT addressed specifically the relationships of acoustic, structural and compositional prop-
erties of cartilage. Studies ITI and IV focused on the effect of mechanical loading on the
ultrasound and mechano-acoustically determined mechanical parameters of cartilage.

7.1 Effects of composition and structure on ultrasound proper-
ties of articular cartilage

According to the existing earlier literature, reflection and scattering of ultrasound at su-
perficial and deeper cartilage layers are related to the tissue structure and composition
[32, 104, 145]. Earlier studies have shown that the ultrasound reflection at the articular
surface may be more sensitive to the morphology of the superficial tissue than to its
collagen content [3, 126, 128]. The present study showed that ultrasound reflection at
the cartilage surface was found to be highly sensitive to enzymatic degradation of col-
lagen with the difference in reflection coefficient before and after collagen degeneration
being statistically significant (I). PLM images revealed reduced collagen integrity sug-
gesting that the decrease in reflection coefficient may be partially related to the increase
in scattering at the superficial tissue [128]. As no visual surface fibrillation was observed
under LM, the decreased ultrasound reflection coefficient may not, however, be primar-
ily induced by increased scattering. Digestion with collagenase diminishes the collagen
content and collagen fibril diameter, possibly increasing water content in the superficial
tissue and lowering its density. As a result of collagen cleavage, the ultrasound speed may
decrease significantly at the superficial cartilage [49, 155] resulting, together with a low-
ered tissue density [59], in an acoustic impedance closer to that of the coupling medium,
i.e. saline. Although not confirmed by Myers et al. for articular cartilage [104], protein
content has been found to have a significant effect on ultrasound speed in soft tissues
[49] and suspensions [155]. Thus, it is likely that enzymatic treatment with collagenase
changes the collagen composition and these changes then alter the ultrasound speed of
the superficial cartilage. This is supported by the finding that the overall ultrasound
speed decreased, although this decrease was not statistically significant, during the col-

o7
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lagen degeneration test (-4 m s, -0.2 %). Since the effect of collagenase during the
6-hour digestion was confined to the superficial cartilage, the changes in acoustic prop-
erties were restricted to only the superficial tissue. This may have only a small effect
on the average ultrasound speed through the cartilage thickness, but a more significant
effect on the acoustic impedance and, furthermore, a greater impact on the reflection
coefficient at cartilage surface.

A small decrease in the reflection coefficient at the superficial cartilage was observed
during the trypsin digestion. The decrease in the reflection coefficient may not be ex-
plained by the cleavage of PGs, but by the minor collagen degradation [50] that can
be induced by trypsin. Since superficial cartilage is poor in PGs, cleavage of PGs may
not affect the acoustic impedance of the cartilage surface significantly and, thus, may
not determine the reflective properties of cartilage at the cartilage-saline interface to the
same extent as changes in collagen. Trypsin induced a higher decrease in ultrasound
speed (p < 0.05, -7 m s71, -0.4 %) than collagenase. The effect of trypsin digestion on
ultrasound speed may be more impressive due to the effective cleavage of PGs: trypsin
digestion occurred at over 50 % of the total cartilage thickness, whereas collagenase diges-
tion was confined only to the superficial tissue. The association of collagen degeneration
and ultrasound reflection at the superficial cartilage is in agreement with earlier studies
[3, 32, 128, 145], in which ultrasound reflection has been related to the morphological
and compositional changes, typical of osteoarthrosis. Thus, measurement of ultrasound
reflection coefficient has clear diagnostic potential since it can reveal the integrity of
articular surface.

Ultrasound speed was found to strongly relate to the composition of the tissue in
osteoarthrotic cartilage (IT). Relatively high correlations were established between ul-
trasound speed and the uronic acid, hydroxyproline and water contents. These param-
eters are related to compositional changes which are characteristic of osteoarthrosis. In
osteoarthrotic cartilage, PGs are depleted and the collagen architecture becomes dis-
rupted, which results in tissue swelling [27, 97| and increase in the water content. Any
increase in the water content should, according to acoustic mixture laws [5, 41, 133],
change the ultrasound speed in cartilage towards that of water, i.e. ultrasound speed
should decrease. These findings are supported by earlier studies suggesting that ul-
trasound speed in osteoarthrotic cartilage is lower (1581 + 148 m s™!) than in normal
cartilage (1658 & 185 m s7!) [104]. However, in that study, the ultrasound speed was not
related to the uronic acid or hydroxyproline contents. In the present study, ultrasound
speed was found to relate not only to the compositional parameters, but also to struc-
tural integrity, i.e. Mankin score. However, it is not clear if associations of ultrasound
speed against uronic acid, hydroxyproline and water contents reveal a primary relation,
as variation in different components are interconnected via cartilage degeneration.

Although ultrasound speed results are consistent in studies I and II, there are some
discrepancies in the attenuation results. In study I, attenuation increased with time dur-
ing the degeneration of PGs, while no significant changes were observed during collagen
degradation or control incubation. This is consistent with an earlier investigation [57]
where ultrasound attenuation was found to increase after enzymatic degradation of PGs.
However in study I, attenuation decreased in parallel with the degenerative process.
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Several explanations can be suggested for this discordance. First, the structural and
compositional changes induced enzymatically may be restricted only to the superficial
cartilage and differ significantly from those occurring in spontaneous osteoarthrosis [122].
Digestive enzymes may induce a highly localized acoustic interface that may reflect ul-
trasound [117, 145, 156] and, thus, block part of ultrasound energy from propagating to
the cartilage-bone interface by reflecting or scattering the ultrasound. This explanation
is supported by the finding in the M-mode visualisation during trypsin digestion (I), in
which a new acoustic echo was noted to be induced inside the cartilage. Second, the
collagen architecture may be more profoundly damaged in spontaneous osteoarthrosis
inducing significant swelling and a more extensive increase in the water content [97] as
compared to that achieved during superficial enzymatic treatments. This may result in
fewer scatterers per unit length and subsequently result in smaller attenuation coefficients
in osteoarthrotic cartilage. It is possible that absorption is affected by both, enzymatic
and spontaneous degeneration, thereby inducing changes in attenuation. According to
the present results (II), attenuation, if it were possible to be measured accurately, could
provide clinically useful information on the integrity of cartilage.

The normalized slope of frequency dependency of attenuation, nBU A, was found to
correlate weakly although significantly (p < 0.05) with Mankin score, cartilage quality
index and water content (II). However, BUA did not associate with any reference pa-
rameter. The slope of attenuation may not be a clinically feasible parameter, at least in
the frequency range used in the present study, due to its poor capability to differentiate
degenerated cartilage from intact tissue.

7.2 Effects of mechanical loading on ultrasound properties of
articular cartilage

Ultrasound speed (III-IV) and attenuation (III) in bovine and human cartilage varied
during the mechanical stress-relaxation test. The attenuation values decreased under
the ramp compression but became restored to close to the value prior to the ramp
compression during mechanical relaxation towards the equilibrium.

The decrease in the ultrasound speed may be explained by the changes in the composi-
tion and structure of cartilage. In study III, changes in ultrasound speed were suggested
to be related to the compression-related variations in the collagen architecture. Ultra-
sound speed has earlier been found to be higher along than the corresponding speed
across collagen fibrils [48, 88]. During mechanical compression, the collagen orientation
changes to a more horizontal alignment. Thus ultrasound, in the present measurement
geometry (III-IV), propagates more effectively across the collagen fibrils than along the
fibrils. In study III, we proposed that orientational changes affect ultrasound speed not
only during ramp compression but also during mechanical equilibration. As revealed
by the finite element model (IV), variations in collagen orientation may not explain
the variation in ultrasound speed during mechanical relaxation, during which changes in
collagen orientation were found to be small. However, the water content was found to
vary significantly. In study IV, we hypothesized that during mechanical relaxation the
ultrasound speed is affected not only by orientational changes but even more significantly
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by changes in water content. This explanation is supported by the quantitative findings
(IV) that relate variations in collagen orientation and water content to experimentally
determined ultrasound speed. Compression of cartilage induces water flow, which in-
duces a relative increase in the solid matrix content [121]. According to acoustic mixture
laws [5, 41, 133], the ultrasound speed should consequently increase. During instanta-
neous loading, cartilage is incompressible, i.e. no significant water flow occurs. Thus,
the decrease of ultrasound speed cannot be attributable to changes in the water con-
tent. This is in agreement with the explanation suggesting that the collagen orientation
controls the variation of ultrasound speed during instantaneous loading. The difference
between the predicted variation of ultrasound speed (IV) and the experimentally deter-
mined ultrasound was small at all time points, < 0.3 %. It should be noted that during
mechanical loading of articular cartilage there may be simultaneous changes in several
physical phenomena, e.g. fluid pressure, solid stress and strain, water flow, temperature
variation, and these can all affect the ultrasound speed in cartilage. However, their effect
on the measured ultrasound speed may be minor compared to those of collagen orien-
tation and water content. Agemura et al. [4] concluded that ultrasound speed may be
higher across than along collagen fibers, which is in disagreement with the earlier findings
in which the ultrasound speed in the collagen was found to be higher in a direction along
the fibril than it was across the fibril [48, 88]. Agemura et al. based their explanation on
the depth-wise dependence of the ultrasound speed in articular cartilage and suggested
that intermolecular cross-linking and depth-wise collagen orientation might control ul-
trasound speed. However, they did not speculate about the effect of collagen density
on their findings, which may account for the differences between the conclusions of the
different studies. This is supported by the finding that collagen density may dramatically
affect the measured ultrasound speed, as protein content has been found to influence the
ultrasound speed in soft tissues [49].

The detected increase in the ultrasound speed during the relaxation phase is in agree-
ment with an earlier study by Zheng et al. [160] in which the ultrasound speed in bovine
articular cartilage was studied under compression in situ. In contrast to the present
study, that study [160] revealed ultrasound speed changes to be less than 0.03 % during
the mechanical ramp compression, whereas our study (III) showed a decrease of about
0.6 % in the ultrasound speed in bovine articular cartilage. The results may differ due to
the differences in samples and measurement geometry. In studies III and IV, samples
(d = 4 mm) were detached from bone and measurements were conducted under 5 %
strain during unconfined compression (in vitro). In contrast, in the study by Zheng et
al. samples (d = 6.32 £ 0.08 mm) were attached to bone and a smaller strain (about
3.4 %) was used in in situ geometry, resulting in smaller orientational changes in the
collagen architecture.

In the present study, the ultrasound attenuation was affected more sensitively by me-
chanical loading in bovine articular cartilage than was determined in human or porcine
cartilage. The observed change in ultrasound attenuation during ramp compression
may be explained by the changes in the cartilage architecture. As the acoustic wave
is a moving mechanical disturbance, it is possible that the mechanical and structural
anisotropy also produces acoustic anisotropy. Physically, either absorption and/or scat-
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tering of ultrasound decreased during ramp compression, especially in bovine cartilage.
The re-arrangement of collagen fibers, known to act as significant scatterers of ultrasound
[32, 114, 116], may decrease ultrasound scattering and thus reduce the measured attenu-
ation. Although only visually perfect contact at transducer-cartilage and cartilage-metal
plate interfaces was accepted, it is not clear if changes in stress can affect scattering,
reflection or transmission conditions at these interfaces. However, no trend was found
between the peak stresses and the change in attenuation, suggesting that the applied
stress does not primarily control compression-related changes of ultrasound attenuation
in this measurement geometry.

In study III, the in situ calibration method (equation 5.8), which assumes that there
is a strain-independent ultrasound speed in the measured material, was used to determine
the ultrasound speed under mechanical compression. As a reference, a direct ultrasound
speed measurement was also applied (equation 5.7). The in situ calibration method was
found to be prone to systematic errors due to compression-related change of ultrasound
speed, especially at the end of ramp compression. However, the measured values at the
mechanical equilibrium were closer to the values obtained using the direct ultrasound
speed measurement. In clinical applications, ultrasound speed measurement using the in
situ calibration method may be acceptable if measurements are conducted at mechanical
equilibrium. However for practical reasons, ultrasound speed should be measured during
instantaneous compression. The use of mechanical equilibrium would be impractical as
the mechanical equilibration of the tissue in vivo is time-consuming (may take more than
one hour [93]) and a rigid in vivo measurement system with clamping of the investigated
joint would be required for precise measurements. Under practical situations, the in situ
calibration method may not be accurate enough to differentiate cartilage with advanced
degeneration (II, ultrasound speed: 1548+14 m s™!) from intact cartilage (I, ultrasound
speed: 1603 £27 m s~ ).

The dependence of ultrasound speed on cartilage compression, determined using the
in situ calibration method, was opposite to that determined using the direct measure-
ment (III). This discrepancy is related to the differential nature of the in situ calibration
measurement and to the assumption that the ultrasound speed remains constant dur-
ing compression. If the ultrasound speed is not dependent on compression, then the
method yields correct speed values. However, if the ultrasound speed changes, then the
time-of-flight after compression is affected and the difference in time-of-flight, due to
compression, is subjected to uncertainty (equation 5.8). Thus, a decrease in the ultra-
sound speed results in smaller time-of-flight difference and, consequently, to the observed
increase of ultrasound speed, as determined using in situ calibration method. As calcu-
lation of strain is based on a differential measurement, a similar problem applies to the
strain estimation. If the ultrasound speed is not dependent on compression, the strain
may be successfully determined by dividing the time-of-flight change due to compres-
sion by the time-of-flight through the sample prior to compression (Appendix, ITI-IV).
This does not depend on the absolute ultrasound speed within the sample. However, if
ultrasound speed changes, e.g. decreases, the difference in time-of-flight, due to com-
pression, is unexpectedly small, resulting in underestimated deformation and, therefore,
underestimated strain.
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Studies ITI and IV revealed that mechano-acoustic techniques depend critically on
the constancy of the ultrasound speed under mechanical loading. At the end of ramp
compression at a low strain rate, the compression-related variation of ultrasound speed
in human, bovine or porcine cartilage was found to induce significant errors in the de-
termined strain or elastic modulus where a constant ultrasound speed was assumed.
However, the errors were smaller at mechanical equilibrium. Simulations (equations 5.19
and 5.20, IV) revealed that a typical decrease in ultrasound speed, -25 m s~!, under
instant compression (IV) may result in an error of about -30 % and 440 % in mechano-
acoustically measured strain and elastic modulus, respectively (Fig. 6.5). In the worst
case scenario, the errors in measured strain and elastic modulus can be even higher, about
-50 % and +100 %, respectively. This poses a demanding challenge for mechano-acoustic
or elastographic measurements of elastic properties along the axis of compression, espe-
cially under a high rate compression. As softening of cartilage is related to the early
degenerative changes [11, 27, 45], a depth-wise elastographic characterization of tissue
strains and elastic modulus could provide clinically invaluable information on the de-
generative status of the tissue. However, cartilage exhibits a depth-wise variation in its
structure, composition [25, 26] and mechanical competence [61, 80, 91]. The ultrasound
speed and attenuation have been shown to vary in a depth-wise manner [4, 113]. There-
fore it is possible that compression-related variation of ultrasound speed may behave
differently at different depths of cartilage. The applied strain may also depend on the
applied strain. Nevertheless, it is possible that these issues do not preclude the clinical
use of mechano-acoustic indentation techniques as these methods have been shown to
sensitively distinguish between healthy and degenerated tissue [80]. A method to elim-
inate compression-induced errors in measured elastic properties of articular cartilage
needs to be devised.

The reader should recall that the measured ultrasound speed and attenuation pa-
rameters in studies I-IV are mean values in full thickness cartilage. The results on
attenuation and reflection coefficient (I-IIT) may be clearly related to the frequency in
use in the measurements. However, the effect of frequency on ultrasound speed may be
minor. It should be noted that a variation in the ultrasound speed under mechanical
compression may also depend on the measurement protocol, e.g. applied strain, and
geometry, i.e. ultrasound speed may vary differently under in situ or in vivo (inden-
tation) loading as compared to the in vitro (unconfined) geometry used in the present
study. The error analysis, using the principle for propagation of uncertainty, revealed
that the small error in the measured ultrasound speed (< 0.1 %), due to the techni-
cal limitations of the system, does permit acceptable accuracy for determination of the
changes in ultrasound speed. In study II, the reflection coefficients (= 1, i.e. perfect
reflection) at sample-transducer and sample-metallic plate interfaces may introduce a
systematic error into the measured absolute attenuation values. However, this may not
affect the interpretation of the results of study II. It should be noted that the amount of
samples in studies I-IV was limited and the measurements were conducted in laboratory
circumstances.

Further studies should be conducted to reveal how substantial are the relations be-
tween measured acoustic parameters and cartilage structure and composition in vivo.
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The effect of selected measurement protocol, geometry or ultrasound frequency on these
relations also needs attention. As indentation geometry is at present the only in vivo
feasible geometry which can be used for the determination of cartilage mechanical param-
eters, it is important to determine whether compression-related changes in ultrasound
speed take place in vivo and if they significantly affect the mechano-acoustically deter-
mined mechanical parameters of articular cartilage.
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CHAPTER VIII
Summary and conclusions

Ultrasound techniques provide unique possibilities to characterize the integrity of ar-
ticular cartilage and may provide tools for clinical diagnostics of early osteoarthrosis.
Mechano-acoustic determination of mechanical properties of cartilage, however, may be
affected by compression-related changes in the ultrasound speed during mechanical in-
dentation. The most important findings of this thesis may summarized as follows:

e The reflection coefficient at cartilage surface is strongly related to the integrity of
the superficial collagen network. The reflection coefficient may provide a useful
parameter for clinical use as the measurement of absolute values of this parameter
is technically straightforward.

e Ultrasound speed and attenuation are significantly related to structure, compo-
sition and the degenerative stage of the tissue and, therefore, may be clinically
feasible for use in the diagnostics of osteoarthrosis. However, in vivo measurement
of absolute values may be more challenging.

e Broadband ultrasound attenuation or normalized broadband ultrasound attenua-
tion may not suitable for clinical use and the measurement of absolute values is
challenging.

e The ultrasound speed in articular cartilage is affected by the mechanical com-
pression of the tissue. The results of the present study suggest that variation in
ultrasound speed is controlled by collagen orientation during instantaneous com-
pression and also by the water content and collagen orientation during mechanical
relaxation and at equilibrium.

e The ultrasound speed, as determined using the in situ calibration method, is at
present, the only available method for measuring the ultrasound speed in articular
cartilage bonded to underlying bone. However, the method is prone to errors that
are induced by the compression-related changes in the ultrasound speed of articular
cartilage during mechanical compression.
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e The assumption that there is a constant ultrasound speed during mechanical com-
pression may impair the accuracy of the mechano-acoustic measurements of carti-
lage mechanical properties.

To conclude, the ultrasound properties of articular cartilage are significantly and
specifically related to tissue composition and structure as well as to mechanical loading.
Ultrasound may hold clinical potential for revealing the changes typically encountered
in early osteoarthrosis. However, before arthroscopic ultrasound techniques can be suc-
cessfully applied in the clinic, several technical challenges will have to be resolved.
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