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Quantitative ultrasound imaging is a 

method for evaluation of the integrity 

of articular cartilage and subchondral 

bone. However, no ultrasound tech-

nique capable for arthroscopic imaging 

of articular cartilage has been intro-

duced. The aim of this study was to in-

vestigate the potential of an ultrasound 

technique, based on the use of a clinical 

intravascular ultrasound device, for 

arthroscopic imaging of articular carti-

lage. The technique provided quantita-

tive information on the degenerative 

status of articular cartilage and was 

found to be suitable for evaluation of in-

tegrity of cartilage repair. Importantly, 

the technique was clinically applicable 

and provided diagnostically valuable 

information.
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ABSTRACT

Osteoarthritis (OA) is a progressive degenerative joint disease which
causes pain, stiffness and abnormal remodeling of the joints. Cur-
rently, no healing cure exists for the disease, but with early diag-
nosis, the progression of the OA may be slowed down. Unfortu-
nately, the earliest changes related to OA are not detectable with
the current clinical imaging techniques. Furthermore, the develop-
ment of surgical cartilage repairing techniques has created the need
for novel quantitative techniques for evaluating of the integrity of
articular cartilage and subchondral bone.

Quantitative ultrasound imaging is a sensitive technique for the
detection of artificial degeneration of cartilage as well as the early
signs of spontaneous osteoarthritis. Furthermore, with ultrasound,
the integrity of spontaneously or surgically repaired cartilage can
be evaluated. However, clinically applicable ultrasound imaging
devices for arthroscopic evaluation of articular cartilage have not
yet been introduced. In the present thesis, a novel arthroscopic
ultrasound technique is introduced and evaluated. First, the tech-
nique was tested by imaging phantoms with variable surface char-
acteristics and with mechanically or enzymatically damaged carti-
lage samples. Furthermore, the ability of the technique to evalu-
ate the integrity of spontaneously healed and surgically repaired
animal cartilage was investigated in vitro and the technique was
compared with the optical coherence tomography (OCT), another
high resolution imaging technique proposed for arthroscopic use.
Finally, the clinical applicability of the proposed ultrasound tech-
nique was tested in arthroscopy of bovine knee joints ex vivo and
human knee joints in vivo.

Ultrasound arthroscopy proved to be suitable for the detection
of mechanical and enzymatical degeneration of articular cartilage.
Furthermore, the integrity of spontaneously healed and surgically
repaired cartilage could be determined with the technique. Signif-
icant correlations were detected between the ultrasound and OCT
parameters. Mechanically degraded and spontaneously degener-



ated cartilage could be distinguished from intact cartilage by arthro-
scopic ultrasound evaluation of bovine (ex vivo) and human (in vivo)
knee joints. Furthermore, the ultrasound evaluation of human knee
articular cartilage provided important information on the integrity
of the tissue not available from conventional arthroscopy.

The present results indicate that the ultrasound arthroscopy is
a sensitive method for evaluation of the integrity of articular carti-
lage. Furthermore, ultrasound could provide valuable information
on the integrity of repaired tissue. The introduced ultrasound tech-
nique was found to be suitable for arthroscopic use and to produce
valuable diagnostic information. However, further technical de-
velopment of the arthroscopic ultrasound catheters will be needed
to enable more straightforward and reproducible clinical measure-
ments.

Universal Decimal Classification: 534-8, 534.321.9
National Library of Medicine Classification: WE 300, WE 348, WN 208
Medical Subject Headings: Osteoarthritis/diagnosis; Diagnostic Imag-
ing; Cartilage, Articular/ultrasonography; Ultrasonics; Arthroscopy;
Tomography, Optical Coherence; Knee Joint
Yleinen suomalainen asiasanasto: nivelrikko - - diagnoosi; rusto; nivelet;
kuvantaminen; ultraääni; ultraäänitutkimus
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ABBREVIATIONS

1D one-dimensional
2D two-dimensional
3D three-dimensional
A-mode 1D amplitude representation of a reflected ultrasound wave
B-mode 2D ultrasound image
DD digital densitometry
DMOADs disease-modifying osteoarthritis drugs
FDA Food and Drug Administration
FD-OCT frequency domain optical coherence tomography
FH femoral head
FMC femoral medial condyle
FEPA Federation of European Producers of Abrasives
FFT fast Fourier transform
FIR finite impulse response
GAG glycosaminoglycan
ICRS International Cartilage Repair Society
IVUS intravascular ultrasound
LFC lateral femoral condyle
LPG lateral patello-femoral groove
MFC medial femoral condyle
MR magnetic resonance
MRI magnetic resonance imaging
MTP medial tibial plateau
NSAID non-steroidal anti-inflammatory drugs
OA osteoarthritis
OCT optical coherence tomography
PAT patella
PFG patello-femoral groove
PLM polarized light microscopy
PS-OCT polarization sensitive optical coherence tomography
RF radio frequency
RMS root mean square
SEM scanning electron microscopy
TD-OCT time domain optical coherence tomography



SYMBOLS AND NOTATIONS

αr reflection coefficient
RdB

c ( f ) energy reflection coefficient
αt transmission coefficient
δ f frequency bandwidth
λ wavelength
μdB

c ( f ) apparent backscattered energy
ν Poisson’s ratio
φ angle between ultrasound transducer and cartilage surface
ρ density
σ cross-section
θ angle between incident, reflected or refracted

ultrasound wave and surface normal
A0 (z, f ) frequency and depth dependent attenuation function
Ai amplitude of reflected ultrasound or optical signal
AIB apparent integrated backscattering
b, m medium dependent coefficients
bi mean value of optical signal recorded from cartilage

inner structures
c speed of sound
CV coefficient of variation
d distance between cartilage surface and imaging probe

or distance between two measurement points
diam. diameter
E( f ) acoustoelectric transfer function
EDyn dynamic moduli
EEq equilibrium modulus
f ultrasound frequency
g anisotropy coefficient
G ( f ) acquisition system transfer function
H2 (z, f ) diffraction function
I intensity
IRC integrated reflection coefficient
k wave number
m number of scan lines
n number of samples



OBS optical backscattering
ORC optical reflection coefficient
ORI optical roughness index
p pressure or p-value
r radius
R time domain reflection coefficient
Rc ( f ) frequency dependent cartilage reflection coefficient
Rr ( f ) frequency dependent reference reflection coefficient
S area of ultrasound transducer
S (z, f ) frequency domain ultrasound signal
sCV standardized coefficient of variation
TOF time of flight
u0 oscillation speed of ultrasound transducer
URI ultrasound roughness index
Z acoustic impedance
z distance from ultrasound transducer
〈. . . 〉 spatial average
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1 Introduction

Articular cartilage is glass-like, smooth and white connective tis-
sue covering the articular surfaces of long bones in diathrodial
joints [109]. Articular cartilage is a primitive tissue without blood
vessels and nerves [20, 23, 109]. Cartilage transmits, distributes and
evens out the peak loads between the articulating bones [109]. Fur-
thermore, cartilage enables almost frictionless sliding between ar-
ticular surfaces [23,109]. In order to function properly cartilage has
a complex structure and composition so it can display its unique
anisotropic, and nonlinear mechanical properties, high durability
and resistivity to wear [8, 72, 109]. Articular cartilage is composed
of two phases: a fluid phase (70-80% of cartilage wet weight), com-
posed of water and electrolytes, and a solid phase (the remaining
20-30%) composed of proteglycans, collagen fibrils, chondrocytes
and glycoproteins [109]. Proteoglycans are responsible for the time-
dependent and equilibrium properties of the tissue, whereas colla-
gen fibrils are mainly responsible of tensile stiffness and the dy-
namic compressive properties of the cartilage [108].

Osteoarthritis (OA) is the most common musculoskeletal dis-
ease in the developed countries [5]. OA is a degenerative joint
disease generally characterized by a progressive degeneration of
the articular cartilage and remodeling and sclerosis of subchondral
bone [20, 23]. OA causes pain, stiffness, swelling, abnormal remod-
eling and limitation of the motion of the joints [20]. At the tissue
level, OA causes degeneration of collagen network and loss of pro-
teoglycans leading to an increase in the water content and a soften-
ing of the tissue [96,99,104]. The etiology of OA is still unknown but
obesity, sex, genetic inheritance and cartilage injuries are known to
be risk factors for the disease [20]. Although no healing cure cur-
rently exists for OA, the progression of the disease can be slowed
down with the changes in lifestyle e.g. weight loss and changes in
work conditions. Furthermore, the development of disease modify-
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ing drugs for OA is under intense research [133]. However, the lack
of quantitative techniques for clinical evaluation the outcome of the
drug treatment has hindered the development of effective disease
modifying agents [133].

Articular cartilage has a limited capability to undergo repair
[23, 69, 109]. Thus, damage to articular cartilage can initiate the
degeneration of the tissue and lead to the development of the post-
traumatic osteoarthritis [15, 69]. In order to prevent the cartilage
subsequent degeneration after injury variable surgical techniques
such as microfracturing, autologous tissue transplantation and mo-
saicplasty have been proposed for repairing local cartilage injuries
[17, 58, 148]. Unfortunately, the outcome of the surgery is often un-
certain and dependent on the site and extent of the cartilage lesion
and the age of the patient [18]. To enhance effectiveness of repair
surgery quantitative techniques for delineation and classification
of cartilage injuries are needed. Furthermore, better techniques for
monitoring the healing of the cartilage and for evaluation of the out-
come of repair surgery are essential for the development of novel
surgical techniques [18, 69].

Currently, X-ray imaging, magnetic resonance imaging (MRI)
and arthroscopy are used for evaluating the severity of cartilage in-
juries. Unfortunately, these techniques are not accurate enough for
assessing the extent of cartilage damage, the integrity of adjacent
tissue and performance of cartilage repair tissue. Cartilage is not
visible in X-ray images due to the similar attenuation in the sur-
rounding soft tissues. Currently, the only clear changes in subchon-
dral bone and joint space narrowing related to wear of the articular
cartilage can be detected in clinical X-ray images. Poor resolution
of clinical MRI can lead to misdetection or underestimation of the
extent of injured tissue volume [18]. Arthroscopy enables visual
evaluation and mechanical probing of the articular cartilage. How-
ever, arthroscopy is a subjective investigation and highly dependent
on the experience of the operating surgeon. Furthermore, in a re-
cent study, the majority of experienced athroscopisists found it dif-
ficult to discern between high and low grade cartilage damage and
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Introduction

considered that some device that could provide a quantitative mea-
surement of the integrity of the articular cartilage would be useful
or very useful [147].

Ultrasound is potetially useful method for evaluating the in-
tegrity of articular cartilage. With ultrasound, the degeneration of
collagen network [29, 61, 138, 142], the roughness of cartilage sur-
face [2, 28, 138] and variation in cartilage thickness [29, 68, 142] can
be sensitively detected. Furthermore, the size and severity of local
cartilage injuries and the integrity of cartilage repair can be evalu-
ated with ultrasound [35,49,64,90]. Ultrasound measurements have
already been conducted during open knee surgery and arthroscopy
in vivo [62, 63]. However, a quantitative ultrasound system capable
of performing ultrasound imaging could be more suitable for clin-
ical use than the point measurements. Currently no quantitative
ultrasound imaging devices suited for arthroscopic use have been
introduced.

Intravascular ultrasound is a clinical high frequency imaging
modality originally designed for the imaging of vascular walls [120].
An IVUS instrumentation consists of an ultrasound catheter (diam.
= 1 mm) incorporating a miniaturized ultrasound probe and a main
unit containing signal and image processing circuits. With the
IVUS technique, the area of the artery lumen as well as amount
and composition of plaque can be approximated inside the arter-
ies [120]. The IVUS technique is used to detect and measure the
size of atheromas and can help in the selection of the proper inter-
vention strategy [120]. The technique can deliver a real time high
resolution image. Furthermore, because the ultrasound catheter is
thin, flexible and sterile, the IVUS technique could be feasible also
for arthroscopic use.

Optical coherence tomography (OCT) is a relatively new tech-
nique for imaging of articular cartilage. OCT is based on the mea-
surement of light reflected and backscattered from cartilage sur-
face and inner structures [32, 33, 57, 164]. With OCT, the orienta-
tion of collagen fibrils and typical OA related changes can be esti-
mated. Furthermore, the cartilage surface reflection [57, 141], sur-

Dissertations in Forestry and Natural Sciences No 37 3



Tuomas Virén: Arthroscopic ultrasound imaging of articular cartilage

face roughness [141], and organization and disorganization of the
collagen network can be quantified with OCT [164]. Importantly,
OCT has already been used during open knee surgery and in arth-
roscopy [33].

In this thesis work, a novel arthroscopic ultrasound technique
for imaging of articular cartilage will be introduced. The suitability
of the technique for detecting the artificial OA related changes in
articular cartilage as well as evaluation of the integrity of sponta-
neously healed and surgically repaired articular cartilage has been
systematically investigated. Furthermore, the technique was com-
pared with optical coherence tomography, another high resolution
imaging technique proposed for arthroscopic use. In an atempt to
develop the technique towards clinical use, it has been tested in
experimental arthroscopies of bovine knee joints ex vivo. Finally,
the clinical potential of the technique was tested in routine arthro-
scopies of patients suffering from various degenerative conditions
of the knee joint in vivo.
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2 Articular cartilage

Articular cartilage is a primitive connective tissue which has no
nerves or blood vessels [109]. In order to function correctly, carti-
lage has a non-homogenous composition as well as a complex and
highly organized structure which give cartilage its unique mechani-
cal properties and high durability [109]. If the composition or struc-
ture of articular cartilage is disturbed, the mechanical properties
and durability of the cartilage may change which can lead to de-
generation of the tissue [20, 109]. Unfortunately, cartilage has very
limited resources to repair itself and cartilage damage is usually ir-
reversible [69]. In this chapter, the structure and composition of the
articular cartilage, the development and progress of osteoarthritis,
and clinical and pre-clinical methods to diagnose and repair dam-
aged cartilage will be briefly reviewed.

2.1 STRUCTURE AND COMPOSITION

Articular cartilage is white, class-like hyaline cartilage [109]. Hya-
line cartilage has an unhomogenous highly organized structure com-
posed of extracellular fluid, solid matrix and cells [109]. The ex-
tracellular fluid is composed of water and electrolytes. Cells are
embedded in a solid matrix which is mainly composed of collagen
fibrils, proteoglycans and glycoproteins [109].

Interstitial fluid contributes 60% - 80% of cartilage total weight
and is composed of water and electrolytes [109]. The interstitial
fluid makes a major contribution to the mechanical behavior of the
articular cartilage [109] and it confers lubrication for the articular
surfaces and provides the nutrition for the chondrocytes [72, 109].
In healthy cartilage, the water content decreases towards the deep
zone of the cartilage [109].

Collagen fibrils are proteins which mainly consist of type II col-
lagen [109]. The collagen fibrils account for 10% - 20% of the car-
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tilage wet weight. The type II collagen consists 90% - 95% of all
cartilage collagen [23]. The collagen content decreases from surface
to the middle zone and increases again in the deep zone [155]. Col-
lagen fibers exist in a highly organized network within the cartilage
matrix. At the cartilage surface, the collagen fibers are orientated
in parallel to the articular surface. In the middle zone the collagen
orientation is random although a slight preference for the 45◦ orien-
tation to the articular surface can be detected [7]. In the deep zone,
collagen orientation changes to being perpendicular to the cartilage
surface. In addition to type II, at least type IX and XI collagen can
be found in articular cartilage. The function of these collagens is
not fully understood but it is believed that they stabilize the colla-
gen meshwork and connect the collagen fibrils with proteoglycan
molecules [23, 109].

Proteoglycans are glycoproteins which are connected to the hya-
luronan chains. Proteoglycans are composed of glycosaminoglycan
(GAG) proteins which are connected to the core protein [109]. A
proteoglycan aggregate is formed when the proteoglycan monomers
are bound to a hyaluronate monofilament chain [109]. Proteogly-
cans account for 4% - 7% of cartilage wet weight [109]. Proteogly-
cans form the solid matrix inside the cartilage together with colla-
gen fibrils. The proteoglycan concentration is lowest at the super-
ficial cartilage and increases towards the deeper layers [109]. GAG
proteins are negatively charged which causes osmotic swelling pres-
sure inside the cartilage. The collagen network resists the swelling
pressure, giving cartilage its shape [99].

Chondrocytes form 1% - 7% of cartilage wet weight [109]. The
number, shape and distribution of the cells vary between different
depths in cartilage. On the cartilage surface, the cells are elliptical
and the number of cells is high. Deeper in the tissue the number
of cells declines and the shapes of the cells become more spherical.
Near the cartilage subchondral bone interface number of chondro-
cytes again increases. In this area, the chondrocytes are spherical
and organized in columns.

Articular cartilage can be divided into four sections according
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Articular cartilage

to its structural properties: superficial tangential zone, transitional
zone, deep zone and calcified cartilage (Figure 2.1) [51, 113].

Figure 2.1: Cartilage structure can be divided into four zones: Superficial tangential zone,
transitional zone, deep zone and calcified cartilage [113].

2.2 FUNCTION

The primary function of the articular cartilage is to transmit and
even out the peak loads between articulating bones and contribute
to the joint lubrication [109]. The interaction between interstitial
water, the collagen fiber network and proteoglycans determines the
mechanical properties of cartilage [109]. In highly dynamic com-
pression, the water has no time to flow out from the cartilage and
a high pressure is created within the cartilage [109]. The collagen
network resists the deformation caused by the elevated hydrostatic
pressure and therefore cartilage is very stiff under dynamic load-
ing. In an intact joint, pressurized water bears 95% of the load
protecting the solid matrix from high loads [109]. Under static com-
pression, cartilage interstitial water starts to flow out and cartilage
deforms [109]. Fluid flow contributes to the time-dependent vis-
coelastic properties of the cartilage. In a static compression, wa-
ter flows out of cartilage until equilibrium is reached between the
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repulsion force of the negatively charged proteoglycans and com-
pressing force [109]. The Collagen network is known to be more re-
sponsible for the dynamic and tensile response of cartilage whereas
proteoglycans are responsible for time-dependent and equilibrium
responses of cartilage [85, 109, 137].

Cartilage enables almost frictionless sliding between the articu-
lar surfaces. According to current knowledge, at least two lubrica-
tion mechanisms are present at the articulating surface [8, 72]. In
dynamic loading the interstitial water pressure bears loads and lu-
bricates the joint [8]. In static loading the synovial fluid and its pro-
teins are reponsible for lubricating the joint according to the bound-
ary lubrication theory [72]. Furthermore, the lubricin present at the
cartilage surface has also been proposed to contribute the wear re-
sistance of articular cartilage [72]

2.3 OSTEOARTHRITIS

Osteoarthritis (OA) is the most common joint disorder in the world
[5]. Radiographic evidence of OA can be detected from 80% of in-
dividuals over 75 years of age [5]. In some populations, 75% people
over 65 have OA in one or more joints [45]. OA not only decreases
the quality of the life of the patient but it is also responsible for
a significant burden to society. OA is the second most common
cause of work disability of men over 50 years in the USA account-
ing for significant direct and undirect costs to society [5]. Annu-
ally, OA costs approximately 60 billion dollars in the United States
alone [39]. Since age is the greatest risk factor for the disease, the
aging of population will further increase the significance of OA in
the future.

The clinical symptoms of OA are pain, stiffness and swelling
of the joints [20]. At the tissue level, OA causes degeneration of
the articular cartilage and sclerosis and abnormal remodeling of
the subchondral bone [20]. OA can affect any synovial joint but,
is most commonly found in the joints of hand, foot, knee, spine
and hip [22]. Although, the initial cause of the OA is usually un-
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known many risk factors have been identified [22]. Age is the most
important risk factor of OA [39]. Being overweight [41, 43], joint
injuries [15, 100, 160], abnormal anatomy [44, 60], genetics [94] and
muscular weakness [146] are also significant risk factors for the de-
velopment of OA. Traditionally OA has been classified into two
categories: primary and secondary OA. When the disease devel-
ops without any known reason it is called the primary OA. In sec-
ondary OA the initial cause of the degeneration of the tissue is
known. Secondary OA can be classified into metabolic, anatomic,
traumatic and inflammatory OA according to the initial cause of
the degeneration [20]. Unfortunately, no healing cure exists for OA
and the current treatment of the disease is focused on pain relief
and treatment of the inflammation [20, 22].

2.3.1 Development and progress

The development of the OA is usually slow, taking several years
even decades. The first sign of the OA is the disruption of the
solid matrix [20, 109]. The disruption of the solid matrix can be
due to mechanical injury, a metabolic disorder or inflammation [20].
Disruption of collagen network with a simultaneous decrease in
the proteoglycan content accompany the increase in cartilage water
content and swelling of the tissue [20,98,99]. These changes increase
the permeability of the cartilage, the tissue becomes softer and more
vulnerable to further damage, e.g., due to mechanical overloading
[6, 20].

When the chondrocytes detect cartilage damage by changes in
the osmolarity, charge density or strain, the repair response starts
[20]. The repair response can last for years and the progression of
the disease can be even temporarily interrupted. At this stage, it
is known that medical interventions e.g. the alteration of the joint
loading can promote the repair response and stimulate the restora-
tion of the cartilage [19, 122, 161]. The repair response including
synthesis of solid matrix proteins and cell proliferation may stabi-
lize or restore the articular cartilage [20].
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The failure of the repair response leads to the degeneration of
the cartilage and development of OA. The damaging of the colla-
gen network causes the fibrillation of the cartilage surface and the
formation of deep fissures, even holes in the cartilage [20]. The
decrease in cartilage stiffness is responsible for to increased load-
ing of subchondral bone. This can lead to sclerosis, formation of
cysts and abnormal remodeling of the subchondral bone [21]. Fur-
ther degeneration of the articular cartilage leaves bare subchondral
plates articulating with each other [20]. At this stage, the mobility
of joint is restricted or lost and the only treatment option is total
joint replacement surgery.

Subchondral bone is known to have a significant role in the de-
velopment of OA. It has been proposed that the stiffening of sub-
chondral bone might even initiate the degeneration in OA [134].
Radin et al. have proposed that the stiffening of subcondral bone
increases the loading of the articular cartilage which triggers carti-
lage degeneration [134]. Currently, it is still unclear exactly what
factor or factors initially causes OA. However, it is clear that, the
evaluation of the integrity of both articular cartilage and subchon-
dral bone could be crucial for the early detection of OA.

2.3.2 Treatment and prevention

Currently no healing cure exists for OA and the treatment is mainly
focused on relieving pain and maintenance of function and mobil-
ity of the patient. The current treatment of OA usually consists
of anti-inflammatory drugs, rehabilitation, physiotherapy, loss of
weight, undertaking strength and range of motion exercises and
raising awareness in the patient [145]. In the late stage of OA, total
joint replacement can be offered as a treatment [80]. It has been
reported that approximately 90% of the patients achieve pain relief
and an improvement in joint function following total hip or knee
replacement [80]. However, the high cost of the surgery and revi-
sions of the surgery due to the failure of the prostatics dearly limit
the use of total joint replacement for the treatment of OA [80].
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The prevention of OA is focused on minimizing the known risk
factors related to the development of OA. The most important mod-
ifiable risk factors of OA are obesity, joint injuries, and abnormal
loading of the joint. It has been estimated that a reduction of obe-
sity, prevention of joint injuries and modifying the joint loading,
i.e., changes in work conditions might prevent over half of new OA
cases [42]. Furthermore, with variable surgical techniques, it might
be possible to restore the cartilage surfaces and prevent the devel-
opment of OA after joint injury [11, 69].

Pharmaceutics

Currently, the pharmacological treatment of OA consists of symp-
tom-modifying treatments such as analgesics, non-steroidal anti-
inflammatory drugs (NSAIDs) and intra-articular injections of hya-
luronic acid or glucocorticoids [50]. NSAIDs are usually effective
in the early and middle stages of the disease but they are inade-
quate for pain relief in the late stages of OA [50]. Furthermore,
the gastrointestinal and cardiovascular side effects such as gastric
and intestinal inflammation and heart attacks have limited their
use [13, 50].

Inra-articular injections of hyaluronan or glucocorticoids are used
for pain relief. Since the injection is given directly into the arthritic
joint, severe systemic side effects are avoided [50]. With intra-
articular injections, pain relief for up to 6 months can be achieved
with fewer side effects than with the use of NSAIDs [50]. Further-
more, hyaluronan injections might have some disease-modifying
potential, at least in the early stage of the disease [55]. However,
the efficiency of the disease-modifying effect of the intra-articular
injection may be only slightly better than that of the placebo treat-
ments [50, 92]

In an attempt to terminate the degeneration of cartilage and re-
store the tissue, disease-modifying drugs (DMOADs) are under in-
tense research [133]. DMOADs are intended to prevent, retard, sta-
bilize or reverse the degenerative changes related to OA [129]. Sev-
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eral drugs have been proposed for inhibition of matrix metallopro-
teinase response [25] or modulation of subchondral bone turnover
[79]. However, no disease modifying effect of these drugs has been
demonstrated in the clinical studies so far. Nevertheless, DMOADs
are under intense research and novel promising molecules are al-
ready undergoing pre-clinical or clinical testing [133].

Surgical techniques

When the pharmacological treatments fail to relieve the pain and
restore the function of the joint, the surgical interventions may be
considered. Most commonly, cartilage surgery is used to repair lo-
cal cartilage injuries usually caused by high impact loading. Oper-
ative treatments include alteration of joint alignment, debridement,
microfracturing, whole tissue transplantation and autologous chon-
drocyte transplantation [11]. In the following sectioin, these surgi-
cal techniques will be briefly reviewed.

Alteration of joint alignment is used to ease the symptoms of
local cartilage injury. The alignment of the joint is modified to
minimize the loading on the injured cartilage and to transform the
loading to intact tissue. Joint alignment can be altered by using
a muscle release technique, or osteotomy [19]. In the muscle re-
lease technique the muscles acting across the joint are sectioned
to alter the joint loading as muscles contract [19]. In osteotomy,
the articular surfaces are realigned in attempt to decrease loading
on most severely damaged cartilage areas [19]. Osteotomy may
also be used to correct malalignment that can contribute to the
degeneration of articular cartilage. In clinical studies, significant
pain relief, increase in joint mobility and increase in radiographic
joint space have been reported directly after muscle release surgery
or osteotomy [1, 102, 135, 143]. However, these techniques are not
widely used because of the uncertain outcome of the operation and
the decline in the clinical results over time [70, 161]. Debridement
is used to remove the loose fragments of cartilage or meniscus and
to smooth the fibrillated cartilage surfaces [124]. Removal of these
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loose fragments from the joint improves the functions but no clinical
evidence has been reported for debridement to actually modify the
progression of the OA [19]. Furthermore, the shaving of cartilage
surfaces may even accelerate the degeneration of the tissue [81].

Bone marrow stimulation i.e. microfracturing, is the most fre-
quently used operative technique for treatment of small cartilage
injuries in the knee joint [11]. Microfracturing is a relatively inex-
pensive and technically straightforward cartilage repair technique.
In microfracturing, the injured cartilage and the underlying cal-
cified cartilage are removed to create a well shouldered cartilage
lesion extending to the subchondral bone [16, 107]. Perforation of
the exposed subchondral bone allows the formation of the blood
clot in the cartilage lesions. The lesion is populated by the mes-
enchymal stem cells leaking from the bone marrow [16]. Subse-
quently, the stem cells differentiate into fibrous chondrocytes and
fibrocartilaginous repair tissue is formed around the injury, creating
a new cartilage surface [11]. Although good, even excellent, results
have been reported after treatment of small cartilage lesions with
microfracturing, the outcome of the surgery is still uncertain [11].
Patient selection is critical for good clinical results. Better surgi-
cal outcomes have been reported in young and normal weight pa-
tients [87,106,107]. Furthermore, the clinical results seem to deteri-
orate over time [105, 107].

Transplantation techniques provide an efficient way to resur-
face osteochondral defects of the knee [11]. These techniques in-
volve transplantation of osteochondral plugs to the defected carti-
lage area to create new hyaluronan cartilage [58, 167]. The osteo-
chondral transplants can be harvested from the low weight bear-
ing areas of the patients (autologous osteochondral transplantation)
joint [58] or from a cadaver donor (osteochondral allograft trans-
plantation) [167].

In autologous osteochondral transplantation, small cylindrical
ostochondral plugs are harvested from the low weight bearing ar-
eas of the joint and transplanted into the defected area [58]. The
advantage of the technique is that the procedure can be conducted
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during a single operation and the cartilage defect is filled with vi-
able hyaline cartilage extracted from the same individual. The out-
comes of the autologous mosaicplasty treatments of symptomatic
chondral defects have been encouraging. Various studies have re-
ported good or excellent results after repair of cartilage defects
[58, 125, 126]. However, because of the limited number of possible
donor sites, only patients with small symptomatic cartilage defects
can be treated with this technique. Furthermore, the healing of the
donor site, the integration of the osteochondral transplant into the
adjacent tissue and the difference in the thickness, composition and
structure of the donor and adjacent cartilage diminish the efficiency
of the technique [11, 83, 84].

In order to transplant similar cartilage as the adjacent tissue and
to minimize the dead space between the transplant and adjacent
tissue, osteochondral allograft transplantation has been proposed
for the repair of cartilage defects [167]. In osteochondral allograft
transplantation, cartilage with viable chondrocytes and intact sub-
chondral bone is transplanted from a cadaver onto the cartilage
defect [167]. The advantage of this technique is that the trans-
plant can be harvested from the same site as the repair site [11].
Furthermore, the dead space between the adjacent cartilage and
transplant can be minimized by matching the shape and size of the
transplant to the cartilage defect [11, 167]. The viability of chon-
drocytes is crucial for successful transplantation and, thus, fresh
allografts are usually utilized [11]. Cryopreserved or fresh frozen
allografts enable longer storage times, decrease the disease trans-
mission risk and reduce immunogenicity [11, 40]. However, cryop-
reserving and freezing can lead to lower chondrocyte viability and
initiation of degenerative changes in the allografts [11]. Good or
excellent outcomes have been reported in various clinical studies
in which allografts have been used to repair unipolar cartilage de-
fects [24, 31, 52, 103, 144]. However, the outcome of the procedure
is uncertain in cases of bipolar defects and primary OA including
inflammatory changes [24, 34]. Furthermore, immunogenicity and
the risk of transmission of diseases have limited the use of the os-
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teochondral allograft transplantation technique [11].
Autologous chondrocyte transplantation is an innovative tech-

nique for restoring the cartilage surfaces. The technique involves a
minimum of two operations in which the chondrocytes are first har-
vested from low weight bearing areas of the joint and in the second
operation, the chondrocytes are implanted into the cartilage injury
covered with a periosteal graft [17]. In the best case scenario, the
repair leads to regeneration of hyaline like cartilage [17]. Good or
excellent results have been reported after treatment of cartilage in-
juries with autologous chondrocyte implantation [17, 168]. Further-
more, the technique has been reported to be more efficient than the
microfracturing or osteochondral transplantation techniques [12].
However, the operation does require a minimum of two surgical
operations and a long rehabilitation period [11]. Furthermore, com-
plications related to the harvesting of the periosteal grafts have been
reported [53, 82].

2.3.3 Diagnostic methods

Clinical methods

Currently, OA is diagnosed by clinical examination, i.e., anamnesis,
investigation of the range of motion and palpation of the joints. X-
ray imaging and magnetic resonance imaging (MRI) are often used
clinically to confirm the diagnosis of OA. From an X-ray image
the OA related abnormal remodeling of the subchondral bone and
narrowing of the joint space related to the wear of articular cartilage
can be diagnosed. However, because the similar attenuation of X-
rays in the surrounding tissues, cartilage is not directly visible in the
X-ray images. Because of this, only the advanced changes related
to OA can be radiographically detected.

MRI is a very promising non-invasive clinical imaging method
for the diagnostics of OA. With MRI, the thickness of the articular
cartilage, size and severity of the cartilage lesions and OA related
changes in the subchondral bone, ligaments and meniscus can be
detected [38]. However, the poor resolution of current clinical MRI
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devices, their high costs and poor availability have limited the use
of MRI in the diagnostics of OA and cartilage injuries. In addition
to qualitative examination of the MRI images, quantitative MR pa-
rameters have been introduced for evaluating of the integrity of ar-
ticular cartilage. It has been proposed that T2 relaxation time would
be related to the integrity of the collagen fibril network [37, 118].
Furthermore, the T1 relaxation time in the presence of a gadolin-
ium contrast agent has been shown to be related to the amount of
proteoglycan in the cartilage [9, 10]. However, the quantitative MR-
parameters are currently used mainly in pre-clinical and in vitro
studies.

Arthroscopy is the standard procedure utilized to evaluate the
size and severity of a cartilage injury. In some cases, arthroscopy
is used also to evaluate the stage of OA. Arthroscopy enables vi-
sual evaluation and mechanical probing of the cartilage surfaces.
Cartilage scoring systems have been introduced, e.g., International
Cartilage Repair Society’s (ICRS) scoring to classify the cartilage in-
juries [18]. In order to grade the cartilage injuries, the operating
surgeon approximates the depth of the lesion relative to the carti-
lage thickness, the integrity of the cartilage surface and the stiffness
of the cartilage tissue [18]. According to the ICRS scoring, cartilage
integrity can be divided into 5 categories (grades 0-4): intact (grade
0), nearly normal (grade 1), abnormal (grade 2), severely abnormal
(grade 3-4). Unfortunately, arthroscopy is a subjective investigation
and significantly dependent on the experience of the operating sur-
geon. In the study of Oakley et al. in which plastic knee models
were investigated under arthroscopy, only a poor correlation was
found between the true size of the lesion drawn on a plastic knee
and the evaluation of severity made by the surgeons [121]. In a re-
cent study, the majority of experienced arthroscopists found it diffi-
cult to discern low- and high-grade cartilage damage and consider
the current diagnostic tools as being inadequate [147]. Furthermore,
75% of the arthroscopists consider that the use of any quantitative
instrument during an arthroscopy would be very useful or some-
what useful for diagnostics [147].
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Pre-clinical methods

novel quantitative methods are needed to detect the early changes
related to the OA and sensitively evaluate the severity and extent
of the cartilage injuries. Various techniques have been proposed for
estimating the integrity of articular cartilage.

Mechanical indentation techniques have been used to quantify
the mechanical competence of articular cartilage [4, 93]. With me-
chanical indentation techniques, the stiffness of the cartilage can be
quantitatively measured during arthroscopy [93]. Since the carti-
lage thickness has an effect on the measured cartilage stiffness [65]
an ultrasound indentation technique has been developed for quan-
titative measurements of cartilage stiffness [89, 140]. In ultrasound
indentation, the cartilage thickness is measured with the ultrasound
transducer used as an indenter. When the ultrasound transducer
is pressed against the cartilage surface, the stress and strain can
be measured with strain gauges and with ultrasound, respectively
[89].

Optical coherence tomography (OCT) is a relatively new tech-
nique for cartilage imaging. In principle, OCT is analogous with ul-
trasound with the exception that near infrared light is used instead
of sound waves. OCT is based on the measurement of the light be-
ing reflected and scattered from cartilage surface and inner struc-
tures [32, 33, 57, 164]. With OCT, cartilage thickness, surface rough-
ness and reflection can be quantitatively evaluated [57, 141, 164].
Furthermore, with polarization sensitive OCT, the alignment and
organization / disorganization of the collagen fiber network can
be evaluated [164]. OCT has already been applied during clinical
open knee surgery and arthroscopy [33]. The advantage of OCT
is its superior resolution e.g. when compared with ultrasound or
MRI. However, due to the extensive attenuation of light in biologi-
cal tissues, the penetration of the light is limited to less than 2 mm
which effectively limits the measurements of the cartilage thickness
and prevents the imaging of subchondral bone [57].

Quantitative ultrasound techniques are potential methods for
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assessing the integrity of articular cartilage and subchondral bone.
With ultrasound one can evaluate cartilage thickness [110,142], sur-
face reflection [29,77,138,142,154], surface roughness [2,78,138,139],
integrity of cartilage collagen network [30, 49] and integrity of sub-
chondral bone [139]. Ultrasound has also been used to estimate
the integrity of cartilage repair [49, 90]. However, all of these stud-
ies have been conducted with laboratory instruments not suitable
for clinical use. Clinical non-invasive ultrasound devices have been
used to evaluate the integrity of articular cartilage, the extent of
cartilage lesions and the integrity of subchondral bone [91,101,111].
However, the usability of non-invasive ultrasound measurements is
limited because of shadowing due to the bones surrounding joint
capsules and the disturbing effects of the soft tissues overlying the
cartilage. In on attempt to avoid these limitations, ultrasound mea-
surements have also been conducted during open knee surgery and
arthroscopy [62, 63]. In arthroscopic conditions, all cartilage sur-
faces may be investigated. However, the invasiveness of this in-
vestigation may limit the usability of the arthroscopic ultrasound
techniques.
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Ultrasound is a mechanical wave motion with a frequency that
exceeds the human hearing range (i.e. over 20 kHz). Ultrasound
waves can propagate through a medium in various different wave-
modes. The medical imaging applications are usually based on the
use of the longitudinal wavemode. In the longitudinal wave mode,
the particles are oscillating in the same direction as the wave is
propagating [162]. The transverse wave occurs when the particles
are oscillating perpendicularly to the direction of wave propaga-
tion. Generally, transverse waves can exist only in solid materials.
In fluids with no shear elasticity only longitudinal waves are sup-
ported. Other waveforms such as surface waves (combination of
longitudinal and transverse waves) also do exist, but they have only
a minor application in medical imaging [162].

3.1 ULTRASOUND AND MATTER INTERACTIONS

When an ultrasound wave propagates in a medium the particles
within the medium are individually forced to oscillate. To simplify
the mathematical description of sound propagation, the medium is
often modeled as being homogenous, isotropic and elastic [162]. If
these assumptions are valid, then the speed, reflection, refraction,
attenuation and scattering of an ultrasound wave can be character-
ized with the equations presented in this chapter.

The speed of ultrasound wave is defined as the product of the
wavelength (λ) and frequency f (Table (3.1), Equation (3.1)) [36].
The speed of ultrasound is dependent on the density and elasticity
of the medium [162]. It can be shown that the speed of ultrasound
depends on Young’s modulus Y, Poisson’s ratio ν and density ρ

(Equation (3.2)) [162]. As the values of the density and elastic pa-
rameters (Equation (3.2)) are temperature dependent, the speed of
ultrasound will vary as a function of the medium temperature [162].
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Characteristic acoustic impedance is a material property defined
by density ρ and speed of ultrasound c in the medium (Equa-
tion (3.3)) [162]. At the interface of two materials, the difference
in the characteristic impedances defines the amplitude of reflec-
tion [36,162]. Sound intensity I is defined as the ultrasound energy
propagating through an unit area in an unit time. The intensity
can be determined if the pressure amplitude p of the ultrasound
wave and the characteristic impedance Z of the medium are known
(Equation (3.4)) [36].

When the ultrasound wave propagates through an interface of
two acoustically different materials, part of the wave is reflected
from the interface. The angles of reflected θr and refracted θt waves
can be determined by applying Snell’s law (Equation (3.5)).

By assuming specular reflection (no scattering) the proportions
of transmitted and reflected waveforms can be quantified by de-
termining the intensity reflection αr and transmission coefficients
αt (Equations (3.6) and (3.7)) [162]. If the interface between mate-
rials 1 and 2 is not ideal, but is irregular or rough, scattering in
addition to the specular reflection occurs. The analytical solution
for reflection and scattering from a rough irregular interface is very
complicated and modeling is often applied.

When a sound wave propagates in a non-ideal material the ul-
trasound attenuates. Several processes are involved in the attenua-
tion e.g. absorption and scattering. In absorption, the viscotic prop-
erties of the medium transform the energy of ultrasound wave into
heat. In scattering, part of the initial sound field energy is scattered
from the discontinuation points within the medium [36, 162]. The
attenuation is exponentially related with the propagated distance
(Equation (3.9)) and it is dependent on the frequency f (Equation
(3.10)) [36, 162]

If the medium in which the ultrasound wave is propagating is
not homogenous, the sound wave is scattered from the discontinu-
ity points within the medium. The scattering involves both reflec-
tion and refraction phenomena [36]. The scattering is described by
the scattering cross-section σ. The scattering cross-section expresses
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the probability of the interaction between ultrasound wave and the
scatterer. The cross-section is defined as the fraction of the inten-
sity of scattered ultrasound and the intensity of the initial sound
wave [36]. In the case of spherical scatterers, the cross-section is
related to the wavenumber k and the radius of the scatterer r (Equa-
tion 3.8). Depending on the cross-section, the scattering events can
be divided into three categories [36]. When the scatterer is small
compared to the wavelength, the ultrasound is scattered uniformly
in all directions. If the scatterer is large compared with the wave-
length, the scattering will follow Snell’s law. When the wavelength
is of the same magnitude with the scatterer, then the shape of scat-
tered field is complex being dependent on the size, shape and char-
acteristic impedance of the scatterer [71, 162].

All of the above mentioned scattering phenomena are present
when ultrasound propagates in biological tissues. For example,
specular reflection according to Snell’s law and scattering can occur
at the boundaries between large organs whereas uniform scatter-
ing takes place when ultrasound propagates through a blood vessel
containing red blood cells (diam. = 6-8 μm) [36].

3.2 GENERATION OF ULTRASOUND

In medical applications, ultrasound is usually created by transform-
ing electrical signal into mechanical vibration by using piezoelectric
crystals [36]. A piezoelectric material changes its physical dimen-
sions as electrical voltage is applied between its faces [36,162]. This
phenomenon is called the piezoelectric effect. The piezoelectric ef-
fect is of an inverse nature i.e. when mechanical pressure makes the
piezomaterial oscillate, an oscillating electrical pulse can be mea-
sured between the faces of the crystal [36, 162].

A simplified cross-section of an ultrasound transducer is pre-
sented in the Figure 3.1. An ultrasound transducer consists of a
piezoelectric crystal, a case, a backing material and a matching
layer. For optimal functioning of the transducer, the thicknesses and
characteristic impedances of the backing material, matching layer
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Table 3.1: Basic equations describing propagation of ultrasound wave in an elastic,
isotropic and homogenous material.

Parameter Equation Number

Phase velocity c = f λ (3.1)

Speed of ultrasound c =
√

Y(1 − ν)
(1 − 2υ)(1 + υ)ρ

(3.2)

Characteristic impedance Z = ρc (3.3)

Intensity I = p2

2Z (3.4)

Snell’s law sin θi
sin θt

= c1
c2

(3.5)

Reflection coefficient αr =
(Z2 cos θi − Z1 cos θt

Z2 cos θi + Z1 cos θt

)2
(3.6)

Refraction coefficient αt =
4Z2Z1 cos2 θi

(Z2 cos θi + Z1 cos θt)
2 (3.7)

Scattering cross-section σ = k4r6 (3.8)

Attenuation law p(z) = p0e−αz (3.9)

Attenuation coefficient α = b f m (3.10)
f = ultrasound frequency Y = Young’s modulus
ν = Poisson’s ratio ρ = density
p = pressure amplitude Z = characteristic impedance
c = phase velocity p0 = inital pressure amplitude
z = depth α = attenuation coefficient
b = medium dependent coefficient m = medium dependent coefficient
r = radius of a scatterer θ = angle between ultrasound
k = wavenumber beam and surface normal

and piezoelectric crystal must be optimized. For optimal transmis-
sion of the ultrasound from the transducer to the imaged medium
one or several matching layers are added between the ultrasound
transducer and the medium to be imaged. With the matching layer
the characteristic impedance of the piezoelectic crystal is matched
with that of the medium to minimize the reflections at the inter-
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face between the crystal and the medium [36]. The thickness of the
matching layer is usually selected to be one fourth of the ultrasound
wavelength [36]. Then the ultrasound reflected from the interface
between matching layer and medium are in the same phase with
the wave transmitted from the crystal as it reflects from the inter-
face between the matching layer and the ultrasound crystal [36]. In
ultrasound imaging, one requires short ultrasound pulses in order
to achieve good axial resolution [36]. Since the piezoelectric crystal
is transmitting waves in both the forward and backward directions,
if one wishes to obtain short ultrasound pulses the material behind
the crystal must absorb ultrasound effectively [36].

Figure 3.1: A simplified cross-section of a non-focused ultrasound transducer. The ultra-
sound field transmitted from a non-focused transducer can be divided into two sections:
The near field where ultrasound wave propagates as a plane wave and the far field where
ultrasound wave propagates as a spherical wave.

3.2.1 Non-focused ultrasound transducers

The function of a simplified non-focused ultrasound transducer can
be modeled as a mechanical piston (radius = r), which is oscillat-
ing in the normal direction with respect to its surface transmitting
continuous sine wave at a desired frequency. The ultrasound field
transmitted from a non-focused ultrasound transducer can be di-
vided into two zones. The ultrasound field near to the transducer
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is called as the Fresnel zone or the near field [36]. In the Fres-
nel zone, the ultrasound wave propagates as a plane wave and the
pressure of the ultrasound field changes rapidly as a function of
the distance z from the transducer (figure 3.1) [36]. Mathematically
in this model the pressure of an ultrasound field as a function of
distance can be determined as follows

p(z) = ρ0cu0

∣∣∣∣sin
{

kz
2

[√
1 +

( r
z

)
− 1

]}∣∣∣∣ , (3.11)

where the ρ is density of the media, u0 is the oscillation speed of
the piezoelectric crystal, c is the speed of sound in the medium and
k is the wave number. The location of the pressure maxima and
minima can be calculated as follows (3.11)

kz
2

[√
1 +

( r
z

)
− 1

]
=

mπ

2
, (3.12)

where the uneven and even values of m correspond to the intensity
maxima and minima of the ultrasound field, respectively. The last
intensity maximum is achieved when m=1. This point is called as
the last axial maximum and it is the boundary between the Fres-
nel and Fraunhofer zones [36]. Assuming that the distance z from
the transducer is significantly greater than the radius (r) of the ul-
trasound probe (r << z), then the location (zlam) of the last axial
maximum can be determined as follows 3.12

zlam =
r2

λ
. (3.13)

At distance zlam, the plane wave changes to an expanding spher-
ical wave (figure 3.1). In the Fraunhofer zone, the behavior of the
axial pressure field can be derived from the equation 3.11 assuming
that z/r >> kr as follows

p(z) =
ρ0cu0kr2

2z
= p0

S
λz

, (3.14)

where S is the area of the ultrasound transducer.
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The determination of the off-axis distribution of the ultrasound
pressure field is more complicated and currently numerical meth-
ods are used for the analysis. The determination of the ultrasound
field is based on a use of Huygen’s principle. The ultrasound pres-
sure field is considered to be formed as superposition of the point
sources placed side by side over the transducer surface [59]. Var-
ious solutions have been introduced for the analysis of the ultra-
sound field of a planar ultrasound transducer [59, 149, 151, 169].
Currently, when analyzing pulsed ultrasound fields in complex ge-
ometries, numerical methods are used to characterize the sound
fields [73, 169]. The lateral pressure distribution of short high fre-
quency ultrasound pulse generated with a planar circular trans-
ducer (diam. = 0.5 mm) is presented in the figure 3.2.

For the pulsed and broadband ultrasound fields used in med-
ical ultrasound applications, the shape of the Fresnel zone differs
significantly from that of a continuous single frequency ultrasound
field [36]. The difference between pulsed and continuous sound
fields becomes significant when the length of the pulse is less than
six cycles [86]. In a pulsed field, the pressure variation in the Fres-
nel zone is decreased [36]. As compared to the Fresnel zone, the
differences between continuous and pulsed field are smaller in the
Fraunhofer zone. One way to describe the pulsed pressure field
in the Fresnel zone is to sum the pressure fields of each frequency
component of the pulsed ultrasound field [36]. As the pressure
field in the Fresnel zone is dependent on the ultrasound frequency,
summing the fields of single frequency components diminishes the
total variation of the pressure field amplitude [36].

Attenuation is another phenomenon affecting the shape of the
pulsed ultrasound field. The ultrasound field is distorted as a
broadband ultrasound pulse is passed through the media because
of the frequency dependent attenuation . In figure 3.2 the sound
field for a short ultrasound pulse (center frequency of 40 MHz)
generated with a planar ultrasound transducer (diam. = 0.5 mm)
is presented for non-attenuating and attenuating media (α = 0.55
dB/(cm MHz)). The attenuation diminishes the pressure amplitude
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and changes the shape of the near field pressure distribution.

Figure 3.2: Lateral pressure distribution of a high frequency (f = 40 MHz, diam. = 0.5
mm) ultrasound pulse generated by a transducer similar to that applied in the present
experimental studies, as it propagates through A. a non-attenuating media (ρ = 1000
kg/m3) and B. an attenuating media (ρ = 1000 kg/m3, α = 0.55 dB/(cm MHz)).

3.2.2 Focused transducers

Focused transducers are commonly used to enhance the lateral res-
olution of ultrasound imaging and to increase the intensity of the
ultrasound field. Various methods exist for focusing of ultrasound
fields. Electrical focusing is commonly used in medical ultrasound
imaging. In electrical focusing, electrical pulses are conducted to a
matrix of piezoelectric crystals in a such way that phases the origi-
nating ultrasound waves in a desired manner. With this technique,
ultrasound field may be focused at various distances from the trans-
ducer. If a single crystal is used, the ultrasound field can be focused
only by modifying the shape of the ultrasound transducer face or
by applying acoustical lenses or mirrors [36]. Similar as in optics,
the ultrasound field can be focused using a convex acoustical lens
or with a concave acoustical mirror [162]. The downside of the use
of lenses and mirrors is that there are always energy losses when
ultrasound penetrates through a lens or reflects from a mirror. Fur-
thermore, acoustical mirrors are expensive and, thus, they are only
used in difficult geometries when the use of lenses and shaping of
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the transducer is not possible [36].

3.3 ULTRASOUND IMAGING

Ultrasound imaging can be conducted in either through-transmission
or pulse-echo geometries. In through-transmission geometry, an
ultrasound pulse is transmitted with one transducer through an
target tissue and the attenuated ultrasound pulse is received by
another transducer. With the through-transmission measurements
the attenuation and the speed of sound in the tissue can be de-
termined [36]. In the pulse-echo geometry, an ultrasound pulse is
transmitted with a transducer and the reflected echo is received
with the same or a second transducer [36]. The one dimensional
presentation of the reflected ultrasound wave as a function of time
is called as A-mode imaging. The time between the transmission
and reception of the ultrasound pulse, i.e., time of flight (TOF), can
be measured from the A-mode image and if the speed of sound in
the tissue is known, the distances between the transducer and the
reflector can be determined. A two or three dimensional ultrasound
image can be created when the ultrasound transducer is scanned
over the region of interest and the location of the reflection is plot-
ted in the x-y coordinates [36]. The amplitude of the ultrasound
reflection may be presented as brightness of the spot representing
the location of the reflection (B-mode image) [36]. In medical appli-
cations ultrasound images are usually generated with phased array
transducers where numerous miniaturized ultrasound crystals are
located side by side, creating a matrix [36].

The resolution of the ultrasound image is dependent on the di-
mensions of ultrasound field (e.g. focus width and length) and the
frequency content and duration of the ultrasound pulse [162]. The
dimensions of the ultrasound field and lateral sampling frequency
affect the lateral resolution of the ultrasound system, i.e., the small-
est distance between two separate targets that can be differentiated
in the lateral dimensions of the ultrasound image [162]. The length
and frequency content of the ultrasound pulse affect the axial reso-
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lution. Axial resolution is defined as the shortest distance between
two separate targets on top of each other that can be separated. In
theory, the axial resolution of the ultrasound system is a half of the
length of the ultrasound pulse. Since the ultrasound attenuation is
dependent on the frequency, only the superficial layer of the tissues
can be imaged with high frequency ultrasound transducers and,
thus, the selection of the ultrasound frequency is always a com-
promise between the axial resolution and the maximum imaged
depth [162].

3.4 INTRAVASCULAR ULTRASOUND TECHNIQUE

The intravascular ultrasound technique is a high resolution clinical
imaging technique used for imaging of vascular walls, typically in
coronary arteries [120]. The technique is used to detect and evaluate
the severity and type of changes related to coronary artery disease.
With the IVUS technique, the changes in the structure of artery wall
can be detected and the amount and composition of the plaque
which has accumulated on the artery walls can be approximated
[47, 56, 119, 131]. Furthermore, the areas of the artery and lumen of
the artery can be quantitatively measured [120].

An IVUS instrumentation consists of a thin (diam. = 1-3 mm)
ultrasound catheter incorporating a miniaturized ultrasound trans-
ducer and a main unit equipped with a pulser, a receiver and data
and image processing hardware. There are two designs for IVUS
transducers though the most common design is the mechanically
rotating single ultrasound transducer which transmits and receives
the ultrasound pulse in specific angles creating cross sectional im-
ages of the object. The second design consists of a ring-like phased
array of ultrasound crystals which transmit and receive ultrasound
pulses individually. The ultrasound frequency applied in the IVUS
transducers is typically between 9-40 MHz.

This thesis utilized a non-focused 40 MHz ultrasound catheter
incorporating a rotating ultrasound transducer. The ultrasound
transducer was rotating at 30 r/s and transmitting and receiving
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ultrasound pulse in intervals of 1.4◦. The theoretical lateral reso-
lution of this ultrasound instrumentation depends on the distance
between the ultrasound catheter and the target surface as well as on
the angle between the ultrasound transducer and the target. If one
assumes that the scanned surface is flat, then the distance between
two scan lines can be calculated as follows

d = z tan φ, (3.15)

where z is the distance between the ultrasound catheter and the im-
aged surface and θ is the angle between the ultrasound transducer
and the imaged surface.

3.5 ULTRASONIC EVALUATION OF ARTICULAR
CARTILAGE

Changes in the composition and structure of the articular cartilage
related to the cartilage degradation or injuries have a significant
effect on the acoustical properties of the tissue [3, 29, 74, 114, 138,
142, 153] and, thus, the integrity of the articular cartilage can be
evaluated with quantitative ultrasound measurements. The liter-
ature describes various ultrasound methods for estimating the in-
tegrity of the articular cartilage. These techniques are based on
measurements of the changes in the ultrasound speed, attenuation
and backscattering within the cartilage and reflection coefficient
and roughness of the articular surface.

The speed of ultrasound in articular cartilage has been shown
to depend on both the composition (proteoglycan, collagen and wa-
ter contents) and the structure of the tissue [3, 116, 152, 153]. In
healthy cartilage, the speed of sound varies between 1579-1934 m/s
depending on the location [74, 97, 115, 165]. Degeneration of the
articular cartilage evokes a decrease in the ultrasound speed of car-
tilage [74, 116, 127, 153]. The speed of ultrasound in spontaneously
degraded human cartilage is about 1560-1600 m/s [110, 152]. It has
been proposed that the decrease in the speed of sound is related
to the increase of the cartilage water content and the changes in
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the orientation of the collagen fiber network [117]. Thus, accurate
measurement of the ultrasound speed in cartilage could provide an
indirect information of the integrity of the articular cartilage.

The attenuation of ultrasound in the articular cartilage is de-
pendent on the composition and structure of the tissue [117]. It
has been reported that the ultrasound attenuation is significantly
related to the integrity of the collagen cross links [3] and the colla-
gen and proteoglycan contents of the articular cartilage [114]. Ul-
trasound attenuation has been reported to vary between species
and anatomical locations and also as a function of tissue depth
[3, 116, 127]. Furthermore, the spontaneous degeneration of the ar-
ticular cartilage has been shown to be linked with reduced ultra-
sound attenuation [114].

Swelling is one of the earliest OA related changes occuring in
the cartilage [20]. On the other hand, as the disease progresses,
cartilage is gradually worn out and in the final stage the subchon-
dral bone will be exposed. Ultrasound can quantitatively evaluate
the changes in the cartilage thickness [29, 142]. However, in the de-
termination of the cartilage thickness, the speed of sound is usually
assumed to be constant in cartilage and this can affect the reliability
of the measurements.

Ultrasound reflection and backscattering are sensitive indicators
of the integrity of cartilage surface [29,77,116,138,142,153]. The ul-
trasound reflection at the articular surface depends on the integrity
of collagen network and the roughness of the surface [116, 138].
The degenerative changes in the articular cartilage (i.e. disruption
of the cartilage surface collagen network and the fibrillation of car-
tilage surface) decrease significantly (up to 90 % [138]) ultrasound
reflection amplitude at the cartilage surface [29, 116, 138, 153]. Fur-
thermore, the amount of ultrasound scattering from the subsurface
structures of cartilage tissue has been shown to be related to the
integrity of the collagen fiber network within the cartilage [29, 49].

Sclerosis and abnormal remodeling of the subchondral bone can
occur already at the early stages of OA [20]. Thus, in the early diag-
nostics of OA, it is also essential that one could make a quantitative
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evaluation of the integrity of the subchondral bone. The sclerosis of
subchondral bone can be detected from qualitative ultrasound im-
ages [35, 142]. Furthermore, the sclerosis of the subchondral bone
can be quantitatively evaluated via the increase in the ultrasound
reflection from the cartilage bone interface [139]. However, for re-
liable measurement of the ultrasound reflection from the subchon-
dral bone, the effect of overlying cartilage layer has to be taken into
account.

The fibrillation of the cartilage surface caused by the disruption
of the superficial collagen network is one of the earliest signs of
OA [20]. The roughness of the cartilage surface can be measured
directly or indirectly with ultrasound. Adler et al. proposed quan-
tification of cartilage surface roughness based on the measurement
of scattering of ultrasound at various angles between the ultrasound
transducer and cartilage surface [2]. However, this technique only
indirectly measures the surface roughness. In an attempt to achieve
a direct measurement of the cartilage surface microroughness the
ultrasound roughness index (URI) has been introduced [138]. This
technique is based on the quantification of the variation of the dis-
tance between the cartilage surface and the ultrasound transducer.

In this thesis, ultrasound reflection and backscattering measure-
ments of articular cartilage were conducted. In the following chap-
ter, the most important parameters for the quantification of the re-
flected and scattered ultrasound will be introduced.

3.5.1 Reflection

Chérin et al. introduced a quantitative method for the evaluation
of the articular cartilage reflection coefficient in the frequency do-
main [29]. In order to determine the reflection coefficient, one mea-
sures the reflection from the cartilage surface and a perfect reflector
with the same acquisition system and at the same distance z from
the imaged surface. Their solution includes the following assump-
tions: 1) The reflection coefficient is frequency independent at the
imaged surface, 2) The imaged surface is flat and perpendicular
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to the ultrasound transducer, 3) The distance z between the ultra-
sound transducer and the imaged surface is large enough (z >> a)
as compared with the dimensions of the ultrasound transducer, 4)
The dimensions of the imaged surface are small as compared with
the distance between the imaged surface and the ultrasound trans-
ducer. If these assumptions are valid then the ultrasound signals
reflected from saline cartilage (Sc(z, f )) and saline perfect reflector
(Sc(z, f )) interfaces can be presented in the frequency domain as
follows:

Sc(z, f ) = E( f )× G( f )× A0(z, f )× H2(z, f )× Rc( f ) (3.16)

Sr(z, f ) = E( f )× G( f )× A0(z, f )× H2(z, f )× Rr( f ),(3.17)

where E( f ) is the acoustoelectric transfer function, G( f ) is the ac-
quisition system transfer function, A0(z, f ) is the frequency and
depth dependent attenuation function in physiological saline, H2(z, f )
is the diffraction function, Rc( f ) is the frequency dependent carti-
lage reflection coefficient and Rr( f ) is the frequency dependent re-
flection coefficient of the perfect reflector. Assuming that Rr( f ) is
independent of frequency and equal to 1, the frequency reflection
coefficient of the cartilage can be written as follows:

Rc =
Sc(z, f )
Sr(z, f )

, (3.18)

where Sc(z, f ) and Sr(z, f ) are determined by means of the Fourier
transform. In order to enhance the proportion of the specular re-
flection the signal is Hamming windowed before the Fourier trans-
formation. The energy reflection coefficient is defined in the dB
scale as follows:

RdB
c ( f ) = 10 × log10

〈|Rc( f )|2〉 , (3.19)

where 〈. . . 〉 indicates the spatial mean of all scan lines in the ul-
trasound image. Finally, the integrated reflection coefficient (IRC)
may be determined as follows

IRC =
1

Δ f

∫
Δ f

RdB
c ( f )d f , (3.20)
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where Δ f indicates the -6 dB frequency bandwidth of the ultra-
sound transducer.

The ultrasound reflection can be determined also in the time do-
main. With the same assumptions, the ultrasound reflection coeffi-
cient may be determined as a ratio of the peak-to-peak amplitude
of a pulse reflected from the saline-cartilage interface (Ac) and the
peak-to-peak amplitude reflected from the saline-perfect reflector
interface (Ar)

Rc =
Ac

Ar
· 100%. (3.21)

3.5.2 Backscattering

Chérin et al. introduced a method for the quantification of the echo-
genecity of cartilage inner structures [29]. Similarly to the previous
chapter, the effect of the acquisition system, and diffraction and at-
tenuation on the measured ultrasound signal must be eliminated by
normalization of the frequency domain signal SB(z, f ) being mea-
sured from the cartilage inner structures with the frequency domain
signal measured from the perfect reflector at the corresponding dis-
tance. The frequency dependence of the apparent backscattered
energy is defined as

μc =
SB(z, f )
Sr(z, f )

, (3.22)

where SB(z, f ) and Sr(z, f ) are determined by means of the Fourier
transformation. Frequency domain apparent backscattered energy
μdB

c is determined in the decibel scale as follows

μdB
c ( f ) = 10 × log10

〈|μc( f )|2〉 , (3.23)

where 〈. . . 〉 indicates the spatial mean of all scan lines in the ultra-
sound image. Finally, the apparent integrated reflection coefficient
(AIB) is determined as follows

AIB =
1

Δ f

∫
Δ f

μdB
c ( f )d f , (3.24)

where Δ f refers to the - 6 dB frequency bandwidth.
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3.5.3 Ultrasound roughness index

In attempts to detect the fibrillation of the cartilage surface, quanti-
tative methods have been developed for the measurement the carti-
lage surface roughness. Saarakkala et al. introduced the ultrasound
roughness index (URI) for direct quantification of the cartilage sur-
face roughness [138]. URI is determined by calculating the root
mean square value of the difference in distance between the carti-
lage surface and the ultrasound transducer at a single measurement
point and average distance between the ultrasound transducer and
the cartilage surface

URI =

√
1
m

m

∑
i=1

(di − 〈d〉)2, (3.25)

where m is the number of measurement points, di is the distance
between the cartilage surface and the ultrasound transducer in i:th
measurement point and 〈d〉 is the average distance between the
cartilage surface and the ultrasound transducer [138].

In the determination of URI, the cartilage surface is assumed
to be flat and perpendicular to the incident ultrasound pulse [138].
Since the cartilage surface is always slightly curved, its effect on
the values of URI must be eliminated by using trend removal al-
gorithms [138]. In the calculation of URI, the most common trend
removal techniques are polynomial fitting, high pass filtering and
fitting of smoothing spline functions.
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4 Optical coherence
tomography

Optical coherence tomography (OCT) is a relatively new high res-
olution, non-invasive three dimensional imaging technique used in
various medical imaging applications, e.g. in ophthalmology and
cardiology. The advantages of OCT as compared with clinical ultra-
sound or MRI techniques are its superior resolution and low cost.
In this chapter, the basics of light and matter interactions, optical
coherence tomography and optical evaluation of articular cartilage
will be introduced.

4.1 LIGHT AND MATTER INTERACTIONS

The speed of light in a vacuum is a physical constant but in a
medium it will vary according to its material properties. The ratio
of speed of light in the vacuum and in the media is indicated by the
refractive index. Similar to acoustics, the refractive index defines
the proportion of light reflection at the interface of two optically
different materials.

As light propagates in a tissue the intensity of the light is de-
creased by absorption and scattering processes [27]. The shape of
scattering pattern is described with a parameter called the anisotropy
coefficient g. The values of g vary between -1 and 1, where values
-1, 0 and 1 of g represent extremely forward, isotropic and highly
backward scattering, respectively [27].

In some tissues, the polarization state of light changes as it prop-
agates through material. This effect is called birefringence. Birefrin-
gence in tissues can be traced to the anisotropic properties of tissue
molecules such as hydroxyapatite crystals in dental enamel or to
structural anisotropy such as in the case of the collagen fibers in
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articular cartilage [46].

4.2 BASICS OF OPTICAL COHERENCE TOMOGRAPHY

The basic principle of OCT is analogous to ultrasound imaging
with the exception that near infrared light is used instead of sound
waves. Thus, OCT imaging is based on the measurement of light
reflection and scattering from the imaged tissue. OCT measure-
ments and image reconstruction can be implemented by using var-
ious techniques. Here, time domain, frequency domain and polar-
ization sensitive OCT techniques will be briefly introduced. The
time domain OCT (TD-OCT) is the most widely applied OCT tech-
nique. TD-OCT is based on the measurement of light interference in
various light path lengths enabling depthwise scans of the imaged
tissue. The basic design of the TD-OCT technique is illustrated in
Figure 4.1.

Figure 4.1: Basic design of the measurement set-up applied in the TD-OCT technique

In the TD-OCT, technique the light from a broadband light source
is split into two beams in the beam splitter. One beam travels to the
reference arm where it is reflected from a reference mirror. The
second beam passes to the sample arm where it is reflected and
scattered from the tissue. Interference is detected as the light path
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lengths of the reference and sample arms are matched within half
of the coherence length of the light source. By gradually moving
the reference mirror, a depth-wise scan of the reflection inside the
tissue is obtained [150]. Since the axial resolution of the OCT de-
vice is related to the coherence length of the light in use, broadband
light sources with a short coherence length are used [130].

Frequency or Fourier domain OCT (FD-OCT) eliminates the
need for depth scanning. In FD-OCT, the reference path length
is fixed and the photodetector has been replaced with a spectrome-
ter [150]. The modulation of the intensity spectrum detected with a
spectrometer is proportional to the optical path difference between
the arms. The detected intensity spectrum is inversely Fourier
transformed into the time domain in order to reconstruct the depth-
resolved optical structures of the sample. The advantage of FD-
OCT is that the depth-wise scans can be reconstructed from a single
exposure, which enables the use of high frame rates. Furthermore,
with FD-OCT one can achieve significantly higher (+20 dB) signal-
to-noise ratio as compared to that obtained with TD-OCT [150].

Polarization sensitive OCT (PS-OCT) devices have been devel-
oped for the evaluation of changes in the polarization state of light
after propagating through soft tissue. The change in the polariza-
tion state can occur due to birefringence or scattering within the
tissue [150]. The design of the PS-OCT devices is similar to that of
the TD-OCT and FD-OCT devices, with an additional linear polar-
izer after the light source, a polarizing beam splitter, and an extra
photodetector in the output arm [150]. PS-OCT is attractive for
medical imaging because it provides an extra contrast mechanism
that could aid in the diagnosis of certain pathologies [150].

4.3 OPTICAL EVALUATION OF ARTICULAR CARTILAGE

OCT is a potentially useful technique for the clinical evaluation of
the integrity of articular cartilage. The main advantage of OCT
compared to the other clinically applicable imaging methods is its
high resolution being typically 10-15 μm [48]. OCT imaging has
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been used for the evaluation of cartilage thickness, surface reflec-
tion and roughness [57]. Furthermore, with the PS-OCT technique,
the disorganization of the collagen network can be qualitatively
evaluated [164]. Currently, there is an interest for the development
of quantitative optical parameters for evaluation of the OA-related
changes in articular cartilage.

The thickness of the articular cartilage can be quantitatively
evaluated from an OCT image [57, 66]. However, because of ex-
tensive scattering, the light penetrates only 2-3 mm into the soft
tissues which limits the usefullness of OCT for the determination
of human cartilage thickness [48]. The organization of the collagen
network within the cartilage has also been quantitatively evaluated
with PS-OCT [32, 164]. Furthermore, the reflection coefficient and
microroughness of the cartilage surface can be quantitatively eval-
uated [57, 141, 158].

The essential optical parameters related to OCT will now be
briefly reviewed. Saarakkala et al. introduced an optical reflection
coefficient (ORC) for the quantification of the optical reflection at
the cartilage surface (Equation (4.1)) [141]. In the determination
of ORC, the effect of the acquisition system on the determined re-
flection coefficient is eliminated by the normalization of the carti-
lage reflection with the reflection from a reference reflector with a
known optical refractive index [67, 141].

ORC =
Ai

Ai,c
. (4.1)

Huang et al. introduced an optical backscattering (OBS) param-
eter (Equation (4.2)) for the quantification of the amount of light
scattered within cartilage tissue [67]. OBS is defined as the mean
optical signal value measured for the cartilage inner structures cor-
rected with the optical reflection at the cartilage surface [67].

OBS =
1(

1 − ORC2
i

)2 b̄2
i , (4.2)

where, b̄i is the mean value of the optical signal recorded from the
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cartilage inner structures and ORCi is the optical reflection coeffi-
cient at the cartilage surface.

Saarakkala et al. devised an optical roughness index (Equation
(4.3)) for the determination of the microroughness of the cartilage
surface. The parameter is analogous to the ultrasound roughness
index developed for the determination of microroughness from 2D
ultrasound images [138]. ORI is defined as follows:

ORI =

√
1
m

m

∑
i=2

(
di − d̄

)2, (4.3)

where m is the number of scan lines in a 2D OCT image, di is the
distance between the OCT probe and the cartilage surface at the ith

scan point and d̄ is the average distance between the OCT probe
and the cartilage surface.

To quantify microroughness, the trend arising from the natural
curvature of the cartilage surface is removed from the measured
profiles before determination of the values of ORI [141]. For exam-
ple the trend can be removed by lowpass filtering or by reducing a
polynomial or smothing spline function fitted to the recorded sur-
face profile.
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5 Aims

This thesis work introduces a novel arthroscopic ultrasound tech-
nique for diagnostics of cartilage injuries and degeneration. The
technique was initially evaluated in vitro with artificially degraded
cartilage, further tested with spontaneously and surgically repaired
animal cartilage in vitro and ex vivo and finally applied clinically
in vivo.

The specific aims of this thesis were:

1. To develop a novel arthroscopic ultrasound imaging technique
and to evaluate its potential in detecting artificial degradation
of articular cartilage in vitro

2. To investigate the potential of the arthroscopic ultrasound
technique for evaluation of the integrity of surgical repair of
cartilage in vitro

3. To compare the potential of ultrasound and OCT techniques
in the evaluation of the integrity of spontaneously healed ar-
ticular cartilage in vitro

4. To evaluate the potential of the novel ultrasound technique to
distinguish between a mechanical cartilage lesion and intact
tissue in arthroscopic conditions ex vivo

5. To investigate the potential of the arthroscopic ultrasound
technique to evaluate the integrity of human articular carti-
lage in vivo
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6 Materials and Methods

This thesis consists of five independent studies (I-V). Summary of
the materials and methods is presented in the Table 6.1

Table 6.1: Summary of the materials and methods used in the thesis

Study Samples n Methods Parameters
I Bovine patella 13 Ultrasound imaging R, IRC, URI

Intact 13 Light microscopy Qualitative
Mechanically degraded 7 SEM Qualitative
Enzymatically degraded 6 Histology Mankin scoring

II Rabbit femoral sulcus 13 Ultrasound imaging R, IRC, AIB, URI
Intact 13 Light microscopy Qualitative
Surgical repair 8 PLM Qualitative
Spontaneously healed 5 Histology O’Driscoll scoring

III Horse os carpale III and IV 7 Ultrasound imaging IRC, AIB, URI
Intact 14 OCT ORC, OBS, ORI
Adjacent 56 Biomechanics Eeq, Edyn
Injured 56 PLM Qualitative

DD Optical density

IV Bovine patella 7 Ultrasound imaging R, IRC, AIB URI
Femoral sulcus 7 Biomechanics Stiffness
Intact 7 Light microscopy RMS roughness
Mechanically degraded 7 Histology Mankin scoring

V Human knee 7 Ultrasound R, IRC, AIB URI
Arthroscopy ICRS scoring,

Ultrasound scoring
RMS = Root mean square AIB = Apparent integrated backscattering
SEM = Scanning electron microscopy OCT = Optical coherence tomography
DD = Digital densitometry ORC = Optical reflection coefficient
R = Time domain reflection coefficient OBS = Optical backscattering
ORI = Optical roughness index IRC = Frequency domain reflection coefficient
Eeq = Equilibrium modulus Edyn = Dynamic modulus
URI = Ultrasound roughness index ICRS = International cartilage repair society
PLM = Polarized light microscopy
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6.1 ARTICULAR CARTILAGE SAMPLES AND PHANTOMS

In studies I and IV, bovine knee articular cartilage obtained from
a local slaughterhouse (Atria Oyj, Kuopio, Finland) was used. In
study I, the knee joints were opened within a few hours post mortem
and cylindrical osteochondral plugs (diam. = 25.4 mm) were pre-
pared from visually intact lateral upper quadrants of bovine patel-
lae. After ultrasound imaging, the osteochondral samples were
subjected to either mechanical degradation with emery paper (grit
number 60, FEPA standard average particle diam. = 269 μm) or to
specific enzymatic degradation of collagen (Collagenase Type 1a,
C9891, Sigma Aldrich, 110 U/ml for 18 h). Subsequently, samples
were imaged again with ultrasound and prepared for histological
analyses. In addition, in study I, emery papers (n = 8) of variable
roughness (FEPA standard, average particle sizes 269 μm, 125 μm,
58.5 μm, 46.2 μm, 40.5 μm, 21.8 μm, 8 μm and 5 μm) were used
as phantoms. For this purpose, the emery papers were glued onto
plastic blocks prior to ultrasonic scanning. In study IV, visually
intact bovine knee joints were investigated under arthroscopic con-
ditions ex vivo. Under arthroscopy (lens inclination 0◦, diameter
of arthroscope = 4 mm, 20207 A, Karl Storz GmbH & Co, Tunnin-
gen, Germany), a mark of approximately 10-20 mm in length and
0.5-1.0 mm in depth was created with a curet to the distal central
patella and distal femoral sulcus. Subsequently, the cartilage sur-
face adjacent to the mark was mechanically degraded by inserting
a custom-made steel brush into the joint and rubbing the cartilage
surface in order to create a low grade cartilage injury. After the
measurements, cylindrical osteochondral plugs (diam. = 25.4 mm),
including the damaged and intact tissue, were extracted from the
measurement sites and prepared for histological analyses.

In study II, healing of the surgically injured rabbit knee cartilage
was investigated in two different groups: 1) surgically repaired and
2) spontaneously healed articular cartilage. The intact adjacent car-
tilage near the lesion sites was used as a reference tissue. In attempt
to simulate an injury, an osteochondral lesion of 4 mm in diameter
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and 3 mm in depth was drilled into the patellar groove of a New
Zealand rabbits (n = 13). Subsequently, the lesions were either al-
lowed to heal spontaneously, or were repaired using gel containing
recombinant human type II collagen (3.7 mg/ml) and chondrocytes
(10×106/ml), extracted from the same animal. The animals were
sacrificed after 6 months of healing and osteochondral specimens
were collected from the repair sites. Subsequently, the samples were
stored in a freezer (-20◦C) until the experiment. The Institutional
animal care and use committee of the University of Kuopio and the
provincial government approved these animal experiments (license
number 04-82).

In study III, osteochondral lesions of 8 mm, 6 mm, 4 mm and
2 mm in diameter were surgically created in one of the intercarpal
joints (os carpale III and IV) of a 24 month old horse. Chondral
lesions were created in similar manner on the contralateral joint.
The lesions were allowed to heal spontaneously for 12 months. Af-
ter sacrificing the horse, ostechondral plugs (diam. = 14 mm) that
included the lesion and intact adjacent tissue were harvested and
stored at -20◦ until further processing. The intact adjacent carti-
lage tissue near to the lesion sites was used as a control. The pro-
cedures were approved by the Utrecht University Animal Experi-
ments Committee as required under Dutch legislation.

Study V consisted of seven patients undergoing arthroscopic
surgery of the knee as treatment or examination of their joint dis-
ease or condition. The indication for conducting an arthroscopy
was a suspicion of articular or meniscal lesion, such as meniscal
tear, chondral lesion, osteoarthritis or loose body. The measure-
ment sites were patella, femoral sulcus, medial and lateral condyle
of femur and medial and lateral facets of proximal tibia. The study
was in compliance with the ethical guidelines of the appropriate
institutions.
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6.2 ULTRASOUND IMAGING

6.2.1 In vitro experiments

A clinical high resolution intravascular ultrasound (IVUS) system
(Clear View Ultra, Boston Scientific Corporation, San Jose, CA,
USA) and high frequency ultrasound catheter (center frequency =
40 MHz, -6 dB bandwidth = 30.1 to 45.3 MHz; pulse length = 0.124
μs; beam dimensions (-6 dB) = 0.417 mm and 0.523 mm in x and
y direction, respectively) (AtlantisTM SR Pro, Boston Scientific Cor-
poration, San Jose, CA, USA) were used in all studies (Figure 6.1).
The IVUS catheter (diam. = 1 mm) incorporated a miniature, (diam.
= 0.5 mm) unfocused, rotating (30 rps, each revolution consisting of
255 scan lines) transducer. In Studies I-III, the ultrasound catheter
was fixed to the motorized high resolution drives which permit-
ted precise control of the positioning of the ultrasound transducer
(Figure 6.1).

Figure 6.1: A. The in vitro measurement geometry used in studies I-III. B. A representa-
tive 2D ultrasound image of bovine patellar articular cartilage and subchondral bone. C.
A typical A-mode ultrasound acquisition.
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6.2.2 Ex vivo and in vivo experiments

In studies IV and V, the ultrasound measurements were conducted
under arthroscopic control (Figure 6.2). The ultrasound catheter
was inserted into the knee joint using the anteromedial and an-
terolateral portals. In order to protect the ultrasound catheter from
damage, it was inserted into the joint through a metallic tube (diam.
= 5 mm). The position of the ultrasound probe was monitored
through an arthroscope. The angle between the rotation plane of
the ultrasound probe and cartilage surface was manually adjusted
to be perpendicular in order to record the maximum ultrasound re-
flection. This was achieved by visually monitoring the magnitude
of the cartilage surface reflection from the display of the IVUS de-
vice. The distance between the transducer and cartilage surface was
monitored by the aid of the display of the IVUS device and adjusted
to be approximately 2 mm. When the position of the ultrasound
catheter was optimal (i.e., the maximum reflection was detected)
ten full revolutions of the ultrasound probe were recorded and the
revolution with the highest reflection was stored for later analy-
sis. In study IV, all the measurements were repeated six times and
the three measurements with the highest reflection values were se-
lected for the analysis. In study V, the measurements were repeated
three times and the best measurement was selected for subsequent
analysis.

In all studies, the radiofrequency (RF) ultrasound signals were
acquired with a 250 MHz sampling frequency from the RF output
of the IVUS main unit using a digital oscilloscope (Wave Runner
6051A, LeCroy Corporation, Chestnut Ridge, NY, USA). The ac-
quired signal was stored for off-line analysis using a custom-made
LabView-software (version 8.2, National Instruments Corporation,
Austin, TX, USA).

In study V, the ultrasound score was determined for each mea-
surement site from ultrasound images by one of the operating sur-
geons. The ultrasound score is similar to the ICRS scoring sys-
tem [18] excluding the scoring of the cartilage stiffness.
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Figure 6.2: The in vivo measurement geometry. Ultrasound examination was carried out
using the same anteromedial and anterolateral portals that were used in routine arthros-
copy. The ultrasound transducer was guided to the measurement site with the help of the
arthroscope. When the position of the ultrasound catheter was optimal (i.e., the maximum
reflection was detected) ten full revolutions of the ultrasound probe were recorded and
the revolution with the highest reflection was stored for later analysis. In addition to the
ultrasonic data, a digital video from the arthroscopy was recorded through the arthroscope.
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6.3 OCT MEASUREMENTS

The OCT measurements (study III) were conducted with a custom-
made single-channel time-domain OCT system equipped with a
1310 nm super luminescent diode (bandwidth 50 nm, correspond-
ing to an axial resolution of approximately 15 μm) and a verti-
cally adjustable scanning probe incorporating an optical fiber, a
compound lens and a scanning mirror. The OCT signal was col-
lected from the device with custom-made LabView (version 8.2 Na-
tional Instruments Corporation) software and digitized (sampling
frequency = 500 kHz) with a data acquisition card (PCMCIA 6062E,
National Instruments corporation). Data was stored for the off-line
analysis to be conducted with a custommade Matlab (Matlab 7.0.4,
Mathworks Inc., Natick, MA, USA) program.

6.4 QUANTITATIVE ULTRASOUND AND OPTICAL
PARAMETERS

6.4.1 Reflection and backscattering parameters

Ultrasound reflection from the cartilage surface was quantified in
studies I, II, IV and V by the integrated reflection coefficient (IRC)
and the reflection coefficient (R) (Equations 3.20 and 3.21, respec-
tively). In study III, the ultrasound reflection from the cartilage
surface was quantified by determining only IRC. In this analysis,
ten 360 degree sweeps (ten full rotations of the IVUS probe) were
recorded. Acquisitions with the angle of incidence of 89.3 - 90.7
degrees were accepted for analysis. This was achieved by select-
ing the ultrasound signal with the smallest TOF-value. In the axis
parallel to the long axis of the catheter, the perpendicularity was
ensured by searching for the maximal reflection amplitude using a
3D angular adjustment system (Figure 6.1). Before the calculations
the RF-ultrasound signal was bandpass filtered (a 50th order digital
FIR filter, pass band 15 - 80 MHz) and before calculation of IRC,
the signal was Hamming windowed (0.4 μs window) [29].

In studies II-V, ultrasound backscattering was quantified by de-
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termining AIB (Equation (3.24)), assessed at the same scan line as
the R and IRC. In the determination of AIB, a rectangular window
(length = 0.48 s) was selected under the cartilage surface.

A reference signal was recorded at the saline steel interface to
calculate the absolute values of ultrasound reflection and backscat-
tering parameters (R = 93.7 %). In studies I-III, the reference re-
flection was recorded at the same distance as the cartilage surface
reflection. In studies IV and V, the reference reflection was recorded
at various distances (1-4 mm, 30 measurement distances) between
the surface of the steel plate and the ultrasound catheter. For each
arthroscopic measurement, the reference reflection from the saline-
steel interface at the nearest distance to that of the saline-cartilage
reflection was selected for the normalization of the reflection and
backscattering parameters.

In study III, the optical reflection coefficient (ORC) of cartilage
surface was quantified using Equation (4.1). The ORC value was
determined as a spatial average of 100 recordings at the cartilage
surface (spatial resolution 0.01 mm, length of the scan line 1 mm).
The optical backscattering (OBS) was determined as the average
signal scattered within an approximately 500-point (about 0.5 mm)
region under the surface of the cartilage (Equation (4.2)).

In the calculation of the absolute values of optical reflection and
backscattering parameters, a reference signal was recorded from an
air-glass interface and the reference signal values were corrected to
correspond to those of a perfect reflector by using the theoretical
refractive index of glass. The reference signal was used for normal-
ization of cartilage reflection according to Equation (4.1).

6.4.2 Surface roughness parameters

In order to determine the ultrasound roughness index (URI, Equa-
tion (3.25)), a cartilage surface profile (length approximately 5 mm)
consisting of 11 points (5 points at each side of the point perpendic-
ular to the ultrasound probe) was recorded. In study I, the location
of the cartilage surface was determined with the cross-correlation
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method [26]. In studies II-V, the location of the cartilage surface
was determined as the maximum of the Hilbert envelope of the ul-
trasound waveform reflected from the cartilage surface. Before the
calculation of URI the trend arising from the rotation of the ultra-
sound probe and the natural curvature of the cartilage surface was
removed with the smoothing spline fitting technique.

To calculate ORI, the cartilage surface location was determined
at each measurement point. This was achieved by calculating the
absolute values of the Hilbert transformed signal reflected from the
cartilage surface and detecting the maximum of the Hilbert enve-
lope at each point. This information was used to create a 100 point
long profile of the cartilage surface. Before calculating the ORI,
the trend arising from the natural curvature of the cartilage surface
was removed from the surface profile by high pass filtering of the
measured profile (the Butterworth high-pass filter).

6.5 REFERENCE METHODS

6.5.1 Mechanical testing

In study III, the mechanical measurements were conducted with
a custom-made high precision material testing device (resolution
for deformation and force, 0.1 μm and 5 mN, respectively) [153].
The creep response of the osteochondral samples was determined
in indentation geometry (impervious cylindrical indenter, diam. =
0.5 mm). After 0.37 MPa step stress (ramp speed = 15 μ/s), the
creep data was recorded until equilibrium (1200 s). A total of three
steps was conducted. With dynamic and equilibrium moduli be-
ing determined from the creep data, the equilibrium moduli was
determined as the slope of the linear fit to the equilibrium points,
whereas the dynamic modulus was determined as the stress/strain-
ratio from the dynamic phase of the second step. The equilibrium
and dynamic modules values were determined by assuming carti-
lage as being linearly elastic material having dynamic and equilib-
rium Poisson ratios of 0.5 and 0.1, respectively [65, 75].

In study IV, the dynamic stiffness of the cartilage samples was
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measured with an arthroscopic indentation instrument (Artscan 200,
Artscan Oy, Helsinki, Finland). The indentation instrument consists
of a handle and a hollow rod (diam. = 5 mm) which has a flat refer-
ence plate (diam. = 3 mm, height = 0.48 mm) and a spherical ended
indenter (diam. = 0.6 mm, height = 0.14 mm) at its distal end. The in-
denter is pressed against the cartilage surface and the forces on the
indenter and the reference plate were measured with strain gauges.
When the reference plate force increased above the pre-set value
(5 N) the indenter produced a constant deformation of 140 μm on
the cartilage surface. Simultaneously, the force by which cartilage
resisted the deformation was measured [93]. At each measurement
site six indentations were undertaken and the four highest indenter
forces were averaged to indicate the cartilage stiffness.

6.5.2 Microscopy

In study I, the surfaces of artificially degraded cartilage samples
were imaged with scanning electron microscopy (SEM). Before the
SEM, the samples were fixed in 2% glutaraldehyde buffered (pH
7.4) with cacodylate (0.1 mol/l), dehydrated in an ascending series
of ethanol solutions, dried using the critical point technique and
coated with a sputtered gold layer [76]. The SEM images were used
for the qualitative evaluation of the severity of surface degradation.

In studies I-IV, Safranin-O stained sections (thickness = 3 μm)
were extracted from the measurement sites and imaged with an
optical microscope (Studies I-II: Nikon Microphot FXA, Nikon Cor-
poration, Tokyo, Japan) (Study IV: Stereomicroscope, Carl Zeiss Mi-
croImaging GmbH, Göttingen, Germany). In studies I and IV, the
histological sections of the samples were graded using the Mankin
scoring method by three of investigators [95]. The final Mankin
score of the sample, was obtained by averaging the three scores and
rounding up to the nearest integer. In study II, light microscopic
images of cartilage sections were graded by using the O’Driscoll
grading system [123]. In study IV, the RMS roughness of the carti-
lage surface was evaluated from the microscopic images. The sur-
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face profile was detected from microscopical images and the natu-
ral curvature of the cartilage surface was removed from measured
profile with a trend removal algorithm. Subsequently, the surface
roughness was calculated as the standard deviation of the surface
profile.

In studies II and III, the organization of the collagen network
was evaluated from non-stained sections by using a polarized light
microscope (Leitz Ortholux II POL, Leitz Wetzlar, Wetzlar, Ger-
many). The parallelism index of collagen fibrils was calculated for
each pixel in the image [136]. The PLM images were used in the
qualitative evaluation of the integrity of the cartilage collagen net-
work.

6.6 STATISTICAL ANALYSES

The statistical analyses in the studies I-V were conducted using the
SPSS 14.0 software (SPSS Inc., Chicago, IL, USA).

In the study I, the non-parametric Wilcoxon signed rank test was
used to test the statistical significance of difference between the ul-
trasound parameters determined before and after the mechanical
degradation or enzymatic digestion. The limit of statistical signifi-
cance was set to p < 0.05. The correlation between the different ul-
trasound parameters was evaluated by determining the Spearman’s
rank correlation coefficient.

In study II, the statistical significance of the difference between
the ultrasound parameters determined for the lesion and control
sites was tested with the non-parametric Wilcoxon signed rank test.
The statistical significance of difference between the histological
scores (O’Driscoll) was determined with the Mann-Whitney U-test.

In study III, the statistical significance of difference between
the ultrasound and OCT parameters determined for the lesion and
control sites was tested with the Wilcoxon signed rank test. The
strength of correlation between the different ultrasound and OCT
parameters was determined via the Spearman’s rank correlation co-
efficient.
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In study IV, the statistical significance of the differences in ultra-
sound parameters between the degraded and intact sites was tested
using the Wilcoxon signed rank test. The measurements conducted
from patellar and femoral cartilage were analysed separately. Since
the normality of the distribution of the parameters could not be
confirmed, the strength of relations between the ultrasound param-
eters, Mankin score values and mechanical parameters were deter-
mined by using Spearman’s rank correlation coefficient.

In study V, the correlation between the ultrasound parameters
and the ICRS scoring was determined using Spearman’s rank cor-
relation coefficient.

In studies I-IV, reproducibilities of the measurements were eval-
uated by determining the coefficient of variation (CV (%), [54]) and
standardized coefficient of variation (sCV (%), [14]). The repro-
ducibilities were determined by repeating all measurements three
times at each measurement site. The sCV values were determined
by normalizing the CV values with the range of variation of the
parameter values in the present sample population. Thus, the sCV
values provide a more realistic estimate for the effect of measure-
ment reproducibility on the diagnostic utility of a parameter.
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The most significant results of studies I-V are summarized in this
chapter. The detailed results can be found in studies I-V.

7.1 TESTS WITH PHANTOMS AND CARTILAGE SAMPLES

The IVUS technique was found to be sensitive for assessing artifi-
cial degeneration of articular cartilage (Table 7.1). Cartilage surface
reflection decreased after mechanical or enzymatical degradation
with collagenase (p < 0.05). Furthermore, URI increased after me-
chanical degradation (p < 0.05). A significant correlation was found
between the ultrasound reflection parameters and URI (r = -0.86,
p = 0.018, n = 14). Degeneration of the surface of the cartilage, es-
pecially the collagen network, was clearly visible in the SEM and
densitometric images (Study I, Figure 2). In addition, after collage-
nase digestion, significant depletion of cartilage proteoglycans was
detected in the densitometric images. In light microscopic images of
cartilage surfaces, the mechanical degradation was clearly visible,
but no enzymatic digestion could be visualized. The reproducibil-
ities (CV, sCV) of the ultrasound parameters ranged form good to
moderate (1.4 - 20.9%).

Ultrasound imaging revealed statistically significant differences
among the emery paper phantoms. The dependencies between the
nominal particle size and the ultrasound reflection and roughness
parameters were linear up to a particle size of 120 μm. In the lin-
ear part of the plot, significant linear correlations were detected
between the average particle size of emery papers and the ultra-
sound reflection and roughness parameters (r = -0.86 and r = 0.90,
respectively).

With OCT and 40 MHz ultrasound, the surface characteristics
of spontaneously degenerated human tibial plateau cartilage could
be visualised more accurately than when using an ultrasound fre-
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Table 7.1: Ultrasound reflection (R, IRC) and roughness (URI) parameters determined
before and after experimental degradation (mechanical or enzymatic with collagenase). All
parameters distinguished statistically significantly the degraded samples from the intact
tissue.

Intact Degraded Change (%)
Mechanical degradation
(n = 7) R (%) 6.8 ± 1.5 2.1 ± 0.5* -69.1

IRC (dB) -23.4 ± 2.0 -34.3 ± 1.7* -46.6
URI (μm) 5.9 ± 2.8 20.4 ±5.6* 245.8

Enzymatic digestion
(n = 6) R (%) 8.5 ± 1.2 1.2 ± 0.8* -85.9

IRC (dB) -21.6 ± 1.3 -41.5 ± 8.6* -92.1
*p < 0.05, the non-parametric Wilcoxon signed rank test

quency of 9 MHz. However, with 9 MHz ultrasound, the reflection
and scattering from the subchondral bone could be visualized (Fig-
ure 7.1).

7.2 EVALUATION OF REPAIRED ARTICULAR CARTILAGE
WITH ULTRASOUND AND OCT

Surgical or spontaneous cartilage repair could be quantitatively dis-
cerned from intact adjacent tissue with the arthroscopic ultrasound
technique (Table 7.2 and 7.3). Furthermore, the spontaneously re-
paired horse cartilage could be distinguished from intact adjacent
tissue with OCT (Table 7.3). The ultrasound reflection parame-
ters (R, IRC) displayed lower values in surgically or spontaneously
healed tissue than in adjacent intact cartilage. Furthermore, surface
roughness (URI) and ultrasound backscattering (AIB) parameters
were significantly higher in the surgically or spontaneously healed
tissue than in the control tissue. The optical reflection was lower
in the spontaneously repaired horse cartilage than in the intact ad-
jacent tissue. The optically determined surface roughness (ORI)
was higher in spontaneously repaired tissue than in intact adja-
cent tissue. Furthermore, the optical backscattering was also higher
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Figure 7.1: Representative A. 9 MHz ultrasound (Ultra IceTM, Boston Scientific Corpora-
tion, San Jose, CA, USA); B. 40 MHz ultrasound; C. OCT (Lightlab imaging C7-XRTM

OCT Intravascular Imaging System, St. Jude Medical, Incorporation, St. Paul, USA)
images of spontaneously degenerated human lateral tibia plateau cartilage and subchon-
dral bone. The subchondral bone was visible only in the 9 MHz ultrasound image. The
irregular cartilage surface was visible in all images. However, in the OCT images, the
structure of the cartilage surface could be visualized with the greatest accuracy.
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in spontaneously healed tissue although statistical significance was
not reached. The reproducibilities of ultrasound and optical param-
eters were either good or moderate (sCV = 1.4 % - 9.4 % and sCV =
5.0 % - 15.6 %, for ultrasound and OCT, respectively).

Table 7.2: Ultrasound reflection (R and IRC), roughness (URI) and backscattering (AIB)
parameters (mean ± SD) as well as histological O’Driscoll grades for surgically and spon-
taneously repaired rabbit articular cartilage. The difference in R, IRC, AIB and URI
values between the intact and surgically repaired tissues were statistically significant (p
< 0.05). Furthermore the differences in URI values between the intact and spontaneously
repaired tissue were statistically significant (p < 0.05). There were difference in R, IRC
and AIB values between the intact and spontaneously repaired tissues but the changes
were not statistically significant (p = 0.08). The histological grading showed that the sur-
gically repaired tissue was similar to the spontaneously repaired tissue (p = 0.41) and that
both repair groups were significantly inferior in structure, as compared to intact control
tissue (p < 0.05 ). The O’Driscoll grading was obtained from a recent study of the same
samples [132]. The intact control samples were not available for ultrasound measurements.

R (%) IRC (dB) URI (μm) AIB (dB) O’Driscoll
Surgical repair
Repair 7.0±1.9 -24.6±2.5 8.9±3.0 -46.0±2.9 12.5±1.8*�
Adjacent tissue 1.7±1.0* -39.9±2.5* 29.6±7.0* -36.8±6.2*
Spontaneous repair
Repair 7.4±3.7 -24.8±6.5 7.9±4.0 -45.9±3.5 14.9±.6*
Adjacent tissue 2.0±1.3 -40.0±3.7 28.8±2.6* -32.9±12.2
Intact - - - - 29.1±0.9
*p < 0.05, non-parametric Wilcoxon signed rank test.
� The O’Driscoll score could be determined only for six samples because of the poor
quality of some histological sections.

Significant correlations were detected between the ultrasound
reflection or roughness and optical reflection or roughness parame-
ters (Study III, Table 3 and Table 4). However, only a weak correla-
tion was detected between the ultrasound and optical backscatter-
ing parameters.

The histological analysis revealed that the surgically repaired
tissue was qualitatively similar with the spontaneously repaired
tissue and that both repairs were significantly inferior to intact car-
tilage (Table 7.2). Furthermore, the histological images revealed
that repaired tissue consisted of an abnormally organized collagen
network, rough articular surface and there were low type II colla-
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Table 7.3: Mean values and standard deviations of the integrated reflection coefficient
(IRC), optical refection coefficient (ORC), ultrasound roughness index (URI), optical
roughness index (ORI), apparent integrated backscattering (AIB) and optical backscatter-
ing (OBS) parameters for the spontaneously repaired and adjacent intact horse articular
cartilage. The difference in the ORC, IRC, AIB, ORI and URI values between the intact
and spontaneously healed tissues were statistically significant (p < 0.01). Difference in the
OBS values between intact and spontaneously healed tissue were statistically significant
only for 2 mm and 6 mm lesions.

2 mm 4 mm 6 mm 8 mm
Adjacent tissue

IRC -24.2±3.5 -25.0±4.3 -23.8±3.4 -24.3±3.7
ORC -19.1±1.4 -19.4±1.8 -19.6±2.0 -20.9±2.0
URI 8.1±2.1 8.0±3.0 8.3±2.9 10.4±5.1
ORI 2.3±0.5 2.6±0.7 2.6±0.4 3.2±1.9
AIB -51.5±2.5 -50.9±4.2 -48.8±4.6 -51.0±4.7
OBS -26.0±0.7 -26.0±1.2 -25.8±1.4 -25.3±2.0

Repair
IRC -36.7±4.0* -37.1±3.5* -38.0±4.8* -41.4±7.3*
ORC -28.1±4.3* -28.7±4.0* -30.4±2.5* -30.5±3.0*
URI 26.8±9.7* 27.5±13.6* 32.0±8.7* 45.2±16.5*
ORI 13.2±6.5* 12.8±4.9* 21.7±8.7* 20.2±8.8*
AIB -45.7±6.3* -42.2±5.1* -42.1±6.0* -44.0±4.8*
OBS -24.3±1.9* -24.3±3.5 -23.8±1.3* -23.8±2.3

*p < 0.01, the non-parametric Wilcoxon signed rank test
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gen and proteoglycan contents (Figures 7.2 and 7.3). Importantly,
quantitative ultrasound parameters revealed the abnormal surface
roughness and internal collagen structure as the decreased values
of R and IRC and increased values of URI and AIB. Furthermore,
the poor integration of the repair with the surrounding tissue was
clearly visible in the ultrasound images (Figure 7.2 and 7.3).

Figure 7.2: Representative ultrasound (top row), light microscope (Safranin O staining
of proteoglycans and immunohistochemical staining of type II collagens, middle rows)
and polarized light microscope (parallelism index [136], bottom row) images of intact,
surgically repaired and spontaneously repaired rabbit articular cartilage samples. Increased
roughness of the articular surface, low superficial collagen type II content and abnormal
organisation of the collagen network, shown in the histological images of the repaired
cartilage, can be diagnosed from the ultrasound images via the increased surface roughness,
decreased surface reflection and higher echogeniaty of the internal cartilage.

Biomechanical measurements of the spontaneously healed horse
cartilage indicated that the equilibrium and dynamic modulus val-
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ues of repair tissue were lower than those of the intact cartilage (p <
0.01, n = 44). Interestingly, the dynamic and equilibrium modulus
displayed significant correlations with the optical and ultrasound
parameters (Table 4, see study III).

7.3 ULTRASOUND ARTHROSCOPY

In studies IV and V, the potential of the ultrasound arthroscopy
technique was investigated under arthroscopic conditions ex vivo
and in vivo, respectively.

Arthroscopic ultrasound imaging detected minor mechanical in-
juries artificially induced on cartilage surface of bovine knee (Table
7.4; Figure 2, see study IV). The Mankin scoring of the cartilage
samples showed that the mechanically degraded tissue exhibited a
low grade cartilage injury whereas the adjacent tissue was nearly
normal (Table 7.4).

Table 7.4: The mean values and standard deviations of ultrasound (R, IRC, AIB and
URI), light microscopic (RMS roughness) and mechanical parameters for intact and de-
graded cartilage in bovine femur and patella. The values of reflection and roughness param-
eters were lower and higher in mechanically degraded tissue, respectively. The AIB values
determined for degraded and intact tissues were similar, indicating intact inner structure
within the degraded cartilage. Indentation stiffness was slightly higher in adjacent intact
than in degraded tissue, however the difference was not statistically significant.

Femur Patella
Intact Degraded Intact Degraded

R (%) 4.1±1.3 2.0±0.9* 6.1±1.2 2.7±1.4*
IRC (dB) -29.5±3.6 -36.0±4.1* -25.4±1.9 -33.4±3.5*
AIB (dB) -61.3±1.0 -61.2±0.9 -61.0±0.9 -61.1±1.5
URI (μm) 15.0±6.2 24.5±6.1* 10.7±3.6 25.6±14.9
Stiffness (N) 1.2±0.4 1.1±0.3 1.3±0.4 1.1±0.3
RMS roughness (μm) 6.7±1.8 11.5±4.3* 57.2±29.6 68.1±32.6*
Mankin Score 0.6±0.4 0.7±0.7 2.0±0.2 2.0±0.7*
*p<0.05, the non-parametric Wilcoxon signed rank test

The mark created to separate intact and degraded tissue was
clearly visible in the ultrasound images (Figure 3, see study IV).
Furthermore, a significant correlation (r = 0.66, p = 0.001 p = 0.04, p
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Figure 7.3: Representative ultrasound, OCT, light microscopy, and polarized light mi-
croscopy images of spontaneously repaired (lesion size 2 mm) and intact cartilage. Ir-
regular surface, abnormal collagen orientation and abnormal collagen and proteoglycan
contents evident in histological sections of repaired tissue can be visualized from the qual-
itative ultrasound and OCT images.

64 Dissertations in Forestry and Natural Sciences No 37



Results

= 0.049) was found between the average depths of the mark separat-
ing the intact and control sites measured with ultrasound and from
histological sections. In addition, the mean absolute values of car-
tilage thickness were in good agreement, being 0.75±0.2 mm and
0.73±0.25 mm, for ultrasound and light microscopy, respectively.

Indentation stiffness of intact cartilage revealed a slightly higher
values, as compared to those of mechanically degraded tissue (Ta-
ble 7.4). However, the difference was not statistically significant.
Furthermore, significant linear correlations were revealed between
the cartilage indentation stiffness and R or IRC in patellar tissue (r
= 0.60, p = 0.02 and r = 0.67, p = 0.009, for R and IRC, respectively).

Human knee articular cartilage from seven patients was eval-
uated with the arthroscopic ultrasound technique during routine
clinical arthroscopies (Figure 7.4). In some cases (i.e. Figure 7.4b.)
the fibrillation of the cartilage surface was not visible in the arthro-
scopic image but could be visualised with ultrasound arthroscopy.
Furthermore, the ultrasound reflection parameters calculated from
the ultrasound signal were lower and URI was correspondigly hig-
her, in fibrillated cartilage in comparison with intact cartilage (Fig-
ures 7.4a and 7.4b).

Full depth cartilage lesions were detected from ultrasound im-
ages by the increase of scattering inside the cartilage (Figures 7.4c).
Thus, the ultrasound arthroscopy enabled evaluation of the carti-
lage inner structures which is not possible in conventional arthros-
copy.

In some cases, the subchondral bone could be detected from
ultrasound images and the cartilage thickness could be quantita-
tively measured (Figure 7.4). Importantly, the depth of the cartilage
lesions relative to the cartilage thickness could be quantitatively
measured (Figure 7.4d.). The depth of the lesion relative to the
cartilage thickness was approximately 58 % (Figure 7.4d.).

A high correlation value (r = 0.939, p < 0.01) was found between
the ultrasound score and ICRS score evaluated from thirteen cases
by one of the operating surgeons. The ultrasound score differed
from the ICRS score in total of four cases. In those four cases, the

Dissertations in Forestry and Natural Sciences No 37 65



Tuomas Virén: Arthroscopic ultrasound imaging of articular cartilage

ultrasound score was one rank higher than the ICRS grade indicat-
ing that the status of the cartilage in those cases was worse when
assessed with the ultrasound arthroscopy than that estimated dur-
ing conventional arthroscopy.

Figure 7.4: Arthroscopic and ultrasound images of articular cartilage in the human knee
joints. The diameter of the ultrasound catheter (visible in the arthroscopic images) is 1 mm.
The International Cartilage Repair Society (ICRS) grade assessed for each measurement
site is shown on the arthroscopic images. In the ultrasound images, the direction of the
incident ultrasonic signal is from the physiological saline (above) to the articular cartilage
(below). The quantitative ultrasound parameters calculated using the ultrasonic signal are
shown on the ultrasound images.
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8 Discussion

In this thesis, a novel ultrasound technique to be used in the arthro-
scopic evaluation of the integrity of articular cartilage was intro-
duced. In study I, the arthroscopic ultrasound technique was ini-
tially described and validated in the laboratory. Study II focused
on assessing the potential of the ultrasound technique for evalu-
ating the quality of surgical and spontaneous cartilage repair in
rabbit samples in vitro. In study III, the potential of the ultrasound
technique to evaluate the integrity of spontaneously repaired horse
articular cartilage was compared to that of the OCT technique.
In studies IV and V, the feasibility of using ultrasound arthros-
copy was investigated with bovine knee joints ex vivo and clinically
in vivo.

8.1 ULTRASONIC EVALUATION OF ARTIFICIALLY
DEGRADED ARTICULAR CARTILAGE

In study I, the potential of the arthroscopic ultrasound technique
was evaluated by conducting measurements with artificially de-
graded articular cartilage samples and non-biological phantoms with
different surface characteristics. In line with earlier studies, the
mechanical degradation of the cartilage surface decreased the ul-
trasound reflection and increased the ultrasound roughness index
(URI) of the cartilage surface [2, 138]. Enzymatic digestion of the
superficial collagen network decreased significantly ultrasound re-
flection amplitude emerging from the cartilage surface. This is also
in line with earlier papers reporting similar results [116, 138, 153].

URI has been proposed to be a potential parameter for clinical
use [77,138]. Unlike ultrasound parameters based on the quantifica-
tion of ultrasound reflection and scattering, no reference measure-
ments are needed in the determination of URI. Furthermore, values
of URI might not be as sensitive as the reflection parameters to the
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errors in the positioning of the ultrasound catheter (i.e. the angle
between the ultrasound probe and the cartilage surface) which may
be an advantage in clinical use [77]. However, due to the strong
angular dependence of the ultrasound reflection at the cartilage
surface, the length of the cartilage surface profile obtainable with
the present rotating ultrasound probe is limited. In principle, this
may limit the accuracy of detection of URI with the present ultra-
sound system. However, the reproducibilities of URI determined
in this thesis were good to moderate (sCV = 3.7 - 7.9%). Further-
more, values of URI determined for intact bovine, rabbit and horse
cartilage were similar to those determined in a previous studies for
intact bovine cartilage using a linear scanning ultrasound system
and ultrasound frequency of 20-50 MHz [77, 138]. Thus, despite
the above mentioned limitations, the arthroscopic ultrasound sys-
tem does possess the potential to detect changes in the roughness
of articular surface.

Artificially degraded cartilage could be discerned from intact
tissue by measurement of R or IRC. Basically, R and IRC quantify
the same phenomena, i.e. the ultrasound power reflected from the
cartilage surface. However, in the determination of IRC, a greater
proportion of the collected data is used than in the determination of
R and, thus, the values of IRC might be less sensitive to noise. On
the other hand, determination of IRC requires considerably more
computing resources and, therefore, R could be more feasible for
clinical applications. According to the earlier studies [138, 139], no
statistically significant difference has been observed between the
reflection parameters R and IRC.

Emery paper phantoms were used to test the system’s ability
to detect differences in surface characteristics of a non-biological
material. In general, the reflection coefficients decreased as the av-
erage particle size of the emery paper increased. The relationship
between the reflection amplitude or surface roughness and average
particle size of the emery paper was linear up to particle size of
120 μm. This is in line with an earlier study in which a strong lin-
ear correlation was found between the ultrasound parameter values
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and particle size of the emery paper [163].

8.2 ULTRASONIC AND OCT EVALUATION OF REPAIRED
ARTICULAR CARTILAGE

The ultrasound arthroscopy technique was capable of detecting chan-
ges in the structure and composition of surgically and spontaneously
repaired cartilage (Studies II and III). Surface roughness (URI) was
significantly higher in surgically and spontaneously repaired tissue
than in intact cartilage. Similar results have been reported in ear-
lier studies [57, 90]. Furthermore, in line with previous studies, the
values of the reflection parameters measured from the repair sites
were lower than those measured for intact cartilage [64, 90].

The values of AIB were significantly higher for repaired car-
tilage as compared to intact cartilage. Since collagen is the main
scatterer of ultrasound in soft tissues [153], an increase in AIB is
speculated as representing abnormalities in the organization and
composition of the collagen network. This was supported by the
polarized light microscopy in which the abnormal collagen orien-
tation in the cartilage repair could be visualized. These results are
in line with an earlier report in which AIB was found to detect
age-related changes in the amount and orientation of the collagen
network [30]. Furthermore, in the recent study of Gelse et al. [49]
the slope of AIB with respect to the distance to the cartilage surface
was related to the integrity of the repaired tissue.

The ultrasound findings were supported by the histological grad-
ing (O’Driscoll ) which showed that the surgically repaired tissue
was structurally similar to the spontaneously repaired tissue [132]
and that the repaired tissues exhibited impaired histological struc-
ture, as compared with intact tissue [132]. Furthermore, both repair
groups (rabbit and horse) displayed rough and irregular cartilage
surface, abnormal collagen structures as well as poor integration
of the repair tissue with the surrounding tissues. Importantly, this
same information could also be extracted from the qualitative ul-
trasound images. Since conventional arthroscopy enables only in-
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vestigation of the integrity of cartilage surface, ultrasound might
provide important information about the integrity of inner struc-
tures of the cartilage repair.

The spontaneously healed horse cartilage lesions could be dis-
tinguished from intact adjacent tissue by both ultrasound and OCT
techniques (Study III). The reflection parameters were higher at the
surface of intact tissue as compared with the spontaneously re-
paired tissue. Similar results have been reported in earlier studies
in which spontaneously repaired cartilage was studied with ultra-
sound or OCT [57, 90]. The rough and irregular surface of regen-
erated cartilage could be quantified with both techniques. Surface
roughness of intact tissue was significantly lower than that of re-
paired cartilage. This result is in agreement with a published report
in which rabbit cartilage was investigated with OCT [57].

Similar to study II, the values of AIB determined in study III
were significantly higher for all repaired horse cartilage lesions in
comparison to those from intact cartilage. OBS was higher for re-
paired cartilage than for intact cartilage. However, the difference
in OBS values was statistically significant only for 2 mm and 6
mm lesions. Histology confirmed that all lesions exhibited an ab-
normal collagen structure. The dynamic and equilibrium moduli
correlated with the optical or ultrasound reflection and roughness
parameters. In earlier studies, cartilage dynamic and equilibrium
moduli have been reported to correlate with the ultrasound reflec-
tion amplitude [140]. However, it should be noted that the ultra-
sound reflection is not a direct measure of cartilage stiffness, but
the correlation is most probably secondary.

8.3 COMPARISON OF ULTRASOUND AND OCT TECHNI-
QUES IN EVALUATION OF HORSE ARTICULAR CARTI-
LAGE

Both ultrasound and the OCT application were capable of detecting
the abnormal structure and composition of spontaneously repaired
horse cartilage. Significant correlations were detected between the
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ultrasound and the optical reflection or roughness parameters. Fur-
thermore, significant correlations were detected between reflection
and roughness parameters. These findings are consistent with ear-
lier studies indicating that the integrity of the cartilage superficial
collagen network and surface roughness are the two major compo-
nents controlling the ultrasound reflection from the cartilage sur-
face [138, 141, 153]. The values of ORI were systematically lower
than values of URI. This is most probably due to the higher resolu-
tion of the OCT device which enabled a more accurate determina-
tion of the distance between the cartilage surface and the probe as
well as to differences in the measurement geometries (linear scan-
ning vs. rotating probe). However, the differences in both surface
roughness parameters (ORI and URI) between the intact and re-
paired tissue were statistically significant. The reproducibilities of
the ultrasound and optical parameters ranged from good to mod-
erate. However, reproducibilities of ultrasound parameters were
slightly better than those of the OCT parameters.

With current ultrasound and OCT devices the ultrasound seems
to be more sensitive for assessing changes in the content and orien-
tation of the cartilage inner collagen network. However, the light
scattering from the inner structures of cartilage is more compli-
cated than that from ultrasound scattering and, thus, for reliable
quantification of the integrity of the cartilage inner structures, more
complex attenuation corrections should be used with OCT. Further-
more, the signal-to-noise ratio of the current OCT device was rel-
atively low which could explain its lower sensitivity to differences
in the internal structure of the tissue. With more sophisticated, e.g.,
polarization sensitive OCT devices, more detailed information on
the integrity of the cartilage inner structures may be obtained.

The capability to estimate the structure, density and composi-
tion of subchondral bone would be of clinical value. Unfortunately,
the attenuation of sound and light with the present devices was too
intensive to acheive a reliable evaluation of the subchondral bone.
The quantitative imaging of subchondral bone can be conducted
by using a lower ultrasound frequency. However, the use of lower
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ultrasound frequencies diminishes the axial resolution, which de-
creases also the accuracy of the URI and sensitivity of AIB [77].
One possible solution could be a catheter combining the ultrasound
and OCT modalities as proposed by Yin et al. [166]. This integrated
imaging modality with an ultrasound frequency low enough could
enable simultaneous imaging of the cartilage surface and subchon-
dral bone with the best possible resolution. Another possibility
could be a catheter with multiple ultrasound transducers of dif-
ferent center frequencies or, alternatively, with one broadband ul-
trasound transducer enabling the use of a wide spectrum of ultra-
sound frequencies.

8.4 ULTRASOUND ARTHROSCOPY

Ultrasound arthroscopy was found to be applicable for the evalua-
tion of the integrity of articular cartilage ex vivo and in vivo (Studies
IV and V). The mechanically degraded bovine knee cartilage could
be discerned from intact adjacent tissue in arthroscopic conditions
ex vivo (Study IV). Ultrasound roughness index was higher in me-
chanically degraded tissue than in intact adjacent tissue. Further-
more, the ultrasound reflection parameters were lower in degraded
tissue than in intact cartilage. Similar results have been reported in
earlier in vitro studies [77,138]. A significant correlation was found
between the parameters measuring the cartilage surface reflection
and indentation stiffness in patellar cartilage. Furthermore, a sig-
nificant correlation was found between URI and RMS roughness of
the cartilage surface measured from light microscopy images. The
absolute values of RMS roughness were systematically lower than
those of URI. Furthermore, the present values of URI measured
from intact tissue were slightly higher than those in a previous
study where bovine knee cartilage was investigated in vitro with
the same ultrasound instrumentation [156]. A possible error in the
positioning of the ultrasound transducer in arthroscopic conditions
might explain the higher URI values measured in the present study.

The values of AIB were similar to intact and mechanically de-
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graded tissue indicating that the mechanical degradation extended
only to the superficial layers of the cartilage (Study IV). This was
also confirmed in the histological analysis. AIB could be valuable
in clinical use as the conventional arthroscopic examination enables
only the evaluation of the integrity of cartilage surface. Further-
more, as AIB is based on the measurement of ultrasound scattering,
it might not be highly dependent on the positioning of the ultra-
sound transducer, i.e., the angle between the ultrasound transducer
and cartilage surface, which would be advantageous in clinical use.

With the arthroscopic ultrasound technique, various conditions
of the human articular cartilage could be detected and evaluated
during clinical arthroscopy in vivo (Study V). Superficial fibrilla-
tion, not always detectable with an arthroscope, could be measured
by ultrasound. This finding is in line with earlier studies indicat-
ing that micrometer scale fibrillation can be detected with ultra-
sound [138]. Furthermore, almost intact cartilage (ICRS grade 1)
could be discerned from intact tissue (ICRS grade 0) quantitatively
with ultrasound parameters and qualitatively from the ultrasound
image.

Imaging of subchondral bone and the measurement of cartilage
thickness are essential if one wishes to evaluate the integrity of ar-
ticular cartilage. The present ultrasound device could be used to
measure cartilage thickness during clinical arthroscopy. However,
due to the strong attenuation of ultrasound in cartilage, the tissue
thickness could be measured only in the case of thin cartilage (thick-
ness < 2 mm). In a recent study, the thickness of cartilage at human
lateral tibial plateau could be measured with a 9 MHz ultrasound
catheter (unpublished). Furthermore, the scattering from subchon-
dral bone inner structure could be visualized. Since information on
cartilage thickness and the status of subchondral bone is diagnosti-
cally valuable, the use of 9 MHz catheters could be justified.

Accurate measurements of size and extent of cartilage lesions
are essential in several cartilage scoring systems (e.g. ICRS scoring).
Currently, the evaluation of the extent of cartilage lesion is chal-
lenging if one uses only a conventional arthroscopy [112]. With
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ultrasound, the depth of the cartilage lesion could be accurately
measured during arthroscopy in situ (Study IV). Importantly, the
depth of the cartilage lesion relative to the cartilage thickness could
be evaluated also during clinical arthroscopy (Study, V). The ultra-
sound investigation affected significantly to the arthroscopic evalu-
ation of the severity of cartilage injuries. In 4 cases out of 13, the
ultrasound findings indicated more severe cartilage injury than the
ICRS grade. In the remaining 9 cases, the ultrasound score value
was similar to the ICRS score value. These results indicate that the
ultrasound investigation could provide more information than the
conventional arthroscopy about the integrity of the articular carti-
lage.

The reproducibilities of the ultrasound parameters in an arthro-
scopic examination were variable (study IV). This is most probably
due to the variation in positioning (i.e. the angle between the ultra-
sound transducer and cartilage surface) of the ultrasound catheter
during the repeated measurements. However, because of the large
difference in the values of ultrasound parameters between intact
and degenerated, injured or repaired cartilage, a reliable detection
of degrated or injured cartilage might be possible despite the vari-
able reproducibility. Furthermore, the development of the arthro-
scopic tools and procedures that enable more accurate positioning
of the ultrasound transducer might improve the reproducibility of
the arthroscopic ultrasound measurements and enhance their diag-
nostic sensitivity.

8.5 CHALLENGES TO CLINICAL APPLICATION

Despite the current encouraging results, there are still several lim-
itations and challenges related to the clinical application of the
arthroscopic ultrasound technique that need to be discussed.

Since the ultrasound examination of the joint has to be con-
ducted during arthroscopy, the usability of arthroscopic ultrasound
technique for diagnosis and screening of OA is limited. Further-
more, because of the lack of effective treatments for OA, the ad-
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vantage of ultrasound investigations may be debated. However,
as arthroscopy, is a routine procedure for evaluation of the ex-
tent and severity cartilage lesions, the quantitative ultrasound mea-
surements could have diagnostic value. In fact, in a recent study,
the majority (78%) of experienced arthroscopists considered some
quantitative measurement tool would be valuable to help in the
determination of the integrity of articular cartilage [147]. Further-
more, the development of cartilage repair treatments would benefit
from an accurate estimate of the lesion for planing of the surgery
and more sensitive monitoring of the healing of the tissue and out-
come of the treatment. It has been also stated that accurate quan-
titative imaging methods are needed also for developing medical
treatments for OA [133].

The quantitative ultrasound parameters are highly dependent
on the angle between the ultrasound transducer and cartilage sur-
face [77]. In the direction parallel to the long axis of the ultrasound
catheter, the angle between the ultrasound probe and the cartilage
surface must be adjusted manually to achieve the maximum re-
flection. This is both challenging and time consuming under clini-
cal conditions and, thus, may jeopardize the quantitative measure-
ments. Furthermore, the curvature of the articular surfaces, for
example in the knee joint, may limit the areas that can be reliably
imaged with the arthroscopic ultrasound technique. However, be-
cause the technique is based on the use of a flexible ultrasound
catheter, arthroscopic tools of different shapes might be used to ac-
cess different areas within the joint. However, further development
of arthroscopic tools would be needed to achieve more reproducible
and straightforward positioning of the ultrasound catheter.

Current ultrasound catheters are designed for intravascular imag-
ing and, thus, may not be optimal for arthroscopic use. Due to
the fragile and disposable design of the catheters, the high cost of
ultrasound investigations may limit the clinical use of the current
catheters. Furthermore, the frequency of the ultrasound transducer
should be optimized for imaging of articular cartilage and subchon-
dral bone. The 40 MHz transducer used in present study does en-
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able high resolution imaging of the cartilage surface layer. However,
the evaluation of the cartilage thickness, the status of the cartilage
inner structure and subchondral bone might increase the value of
the ultrasound investigation and thus, lower frequency ultrasound
transducers might be more optimal for arthroscopic use. However,
the lower resolution which is inherent in the low frequency ultra-
sound transducers might decrease the diagnostic power of ultra-
sound investigation and decrease the advantages of the ultrasound
as compared with, for example, clinical MRI.

76 Dissertations in Forestry and Natural Sciences No 37



9 Conclusions

In this study a new ultrasound technique was introduced for arthro-
scopic evaluation of the articular cartilage. The arthroscopic ultra-
sound technique possessed significant potential for use in the eval-
uation of the integrity of articular cartilage and cartilage repair in
laboratory as well as during clinical arthroscopies. The main results
and conclusions of the thesis can be summarised as follows:

1. With the arthroscopic ultrasound technique the mechanical
and enzymatical degradation of an articular surface could
be diagnosed. Furthermore, different surface characteristics
of non-biological phantoms could be distinguished with the
technique.

2. Surface roughness and the integrity of the intact and surgi-
cally repaired cartilage could be quantitatively evaluated with
the ultrasound technique. Furthermore, qualitative informa-
tion on the integration of the repair tissue, the integrity of
the surface and the internal structure of repair tissue could be
extracted from the ultrasound images.

3. The applied ultrasound and OCT techniques could differen-
tiate the spontaneously repaired cartilage from the intact tis-
sue. The superior resolution of OCT enabled more reliable
measurements of cartilage surface integrity, but with ultra-
sound, more information was obtained from the inner struc-
tures of the tissue. Both techniques were incapable of visual-
izing subchondral bone and, thus, novel dual modality OCT
and ultrasound or broadband ultrasound imaging techniques
are needed to achieve simultaneous high resolution imaging
of cartilage and subchondral bone.
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4. Mechanically degraded cartilage could be quantitatively dis-
tinguished from intact tissue under arthroscopic control ex
vivo. Furthermore, a cartilage injury could be diagnosed and
the depth of cartilage lesion could be measured from the ul-
trasound images. However, the development of customized
arthroscopic tools will be required for more reproducible and
straigthforward measurements.

5. The arthroscopic ultrasound technique was feasible for inclu-
sion into clinical arthroscopy in vivo and provided valuable
diagnostic information about the integrity and thickness of
the cartilage not available in conventional arthroscopy.

To conclude, the arthroscopic ultrasound technique enabled the
evaluation of the integrity of articular cartilage both in vitro and
in vivo. However, the imaging of subchondral bone and measure-
ment of cartilage thickness were not always possible. For this rea-
son, application of broadband ultrasound catheters could be bet-
ter suited for the clinical application of the arthroscopic ultrasound
technique.
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Tuomas Virén

Arthroscopic Ultrasound 
Imaging of Articular
Cartilage

Quantitative ultrasound imaging is a 

method for evaluation of the integrity 

of articular cartilage and subchondral 

bone. However, no ultrasound tech-

nique capable for arthroscopic imaging 

of articular cartilage has been intro-

duced. The aim of this study was to in-

vestigate the potential of an ultrasound 

technique, based on the use of a clinical 

intravascular ultrasound device, for 

arthroscopic imaging of articular carti-

lage. The technique provided quantita-

tive information on the degenerative 

status of articular cartilage and was 

found to be suitable for evaluation of in-

tegrity of cartilage repair. Importantly, 

the technique was clinically applicable 

and provided diagnostically valuable 

information.
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