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ABSTRACT
Current diagnostic techniques are not able to detect the earliest degenerative changes related to osteoarthritis and osteoporosis. Quantitative ultrasound (QUS) and contrast agent enhanced computed
tomography (CECT) are potential techniques for the simultaneous
assessment of the health of cartilage and bone.
The ability of gadolinium and iodine-based contrast agents to
detect enzymatic cartilage degradation was evaluated in this study.
Moreover, the optimal contrast agent concentrations and diffusion
times were estimated. The feasibility of using CECT and QUS (5
MHz) methods for the simultaneous measurement of articular cartilage and subchondral bone was tested with osteochondral samples from visually healthy bovine knees. Furthermore, the effect of
bone marrow composition on ultrasound propagation was studied
numerically at 1 MHz frequency.
The CECT technique enabled simultaneous analysis of the contrast agent content in cartilage, bone mineral density and thicknesses of cartilage and subchondral plate. The contrast agent intake increased significantly after enzymatic (trypsin) degradation
of cartilage. However, there were no major changes in the contrast
agent partition profiles. The contrast agent content in the superficial cartilage correlated significantly with the dynamic modulus
of cartilage. Both contrast agents required over 8 hours to reach
the diffusion equilibrium. QUS was found to be feasible for the
simultaneous measurement of the acoustic properties of articular
cartilage and subchondral bone. The relationships between the ultrasound parameters and the properties of cartilage and bone were
statistically significant. Numerical simulations demonstrated a significant effect of bone marrow composition on the QUS parameters,
especially for samples with low bone volume fractions.
In conclusion, when further developed, the CECT and QUS
methods may become sensitive quantitative in vivo methods to simultaneously assess the status of articular cartilage and subchondral bone.
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1 Introduction
Articular cartilage is highly specialized connective tissue covering
the ends of bones in diarthrodial joints. Good health of articular
cartilage is essential for normal function of the joint, because it is a
major contributor to the distribution of forces and the low friction
movement of articulating bones during joint loading. The complex
mechanical behavior of articular cartilage is a result of specialized
composition and structural organization. Under the articular cartilage, there is a layer of solid cortical bone, i.e. subchondral plate,
and beneath it is subchondral trabecular bone. In general, bones
provide mechanical support and transform muscle contractions into
bodily motions. Trabecular bone can be found, for example, at
the ends of long bones. It forms a complex three-dimensional network that constantly adapts itself to optimally endure the stresses
to which it is exposed. Trabecular bone aims to maximize mechanical strength with minimal weight.
Osteoarthritis, also known as osteoarthrosis, (OA) is the most
common degenerative joint disease. It disturbs normal functionality of the joint, causes pain, makes daily activities more difficult
and impairs the overall quality of life. OA is also a major economic burden to society as it decreases the working ability of individuals and is responsible for considerable medical and social
costs [32, 77, 93, 228]. OA is associated with joint injuries, excessive
loading, obesity and aging [181,194]. In cartilage, OA leads to a progressive disruption of collagen network, depletion of proteoglycans
and an increase in the water content [7, 31, 185]. Subchondral sclerosis and osteophyte formation are known to occur simultaneously
with the cartilage degeneration [32]. In subchondral bone, the number of trabeculae decreases but the remaining ones thicken and the
overall bone volume fraction increases [24, 60]. Early degenerative
changes in cartilage impair its mechanical properties and accelerate the deterioration of the tissue. Typical symptoms of OA, for
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example pain, limited mobility and deformity of the joint, appear
during the late stages of the disease when cartilage can be almost
completely worn out [29].
Traditional diagnostic techniques, such as radiography, magnetic resonance imaging (MRI) and arthroscopy, are able to detect
OA when it has reached its late stage, i.e. when spontaneous regeneration of the tissue is no longer possible. At present, there is no
cure for OA and it is impossible to restore degenerated tissue to its
original state. Even though they cause no symptoms, detection of
early changes would be essential if one wished to make a possible
intervention and would help in understanding the disease. These
early changes include, for example, PG loss, surface fibrillation and
local cartilage injuries. Moreover, sensitive quantitative techniques
will be needed for the investigation of the efficacy of new drugs
and treatments [222].
Osteoporosis (OP) is the most common metabolic bone disease
in the developed countries [273]. In OP, the bone mineral density
(BMD) decreases and the microstructure of bone tissue deteriorates.
These changes lead to brittle bones and increased fracture risk [134].
OP is also an important disease in a socio-economic sense, because
it increases the risk of fractures and chronic disability [46]. Conventionally, OP is diagnosed as reduced BMD, as measured with dual
energy X-ray absorptiometry (DXA). The risk of fracture, however,
is not only related to bone density, but also to the internal structure and organic composition of bone [34, 214, 269]. It is important
to notice that the bone is not the only determinant of fracture risk.
For example, the type of fall, the surface on which the fall occurs
and the amount of overlying soft tissue significantly affect the risk
of fracture [269].
Advances in imaging modalities like MRI, computed tomography (CT) and ultrasound (US) have triggered the development of
new quantitative methods for early detection of OA. Most of these
techniques are still at the pre-clinical stage, but are being continually developed toward clinical approval. In principle, All three
modalities allow simultaneous analysis of articular cartilage and

2
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subchondral bone, which might provide additional diagnostic information about the health of the joint and allow detection of OA
at an early stage. MRI and CT methods may be enhanced by the
use of ionic contrast agents that are hypothesized to diffuse into
the cartilage depending on the fixed negative charge attributable
to proteoglycan (PG) distribution [17, 35, 50, 213, 219, 242]. Contrast
agent enhanced computed tomography (CECT) of cartilage was introduced by Cockman et al. (2006), but Palmer et al. (2006) were the
first to use an iodine-based ionic contrast agent in CECT of articular
cartilage. Study I of this thesis was the first attempt to investigate
the suitability of a clinical CT device for CECT imaging of articular
cartilage degradation.
Ultrasound reflection from cartilage surface has been reported
to detect changes due to OA, maturation, enzymatical degradation
and spontaneous healing of cartilage [44,154,232]. Furthermore, the
backscattered signal from the internal cartilage structures has been
postulated to relate to the integrity of the tissue [217, 265, 271]. Recently, arthroscopic ultrasound imaging of cartilage was proposed
as a novel tool for detection of articular cartilage injury and signs
of early OA [103, 145, 266].
Quantitative ultrasound (QUS), CT and MRI methods have also
been applied for detection of the properties of calcified tissues. Ultrasound speed, attenuation, reflection and backscatter are related
to the structure, density, composition and mechanical properties of
bone [39, 96, 110, 112, 137, 158, 224]. CT enables measurement of the
mineral density, bone volume fraction as well as three-dimensional
structure of the tissue. Though the MRI signal from the bone is very
weak, the signal from bone marrow is strong and can, in principle,
be utilized for estimation of bone mineral density, volume fraction
and trabecular structure [47,133,157]. Clinical CT and MRI devices,
however, lack the resolution to reveal the microstructure of the trabecular matrix [121, 156, 157], which is a significant contributor to
the mechanical properties and fracture risk of the bone [108, 214].
The present thesis introduces three studies which aim to investigate and improve the potential of CT and US methods in diag-
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nostics of OA. The fourth study addresses the effect of bone marrow composition on the propagation of US in trabecular bone, a
problem which affects not only US diagnostics of OP but also the
simultaneous measurement of articular cartilage and subchondral
bone. In study I, two anionic contrast agents are compared, and the
effect of enzymatic cartilage degradation on the distributions of the
contrast agents is examined. In studies II and III, the feasibility of
using CECT and US methods for the simultaneous measurement of
articular cartilage and subchondral bone is assessed. The composition and mechanical properties of the tissues are measured with
state-of-the-art reference techniques and compared with the CECT
and US results. The studies also consider possible sources of error related to the clinical use of the methods. Taken together, this
thesis aims to develop and refine the CECT and US techniques for
simultaneous measurements of articular cartilage and subchondral
bone.

4
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2 Articular cartilage and subchondral bone
Articular cartilage is a highly specialized aneural and avascular
connective tissue which covers the ends of articulating bones in
the diarthrodial joints [31]. The inner surface of a joint capsule is
covered by synovium, which excretes synovial fluid [74]. Articular cartilage, together with synovial fluid, provides nearly frictionless, wear resistant sliding surfaces for articulating bones [189]. In
a knee joint, articular cartilage, menisci and subchondral bone together absorb and distribute mechanical loads and enable smooth
locomotion [3, 223]. These three tissues have a trinitarian relationship where changes in one tissue lead to adaptive changes in the
other two tissues [209].
2.1 ARTICULAR CARTILAGE
Articular cartilage can be divided into fluid and solid phases. The
fluid phase, interstitial water, makes up 65 - 80% of the total mass
of the tissue and contains solutes such as ions and nutrients. The
solid phase comprises the remaining 20-35% of the total mass and
consists mainly of collagen fibrils, proteoglycans and chondrocytes
(Figure 2.1). The solid matrix outside the cells is called the extracellular matrix (ECM). The pore size and density of articular cartilage have been estimated to be 25-75 Å and 1050 kg/m3 , respectively. [127, 190, 220]
Collagen network
Collagen molecules account for 60-80% of the dry weight of articular cartilage. Most of the collagen, about 90%, is type II but also
types I, III, V, VI, IX, X and XI, are known to be present in cartilage
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Figure 2.1: The layered structure of articular cartilage tissue, depicted in a safranin O
stained light microscopy section. Collagen fibers are illustrated with dotted lines, chondrocytes are visualized as bright spots in cartilage and the tone of the cartilage indicates the
proteoglycan content (darker tone indicates more PGs). A layer of calcified cartilage connects the cartilage to the subchondral bone plate, below which the trabecular bone begins.

matrix [71, 73, 117]. The menisci, on the other hand, are fibrocartilage, which consists mainly of type I collagen [190]. The collagen
network in mature articular cartilage is highly anisotropic and can
be divided into three zones according to its orientation [20]. The
superficial zone contains thin, 20-50 nm thick collagen fibers that
are oriented in parallel to the cartilage surface [102]. In the middle zone, the collagen fibers become thicker and bend towards the
cartilage-bone interface. In the deep zone, the collagen fibers have
reached full thickness (200-300 nm) and orientate perpendicular to
the cartilage surface [102]. The collagen network is stabilized by
crosslinks between collagen fibers and it is attached to the subchondral bone through the calcified cartilage layer, sometimes referred

6
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to as the fourth zone [72, 188, 286].
Proteoglycans
Proteoglycans are negatively charged hydrophilic macromolecules
that constitute 20-40% of the cartilage dry weight (4-7% of the total weight) [185, 189]. Proteoglycans consist of negatively charged
glycosaminoglycan (GAG) chains covalently attached to a chondroitin sulfate core protein [38, 128]. Further, large PG aggregans
are formed by hundreds of PGs linked noncovalently to hyaluronic
acid with the complex kept stable by link proteins [81, 100]. The
PG concentration is lowest in the superficial zone, rises towards the
deep zone and decreases again near the calcified zone [176, 186].
Large PG aggregates are chemically or mechanically bound within
the collagen matrix, which prevents their free distribution [30]. The
negative charge of PGs attracts cations, which creates the Donnan
effect, i.e. which increases the osmolarity of the tissue and attracts
water [30]. The Donnan osmotic pressure depends on the amount
of ions which, in turn, is dependent on the amount of PG. The negative net charge, caused by immobile PGs, is quantified as the fixed
charge density (FCD) [173].
Chondrocytes
Chondrocytes, the only cells present in articular cartilage, synthesize the cartilage matrix [30, 128]. Human articular cartilage is relatively acellular, chondrocytes comprise only about 1% of the tissue
volume [30]. The cell density and shape vary across the depth of
the tissue. The number of chondrocytes is largest and their shape
flattened in the superficial zone, but their number decreases and
the shape becomes more spherical towards the deep zone [102,191].
In the superficial zone, chondrocytes tend to arrange themselves in
parallel to, whereas in the deep zone they tend to be perpendicular
to the cartilage surface [30]. Even though chondrocytes maintain
ECM by synthesizing collagen and PG, they cannot repair major
damage in mature cartilage [189].
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Interstitial water
The amount of water in articular cartilage is controlled by the PG
content, the organization of the collagen network and the material
properties of the solid matrix. Electronegative PGs cause swelling,
which is restricted by the solid matrix, especially the collagen network [189]. A small percentage of interstitial water is intracellular,
about 30% is attached to the collagen fibers and the rest is bound
to proteoglycans as a solute [190]. Most of the interstitial water is
freely exchangeable by diffusion [178]. Since cartilage has no vasculature, chondrocyte metabolism functions by diffusion between
synovial fluid and interstitial water [81]. The water content of articular cartilage decreases as a function of tissue depth, being about
74% in superficial layers and 67% in deep cartilage [262].
Mechanical function
Joint loading causes compressive, tensional and shear stresses in
articular cartilage. Articular cartilage is specialized to minimize
and withstand these loads and decrease stresses on the subchondral bone. The friction between articulating surfaces is minimized
by two main mechanisms. Synovial fluid contains macromolecules,
for example lubricin, that lubricate the joint surfaces [84, 122]. The
second mechanism is activated by dynamic joint loading, which
pressurizes the interstitial fluid. Pressurized fluid supports the load
and forms a thin fluid film between articulating surfaces, hence diminishing the friction [8]. The coefficient of friction between articular cartilage surfaces can be as low as 0.01 [42, 78, 179]. For perspective, the coefficient of friction between two teflon surfaces is 0.04.
The fine collagen network running parallel to the surface creates a
smooth (roughness < 1 µm) and wear resistant surface, which is a
prerequisite for effective lubrication [79, 115].
Articular cartilage, together with muscles and other structures
in the joint, functions as a cushion between the articulating bones
[30, 185]. Its unique layered structure and composition mean that
it can be considered as a fibril-reinforced poroviscoelastic material

8
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with anisotropic and nonlinear mechanical properties [270]. Proteoglycans attract water into the cartilage and create a swelling pressure, which is restricted by the collagen network [185]. Mechanical
loading increases the pressure in cartilage and causes the interstitial
fluid to flow to less pressurized areas, while the collagen network
resists the deformation of the tissue [185]. The flow of the interstitial water is restricted by the relatively low permeability of the tissue, which depends on its PG and collagen contents [147, 177, 192]
and this increases the stiffness of articular cartilage under high-rate
loading [185, 187]. However, collagen is known to dominate the dynamic behavior when interstitial water has no time to flow out of
the tissue, and proteoglycans are mainly responsible of the static
compressive stiffness of articular cartilage [148, 167]. The measure
of cartilage stiffness at equilibrium, i.e. after the fluid flow and
deformation have stopped, is called the Young’s modulus or equilibrium modulus. The dynamic modulus, also known as instant
modulus, indicates the stiffness of the tissue during high-rate loading. Poisson’s ratio, a measure of the compressibility of the tissue, is
dominated by the collagen network which resists the lateral expansion of the tissue under axial loading [144]. The composition, structure and mechanical properties of articular cartilage depend on the
anatomical location and reflect the loading conditions [239, 240].
Even small changes in cartilage composition or structure can significantly affect its mechanical characteristics. In this respect, the
measurement of mechanical properties can represent a good measure of cartilage health [186].
2.2 SUBCHONDRAL BONE
Bone is highly specialized and metabolically dynamic tissue which
constantly adapts its shape and structure in response to the forces
applied on it. Bone is a composite material of a mineralized extracellular matrix, cells and a non-mineral matrix of collagen and proteoglycans. Osteoblasts are the cells responsible for manufacturing
bone, while bone is resorbed by the osteoclasts. Both of these bone-

Dissertations in Forestry and Natural Sciences No 27

9

Antti Aula: CECT and QUS of Cartilage and Subchondral Bone

reforming cells inhabit the surfaces of bones, constantly remodeling the tissue. When osteoblasts become trapped into the mineralized matrix they produce, they become osteocytes. Osteocytes
and osteoblasts are suggested to sense mechanical stresses and regulate the remodeling of the bone structure [67]. The mineralized
phase, about 65% of the dry weight, consists mostly of hydroxyapatite crystals which provide bone with hardness and resistance
to compression. The rest of the dry weight is the organic matrix,
mainly type I collagen fibers that contribute to tensile strength and
toughness [272]. The solid rigid surface of the bones is called cortical bone. To the naked eye it seems solid, but microscopically
an organized structure of Haversian canals can be seen. Haversian canals are surrounded by concentric layers of lamellar bone,
forming structures parallel to the bone axis. These structures are
called Haversian systems or osteons, and they form a fine network
of canals containing blood vessels, nerves and lymphatic canals. In
diarthrodial joints, a layer of cortical bone called the subchondral
plate can be found under the articular cartilage. The subchondral
trabecular bone is connected to the inner surface of the subchondral
plate. [22, 81, 245, 285]
Trabecular bone
The matrix of trabecular bone, also known as cancellous or spongy
bone, is connected to the inner surface of the cortical bone (Figure
2.2). The trabeculae form a branching three-dimensional network
of fine interconnected bone structures and provide a complex internal support system of high strength [245]. Trabecular bone can be
found at the ends of the long bones and in the cores of the small
bones and flat bones. There are no Haversian systems in trabecular bone but both types of bone have the same basic histological structure when examined closely. Bone cells in the trabecular
bone are nourished by diffusion of nutrients through the bone marrow. [22, 245]
About 80% of the bone mass is cortical bone, but it covers only
about 20% of the total bone surface area [135]. Since the osteoblasts
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Figure 2.2: Trabecular structure is connected to the inner surface of the cortical bone and
the space between the trabeculae is filled with bone marrow. Trabeculae can be rod-like or
plate-like which can also be seen in this microCT reconstruction of bovine proximal tibia.

and osteoclasts inhabit the surface of the bone, the metabolism of
cancellous bone is about eight times faster than that of cortical bone
[62, 80]. Thus, the trabecular matrix is more active and susceptible
to imbalance in bone turnover. This is the reason why the first signs
of osteoporosis can be observed in the trabecular matrix [80]. After
the skeletal growth is complete, remodeling results in an annual
turnover of about 25 percent for cancellous bone and three percent
for cortical bone [57]. The morphology of the trabecular matrix
varies depending on the skeletal site, health and loading conditions
(Table 2.1).
Bone marrow
Bone marrow fills the cavities of bones and can be either red or
yellow. Both types of marrow contain mesenchymal stem cells that
are able to produce osteoblasts, chondrocytes, myocytes and many
other types of cells. Red bone marrow contains also hemopoietic
stem cells that can differentiate into red blood cells, platelets and
white blood cells. About 75% of red bone marrow is water; the rest
being solid matter consisting of connective tissue, blood vessels and
cells. On the other hand, about 96% of the yellow bone marrow is
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Table 2.1: The values of morphometric parameters of human trabecular bone at different
anatomical locations. The morphology of bone varies significantly between locations as
well as between individuals.
Location/study
Distal tibia
Lai et al. [155]
Proximal femur
Lai et al. [155]
Nägele et al. [196]
Padilla et al. [212]
Distal radius
Nägele et al. [196]

BV/TV (%)

Tb.Th (µm)

Tb.Sp (µm)

Tb.N (mm−1 )

DA (-)

SMI (-)

7.6 ± 4.5

125 ± 30

979 ± 164

1.02 ± 0.15

2.01 ± 0.25

2.25 ± 0.58

9.0 ± 3.3
20.6 ± 12.8
11.5 ± 5.5

123 ± 17
207 ± 57
83 ± 17

895 ± 128
951 ± 417
723 ± 278

1.12 ± 0.13
1.09 ± 0.33
1.33 ± 0.40

1.78 ± 0.37
2.31 ± 0.61
1.50 ± 0.15

1.87 ± 0.45
1.01 ± 0.80
–

10.2 ± 4.1

148 ± 26

792 ± 113

1.12 ± 0.12

1.88 ± 0.45

2.01 ± 0.82

BV/TV = bone volume fraction, Tb.Th = trabecular thickness, Tb.Sp = trabecular separation, Tb.N = trabecular number, DA
= degree of anisotropy, SMI = structural model index

fat. The remaining 4% consists of connective tissue, blood vessels
and cells. At birth, all bone marrow is red. With age it is converted
into yellow marrow, until by adulthood half of the marrow is yellow. At that point, red bone marrow is found mainly in flat bones
and at the ends of long bones. If the body needs to increase the
production of blood cells, yellow bone marrow is converted back
into red bone marrow. [22, 90]
Mechanical function
The main functions of the bone tissue are to provide mechanical
support, to protect organs and bone marrow, to transform muscle contractions into bodily motions and to act as a reservoir of
calcium, phosphate and some other minerals [81]. The mechanical properties of bone tissue depend on its structure, composition
and quantity, which in turn depend on the local loading conditions (Table 2.2). The trabecular structure rearranges itself to optimally endure the stresses to which it is exposed and this results
in a highly anisotropic structure with good mechanical properties.
Julius Wolff described this behavior in 1892 and defined Wolff’s
law: every change in form and function of a bone, or in its function
alone, is followed by certain definite changes in its internal architecture [285].
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Table 2.2: Ultimate strength and Young’s modulus of human trabecular and cortical bone
at different anatomical locations.
Location/study
Tibia
Hakulinen et al. [96]
Muller et al. [193]
Femur
Hakulinen et al. [96]
Grimal et al. [92]
Calcaneus
Mittra et al. [182]

Bone type

Ultimate strength

Young’s modulus

Trabecular
Cortical

9.5 ± 3.9 MPa
142 ± 15 MPa

575 ± 179 MPa
16.0 ± 1.8 GPa

Trabecular
Cortical

10.9 ± 4.2 MPa
195 ± 20 MPa

624 ± 214 MPa
17.3 ± 1.3 GPa

Trabecular

1.9 ± 1.0 MPa

70 ± 59 MPa
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3 Osteoarthritis and osteoporosis
Osteoarthritis and osteoporosis are musculoskeletal diseases which
have severe socio-economic impacts. OA is a joint disease which
affects articular cartilage and subchondral bone, while OP affects
the bones, making them more brittle and prone to fractures. Both
diseases become more prevalent with age and are more common
in women. It has been estimated that both diseases will become
more common as the number of elderly people grows, and both
require early intervention in order to prevent the progression of
the disease. However, the relationship between OA and OP is not
simple. One factor, for example obesity or smoking habits, may
increase the risk of one disease but decrease the risk of the other.
There is no consensus about the relationship between OA and OP
but it is a topic of heated debate. [9, 58, 68, 164–166, 292]
3.1 OSTEOARTHRITIS
OA has been estimated to be the most common chronic condition
to limit activity in population aged over 45 years [263]. The prevalence of OA increases with age and evidence of OA can be found
in almost all individuals over 65 years old [162]. Radiographic osteoarthiritic changes can be found in the hands of almost all individuals over 70 years of age, though only one out of four experience
symptoms [107,162,291]. The high prevalence and chronic nature of
OA explain the high costs to society. In the United States, OA is estimated to cost between $1750 and $2800 per year per patient and the
annual cost of end-stage knee or hip OA is even higher [169, 171].
If an individual develops symptomatic OA, they will suffer from it
for the rest of their life [33]. Since OA causes pain and limits daily
activities, it affects the patients and their families and reduces the
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quality of their life [26].
Etiology and pathogenesis
Osteoarthritis is the most common degenerative joint disease and
it can affect most joints. The origin of the disease is still unknown,
but the degenerative changes appear in both in articular cartilage
and subchondral bone [10, 41]. OA is associated with aging and
obesity, and it is more common in women [32]. OA may be initiated
by several factors, e.g. injury, inflammation, genetic susceptibility
or metabolic disorders, and it causes progressive degradation of
articular cartilage and subchondral sclerosis [29, 31].
The first detectable signs of OA are depletion of PGs, fibrillation of the superficial collagen network and thickening of the subchondral plate [29]. PG depletion and deterioration of the collagen
network increase the permeability and water content of the tissue,
and evoke fibrillation in the cartilage surface [190]. These changes
impair the mechanical properties and wear resistance of the tissue, accelerate deterioration and eventually lead to delamination
of cartilage [185]. The damaged tissue stimulates the chondrocytes
to synthesize new ECM and the cells cluster around the new tissue due to proliferation [29]. Mature articular cartilage, however,
exhibits highly limited capability for regeneration, mainly because
the turnover rate of collagen has been estimated to be more than
one hundred years [264]. This is also the reason why degenerative
changes are considered to be irreversible after collagen fibrillation
has occurred.
The origin of OA is still unresolved, partly because of the asymptomatic development of the disease. When the disease becomes
symptomatic and is diagnosed, severe changes can already be found
in both cartilage and subchondral bone (Table 3.1). Some studies
have suggested that the origin of OA lies within subchondral bone
which becomes harder and this increases the stresses on the overlying cartilage, hence initiating the degenerative processes [223]. A
more common opinion, however, is that the degradation of the superficial cartilage weakens the mechanical properties of cartilage
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and increases stresses on subchondral bone, which responds by
thickening and hardening [75]. Cartilage and bone are traditionally investigated separately, but a simultaneous investigation of all
components of the joint may be more relevant and yield additional
information about the state of the disease.
Table 3.1: The composition and mechanical properties of human articular cartilage and
subchondral bone in healthy and osteoarthritic joints.

Cartilage parameters

healthy

OA

collagen (%/dw)
PG (%/dw)
water (%)
permeability (m4 /Ns)
roughness (µm)
Edyn (MPa)
EYoung (MPa)

79
21
76
10−15
7
4.67
0.64

85
15
79
10−14
34
1.87
0.21

healthy

OA

160
588
1.31
21
670

180
580
0.96
25
770

Subchondral bone parameters
Tb.Th (µm)
Tb.Sp (µm)
SMI (-)
BV/TV (%)
BMD (mg/cm3 )

[230]
[230]
[230]
[190]
[145]
[143]
[143]
[60]
[60]
[60]
[60]
[60]

PG = proteoglycan, Edyn = dynamic modulus, EYoung = Young’s modulus,
Tb.Th = trabecular thickness, Tb.Sp = trabecular separation, SMI = structural model index, BV/TV = bone volume fraction, BMD = bone mineral
density.

Diagnostics
The clinical symptoms of OA are mainly joint stiffness, pain and
deformity [5, 31]. Often, when the symptoms eventually appear,
the damage is beyond spontaneous healing and the disease may
be diagnosed with the conventional methods. At the moment, the
primary means for OA diagnostics are anamnesis, clinical exami-
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nation and plain radiography which can reveal joint space narrowing, subchondral sclerosis and osteophyte formation. The KellgrenLawrence scaling system was introduced in 1957 to grade the severity of OA based on radiographs [141] and this is still the most
widely used radiological scaling method in epidemiological and
clinical studies. These conventional methods are unfortunately not
sensitive enough to detect the early changes related to OA.
Other clinically used methods include magnetic resonance imaging, computed tomography, arthroscopy and external ultrasound
imaging. Plain MRI can typically reveal qualitative changes in subchondral bone, ligaments, menisci as well as alterations in the morphology of cartilage [104]. Delayed gadolinium-enhanced MRI of
cartilage (dGEMRIC) has been used, although not frequently, in
clinical practice for evaluation of the proteoglycan content of cartilage [180, 227, 254, 283]. However, due to the high cost and low
availability, MRI is not the primary modality in OA diagnostics.
Plain CT yields good three-dimensional data on the bones, but it is
difficult to separate articular cartilage from synovial fluid and the
menisci. CT, like all X-ray methods, exposes the patient to ionizing
radiation.
Cartilage fibrillation, lesions and exposed subchondral bone can
be evaluated in arthroscopy. A scaling system has been developed
for evaluation of the severity of the cartilage damage [25] but it
relies on a subjective estimation of tissue integrity as well as the
size and depth of the lesions. It must be noted that arthroscopy is a
surgical operation and is not usually used as a diagnostic technique.
External, i.e. transcutaneous, ultrasound imaging is used in
the diagnostics and treatment of rheumatoid arthritis. This technique can detect effusion and thickening of the joint capsule [48].
Transcutaneous measurements of articular cartilage have been attempted [4], but the measurements are difficult due to the location
and natural curvature of the cartilage and the shadow cast by other
structures like the patella. However, OA often causes synovitis,
which can be diagnosed with this method [55, 140]. Intra-articular
ultrasound imaging of cartilage was recently introduced [116, 266]
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and the first in vivo trials have demonstrated the potential of the
technique [132].
Therapy
At the moment there are no effective means to slow down or stop
the progression of OA and the treatment focuses on relieving symptoms and pain. Operative procedures like mosaicplasty or autologous chondrocyte transplantation may be used for the treatment
of traumatic cartilage lesions. Total joint replacement, in the most
extreme cases, is considered when the disease has advanced and
medication no longer eases the pain [126]. Cartilage repair surgery
has been proven to alleviate the symptoms but the long term results
of the procedure are not clear [31, 66]. Bone marrow stimulation
procedures and whole-tissue transplantations have been proposed
for the management of focal chondral defects of the knee, but the
cell-based techniques, such as autologous chondrocyte implantation, will require additional human trials in order to validate their
efficacy [18].
Even though there is no cure for OA at the moment, new sensitive methods are crucial in the development of drugs and treatments for the disease, e.g. to reveal the efficacy of these methods [222]. Moreover, research in the field is advancing rapidly and
especially disease-modifying drugs have shown promise. Several
new drugs are in pre-clinical tests and some have already advanced
to clinical trials [86,222]. Although medical prevention of OA is not
yet possible, it has been estimated that half of the new OA cases
could be prevented with control of the known modifiable risk factors such as obesity, knee injuries and excessive joint loading [76].
3.2 OSTEOPOROSIS
Osteoporosis is the most common metabolic bone disease in the
developed countries [273]. It affects over 200 million people worldwide and in Europe in the year 2000 it was responsible for costs of
over 36 billion euros [64, 250]. Osteoporosis is an important disease
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in the socio-economic sense because it increases the risk of frequent
fractures and chronic disability [46]. Osteoporotic hip fractures are
known to significantly increase mortality of patients [52,221]. In osteoporosis, the bone mineral density is decreased and the trabecular
microstructure becomes disrupted, resulting in more brittle bones
and increased risk of fracture [134]. The World Health Organization
defines osteoporosis as "A value of BMD 2.5 standard deviations or
more below the young adult mean (T-score ≤ -2.5)" as measured by
DXA. Osteoporotic fractures occur as a result of low energy impact
that would not normally lead to fractures in healthy people [236].
Even though patients with low BMD have a higher fracture risk,
most of fractures occur in people with normal BMD [247].
Etiology and pathogenesis
Osteoporosis is a very common disease but the majority of people
are unaware of the disease until a low-impact fracture occurs [250].
The risk of osteoporotic fractures increases with age, lack of exercise and malnutrition [134]. Moreover, hormonal imbalances, smoking and genetic susceptibility are also associated with osteoporosis.
The pathogenesis of osteoporosis can be traced to an imbalance
between bone resorption and bone formation [267]. If bone resorption is increased or bone formation is diminished, then the bone
mass will decrease and the risk of a fracture increases [51]. Since
trabecular bone is more active than cortical bone, osteoporosis can
first be seen as a loss of trabecular bone mass [80]. The trabeculae
and the cortical layer become thinner, the density and connectivity
of trabeculae decrease, and the trabecular structure becomes more
isotropic [13]. This structural degradation makes trabecular bone
weaker and prone to fractures [214]. The bone tissue itself, however,
may be normally calcified and otherwise qualitatively normal [164].
Diagnostics and therapy
Osteoporosis is usually diagnosed when a fracture occurs. However, osteoporosis may also be diagnosed based on BMD loss, which
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can be observed qualitatively in plain radiographs or measured
quantitatively by DXA [134]. When compared to two-dimensional
DXA, quantitative CT can provide volumetric information on bone
mineral density and make it possible to visualize the three-dimensional morphology of the bones. The risk of bone fracture is not
only related to bone mass but also to fine structure and organic
composition of bone [214, 269]. DXA or clinical CT cannot provide
information about the microstructure or the organic composition of
bone, and they expose patients to ionizing radiation. Clinical ultrasound devices developed for the diagnostics of osteoporosis are
typically used for measurements of peripheral locations, such as
calcaneus, radius and the phalanges [15, 49, 85, 119]. Even though
these locations are not amongst the primary fracture sites, for example QUS measurements of the heel have been shown to predict fractures with similar reliability as the DXA measurements
[85, 119, 183, 246]. QUS systems can be constructed to be portable
and cost-efficient and they do not involve ionizing radiation [139].
This makes QUS an attractive method for screening. Moreover, the
development of the pulse-echo techniques could allow measurements of the important osteoporotic fracture sites, like the femoral
neck and lumbar spine [225].
Early diagnosis is important in the effective management of osteoporosis, as the risk groups need to be identified before the fractures have occurred. According to the Finnish clinical guidelines,
the basis in treatment and prevention of osteoporosis is exercise
and adequate intake of calcium and vitamin D. More severe cases
can be treated with medication, e.g. bisphosphonates. Osteoporotic
fractures often occur in elderly people and require operational treatment, osteosynthetic treatment or endoprostheses.
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4 Acoustic properties of cartilage and bone
Ultrasound can be defined as sound waves with frequencies above
the normal human hearing range, i.e. above 20 kHz. Ultrasound, as
sound in general, is a propagating mechanic oscillating motion of
particles. If the particles vibrate in parallel to the direction of propagation, the wave is longitudinal. There are several other types
of mechanical waves, e.g. shear and surface waves, but biological
soft tissues behave mechanically like viscous fluids which favors
the use of longitudinally vibrating ultrasound. Ultrasound is generated and received through piezoelectric crystals. When an oscillating voltage is applied over such a crystal, it begins to expand
and contract along with the voltage and this generates a mechanic
vibration. Conversely, if a piezoelectric crystal is exposed to mechanic vibration, a respective oscillating voltage is generated over
the material. [205, 279]
4.1 BASIC PHYSICS OF ULTRASOUND
The linear wave equation, derived from the Newton’s second law,
approximates to the simple harmonic vibration in a homogeneous,
linear, isotropic material. It is a hyperbolic partial differential equation that satisfies [241]:
∂2 u
= c2 ∇2 u,
∂t2

(4.1)

where c is a material-specific constant, speed of sound, and u is
the three-dimensional displacement vector. If the wave equation is
simplified to one dimension, the solution is the wave function [241]:
u( x, t) = u0 ei(ωt−kx) ,
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where particle displacement u depends on the distance x and time
t. u0 is the particle displacement when t = 0, ω is the angular
frequency, k is the wave number and i is the imaginary unit.
An ultrasound wave that propagates in an ideal homogeneous
elastic material loses no energy. In real materials, however, ultrasound attenuates due to absorption, scattering and beam spreading.
Acoustic impedance Z is a material-specific constant, which represents the acoustic resistance of the material. Acoustic impedances
can be used for calculation of reflection and refraction coefficients,
which, together with Snell’s law, describe the behavior of ultrasound at an ideal acoustic interface. If the reflecting object is of
the same magnitude or smaller than the wavelength of the ultrasound, scattering becomes the dominant interaction instead of specular reflection. At scatterer sizes close to the wavelength, scattering
patterns are complex and depend on the geometry and acoustic
impedance of the scatterers. Rayleigh scattering is the dominant
mechanism for very small scatterers (d ≪ λ), spreading the energy uniformly in all directions. The propagation of ultrasound in
an elastic isotropic material depends on the mechanical properties
of the material. The speed of sound in a given material depends
on Young’s modulus, the density and Poisson’s ratio of the material, while the acoustic pressure is related to Young’s modulus
and the particle displacement. Table 4.1 contains the basic equations describing ultrasound propagation in elastic isotropic media. [241, 279, 280]
4.2

MEASUREMENT TECHNIQUES

QUS parameters are usually measured in the through-transmission
(TT) or pulse-echo (PE) geometries. The through-transmission geometry requires the presence of two transducers on opposite sides
of the object and this allows the quantification of the speed of sound
and ultrasound attenuation in the object. One transducer transmits the ultrasound and the other records the signal transmitted
through the object. TT measurements have been used in clinical
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Table 4.1: Basic equations governing the propagation of ultrasound pulses in elastic
isotropic media.

Parameter/law

Equation

Intensity of ultrasound
Acoustic impedance

I = I0 e−2α( f ) x
Z = ρc
R = Z2 cos θi − Z1 cos θr
Z2 cos θi + Z1 cos θr

(4.3)
(4.4)

2Z2 cos θi
Z2 cos θi + Z1 cos θr

(4.6)

Reflection coefficient
Refraction coefficient

T=

Snell’s law

sin θi = c1
c2
sin θr
s
EYoung (1 − ν)
c=
ρ(1 + ν)(1 − 2ν)
p = EYoung ∂u
∂x

Speed of sound
Acoustic pressure

(4.5)

(4.7)
(4.8)
(4.9)

Subscripts 1 and 2 refer to materials before and after the boundary.
α( f ) = attenuation coefficient
ρ = density
EYoung = Young’s modulus
t = time
f = frequency
θi = angle of incidence
k = 2π/λ = wave number
θr = angle of refraction
λ = wavelength
u = particle displacement
ν = Poisson’s ratio
x = distance

bone densitometry [205], but the potential of pulse-echo measurements has been growing after intense research conducted in recent
years [39, 98, 112, 137, 226, 229, 277]. The pulse-echo geometry requires only one transducer and allows measurements of reflection
and backscatter parameters. The ultrasound pulse is transmitted
to the object and the returning signal is recorded with the same
transducer. Quantitative ultrasound parameters are often normalized with reference measurements to minimize the system specific
errors. The TT reference signal is acquired by measuring the signal transmitted through water only and the PE reference is the reflected signal from a known reflector, for example a polished steel
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plate. Another QUS method, the axial-transmission technique requires two transducers that are placed on the same side of the sample; this technique has been used to measure the speed of sound on
the surface of cortical bone [184].
There are several error sources related to all QUS measurement techniques. The TT technique, for example, requires information about the size of the bone before it can provide reliable
results [160, 260]. Moreover, all of the mentioned techniques are
affected by the overlying soft tissue [87, 225]. Therefore TT and
axial-transmission are usually applied at peripheral sites with minimal soft tissue. In principle, the PE technique could have several
benefits compared to transmission techniques. It would allow measurement of thicknesses of tissue layers at virtually any location.
Moreover, it should be possible to estimate the composition of the
overlying soft tissue with broadband transducers and then to use
this information to correct the measured QUS parameters [137,226].
4.3

ACOUSTIC PROPERTIES OF CARTILAGE AND BONE

The equations presented in Table 4.1 are valid in elastic, homogeneous isotropic materials. However, biological tissues are often inhomogeneous, anisotropic and include structures that cause scattering. Several analytical and numerical models have been developed
to describe the propagation of ultrasound in biological tissues, and
the most important of these are introduced in chapter 4.4.
Ultrasound attenuation in biological tissues is known to increase
significantly with frequency, due to increased scattering and absorption. The choice of the ultrasound frequency is a tradeoff between axial resolution and penetration depth; high frequency ultrasound provides better resolution but attenuates quickly. The central
frequencies applied in the laboratory studies for articular cartilage
are typically between 12 and 50 MHz [61,231,233,271]. On the other
hand, optimal frequencies for the measurement of bone are much
lower. A frequency range from 0.1 to 1 MHz has been suggested as
being the most useful for the characterization of bone [158], but also
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higher frequencies, up to 10 MHz, have been successfully applied
in laboratory studies [97, 110, 112, 137]. Thus, in order to simultaneously measure the properties of articular cartilage and subchondral
bone, the ultrasound frequency must be chosen carefully.
Ultrasound has been used for the measurement of knee cartilage from outside the joint, but the measurement has proven to be
difficult. The patella shadows the articulating surfaces of the knee,
and the measurement can only be done in flexion and only on the
distal part of the femoral groove [4]. Moreover, the overlying soft
tissues affect the measurements and make interpretation of the results even more difficult [87, 225]. Currently, there are no clinically
approved instruments for intra-articular or arthroscopic ultrasound
measurements of cartilage, but existing intravascular ultrasound
(IVUS) catheters have been proposed as a way of accomplishing
this task [116, 266]. Importantly, the intra-articular PE ultrasound
measurement at optimal frequency could allow simultaneous assessment of articular cartilage and the underlying bone.
Acoustic properties of articular cartilage
Articular cartilage is an inhomogeneous, anisotropic poroviscoelastic material. The acoustic properties of cartilage depend on the
structure and composition of the tissue and vary with the anatomical location, maturation and the health of the tissue [45, 153, 257].
The speed of sound in cartilage, typically about 1650 m/s, is known
to decrease with collagen degradation, PG depletion as well as with
increased water content (Table 4.2). The speed of sound has been
found to depend also on the collagen orientation, since the ultrasound waves travel faster along the collagen fibers than perpendicular to them [2, 88, 216].
The surface of healthy articular cartilage yields a clear narrow
echo, but the reflection coefficient is low, about 1-6% [145, 153, 232].
Based on the reported speed of sound (1600-1800 m/s) and density (1050 kg/m3 ), the acoustic impedance of healthy articular cartilage may be approximated to be about 1.7 - 1.9 ×106 kg/(m2 s).
On the other hand, the reported acoustic impedance of water (1.52
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Table 4.2: Ultrasound velocities reported in the literature for articular cartilage, bone and
bone marrow.
Tissue/Species
Human
Cartilage, femur
Cortical bone, tibia
Cortical bone, radius
Trabecular bone, femur
Trabecular bone, tibia
Trabecular bone, calcaneus
Bovine
Cartilage, femur
Cartilage, tibia
Cartilage, patella
Cortical bone
Trabecular bone, femur
Trabecular bone, tibia
Bone marrow
Distilled water, 26◦ C

Health/treatment

c (m/s)

Study

normal
OA
normal
normal
OP
OA
normal
normal

1658 ± 185
1581 ± 148
3893 ± 150
3988 ± 85
3924 ± 88
2409 ± 291
1728 ± 166
1520 ± 36

[195]

normal
normal
normal
chondroitinase ABC
collagenase
normal
normal
normal
normal
normal
normal

1638 ± 18
1602 ± 35
1654 ± 82
1646 ± 68
1567 ± 100
3791 ± 205
4410 ± 28.3
2171 ± 148
2284 ± 83
1372
1690 ± 71

[257]

[59]
[205]
[206]
[113]
[69]
[59]

1498

[69]

[208]
[249]
[207]
[99]
[198]

[260]

×106 kg/(m2 s), [280]) and reflection values (1-6%) yield acoustic
impedance values between 1.55 and 1.71 ×106 kg/(m2 s). This discrepancy may be explained by the anisotropic poroviscoelastic mechanical properties and inhomogeneous composition of cartilage.
Ultrasound reflection and scattering are sensitive to both the
structure and composition of the superficial cartilage layer and collagen has been postulated to be the dominant scatterer in the tissue [44, 45, 260]. Degradation of the surface widens the reflection and yields a backscatter-like signal from the internal cartilage [44, 195, 231]. Table 4.3 shows how the pulse-echo parameters
depend on the health of the cartilage.
Ultrasound backscatter from internal cartilage depends on the
structure and composition of the tissue. Chemical (mono-iodo-
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Table 4.3: Values of pulse-echo ultrasound parameters reported in the literature for normal,
osteoarthritic and repaired cartilage and in normal and low mineral density bone.
Parameter and tissue

normal

abnormal

cartilagea

Rabbit
R (%)
7.0 ± 1.9
IRC (dB)
-24.6 ± 2.5
AIB (dB)
-46.0 ± 2.9
URI (µm)
8.9 ± 3.0
Bovine cartilageb
R (%)
5.3 ± 0.9
IRC (dB)
-26.7 ± 1.6
URI (µm)
7.4 ± 1.2
Bovine subchondral boneb
R (%)
8.3 ± 2.4
IRC (dB)
-16.9 ± 4.7
Human trabecular bonec
IRC (dB)
-9.7 ± 1.9
AIB (dB)
-22.4 ± 1.9

1.7 ± 1.0
-39.9 ± 2.5
-36.8 ± 6.2
29.6 ± 7.0
2.4 ± 1.6
-34.1 ± 5.5
24.2 ± 15.5
15.0 ± 5.3
-11.0 ± 5.7
-13.9 ± 2.7
-25.0 ± 1.8

a

abnormal refers to repaired cartilage.

b

abnormal refers to spontaneous OA-like changes.

c

abnormal refers to low mineral density bone.

Frequency and study
40 MHz, [265]

20 MHz, [231]

20 MHz, [231]
5 MHz, [136]

R = reflection coefficient, IRC = integrated reflection coefficient, AIB = apparent integrated
backscatter, URI = ultrasound roughness index

acetic acid) cartilage degradation significantly affects ultrasound
reflection at the cartilage surface and the backscatter in the tissue,
whereas specific PG depletion has only a minor effect. Degradation of collagen network and increased roughness of the cartilage
surface have been shown to significantly decrease surface reflection and internal scattering. The ultrasound backscatter is stronger
in immature or repaired cartilage than in healthy mature cartilage.
The measurement of the backscatter, however, is complicated because the signal may be very weak. [27, 44, 45, 217, 232, 260, 265, 271]
There seems to be no consensus about the roles of collagen and
PGs on ultrasound attenuation [2, 125, 200, 201, 237]. Attenuation
in articular cartilage, however, has been reported to depend on the
degenerative state of the tissue; for example ultrasound attenuation,
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measured in a frequency range from 5 to 9 MHz, decreased from 2.7
to 1.8 dB mm−1 with spontaneous degeneration in bovine articular
cartilage [200].
Acoustic properties of bone
The acoustic properties of trabecular bone depend on its components, i.e. trabecular bone tissue and bone marrow (Tables 4.2 and
4.3). In acoustical terms, trabecular bone can be considered as a
biphasic viscoelastic medium which consists of a solid bone matrix
and viscous bone marrow. The thickness of the trabeculae is typically of the same magnitude or smaller than the wavelength of the
ultrasound used in bone analyses, which results in complex scattering processes. The scattering in the internal structures and the viscous friction have been hypothesized to be the main causes of attenuation in trabecular bone [199, 248]. The reflection and backscatter
parameters have been reported to correlate with structure, mechanical properties, mineral density and collagen content of trabecular
bone [39, 96, 98, 111, 112, 137, 198, 277].
The ultrasound velocity in trabecular bone depends mainly on
the trabecular structure, as the speed of sound is high in the bone
tissue (Table 4.2). The ultrasound velocity is highest, and attenuation lowest in the samples with a high bone volume fraction
or apparent BMD and along the primary axis of the trabeculae
[16, 94, 210, 212]. Speed of sound has been shown to predict fractures similarly, and ultrasound attenuation even better than the
BMD [14, 197].
Analytical models of wave propagation
Application of the mixture law is a simple way to estimate the
propagation of an ultrasound pulse in a mixture of multiple components. The propagation velocity in a mixture is the average of
the velocities of the components, weighted according to the volume
fraction of each component. The mixture model can be extended
to include also velocity fluctuations as a function of porosity. Stre-
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litzki et al. studied the scattering and attenuation with this model
and proposed that it could be used as a basis for more detailed
studies [248].
M.A. Biot described the frequency dependence of elastic wave
propagation in a fluid saturated solid, originally for application in
geophysics [21]. The theory considers ultrasound-induced motion
separately for solid and liquid phases. The medium is assumed
to be isotropic and scattering is neglected. Biot’s theory requires
14 input parameters. For example densities, mechanical moduli,
porosity and pore size of the phases all must be known. Some of
the input parameters are difficult to determine which complicates
the application of Biot’s theory. Biot’s theory has been successfully
applied in predicting wave propagation in trabecular bone, irrespective of the fact that it consistently underestimates ultrasound
attenuation [95]. However, Biot’s theory did predict the existence
of fast and slow waves in trabecular bone, and this hypothesis was
confirmed in experimental studies [114].
Schoenberg’s theory simplifies cancellous bone and considers
it as a layered structure of bone and marrow plates [235]. This
assumption, however, is only valid in plate-like trabecular bone.
Schoenberg’s theory requires only six input parameters but no viscous losses are predicted because the fluid is assumed to be inviscid. Qualitative agreement has been reported between the experimentally-determined phase velocity and that predicted by Schoenberg’s theory [118]. Schoenberg’s theory has also predicted the frequency dependence of ultrasound attenuation in trabecular bone
[168].
Several models have been developed for describing ultrasound
scattering in trabecular bone. Wear et al. reviewed the limitations
of frequency dependent backscatter measurements with a cylinder
scattering model [276]. Autocorrelation functions and models, originally developed for soft tissue, have provided comparable results
with experimental data [123, 199, 211]. Moreover, these studies have
predicted the frequency dependency of the attenuation and the effect of bone structure on the ultrasound propagation. Analytical
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models are generally applicable when the model geometry is simple. Numerical models, however, can combine physical theory and
more complex realistic geometries. For example, numerical models
allow investigation of ultrasound propagation in a realistic trabecular bone structure scanned with a microCT.

4.4

SIMULATION OF WAVE PROPAGATION

The finite element method (FEM) is a widely used method for solving partial differential equations with a computer. The basis of
FEM is the element mesh that is created for the area of interest.
The mesh is composed of nodes and the elements that are formed
when the nodes are connected to each other. FEM makes it possible to describe a partial differential equation with a group of linear
equations. The values at the nodes of the grid can be obtained by
solving the linear equations. The numerical solution is always an
approximation, and the precision of the solution depends on the
size and type of the elements in the mesh. Implementation of FEM
is easy for simple phenomena such as heat dissipation, but more
difficult for nonlinear systems.
The finite difference method (FDM) can be considered as a special case of the finite element method. It is merely another way
to solve partial differential equations. Whereas FEM approximates
the solution of a partial differential equation, the finite difference
method approximates the actual partial differential equation. The
mesh is also created differently as it usually consists of isotropic
voxels. The implementation of FDM is simple, which is the reason
it is used in applications that require a large number of nodes.

32

Dissertations in Forestry and Natural Sciences No 27

Acoustic properties of cartilage and bone

Finite difference method
In the finite difference method, three finite difference forms are generally considered:
Forward difference: ∆ f ( x ) = f ( x + a) − f ( x )

(4.10)

Backward difference: ∇ f ( x ) = f ( x ) − f ( x − a)
1
1
Central difference: δ f ( x ) = f ( x + a) − f ( x − a)
2
2

(4.11)
(4.12)

The finite difference method replaces derivatives by finite difference approximations; it is a discrete analog of the derivative. The
derivative of a function f at a point x is defined as
f ′ ( x ) = lim

a →0

f ( x + a) − f ( x )
.
a

(4.13)

If difference a is finite instead of infinitesimal,
f ′ (x) =

f ( x + a) − f ( x )
.
a

(4.14)

When both time and space are approximated by finite differences,
the method is called the finite difference time domain (FDTD) method. Different finite difference forms can be combined to produce
different FDTD methods. The FDTD software used in this study,
Wave 3000 Pro 2.2, utilizes the explicit method which means that
time is approximated with the forward difference and space with
the central difference form. The explicit method is the least accurate, and can be unstable, but it is the easiest to implement and
requires the least computing resources.
Viscoelastic FDTD method
The elastic method assumes that there is no energy loss during
propagation; energy is lost only at the acoustic interfaces according to the boundary conditions. The speed of sound in a medium
depends on the mechanical properties of the medium. If the equations for a homogeneous isotropic elastic solid are applied to the
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wave equation, this can be expressed as [89]
ρ

∂2 u
= µ∇2 u + (λ + µ)∇(∇ · u),
∂t2

(4.15)

where λ and µ, the Lamé constants, are elastic constants of the
medium. The Lamé constants may be expressed in terms of other
elastic constants, such as Young’s modulus, Poisson’s ratio and the
bulk modulus. The Wave 3000 Pro software is based on a local interaction formulation designed for parallel processing implementation
for the lossless case [56]. It includes absorption losses as the elastic
Lamé constants are replaced with viscoelastic "constants", derived
from the viscous loss formulation [138]:


∂
2
∂
µ → µ + η and λ → λ + φ − η
.
(4.16)
∂t
3
∂t
Combination of equations 4.15 and 4.16 yields the following equation which applies in an isotropic region:
∂2 u
ρ 2 =
∂t



∂
µ+η
∂t





η ∂
∂
∇ u+ λ+µ+φ +
∂t 3 ∂t
2



∇(∇ · u), (4.17)

where ρ is density, λ is the first Lamé constant, µ is the second Lamé
constant, η is shear viscosity, φ is bulk viscosity, ∇ is the gradient
operator, ∇· is the divergence operator, ∂ is the partial differential
operator and t is time. u(x, y, z, t) is a three-dimensional vector
whose components are the x, y and z components of displacement
of the medium at the location (x, y, z). The Wave 3000 software
solves this equation for all nodes at all time points. It is noteworthy,
however, that the software considers fluids as solids with a low
shear bulk velocity.
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5 Contrast agent enhanced
CT of cartilage
The concept of computed tomography was invented by Godfrey
Newbold Hounsfield in Hayes, England, in 1967 and was publicly
announced in 1972. Allan McLeod Cormack discovered the same
process independently at the same time at Tufts University, Medford, MA, USA. In 1979 they shared the Nobel Prize in Physiology
or Medicine. CT is a procedure in which a number of X-ray projections are collected from many directions and digitally reconstructed
to provide an image which contains accurate anatomical information. [278]
5.1 X-RAY COMPUTED TOMOGRAPHY
For clinical use, X-rays are generated in an X-ray tube where high
velocity electrons interact with heavy atoms. X-rays attenuate due
to the interactions with the atoms in the matter they penetrate:
I ( x ) = I0 e−µx ,

(5.1)

where I is intensity at distance x, I0 is the initial intensity and µ
is the linear attenuation coefficient which depends on the density,
atomic number and electron density of the material. X-ray radiation is able to ionize matter which makes it potentially harmful for
living beings. Ionizing radiation can damage DNA and may cause
cell death, mutations or cancer. [43, 65].
In computed tomography, a two-dimensional function is determined by its projections in number of directions [130]. The quality
of the backprojected image depends on the number of projections,
which obviously is related to the radiation dose on the object.
CT images contain information on the density variation in the
object and can be calibrated to volumetric density maps. Quan-
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titative computed tomography (QCT) can permit quantification of
mineral density, cortical thickness, size and shape of bones. Peripheral quantitative tomography (pQCT) is a technique used to
quantitatively analyze peripheral skeletal locations, e.g. radius or
tibia. X-ray microtomography (microCT) is a pre-clinical method
that provides high-resolution computed tomography (down to 1
µm) data on small animals or in vitro samples. Modern full-body,
pQCT and microCT devices yield isotropic three-dimensional data
and can reach voxel sizes down to about 500, 100 and 1 µm, respectively. MicroCT is the only CT method able to reliably analyze
the microstructure of trabecular bone, because a reliable morphological analysis requires an isotropic voxel size smaller than 100
µm [121, 243].
5.2

CONTRAST AGENT ENHANCEMENT

Articular cartilage, like most of the soft tissues in the human body,
consists mostly of water and contains hardly any heavy elements.
As a result, the X-ray attenuation does not vary extensively between
soft tissues and it is difficult to separate articular cartilage from
synovial fluid and the menisci. One solution to this problem is to
use contrast agents that contain heavy atoms for contrast enhancement. A variety of contrast agents have been developed for targeting different tissues [43, 65]. Heavy atoms, that are responsible
for the contrast enhancement, can be attached to functional carrier
molecules that target specific tissues. Contrast agents have been
used in arthrographies for decades [53], but contrast agent aided
estimation of the tissue composition is still a new field and new
contrast agents are constantly being developed and tested. During last few years, several gadolinium- and iodine-based cationic,
anionic and electroneutral contrast agents have been examined for
detection of cartilage morphology and composition [12,50,150,281].
Negatively charged gadopentetate (Gd-DTPA2− ) was proposed
as an MRI contrast agent for the estimation of the proteoglycan
content of articular cartilage over a decade ago [17, 35]. Delayed
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gadolinium-enhanced MRI of cartilage is a gadolinium-based contrast agent enhancement technique, where anionic Gd-DTPA2− is
believed to diffuse into the cartilage in inverse proportion to the
tissue proteoglycan distribution [17, 35, 91, 202, 254, 283]. The electronegative PGs repel the negatively charged contrast agent molecules and, when the Gibbs-Donnan diffusion equilibrium is reached,
the contrast agent distribution is considered to depend only on the
FCD distribution in the tissue [17, 35]. Paramagnetic gadolinium
shortens the T1 relaxation time, which is exploited in the MRIbased estimation of the gadolinium content in cartilage and called
the "dGEMRIC index" [82, 251, 283, 284]. Gadolinium is a relatively
heavy atom (Z = 64), so it can, in principle, be used as a CT contrast
agent. Cockman et al. (2006) were the first to realize this property
and apply the idea of dGEMRIC to a CT device [50]. Gadoliniumbased contrast agents, however, are usually toxic and can only be
administered in small amounts, which limits their use as CT contrast agents. An adequate contrast enhancement in CT requires
over a hundred times higher gadolinium concentration than is usually used in MRI studies. Palmer et al. (2006) were the first to apply
an iodine-based agent for contrast enhanced CT imaging of articular cartilage [213]. Iodine is a safer element and clinically used
iodine-based contrast agents are readily available in various sizes
and charges. CECT has been successfully applied for in vivo assessment of cartilage degeneration in a small animal model [219].
Physics of contrast agent diffusion
The diffusion of contrast agent molecules is caused by Brownian
motion which transports contrast agent molecules from a higher
to a lower concentration area [1]. The diffusion coefficient (D A )
describes the mobility of certain molecules (A) in a given medium.
Fick’s law describes the flux of molecules (J A ) in a medium, e.g.
cartilage, over a concentration gradient [173]:
JA = − DA

∂C
∂x
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If the initial concentration of molecule A in bath is Cb and zero in
cartilage,
C
(5.3)
JA = DA b ,
h
where h is the depth of cartilage. The concentration change due
to diffusion can be described with the mass balance principle and
equation 5.2:
∂
∂
∂C
∂2 C
∂C
= − JA =
DA
= DA 2 .
∂t
∂x
∂x
∂x
∂x

(5.4)

Table 5.1: Basic equations governing the diffusion of charged particles in a semi-permeable
membrane.

Parameter/law

Equation

Nernst equation

[ C ]1
∆Ψ = − RT ln
zF
[ C ]2
1/z

[ C ]1
r=
[ C ]2
∆Ψ = − RT ln r
F

Donnan ratio
Membrane potential

(5.5)
(5.6)
(5.7)

Subscripts 1 and 2 refer to the sides of the membrane.
[C ] = concentration of a given ion
R = the gas law constant
F = Faraday’s constant
T = absolute temperature
Ψ = Membrane potential
z = valence of the ion

The Gibbs-Donnan theory describes the behavior of charged
particles at a semi-permeable membrane. It refers to the observation that impermeable charged particles on one side of a semipermeable membrane cause an imbalance in the distribution of mobile charged particles. The mobile ions diffuse through the membrane until an equilibrium is reached. At equilibrium, the distribution of ions is governed by the Nernst equation (eq. 5.5, Table 5.1) so
that the electrical potential gradient is the same for all mobile ions.
This can be reduced to the Donnan ratio (eq. 5.6, Table 5.1), which
is generally the same for all mobile ion species. The membrane
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potential can now be written in the form presented in equation 5.7
(Table 5.1). The presence of impermeable charged particles causes
an osmotic gradient across the membrane [63].
Let us consider a simple situation with concentration C1 of immobile anions (A− ), bound to sodium on one side of the membrane
and concentration C2 of potassium chloride on the other side. Both
salts dissociate completely and the solute volumes are the same.
The concentration gradients force ions to diffuse to the other side
of the membrane, but the electronegativity is maintained. Let x, y
and z be the number of moles of Na+ , K+ and Cl− , respectively,
transported across the membrane. Now, according to equation 5.6,
[K]1
[Cl]2
[Na]1
=
=
,
[Na]2
[K]2
[Cl]1
[Na]1 = C1 − x, [K]1 = y, [Cl]1 = z,
[Na]2 = x, [K]2 = C2 − y, [Cl]2 = C2 − z

(5.8)
(5.9)
(5.10)

and due to the preservation of electronegativity, x = y − z, the
equations above yield
C1 − (y − z)
y
C2 − z
=
=
,
y−z
C2 − y
z

(5.11)

which reduces to C2 = y + z. Now it is possible to solve x, y and z:
x=

C1 C2
C1 C2 + C22
C22
;y =
;z =
.
C1 + 2C2
C1 + 2C2
C1 + 2C2

(5.12)

and finally the Donnan ratio:
r=

[K]1
[Cl]2
C + C2
[Na]1
=
=
= 1
.
[Na]2
[K]2
[Cl]1
C2

The previous example demonstrates how the fixed charge can affect
the partition of charged mobile particles; i.e. it repels the same
charge and attracts the opposite charge. If there were other charged
particles present, for example an anionic contrast agent, they would
equilibrate according to the Donnan ratio which depends on the
concentration of immobile ions (C1 ) and the net concentration of
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mobile ions with the same valence (C2 ). The effect of the charge is
also evident from equation 5.6; a greater charge of a mobile particle
will lead to a larger concentration gradient across the membrane.
The side with immobile charged particles has higher osmolarity
due to the presence of counterions, and hence it draws in water.
This phenomenon, called the Donnan effect, provides the swelling
pressure which is crucial for the mechanical function of articular
cartilage.
Contrast agent enhanced imaging of articular cartilage
The Gibbs-Donnan theory assumes free diffusion, complete dissociation of the molecules and equal fluid volumes on both sides of the
membrane. Articular cartilage, however, cannot be considered to
fulfill these assumptions. In articular cartilage, negatively charged
proteoglycans are fixed in the tissue, attract cations and repel anions [173]. However, cartilage is anisotropic and heterogeneous and
its permeability, water content and FCD vary as a function of tissue depth [163, 186]. Nonetheless, the Gibbs-Donnan theory is still
a reasonable approximation of the behavior of charged particles in
articular cartilage.
The reported correlations (r2 ) between the dGEMRIC index and
cartilage PG content range from 0.38 up to 0.98 [17, 202, 204, 275].
The dGEMRIC index has also been reported to depend on the mechanical properties and health of the cartilage [152,203,204,234,274,
284]. This index has been used successfully to follow the changes
in patients with autologous chondrocyte transplants or OA [82,151,
218, 252, 256, 275, 284]. Most of the published studies did not include measurement of pre-contrast T1 relaxation time; this was assumed to be constant. However, considerable variation has been
reported in T1 , which increases the uncertainty in the dGEMRIC
results [275]. The estimation of the contrast agent concentration
is based on the change in T1 and a constant relaxivity, specific to
the contrast agent and tissue [17]. However, the relaxivity of the
Gd-DTPA2− depends on the macromolecular content of the tissue,
which may further complicate the interpretation of the results [244].
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Equilibration times from 2 to 12 hours have been used for in vitro
samples [83,202,234]. However, the in vivo situation is more complicated due to metabolism and relatively rapid washout of the contrast agent. In vivo, the optimal delay between intravenous injection
and MRI imaging has been reported to be about two hours [253].
In the case of intra-articular administration of the contrast agent,
vasoconstrictive drugs can be used to slow down the washout from
the joint. However, it is evident that in vivo the contrast agent may
not reach the Gibbs-Donnan equilibrium and thus it is not reliable if
one wishes to quantify the PG or FCD distribution in the cartilage.
Compared to the dGEMRIC technique, CECT of articular cartilage is a novel technique. It has been studied for about five years,
but its results are promising. The contrast agent enhanced X-ray
attenuation in articular cartilage has been reported to enhance morphological analysis and correlate with the PG content of healthy
and enzymatically degenerated tissue [11, 213, 219, 242, 288, 289].
Furthermore, contrast agent enhanced X-ray attenuation has been
shown to correlate with the Young’s modulus of cartilage [11].
Even though dGEMRIC and CECT are analogous techniques,
they have some fundamental differences. The dGEMRIC measures
the fluid phase of the tissue, and the measurement gives an indirect estimation of the contrast agent concentration in the water
compartment. CECT, on the other hand, measures the whole volume, which means that the fluid volume fraction affects the results.
However, the contrast agent directly attenuates the X-rays (equation
5.1), which should make estimation of the contrast agent concentration more straightforward. MRI studies are more expensive, but do
not expose the patient to ionizing radiation. On the other hand,
pQCT devices may be used to scan peripheral locations with low
radiation doses; in fact the effective radiation dose can be negligible. MRI provides good soft tissue contrast, even without contrast
agents, but obtains virtually no signal from the bone tissue. CT,
on the other hand, has been widely used for estimation of bone
morphology and mineral density, but its ability to visualize soft tissues is poor. Both techniques may be used for qualitative detection
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of degraded or injured cartilage but, for example, the reliability of
quantitative measurement of PG or FCD needs to be viewed with
caution.
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6 Aims of the present study
The thesis focuses on development of CT and ultrasound techniques for simultaneous evaluation of articular cartilage and subchondral bone. Especially, the work aims to establish the basis of
contrast agent enhanced computed tomography of articular cartilage with a clinical pQCT instrument.
The specific aims of this thesis were:
1. to investigate the feasibility of using gadopentetate and ioxaglate enhanced pQCT to detect enzymatically induced specific
proteoglycan depletion in cartilage.
2. to assess the feasibility of using contrast agent enhanced computed tomography in the simultaneous measurement of articular cartilage and subchondral bone, and to investigate the
relationships between the contrast agent intake and the mechanical properties of cartilage.
3. to numerically investigate the role of bone marrow composition on the propagation of ultrasound in trabecular bone.
4. to assess the feasibility of using 5 MHz pulse-echo ultrasound
in the simultaneous measurement of articular cartilage and
subchondral bone, and to investigate the relationships between QUS parameters and the composition and mechanical
properties of cartilage.
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7 Materials and methods
This thesis consists of four independent studies (I-IV). The microCT
and DXA data used in study III was obtained from an earlier study
by Hakulinen et al. [97]. The rest of the data is original. The studies
II and IV are based on the same set of samples. The materials and
methods used in the studies are summarized in Table 7.1. In this
thesis, all data and images were analyzed with Matlab software (v.
6.0-7.4, The Mathworks Inc. Natick, MA, USA).
Table 7.1: Summary of materials and methods used in studies I - IV. All measurements
were conducted at room temperature (typically 20 - 23 ◦ C)
Tissue

Species/Location.

Material

Methods

I

cartilage

bovine patella

II

cartilage
and bone

bovine tibia

diffusion test,
n=6
CECT, n=16
n=10

III

bone

IV

cartilage
and bone

human femur,
human tibia
bovine tibia

n=7
n=4
n=10

CECT, biochemical
and histological
analyses
CECT, pQCT,
30 MHz US,
indentation
microCT, DXA,
FDTD simulation
5 MHz US,
biochemical,
biomechanical and
histological analyses

Study

CECT=contrast enhanced computed tomography, pQCT=peripheral quantitative computed
tomography, US=ultrasound, microCT=X-ray microtomography, DXA=dual-energy X-ray
absorptiometry, FDTD=finite difference time domain

7.1 SAMPLE PREPARATION
This thesis work includes osteochondral samples from bovine patellae and tibiae and trabecular bone cylinders from cadaveric human
knees. The bovine knees were obtained from a local abattoir (Atria
Oyj, Kuopio, Finland) and prepared within a few hours post mortem.
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The human trabecular bone samples used in study III were prepared, scanned with microCT and measured with DXA for an earlier study [96]. In that study, cylindrical subchondral bone plugs
(diameter 16 mm, height 8 mm) were drilled from femoral medial
condyle, tibial medial plateau and femoral groove of human cadavers (National Authority for Medicolegal Affairs, Helsinki, Finland,
permission 1781/32/200/01).
For study I, cylindrical osteochondral plugs were prepared from
visually intact upper lateral quadrants of bovine patellae (diameter 18 mm). The rectangular medio-lateral samples (width 30 mm,
length 50 mm and height 20 mm, Figure 7.1) for studies II and IV
were cut from visually intact bovine medial tibial plateaus and the
samples were divided into four medio-lateral regions for the measurements. All bovine samples were kept moist during the preparation and frozen in phosphate buffered saline (PBS) containing inhibitors of proteolytic enzymes (5 mM ethylenediaminetetraacetic
acid and 5 mM benzamide hydrogen chloride) until thawing prior
to the experiments. During the measurements, the samples were
either immersed in PBS supplemented with the enzyme inhibitors
(ultrasound and biomechanical measurements) or sealed in a container with a PBS-soaked swab (computed tomography).
Study I included enzymatic degradation of cartilage for simulation of typical early osteoarthritic changes in tissue composition.
Trypsin (T 0646, Sigma Chemical Company, St. Louis, MO, USA)
was used to cleave PGs with slight simultaneous degradation of
the collagen network [101]. Phenylmethylsulfonyl fluoride (Sigma
Chemical Company) was used to stop the trypsin digestion.
7.2

CONTRAST AGENT ENHANCED CT

Two contrast agents were used for the contrast agent enhanced
CT measurements. Magnevist (Schering AG, Berlin, Germany) is
a gadolinium (Z = 64) based MRI contrast agent that dissociates
into (2− ) charged gadopentetate (C14 H20 GdN3 O10 , molecular mass
548 g/mol). The X-ray contrast agent Hexabrix (Mallinckrodt Inc.,
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Figure 7.1: The sample preparation for the studies II and IV. The samples were cut from
the medial tibial plateaus of bovine knees (n = 10). The ultrasound scan line is illustrated
with the dotted line and the CECT slice with a dash-dot line. The edge of the meniscus is
shown with the dashed line. For the biomechanical, biochemical and histological analyses,
the samples were divided into four (1-4) locations in the medio-lateral direction. Circles
show the sites of ArtScan measurements.

St. Louis, MO,USA) is an iodinated (Z = 53) dimer that consists
of two salts, ioxaglate meglumine and ioxaglate sodium. Both salts
dissociate into (1− ) charged ioxaglate (C24 H21 I6 N5 O8 , 1269 g/mol.
A clinical pQCT device (XCT 2000, StraTec Medizintechnik GmbH,
Pforzheim, Germany) was used for the imaging of the contrast
agent enhanced samples. The thickness of the pQCT slice was 2.3
mm and the in-plane pixel size was 0.2 × 0.2 mm2 . The X-ray tube
voltage was 58 kVp. The pQCT device has been designed for the
measurement of bones and the X-ray absorption is calibrated to
bone mineral density values, mg/cm3 . For the cartilage and bone
samples, three frames (study I) or five frames (study II) were averaged to enhance the signal-to-noise ratio.
The interrelationships between the X-ray attenuation and concentrations of the contrast agents were investigated by measuring
the absorption at four different concentrations between 0 to 210
mM for ioxaglate and 0 to 200 mM for gadopentetate. PBS was
used as the solvent. The contrast agent concentrations used in the
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subsequent studies were chosen based on this information so that
the contrast enhancement would yield attenuation coefficient values similar to mean value of cartilage and bone. Time required for
diffusion equilibrium was investigated with both contrast agents in
normal and trypsin treated cartilage. The time points of the pQCT
measurements were 0, 2, 4, 6, 8, 23, 25 and 27 hours of immersion
in the contrast agent solution.
The effect of trypsin treatment on the distribution of the contrast
agents (study I) was studied with eight osteochondral plugs per
contrast agent. The samples were cut into two halves, one half was
used as a control and the other was treated with trypsin. Next,
the samples were immersed in the contrast agent solutions for 21
hours and scanned with the pQCT device. For the simultaneous
measurement of articular cartilage and subchondral bone (study II),
ten rectangular osteochondral samples were immersed in 21 mM
ioxaglate solution for 35.5 hours. The pH and osmolarity of the
contrast agent solution were adjusted to 7.4 and 310 mOsmol/l,
respectively. After the contrast agent immersion, the samples were
scanned with the pQCT device.
In study I, the contrast agent content of the cartilage was analyzed by converting the BMD values to concentration values using
the calibration equation and subtracting the average pre-contrast
BMD value of cartilage. The contrast agent concentration profiles
were derived by averaging horizontal cartilage layers from the surface to bone interface. In study II, the sample specific X-ray absorption profiles prior to the contrast agent immersion were subtracted from the contrast agent enhanced profiles. This subtraction
method is intended to leave only the signal due to the presence of
the contrast agent. After the subtraction, the slope of the calibration
equation was used to convert the BMD values into contrast agent
concentration values. Moreover, the contrast agent concentration
was normalized with the contrast agent concentration of the bath.
The borderline voxels were discarded to minimize the partial volume effect. Study I investigated the contrast agent accumulation
into full-thickness cartilage volume while study II focused on the
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superficial layer of the cartilage.
Since the pQCT device quantifies the X-ray attenuation in bone
mineral density values, analysis of the subchondral bone BMD is
quite straightforward. The mineral density of the subchondral plate
was analyzed from a 1 mm thick layer of bone below the articular
cartilage. At each region, the subchondral bone was divided into
subchondral plate and trabecular bone with a local threshold rule
(75% of the maximum BMD). The BMD of the subchondral trabecular bone was calculated as the mean of a 10 mm thick region of
interest immediately below the subchondral plate.
7.3 ACOUSTIC MEASUREMENTS
Acoustic properties of articular cartilage and bone were measured
using an UltraPAC scanning acoustic system (Physical Acoustics
Corporation, Princeton, NJ, USA). The system consists of a 0.5 to
100 MHz ultrasound pulser-receiver board and a 500 MHz 8-bit
A/D board. The scanning drives allow an ultrasound transducer to
be moved in 5.1 µm steps in a horizontal plane and 3.8 µm steps
in a vertical direction. In study II, the UltraPAC system was used
with a 30 MHz transducer to measure the thickness of cartilage at
each measurement site, i.e. at the center of the region of interest.
In study IV, a 5 MHz ultrasound transducer was used to measure
the QUS parameters from cartilage and subchondral bone across
the sample. In that study, the distance between the consecutive Amode acquisitions was 150 µm. Both transducers were focused and
their specifications are listed in Table 7.2.
Quantitative ultrasound parameters
Ultrasound parameters were determined using the pulse-echo technique (studies II - IV) and through-transmission technique (study
III). Most of the QUS parameters applied in this work were calculated from the amplitude spectra of the signals. The amplitude
spectrum provides information on the behavior of separate frequency components in the signal and can be achieved by converting
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Table 7.2: Characteristics of the ultrasound transducers used in this thesis.

Transducer model (Panametrics)
Nominal central frequency (MHz)
Measured -6 dB frequency range (MHz)
Focal length (mm)
Focal zone (mm)
Element diameter (mm)
Confocal beam diameter (µm)
Study

V326
30
17.8 - 40.9
31.8
9.4
6.4
258
II

V307
5
3.2 - 6.7
49.8
8.8
25.4
600
IV

a time-domain signal into the frequency-domain using the Fourier
transform.
In this study, the speed of sound (SOS) and ultrasound roughness index (URI) were the only parameters calculated in the time
domain. SOS was determined from the through-transmission signal using the cross-correlation method [40], while URI was calculated from the pulse-echo signal as described by Saarakkala et al.
(2004). The other parameters calculated from the TT measurements
were the average attenuation (AA) and normalized broadband ultrasound attenuation (nBUA). The PE signal allowed calculation
of the integrated reflection coefficient (IRC), apparent integrated
backscatter (AIB) and broadband ultrasound backscatter (BUB). The
mathematical definitions of the parameters are presented in Table
7.3.
7.4

ULTRASOUND SIMULATIONS

In study III, a sample-specific FDTD model was used to assess the
effect of bone marrow on the propagation of ultrasound through
trabecular bone. The wave propagation was simulated with the
Wave 3000 Pro 2.2 software (CyberLogic Inc., New York, NY, USA),
which solves the equation 4.17 within each homogenous grid element and computes the displacement vector at each time step of
the simulation.
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Table 7.3: Summary of the ultrasound parameters determined in the thesis.

Parameter
α ( f )*
SOS
URI

Equation
*

10 log10

| Aw ( f , z)|2
| As ( f , z)|2

+

cw · x
x − (∆t · cw )
q
2
1 m
m ∑ i =1 d i − h d i

AA

1
∆f · x

IRC

1
∆f

Z

AIB

1
∆f

Z

BUB

1
∆f

Z

Z

∆f

∆f

∆f

∆f

[207]
[232]
[225]

α( f )d f

10 log10

*

| An ( f , x )|2

10 log10

*

| Ab ( f , x )|2

+

df

[44]

df
| Ar ( f , x )|2
*
!
+
| Ab ( f , x )|2
10 log10
+ α( f ) · SOS · tw d f
| Ar ( f , x )|2

[44]

| Ar ( f , x )|2

+

[198, 229]

* Normalized broadband ultrasound attenuation (nBUA) is determined as the slope of the
linear part of the attenuation spectrum, α( f ), normalized according to the thickness of the
sample.
cw =the speed of sound in water, x=the thickness of the sample and ∆t=time-of-flight difference through the water bath with and without the sample. m=number of measurement
points, d=distance between the transducer and cartilage surface and h...i=spatial average.
∆ f =effective frequency range, A( f , x )=amplitude spectrum of a pulse recorded at distance
x from the transducer and the indices s and w refer to through-transmission signals with
and without the sample, respectively. Indices s and w refer to through-transmission signal
through the water bath with and without the sample. Indices n, r and b refer to pulse-echo
signals from the surface of the sample, surface of the perfect reflector and backscatter signal,
respectively. tw =the time difference between the echo from the sample surface and the center
of the gated region.
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The model geometry was constructed to simulate a realistic
measurement setup applied in an earlier experimental study [96].
The simulation geometry included two focused 1 MHz transducers
10 cm apart in a water bath with the sample in the middle. This allowed calculation of both pulse-echo and through-transmission parameters. The input function was acquired by digitizing the signal
of a real transducer (V302, GE Panametrics, Waltham, MA, USA)
and fitting a Gaussian sine signal to it. The tissues, i.e. bone and
bone marrow, were simplified to be homogeneous and have the
acoustic properties of cortical bone and porcine fat, respectively.
To simulate the effect of bone marrow composition, the simulations were repeated after substituting fat with water. The acoustic
properties of the materials were acquired from the material library
present in the simulation software.
The simulation job parameters were set as follows: time step
scale = 0.9 and point/cycle ratio = 10. The resolving wavelength
was set according to the pixel resolution of the model (i.e. to 0.90
and 0.72 mm). The mesh was created based on the resolving wavelength and the point/cycle ratio, resulting in 90 and 72 µm grids.
The simulation time was set to 100 µs.
7.5

REFERENCE METHODS

Several reference methods were used to investigate the relationships between the contrast agent content, ultrasound parameters,
structure and composition of the samples. The reference methods
included biomechanical measurements, microCT imaging, DXA,
biochemical and histological analyses.
Mechanical testing
The dynamic indentation stiffness of the cartilage (study II) was
determined with an arthroscopic indentation instrument (ArtScan
200, ArtScan Oyj, Helsinki, Finland) optimized for the measurement of thin cartilage [170]. The diameter and length of the indenter
were 0.6 mm and 0.14 mm, respectively. The instrument has been
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described in more detail by Korhonen et al. [148]. The indenter force
was recorded when the contact force of the reference plate reached
5 N and the final value for cartilage stiffness was determined as the
average indenter force recorded in four consecutive measurements.
In study IV, the dynamic modulus and Young’s modulus of the
cartilage were determined with a custom made material testing device [258] equipped with a cylindrical plane-ended (diameter=1.13
mm) indenter. After applying a 12.5 kPa pre-strain, four stressrelaxation steps (strain 5%) were performed until equilibrium (relaxation time 900 s). The thickness of the cartilage at the indentation
site was measured with the needle probe technique [129] and the information was used for calculation of the mechanical moduli. The
dynamic modulus was calculated from the third stress-relaxation
step and Young’s modulus as the slope of equilibrium stress-strain
curve fit to the last three stress-relaxation steps. The modulus values were calculated using an elastic isotropic model, according to
Hayes et al. [105]. For calculation of the dynamic modulus of cartilage, the Poisson’s ratio was assumed to be 0.5 (i.e. dynamically
incompressible [172]), while at equilibrium the Poisson’s ratio was
set to 0.1 [260].
X-ray methods
In study III, the trabecular bone samples were imaged with a microCT device (SkyScan 1072, SkyScan, Aartselaar, Belgium) with an
isotropic voxel size of 18 µm [97]. The stacks of cross-sectional images were segmented with the local threshold method [268]. The
following morphometric parameters were determined from the 3D
datasets using the software provided with the instrument: bone volume (BV), total sample volume (TV), bone surface area (BS), bone
volume fraction (BV/TV), bone-specific surface (BS/BV), mean trabecular thickness (Tb.Th), mean trabecular separation (Tb.Sp), structural model index (SMI), connectivity and degree of architectural
anisotropy (DA) [215]. A direct 3D analysis, without model assumptions on the trabecular structure, was used to calculate the
trabecular thickness and separation [106].
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Bone mineral density of the above mentioned trabecular bone
samples was measured with DXA (Lunar Prodigy, GE Medical,
Wessling, Germany) using the anterior-posterior spine measurement protocol. The samples were placed in a water bath, which
represented soft tissue, to optimize the accuracy of the measurement. The volumetric BMD was calculated by dividing the measured areal BMD value with the sample thickness. [96]
Histological and biochemical analyses
After the measurements in studies I, II and IV, a tissue region as
close to the measurement site as possible was prepared for biochemical and histological analyses. Biochemical analyses were used
to determine the contents of water, proteoglycans and collagen in
the cartilage. The PG content was estimated by quantifying the
amount of uronic acid in the tissue [23] and normalizing it according to the wet weight of the sample. To estimate the collagen content of the samples, a spectrophotometric assay for hydroxyproline was performed after hydrolysis of the freeze-dried and
papain digested tissue [28]. Hydroxyproline contents were normalized against the wet weights of the samples. Safranin-O stained
microscopic sections (thickness 3 µm) were prepared for qualitative
histological imaging of the spatial PG distribution [142] and imaged in an optical microscope equipped with a CCD camera (Nikon
Microphot FXA and Nikon CoolSNAP, Nikon Corporation, Tokyo,
Japan).
7.6

STATISTICAL ANALYSES

The Wilcoxon signed ranks test was used for statistical comparison
of the contrast agent content in untreated and enzymatically degraded cartilage in study I and to study the effect of bone marrow
composition on the ultrasound parameters in study III. The Pearson’s correlation coefficient was used for the correlation analyses
in study I. In studies II-IV, the normality of the data was examined
with the Shapiro-Wilk test and the Spearman’s rho was used for the
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correlation analyses. The Kruskal-Wallis post hoc test was used in
study II, and Friedman’s post hoc test in study IV, to test the statistical significance of the differences in parameter values between the
measurement sites. The statistical analyses were conducted using
the SPSS software (v. 11.5-14, SPSS Inc., Chicago, IL, USA), Matlab
(v. 6.0-7.4, Mathworks Inc., Natick, MA, USA) and the R Statistical
Software version 2.11.1 (R Foundation for Statistical Computing,
Vienna, Austria).
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8 Results
This chapter summarizes the most important results of studies I IV and contains some unpublished data. The complete results are
presented in the original studies I - IV.
8.1 CONTRAST AGENT ENHANCED CT OF CARTILAGE
AND BONE
Study I investigated the effect of enzymatic proteoglycan depletion
on the contrast agent partitioning in articular cartilage. Additionally, the effect of contrast agent concentration on the X-ray attenuation and the time required for the contrast agent to reach the
diffusion equilibrium in articular cartilage were evaluated. The Xray attenuation was found to depend linearly on the concentration
of both contrast agents (r = 1.00, p < 0.01). Appropriate contrast
agent concentrations were chosen to provide attenuation coefficient
values similar to the mean value of cartilage and bone, i.e. 21 mM
and 200 mM for ioxaglate and gadopentetate, respectively. Both
contrast agents required over 8 hours to reach diffusion equilibria in
articular cartilage. Immersion times lasting over 20 hours were chosen to ensure that diffusion equilibrium had been attained. Trypsin
treatment led to faster contrast agent intake and increased contrast
agent content at equilibrium.
After 21 hours of immersion in the contrast agent, gadopentetate partitioned to 50 ± 2% and ioxaglate to 60 ± 4% of the bath concentration in healthy articular cartilage from bovine patella. Trypsin
digestion cleaved 70% of the uronic acid and evoked a 4% increase
in the water content. The digestion caused the equilibrium partition
to rise to 66 ± 2% for gadopentetate and to 89 ± 6% for ioxaglate.
The effect of trypsin treatment was statistically significant (p =
0.012) for uronic acid and water contents and partitions of both
contrast agents. The depletion of proteoglycans caused only minor changes in the shape of the contrast agent profiles (Figure 8.1).
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Statistically significant correlations were found between the equilibrium partitions of ioxaglate and gadopentetate and the uronic acid
and water contents of the tissue (Table 8.1).

Figure 8.1: Contrast agent partitions as a function of tissue depth. Trypsin treatment
increased the amount of contrast agent in the cartilage, but had only a minor effect on
the depthwise distribution of the contrast agents. The gray area indicates the standard
deviation.

Table 8.1: Linear correlation coefficients between the contrast agent contents and cartilage
composition. In study I, the equilibrium partitions of ioxaglate and gadopentetate were
found to correlate with the uronic acid and water contents in the tissue.

UA/ww (µg/mg)

UA/dw (µg/mg)

Water

Ioxaglate
Control (n = 8)
All (n = 16)

-0.75*
-0.94**

-0.80*
-0.97**

0.55
0.58*

Gadopentetate
Control (n = 8)
All (n = 16)

-0.73*
-0.95**

-0.70*
-0.98**

0.43
0.65**

** p < 0.01, * p < 0.05
UA/ww = uronic acid per wet weight, UA/dw = uronic acid per dry weight

Study II investigated the partitioning of ioxaglate in healthy cartilage from the bovine medial tibial plateau and the interrelationships between the partition of the contrast agent and the composition and mechanical properties of the tissue. Moreover, the feasibility of the CECT method for the simultaneous analysis of artic-
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ular cartilage and subchondral bone was assessed. In this study,
ioxaglate partitioned to 48 ± 2% after 35.5 hours of immersion. The
average contrast agent content in the full-thickness cartilage correlated significantly (p < 0.01) only with the uronic acid content of
the tissue (Table 8.2). The superficial contrast agent content, however, displayed significant correlations (p < 0.01) with the uronic
acid, hydroxyproline and water contents, as well as with the mechanical moduli and thickness of cartilage.
At the medial tibial plateau, the average BMDs of the subchondral plate and subchondral trabecular bone were 826 ± 51 mg/cm3
and 576 ± 55 mg/cm3 , respectively. The average thickness of the
subchondral plate at medial tibial plateau was 2.7 ± 1.3 mm.
8.2 SIMULTANEOUS ULTRASOUND MEASUREMENT OF
CARTILAGE AND BONE
Study IV assessed the feasibility of using 5 MHz pulse-echo ultrasound for the simultaneous measurement of articular cartilage and
subchondral bone. Moreover, the relationships between the QUS
parameters and the composition and mechanical properties of cartilage were investigated. Pulse-echo measurements across the medial
tibial plateau yielded the following average values and standard deviations for the QUS parameters. The IRC for the cartilage surface
was −42 ± 6 dB, AIB for the internal cartilage was −70 ± 5 dB and
the URI was 42 ± 33 µm. The average inclination of the cartilage
surface, calculated from the time-of-flight information, was 4.6 ± 3.0
degrees. The IRC for the cartilage-bone interface was −25 ± 6 dB,
AIB for the subchondral bone was −36 ± 4 dB and the inclination
of the cartilage-bone interface was 5.9 ± 3.2 degrees.
AIB of the internal cartilage correlated significantly (p < 0.01)
with the hydroxyproline and water contents as well as with the dynamic modulus and thickness of the cartilage, whereas URI correlated with the water content, the mechanical moduli and the thickness of the cartilage (Table 8.2). AIB of the subchondral bone exhibited a weak but statistically significant (p < 0.05) correlation with
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Hypro

Water

E ArtScan

Edyn

EYoung

Thcart

Th plate

BMD plate

BMDtrab

CECTs
CECT f
a AIB
cart
a IRC
cart
a URI

-0.52**
-0.41**
0.01
-0.13
-0.28

-0.62**
-0.03
0.58**
-0.16
-0.29

0.63**
0.20
-0.52**
0.16
0.47**

-0.80**
-0.26
0.46**
-0.09
-0.49**

-0.71**
-0.10
0.57**
-0.05
-0.49**

-0.67**
-0.29
0.16
-0.06
-0.41**

0.69**
0.03
-0.55**
0.10
0.56**

0.49**
0.30
-0.15
-0.30
0.14

0.16
0.08
-0.11
0.14
0.08

0.14
-0.02
-0.20
-0.36*
0.09

b AIB
bone
b IRC
bone

0.24
0.02

0.00
-0.02

-0.01
0.18

0.03
-0.11

-0.06
-0.29

0.04
-0.21

–
–

0.04
0.05

-0.34*
0.09

-0.05
-0.05
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** p < 0.01, * p < 0.05
a

Partial correlation with inclination of the cartilage surface as the controlling parameter.

b

Partial correlation with inclinations of the cartilage and bone surfaces and the thickness of the cartilage as the controlling parameters.

CECTs =superficial contrast agent content, CECT f =full-thickness contrast agent content, AIB=apparent integrated backscatter, IRC=integrated reflection coefficient, URI=ultrasound roughness index, U A=uronic acid, Hypro=hydroxyproline, E ArtScan =dynamic modulus measured with ArtScan,
Edyn =dynamic modulus, EYoung =Young’s modulus, Th=thickness, BMD plate =bone mineral density of the subchondral plate, BMDtrab =bone mineral
density of the subchondral trabecular bone
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Table 8.2: Correlation coefficients between the CECT, QUS and reference parameters. Superficial contrast agent content correlated significantly
with the composition and mechanical properties of the cartilage. Ultrasound parameters did not correlate with the uronic acid content, but
ultrasound backscatter from internal cartilage correlated with the hydroxyproline and water contents, dynamic modulus and thickness of the
cartilage. Cartilage surface roughness, measured with ultrasound, correlated with the water content, mechanical moduli and thickness of the
cartilage. Ultrasound backscatter from the subchondral bone had a weak but statistically significant correlation with the BMD of the subchondral
plate.

Results

the BMD of the subchondral plate. IRCs of the cartilage or bone surfaces were not found to correlate with the corresponding reference
parameters.
8.3 THE EFFECT OF BONE MARROW COMPOSITION ON
THE ACOUSTIC PROPERTIES OF TRABECULAR BONE
In study III, FDTD simulations were used to estimate the effect of
bone marrow composition on the ultrasound propagation in trabecular bone. In the samples with fatty bone marrow, the simulations
revealed significant correlations between the QUS parameters and
the bone volume fraction (n = 11). Spearman’s correlation was statistically significant between BV/TV and SOS (r = 0.94, p < 0.01)
and IRC (r = 0.91, p < 0.01). nBUA and AA seemed to depend
nonlinearly on the BV/TV (quadratic fit, r = 0.77, p < 0.05 and
r = 0.89, p < 0.01, respectively). Substitution of bone marrow with
water had only a minor effect on the ability of the QUS parameters
to predict BV/TV or BMD.
Replacement of fatty bone marrow with water increased the
speed of sound and ultrasound backscattering significantly (p <
0.01) while ultrasound attenuation and reflection from the sample
surface were significantly (p < 0.01) decreased (Table 8.3). Substitution of the bone marrow with water affected the QUS parameters
by 0-20%, depending on the bone volume fraction of the sample.
For SOS, AA and IRC, the change was greater in the samples with
low BV/TV.
The effect of bone marrow composition was studied using threedimensional FDTD simulations. The voxel size of the FDTD mesh
was found to significantly affect the fine structure of the samples
and the results of the simulations (n = 5). In particular, AA and
nBUA (r = 1.00, p < 0.01), IRC (r = 0.90, p < 0.05) and AIB
(r = 0.90, p < 0.05) displayed strong associations with the voxel
size.
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Table 8.3: The effect of bone marrow composition on the QUS parameters. Simulations
with fat or water as bone marrow demonstrated a statistically significant interaction between the bone marrow composition and the ultrasound parameters. AIB was the only
parameter that was not affected by the change in bone marrow composition.

SOS (m/s)
nBU A (dB/cm/MHz)
AA (dB/cm)
IRC (dB)
AIB (dB)
BUB (dB)

fat

water

change

1976 ± 282
48.7 ± 14.8
30.2 ± 4.6
−19.6 ± 4.9
−35.6 ± 2.7
−29.2 ± 3.4

1989 ± 278
44.1 ± 11.9
27.9 ± 4.6
−17.1 ± 3.3
−35.7 ± 2.8
−29.9 ± 3.4

0.7% **
8.5% **
7.8% **
11.7% **
0.5%
2.2% **

** p < 0.01, * p < 0.05
SOS=speed of sound, nBU A=normalized broadband ultrasound attenuation,
AA=average attenuation, IRC=integrated reflection coefficient, AIB=apparent integrated backscatter, BUB=broadband ultrasound backscatter

8.4

TOPOGRAPHICAL VARIATION IN THE PROPERTIES OF
CARTILAGE AND BONE

In studies II and IV, the composition, mechanical properties, contrast agent partition and QUS parameters were mapped across the
medial tibial plateau of bovine knees (Figure 8.2). Cartilage near the
center of the joint (lateral side, location 1) was thicker, contained
less proteoglycans and collagen, had a higher water content and
exhibited lower values of mechanical moduli (Table 8.4). The contrast agent content, especially in the superficial cartilage, increased
towards the center of the joint. Ultrasound roughness index was
higher and the backscatter lower in the lateral side of the medial tibial plateau. Moreover, ultrasound reflection from the cartilage-bone
interface and backscatter from the subchondral bone were lower in
the lateral side of the medial tibial plateau.
The contents of uronic acid, hydroxyproline and water, as well
as the thickness, dynamic modulus and Young’s modulus varied
statistically significantly (p < 0.01) across the medial tibial plateau
(Table 8.5). The concentration of contrast agent in the superficial
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Figure 8.2: Ultrasound image, CECT image and histological sections of a medial tibial
plateau. Both CECT and QUS methods reveal the shapes of the cartilage and bone surfaces
and the thickness of the cartilage layer.

cartilage was more sensitive to this compositional and structural
variation as compared to the mean contrast agent content in fullthickness cartilage. Ultrasound backscatter from the internal cartilage varied also significantly, while no statistically significant variation was observed for the ultrasound reflection from the surface
of the cartilage. The ultrasound roughness index was significantly
different only between locations 1 and 3. The bone mineral densities of the subchondral plate (p < 0.05) and subchondral trabecular
bone (p < 0.01) were found to vary significantly across the medial
tibial plateau.
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In studies II and IV, the thickness of the cartilage was determined with four different methods; CECT, 5 MHz ultrasound, 30
MHz ultrasound and the needle probe technique. Compared to the
needle probe method, CECT underestimated the thickness by 0.2
mm (9.3 %) on average. The correlation between needle probe and
CECT methods was r = 0.87 ( p < 0.01). 5 MHz and 30 MHz ultrasound overestimated the thickness by 15.8% and 12.3%, respectively
and their correlations with the needle probe method were r = 0.89
and r = 0.88, respectively.
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Table 8.4: The mean values and standard deviations of all parameters determined in studies
II and IV at locations 1-4. The variation across the medial tibial plateau was statistically
significant (Table 8.5) for most of the parameters.

Location

1

2

3

4

60 ± 4
50 ± 2
870 ± 53
483 ± 42
3.3 ± 0.9

57 ± 4
49 ± 3
882 ± 49
534 ± 59
3.5 ± 1.1

50 ± 3
47 ± 2
883 ± 58
536 ± 47
3.0 ± 0.5

49 ± 3
48 ± 3
820 ± 87
457 ± 36
1.8 ± 0.9

−41 ± 5
−73 ± 4
33 ± 20
−25 ± 4
−36 ± 3

−41 ± 8
−70 ± 6
30 ± 20
−22 ± 4
−34 ± 2

−42 ± 5
−65 ± 5
35 ± 25
−23 ± 3
−34 ± 2

5.0 ± 0.9
7.8 ± 1.1
87 ± 2
2.2 ± 0.4
8.2 ± 3.1
1.2 ± 0.9
0.3 ± 0.2

6.5 ± 0.9
10.2 ± 0.9
84 ± 1
1.6 ± 0.4
21.5 ± 4.1
4.1 ± 2.4
0.9 ± 0.2

5.4 ± 1.4
12.1 ± 2.8
84 ± 1
1.0 ± 0.2
23.7 ± 2.5
7.7 ± 2.8
0.7 ± 0.3

CT parameters
CECTs (%)
CECT f (%)
BMD plate (mg/cm3 )
BMDtrab (mg/cm3 )
Th plate (mm)

ultrasound parameters
IRCcart (dB)
AIBcart (dB)
URI (µm)
IRCbone (dB)
AIBbone (dB)

−42 ± 7
−72 ± 3
70 ± 46
−32 ± 7
−40 ± 4

reference parameters
U A/ww (µg/mg)
Hypro (µg/mg)
Water (%)
Thcart (mm)
E ArtScan (MPa)
EDyn (MPa)
EYoung (MPa)
CECTs =superficial

contrast

4.5 ± 0.7
6.6 ± 1.6
89 ± 1
3.1 ± 0.4
4.2 ± 0.7
0.4 ± 0.2
0.2 ± 0.0
agent

content,

CECT f =full-thickness

contrast

agent content, BMD plate =bone mineral density of the subchondral plate,
BMDtrab =bone mineral density of the subchondral trabecular bone, Th=thickness,
IRC=integrated reflection coefficient,

AIB=apparent integrated backscatter,

URI=ultrasound roughness index, U A/ww=uronic acid content per wet weight,
Hypro=hydroxyproline, E ArtScan =dynamic modulus measured with ArtScan,
Edyn =dynamic modulus, EYoung =Young’s modulus
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Table 8.5: Statistical significance (p-values, Friedman’s post hoc test) of the topographical
variation in the properties of cartilage and subchondral bone between the measurement
locations. Only p-values < 0.05 are shown.

Parameter

all

1-2

1-3

1-4

2-3

2-4

3-4

–
–
–
0.028
–

0.001
0.028
–
0.047
–

0.000
–
–
–
0.029

0.046
–
–
–
–

0.028
–
0.028
0.005
0.003

–
–
0.046
0.010
–

–
–
0.046
0.002
0.000

0.017
–
–
0.000
0.005

–
–
–
–
0.046

0.000
–
–
–
–

0.029
–
–
–
–

0.001
0.010
0.003
0.002
0.000
0.001
0.000

–
0.003
0.000
0.000
0.000
0.000
0.005

0.046
0.029
–
–
–
–
0.046

–
0.010
–
0.005
0.017
0.006
–

–
–
–
–
–
–
–

CT parameters
CECTs
CECT f
BMD plate
BMDtrab
Th plate

0.000
0.029
0.029
0.006
0.003

ultrasound parameters
AIBcart
IRCcart
URI
AIBbone
IRCbone

0.000
–
0.046
0.000
0.000

–
–
–
–
–

reference parameters
UA
Hypro
Water
Thickness
E ArtScan
EDyn
EYoung
CECTs =superficial

0.001
0.003
0.000
0.000
0.000
0.000
0.000

–
–
–
–
–
–
–

contrast

agent

content,

CECT f =full-thickness

contrast

agent content, BMD plate =bone mineral density of the subchondral plate,
BMDtrab =bone mineral density of the subchondral trabecular bone, Th=thickness,
IRC=integrated reflection coefficient,

AIB=apparent integrated backscatter,

URI=ultrasound roughness index, U A/ww=uronic acid content per wet weight,
Hypro=hydroxyproline, E ArtScan =dynamic modulus measured with ArtScan,
Edyn =dynamic modulus, EYoung =Young’s modulus
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9 Discussion
In this thesis, contrast agent enhanced computed tomography and
quantitative ultrasound were applied to examine the properties of
articular cartilage and subchondral bone. Study I investigated the
ability of contrast agent enhanced computed tomography to detect enzymatically induced proteoglycan loss in articular cartilage.
Two contrast agents, ioxaglate and gadopentetate, were studied and
compared. Study II assessed the feasibility of using CECT in the
simultaneous measurement of articular cartilage and subchondral
bone. In study III, FDTD simulations were used to investigate the
effect of bone marrow composition on ultrasound propagation in
trabecular bone. Study IV investigated the potential of 5 MHz ultrasound for undertaking a simultaneous evaluation of articular cartilage and subchondral bone.
9.1 CONTRAST AGENT ENHANCED COMPUTED TOMOGRAPHY OF CARTILAGE AND BONE
Penetration of both ioxaglate and gadopentetate increased significantly after trypsin-induced PG loss (Table 8.1). Thus, both contrast
agents were able to detect enzymatic PG loss. In healthy articular
cartilage, the PG content is typically lower in the superficial cartilage and increases as one proceeds towards the deep zone. The FCD
of the tissue arises from the negatively charged PG and anionic contrast agents are assumed to distribute inversely to the distribution
of FCD in the tissue [17]. In study I, the equilibrium partition of
gadopentetate in intact cartilage followed this assumption. However, enzymatic PG digestion had only a minor effect on the shape
of the partition profiles (Figure 8.1) even though 70% of the PG was
cleaved. Ioxaglate, on the other hand, distributed almost evenly in
healthy cartilage and, again, PG digestion did not significantly alter
the depthwise distribution of this contrast agent. These results suggest that the FCD is not the only factor controlling the distribution
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of anionic contrast agents. The present results demonstrate that the
contrast agent content in superficial cartilage is also related to the
collagen and water contents within the tissue (Table 8.2). However,
the uronic acid content was the only parameter that correlated significantly with the contrast agent concentration in the full-thickness
cartilage.
In study II, only the contrast agent concentration in the superficial cartilage was found to correlate with the dynamic modulus of
cartilage, which is in line with the dGEMRIC study of Samosky et
al [234]. A mechanical indenter produces tensile, compressive and
shear stresses in cartilage. The collagen architecture dominates the
tensile behavior while the PG content is responsible for the compressive behavior. In indentation geometry, the properties of the
superficial tissue control its mechanical response [149]. In addition to the dynamic modulus, the superficial contrast agent content
correlated also with the Young’s modulus and thickness of the cartilage.
In study I, the immersion time required for contrast agent diffusion to reach equilibrium was found to exceed 8 h. According to
Fick’s laws of diffusion, the time to reach the diffusion equilibrium
depends on the square of the thickness of the cartilage [54]. Human
articular cartilage is typically thicker than bovine cartilage, which
further increases the time required for reaching diffusion equilibrium. Long immersion times, like those used in the present studies,
are obviously not applicable in clinical studies. In vivo the contrast
agent intake in the cartilage may be enhanced by fluid flow associated with dynamic joint loading [37]. However, due to contrast
agent washout from the joint, the peak contrast agent content in
the cartilage is reached within few hours after an intravenous contrast agent injection [252]. In the case of intra-articular injection,
the peak contrast agent content in cartilage may be reached even
more rapidly which means that the Gibbs-Donnan equilibrium cannot be attained. Hence, direct quantification of the FCD and PG
content may not be possible in vivo. Ioxaglate and gadopentetate
are hypertonic contrast agents that in high concentrations diminish
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the swelling pressure in cartilage and temporarily soften the tissue.
Mechanical loading of softened cartilage may cause damage to the
tissue and this risk will need to be considered carefully [261].
Depletion of proteoglycans has been reported to increase the
diffusion of large neutral molecules, while diffusion of small neutral molecules remained unaffected [36,174,255]. This indicates that
increased porosity due to PG cleavage increases the permeability of
cartilage. If the partition of a contrast agent were to depend solely
on the charge of the molecule, the electroneutral molecules should
diffuse evenly into the water phase of cartilage. Experimental results, however, do not support this hypothesis [290]. Solutes ranging from free ions to large molecules have been reported to diffuse
faster into degenerated cartilage [70, 175]. Recent findings indicate
that very small molecules, e.g. free iodine, penetrate quickly into
the cartilage but are less sensitive to the integrity of cartilage [146].
Collagen and water contents and their distributions together with
the tissue pore size and fixed charge density may effectively control the penetration of the contrast agent. Measurement of spatial
contrast agent diffusion rate or flux could represent a feasible way
to evaluate the integrity of the tissue. This might be a more feasible
way to apply the CECT method in vivo, as it could be measured at
early time points with no need to reach the Gibbs-Donnan equilibrium.
The present findings suggest that anionic contrast agents may
not be optimal for quantitative spatial determination of PG concentration. However, they may be suitable for diagnosing cartilage
degradation since there was significantly greater penetration of contrast agents into damaged tissue. In addition to the PG loss, also the
loss of integrity of the cartilage structure and collagen network increase the penetration of the contrast agents [146]. Although further
studies are needed to verify the in vivo feasibility of using CECT to
assess the condition of articular cartilage, it is tempting to speculate
that CECT could provide a cheap and minimally invasive means to
simultaneously assess the integrity of articular cartilage and subchondral bone in patients with a suspected joint disease or an acute

Dissertations in Forestry and Natural Sciences No 27

69

Antti Aula: CECT and QUS of Cartilage and Subchondral Bone

cartilage injury.
Contrast agent enhanced pQCT is a minimally invasive method.
The effective radiation dose of one pQCT cross-section is less than
2 µSv. However, intra-articular contrast agent injection would probably be needed to achieve a high enough contrast agent concentration into the cartilage. The related risks, for example infection, need
to be low enough if the method is to gain acceptance as a cheap and
straightforward means to assess the status of articular cartilage in
vivo. The gadopentetate concentration applied in study I was about
a hundred times higher than that used in clinical MRI with dGEMRIC, and would be too high for in vivo use. Ioxaglate, however,
is a suitable contrast agent for in vivo CECT of articular cartilage
as the maximum dose of 4 ml/kg would be more than enough if
administered intra-articularly.
CT devices are already used clinically to measure BMD, morphology and thickness of cortical bone. Therefore, simultaneous
measurement of articular cartilage and subchondral bone should
be straightforward. The OA induced changes in the knee BMD
have been reported to be detectable with a quantitative CT [19,124].
Modern clinical CT technology is capable of producing isotropic
voxels down to 100 µm, which would allow three-dimensional visualization of the morphology and quantification of the properties
of articular cartilage and subchondral bone.
9.2

SIMULTANEOUS ULTRASOUND ANALYSIS OF CARTILAGE AND BONE

Pulse-echo QUS measurement at 5 MHz was a feasible method
to simultaneously assess the acoustic properties of articular cartilage and subchondral bone (study IV). The backscatter signal from
the internal cartilage correlated with the water content, mechanical
properties, thickness and especially with the collagen content of the
cartilage (Table 8.2). This is in line with an earlier study using 50
MHz ultrasound [45]. Furthermore, ultrasound backscatter from
the subchondral bone correlated with BMD, which is consistent
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with the findings where ultrasound frequencies of up to 7.5 MHz
were used [96, 110]. URI was related to water content, thickness
and mechanical properties of the tissue. An association between
URI and mechanical properties has been previously reported using
20 MHz ultrasound [231]. However, the presently reported URI values are larger than the values in the literature, probably due to the
natural curvature of the samples. Inclination in the sample surface
is known to lead to an overestimation of the URI [131].
AIB and URI seemed to be rather insensitive, while IRC is known
to be highly sensitive, to the angle of incidence of the ultrasound
pulse [131, 282]. The natural curvature of the samples may hence
explain the lack of significant correlations between the reflection
parameters and the reference parameters. Overall, the correlations
in study IV are lower than those generally reported in the literature. In most of the previous in vitro studies, the cartilage surfaces
have been carefully adjusted to be perpendicular to the incidence
of the ultrasound beam. Such adjustment, however, was impossible in the present study due to the large sample size, scan length
and natural curvature of the tibial plateau. The same problem
can be seen in the bone ultrasound measurements. In vitro studies often include bone samples with perfectly flat surfaces and no
cortical layer. In vivo ultrasound measurements, however, have to
deal with uneven surfaces and a cortical layer of uneven thickness,
which has been shown to reduce the accuracy of ultrasound measurements [159, 161, 287]. Uneven, non-parallel cartilage and bone
surfaces compromise quantitative measurements. This fact needs
to be carefully considered when designing clinical ultrasound measurements.
The present results provide signposts for the direction to which
quantitative ultrasound techniques need to be developed. It is essential to eliminate the effects of overlying tissue layers and variation in the angles of incidence of the ultrasound pulse at reflecting
interfaces if one wishes to make a reliable quantification of the reflection and backscatter parameters. Therefore, further studies and
innovative approaches are needed to optimize the measurement
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protocol and minimize the effect of overlying tissue layers. For
example, application of a rotating ultrasound catheter [116, 266] or
a convex array transducer could diminish some of the error sources
related to the curvature of the structures. For such transducers,
there would always be a point where the surface is perpendicular
to the ultrasound beam. The ultrasound frequency (40 MHz) of
the catheter used by Virén et al. (2009) is probably too high for
ultrasound measurement of bone through a layer of cartilage. Fortunately, ultrasound catheters are commercially available, for example, at a 9 MHz frequency, which might be a more feasible frequency for use in the simultaneous measurement of articular cartilage and subchondral bone in vivo.
9.3

THE EFFECT OF BONE MARROW COMPOSITION ON
ULTRASOUND PROPAGATION IN TRABECULAR BONE

The FDTD simulations (study III) revealed a major effect of bone
marrow composition on the ultrasound propagation in trabecular bone (Table 8.3). In the simulations, SOS and IRC increased
and ultrasound attenuation decreased when the fatty bone marrow was replaced with water. This result was expected because
SOS is known to be lower and ultrasound attenuation higher in fat
than in water. Further, BUB decreased and IRC increased when the
bone marrow was replaced with water. In general, the contribution
of bone marrow to the acoustic properties was stronger in those
samples with a low bone volume fraction, apparently because of a
larger volume of substituted bone marrow. The simulations agreed
with an earlier experimental finding that the impact of bone marrow is especially strong in bone with low density and a low bone
volume fraction [198]. A change in the composition of bone marrow
did not affect the ability of the QUS parameters to predict BMD or
bone volume fraction, but evoked systematic effects on the values of
the QUS parameters. This may be explained by fixed properties of
bone marrow in the simulations. In reality, significant site, disease,
race, gender and individual-dependent variations exist in the prop-
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erties of bone marrow. Obviously, the variation in the composition
of bone marrow may reduce the ability of QUS measurements to
predict BMD [198].
Earlier theoretical and experimental studies have demonstrated
the nonlinearity between scattering, BUA and bone volume fraction [99, 109, 199, 238, 248, 259]. In the present study, this nonlinear behavior was, for the first time, verified with the FDTD model.
Moreover, also AA, AIB and BUB seemed to exhibit a nonlinear relationship with the BV/TV. When the bone marrow was replaced
with water, the change in nBUA and AA showed a nonlinear dependency with the BV/TV.
The selected voxel size of the FDTD mesh had a significant effect
on the results of the simulations. Since the effect of downsampling
varied between the QUS parameters, the sensitivity of the QUS parameters to structural changes may vary. AA and nBUA were the
most sensitive parameters to detect small structural changes due to
downsampling, while the change in SOS was minimal. In order to
enable realistic requirements of memory usage and processor time,
the voxel size cannot be as small as in the original microCT images. As the downsampled geometry does not perfectly match the
real geometry, the simulations are not fully comparable with the
experimental measurements of the same samples. Nonetheless, we
believe that the investigation of the effect of bone marrow composition on the ultrasound properties is valid as the trabecular structure
was kept constant. This is supported by the similar effect of bone
marrow on the ultrasound parameters with voxel sizes of 72 and 90
µm. Furthermore, this approach is supported by the consistency of
the present simulations with earlier experimental results [6, 198].
9.4 TOPOGRAPHICAL VARIATION IN THE PROPERTIES OF
CARTILAGE AND BONE
The thickness, composition and mechanical properties of cartilage
varied significantly across the tibial plateau (Tables 8.4 and 8.5).
The thick cartilage near the center of the tibial plateau was me-
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chanically softer, had higher water content and lower hydroxyproline and uronic acid contents than the thin cartilage near the edges
of the joint. The BMD of the subchondral plate showed small but
statistically significant variation while BMD of the subchondral trabecular bone varied more significantly. The BMD and the thickness
of the subchondral plate exhibited a positive correlation (Table 8.2).
Furthermore, the thickness of the subchondral plate was related to
the dynamic modulus, superficial contrast agent content and thickness of the cartilage.
The present results seem to support the hypothesis of Noble and
Alexander (1985). The part of the joint not covered by the meniscus
had thick cartilage and a thick subchondral plate but the cartilage
and subchondral plate were demonstrated to become thinner as the
meniscus grew thicker. The subchondral trabecular bone was also
more dense towards the middle of the plateau, which is in line with
earlier findings [120]. The variation in loading conditions probably
explains the detected topographical variation in the properties of
cartilage and subchondral bone [3, 120, 209]. Measurement of the
actual force distribution in the knee joint is difficult though it has
been attempted with whole amputated knees [3]. In that study,
the distribution of the load was found to vary individually, as did
the relative size of the meniscus. The menisci are known to have
a significant load-bearing function, transmitting at least 50% of the
compressive load on the joint [3].
CECT revealed a significant variation in contrast agent partition
across medial tibial plateau, especially in the superficial cartilage.
The contrast agent content in the superficial layer of the thick and
soft cartilage at the lateral side of the medial plateau was about 20%
higher than that of the thin and stiff cartilage at the medial side.
This variation and the significant correlations with the reference
parameters indicate that the superficial contrast agent concentration
depends on the composition and mechanical properties of cartilage
and the CECT was able to detect this variation in the properties of
cartilage.
Ultrasound backscatter and ultrasound roughness index varied
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significantly across the medial tibial plateau. The IRC values of
cartilage were lower than those reported in the literature, probably
due to non-perpendicular incidence of the ultrasound pulse related
to the natural curvature of the cartilage surface. The present IRC
values resemble those reported for cartilage surfaces inclined by
5-7 degrees [131]. URI was largest at location 1 and significantly
(p = 0.046) larger than that at location 3. Even though the structure
and composition of the locations varied significantly (p < 0.01),
URI was not able to detect the variation between locations 2, 3 and
4. This may be due to relatively low frequency of the applied ultrasound. Bone IRC and AIB varied significantly across the medial tibial condyle. The variation in bone ultrasound parameters, however,
is probably partly due to variation in cartilage thickness. Thick cartilage attenuates ultrasound effectively, leading to an underestimation of bone ultrasound parameters. The same phenomenon would
improve linear correlations between the bone ultrasound and cartilage reference parameters, if the thickness of the overlying cartilage
was not taken into consideration. In this study, partial correlation
analysis was used to adjust the measured ultrasound parameters
with cartilage thickness and angles of incidence of the ultrasound
pulse and tissue layers.
In comparison to the needle probe measurement of cartilage
thickness, CECT underestimated and ultrasound overestimated the
thickness. The underestimation seen with the CECT method, about
0.2 mm, is probably due to removal of the partial volume pixels. The overestimation of cartilage thickness with ultrasound may
be partially explained by an excessively high predefined speed of
sound in cartilage. If the predefined speed of sound in cartilage is
optimized in order to obtain the best agreement between 30 MHz
ultrasound and the needle probe measurement, 1503 m/s speed of
sound, instead of 1602 m/s, should have been used in this study.
However, 1503 m/s is an unrealistically low value for speed of
sound in cartilage. Other factors such as the difference in the measurement locations or in the accuracy of the echo location may have
contributed to the underestimation. Moreover, it is important to
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note that even the needle probe technique may not represent a "gold
standard" in measuring the thickness of cartilage.
9.5

COMPARISON OF THE CECT AND QUS METHODS

Contrast agent enhanced CT and QUS are promising methods for
the simultaneous analysis of articular cartilage and subchondral
bone. Earlier studies have revealed the potential of ultrasound, as
the QUS parameters have been shown to correlate with the structure and composition of cartilage and bone. CECT, on the other
hand, is inherently able to measure the BMD and morphology of
subchondral bone, and the anionic contrast agent content in cartilage has been shown to correlate with the integrity and composition
of the tissue. Both CECT and QUS are invasive methods. CECT
requires intra-articular contrast agent injection and exposes the patient to ionizing radiation. QUS measurements, however, need to
be conducted during an arthroscopy or open knee surgery.
In this study CECT was more sensitive than QUS at detecting
the composition and mechanical properties of both cartilage and
bone. CECT is based on the increase in X-ray attenuation due to
the increased amount of contrast agent in degenerated cartilage.
Interactions between X-rays and matter are well known and relatively straightforward. The challenge encountered in the in vivo
application of the CECT is the contrast agent kinetics. As shown in
a small animal model, a vasoconstrictive drug needs to be mixed in
the contrast agent to slow down the washout of the contrast agent
from the joint [219].
Ultrasound interactions in tissues and tissue interfaces are complex and difficult to predict. The QUS parameters are very sensitive
to overlying tissue layers and the perpendicularity of the ultrasound
pulse and the tissue interfaces, which is also demonstrated by the
results of this study. This may be a problem in the in vivo application of QUS. If the technical challenges could be overcome, the
ultrasound measurement of cartilage and subchondral bone could
provide significant improvements e.g. in arthroscopic evaluation of
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cartilage injuries and planning of repair surgery. Table 9.1 summarizes the advantages and disadvantages of the methods.
Table 9.1: Comparison of the CECT and QUS methods.
CECT

QUS

Invasivity

· contrast agent injection
· X-ray exposure

· arthroscopy or
open surgery

Status

· pre-clinical
· applicable in vivo

· clinical trials

Bone
measurements

+ BMD values
+ sensitive to bone
deformations
- limited resolution

+ sensitive to structure
and composition of
trabecular bone
- overlying tissues
- perpendicularity requirement

Cartilage
measurements

+ sensitive to integrity
of superficial cartilage
+ sensitive to cartilage
composition
- limited resolution
- contrast agent kinetics

+ sensitive to integrity
of superficial cartilage
+ sensitive to cartilage
composition
- in vivo measurements
technically challenging
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10 Summary and conclusions
Quantitative ultrasound and contrast agent enhanced computed tomography showed significant clinical potential for diagnosis of degenerative cartilage diseases, such as OA. This thesis work established the basis of the contrast agent enhanced computed tomography of articular cartilage with a clinical pQCT instrument. Moreover, the thesis clarified the potential of the CT and ultrasound techniques for the simultaneous evaluation of articular cartilage and
bone using experimental and numerical methods. The main conclusions of this thesis are summarized as follows:
1. Gadolinium and ioxaglate enhanced pQCT were both able to
detect enzymatically induced proteoglycan depletion. However, the proteoglycan depletion had only a minor effect on
the spatial distribution profiles of the contrast agents.
2. CECT was a feasible method for simultaneous analysis of cartilage integrity and mineral density of subchondral bone. The
content of contrast agent in the superficial cartilage correlated
with the composition and mechanical properties of the tissue.
3. Realistic three-dimensional FDTD simulations demonstrated
the significant effect of bone marrow composition on the QUS
parameters. Substitution of fatty bone marrow with water increased the speed of sound and ultrasound backscatter significantly, while ultrasound attenuation and reflection from the
sample surface were significantly decreased.
4. The use of a 5 MHz pulse-echo ultrasound technique enabled
simultaneous measurement of the acoustic properties of articular cartilage and subchondral bone. The acoustic properties
of cartilage correlated with the composition and mechanical
properties of the tissue. Ultrasound backscatter from the subchondral bone correlated with the BMD of the subchondral
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plate. However, the uneven natural shape of the joint creates
uncertainties in the QUS parameters and weakens the correlations. Moreover, ultrasound attenuation in the overlying
cartilage layer leads to an underestimation of the ultrasound
reflection from the bone surface and ultrasound backscatter
from the subchondral bone.
In conclusion, the CECT method was more sensitive than QUS in
evaluating the composition and mechanical properties of cartilage.
Moreover, the measurements of the subchondral bone were more
straightforward with the CECT. On the other hand, CECT applies
ionizing radiation and suffers from limited resolution (∼ 200 µm).
Interestingly, the contrast agent content in the superficial cartilage
was found to better reflect the properties of the cartilage than the
full-thickness contrast agent content. For the QUS, the ultrasound
roughness index and ultrasound backscatter from both cartilage
and subchondral bone seemed to be the most sensitive parameters
at reflecting the properties of cartilage and subchondral bone.
In principle, the CECT method is already clinically applicable.
The pQCT device used in this thesis is an imaging device in clinical use and the contrast agent, ioxaglate, is an FDA approved drug
which has been used for arthrographies. The QUS method is probably applicable only during a surgical procedure, for example during arthroscopy. Clinical IVUS devices have already been used in
clinical trials to estimate the condition of cartilage and subchondral
bone during arthroscopy.
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